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Abstract: In this paper, we present an overview of recent approaches in the gas/aerosol-through-
plasma (GATP) and liquid plasma methods for synthesizing polymer films and nanoparticles (NPs)
using an atmospheric-pressure plasma (APP) technique. We hope to aid students and researchers
starting out in the polymerization field by compiling the most commonly utilized simple plasma
synthesis methods, so that they can readily select a method that best suits their needs. Although
APP methods are widely employed for polymer synthesis, and there are many related papers for
specific applications, reviews that provide comprehensive coverage of the variations of APP methods
for polymer synthesis are rarely reported. We introduce and compile over 50 recent papers on
various APP polymerization methods that allow us to discuss the existing challenges and future
direction of GATP and solution plasma methods under ambient air conditions for large-area and
mass nanoparticle production.

Keywords: atmospheric-pressure plasma; solution plasma; plasma polymerization; polymer films;
room temperature growth; nanoparticles

1. Introduction

In previous years, many of the papers and studies on polymer synthesis using the
atmospheric-pressure plasma (APP) method have focused on specific application processes.
However, there are very few review papers that provide a comprehensive view of the
polymer synthesis methods using APP, which makes it difficult for new researchers in the
field who want to try APP polymer synthesis. Beginning in the 1790s, the report written
by N. Bondt et al. on polymer synthesis using electrical discharge [1] is seen as one of the
first documented studies on plasma polymerization. In the 19th century, arc synthesis of
hydrocarbons was studied by chemists such as de Wilde et al. [2], Berthelot et al. [3,4], and
P. and A. Thenard [5]. Studies on the synthesis of various organics using glow discharge
were first published by German scientists in the 1960s [6–9]. Afterwards, the first appli-
cations using these plasma polymers were reported by Goodman [10], and subsequent
studies on the property improvements of materials using plasma polymers were actively
conducted, with a focus on the interaction between plasma and various substances [11–16].
Today, plasma synthesis is selected for various applications, such as layer deposition
for electrical devices [17–20], antibio- or bio-material applications [21–24], and surface
modification [25–28], among others.

Plasmas are well known as ionized quasi-neutral gases consisting of photons, neutral
particles, metastable particles, ions, radicals, and electrons. Plasmas with the same den-
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sity of positive-charged particles (ions) and negative-charged particles (electrons) behave
macroscopically neutrally in free space [29,30]. These plasmas can be artificially generated
by waves, lasers, combustion, flames, and even nuclear reactions, though the most common
approach for plasma generation is electrical discharge from electric power sources in the
laboratory [31,32]. The plasma generated by electric power is called ‘non-equilibrium
plasma’ because the temperature (or kinetic energy) of heavy particles, including ions, is
different from that of the electrons. Only the electrons receive energy from the electric field
generated by applied electric power; thus, the electron temperature (several thousand K) is
relatively higher than the heavy particles’ temperature (around room temperature). This
fact is responsible for the definition of such plasma generated by electric power as ‘cold
plasma’ or ‘non-thermal plasma’ [32]. In the case of polymer synthesis, the non-thermal
plasma method (or non-thermal plasma polymerization) can avoid thermal damage to
substrates or substances due to the relatively low temperatures of the heavy particles. In
addition, the energetic electrons with high energy supplied from plasma can produce high
concentrations of reactive species or free radicals from precursors [32–34]. This method not
only has the degree of freedom for material selectivity without insolubility problems, but
also reduces or eliminates the need for an oxidant or reductant [35–38]. Overall, plasma
polymerization presents several advantages, such as simple installation, high reactivity,
high throughput, fast processing, low cost, low temperature, and green synthesis [39–42].

The non-thermal plasmas are roughly classified into vacuum plasma and APP, de-
pending on the plasma working pressure required—of which APP has substantial potential
for process enlargement because it does not require a high-quality vacuum system, which
significantly reduces the overall setup and operating costs. Such APP can be obtained
under atmospheric pressure conditions, avoiding extreme handling conditions [43]. For
these reasons, polymer synthesis methods using APP have attracted growing attention in
recent years, owing to their high potential for polymer deposition and nanoparticle (NP)
synthesis for various applications [17–28]. Accordingly, attempts to generate plasma under
atmospheric pressure have been successful, and various structures of plasma devices have
been proposed [44–48]. Many reports have described the conditions needed to generate
plasma, and the properties of plasma-synthesized polymers have been thoroughly inves-
tigated [25,39,42,45,49,50]. These studies may lead to further active investigations into
methods and applications of this new plasma equipment in the near future.

We divide these APP polymer synthesis techniques into two types, depending on the
phase of employed precursors: the first is APP polymerization, using a gas- or aerosol-
type precursor [21,39,41], while the second is when the solution itself is supplied as a
precursor [38,43,44], as shown Figure 1. In this review, the former is referred to as the
gas/aerosol-through-plasma (GATP) method, and the latter is denominated as the solution
plasma method. For students and researchers starting out in the APP polymerization
field, the aim of this review is to introduce an overview of recent studies on these polymer
synthesis methods employed by various APP techniques for the formation of polymer
films and NPs. Additionally, the methodological classification of APP polymer synthesis
according to the precursor phase employed, using various kinds of plasma equipment, is
included. The main purpose of this review paper is to provide a reference for recent APP
devices for polymerization, while briefly discussing APP polymerization. We hope that
students and researchers trying to synthesize plasma polymers can then select the best
suited methods for their experiments.

2



Polymers 2021, 13, 2267

(a) 

 
(b) 

Figure 1. Representative configuration of (a) gas/aerosol-through-plasma (GATP) methods (left: jet
type, right: dielectric-barrier discharge (DBD) type) and (b) solution plasma methods (left: in-solution
plasma, right: on-solution plasma).

2. Synthesis Method Using Gas/Aerosol-Type Precursors (GATP)

GATP methods use a discharge gas for generating the APP, and floated precursors
that are in aerosol or gaseous form. Materials in a gaseous state at room temperature
are themselves applied as precursors, whereas materials that exist as liquids are mainly
introduced to a plasma region as an aerosol via atomizing or bubbling with gas. GATP
methods are commonly used for the deposition of polymer films [51–85], as this method
allows in-line processing by moving either the APP devices or the substrates [39].

2.1. Atmospheric-Pressure Plasma Jet (APPJ) Method

An atmospheric-pressure plasma jet (APPJ) is a device for polymerization that gen-
erates directional plasma from a narrow nozzle and a gas flow with high input energy.
Polymerization with APPJ devices enables local processing, because the process area is
limited to the jet plasma plume size [51,59]. A gas/aerosol precursor becomes activated
(or fragmented) by passing through the plasma generation region, and then the fragments
become neutral passive (or recombine) beyond the plasma stream end, and are deposited
onto a substrate that lies outside the plasma region [86,87].

Zhang et al. [51], Ricci Castro et al. [52], Van Vrekhem et al. [53], and Pandiyaraj et al. [54]
reported an APPJ with pin–ring electrodes. The pin electrode and the ring electrode are
used as high-voltage (HV) and ground electrodes, respectively. Zhang et al. reported
an APPJ for poly(methyl methacrylate) (PMMA) coating on a bumpy surface. This APPJ
consists of a T-shaped quartz glass body and pin–ring electrodes; the pin electrode is a
copper (Cu) rod covered with a quartz glass tube (Figure 2a). Both the plasma discharge
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gas and monomer bubbler gas are argon (Ar). In this method, the methyl methacrylate
(MMA) monomer liquid is housed in a bottle within an oil bath held at 40 ◦C, and is
bubbled with Ar gas introduced through the branch of the quartz body in an aerosol state.
The power generation uses an alternating current (AC) source from 10 kHz to 60 kHz with
a maximum voltage of 17 kV supplied through the pin electrode [51].

 

Figure 2. Structures of pin–ring-electrode-type APPJs from (a) Zhang et al. [51], (b) Ricci Castro
et al. [52], (c) Van Vrekhem et al. [53], and (d) Pandiyaraj et al. [54], and (e) schematic of experiment
using a y-shaped APPJ with a ring powered electrode, by Doherty et al. [55].

Ricci Castro et al. and Van Vrekhem et al. used a similar configuration of the APPJ
for synthesizing plasma polymers: Two APPJs were utilized that both had tungsten pin
electrodes; however, aluminum (Al) and copper (Cu) were used as grounded ring elec-
trodes. As shown in Figure 2b,c, these APPJ devices consisted of three parts: the head of the

4



Polymers 2021, 13, 2267

device had an HV electrode and a discharge gas inlet; the body was constructed of a glass
tube; and the final component was a plasma nozzle with a grounded ring electrode and
precursor inlet. In the paper by Ricci Castro et al., Ar was supplied for discharging, and an
air/acetylene mixture gas was supplied as a precursor. The power source was at 19 kHz
frequency and 17 kVp–p (peak-to-peak) voltage, consisting of two sinusoidal waves with
disparate amplitudes to avoid overheating issues [52]. In the paper by Van Vrekhem et al.,
Ar gas was also used as the discharge gas, while aerosol MMA was bubbled by the Ar gas
and input into the plasma afterglow region; this utilized power generation from a 23-kHz
AC HV source to activate the APP [53].

The APPJ of Pandiyaraj et al. was fed the discharge gas, with the monomer in the
same path. Both the pin and ring electrodes were made of Cu; the pin Cu electrode was
encapsulated by a quartz tube (Figure 2d). Triisopropyl phosphate (TIP) was vaporized by
heating to a maximum temperature of up to 500 ◦C, and the Ar discharge gas carried the
TIP vapor into the inlet. Here, the AC power (maximum voltage = 40 kV; current = 30 mA;
and frequency = 50 kHz) was supplied to generate the APP [54].

Doherty et al. synthesized the plasma polymer of heptylamine onto polystyrene. They
used a y-shaped quartz capillary as the APPJ body, with a single powered ring electrode.
Helium gas (He) used for plasma discharge was introduced in the downstream flow, and
heptylamine aerosol was bubbled by the He introduced into the stream via a branch off the
quartz body (Figure 2e). The supplied power was a sinusoidal current with a voltage of
8 kVp–p and a frequency of 10 kHz [55].

Kodaira et al. [56], Hossain et al. [57], and Malinowski et al. [58] proposed an APPJ
with only pin-type electrodes for generating the APP, as shown in Figure 3. Kodaira et al.
investigated the characterization of APP-polymerized hexamethyldisilazane (HMDSN);
they used the same device as the studies from Ricci Castro et al. [52], but without a
grounded ring electrode (Figure 3a). The power was also the same waveform, with
12 kVp–p. Both the discharge gas and HMDSN monomer carrier gas were Ar, which was
introduced through the upper side and nozzle of the APPJ, respectively [56].

 

 

Figure 3. Structures of pin electrode type in the APPJs of (a) Kodaira et al. [56], (b) Hossain et al. [57], and
(c) Malinowski et al. [58].

Hossain et al. reported the APP polymerization of tetramethylsilane (TMS) and
3-aminopropyl(diethoxy)methylsilane (APDMES) for superhydrophobic coatings on glass.
The APP was generated from three pin electrodes, which were stainless steel needles
arranged at 120◦ intervals in a DBD glass reactor. This glass had two branches as a gas
inlet—the upper branch was the main Ar gas inlet for discharge, while the lower branch
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guided the precursor flow. A cap was attached to the nozzle component, and nitrogen gas
(N2) was injected to shield the stream from interaction with the ambient air. A mixed liquid
of TMS and APDMES was prepared as the precursor, and was bubbled with Ar (Figure 3b).
This plasma reactor was served with AC power at a frequency of 11.5 kHz to generate the
APP discharge [57].

A sinusoidal AC HV power source with a peak voltage of 2–6 kV and a frequency
of 20 kHz was applied through two pin electrodes to generate He corona plasma for
the deposition of laccase by Malinowski et al. (Figure 3c). The solution of laccase with
10% ethyl alcohol was then atomized by a nebulizer for precursor injection to the plasma
region [58].

The research groups of Jang et al., Park et al., and Kim et al. [59–62] proposed an APPJ
with three array jets and a unique shielding system. This system is called the guide-tube
and bluff-body (GB) system. The guide tube that blocks the plasma reactor from ambient
air is attached to the tip of the array jets, and the bluff body serves to introduce a substrate
into the guide tube. The three jets are wrapped with Cu tape as HV electrodes (Figure 4a).
Thanks to the ambient air blocking and special internal flow of the GB system, it is possible
to expand the area of high-density plasma by more than 60 times (Figure 4b) [62]. They
synthesized the copolymer [59], pin-hole-free polymer [60], conducting polymer [61], and
single-crystalline polymer [62] using this APPJ device.

 

Figure 4. (a) Setup [59] and (b) photo image [62] of the APPJ with three array jets and a GB system.
(c) Configuration [63] and (d) photo image [64] of the pin-type APPJ with a GB system.
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Kim et al. report a pin-type APPJ with the GB system for synthesizing a conducting
polymer [63] and a transparent polymer [64]. As shown in Figure 4c, this device consists
of four components: a narrow glass for gas inlet, a wide glass tube as the guide tube, a
polytetrafluoroethylene stand as the bluff body, and a tungsten wire electrode to generate
plasma. The tungsten wire electrode is covered with a glass capillary, with just the 2-mm
tip of the wire remaining exposed. A discharge gas and a precursor are introduced into
the guide tube via the gas inlet. A sinusoidal power with a peak voltage of 4–5 kV and a
frequency of 30 kHz is applied through the tungsten wire electrode, forming a diffused-
glow plasma for polymerization (Figure 4d).

There are also studies using commercial APPJ devices; Karl et al. [65], Yan et al. [66],
and Yang et al. [67] used a commercial plasma jet instrument (Plasmatreat AS400 with the
single-nozzle-type PFW10, Figure 5a) to apply a superhydrophobic property to a target
substrate by polymerizing hexamethyldisiloxane (HMDSO). A frequency of 19 kHz and a
plasma voltage of 285 V were supplied to generate the plasma. The discharge gas (air, N2,
oxygen (O2)) was introduced into this device, while the vapored precursor was transported
to the nozzle component by the carrier gas (Ar, N2). Yan et al. and Yang et al. put the plasma
jet instrument onto a moving system (Figure 5b), and Moosburger-Will et al. demonstrated
that this APPJ method is advantageous for in-line processing [68]. They also used the same
plasma jet (PFW10) for the deposition of methyltrimethoxysilane onto 1200 m of carbon
fiber (Figure 5c). Table 1 presents a summary of this subsection.

 

Figure 5. (a) The plasma jet instrument schematic (Plasmatreat AS400 with the single-nozzle-type PFW10) [65], and setup of
(b) polymerization of HMDSO [67] and (c) in-line processing of carbon fiber [68].

2.2. Planar Dielectric-Barrier Discharge (DBD) Method

A planar DBD generator is typically a structure in which one or both planar electrodes
are covered by dielectric material in order to avoid arc formation while facing one an-
other [69,70]. When an HV current is applied to one side, a glow plasma is created between
the electrodes. Since the size of the plasma area depends on the size of the electrodes, it is
easier to cover a wider area with this method than with the APPJ method.
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Table 1. Summary of the synthesis of polymers using APPJ methods.

No Object Precursor Power Year Author
Reference

1
Improvement of flashover

performance of
polypropylene surface

methyl-methacrylate (MMA)
Ar gas

RF power
(17 kV, 10~60 kHz)

2020 Zhang et al.
[51]

2 Deposition of polymer film
from Ar/air/acetylene Acetylene

Air, Ar gas
AC Pulse (Sine)

(12 kV, 19 kHz, 2.8 W)
2017 Ricci Castro et al.

[52]

3 Deposition of PMMA film MMA
Ar gas

AC Pulse power
(23 kHz, 2 W)

2018 Vrekhem et al.
[53]

4
Deposition of phosphorous

containing
functional coatings

Triisopropyl phosphate (TIP)
Ar gas (1 kPa)

AC Pulse power
(40 kV, 50 kHz)

2019 Pandiyaraj et al.
[54]

5 Polymerization
of heptylamine Heptylamine

He gas
AC Pulse (Sine)
(8 kV, 10 kHz)

2019 Doherty et al.
[55]

6 Polymerization of HMDSN Hexamethyldisilazane (HMDSN)
Air, Ar gas

AC Pulse (Sine)
(12 kV, 19 kHz, 2.8 W)

2017 Kodaira et al.
[56]

7 Superhydrophobic coating

Tetramethylsilane (TMS),
3-

aminopropyl(diethoxy)methylsilane
(APDMES)

Ar gas
RF power

(7.5 kV, 11.5 kHz)
2019 Hossain et al.

[57]

8 Durable bioactive coating Laccase
He gas

AC Pulse
(2∼6 kV, 20 kHz)

2018 Malinowski et al.
[58]

9 Copolymerization Mixture of thiophene and Aniline
Ar gas

AC Pulse (Sine)
(23 kV, 26 kHz)

2020 Jang et al.
[59]

10 Polymerization of PMMA MMA
Ar gas

AC Pulse (Sine)
(12 kV, 30 kHz)

2019 Park et al.
[60]

11 Humidity-independent
conducting polymer aniline

Ar gas
AC Pulse (Sine)
(8 kV, 26 kHz)

2017 Park et al.
[61]

12 Single-crystalline
polymer film Pyrrole

Ar gas
AC Pulse (Sine)(12 kV,

30 kHz)
2017 Kim et al.

[62]

13 Conducting polymer film aniline
Ar gas

AC Pulse (Sine)
(5 kV, 30 kHz)

2021 Kim et al.
[63]

14 Transparent thin film aniline
Ar gas

AC Pulse (Sine)
(4 kV, 30 kHz)

2021 Kim et al.
[64]

15 Deposition from
organosilicon

HMDSO, Tetraethyl orthosilicate
(TEOS)

Air, N2 gas
Pulse power

(19 kHz, 1 kW)
2020 Karl et al.

[65]

16 Preservation of
paper-based relics HMDSO Air, Ar gas

Pulse power 2019 Yan et al.
[66]

17 Superhydrophobic
cotton fabrics HMDSO

O2, N2 gas
RF power
(19 kHz)

2018 Yang et al.
[67]

18 Reinforcement of
carbon fiber Methyltrimethoxysilane (MTMS)

Ar gas
AC Pulse

(252 V, 21 kHz, 600 W)
2017 Moosburger-Will et al.

[68]

Pandivaraj et al. [69], Ramkumar et al. [70], Mertens et al. [71], Getnet et al. [72],
and Dvorˇáková et al. [73] report polymer deposition by using planar DBD with fixed
electrodes, as shown in Figure 6. Pandivaraj et al. used a plasma generator with a typical
DBD structure to increase the antifouling properties of low-density polyethylene (LDPE)
films by copolymerizing. This plasma generator consisted of two square electrodes covered
by a dielectric material sheet (polypropylene with a thickness of 3 mm) and a chamber.
Two electrodes were placed in the chamber with a separation distance of 7 mm. The
LDPE film was placed on the lower electrode (grounded electrode), and the plasma was
generated by AC power with a voltage of 40 kV and a frequency of 50 Hz through the
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upper electrode (powered electrode) (Figure 6a). Thereafter, a mixture vapor of acrylic
acid and polyethylene glycol (PEG) produced by heat (80 ◦C and 220 ◦C respectively)
was fed into the chamber [69]. Ramkumar et al. used the same device and procedure as
Pandivaraj et al.; however, they employed PEG methyl ether methacrylate (PEGMA) as a
precursor to enhance the biocompatibility of LDPE films. The gap between the electrodes
was 5 mm and the PEGMA vapor was prepared at 60 ◦C [70].

Mertens et al. employed two electrodes covered with different dielectric materials for
hydrophilic and hydrophobic coatings for about 11 substances. The upper Cu electrode
(powered electrode) and the lower Cu electrode (grounded electrode) were covered by a
3-mm-thick α-alumina and a 2-mm-thick borosilicate, respectively. The gap between the
two electrodes was 4 mm. This plasma generation system was placed in a Pyrex glass
cylinder chamber. The inside of the chamber was pumped down to 270 Pa and filled to
atmospheric pressure with Ar. The precursor bubbled by a secondary flow was introduced
into the plasma region by diluting it with the primary flow (Figure 6b) [71].

Getnet et al. conducted the deposition of carvacrol thin film on a stainless steel
substrate using a DBD generator with only the lower-side electrode (grounded electrode)
covered with a polyester sheet as a dielectric layer. Two parallel circular brass electrodes
were fixed at 3 mm. A sinusoidal AC pulse with a frequency of 60 Hz and a maximum
voltage of 15 kV was applied to the upper electrode (powered electrode). Ar at a flow of
5 L/min was used for the plasma discharge and vaporizing the carvacrol (Figure 6c) [72].

Dvorˇáková et al. used diffuse coplanar surface barrier discharge (DCSBD) methods
for fast surface hydrophilization. The DCSBD device was described as a set of parallel,
strip-like molybdenum electrodes embedded in alumina as a dielectric material [88]. The
thin-layer plasma was generated on the DCSBD surfaces when a high-voltage sine wave
was applied to DCSBD electrodes. The substrate holder was fixed at 0.1 mm from the
DCSBD surface. A gas mixture of propane, butane, and N2 was supplied via a gas inlet in
the middle of the substrate holder (Figure 6d) [73].

Bardon et al. [74], Manakhov et al. [75], Obrusník et al. [76], and St’ahel et al. [77] used
a movable upper electrode with a gas inlet for improving the deposition uniformity [75],
as shown in Figure 7. Bardon et al. improved the coating’s mechanical properties by using
DBD plasma and mixtures of dodecyl acrylate (DOCA) with 1,6-hexanediol diacrylate
(HdiA) or 1,6-hexanediol dimethacrylate (HdiMA) as precursors. The DBD generator
consisted of an earthed-bottom aluminum plate and two powered aluminum top plates
covered with a 3.25 mm-thick glass plate. The gap between the bottom electrode and the
glass plate was set to 2 mm. The bottom electrode had a slot as a sample holder to set the
surface of the samples and the electrode at the same level (Figure 7a) [89]. The precursor
mixture was atomized to an aerosol state using He, entering the space between the top
electrodes. For the plasma generation, an AC power of 110 W with a peak-to-peak voltage
of 11 kV was used [74].

Manakhov et al. utilized a DBD plasma system to copolymerize maleic anhydride
(MA) and C2H2 for carboxyl-rich coatings in a metallic cube chamber. The two rectangular
pieces were separated to provide room for the gas feed, while the top electrode was covered
with Al2O3 ceramics with a thickness of 1 mm, and the bottom metallic electrode (grounded
electrode) was also covered with the ceramic. The gap between the top and bottom ceramics
was set at 1.6 mm (Figure 7b). This chamber was pumped down, and then filled up to
96 kPa with Ar, MA, and C2H2 as a deposition gas mixture. The plasma was ignited by a
sinusoidal wave with a frequency of 5–6.6 kHz and a power of 8 W [75]. Obrusník et al.
and St’ahel et al. used a plasma-generating system with the same electrode configuration as
Manakhov et al., albeit in open air; the gas was supplied through the inlet in the middle of
the top electrode connected to a 4-cm-long rectangular duct (Figure 7c) [76]. In the work of
St’ahel et al., a heating spiral was added to the bottom electrode along with a thermocouple
to increase the substrate temperature, and the gap between the electrodes was changed to
1.0 mm (Figure 7d) [77].
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Figure 6. The polymerization systems using planar DBD of (a) Pandivaraj et al. [69], (b) Mertens
et al. [71], (c) Getnet et al. [72], and (d) Dvorˇáková et al. [73].

Demaude et al. [78], Nisol et al. [79], Jalaber et al. [80], Ma et al. [81], Ondo et al. [82],
and Loyer et al. [83–85] employed a DBD plasma generator with a moving substrate stage
(bottom electrode) for homogeneous coverage and scale-up [79,81], as shown in Figure 8.
Demaude et al. and Nisol et al. synthesized a polymer for hydrophilic/phobic patter
coating [78] and age-resistant coating [79], respectively. In this DBD plasma device, a
long aluminum strip covered with a 4-mm-thick borosilicate glass plate was used as a
movable lower electrode, while the upper electrode consisted of two Cu plates, with
a separation between the plates for a gas/precursor inlet. Both the discharge gas and
precursor bubbling/carrier gas were Ar (Figure 8a) [78,79].
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Figure 7. The polymerization systems using planar DBD with a movable top electrode (powered electrode) of (a) Bardon
et al. [74,89], (b) Manakhov et al. [75], and (c) Obrusník et al. [76], and the image of the DBD system of (d) St’ahel et al. [77].

 

Ф

Ф

Figure 8. The polymerization systems using planar DBD with a movable substrate stage (bottom electrode) of
(a) Demaude et al. [78], (b) Jalaber et al. [80], (c) Ma et al. [81], and (d) Loyer et al. [83].

Jalaber et al. used DBD plasma polymerization for eco-friendly and catalyst-free
polymer synthesis. Their device ignited the DBD plasma from between two plane-parallel
HV electrodes covered with alumina and a movable substrate stage as a grounded electrode.
The distance between the HV electrodes and the substrate stage was 1 mm. A 10 kHz
sinusoidal voltage was applied through two plane-parallel electrodes to generate the
plasma. Dopamine acrylamide as the precursor was atomized using a nebulizer, and its
flow was controlled with a syringe pump (Figure 8b) [80].

Ma et al. utilized a plasma device with a rolling electrode system; two cylindrical
HV electrodes (Φ = 4 mm; length = 100 mm) were fixed at a distance of 7 mm from the
top layer and the bottom layer of the outlet of the gas chamber. The cylindrical ground
electrode (Φ = 60 mm; length = 100 mm) was made of stainless steel and controlled by a
motor. Within the triple-inlet gas chamber, some glass wool pieces were placed inside to
provide gas flow homogeneity. The ground electrode was wrapped in the PET substrate
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(Figure 8c). A 13.56 MHz RF power source with 30 W applied through the HV electrodes
ignited the plasma in open-air conditions [81].

Ondo et al. and Loyer et al. used a polymerization method called plasma-initiated
chemical vapor deposition (PiCVD). This method is characterized by the usage of an
ultra-short square-wave pulse power to ignite the DBD plasma for the deposition of
a polymer film with a high degree of polymerization [82–85]. This plasma generator
consisted of two parallel HV electrodes made of alumina and a movable stage as the
ground electrode [90]. The gap between the parallel electrodes and the ground electrode
was maintained at 1 mm (Figure 8d). An ultra-short square-wave pulse was employed to
generate the plasma with an extremely low plasma duty cycle (ton/(ton + toff)); a very low
duty cycle plasma (0.1~0.001%) was employed for their studies [82–85]. Table 2 shows a
summary of this subsection.

Table 2. Summary of the synthesis of polymer films using planar DBD plasma.

No Object Precursor Plasma Source Year Author
Reference

1 Improvement of
antifouling properties

mixture of acrylic acid (AAC) and
poly (ethylene glycol) (PEG)

Ar gas
AC Pulse

(14 kV, 44 kHz)
2019 Pandiyaraj et al.

[69]

2 Enhancement of biocompatibility poly (ethylene glycol) methylether
methacrylate (PEGMA)

Ar gas
AC Pulse

(14 kV, 44 kHz)
2017 Ramkumar et al.

[70]

3 Hydrophilic and
hydrophobic coatings

11 precursors for hydrophilic and
hydrophobic coatings

Ar gas
AC Pulse
(17.1 kHz)

2020 Mertens et al.
[71]

4 Inhibition of bacteria adhesion and
proliferation

Carvacrol
(5-Isopropyl-2-methylphenol,

(CH3)2CHC6H3(CH3)OH)

Ar gas
AC Pulse

(15 kV, 60 Hz)
2020 Getnet et al.

[72]

5 Surface hydrophilization propane-butane (PB) gas
N2 gas

AC Pulse
(30 kHz)

2019 Dvorˇáková et al.
[73]

6 Reinforcement of mechanical
properties of DOCA film

Dodecyl acrylate (DOCA),
1,6-hexanediol diacrylate (HdiA),

1,6-hexanediol dimethacrylate
(HdiMA)

He gas
AC Pulse

(11 kV, 10 kHz, 110 W)
2018 Bardon et al.

[74]

7 Carboxyl-rich coatings maleic anhydride (MA), acetylene
Ar gas

AC Pulse (Sine)
(4 kV, 5∼6.6 kHz, 8 W)

2016 Manakhov et al.
[75]

8 Copolymerization MA, acetylene
Ar gas

AC Pulse
(4 kV, 4 kHz, 3.3 W)

2017 Obrusník et al.
[76]

9 Antibacterial properties and
cytocompatibility performance

2-methyl-2-oxzoline, polyoxazoline
(POx)

Ar gas
AC Pulse

(6 kHz, 55 W)
2019 St’ahel et al.

[77]

10 Hydrophilic/phobic patterns acrylic acid (AA)
propargyl methacrylate (PMA)

Ar, O2 gas
AC Pulse (Sine)
(16.2 kHz, 90 W)

2019 Demaude et al.
[78]

11 Age-resistant coatings with tunable
wettability AA, PMA

Ar gas
AC Pulse (Sine)

(15.64 kHz, 30 to 90 W)
2016 Nisol et al.

[79]

12 Preparation of tunable
catechol-bearing thin films

dopamine acrylamide (DOA)
2-hydroxyethyl

methacrylate monomer (HEMA)

Ar, O2 gas
AC Pulse (Sine)

(10 kHz)
2019 Jalaber et al.

[80]

13 Hydrophilicity HMDSO
Ar gas

13.56 MHz RF
(30 W)

2020 Ma et al.
[81]

14 Low-k Polymer Insulating Layers 4 cyclic organosilicon monomers
N2 gas

AC square Pulse
(6 kV, 100 Hz)

2019 Ondo et al.
[82]

15 Comparison of polymer properties
according to applied duty cycle

3 methacrylate monomers
(MMA, BMA, GMA)

Ar gasAC square Pulse
(6.5 kV, 10 kHz) 2017 Loyer et al.

[83]
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Table 2. Cont.

No Object Precursor Plasma Source Year Author
Reference

16 Comparison of polymer properties
according to applied duty cycle

2 methacrylate monomers
(MMA, GMA)

Ar gas
AC square Pulse
(6.5 kV, 10 kHz)

2018 Loyer et al.
[84]

17
Deposition of NVCL with

water-stable and
thermo-responsive properties

N-vinyl caprolactam (NVCL)
ethylene glycol dimethacrylate

(EGDMA)

Ar gas
AC square Pulse
(6.5 kV, 10 kHz)

2019 Loyer et al.
[85]

3. Synthesis Method Using Liquid-Type Precursors

APP synthesis methods using liquid-type precursors leverage the interaction between
APP and a bulk liquid precursor. The complicated chemical and physical reactions at the
plasma–liquid interface cause reduction, oxidation, and sputtering. In most cases, NPs are
synthesized from the various radicals generated by the plasma–liquid reactions [43,91].
This method is classified into two types, depending on the location of the APP generation.

3.1. Atmospheric-Pressure Plasma (APP) Generated by Outside Bulk Liquid Precursors

APP generated on the outside of bulk liquid precursors—so-called (on-solution
plasma)—is affected by natural air components. Therefore, chemical and physical reactions
at the plasma–liquid interface take place with various species caused by the interaction
between the APP and air components such as O3, N2O5, N2O, NHO3, H2, NO3, H2O2,
HNO2, and NO2 [38]. Complex reactions that are not well understood due to various
radicals can produce unusual results [92].

Tan et al. [93,94], Schäfer [95] et al., Zhang et al. [96], and Gamaleev et al. [97] used on-
solution plasma generated by various methods, as shown in Figure 9. Tan et al. employed
an APPJ with a cross-shaped borosilicate glass body with five nozzles as a plasma outlet,
two inlets for Ar flow as a discharge gas, and two side tubes for the electrodes. The power
and ground electrodes were made of tungsten, with a separation of 5 mm (Figure 9a). An
AC power source with a voltage of 15 kV and a frequency of 60 Hz was applied from a
neon sign transformer to ignite the APP. This APP treats the surface of styrene [93] and
MMA [94] as bulk liquid precursors (Figure 9b).

Schäfer et al. synthesized three liquid organosilicon compounds (HMDSO, octamethyl-
tetrasiloxane, and tetrakis(trimethylsilyloxy)silane) as precursors using a commercial APPJ
(kINPen 11; neoplas tools, Greifswald, Germany). This commercial APPJ consisted of a
powered pin electrode centered in a ceramic capillary and a grounded outer ring electrode.
Ar gas was introduced as a discharge gas through the ceramic capillary (Figure 9c). A
power source of 5 W with a frequency of 1.1 MHz was needed to generate the APP. Liquid
precursors were applied to the surface of the substrate, and these were synthesized by
exposure to the APP (Figure 9d) [95].

Zhang et al. utilized the discharge between a stainless steel capillary and a liquid bulk
surface to synthesize the metallic NPs embedded in a conducting polymer. In this research,
the liquid precursor was HAuCl4 aqueous solution added to poly(3,4-ethylenedioxy thio-
phene) polystyrene sulfonate (PEDOT:PSS). This APP generator system used a stainless
steel capillary as the powered electrode and a carbon rod as the grounded electrode. The
stainless steel capillary also acted on the APPJ generating the He plasma. The distance be-
tween the tip of the capillary and the surface of the liquid precursor was 0.9 mm (Figure 9e).
The APP was ignited by direct current (DC) with a voltage of 2 kV, and maintained by a
voltage of 0.8 kV [96].

Gamaleev et al. employed a pin-type electrode for the generation of on-solution
plasma to produce nanographene. First, 100 mL of ethanol liquid precursor was placed
in a beaker. A Cu plate grounded electrode was immersed in the ethanol, and a Cu rod
powered electrode was placed in the air. The beaker was filled in at a flow rate of 5 slm
(Figure 9f) [97]. Table 3 contains a summary of this subsection.
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Figure 9. Schematics of generation of the on-solution plasma systems of (a,b) Tan et al. [93,94], (c,d)
Schäfer [95] et al., (e) Zhang et al. [96], and (f) Gamaleev et al. [97].

Table 3. Summary of syntheses using on-solution plasma methods.

No Object Precursor Plasma Source Year Author
Reference

1 Plasma-treated styrene Styrene
Ar gas

AC Pulse
(15 kV, 60 Hz, 450 W)

2018 Tan et al.
[93]

2 Plasma-treated MMA MMA
Ar gas

AC Pulse
(15 kV, 60 Hz, 450 W)

2020 Tan et al.
[94]

3 Thin, solid SiOx film

HMDSO,
octamethyltetrasiloxane

(OMCTS),
tetrakis(trimethylsilyloxy)silane

(TTMS)

Ar gas
AC Pulse

(1.1 MHz, 5 W)
2017 Schäfer et al.

[95]

4 Metallic NPs embedded in a
conducting polymer

HAuCl4 aqueous solution,
poly(3,4-ethylenedioxy

thiophene) polystyrene sulfonate
(PEDOT:PSS)

He gas
DC Pulse

(ignition 2 kV, maintain
0.8 kV)

2017 Zhang et al.
[96]

5 Nanographene Ethanol AC high voltage 2018 Gamaleev et al.
[97]

3.2. Atmospheric-Pressure Plasma (APP) Generated by Inside Bulk Liquid Precursors

In this section, in-solution plasma is defined as generating the APP in liquid precursors.
In-solution plasma is mostly generated between tungsten pin-to-pin electrodes. One of the
structurally critical points of the in-solution plasma system is the gap between electrodes;
the gap can induce a breakdown of plasma in liquid media [98–100]; therefore, tungsten is
commonly chosen for synthesis using an in-solution plasma due to its high melting point,
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corrosion resistance, high stability, and good electrical conductivity [101,102]. Since the
in-solution plasma is immersed in the solution, only reactions between the plasma and
the solution occur in their entirety. Many recent papers about synthesis methods using
in-solution plasma have mostly been reported on the formation of NPs [103–112].

Hyun et al. [103,104], Panomsuwan et al. [105], Morishita et al. [106], Lee et al. [107],
Li et al. [108], Tipplook et al. [109], and Lee et al. [91] used in-solution plasma systems
generated by the plasma discharge between tungsten pin-to-pin electrodes, and Alsaeedi
et al. [110] chose carbon rods as the electrodes, as shown in Figures 10–12. Hyun et al. used
a pair of tungsten electrodes 1 mm in diameter to generate the in-solution plasma; these
electrodes were located at a distance of 1.5 mm from the glass reactor. A bipolar HV pulse
of 2 kV with a repetition frequency of 25–200 kHz and a pulse width of 1 µs was applied
via the electrodes. Liquid precursors such as N-methyl-2-pyrrolidone, 2-pyrrolidone,
pyrrolidine, 1-methylpyrrolidine, pyrrole, cyclopentanone, and cyclohexanone were used
for the synthesis of nitrogen–carbon nanosheets (Figure 10a) [103,104].

 

Figure 10. Representative figures on the generation of the in-solution plasma systems of
(a) Hyun et al. [104], (b) Panomsuwan et al. [105], and (c) Morishita et al. [106].

Panomsuwan et al. also used a pair of tungsten electrodes 1 mm in diameter. The
electrodes were covered with an insulating ceramic tube, and had a gap of 1 mm. The
bipolar power source used had a pulse duration of 0.80 µs and a frequency of 20 kHz.
In-solution plasma was initiated and stably maintained inside 100 mL of liquid precur-
sor under vigorous stirring (Figure 10b). Cyano-aromatic molecules (2-cyanopyridine,
cyanopyrazine) were used as liquid precursors for the synthesis of nitrogen-doped carbon
NPs (NCNPs) [105].

Morishita et al. also employed tungsten electrodes 1 mm in diameter for in-solution
plasma. The electrodes were covered with a ceramic segment, and the distance between
them was set to 0.5 mm. The applied voltage was about 1.7 kV, the repetition frequency
was 15 kHz, and the pulse width was 1.0 µs. The precursors for the fast formation of
nanocarbons were hexane, hexadecane, cyclohexane, and benzene. For the extraction of
nanocarbons, plasma-treated precursors were dried at 100 °C in an oven (Figure 10c) [106].
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Figure 11. Schematics of generation of the in-solution plasma systems of (a) Lee et al. [107], (b) Li et al. [108], and
(c) Tipplook et al. [109].
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Figure 12. Schematic diagrams of the in-solution plasma systems proposed by (a) Lee et al. [91] and (b) Li et al. [110].

Lee et al. selected a pair of tungsten electrodes with a diameter of 0.8 mm, covered with
an insulating ceramic tube. The electrodes were placed in the center of the Teflon reactor
with a gap distance of 1.0 mm (Figure 11a). The optimized applied voltage conditions
of in-solution plasma were found to be 0.5 µs, 100 kHz, and 2 kV for the pulse duration,
pulse repetition frequency, and voltage, respectively. In-solution plasma was produced
from various solvents—such as carbon, nitrogen, and boron precursors—for synthesizing
boron–carbon–nitrogen nanoparticles [107].

Li et al. employed a pair of tungsten electrodes with a diameter of 1 mm as the
powered electrode and grounded electrode. These electrodes were placed at the center
of a glass reactor with a gap distance of 0.5 mm. To ignite the plasma discharge of the
in-solution plasma system, power was applied by using a bipolar pulse with a voltage of
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2.0 kV. The pulse duration and repetition frequency were 1 µs and 20 kHz, respectively
(Figure 11b). NCNPs were synthesized from pyrazine and acrylonitrile [108].

Tipplook et al. used in-solution plasma as an in situ system for the synthesis of
amino-rich nanocarbons. This system had a pair of tungsten rods with a diameter of
1 mm as the powered and grounded electrodes. The electrodes were covered with an
insulating tube, inserted into a silicone stopper, and placed at the center of the glass reactor,
1 mm apart. The glass reactor (Figure 11c) contained 100 mL of a liquid precursor (phenol,
(3-aminopropyl)triethoxysilane, and ethanol). Then, a HV bipolar pulse power with a
voltage of 4kV, a pulse duration of 1 µs, and a repetition frequency of 15 kHz was applied
through the electrodes to generate the in-solution plasma [109].

Lee et al. chose an in-solution plasma system with an asymmetrical pair of tungsten
needle electrodes. The diameter of the anode was 1.5 mm, and the gap between the
electrodes was 5 mm. Five capacitors with a capacitance of 0.1 µF were connected in
parallel, and the capacitors with equivalent capacitance of 0.5 µF were charged by a
positive-polarity DC power supply with a maximum charging voltage of 19 kV (Figure 12a).
Titanium tetraisopropoxide dissolved in ethanol (Ti-contained solution) was used as a
liquid precursor to synthesize carbon-incorporated titanium oxide nanocrystals [91].

Alsaeedi et al. reported that nanocarbons were successfully synthesized by using in-
solution plasma. In this paper, the in-solution plasma was generated between two carbon
electrodes. The carbon rod electrodes each had a diameter of 3 mm, and were separated by
a gap of 1 mm. The electrodes were immersed in 50 mL of ethanol (Figure 12b), and the
pulse voltage, frequency, and pulse width were 4 kV, 30 kHz, and 4 µs, respectively [110].

Shin et al. [111,112] added a gas bubble to the in-solution plasma system. The gas
bubble was often used as a plasma channel to enhance in-solution plasma performance in
pulsed discharge systems [111]. In a cylindrical glass reactor, the two tungsten electrodes
were oriented 1 mm apart, and were positioned in the capillary glass tube for the Ar gas
channel. The Ar gas was introduced along with two electrodes in parallel [111], thus
forming a gas bubble channel between the electrodes. The gap between the glass capillaries
was 3 mm. The plasma discharge was generated in a gas bubble between the electrodes in
an aniline monomer acting as the liquid precursor (Figure 13a). A bipolar pulse with an
amplitude of 16.4 kV and a frequency of 5 kHz was used to generate the in-solution plasma
within the Ar bubble channel, and the bipolar pulse duty ratio was 60 µs [111].

Additionally, Shin et al. [112] also used an asymmetrical electrode structure: the
tungsten electrode was placed in a quartz tube for the Ar gas inlet, where its diameter
was 0.5 mm and its exact position extruded 1 mm from the end of the capillary quartz
tube. On the other hand, a cylindrical copper electrode with a 5 mm width was wrapped
around the outside surface of the quartz tube. The copper electrode was positioned 3 mm
away from the end of the capillary quartz tube. There were two capillary tubes, with a
separation distance of 2 mm. The plasma channel was formed from Ar gas with a flow
rate of 100 sccm. A bipolar pulse with a voltage of 16 kV, a frequency of 5 kHz, and a
pulse width of 100 µs was employed to generate the in-solution plasma (Figure 13b) [112].
Table 4 displays a summary of this subsection.
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Figure 13. Schematic diagrams of the in-solution plasma system with a gas channel proposed by
(a,b) Shin et al. [111,112].

Table 4. Summary of syntheses using in-solution plasma methods.

No NPs Electrode
(Gap) Precursor Plasma Source Year Author

Reference

1 Nitrogen–carbon
nanosheets (NCNS)

Tungsten
(1 mm) N-methyl-2-pyrrolidone Bipolar Pulse

(2 kV, 25–200 kHz, 1 µs) 2016 Hyun et al.
[103]

2 NCNS Tungsten
(1 mm)

2-Pyrrolidone,
1-methylpyrrolidine, pyrrolidine,

pyrrole, cyclopentanone, and
cyclohexanone

Bipolar Pulse
(2 kV, 200 kHz, 1 µs) 2017 Hyun et al.

[104]

3
Nitrogen-doped

carbon nanoparticles
(NCNPs)

Tungsten
(1 mm) Cyanopyridine, cyanopyrazine Bipolar Pulse

(20 kHz, 0.8 µs) 2016 Panomsuwan et al.
[105]

4 Nanocarbons Tungsten
(0.5 mm)

Hexane, hexadecane, cyclohexane,
benzene

Bipolar Pulse
(1.7 kV, 15 kHz, 1 µs) 2016 Morishita et al.

[106]

5
Boron–carbon–

nitrogen
nanocarbons

Tungsten
(1 mm)

Pyridine, B-tribromoborazine,
boric acid

Bipolar Pulse
(2 kV, 100 kHz, 0.5 µs) 2017 Lee et al.

[107]

6 Carbon Tungsten
(0.5 mm) Pyrazine, acrylonitrile Bipolar Pulse

(2 kV, 20 kHz, 1 µs) 2016 Li et al.
[108]

7 Amino-modified
nanocarbon

Tungsten
(1 mm)

Phenol
(3-aminopropyl)triethoxysilane

(APTES)

Bipolar Pulse
(4 kV, 15 kHz, 1 µs) 2020 Tipplook et al.

[109]

8 Carbon TiOX/carbon
composite nanosheets

Tungsten
(5 mm) Ti-contained solution DC

(19 kV) 2015 Lee et al.
[91]
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Table 4. Cont.

No NPs Electrode
(Gap) Precursor Plasma Source Year Author

Reference

9 Carbon, Pt–carbon Carbon
(1 mm) Ethanol Pulse

(4 kV, 30 kHz, 4 µs) 2019 Alsaeedi et al.
[110]

10 Polyaniline Tungsten
(1 mm) Aniline Bipolar Pulse

(16.4 kV, 5 kHz, 60 µs)
Shin et al.

[111]

11 Polyaniline Tungsten–copper
(4 mm) Aniline Bipolar Pulse

(16 kV, 5 kHz, 100 µs)
Shin et al.

[112]

4. Plasma Polymerization
4.1. Synthesis of Polymers Using Plasma Techniques

Plasma polymerization accompanies complex physicochemical reactions that are
very different from conventional chemical polymerization methods. In plasma poly-
merization, monomer molecules are broken into electrons, ions, radicals, and excited
molecules through collisions with energetic electrons. A resulting polymer then grows
by random recombination among these particles. Figure 14a shows the mechanisms of
plasma polymerization [113]; Figure 14b is a scheme of a general plasma polymerization
system with these mechanism stages [114]. A polymer is synthesized onto a solid phase
through recombination, where single or divalent reactive species generated by plasma are
polymerized (recombination) by the reactions between reactive species and monomers
(Reactions (1) and (4)) or between the reactive species (Reactions (2), (3), and (5)) [113,114].
Indeed, plasma polymerization is a competitive process between formation by synthesis of
polymer-forming species and ablation of the polymer film itself [115]. Unlike conventional
chemical polymerization methods—such as self-assembly, layer-by-layer, or spin coating—
a continuous fragmentation and random recombination easily creates the high cross-linking
property that is characteristic of plasma polymers, as shown in Figure 14c [116]. The high
cross-linking property of plasma polymers is responsible for providing better mechanical
stability and less morphological changes [74,114,117].

4.2. Characterization and Chemical Structure of the Polymerized Films Obtained Using
APP Techniques

In general, the reaction mechanism of plasma polymerization is mainly established
in a vacuum state or low-pressure conditions. In APP methods, the reaction scheme of
plasma polymerization is not yet verified, and the related underlying mechanisms are
under-studied. Nevertheless, the detailed reaction mechanism of APP polymerization
can be confirmed by clearly identifying the chemical structures of polymerized films via
characterization methods such as Fourier transform infrared spectroscopy (FT-IR), nuclear
magnetic resonance (NMR), and X-ray photoelectron spectroscopy (XPS). The results of
this analysis can be seen in Figure 15, where Asandulesa et al. reported a polymerization
mechanism by identifying the chemical structures of the polymer films through the charac-
terization of APP-polymerized films synthesized from various monomers [118]. In the case
of the benzaldehyde-based polymer films, the polymerized films showed two different
types of chemical structures, depending on the plasma conditions: The first type was where
the aromatic ring was preserved during the APP polymerization; in this case, reactions of
benzaldehyde were initiated by breaking the π bonds from aldehyde, which was confirmed
by the presence of C–O bonds in the polymeric film through FT-IR and XPS spectra, as
shown in Figure 15a. The second type was where the aromatic ring was broken during the
APP polymerization; in this case, aliphatic functional groups were likely obtained from
the aromatic ring breakage during plasma polymerization, and aliphatic hydrocarbons
(CH2 and CH3 protons) were also produced by hydrogenation reactions—which was con-
firmed through FT-IR and NMR spectra, as shown in Figure 15b,c. Finally, the reactive
species were shown to randomly recombine, and the polymeric film was obtained via the
reactions between radical species during the APP polymerization, as shown in Figure 15d.
The reactive species could also be oxidized during film growth, producing functional
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groups such as ethers, alcohols, and esters—which was confirmed by the presence of ethers,
alcohol, esters, and carbonate units in the chemical composition of the polymeric film
identified from FT-IR and XPS data, as shown in Figure 15e [118]. In summary, the APP
polymerization mechanism, from a chemical point of view, is related to the formation of
benzaldehyde-based polymer films, as illustrated in Figure 16.

 

π

Figure 14. (a) Mechanisms of plasma polymerization [113]. (b) A scheme of a general plasma
polymerization system [114]. (c) Comparison of a conventional polymer (left) and plasma polymer
(right), derived from equivalent monomers [116].

 

π
Figure 15. Chemical structures identified via characterization of benzaldehyde-based polymer films using APP techniques,
where (a) depicts benzaldehyde radical generation by π bond breakage from aldehyde, (b) depicts aliphatic chain production
by aromatic ring breakage, (c) depicts hydrogenation of the aliphatic chain, (d) depicts the recombination process between
benzaldehyde radicals and aliphatic chains, and (e) depicts benzaldehyde radical oxidation under plasma conditions [118].
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π

Figure 16. APP polymerization mechanisms, from a chemical point of view, related to the formation of benzaldehyde-based
polymer films.

5. Main Properties and Current Applications of the Polymers Obtained via
APP Polymerization

The technical state of APP polymerization is sufficiently enhanced to synthesize a
conducting polymer film with single- and polycrystalline properties (Figure 17a,b) [62].
These advanced APP polymerization techniques are actively investigated for various
applications; functional coatings are one such representative application of APP poly-
merization. Plasma polymerization can change the wettability of any surface to demon-
strate hydrophobic/philic characteristics, depending on the amount of polar or nonpo-
lar functional groups on the coating’s surface [78,81]. Therefore, the properties of func-
tional coatings are commonly determined from the kinds of materials used. For example,
TMS, APDMES, HMDSO, AA, and PMA are utilized for wettable coatings (hydrophilic/phobic)
(Figure 17c,d) [57,67,71,73,78,81]. In a biological application, Getnet et al. [72] and St’ahel et al. [77]
investigated whether polymer films synthesized via APP polymerization could be ap-
plied for antibacterial properties (Figure 18a,b) [72,77]. As shown in Figure 14c [116], the
plasma polymers have the high cross-linking property resulting from continuous fragmen-
tation and random recombination during plasma polymerization; that is, the polymers
obtained using plasma techniques show better mechanical stability and fewer morphologi-
cal changes [74,114,117]. Bardon et al. [74] reported that the DOCA polymer coatings were
modified by adding HdiA or HdiMA to the DOCA precursor, and the related mechanical
reinforcement was examined (Figure 18c) [74]. Abessolo et al. [82] also reported that the
dielectric constant of polymer films deposited by APP could be lowered by varying the
monomer precursors used—i.e., siloxane and silazane—as well as by varying their ring size
(Figure 18d) [82]. Additionally, the surface morphology of the polymers obtained using
APP polymerization shows rough or porous films, thereby enhancing their sensing capa-
bility as gas sensors. A porous polythiophene prepared via APP polymerization showed
outstanding response properties as a NO2 gas sensor when compared to polythiophene
synthesized via chemical methods (Figure 18e) [119].
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Figure 17. Transmission electron microscopy (TEM) images of polypyrrole NPs with (a) single-
crystalline and (b) polycrystalline properties [62]. (c) Superhydrophobicity of the coated films on the
cotton fabrics [67]. (d) Hydrophilization of the surface of polypropylene [73].

 

Figure 18. (a,b) Antibacterial properties created by APP polymerization [72,77]. (c) Scratch tracks for coatings of DOCA,
HdiA and HdiMA films [74]. (d) Estimation of the dielectric constant of insulating layers made by cyclic organosilicons [82].
(e) NO2-sensing properties of a polythiophene film prepared using the APPJ technique [119].
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6. Conclusions and Future Perspectives

In summary, the plasma synthesis of polymer films and NPs under atmospheric
pressure has become an advanced and replicated method, due to the various experimental
advantages of this kind of synthesis, such as simplified equipment, faster processes, lower
thermal temperatures, lower costs, and eco-friendly waste. In this review, we presented the
recent studies on the synthesis of polymer films and NPs using the various APP methods.
These methods are categorized into two types, depending on the state of the precursor:
The APP methods using a gas/aerosol-phase precursor are almost always used for a
polymer deposition or coating. The APP methods using liquid-type precursors are more
favorable for the formation of NPs. First, we described and summarized various GATP
methods that are employed as synthesis methods for polymer films. These methods all
successfully form polymer films via variations in the specific GATP techniques by varying
experimental parameters, such as the structure of the electrodes, types of precursors, types
of discharge gas, and discharge power sources (frequency, voltage, duty cycle). Next, this
review provided a summary and discussion of various liquid-plasma techniques used
primarily for the formation of NPs via non-thermal plasma interactions with various liquids,
including water or organic monomer solutions. Again, a wide range of NP synthesis can
be successfully achieved using liquid-plasma systems with various configurations of
electrodes, materials, and plasma power sources.

In the near future, various APP polymer synthesis methods will likely become ideal
candidates for industrial applications due to their potential for scaling-up while retaining
a practical and sustainable environment for synthesis. However, there remain some chal-
lenges for applications of these APP methods, i.e., the low plasma density of APP and the
potential for using a large amount of the gas source in some cases. Thus, it is important to
incentivize and support further investigations and research on novel APP polymerization
and synthesis methods in order to continue to overcome these challenges and accomplish
large-scale polymer film deposition or mass production of NPs with stable discharge under
open-air conditions.
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Abstract: New nanostructured conducting porous polythiophene (PTh) films are directly deposited
on substrates at room temperature (RT) by novel atmospheric pressure plasma jets (APPJs) polymer-
ization technique. The proposed plasma polymerization synthesis technique can grow the PTh films
with a very fast deposition rate of about 7.0 µm·min−1 by improving the sufficient nucleation and
fragment of the thiophene monomer. This study also compares pure and iodine (I2)-doped PTh films
to demonstrate the effects of I2 doping. To check the feasibility as a sensing material, NO2-sensing
properties of the I2-doped PTh films-based gas sensors are also investigated. As a result, the proposed
APPJs device can produce the high density, porous and ultra-fast polymer films, and polymers-based
gas sensors have high sensitivity to NO2 at RT. Our approach enabled a series of processes from
synthesis of sensing materials to fabrication of gas sensors to be carried out simultaneously.

Keywords: atmospheric pressure plasma; room temperature growth; plasma polymerization; porous
polythiophene; conducting polymer; NO2; gas sensors

1. Introduction

Recently, conducting polymers, such as polyaniline (PAni), polypyrrole (PPy), poly-
thiophene (PTh), and their derivatives, have attracted attention to researchers as sensing
materials of toxic gases [1–4]. In comparison with most of the commercial gas sensors,
which are usually based on metal oxides and operated at high temperatures, the gas
sensors made of conducting porous polymers have many advantages [5–7]. The advan-
tages of conducting polymers compared to inorganic materials used until now are their
diversity, their easy synthesis, and particularly, their sensitivity at room temperature. Con-
ducting polymers can be synthesized by various techniques, such as chemical synthesis,
electrochemical method, hard and soft templates, interfacial polymerization, and plasma
polymerization [1]; however, some of conducting polymers are interactable and soluble
in few kinds of solution [8]. Therefore, in-situ polymerization of conducting polymers on
substrates with nanostructures, such as pore network or perpendicular pillar structure
without external heat or association of other processes, is important for the preparation of
gas sensor devices. Very recently, we have developed a nano-porous polymer synthesis
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method with dry process using a novel atmospheric pressure plasma jets (APPJs) with
additional guide tube and bluff body [9–16]. The nitrogen-containing polymer nanoparti-
cles were successfully synthesized by using aniline and pyrrole monomers via an APPJs
polymerization technique. The plasma polymerizations of aniline and pyrrole have been
successfully implemented using intense and broad glow-like plasma [10–15]. However,
there is no report on the synthesis of sulfur (S)-containing conjugated PTh through the
novel APPJs polymerization technique. In addition, to the authors‘ knowledge, there have
been no previous reports on the investigation of the gas sensors based on conducting
nano-porous polymers prepared by APPJs polymerization.

Accordingly, this study uses field emission-scanning electron microscopy (FE-SEM),
atomic force microscopy (AFM), Fourier transform-infrared spectroscopy (FT-IR), X-ray
photoelectron spectroscopy (XPS), and time of flight-secondary ion mass spectrometry (ToF-
SIMS) to analyze pure and iodine (I2)-doped PTh films synthesized by APPJ polymerization.
We also investigate the NO2-sensing properties of the I2-doped conducting porous PTh
films in order to check the feasibility for sensing materials of gas sensors.

2. Experimental
2.1. Atmospheric Pressure Plasma Jets (APPJs) for Synthesis of Polythiophene

In the previous work, in order to produce intense glow-like plasma by using novel
APPJs, we use a guide tube and polytetrafluoroethylene bluff body installed at the jet end
to confine the jet flow and to minimize the quenching from ambient air. Consequently,
the novel APPJs can expand farther downstream in nucleation region and can produce
the broad and intense glow-like plasma during plasma polymerization (Figure S1 in the
Supplementary Material). In the case of APPJs without the proposed guide and bluff
body, the plasma was only produced within the area of the array jets due to the directional
properties of the streamer-like plasma discharges. Whereas, in the case of the APPJs
with proposed guide tube and bluff body (impinging jet) systems, the intense and broaden
plasma was produced within the whole area of the impinging region, thereby increasing the
plasma region about 60-fold and the deposition area. This APPJs with impinging technique
can produce a broadened and intense plasma discharge with large area and homogeneous
deposition of polymers. The detailed plasma polymerization method using a stationary
APPJs with a guide tube and bluff body was previously described in detail [9–15]. During
polymerization experiments by using APPJs, the plasma jet was not moved, and as such,
experiments were conducted in a stationary deposition. Argon gas was employed as the
discharge gas for plasma generation and its flow rate was fixed to 1700 standard cm3/min
(sccm). Liquid thiophene monomer was vaporized by means of a glass bubbler, which was
supplied by argon gas with the flow rate of 170 standard cm3/min. When the mass flow rate
of the monomer was applied higher than the optimal condition (170 standard cm3/min),
the discharge was disturbed and becomes unstable even though the proposed guide tube
and bluff body with impinging jet systems was used. Whereas, when the mass flow rate
of the monomer was applied lower than the optimal condition, the deposition rate was
decreased. The PTh films were obtained at a sinusoidal wave with a peak value of 8 kV
and a frequency of 26 kHz under ambient air. The pure PTh films using APPJs without any
proton donor doping has been an insulating state. Therefore, it is necessary to introduce
charge carriers into the plasma polymerized structures to render them conductive by using
I2 doping method and require further examination for the formation of novel pure and
I2-doped PTh materials using a novel APPJs technique. For I2 doping, PTh samples were
placed in a sealed glass container containing 2 g of solid I2 crystals for 30 sec at room
temperature immediately after plasma polymerization.

2.2. Instruments

The field emission-scanning electron microscopy (FE-SEM; Hitachi SU8220, Hitachi,
Tokyo, Japan) was employed to analyze the planar and cross-sectional morphologies of
the synthesized PTh films with an accelerating voltage and current of 5 kV and 10 mA,
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respectively. A conductive platinum coating was used when imaging the samples. The
photographs of the device and plasmas were taken using a digital camera (D5300, Nikon,
Tokyo, Japan) with a Macro 1:1 lens (SP AF 90 mm F2.8 Di, Tamron, Saitama, Japan).
AFM (NX20, Park Systems) was used to monitor the surface roughness based on three-
dimensional (3D) pure and I2-doped PTh surface images. The scan rate was set at 0.5 Hz
and the scanning area was 20 µm × 20 µm. AFM data was analyzed using the i-solution
software (IMT i-solution Inc., Burnaby, BC, Canada) to obtain the distribution of granular
sizes (granularity cumulation) in the deposited PTh film. The molecular structure of the
PTh film on the glass was taken by using a Fourier transformation infrared spectroscopy
(FT-IR; Vertex 70, Bruker, Berlin, Germany) at the Korea Basic Science Institute (KBSI; Daegu,
Korea). FT-IR spectra were measured by averaging 128 scans at a wavenumber resolution
of 0.6 cm−1 using attenuated total reflection (ATR) mode between 500 and 4000 cm−1 to
determine the chemical difference in the pure and I2-doped PTh films. The XPS was carried
out on an ESCALAB 250XI surface analysis system (Thermo Fisher Scientific, Waltham,
MA, USA), using monochromatic Al Kα X-ray source (hυ = 1486.71 eV) operated at 15 kV
and 20 mA. The pressure in the analyzing chamber was maintained at 10−7 Pa or lower
during analysis and the size of the analyzed area was 500 µm × 500 µm. Spectra were
acquired with the angle between the direction of the emitted photoelectrons and the surface
equal to 60◦. The estimated analyzing depth of the used XPS set up was 8 to 10 nm. The
high-resolution spectra were taken in the constant analyzer energy mode with a 200 eV
for survey scan and a 50 eV pass energy for element scan, respectively. The value of
285.8 eV of the C 1s core level was used for calibration of the energy scale. To curve fit the
high-resolution C 1s, S 2p, and O 1s peaks, the deconvolution of C 1s, S 2p, and O 1s peaks
was analyzed by the Thermo Advantage software. The peaks were deconvoluted using
Gaussian–Lorentzian peak shapes (constrained between 80% and 100% Gaussian) and the
full-width at half maximum (FWHM) of each line shape was constrained between 2.0 and
3.0 eV. The ToF-SIMS data were obtained using a ToF-SIMS V instrument (ION-TOF GmbH,
Münster, Germany) equipped with a reflectron analyzer, a bismuth primary-ion (Bi3+)
source and a pulsed electron flood source for charge compensation. The pressure in the
analysis chamber was maintained at less than 7.5 × 10−12 Pa. Bi3+ (0.5 pA) accelerated at
30 keV was used as the analysis (primary) gun. Negative-ion and positive-ion mass spectra
were acquired from a 500 µm × 500 µm area using a Bi3+ primary-ion beam operating at
30 keV. The mass resolution was typically greater than 8000 at m/z = 29 Si. Secondary ions
were detected in negative ion mode and a full spectrum from 1 to 2000 amu was acquired.

2.3. Sensor Fabrication and Measurement of Gas-Sensing Properties

The alumina substrates supplied with Pt interdigitated electrodes (IDEs) were ultra-
sonically cleaned in acetone and deionized water for 10 min, respectively. Au wires were
bonded to two contact pads of the IDEs using an Au conducting paste and then heating
at 500 ◦C for 30 min was conducted to enhance the adhesion between the Au wires and
contact pads of the IDEs. The PTh films as a sensing material were directly deposited onto
the alumina/IDEs substrates using APPJs polymerization. The fabricated sensor devices
were located in a gas measurement chamber without any external heater. Air with 65%
relative humidity was used as a balance gas at a flow rate of 1000 sccm, while 50 ppm of
NO2 gas was used as an analyte. The analyte was diluted with the balance gas to achieve
the desired concentration of 0.25 to 2 ppm using mass flow controllers. The resistance
of the PTh based gas sensors was recorded using a data acquisition system consisting of
Agilent 34970A and BenchLink Data Logger software during the gas measurement.

3. Results and Discussion

Figure 1a shows the planar and cross-sectional SEM images of the PTh films deposited
at RT for 60 s through novel APPJs polymerization technique. The pure (undoped) PTh
films consisted of dense nanoparticles with porous networks and showed very fast deposi-
tion rates of about 7 µm·min−1 (inset of Figure 1a). Most of nanoparticles vanished after
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I2 doping for 30 sec as shown in Figure 1b and the thickness of the PTh films decreased
to 3 µm (inset of Figure 1b). To further investigate the characteristics of the PTh films,
roughness (Rrms) and grain diameter of PTh films were studied by the AFM measurement
as can be seen in Figure 1c–f. The pure PTh surface showed relatively small-size protrusions
and the surface Rrms was 370 nm. On the other hand, after I2 doping for 30 sec, lots of large
protrusions appeared on the PTh surface and the Rrms increased to 890 nm. In addition,
as shown in the granularity cumulation distribution charts in Figure 1e,f, the diameter
range for the pure PTh sample was between 0.4 and 1.8 µm. After I2 doping, however,
the diameter range became wider, between 0.3 and 2.3 µm due to particle aggregation,
thereby increasing the grain size. The increase in the average grain diameter from 0.8 to
1.1 µm after I2 doping means that I2 doping decreases the number of grain boundaries.
This decreased number of grain boundaries was mainly due to particle aggregation and
disconnected networks between adjacent nanofibers from higher porosity. For this iodine
doping process, the particles were aggregated due to the hydration and I2 particles. The
surface morphology of the doped PTh film was changed a more globular particle and
rougher surface by an incorporation of iodine. The surface of the doped PTh film presents
large grains separated by smooth areas. This type of topography can be attributed to the
branched molecular geometry of the doped PTh film, which would facilitate the formation
of granular agglomerates. These results are similar to the tendency of the APP polymerized
polyaniline nanoparticles vanished and aggregated after I2 doping [10]. Thereby, the sur-
face morphology of the doped PTh film was changed into a more globular particle owing
to the aggregated particles by an incorporation of iodine [10,17,18].

≡ ≡

 

Figure 1. Planar and cross-sectional (insets) SEM images of the plasma polymerized thioph
Figure 1. Planar and cross-sectional (insets) SEM images of the plasma polymerized thiophene (PTh)
films (a) without and (b) with I2 doping. AFM images of the PTh films (c) without and (d) with I2

doping. Granularity cumulation distribution charts obtained from AFM images of the PTh films
(e) without and (f) with I2 doping.
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In order to identify chemical composition of PTh films, we analyzed the films by
using FT-IR and XPS techniques. Figure 2 shows the obtained FT-IR spectra of the PTh
films synthesized by the novel APPJs polymerization technique. The small peak of the
C–H stretching vibration of the alkyne bond was observed in the peak at 3282 cm−1.
Furthermore, the peak at about 2100 cm−1, which in that case could be attributed to triple
bond C≡C stretching of alkyne functions, seems to be present in pure PTh film [18–20].
The spectrum of polymer contains the peak at 3094 cm−1 that can be assigned to the
C–H stretching of the aromatic proton bands within the thiophene ring. The two small
peaks at 2977 and 2931 cm−1 can be also assigned to the C–H stretching vibration. A
peak belonging to the C=O symmetric stretching vibration modes of thiophene ring was
located at 1675 cm−1 [19]. This carbonyl group is formed due to the reaction of thiophene
and oxygen in ambient air. This functional group provides the hydrophilic into the film.
Therefore, water from the ambient air is absorbed, thus resulting in forming the O–H
stretching bond at around 3500 cm−1 in the PTh film [19,20]. The peak at 1411 cm−1 is
a characteristic of the aromatic C=C stretching vibration. A peak belonging to the C–O
stretching bond was located at 1217 cm−1. The peaks at 1039, 750, and 704 cm−1 are related
to in-plane and out-of-plane C–H deformation vibration in the thiophene ring. The two
peaks at 852 and 643 cm−1 can be assigned to the C–S bending [21–25]. Those results
confirm the presence of thiophene ring in the PTh film structure. The absorption peaks
at 1675 and 1217 cm−1 confirm the inclusion of small amounts of oxygen in the films,
incorporated during plasma deposition [25]. These small amounts of oxygen could have
originated in the oxidation of the PTh from ambient air [19,20]. After I2 doping for 30 sec,
most of the spectra peaks significantly diminished and became smooth, presumably due
to the absorption of hydrogen in the PTh films via the I2 doping. Iodine probably reacted
with residual radicals in the PTh films by the doping. Iodine radicals can also be formed by
the hemolytic dissociation of iodine. As iodine radicals can extract hydrogen atoms from
the PTh structure, this could change the bonding characteristics of plasma polymerized
films [18,20–27]. In particular, hydrogen iodide formed by reaction of iodine radicals and
hydrogen atom can react with C≡C bond, thus causing the disappearance of C≡C bond
after I2 doping [20]. In addition, after I2 doping process, the decrease of spectra intensities
is presumably due to the decrease in the relative amounts of surface reflection, which is
originated by film properties, such as particle size and surface roughness of the film [28].

 

Figure 2. FT-IR spectra of the plasma polymerized thiophene films without and with I2 doping.
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Chemical composition of the PTh films obtained by FT-IR spectra was analyzed
by comparing the XPS results. In Table 1 and Figure 3a, the elemental concentration
in atomic percentages and survey spectra identified from XPS are presented. The high-
resolution C 1s, S 2p, O 1s, and I 3d peaks were analyzed in detail, as presented in
Figure 3b–e and Figure S2 in the Supplementary Material. The peak assignments and
envelope compositions of various C 1s, S 2p, and O 1s were summarized in Tables 2–4,
respectively. The XPS survey spectra in Figure 3a show signals corresponding to C 1s
(285.5 eV), S 2s (228.0 eV), S 2p (164.0 eV and 168.5 eV), O 1s (532.1 eV), I 3d3/2 (620.6 eV), I
3d5/2 (631.0 eV), and I 4d (53.0 eV) electronic orbitals. The presence of O atoms in the PTh
plasma polymerized films is expected because we synthesized the PTh films under ambient
air and the films obtained through APPJs polymerization technique are an oxidized state
of polymer, which are in agreement with the FT-IR data. The C 1s peak could be divided
into three distinctive component peaks (Figure 3b and Figure S2 in the Supplementary
Material, and Table 2) attributed to C–C, C=C, C–H bonds (284.7 eV), C–S bond (287.5 eV),
and C–O bond (290 eV) [25]. The S 2p peak could be split into three component peaks
(Figure 3c and Figure S2 in the Supplementary Material, and Table 3) mainly contributed by
aromatic sulfide (C–S–C, 163.6 eV), sulfoxide (C–SO–C, 166.38 eV), and sulfone (C–SO2–C,
168.9 eV) [29]. The O 1s peak was decomposed in three peaks (Figure 3e and Figure S2
in the Supplementary Material, and Table 4). From the spectra of O 1s, it could be seen
that S-doped carbon displays the same oxygen species of O–C–O (532.3 eV) and O=C–O
(534.7 eV). In addition, it also had a characteristic peak at 531.1 eV, which was attributed to
the S-containing group S=O [29,30]. The XPS spectra exhibited by I 3d core of the I2-doped
PTh are shown in Figure 3e, which shows the location of I 3d5/2 and I 3d3/2 peaks at the
binding energy of 620.6 and 631.0 eV, respectively. The location of these peaks and the
peak separation of 10.4 eV strongly suggest the I2-doped polymer characteristics [30,31].
After I2 doping for 30 sec, the carbons with oxidation, such as C–O and O–C–O, were
remarkably decreased, which showed more hydrophobic characteristics [10,15]. The atomic
percentage of C–C, C–H, and C=C bonds decreased from 39.9 to 31.7%, indicating some
disruption to the conjugated framework of the films [31]. Whereas, S-containing groups
with carbon and oxygen, such as C–S, C–SO–C, C–SO2–C, and S=O except for C–S–C,
increased when adopting the I2 doping. Therefore, total amounts of oxygen decrease only
slightly. In addition, since iodine could easily absorb hydrogen from materials, this reduced
the C–H bond.

Table 1. Elemental concentration in atomic percentages of PTh films without and with I2 doping
observed in XPS spectra in Figure 3a.

Sample
Elemental Concentration

C 1s
(at.%)

S 2p
(at.%)

O 1s
(at.%)

I 3d
(at.%)

PTh without I2 doping 67.8 20.9 11.3 0.0
PTh with I2 doping 68.4 18.6 11.0 2.0

Table 2. Peak assignment (BE, eV) and envelope composition (%, total = 100) of various C 1s core
level spectra of PTh films observed in XPS in Figure 3b.

Sample
C 1s Peaks Assignment and Envelope Composition

284.70
C–C, C–H, C=C

287.53
C–S

290.03
C–O

PTh without I2 doping 39.9 43.5 16.6
PTh with I2 doping 31.7 56.9 11.4
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Figure 3. (a) XPS spectra of the plasma polymerized thiophene films without and with I2 doping.
High-resolution XPS spectra of (b) C 1s, (c) S 2p, (d) O 1s, and (e) I 3d.

Table 3. Peak assignment and envelope composition of various S 2p core level spectra of PTh films
observed in XPS in Figure 3c.

Sample
S 2p Peaks Assignment and Envelope Composition

163.62
C–S–C

166.38
C–SO–C

168.99
C–SO2–C

PTh without I2 doping 39.7 46.8 13.5
PTh with I2 doping 27.1 57.0 15.9

Table 4. Peak assignment and envelope composition of various O 1s core level spectra of PTh films
observed in XPS in Figure 3d.

Sample
O 1s Peaks Assignment and Envelope Composition

531.12
S=O

532.38
O–C–O

534.74
O=C–O

PTh without I2 doping 15.7 58.5 25.8
PTh with I2 doping 18.4 52.7 28.9
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In order to determine the specific chemical structures between the pure and I2-
doped PTh films after the APPJs polymerization, the PTh films were characterized in
both the positive and negative ion modes using ToF-SIMS. In Figure 4 and Figure S3 in the
Supplementary Material, the negatively and positively charged ions static mass spectra
and normalized intensities of ToF-SIMS for the PTh films are presented. The assignments
of the selected peaks of PTh detected in the negative and positive mode are shown in
Tables S1 and S2 in the Supplementary Material. For the PTh features, several character-
istic peaks from the polymer chain were detected. In Figure S3a,b in the Supplementary
Material, many ion peaks of the S-containing group were detected at m/z = 32, 33, 44, 45, 48,
56, 57, 64, 80, 81, 83, 92, 93, 105, and 129 amu and attributed to S−, HS−, CS−, CHS−, SO−,
C2S−, C2HS−, SO2

−, C4HS−, C4H3S−, C5S−, C5HS−, C6HS−, and C8HS−, respectively,
which were characteristics of PTh fragments. The negative ions were related with abundant
secondary ions C2nHS− (n = 0–4) which were the fragments of PTh backbones (with alkyl
side chains). The C2nHS− ions show that polythiophene backbones were easily accessed
by ToF-SIMS. In addition, the secondary ion fragments C2nH− (n = 0–4) of alkyl side
chains (and S- from thiophene ring) were detected (Figure 4a) [15,32]. Figure S3c,d in the
Supplementary Material show the series of hydrocarbon fragments arising from PTh, such
as CH3

+, C2H3
+, C2H5

+, C3H3
+, C3H5

+, C3H7
+, C4H3

+, C4H5
+, C4H7

+, C4H9
+, C5H7

+,
C5H9

+, C6H5
+, C6H9

+, C7H7
+, C7H9

+, and C7H11
+. These clusters are typical aliphatic

hydrocarbon fragments of the form CnH2n−3, CnH2n−1, and CnH2n+1, arising from the
PTh chain (Figure 4b). After I2 doping for 30 sec, almost all normalized intensities were
decreased, presumably due to the absorption of hydrogen in the PTh films via the I2 doping.
In addition, few negative and positive ion peaks of the oxygen-containing group were
detected, which was likely to originate from the oxidation of particles from atmospheric
pressure during the APPJs polymerization. These results agreed well with the FT-IR and
XPS analyses.

 

 
−

Ω
Ω

Figure 4. Normalized intensities of (a) negative-ion spectra and (b) positive-ion spectra of ToF-SIMS on surface of the
plasma polymerized thiophene films without and with I2 doping.

To check the feasibility as a sensing material for the detection of poisonous gas, we
investigated NO2 sensing characteristics of the I2-doped PTh films at RT. The gas response
is defined as follows. Response (%) = (Ra − Rg)/Ra × 100, where Ra and Rg are resistances
of the PTh films before and after exposure to NO2 gas, respectively.

Figure 5a,b show the dynamic resistance and response of the gas sensors to various
NO2 concentrations ranging from 0.25 to 2 ppm, respectively. It is observed that the
exposure of PTh films to NO2 results in a decrease in value of resistance and the resistance
of the PTh films gradually recover to its initial value when NO2 gas is turned off. It is known
that PTh is a p-type material and NO2 is an oxidizing gas (electron acceptor). When PTh
interacts with NO2, the concentration of majority charge carriers (holes) increases, which
implies that the conductivity of p-type PTh increases. The initial base resistance (~31 MΩ)
shifts toward lower resistance (~28 MΩ right before exposure to 2 ppm) with an increase
in the NO2 concentration because the longer time is required for full recovery. Figure 5c
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shows the response of PTh films as a function of NO2 concentration. The gas response is
increased with an increase in the NO2 concentration and the response of the PTh films was
21, 47, 72, and 84% for the NO2 concentration of 0.25, 0.5, 1, and 2 ppm, respectively. The
gas sensors reported here exhibit highly sensitive behavior to NO2 compared to PTh based
sensors reported previously, as shown in Table 5 [33–35]. To examine the repeatability of
the sensor based on I2-doped PTh films, the NO2-sensing measurement was repeated, as
shown in Figure S4 in the Supplementary Material. The difference in response between
the first and second measurements at each concentration was within 5%, indicating good
repeatability of the sensor based on I2-doped PTh films.

 

Figure 5. Transient (a) resistance and (b) response of sensors based on I2-doped PTh films to different
NO2 concentrations at RT. (c) Responses as a function of NO2 concentration.
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Table 5. NO2 responses of PTh based gas sensors.

Sensing Material Concentration Temperature Response Ref

PTh 1 ppm RT 3% 1
PTh 10 ppm RT 9% 2
PTh 10 ppm RT 8% 3

Poly(3-hexylthiophene) 20 ppm RT 10% 4
PTh 1 ppm RT 72% This work

We think that the high response of PTh through APPJs polymerization comes from
porous structure of PTh resulting from in-situ polymerization on the substrate. Such a
higly porous structure assists NO2 in interacting with the surface of PTh films as well as
the inside of porous network. As a result, new nanostructured conducting porous polymer
sensor prepared using novel APPJs polymerization technique showed the excellent NO2-
sensing properties at RT. In addition, our approach enables a series of processes from
synthesis of sensing materials to fabrication of gas sensors to be carried out simultaneously.

4. Conclusions

In this study, porous PTh films were successfully synthesized from liquid thiophene
monomer by using novel APPJs polymerization technique and demonstrated as a sensing
material for NO2 detection. The PTh films consisted of dense nanoparticles with porous
networks and had ultra-high fast deposition rates of about 7.0 µm·min−1. Spectroscopic
analyses (FT-IR, XPS, and ToF-SIMS) reflect the retention of the aromatic ring and fragments
of backbones in the structure of PTh films. As a result, new nanostructured conducting
porous PTh sensor prepared using novel APPJs polymerization technique with I2 doping
showed the excellent NO2-sensing properties at RT.

Supplementary Materials: The following are available online at https://www.mdpi.com/article/10
.3390/polym13111783/s1, Figure S1. A photograph of the plasma produced with supply of vaporized
thiophene monomer, Figure S2. The detailed high-resolution with deconvolutions of C 1s, S 2p, and O
1s spectra in Figure 3 of the plasma polymerized thiophene films (a) without and (b) I2 doping, Figure
S3. Negative-ion spectra (0-150 amu) and positive-ion spectra (0-150 amu) of ToF-SIMS on surface of
the plasma polymerized thiophene films without and with I2 doping. (a) Negative-ion without I2
doping. (b) Negative-ion with I2 doping. (c) Positive-ion without I2 doping. (d) Positive-ion with
I2 doping, Figure S4. Repeatability of the sensors based on I2-doped PTh films at different NO2
concentrations, Table S1. Selected peaks and their assignments observed in negative-ion time of flight
secondary ion mass spectrometry (ToF-SIMS) spectra of the PTh films, Table S2. Selected peaks and
their assignments observed in positive-ion ToF-SIMS spectra of the PTh films.
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Abstract: This study systematically investigated an atmospheric pressure plasma reactor with a
centered single pin electrode inside a dielectric tube for depositing the polyaniline (PANI) thin
film based on the experimental case studies relative to variations in pin electrode configurations
(cases I, II, and III), bluff-body heights, and argon (Ar) gas flow rates. In these cases, the intensified
charge-coupled device and optical emission spectroscopy were analyzed to investigate the factors
affecting intensive glow-like plasma generation for deposition with a large area. Compared to case I,
the intense glow-like plasma of the cases II and III generated abundant reactive nitrogen species
(RNSs) and excited argon radical species for fragmentation and recombination of PANI. In case III,
the film thickness and deposition rate of the PANI thin film were about 450 nm and 7.5 nm/min,
respectively. This increase may imply that the increase in the excited radical species contributes to
the fragmentation and recombination due to the increase in RNSs and excited argon radicals during
the atmospheric pressure (AP) plasma polymerization to obtain the PANI thin film. This intense
glow-like plasma generated broadly by the AP plasma reactor can uniformly deposit the PANI thin
film, which is confirmed by field emission-scanning electron microscopy and Fourier transform
infrared spectroscopy.

Keywords: atmospheric pressure plasmas; glow-like discharge; single pin electrode; plasma deposition;
PANI thin film

1. Introduction

In recent decades, the atmospheric pressure plasma (APP) process has attracted much
attention due to its many advantages, such as low cost and fast operation, low temperature,
operation in air, and the ability to produce reactive chemistry at room temperature [1,2].
Thus, the APP process has enabled technology in several biological and industrial applica-
tions, such as thin-film deposition, nanomaterial synthesis, polymeric surface modification,
and biomedical applications [1–6]. Numerous research groups have developed various
kinds of plasma devices based on methods of plasma generation and studied using the
discharge plasma based on different geometries using various electrode materials [1,7–15].
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Our group has proposed a new plasma polymerization technique adopting an ad-
ditional glass-tube and bluff-body system. Additionally, we have been researching the
synthesis of polymers and copolymers using AP plasma processing [16]. Recently, a new AP
plasma reactor (APPR) with a needle electrode has been proposed by J.Y. Kim et. al. [17,18].
However, no detailed experimental results exist for various electrode configurations in
atmospheric plasma. Therefore, it is necessary to specifically investigate case studies on
the various electrode configurations for a high deposition rate to overcome the localized
area deposition. In particular, we focused on the various case studies of pin electrode
configurations for overcoming the localized area deposition problem by supplying excited
species formed within the gas-feeding tube into the nucleation (or fragmentation) region.

Accordingly, we systematically investigate the plasma properties of APPR with three
pin electrode configurations, argon flow rates, and bluff-body heights. The plasma char-
acteristics of APPR are investigated using an intensified charge-coupled device (ICCD)
and optical emission spectroscopy (OES). Moreover, we investigated the characteristics
of the deposited PANI thin film prepared by APPR with respect to three electrode con-
figurations. The deposited polyaniline (PANI) thin films were characterized using field
emission-scanning electron microscopy (FE-SEM), atomic force microscopy (AFM), stylus
profiler, and Fourier transform infrared spectroscopy (FTIR).

2. Materials and Methods
2.1. Experimental Setup

Figure 1 shows the experimental setup and the configuration of the APPR used. Herein,
we mainly focused on the three pin electrode configurations (cases I, II, and III) to generate
glow-like discharge for depositing a large-area polymer thin film. For all cases, the APPR
comprises a glass tube for feeding the gas (i.e., gas-feeding tube), a glass guide-tube for
generating plasma, a bluff-body, a capillary glass tube, and a centered pin electrode made
up of a 0.5 mm diameter tungsten needle. The tungsten wire electrode was covered with
a capillary glass tube, and the tip of the tungsten wire was protruded at 2 mm from the
end of the capillary glass tube. Additionally, the glass guide-tube has a length and an
outer diameter of 7.5 cm and 34 mm, respectively. The gas injection glass tube has a
length and inner diameter of 37 cm and 6.8 mm, respectively. The bluff-body was made
of polytetrafluoroethylene insulating material, and the substrate was placed on the bluff-
body inside the glass guide-tube. The bluff-body position with respect to the guide-tube
significantly influences the production of intense and broadened plasma in the nucleation
(or fragmentation) region.

Moreover, this APPR was used with a single pin electrode configuration with no
grounded electrode. In particular, in case I, the pin electrode was vertically placed in the
center of a glass guide-tube parallel to the gas-feeding tube. In case II, the pin electrode
was titled at ~50◦ on the side of the glass guide-tube and was also separated from the
gas-feeding tube. In case III, the pin electrode was vertically combined into the gas-feeding
tube on top of the glass guide-tube in the APPR to form excited radical spaces at the
gas-feeding tube for large-area plasma expansion. The case III structure is largely divided
into two parts. Part 1 forms the free excited radical for injecting the excited radical spaces in
the gas-feeding tube. Part 2 is the region where the nucleation (or fragmentation) reaction
occurs by the injected free excited radical species for polymer thin-film deposition.

The aniline monomer solution was coated on glass and silicon wafer substrates by
the proposed APPR with various pin electrodes. Accordingly, to produce the intense
glow-like plasma, three case studies were systematically investigated using three electrode
configurations, different argon flow rates, and bluff-body heights. The detailed case studies
for generating plasma discharge are presented in Figure 1 and Table 1.
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Figure 1. (a) Experimental setup, (b) schematic for three electrode configurations of APPR, and the
detailed case studies used herein.

High-of argon (99.999%) was used as the main gas for producing the intense glow-like
plasma. Aniline monomer (MW = 93 g·mol−1, Sigma-Aldrich Co., St. Louis, MO, USA)
solution was vaporized using a glass bubbler with a 40-mL amount, which was supplied
by argon flowing at 400 standard cubic centimeters per minute (sccm). A bipolar sinusoidal
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voltage wave pulse with a peak-to-peak (V p-p) value of 8 kV and a frequency of 30 kHz
was applied to the powdered pin electrode to produce the plasma. The characteristics of
the plasma produced by the APPR strongly depend on the system configuration, gas flow
rate, and bluff-body height.

Table 1. Detailed case studies for generating the intense glow-like discharge using APPR with pin
electrode used herein.

Electrode Configuration
Case I: Vertically Parallel Pin Electrode

Case II: Titled Pin Electrode

Case III: Vertically Combined Pin Electrode

Precursor liquid solution Aniline monomer
Driving power source AC sinusoidal

Plasma driving voltage (V p-p) 8 kV (Fixed)
Frequency 30 kHz (Fixed)

Argon pressure for aniline vapor 400 sccm (Fixed)
Argon main gas pressure 1000 sccm and 1300 sccm (controllable)

Bluff-body height 10 mm and 15 mm (controllable)

2.2. Intensified Charge-Coupled Device (ICCD)

The generated plasma investigations were conducted using an ICCD camera (PI-
MAX 2, Princeton Instruments, Trenton, NJ, USA) in both shutter modes with 100 ms
exposure time to identify the spatial distribution of the generated glow plasma.

2.3. Discharge Voltage and Current Waveform Analysis

The applied voltage and discharge current were obtained using a high-voltage probe
(P6015A, Tektronix Inc., Beaverton, OR, USA) and a current monitor (Pearson 4100, Pearson
Electronics Inc., Palo Alto, CA, USA), respectively. The electrical signals were monitored
and stored through a digital oscilloscope (WaveRunner 64Xi, Teledyne LeCroy Inc., Chest-
nut Ridge, NY, USA). The discharge current was obtained by subtracting the current
waveform obtained when the plasma was turned off by stopping the argon supply from
the current waveform, measured when the plasma was turned on.

2.4. Optical Emission Spectroscopy

To investigate the excited radical species present in the generated plasma discharge
due to the interaction between the aniline monomer and argon plasma, OES techniques
were used to measure and analyze the optical intensities and spectra of the excited nitrogen
and argon peaks, using a fiber optic spectrometer (Ocean Optics Inc., USB-4000, Dunedin,
FL, USA) associated with a 1 mm diameter optical fiber and a collimating lens. The spectral
resolution of the instrument was 0.06 nm.

2.5. Field Emission-Scanning Electron Microscopy

The surface morphology images of the PANI thin films were examined using FE-SEM
(Hitachi SU8220, Hitachi High-Technologies, Tokyo, Japan) with accelerated electrons at a
voltage and current of 3 kV and 10 µA, respectively. The samples for FE-SEM were made
conductive by coating them with platinum before loading into the chamber.

2.6. Stylus Profiler

The film thicknesses of the PANI thin films were obtained using a stylus profiler (KLA
Tencor, P-7, KLA Tencor Corp., Milpitas, CA, USA) at the Korea Basic Science Institute
(KBSI; Busan, Korea). Measurements were performed while moving the stylus in contact
with the PANI film surface at a scan speed of 200 µm/s.
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2.7. Atomic Force Microscopy

The surface roughness characteristics of the PANI thin films were investigated in a on
a noncontact mode by AFM (NanoWizard II, Brucker, Berlin, Germany) at the Korea Basic
Science Institute (KBSI; Busan, Korea). All measurements were obtained under controlled
room temperature. Moreover, the scanning area was 20 µm × 20 µm, and the scan rate was
set at 1 Hz. Bruker NanoWizard software was used for image processing and interpretation.

2.8. Fourier Transform Infrared Spectroscopy

The main functional groups and crystalline phases of the PANI thin films were mea-
sured by FTIR (Vertex 70, Bruker, Ettlingen, Germany) at the KBSI (Daegu, Korea). The FTIR
spectra were measured by averaging 128 scans at a wavenumber resolution of 0.6 cm−1

ranging from 650–4000 cm−1 in the attenuated total reflection (ATR) mode.

3. Results

Figure 2 shows the ICCD images of plasma discharge generated by the proposed APPR
with various case studies such as three electrode configurations, argon flow rates, and bluff-
body heights. To optimize the geometry of the proposed APPR for large-area deposition, we
investigated the various cases, namely, three different electrode configurations (cases I–III),
two different gas flow rates, and two different bluff-body heights inside the guide-tube.
The detailed case studies for generating plasma discharge are presented in Figures 1 and 2.

For all three cases, the plasma intensity increased when the main gas (argon) flow
rate increased from 1000 to 1300 sccm (Figure 2). This result implies that the higher argon
flow is essential in generating the glow discharge with highly intense cloud-like glow
plasma [19–22]. Additionally, for all cases, when changing the bluff-body height from 10
(cases IB-a, IIB-a, and IIIB-a) to 15 mm (cases IB-b, IIB-b, and IIIB-b), with other conditions
kept constant, the produced plasma discharge was highly intense.

Moreover, the ICCD images show that the intense plasma is generated at the vicinity
of the needle electrode applied by high voltage [23–26]. In particular, the produced plasma
in case III was spatially expanded into the horizontal space inside the guide-tube of the
APPR due to the nucleation and fragmentation reactions through the injected free excited
radical species. These results confirmed that optimal conditions were required to generate
the glow discharge with intense glow-like plasma for PANI thin film deposition. Based on
the experimental results of Figure 2, the optimal conditions were obtained for producing
highly intense plasma and synthesizing PANI thin film. The optimal conditions are argon
flow rate and bluff-body height of 1300 sccm and 15 mm, respectively.

To identify the discharge behavior of the APPR at an optimal condition for the three-
pin electrode configurations (cases I, II, and III), the applied voltage, total current in plasma
ON state, and instantaneous power were each measured as a function of time, and the
results are indicated in Figure 3.

For all cases, the average power, Pa in the APPR was calculated from Equation (1).

Pa =
1
T

∫ T

0
V(t)× I(t)dt (1)

where T is the applied voltage period, V(t) is the voltage signal, I(t) is the acquired current,
and t is the time. The average power during 1 period was calculated through the integrated
value of the power waveform during 1 period. Consequently, the average power values
of the plasma reactors in cases I, II, and III are 0.8, 1.5, and 1.6 W, respectively. Table 2
summarizes the detailed experimental results of the APPR under optimal conditions with
three electrode configurations. Thus, it was confirmed that case III exhibited the highest
dissipated power, mainly because excited radical species were produced within the gas-
feeding tube.
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Figure 2. ICCD images of plasma produced in the APPR with pin electrode with respect to three
different electrode configurations of cases (a) I, (b) II, and (c) III.

Table 2. Summary of experimental results of the applied voltage and average power during plasma
polymerization in APPR with three-pin electrodes used herein.

Electrode Configuration Case I Case II Case III

Driving type AC AC AC
Voltage waveform Sinusoidal Sinusoidal Sinusoidal

Plasm a driving voltage (V p-p) 8 kV 8 kV 8 kV
Average power 0.8 W 1.5 W 1.6 W
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Figure 3. Characteristics of applied voltage, total current in plasma ON state, and instantaneous power
of the APPR under optimal conditions (argon flow rate = 1300 sccm and bluff − body height = 15 mm)
with respect to three electrode configurations of cases (a) I, (b) II, and (c) III.

To investigate the mechanism of the produced plasma with an intense glow-like
discharge and the effect of the excited reactive radical species produced by the APPR
with a single-pin electrode using argon discharge, OES measurements were conducted to
investigate the excited reactive radical species, such as nitrogen, oxygen, and argon radical
species in the APPR with single-pin electrode for three different electrode configurations
(cases I, II, and III) under optimal conditions. Figure 4 shows the OES spectra measured
in the plasma plumes of the APPR. Consequently, several peaks of excited nitrogen (N2;
337.1, 357.7, and 388 nm), oxygen (OH radicals), and argon peaks were observed at the
wavelength ranging from 300–900 nm [19–22]. In particular, when compared to case I, case
III’s peak intensities of the excited N2 and Ar radical species increased, resulting from a
frequent collision reaction between gas mixtures. Herein, these N2 peaks indicate a higher
concentration of reactive nitrogen species (RNSs), which are essential in depositing PANI
polymer films [16]. Based on these results, the increase in excited radical species in case
III could contribute to nucleation and fragmentation reactions through the injected free
excited radical species for depositing PANI thin films.
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Figure 4. OES spectra of APPR under optimal conditions with respect to three electrode configurations
of cases I, II, and III.

To compare the OES analysis quantitatively among the RNS and excited argon radicals,
the total emission intensities were calculated from each emission intensity. Figure 5a,b
show the total peak intensities of RNS and excited argon radicals calculated from the OES
spectra of Figure 4, respectively. The total peak intensities of RNS in Figure 5a,b are the sum
of the peak intensities of several RNS obtained from the OES spectra of Figure 4, where
the wavelengths of several RNS are 337.1, 357.7 and 388.3 nm. The total peak intensities
of exited argon radicals in Figure 5b are the sum of the peak intensities of several exited
argon radicals obtained from the OES spectra of Figure 4, where the wavelengths of several
exited argon radicals are 696.5, 751.4, 763.5, 772.4, 811.5 and 826.4 nm. The increase in the
total peak intensities of RNS and excited argon radicals is related to the argon flow rate,
including the bluff-body position in which the substrate is placed. In particular, in case III,
it was confirmed that the higher density plasma could expand in the horizontal direction
inside the glass guided-tube due to the formation of excited radical spaces within the
gas-feeding tube. Based on the experimental results of Figures 2–5, the optimal deposition
conditions were chosen for depositing the PANI thin films.

−

−

 

−

Figure 5. Total peak intensity of (a) excited RNS and (b) argon radicals from OES spectra under
optimal conditions with respect to three electrode configurations of cases I, II, and III.

The morphologies of the deposited PANI thin films were investigated under the
optimal conditions with respect to three electrode configurations. Figure 6 shows the SEM
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images of the deposited PANI thin films under the optimal conditions using the APPR with
respect to three electrode configurations. For case I, spherical particles were observed on
the surface of the deposited PANI thin film (Figure 6a). However, for cases II and III, the
surface of the deposited PANI thin film was homogeneous and smooth (Figure 6b,c). Thus,
these results show that the surface morphologies of PANI thin films are strongly affected
by the pin electrode configurations of APPR.

−

−

 

−

Figure 6. FE-SEM images of PANI thin films prepared using APPR with pin electrode under optimal
conditions with respect to three electrode configurations of (a) cases I, (b) II, and (c) III.

Figure 7a,b show the film thicknesses and deposition rate variations for PANI thin films
deposited by the APPR with the pin electrode on glass substrates under optimal conditions
for 1 h with respect to three electrode configurations. For case III, the film thickness and
deposition rate of the PANI thin film were about 450 nm and 7.5 nm/min, respectively.
For case III, the PANI thin film with the highest film thickness and deposition rate was
obtained. This trend may be mainly due to the supply of excited species, such as RNS and
argon radicals, formed within the gas-feeding tube into the nucleation or fragmentation
region. The additional increase in RNS and argon radicals within the gas-feeding tube
requires additional power consumption, which is confirmed by a higher dissipated power
during AP polymerization for case III (Table 2).

 

− −

− −

−

−

− − −
−

Figure 7. (a) Film thickness and (b) deposition rate of PANI thin film prepared by APPR with pin
electrode under optimal conditions when using three electrode configurations (cases I, II, and III).

Figure 8 shows the changes in two- and three-dimensional AFM images of PANI
thin films deposited on glass substrates for 1 h. The root means’ square roughness (Rrms)
and average roughness (Ra) obtained from the AFM images of PANI thin film surfaces of
Figure 8 are summarized in Table 3. First, for case I, the surface Ra and Rrms values are 0.22
and 0.75 nm, respectively. Second, for case II, the surface Ra and Rrms values are 1.03 and
1.31 nm, respectively. Finally, for case III, the surface Ra and Rrms are 0.61 and 0.85 nm,
respectively. Thus, these results show that the surface roughness characteristics of the PANI
thin films are significantly affected by the pin electrode configurations of the APPR.
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Figure 8. Two- and three-dimensional AFM images of PANI thin films prepared by APPR with pin
electrode under optimal conditions with respect to three electrode configurations (cases I, II, and III).

Table 3. Root mean square roughness (Rrms) and average roughness (Ra) of PANI thin films obtained
from AFM images in Figure 8.

Sample Conditions Case I Case II Case III

Ra 2.22 nm 1.03 nm 0.61 nm
Rrms 2.75 nm 1.31 nm 0.85 nm

Figure 9 shows the FTIR absorption spectrum of the PANI thin films deposited on
silicon wafer substrates for 1 h by APPR under optimal conditions with respect to three
electrode configurations (cases I, II, and III). Herein, all spectra show the characteristic
peaks of the PANI polymer at 2959, 2844, 1601, 1501, 1313, 1250, and 763 cm−1. The peaks
at 1501 and 1601 cm−1 are attributed to benzenoid and quinoid ring stretching vibrations,
respectively. The band at 763 cm−1 is ascribed to the C–H out-of-plane deformation
from the aromatic ring, and the peak at 1313 cm−1 is attributed to the C–N stretching
vibration [17,27]. In addition, the assigned peaks at 2844 and 2959 cm−1 are attributed
to the stretching within the polymer chains [17,27]. From the FTIR spectra, the peak
assignments of the PANI thin films deposited by APPR are represented in Table 4. In
particular, the FTIR peak intensities of the π-conjugated bonds (1501 and 1601 cm−1) and
the C–N bond (1313 cm−1) increased for cases (cases II) when compared to case I. The
enhancement of the C–N peak is related to the electrical conductivity due to the nitrogen
atom of the quinone ring [28,29]. Moreover, the increase in π-conjugated bonds is expected
to enhance the π–π stacking of intermolecular polymer chains, thereby resulting in good
carrier mobility and improved electrical conductivity [28,29]. Hence, the proposed APPR
with pin electrode configuration (case III) can inject the excited radical species formed
within the gas-feeding tube into the nucleation or fragmentation region. The PANI thin
film grown in the proposed APPR exhibited the highest film thickness, deposition rate, and
lowest roughness. Thus, the proposed APPR device is applicable to various PANI-based
gas sensors [16] by overcoming the low deposition rate of conventional PANI films.
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Figure 9. FTIR spectra of PANI thin films prepared by APPR with pin electrode under optimal
conditions with respect to three electrode configurations (cases I, II, and III).

Table 4. Comparison of FTIR spectra of PANI thin films deposited by APPR with pin electrode under
optimal conditions with respect to three electrode configurations (cases I, II, and III) obtained from
FTIR spectra of PANI thin films in Figure 9.

Wavenumber Peak Assignment

763 cm−1 C–H out-of-plane bending
1313 cm−1 C–N stretching vibration
1501 cm−1 C=C stretching vibrations of the benzenoid rings
1601 cm−1 C=C stretching vibrations of quinoid rings
2844 cm−1 C–H stretching vibration
2959 cm−1 C–H stretching vibration

4. Conclusions

To broadly generate a glow-like intense plasma for depositing PANI thin films, we
evaluated various case studies in detail, depending on the variations of the APPR, such as
pin electrode configurations (cases I, II, and III), bluff-body heights, and argon flow rates.
The morphologies, structures, and deposition rates of the PANI thin films strongly depend
on pin electrode configurations. For case III, the PANI thin films show the maximum film
thickness (about 450 nm) and the highest deposition rate (7.5 nm/min). The PANI thin films
show homogeneous, flat, and smooth surfaces with roughness characteristics below a few
nanometers, as revealed by SEM and AFM. The PANI thin films show the structural feature
increasing the π-conjugated bonds (1501 and 1601 cm−1) and C–N bond (1313 cm−1), as
confirmed by FTIR. This growth of high-quality PANI thin films is due to the increased
excited radical species contributing to the fragmentation and recombination for obtaining
the PANI thin film during plasma deposition. Therefore, it is expected that the APPR with
the pin electrode in case III deposits large-area PANI thin films with a high deposition rate
by overcoming the localized area deposition problem of conventional AP plasma devices.
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Abstract: Biaxially oriented polypropylene (BOPP) is a highly transparent polymer defined by ex-
cellent mechanical and barrier properties applicable in the food packaging industry. However, its
low surface free energy restricts its use in many industrial processes and needs to be improved. The
presented study modifies a BOPP surface using two different atmospheric-pressure plasma sources
operating in ambient air and capable of inline processing. The volume dielectric barrier discharge
(VDBD) and diffuse coplanar surface barrier discharge (DCSBD) were applied to improve the wetta-
bility and adhesion of the 1–10 s treated surface. The changes in morphology and surface chemistry
were analyzed by SEM, AFM, WCA/SFE, and XPS, and adhesion was evaluated by a peel force test.
Comparing both plasma sources revealed their similar effect on surface wettability and incorporation
of polar functional groups. Additionally, higher surface roughness in the case of VDBD treatment
contributed to slightly more efficient adhesion in comparison to DCSBD. Although we achieved
comparable results for both plasma sources in the term of enhanced surface wettability, degree of
oxidation, and stability of induced changes, DCSBD had less effect on the surface deterioration than
VDBD, where surface structuring caused an undesirable haze.

Keywords: BOPP foil; DCSBD; VDBD; surface wettability; adhesion; ageing; surface functionalization

1. Introduction

Biaxially oriented polypropylene (BOPP) is produced from melted polypropylene
stretched in both transverse directions, producing molecular chains oriented in cross
directions. Stretching into both directions ensures the significant improvement of its
properties including enhanced barrier properties, increased toughness, and stiffness [1].
These properties, along with high transparency, make BOPP an excellent and cost-effective
material in food [2,3] and tobacco packaging, but also in high energy density applications,
e.g., capacitor production [4]. The BOPP’s low surface free energy, however, hinders
processes where good printability, adhesion, or improved wettability are required. The
treatment by cold atmospheric-pressure plasma provides a popular solution for the surface
activation of polymers and other thermally sensitive materials. However, the overturning
and migration of these surface functional groups into a volume of material result in so-
called hydrophobic recovery. This phenomenon often appears within days, and a loss of
improved properties can be observed within a month on most BOPP substrates [5,6]. Thus,
stable surface functionalization and adhesion improvement are required for industrially
produced BOPP, often stored before further processing.

Dielectric barrier discharges (DBD) of various geometries are often used as the
atmospheric-pressure nonequilibrium plasma sources for inline industrial applications.
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Volume DBD (VDBD), so-called “industrial corona”, and diffuse coplanar surface bar-
rier discharge (DCSBD) with a concavely curved electrode system suitable for roll-to-roll
arrangement are often used for flexible large-area material treatment such as foils [7],
paper, [8] and nonwoven textiles [9]. The treatment by atmospheric-pressure air DBD
introduces polar functional groups providing hydrophilicity and an increase of surface free
energy of the polymer surface. Industrial corona represents the most widely used plasma
source in commercial use due to its simple operation in ambient air at the atmospheric
pressure, fast speed, as well as short treatment times sufficient for material activation.
However, corona discharge comprises hot filamentary microdischarges, which often cause
thermally sensitive polymers’ deterioration due to the perpendicular orientation of ran-
domly distributed microdischarges towards the treated surface. In contrast to industrial
corona, DCSBD enables generation of plasma consisting of microdischarges, where diffuse
parts are intensified, while the filamentary elements are suppressed and parallel to the
treated surface. The resulting diffuse plasma is thin, homogeneous, more effective, and
less harmful to sensitive polymer materials.

Until now, the efficiency of surface activation of DCSBD plasma has been investigated
on several polymer substrates. The high power density of such plasma ensured the
improved wettability in the case of polyesters such as PEN [10], PET [11], PLA [12], or
polycarbonate [13], as well as PMMA [14], even after 1 s of treatment. Moreover, our recent
study considering the surface changes of PA 6 after DCSBD plasma treatment demonstrated
the high potential of this technology to be part of industrial systems due to its very fast
surface activation (0.25 s) and long-term preservation of the achieved properties [7]. The
largest group of produced polymers worldwide represented by polyolefins were subjected
to DCSBD plasma treatment in several studies [15–17]. However, the used exposure times
were often too long (30–60 s) to meet industrial demand. Moreover, these studies were
focused on changes in viscoelastic and tribological properties after plasma treatment.
Despite BOPP being one of the most abundant polymers utilized in the packaging industry,
plasma activation by DCSBD for a shorter treatment time (1–5 s) has only been reported
once [18]. However, the achieved results were discussed very briefly, and the operation
parameters of the DCSBD plasma source have been upgraded since the publishing of these
data. There is lack of systematic study of the DCSBD plasma effect on the surface properties
of BOPP substrate.

Here, we investigate and compare the efficiency of routinely used VDBD plasma
represented by industrial corona systems and its possible alternative, namely DCSBD, for
standard industrial roll-to-roll BOPP foil processing. The DCSBD in a concavely curved
configuration of the electrode system is used for surface activation of BOPP foil, and
changes in surface characteristics are compared with those achieved after treatment by
VDBD. Morphological changes, surface wettability, adhesion, chemical composition, and
the stability of the achieved properties are investigated.

2. Materials and Methods
2.1. Material

Biaxially oriented polypropylene (BOPP) cigarette foil used for the experiments was
provided by Chemosvit folie s.r.o., Svit, Slovakia. BOPP foil with a thickness of 25 µm and
a square weight of 22.8 g m−2 was delivered in the form of a roll. BOPP foil of a width of
25 cm was treated by plasma and cut to the required size for a particular analysis.

2.2. Plasma Treatment

The plasma treatment was carried out by two different dielectric barrier discharges
generating nonequilibrium “cold” atmospheric plasma. Diffuse coplanar surface barrier
discharge (DCSBD) in concavely curved configuration of the electrode system operating at
atmospheric pressure in ambient air produces particularly diffuse “cold” plasma, while
volume dielectric barrier discharge (VDBD) generates “cold” plasma solely in filamentary
mode. A schematic description of both electrode systems is depicted in Figure 1. Detailed
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technical specifications of both plasma sources were discussed elsewhere [7]. Regarding
DCSBD, the sample was attached to the roller at a distance of 0.3 mm from the electrode
system. Input power was adjusted at a value of 400 W (the frequency of ~15 kHz), and the
treatment speed was set at a constant value of 4.8 m min−1 corresponding to a treatment
time of 1 s. Samples were exposed to plasma for 1, 3, 5, and 10 s applying the corresponding
rotation cycles. VDBD operated in the following conditions: the input power was set to
the value of 380 W, corresponding to the same square power density of 2.5 W cm−2 as the
plasma produced by DCSBD. The average speed of cylinder rotation was 18 m min−1, and
the distance between the sample and high-voltage electrodes was set to the value of 1 mm.
Treated samples were stored in Petri dishes under the following laboratory conditions:
temperature = 23 ◦C and humidity = 40%.

−

−

−
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Figure 1. Schematic representation of used plasma sources: (a) VDBD electrode system and (b) concavely
curved DCSBD electrode system.

2.3. Analytical Methods

Imaging of surface morphology was performed using a Scanning Electron Microscope
Mira3 (Tescan, Brno, Czech Republic) with a maximum resolution of 1 nm and a maximum
magnification of 1,000,000. The detector of secondary electrons and accelerating voltage of
15 kV was used. The surface morphology analysis was conducted with magnification up to
50,000. To prevent charging of the sample, the BOPP foil surface was coated with 20 nm
of the Au/Pd layer by sputter coater Quorum Q150R-ES (Quorum Technologies, Lewes,
United Kingdom). The changes in surface roughness were measured using Atomic Force
Microscope NTEGRA Prima (NT-MDT, Moscow, Russia) in a semi-contact mode. The Root
Mean Square (RMS) roughness was estimated from the area 5 × 5 mm2 with resolution
512 × 512 px2 and scanning frequency of 1 Hz.

The contact angles (CA) of water, diiodomethane, and ethylene glycol were measured
by a See (Surface Energy Evaluation) System analyzer (Advex Instruments, Brno, Czech
Republic) using sessile droplets with volume 1 µL. The resulting values of CA were
calculated as an average value from at least ten droplets taken at the BOPP surface exposed
to plasma at different treatment conditions. Surface free energy (SFE) values were calculated
using the Owens-Wendt regression model [19].

XPS analysis was performed by the spectrometer Axis Supra (Kratos Analytical
Ltd., Manchester, United Kingdom) using monochromated AlKα radiation of energy
of 1486.6 eV. Emitted photoelectrons were collected by an analyzer from a sample area of
size 300 × 700 µm2 perpendicular to the sample surface. Because the samples are insula-
tors, it was necessary to use a charge neutralizer electron source to compensate for sample
charging during analysis. All spectra obtained under such conditions are shifted from
the base position by a few eV to the lower binding energies. Therefore, it was necessary
to perform energy calibration by shifting spectra according to a reference peak. Survey
spectra were collected using an analyzer pass energy of 80 eV and high-resolution spectra
for pass energy of 20 eV. The step size of the high-resolution spectra was 0.1 eV. Spectra
calibration, processing, and fitting routines were completed using CASA software (trial
version CasaXPS 2.3.16, CASA international nv, Olen, Belgium).
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Static material testing machine Texture Analyser TA.XT plusC (Stable Micro Systems,
Surrey, United Kingdom) was used for peel force measurements [20,21]. The 90◦ tape peel
test for evaluating adhesion on plasma-treated BOPP foils was carried out using a peel
fixture called “Rotating German Wheel” for continuous peeling off of the adhesive tape
from the sample. Measurement was performed according to the FINAT test method no. 2.
(a 90◦ peel adhesion test). The loading speed was set to the value of 10 mm min−1, and
the load cell with a 50 N range was used for adhesion measurements. The sample was
prepared by sticking a 19 mm wide -Scotch™ Magic™ adhesive tape (3M, St. Paul, MN,
USA) on the BOPP foil sample and ensuring 10 passes over a taped area with a rolling
pin. The evaluation of measured peel force was in a range from 20 mm to 70 mm, whereas
measurement values for the initial length of 20 mm were discarded. The average peel force
was calculated from 3 to 5 tests of samples treated in the same conditions [7].

3. Results
3.1. Surface Morphology

Physicochemical interactions at the plasma–polymer interface can induce the etching
of the polymer surface, which primarily affects the morphology of the surface. Therefore,
morphological changes were monitored by scanning electron microscopy (SEM) and atomic
force microscopy (AFM). The SEM image of the untreated BOPP foil surface (REF) depicted
in Figure 2 demonstrates its very smooth and homogeneous nature at the micrometer scale.
Lower plasma exposure times (1 and 3 s) in the case of DCSBD did not affect the surface
morphology. After 5 s as well as 10 s of plasma treatment, we observed the formation of
droplet-like structures with a diameter around 50–100 nm. Compared to the moderate
effect of DCSBD on surface roughening, VDBD had a much more pronounced effect on the
surface morphology. One second of plasma treatment showed mild structuring (Figure 2e)
of surface, but a longer treatment time induced formation of droplet-like structures. How-
ever, the formed droplets had a size of around 200 nm (3 and 5 s in Figure 2f,g) or even
larger (10 s in Figure 2h). Our results from SEM were quite different from other studies.
Shekargoftar et al. [11] treated the PP/Al/PET-based laminated foil by DCSBD as well
as the VDBD plasma source. The authors achieved the droplet-like structure at the PP
side of the foil, after 3 s of plasma treatment by both plasma sources. Additionally, the
droplets were enlarged due to merging after DCSBD treatment (up to 5 µm in diameter) in
comparison to VDBD. A recent study by Janík et al. [16] demonstrated the formation of
very similar structures after the treatment of PP specimens by coplanar DCSBD. However,
in both mentioned studies, the size of droplets formed after treatment by DCSBD plasma
was around 1–5 µm, which is much higher than our droplets possessing size in nanometers.
In the case of PP/Al/PET-based laminated foil [11], these differences could be caused by
the presence of a conductive Al layer, causing the parasitic microfilaments to burn perpen-
dicular to the foil during DCSBD treatment, and also by the different nature of the used PP
substrate, which relates to the manufacturing process as well as to the ratio of amorphous
and crystalline regions on the surface. The degree of crystallinity and arrangement of
crystalline and amorphous segments in polymer determine the resulting structuring of the
surface after plasma treatment [22]. Plasma etching leads to the faster degradation of the
amorphous phase in the BOPP structure, while crystalline regions become revealed, which
defines the resulting roughening.

The AFM images are depicted in Figure 3 with inserted values of RMS roughness.
The results from the AFM measurement revealed the low degree of roughness of raw
BOPP foil with a value of 5.0 nm comparable to other papers. Strobel et al. [23] observed
RMS roughness values in the range 2.3–4.3 nm for various types of BOPP differing in
orientation. Another paper by Chen et al. [24] measured RMS roughness of 3.8 nm, and
Darvish et al. [25] published roughness of BOPP film with a value of 6.8 nm. Exposure
to DCSBD only slightly influenced the RMS values, but the AFM images show negligible
surface topography changes. Plasma treatment during the first 3 s (Figure 3a,b) induced
the formation of hole-like structures even though the roughness seemingly did not change
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in comparison to reference. However, the formed holes possessed very low depth, which
supported small differences in roughness. Longer treatment times (Figure 3c,d) resulted in
a decrease in roughness, but values varied in the range of 4–4.6 nm, which represented a
negligible change. In accordance with the SEM images, plasma treatment by VDBD induced
more pronounced changes in topography and roughness. With increasing plasma exposure
times, roughness gradually increased (Figure 3e–h) to the highest value of 24.9 nm after 10 s
of VDBD plasma treatment. Wang et al. [26] used atmospheric-pressure dielectric barrier
discharge to generate the air plasma for PP treatment and achieved roughness values
from 15.3 nm to 55.3 nm depending on different treatment conditions. Oravcová et al. [18]
monitored the effect of atmospheric-pressure plasma generated by DCSBD on surface
characteristics of monoaxially oriented PP. They achieved a roughness increase to value
24 nm after 5 s of plasma treatment. However, the BOPP in our case cannot be directly
compared with other PP substrates, because the manufacturing by stretching in two
directions provides different properties than other types of PP. BOPP was treated by DBD
in the study of Chen et al. [24], where they observed a change in roughness from the
initial 3.8 nm to 7.2 nm after 3 s of treatment which corresponds to our value after 1 s of
VDBD treatment.

 

Figure 2. SEM images of BOPP foil treated by plasma at the different experimental conditions: (a–d)
DCSBD at 1 s, 3 s, 5 s, and 10 s and (e–h) VDBD at 1 s, 3 s, 5 s, and 10 s.

μ
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− −

−

Figure 3. AFM images of BOPP foil treated by plasma at the different experimental conditions: (a–d)
DCSBD at 1 s, 3 s, 5 s, and 10 s and (e–h) VDBD at 1 s, 3 s, 5 s, and 10 s. Values of roughness are
inserted in the appropriate pictures.

Moreover, morphological changes monitored on the BOPP surface treated by VDBD
induced changes in the optical properties of BOPP foil. The fully transparent foil lost its
transparency after 3 s of exposure, and we monitored the formed haze, which intensified
with the plasma treatment time. Haze is caused by light scattering, which can originate
from the bulk of the material as well as from its surface. Since the DCBSD treated sam-
ples did not change their optical properties, the haze visible on VDBD treated samples is
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probably connected to the creation of hole-like structures (Figure 3f–h), which can cause
light scattering. The most probable explanation for such structures is the penetration
of filamentary plasma through the upper layer of the surface. Moreover, the generated
droplet-like structures with sizes between 0.2 and 1 µm corroborated these findings. Sur-
face structures possessing dimensions similar to the visible light wavelength induce Mie
scattering resulting in the milky appearance of the plasma treated foil [27].

3.2. Wettability and Ageing Study

Regarding the hydrophobic nature of polypropylene, the wettability of pristine BOPP
film is very low, which agrees with the water contact angle (WCA) value of 104.8 ± 0.4◦

and surface free energy (SFE) value of 26.8 mJ m−2. The development of WCA after
plasma treatment is depicted in Figure 4a, and changes in SFE are shown in Figure 4b. The
treatment of BOPP surface by both plasma sources, coplanar and volume DBD, improved
the wettability already after 1 s of plasma exposure. In the case of DCSBD, increased
plasma exposure time resulted in gradually decreased WCA until achieving the lowest
value (52.1 ± 0.5◦) after 10 s of treatment. In comparison, VDBD resulted in decreasing
WCA to 68.9 ± 0.8◦ already after 1 s. The lowest WCA was observed after 3 s of treatment
(66.5 ± 3.5◦), followed by an increase in WCA with prolonged plasma exposure time. The
rising of WCA after high plasma exposure times (10 s) can be explained by roughening
of the surface after the VDBD treatment caused by etching. Although, etching usually
occurs at higher exposure times (order of minutes), in the case of destructive VDBD fila-
mentary plasma, it is possible that 10 s is sufficient for surface roughening and undesirable
hydrophobization. The study on the plasma treatment of selected polyolefins revealed
how an appropriate combination of microscale features on the surface with plasma-etched
nanoscale roughness can regulate the wettability of the substrate [28].

− −

− −

−

Figure 4. Graphs of WCA and SFE measurements: (a) WCA values measured immediately after plasma exposure of BOPP foil
by VDBD (grey square) and DCSBD (red circle) for different plasma treatment times (1, 3, 5, and 10 s); (b) comparison of surface
free energy (SFE) of BOPP foil treated by VDBD and DCSBD with inserted values of polar and dispersive component of SFE.

The SFE of pristine BOPP mainly comprised a dispersive component representing
26.7 mJ m−2 from 26.8 mJ m−2 of total SFE value. The absence of a polar component corre-
sponds to the fully hydrocarbon structure of BOPP. Oxidation of the BOPP surface induced
by plasma treatment resulted in an increase in SFE for both plasma sources (Figure 4b).
Treatment by VDBD in all exposure times led to similar SFE values of 37–38 mJ m−2. Ad-
ditionally, the polar component gradually rose with the increased plasma exposure time
from 5.4 mJ m−2 to 16.2 mJ m−2 proving the high effect of atmospheric cold plasma on
the polar part of SFE. The increasing polar component represents the formation of polar
functional groups on treated BOPP due to the presence of oxygen and nitrogen in air. The
air humidity and hydrogen abstraction from the polymer chain allows the formation of
hydroxyl radicals in the gas phase and causes the formation of free radicals [29]. The free
radicals provide further reaction of the activated surface with reactive oxygen and nitrogen
species present in air plasma. The change in dispersive component is related mostly to the
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presence of nonpolar functional groups. Furthermore, the changes in surface morphology
also contribute to the dispersive component. The increase in the dispersive component of
SFE after the short VDBD plasma treatment was observed on PP in Shekargoftar et al. [11],
followed by a decrease to the reference value after 5 s.

In comparison, DCSBD was more efficient in surface activation showing higher values
of SFE (42–45.9 mJ m−2) except for the exposure time of 1 s where only 29 mJ m−2 was
achieved. Moreover, atmospheric plasma generated by DCSBD had a more pronounced
impact on the polar part of SFE, which reached values in the range of 16.4–18.2 mJ m−2.
The polar component of surface energy represents the highest contribution to the total
value of SFE. The increase in and further stabilization of the polar component of SFE were
achieved after 3 s of DCSBD treatment. The dispersive component altered negligibly after
the DCSBD treatment reflecting the small changes in surface morphology.

Enhancement of surface wettability after the plasma treatment is not fully permanent.
The rate of hydrophobic recovery of the activated surface depends on many factors, such
as the chemical nature of the substrate, storage conditions, as well as the used plasma
source. Monitoring the WCA changes over time represents a great tool for investigating
the stability of plasma-induced changes. WCA development during the 30 days of storage
under laboratory conditions is illustrated in Figure 5. Surprisingly, the ageing effect
for the samples treated by VDBD was very slow. WCAs measured on BOPP sample
exposed to VDBD plasma for 1 s maintained the stable contact angle during the whole
monitoring time. Similar behavior was observed by Borcia et al. [30] for HDPE treated
by filamentary type of DBD. Compared to other hydrocarbon polymers (polystyrene and
polymethylpentene), the HDPE surface stayed stable for two weeks. On the contrary, the
BOPP sample exposed to DCSBD for 1 s recovered to the reference WCA value within the
first 24 h. Further, VDBD samples treated for 3 s and longer experienced slight hydrophobic
recovery during the first 3 days of storage. After a month of storage, all VDBD samples
remained hydrophilic. Similar effects were observed in the case of 3–10 s DCSBD treated
samples. However, after the month of storage, the WCA values were lower for DCSBD
than for VDBD treated samples.

−

Figure 5. WCA development during the storage of BOPP foils under laboratory conditions: WCA values dependent on
storage time after the plasma treatment by (a) VDBD and (b) DCSBD.

3.3. Peel Force

The peel force improvement of the BOPP surface was observed after the treatment by
both plasma sources (Figure 6). The reference value of 0.75 N cm−1 almost tripled after 1 s
of VDBD and rose with increased treatment time. The high error values of peel force are
often related to the nonuniform treatment of large-area surfaces by VDBD [31]. In our case,
these variations could be the results of surface topography and roughness changes, which
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also contributed to higher peel force values for VDBD compared to less invasive diffuse
plasma generated by DCSBD. However, the adhesion improvement of the BOPP surface
corresponds with the polar component increase after VDBD plasma treatment, which was
also observed for DCSBD treated samples. After 3 s of treatment by DCSBD, the peel force
value stabilized, and it did not change with prolonged treatment. In contrast, Bhat et al. [32]
observed a decrease in peel force during the first 60 s of RF plasma exposure. The expected
increase occurred after plasma exposure time on the order of minutes. The postponed effect
of plasma treatment was explained as plasma cleaning of commercially manufactured and
contaminated BOPP surface prior to surface modification. As a result, the time needed for
BOPP adhesion improvement in the case of RF plasma was significantly longer than in our
case. These results indicate the relation of BOPP adhesive properties with the formation of
polar functional groups and surface roughness [5,32,33].

β

Figure 6. Development of the peel force of the BOPP surface after plasma treatment.

3.4. Surface Chemical Analysis

Improved wettability after plasma treatment indicates increased hydrophilicity of the
BOPP surface related to the formation of polar functional groups. Chemical changes on
the plasma-treated samples were monitored by X-ray photoelectron spectroscopy (XPS).
The atomic composition of untreated and plasma-treated BOPP foil observed by XPS is
summarized in Table 1. The untreated BOPP foil contained 95% carbon and 5% oxygen,
which is in good accordance with other studies using various PP substrates [15,26,34,35].
The presence of oxygen on the raw BOPP surface suggests organic contamination or low-
level surface oxidation. The treatment by both plasma sources induced an increase in
oxygen concentration to 20% after 1 s. Further increasing plasma exposure time led to the
higher oxygen content with the highest level at 28% for the sample treated by VDBD at 10 s.
Otherwise, achieved oxygen contents were comparable for both plasma sources, reflecting
the similar level of surface oxidation for diffuse and filamentary plasma. Compared to
the study of Saranko et al. [15], where they observed 23.6% of oxygen content after 60 s
of plasma treatment by DCSBD (pristine ~5.3%), we proved that a few seconds of plasma
treatment were sufficient for surface activation of hydrophobic polymers. Despite the use
of ambient air as a working gas for experiments, nitrogen atoms appeared at the BOPP
surface in a negligible concentration (1–2.2%). A similar outcome was also monitored in
other studies [29,36,37]. Dorai and Kushner explained the poor incorporation of N-based
functional groups due to the low reactivity of N atoms towards the plasma-treated PP
surface. They described in detail the mechanism of PP surface functionalization under the
industrial corona treatment in humid air resulting in the formation of alcohol, carbonyl,
carboxy, and peroxy groups.
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Table 1. The atomic concentration and relative area of C1s chemical bonds of the BOPP surface
analyzed by XPS measurement after treatment by DCSBD and VDBD plasma sources.

Atomic
Concentration [%] 1

O/C Ratio
Functional Groups Concentration [%] 2

C O N
C–C/C-H C–O C=O O–C=O
284.8 eV 285.9 eV 287.5 eV 289.3 eV

REF 95 5 - 0.05 94.2 5.8 - -
D

C
SB

D

1 s 80 20 <1 0.25 76.5 15.1 6.7 1.7
3 s 74 24 1.8 0.33 71.5 14.3 8.1 6.1
5 s 73 24 2.2 0.33 69.2 14.2 9.1 7.5

10 s 72 26 1.7 0.36 65.8 15.9 9.8 8.6

V
D

B
D

1 s 79 20 <1 0.26 73.7 14.0 7.1 5.3
3 s 74 25 1.0 0.33 66.5 15.3 9.3 8.9
5 s 73 26 1.1 0.35 65.7 15.2 9.1 10.0

10 s 71 28 1.2 0.39 62.3 15.3 9.6 12.9
1 Estimated from survey spectra. 2 Estimated by deconvolution of C1s high-resolution spectra.

The deconvolution of C1s high-resolution spectrum of the reference sample consisted
dominantly of C–C/C–H bonds typical for a BOPP structure. Further, the residual quantity
of the C–O bonds originating from the manufacturing process was revealed. After the
air plasma treatment, the concentration of C–O bonds increased from an initial 6% and
saturated at a value of approx. 15% for all used plasma treatment conditions. This can be
explained by quenching of alkoxy radicals formed at the PP backbone after H-abstraction,
which results in the formation of C–O groups. Other alkoxy radicals undergo the β-scission
to yield C=O groups. In our study, the C=O and O–C=O bonds were formed right after
the short plasma treatment by both plasma sources, and their concentrations increased
with time. The level of C=O bonds was slightly higher for samples treated by VDBD as
well as the amount of O–C=O groups. The O–C=O groups achieved higher values for all
plasma exposure times in the case of VDBD treatment. The air humidity also plays a great
role in the concentration of formed functional groups [29]. However, investigating the
influence of relative humidity on chemical changes after plasma treatment of BOPP surface
was outside of the scope of this study. Borcia et al. [30] observed comparable chemical
changes on the surface of hydrocarbon polymers after treatment by air VDBD plasma
having similar operating conditions as our experiment. Oxidation of poly(ethylene) (PE)
was more efficient than in the case of branched poly(methylpentene) (PMP) in terms of
functional groups concentration. In our case, after the corresponding treatment time, we
observed 14–15.3% of alcohol groups presenting the lower level compared to 18–19.2% for
PE and PMP in the mentioned study. However, the achieved concentrations of carbonyl
and carboxyl functionalities in our experiment were between PE and PMP. Considering
the structure of monomer units in particular polymers (PE, PMP and PP), oxidation of
PE consisting fully of –CH2– bonds was faster than in the case of branched PMP and PP.
According to the proposed mechanism for hydrocarbon oxidation in plasma [29], initial
H-abstraction from the surface depends on its position in the polymer backbone. Although
the probability of abstractions follows the order: Htert > Hsec > Hpri, the most reactive
tertiary H present in PP and PMP is hindered by less reactive H from –CH3 groups. This
could be the reason for the more rapid oxidation of PE consisting solely of secondary H.

The polar functional groups contribute to the polar component of SFE and increased
wettability of the BOPP surface. However, the respective XPS data do not reflect the
corresponding WCA results. The similar behavior monitored by Borcia et al. [30] explains
the discrepancies between WCA and XPS results based on the different effective depths
analyzed by these two techniques.

Additionally, XPS analysis was employed to monitor the stability of surface oxidation
during the storage of samples under laboratory conditions. In Figure 7, the O/C ratio is
plotted against the storage time. Ageing curves of BOPP samples treated by DCSBD for
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3–10 s follow a similar decreasing trend and end up around value 0.22. In general, the
O/C ratio values achieved right after the treatment decreased by 31–39% after 28 days of
storage. In comparison to these samples, the sample treated for 1 s possessing the lowest
oxidation exhibited a less steep trend of ageing (20%). The O/C ratio of VDBD treated
samples after 28 days of storage were very similar to those achieved in the case of DCSBD
(the decrease by 30–34%). Leroux et al. [36] investigated the development of the O/C ratio
on the PP surface treated by DBD plasma during the 30 days of ageing. Surprisingly the
ageing process was slower than in our case (17–23%); however, they observed much lower
values of O/C ratios (0.12–0.16). A similar trend of O/C ratio decrease during ageing was
also observed for oxygen containing functional groups proportional to C-C bonds.

 

Figure 7. Development of the O/C ratio during the storage of BOPP foils under laboratory conditions:
O/C ratio plotted against the storage time for (a) DCSBD and (b) VDBD for all plasma treatment
conditions.

4. Conclusions

In the present work, we investigated the impact of VDBD and DCSBD plasma treat-
ment on the surface characteristics of BOPP foil. Considering the surface morphology,
the filamentary plasma produced by VDBD had a more destructive effect than the diffuse
plasma generated by DCSBD. The smooth nature of BOPP foil remained unchanged during
the first 3 s of DCSBD plasma treatment, whereas VDBD caused surface roughening after
1 s of treatment. Moreover, plasma exposure time higher than 1 s in the case of VDBD
induced undesirable haze. Although DCSBD treatment at 5–10 s resulted in the formation
of droplet-like structures, the foil remained transparent. Improvement in wettability was
achieved for both plasma sources. However, exposure to VDBD plasma longer than 3 s led
to a WCA increase perhaps due to surface roughening. Increased roughness after VDBD
treatment also contributed to enhanced adhesion, where longer treatment time (5–10 s)
caused an increase in peel force. Nevertheless, adhesion improved after 1 s of treatment by
both plasma sources, indicating the direct relation of BOPP adhesive properties with the
formation of polar functional groups. Surface oxidation was achieved after 1 s of plasma
exposure and increased with the plasma treatment time. Observed oxygen contents were
comparable for both plasma sources reflecting the similar level of surface oxidation for
diffuse and filamentary plasma. Considering the WCA values as well as the O/C ratio
development during the month of storage, the acquired surface properties slightly recov-
ered without achieving initial characteristics. BOPP foil remained hydrophilic after the
treatment by both plasma sources; however, the WCA after a month in the case of DCSBD
were lower than for VDBD treated samples. These data show that BOPP foil requires
treatment by diffuse plasma of DCSBD longer than 1 s for sufficient surface oxidation.
BOPP treated at 3 s by both plasma sources achieved similar surface activation. However,
considering the surface morphology, VDBD treatment longer than 3 s induced structural
changes in the microscale which led to optical haze, whereas DCSBD treatment retained
the transparency of the foil. Although these results prove a similar efficiency of diffuse and
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filamentary plasma on BOPP surface activation, it supports the high potential of DCSBD
technology to be part of industrial systems as it is gentler to sensitive polymeric surfaces.
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7. Štěpánová, V.; Šrámková, P.; Sihelník, S.; Stupavská, M.; Jurmanová, J.; Kováčik, D. The effect of ambient air plasma generated
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highly non-equilibrium air plasma for high-speed large-area flat surface processing. Plasma Phys. Control. Fusion 2011, 53, 124031.
[CrossRef]
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Abstract: Plant-based materials have found their application in the packaging with a yearly growing
production rate. These naturally biodegradable polymers are obtained from renewable and sustain-
able natural resources with reduced environmental impact and affordable cost. These materials have
found their utilization in fully-renewable plant-based packaging products, such as Tetra Pak®-like
containers, by replacing commonly-used polyethylene as the polymer component. Poly(lactic acid)
(PLA) is one of the representative plant-based polymers because of its eco-friendliness and excellent
chemical and mechanical properties. In this work, a PLA surface was modified by various food addi-
tives, namely ascorbic acid (ASA) and fumaric acid (FA), using plasma-initiated grafting reactions in
order to improve the surface and adhesion properties of PLA. Various analytical and microscopic
techniques were employed to prove the grafting process. Moreover, the improved adhesion of the
modified PLA foil to aluminum (Al) foil in a laminate configuration was proven by peel resistance
measurements. The peel resistance of modified PLA increased by 74% and 184% for samples modified
by ASA and FA, respectively, compared with untreated PLA.

Keywords: poly(lactic acid); PLA; ascorbic acid; fumaric acid; plasma treatment; grafting;
wettability; adhesion

1. Introduction

Global environmental policy and market knowledge of the use and consumption of
materials with low environmental effects are the first guiding factors in the production and
investigation of new biodegradable or organic products. The packaging industry is one
of the most critical waste generators [1]. Current consumption patterns in our society are
producing a great deal of waste that needs to be carefully handled to generate the least en-
vironmental effects. Plastic, apparently, constitutes a significant part of this form of waste,
and it is challenging and costly to recycle due to its petrochemical origin [2], primarily
due to the current problem of separation. Accordingly, polymeric materials occupy core
study lines because of the importance that polymers obtained from sustainable sources
(plant-based polymers) substitute petroleum-based polymers [3–7]. Poly(lactic acid) (PLA)
is currently the most promising biodegradable, compostable and renewable polymer in syn-
thetic form that can be completely degraded [8,9]. PLA is a linear thermoplastic aliphatic
polyester that can be produced by the ring opening polymerization of lactide. Lactide,
as a cyclic dimer, is made from the controlled depolymerization of lactic acid oligomers,
which is are obtained from sugar feedstock fermentation, corn fermentation, and other
sources [10–12]. PLA has excellent mechanical properties, high stiffness, biodegradabil-
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ity [13], biocompatibility [13], bio-absorbency [13], transparency [14], gas permeability [14],
low toxicity [15], ease of processing [15], and UV resistance [15]. Due to these facts, PLA
also has found a wide range of applications such as in the agricultural, biomedical, and
packaging industries (specifically food packaging applications) [16–18]. Nevertheless, neat
PLA possesses low surface free energy (wettability) resulting in weak adhesion and thus,
limits the wider usage of PLA in the packaging industry. In recent years, many research
studies have been reported about improving PLA properties by fusion with different addi-
tives such as lubricants, plasticizers or other polymers [19–21]. However, this approach
is not recommended for food packaging applications because it can generate waste that
may have the potential to harm the environment and health [3]. Consequently, treatments
that overcome such issue waste are of increasingly high importance. As a response to
this issue, surface modification is a safe, simple, and affordable option [22–24]. Surface
modification methods can be physical or chemical, and there are a variety of treatments
available. Over the last few decades, these modification methods have been established
with an emphasis on the surface incorporation of extra functionalities responsible for the
growing increase of surface free energy (wettability) and tailored applications [25–27]. Such
modifications should only affect the top surface area (tens of nm), which is essential for
functional strength and at the same time to maintain integrity of the material. For this
reason, plasma technology has become the preferable choice as a representative technique
used for physical treatment. As the fourth state of matter, plasma is an ionized gas repre-
senting a mixture of electrons, ions, metastatic ions, and free radicals with enough energy
to modify a treated surface [23,28–30]. During plasma treatment, the activated species
reach the surface of the substrate and break up the molecular chain, forming new functional
groups (mostly containing oxygen). Furthermore, surface activation can be induced by
atom substitution and/or recombination, which is the most important mechanism [31].
This leads to improved roughness, adhesion, wettability and protection of material [32].
In food packaging applications, antibacterial packaging materials are used to keep food
from being vulnerable to microorganisms and to extend the shelf life of food [33–35]. To
create biomaterials, some antibacterial procedures include combining antibacterial agents
inside the polymeric content [36,37]. Nevertheless, this method is not ideal for all pack-
aging materials because it alters the materials’ key physical and mechanical properties
and reduces their stability. Therefore, the development of PLA based films with enhanced
antimicrobial properties is highly demanded. For this purpose, the PLA surface can be
modified with antimicrobial agents using the plasma technique as an effective radical
initiator for the grafting processes [38]. Due to their nontoxicity, biocompatibility, and
antimicrobial properties, ascorbic acid (ASA) and fumaric acid (FA) are promising mate-
rials for this modification [39,40]. These material compounds are components of organic
biosynthesis in humans, essential bioactive species, and conservant, and they are often
used in medicinal applications [41]. Therefore, for enhancement of the adhesion of PLA to
Al as a component towards packaging applications, a rapid fabrication process is required
combining cold plasma treatment as a simple, scalable and physical surface modification
technique together with a surface modification by addition of cost effective, sustainable
and biocompatible molecules.

Thus, in this research study, commonly used food additives such as ASA and FA were
grafted on the surface of PLA film using low-temperature plasma acting as an initiator of
radical grafting reactions. Furthermore, the effect of non-thermal plasma treatment and
grafting on the adhesion improvement of PLA film was investigated.

2. Materials and Methods
2.1. Materials

Commercial poly(lactic acid) (PLA) with a D-isomer content of 4.3%, Mw of 2.53 × 105 g/mol,
melt flow index of 6 g/10 min (190 ◦C/2.16 kg), and density of 1.24 g/cm3 was supplied
in pellets from (NatureWorks, Minnetonka, MN, USA), which was used for the PLA film
preparation. Ethylene glycol (>98% FLUKA, Overijse, Belgium), ultra-pure water (prepared
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by Purification System Direct Q3, Rue de Luzais, France), and formamide (>98% FLUKA,
Overijse, Belgium) were utilized as testing liquids to study wettability. Aluminum foil
(Al) (GLAD, Qingdao, Shandong, China) was used to prepare the adhesive joint with
PLA. Fumaric acid (FA) C4H4O4, with an average Mw of 116.07 g/mol was purchased
from Merck KGaA, (Darmstadt, Germany) and L-ascorbic acid (>99.0% Research-Lab,
Uran Islampur, India), molecular weight = 176.14 g/mol and sodium iodide: extra pure,
MW 197.89 g/mol purchases from Research-Lab, Uran Islampur (India) were used for
the PLA modification. Glacial acetic acid (CH3COOH) supplied from VWR International
(BDH) CHEMICALS (Radnor, PA, USA), anhydrous (≥99.9% purity) and sodium thio-
sulfate pentahydrate Na2S2O3.5H2O: extra pure (crystals), MW 248.17 g/mol, purchased
from Research-lab Fine Chem Industries (Mumbai, India) were used for hydroperoxides
determination. All the chemicals were used without further treatment.

2.2. Preparation of PLA Films and PLA/Al Laminate

A hot mounting press machine AutoFour/3012-PL,H (Carver, Wabash, IN, USA)was
used to fabricate thin, homogeneous PLA films with a thickness of around 0.3 mm. The PLA
pellets were melted and pressed with a force of two tones for two minutes at 180 ◦C in order
to achieve a smooth surface in the film. Then the PLA samples were cooled down using
a water medium to room temperature and subsequently were washed thoroughly with
ethanol to remove any chemicals, residuals, or possible contaminants from the molding
process that could affect the surface properties, and dried for 20 min at room temperature
under ambient air. Finally, the film samples were sliced into narrow strips (5 cm × 1 cm)
and used directly for surface treatment and analysis. Furthermore, 10 cm × 10 cm samples
were placed between two steel plates covered by Al foil and molded into a thin film at
160 ◦C via the hot mounting press machine AutoFour/3012-PL,H (Carver, Wabash, IN,
USA) for 2 min at a force of 1 ton. The film was allowed to cool down until it reached 30 ◦C
and was then cut into 2 × 10 cm strips in order to be used for a peel test.

2.3. Surface Modification of PLA Using Plasma Treatment

PLA films were treated with a low-temperature plasma at vacuum pressure using
the RF plasma equipment Venus75-HF (Plasma Etch Inc, Carson, CA, USA). The plasma
discharge was generated at radiofrequency (RF) powered electrodes with a capacitive
parallel plate design operating at a frequency of 13.56 MHz. A cylindrical chamber made
of an Al chamber containing PLA samples was vacuumed to 0.2 Torr, and the plasma
treatment was applied for 30 to 180 s at 80 W nominal power. The PLA samples were
treated from both sides.

2.4. Grafting Process

The prepared PLA films were subsequently modified by an antimicrobial agent using
plasma treatment as an initiator for a radical grafting mechanism. Then, the antimicrobial
agents ASA and FA were grafted to the surface of the prepared PLA films using low-
temperature plasma as initiator for radical grafting. Grafting was carried out for 24 h on
plasma-treated PLA samples immersed in ASA 10% w/v aqueous solution and in FA 5%
w/v ethanol solution. Subsequently, the samples were thoroughly washed and dried. The
graft yield was obtained gravimetrically to prove the grafting of ASA and FA on the PLA
surface using three different samples. The graft yield (GY) was calculated by Equation (1):

GY [%] = ((W2 − W1)/W1) × 100% (1)

where, W1 and W2 represent the weights of the PLA samples before and after the modifica-
tion, respectively.

2.5. Wettability Analysis

Static contact angle measurements were used to assess the changes in wettability of
the plasma-treated and grafting modified PLA surface. For this study, an OCA35 optical
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contact-angle measurement device (DataPhysics, Filderstadt, Germany) was used, which
was equipped with a high-resolution CCD camera. As testing liquids, ultra-pure water,
ethylene glycol, and formamide were used. To eliminate the gravitational effect, a 3 µL
droplet was dispensed on the sample in ambient air. The contact angle was recorded
approximately after 3 s (attainment of thermodynamic consistency between the sample
interfaces and the liquid). The average value of testing contact angle value was calculated
using five independent measurements in various positions. The total surface-free energy,
as well as its polar and dispersive components, were calculated using the Owens, Wendt,
Rabel and Kaelble model.

2.6. Hydroperoxides Determination

To detect hydroperoxides created on the PLA surface after plasma treatment, a mod-
ified iodometric method based on Wagner et al. [31] was conducted. The reactions are
described in following equations. The first is a reaction of hydroperoxides with sodium
iodide in a presence of acetic acid (1H2O2:1I2) (Equation (2)):

H2O2 + 2NaI + 2CH3COOH → 2CH3COONa + I2+ 2H2O (2)

The next step involves reactions of iodine with thiosulfate to determine the hydroperoxide
concentration through a quantification of reduced iodine (1I2:2I-) (Equations (3) and (4)):

Na2S2O3 + H2O → S2O3
2− + Na+ + H+ + OH− (3)

2S2O3
2− + I2 → S4O6

2− + 2I (4)

PLA samples were immersed into 50 mL of glacial acetic inside an Erlenmeyer flask.
Then, 1 g of sodium iodide was added to the flask. Due to the light sensitivity of sodium
iodide, the flask was covered with Al foil. Reactions were carried out in an inert (argon gas)
atmosphere and away from light to ensure that only the created hydroperoxides were used
to oxidize the iodide. The color of the mixture changed to yellow after the iodide was oxi-
dized to iodine. After reaching the titration threshold, a subsequent titration with sodium
thiosulfate (0.0005 M) solution resulted in a colorless solution, and the concentration of
hydroperoxides per treated area was calculated.

2.7. Surface Morphology Analysis

The surface topography for plasma-treated PLA films was analyzed using a confocal
method for optical surface metrology using a Leica DCM8 profilometer (Leica microsystems,
Wetzlar, Germany). A high-precision surface profiling optical system was used to measure
the influence of polymer concentration on nano-fibre morphology. Images were sizes
160 × 130 µm2 using 100× objective lens. The mean of arithmetic height (Sa), which was
estimated over the entire measured area, was used to quantify the roughness of the surface.

The surface morphology of the PLA samples was investigated by scanning electron
microscopy (SEM). Two-dimensional (2D) images of the examined surfaces were taken
using the Nova NanoSEM 450 SEM microscope (FEI, Hillsboro, OR, USA). Thin Au layers
a few nanometers thick were sputtered onto PLA samples to obtain high-resolution SEM
images and to prevent electron accumulation in the measured substance.

Atomic force microscopy (AFM) was used to examine the surface topography/morphology
of PLA samples using an MFP-3D system (Oxford Instruments Asylum research, Abing-
don, Oxford, UK) equipped with an AC160TS cantilever with tip (Al reflex coated Veeco
model-OLTESPA, Olympus, Tokyo, Japan). Under atmospheric conditions, scanning was
conducted using air tapping mode (AC mode) from a surface area of 5 × 5 µm2. Alterna-
tively, the value of the roughness parameter (Ra–arithmetic mean height of line) and line
profile were evaluated from images collected from the AFM Z-sensor.
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2.8. Chemical Composition Investigation

Fourier transformed infrared spectroscopy with attenuated accessory (FTIR-ATR) was
used to examine the chemical composition changes in the plasma-treated and modified PLA
samples. The Spectrum 400 (Perkin Elmer, Waltham, MA, USA) was used to characterize
the chemical composition of the PLA samples and identify the functional groups introduced
after the plasma treatment and grafting reactions. After background (air) subtraction, all
measurements were obtained using eight scans with a resolution of four. Qualitative data
were gathered about the absorption of chemical groups in the middle infrared region
(4400–500 cm−1).

X-ray photoelectron spectroscopy (XPS) was used to quantify the changes in chemical
structure caused by plasma treatment and modification of the PLA surface. The device
used for this analysis was an AXIS XPS (Kratos Empirical, Manchester, UK). A spherical
mirror analyzer and a delay detector are included in the XPS device, which provide good
spectral resolution and flexibility for rapid chemical composition screening. Data can be
collected at a depth of 1–10 nm using this system.

2.9. The Evaluation of Nano-Mechanical Properties

The surface nano-mechanical properties of the PLA samples were determined by
a MFP-3D AFM system (Oxford Instruments Asylum research, Abingdon, Oxford, UK)
using an amplitude modulation–frequency modulation (AM–FM) mode. The probe was
simultaneously excited at its specific resonant frequency and another eigenmode in this
approach. The topographical/morphological features of the PLA samples were determined
using the fundamental resonance, while the nano-mechanical properties were assessed
using the frequency and amplitude shift of other eigenmodes. The interaction stiffness
(∆kFM) was estimated using the frequency shift (∆f) according to the Equation (5):

∆kFM ≈ 2kc × ∆f/fc (5)

where kc denotes the cantilever’s spring constant and fc denotes the frequency of the
cantilever eigenmode. A general Hertz model describing the contact mechanics between
the tip and the analyzed sample was used to calculate the sample’s Young’s modulus. The
cantilever elasticity (590.41× 103 Pa/Hz) was first determined using polystyrene standard
with a known Young’s modulus (3.3 GPa). The absolute values of Young’s modulus of the
analyzed PLA samples were then calculated using this cantilever elasticity.

2.10. Peel Test Analysis

A peel test was carried out to analyze the adhesion characteristics of the PLA/Al
adhesion joints under a 90◦ peeling angle of the PLA foil from the Al foil. Peeling resistance
(peeling force per width) was obtained by these measurements. The tests were performed
by means of a Lloyd LS 1K Plus (LLOYD Instruments Ltd., Bognor Regis, UK) friction/peel
tester machine. The sample width and length were 2 × 10 cm, and the sample was under
peeling for 360 s at a peeling rate of 10 mm/min. To obtain average values of the peeling
resistance, five separate readings were carried out.

3. Results
3.1. Surface Wettability Analysis

The ability of a liquid surface to bind to a solid surface is characterized by surface free
energy and wettability. It means that the lower the contact angle of a sample, the more
wettable it is. The effect of RF plasma treatment on the wettability changes of prepared
PLA films was investigated using contact angle measurements. The changes in the surface
wettability of the modified samples are summarized in Figure 1 and Table 1. Surface-free
energy and its components were determined using water (relatively high surface tension
~72.1 mN/m, polar component = 52.2 mN/m and disperse component = 19.9 mN/m) [41],
formamide (surface free tension = 56.9 mN/m, polar component = 33.4 mN/m, and dis-
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persive component = 23.5 mN/m) [40], ethylene glycol (surface free tension = 48.0 mN/m,
polar component = 19.0 mN/m, and dispersive component = 29.0 mN/m) [42]. For the
untreated PLA, the contact angles obtained with the three test liquids: water, formamide,
and glycerol were 70.2◦, 61.5◦, and 47.2◦, respectively. A hydrophobic surface is defined by
contact angles greater than 90 degrees [39]. As a result, the untreated PLA surface has a
hydrophilic behavior with a low total surface free energy (33.3 mJ/m2), and a relatively
high polar component (15.2 mJ/m2). The polar functional groups present on the surface
increase surface wettability. Therefore, it was observed that 30 s of RF the plasma treatment
of PLA films led to the improvement of wettability, confirmed by the decrease of contact
angles as result of the incorporation of new polar functionalities (mainly containing oxy-
gen), etching and ablation processes. The addition of new oxygen-containing functional
groups resulted in a 45.0 mJ/m2 and 26.8 mJ/m2 increase in total surface free energy and
polar components, respectively, while the contact angle of water was reduced to 55.1◦.
Plasma treatment modified only the topmost layers (tens nm) of the material, leaving the
bulk of the material unchanged. In order to improve wettability and therefore adhesion
characteristics, grafting of the PLA surface by antibacterial agents was performed. The
grafting of the polymer surface by polar compounds enhanced the polarity due to the
defined structure attachment [24]. Therefore, ASA and FA acid were grafted on the surface
of the prepared PLA film a using low-temperature plasma acting as an initiator for radical
grafting reactions. The effect of ASA or FA grafting on the PLA surface was demonstrated
in terms of its surface wettability and adhesion properties. The graft yield was 5.3% and
3.6% for the PLA surface modified by ASA and FA, respectively, indicating a multilayer for-
mation of both ASA and FA. Moreover, the total surface free energy increased significantly
for the PLA surface modified by ASA and FA to 46.4 mJ/m2 and 49.0 mJ/m2, respectively,
as result of increased polar component (34.9 mJ/m2 for ASA and 36.3 mJ/m2 for FA). It
can be concluded that grafting of FA and ASA resulted in significant improvement to
the wettability of the PLA surface represented by the polar component of the surface
free energy.

◦ ◦ ◦

− −

Figure 1. (a) The contact angles of the testing liquids on the PLA samples, (b) The surface free energy of the PLA samples.
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Table 1. The contact angles, surface free energy and graft yields of the PLA samples.

PLA Samples Water (◦) Ethylene
Glycol (◦)

Formamide
(◦)

Total Surface Free
Energy (mJ/m2)

Dispersive
(mJ/m2)

Polar
(mJ/m2)

GY
(%)

Untreated 70.2 (±1.6) 47.2 (±1.7) 61.5 (±1.3) 33.3 18.1 15.2 -
Plasma-treated 55.1 (±1.2) 33.4 (±2.0) 39.0 (±1.2) 45.0 18.3 26.8 -

ASA-grafted 53.7 (±7.5) 36.0 (±3.3) 36.1 (±2.4) 46.4 11.4 34.9 5.3
FA-grafted 49.6 (±1.9) 26.8 (±1.2) 33.8 (±0.4) 49.0 12.6 36.3 3.6

3.2. Hydroperoxides Determination

As plasma treatment incorporates functionalities on the treated polymer surface, vari-
ous forms of functional groups can be identified (mostly oxygen-containing). Nonetheless,
the majority of free radicals are transformed into peroxides through air exposure before and
after plasma treatment [43], and the quantity of peroxide content in either the infrared FTIR
or XPS change spectra is difficult to discern. Therefore, an iodometric titration represents
a suitable quantification approach according to Wagner et al. [44], which can be used
to quantify the concentration of the created hydroperoxides after the plasma treatment
process. Grafting reactions by FA or ASA occur with alkoxy radicals, which are created
by the decomposition of hydroperoxides [45,46]. Moreover, water-soluble ASA acts as
free radical scavenger [47,48] forming ascorbate radicals by electron transfer to alkoxy
radicals, and therefore these ascorbate radicals are able to interact with other radicals or
unsaturated carbons formed by plasma treatment. Figure 2 depicts the results obtained
from the iodometric titration of plasma-treated PLA samples. Plasma treatment took
place at different treatment times. The application of iodometric titration indicated that
the level of hydroperoxides slightly increased with the time of treatment, rising from
2.4 × 10−7 mol/cm2 to 2.7 × 10−7 mol/cm2 for 30 s and 120 s, respectively. This shows
that the longer exposure times of the polymer samples do not significantly increase hy-
droperoxide formation, and thus that the surface is saturated with a certain amount of
peroxides at this optimum time [49]. Therefore, 30 s of treatment time was chosen for
subsequent grafting reactions and to avoid potential degradation processes, which could
occur using longer treatment times.
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Figure 2. Hydroperoxide concentration vs. treatment time of plasma-treated PLA samples.

3.3. Chemical Composition Investigation

The chemical composition of the PLA samples was examined using FTIR-ATR spec-
troscopy after a modification step and surface oxidation caused by plasma treatment [31].
The data of the FTIR-ATR study show that there are structural changes in the molecu-
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lar chains of PLA after the RF plasma treatment represented by slight changes in the
peak intensities of the groups containing oxygen (Figure 3). The important regions of the
PLA absorbance bands in the FTIR-ATR spectrum are at maximum of the wavenumbers
1750 cm−1 for the C=O stretching of the ester group, 3650–3000 cm−1 for the –OH stretching,
2993 cm−1 and 2943 cm−1 for –CH stretching, 1450 cm−1 for C–H bending, and 1180 cm−1

and 1085 cm−1 belonging to the C–O. Plasma treatment of PLA film resulted in slightly
decreased intensity of –OH (3650 cm−1 for free and 3500 cm−1 for H bonded bonding)
indicating chain scissoring in the PLA structure that resulted in subsequent functionaliza-
tion by other functional groups such as C=O. Therefore, C=O and C–O (secondary alcohol)
increased after plasma treatment. Moreover, in the PLA films modified by ASA and FA, a
new absorption band at 1680 cm−1 developed that was attributed to C=O stretching of the
acid group from the grafted ASA and FA species. These observed changes in the FTIR-ATR
spectra of the prepared PLA films proved the functionalization processes occurred during
the plasma treatment process. The FTIR spectra of modified PLA films by ASA and FA are
illustrated in Figure 3.
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Figure 3. Fourier transform infrared spectroscopy (FTIR) spectra of PLA samples.

The XPS technique was used to determine the chemical composition of PLA samples.
Figure 4 shows the XPS spectra of the PLA samples after the plasma treatment and mod-
ification step. The XPS spectrum for the untreated PLA reveals two main contributions
corresponding to C1s at ~285 eV and O1s at ~530 eV, attributable to the PLA’s chemical
composition, distinguished by the existence of oxygen in the polymer chain [3,23,37]. The
incorporation of new functional groups in the PLA surface was caused by plasma treat-
ment. This functionalization is primary generated by oxygen-rich species because of their
high reactivity and, to a lesser extent, nitrogen-rich species [50]. As a result, the peak
intensity corresponding to the O1s transition increased significantly, while the peak C1
contribution decreased significantly. The etching process and the formation of radical and
oxygen-containing groups led to reduction of the intensity of the C1 peak to 67.3 at.% [23].
The oxygen-containing groups in ASA and FA were primarily responsible for the increase
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in at.% of the O1 peak caused by the antimicrobial agent grafting on the PLA surface. The
O1 peak in the ASA-grafted PLA samples was 32.5 at.%, while the C1 peak intensity was
65.8 at.%. Furthermore, due to probably the presence of nitrogen-containing impurities, the
N1 intensity increased slightly to 1.8 at.% when compared to the plasma-treated PLA sam-
ple. In contrast, a significant increase in the intensity of the maximum O1 peak, achieving a
value of 37.6 at.% indicated the incorporation of the FA grafted to the PLA surface.
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                                                     C1s     O1s    
                                                           at.%

 FA-grafted                          62.3    37.6   
 ASA-grafted                       65.8    32.5   
 Plasma-treated                  67.3    31.7   
 Untreated                          77. 0    22.0

C1s

Figure 4. X-ray photoelectron spectroscopy (XPS) spectra of PLA samples.

3.4. Surface Morphology/Topography

SEM (Figure 5) was uses to analyze the surface morphological changes of the PLA
samples after the plasma treatment and modification steps. The SEM image of the untreated
PLA (Figure 5a) shows a homogeneous surface with a relatively smooth and uniform
appearance. The PLA surface treated with plasma discharge (Figure 5b) reveals an entirely
different surface morphology compared to the untreated surface. Small spots, grooves and
cavities were observed on the substrate where some removal occurred and some roughness
changes were produced. This phenomenon was aided by the physical bombardment of
the surface with high-energy particles generated during plasma generation [31,43]. The
PLA samples grafted with ASA and FA experienced clear surface morphological changes
that demonstrated areas on the surface as grafting occurred. PLA films modified by ASA
(Figure 5c) and FA (Figure 5d) were coated by specific layers on the film surface, which
confirmed the presence of an antimicrobial agent after the modification process. It can be
concluded that modification of PLA by ASA and FA led to an overall roughness increase as
the films were coated with antimicrobial agents.
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Figure 5. Scanning electron microscopy (SEM), images of PLA: (a) untreated, (b) plasma-treated,
(c) ASA-grafted, and (d) FA-grafted.

The detailed surface topography and morphology of PLA samples was obtained by
AFM from 5 × 5 µm2 surface area. The AFM images (Figure 6) provide information about
the roughness of the PLA surface after each modification step. The surface of the untreated
PLA had a characteristic texture and uniform topography/morphology originating from
the preparation process, while Ra (arithmetical mean height of line) was 17.0 nm (Figure 6a).
Plasma treatment led to noticeable changes in the surface area of PLA and the surface
roughness increased as result of the bombarding action of plasma reactive species with the
polymer surface responsible for etching reactions. The Ra parameter of the plasma-treated
PLA sample increased to 31.2 nm (Figure 6b). Modification of PLA by ASA and FA led to a
formation of specific layers, while Ra was 30.2 nm and 16.3 nm, respectively.
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Figure 6. Atomic force microscopy (AFM) images (from left to right: 3D Height, Amplitude, ZSensor including line profile)
of PLA: (a) untreated, (b) plasma-treated, (c) ASA-grafted, and (d) FA-grafted.
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3.5. Mechanical Properties

The nano-mechanical properties of the PLA surfaces were analyzed using an advanced
AM–FM mode of AFM in parallel with topography/morphology measurements [50]. The
AM–FM AFM images representing the stiffness and Young’s modulus distribution in the
entire surface are shown in Figure 7. In addition, a mean value of stiffness and Young’s
modulus was calculated as an arithmetic mean value of the measured distribution using
Gaussian related histograms [51], which are summarized in Table 2. The untreated PLA
surface exceled in uniform distribution of stiffness and Young’s modulus in the entire
5 × 5 µm2 surface area. The mean of stiffness and Young’s modulus were 48.4 mN/m
and 2.7 GPa, respectively. Plasma treatment was responsible for slightly increasing the
nano-mechanical properties of the PLA surface due to structural reorganization caused
by ablation, etching, functionalization or crosslinking processes [52], while the stiffness
and Young’s modulus increased to 54.6 mN/m and 3.0 GPa. Modification of the PLA
samples by ascorbic acid and fumaric acid was responsible for a slight enhancement of the
nano-mechanical properties in the surface area due to the formation of compact grafted
layers covalently bonded on the PLA surface [53,54]. The stiffness and Young’s modulus
increased to 64.1 mN/m and 3.5 GPa for the PLA modified by ASA and to 70.7 mN/m and
3.9 GPa for the PLA modified by FA.

 

(a) 

 

(b) 

 

(c) 

Figure 7. Cont.
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(d) 

Figure 7. AM–FM AFM images (left: stiffness, right: Young’s modulus) and related histograms of PLA: (a) untreated,
(b) plasma-treated, (c) ASA-grafted, and (d) FA-grafted.

Table 2. Nano-mechanical properties of the PLA surfaces.

Sample Stiffness (mN/m) Young’s Modulus (GPa)
Code Mean Peak Width Mean Peak Width

Untreated 48.4 8.2 2.7 0.5
Plasma-treated 54.6 9.7 3.0 0.5

ASA-grafted 64.1 9.6 3.5 0.5
FA-grafted 70.7 9.9 3.9 0.5

3.6. Adhesion Analysis

The peel resistance measurements were carried out to evaluate the adhesion properties
of the PLA/Al laminate. Higher peel resistance is associated with good adhesion and
vice versa, as the result of improved wettability. Figure 8 depicts the changes in the peel
resistance of the PLA/Al laminate after plasma treatment and FA and ASA grafting of
the PLA surface. Due to the smooth surface and the lowest wettability, the untreated PLA
surface had poor adhesion, while peel resistance was 74.4 N/m. On the contrary, the
adhesion of the PLA surface was improved after plasma treatment, and peel resistance
increased to 107 N/m. This improvement in peel resistance was mainly caused by im-
provements in wettability and surface roughness, which were due to the incorporation
of polar functional groups and the etching reactions in the PLA surface. As illustrated
in Figure 8, ASA grafting on the PLA surface resulted in an additional increase in peel
resistance (130 N/m) compared with only the plasma-treated PLA samples. The highest
wettability was attained by grafting FA onto the PLA surface, the peel resistance increased
to 211 N/m (Figure 8). Furthermore, both ASA and FA were subjected to PLA modification
without prior plasma pre-treatment (blind test). It was observed that the peel resistance of
the untreated PLA modified with ASA and FA had a similar value to that of the untreated
PLA sample (73.3 N/m and 87.2 N/m, respectively), indicating that the ASA and FA were
not covalently bonded to PLA surface without plasma pre-treatment.

3.7. Adhesion Analysis

The peel resistance measurements were carried out to evaluate the adhesion properties
of the PLA/Al laminate. Higher peel resistance is associated with good adhesion and
vice versa, as the result of improved wettability. Figure 8 depicts the changes in the peel
resistance of the PLA/Al laminate after plasma treatment and FA and ASA grafting of
the PLA surface. Due to the smooth surface and the lowest wettability, the untreated PLA
surface had poor adhesion, while peel resistance was 74.4 N/m. On the contrary, the
adhesion of the PLA surface was improved after plasma treatment, and peel resistance
increased to 107 N/m. This improvement in peel resistance was mainly caused by im-
provements in wettability and surface roughness, which were due to the incorporation
of polar functional groups and the etching reactions in the PLA surface. As illustrated
in Figure 8, ASA grafting on the PLA surface resulted in an additional increase in peel
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resistance (130 N/m) compared with only the plasma-treated PLA samples. The highest
wettability was attained by grafting FA onto the PLA surface, the peel resistance increased
to 211 N/m (Figure 8). Furthermore, both ASA and FA were subjected to PLA modification
without prior plasma pre-treatment (blind test). It was observed that the peel resistance of
the untreated PLA modified with ASA and FA had a similar value to that of the untreated
PLA sample (73.3 N/m and 87.2 N/m, respectively), indicating that the ASA and FA were
not covalently bonded to PLA surface without plasma pre-treatment.
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Figure 8. Peel resistance of PLA/Al laminate.

4. Conclusions

In summary, the effect of plasma treatment and ASA or FA modification on the
surface and adhesion properties of the PLA surface was analyzed by various analytical and
microscopic techniques. Due to the incorporation of new polar functional species on the
PLA films surfaces, wettability was improved after plasma treatment. Following surface
modification of the PLA film with ASA or FA, it was discovered that plasma treatment was
successful in grafting ASA and FA on the surface of the PLA film. The plasma treatment
and modification of the PLA surface by ASA or FA was proven by various techniques
and methods such as profilometry, SEM, AFM, peel tests, contact angle measurements,
XPS and FTIR. This modification led to enhanced wettability and therefore improved
adhesion characteristics. The peel test of PLA/Al laminate revealed enhancement of the
peel resistance of the PLA modified samples, while the peel resistance of PLA modified
by ASA and FA increased by 74% and 184%, respectively, compared to untreated PLA.
Modification of PLA with plasma technology and subsequent grafting of active species
opens an avenue to such tailored properties as biofouling, antibacterial and antiviral
activities. It should be pointed out that plasma treatment is not limited to PLA only and can
be applied generally to different polymeric surfaces, which makes this approach attractive
as well.
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Abstract: The aim of this work is to develop hydrophobic coatings on leather materials by plasma
polymerisation with a low-pressure plasma system using an organosilicon compound, such as hexam-
ethyldisiloxane (HMDSO), as chemical precursor. The hydrophobic coatings obtained by this plasma
process were evaluated with different experimental techniques such as Fourier transform infrared
spectroscopy (FTIR), X-ray photoelectron spectroscopy (XPS), scanning electron microscopy (SEM)
and standardised tests including colour measurements of the samples, surface coating thickness and
water contact angle (WCA) measurements. The results obtained indicated that the monomer had
polymerised correctly and completely on the leather surface creating an ultra-thin layer based on
polysiloxane. The surface modification produced a water repellent effect on the leather that does not
alter the visual appearance and haptic properties. Therefore, the application of the plasma deposi-
tion process showed promising results that makes it a more sustainable alternative to conventional
functional coatings, thus helping to reduce the use of hazardous chemicals in the finishing process of
footwear manufacturing.

Keywords: low-pressure plasma; plasma process; plasma polymerisation; surface modification;
plasma deposition

1. Introduction

Leather is a natural material commonly used to produce a wide range of footwear.
Depending on the type of footwear and its intended use, a different type of leather with
specific features is required. For such purpose during post-tanning operations, numerous
finishing additives and treatments are used to improve certain leather properties, such as
water resistance, oleophobicity, perspirability, flame retardancy, antimicrobial properties
and abrasion resistance or antistatic properties [1].

Specifically, leather is a hydrophilic material due to the polar groups of the collagen
fibers’ amino acid residues that promote their interaction with water molecules. However,
this property is not desirable in certain applications where water-resistant leather is re-
quired. This repellence can be achieved by a combination of the material’s structure and
finish with specific chemicals such as fluorocarbons, wax emulsions, metallic soaps and
surface-active agents [2–4].

More durable waterproofing treatments are mainly based on halocarbons compounds,
including chlorofluorocarbons (CFCs), perfluorocarbons (PFCs), hydrofluorocarbons (HFCs)
and hydrochlorofluorocarbons (HCFCs), which are considered as greenhouse gases (GHGs),
since they absorb infrared radiation emitted by the Earth in a spectral range where the
energy is not removed by CO2 or water vapour [5].

For instance, HCFCs have been used to replace CFCs in several applications because
they have a shorter atmospheric lifetime, and consequently, cause less ozone depletion.
HFCs and PFCs have also been identified as potential replacements for ozone depleting
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substances (ODS) in the long term since they do not contain bromine or chlorine and do
not cause significant ozone depletion. However, all these substances are also GHGs, and
contribute thus to varying degrees to climate change [5]. For this reason, there is a high
concern about the continued release of these persistent organic pollutants (POPs) into the
environment [6], being also bioacumulative chemicals. That is why most companies are
looking for alternatives to replace not only the compounds used for waterproofing but also
the chemical process used to do so [7–11], to reduce not only the input of materials into
the process but also the production of waste, contributing thus to reduce environmental
footprint of the process [12].

Some alternative processes to traditional ones are currently based on plasma tech-
nologies as they are more resource-efficient and sustainable processes. These technologies
might imply a significant reduction in the environmental impacts of traditional coating
processes in terms of greenhouse gas emissions, reduction of hazardous chemicals and
waste, and water and energy consumption [13].

Specifically, the plasma polymerisation technology can infuse monomers into plasma
and coat surfaces with ultra-thin layers, such as polymer coatings, by formation of gas-
phase free radicals and their recombination at radical sites during film growth resulting
in stable and durable structures [14] able to impart functional properties to a great va-
riety of materials. Many monomers can be used for the deposition of ultra-thin films
by plasma polymerisation, among which the most widely used is hexamethyldisiloxane
(HMDSO) [9–11,15,16].

Different studies focused on plasma polymerisation of HMDSO to obtain super hy-
drophobic and water repellency properties to different materials. They reported that the
achieved film properties depend on the plasma composition [6,7] and the polymerisation
process conditions, such as plasma power and monomer flux [8–17]. Nevertheless, little
work has been carried out on plasma deposition on natural leathers.

In addition, Thomas Gengenbach and Hans Griesser conducted extensive studies on
the generation of hydrophobic coatings by low-pressure plasma for various polymer, glass
and silicon substrates, and also in the electronics sector. The aforementioned studies have
been summarised by Siow et al., which includes the works from the 1980s as well as those
from electronic sectors [18]. The role of surface restructuring in the ageing behaviour of
siloxane plasma polymer was discussed by Gengenbach and Griesser in their study of
HMDSO and hexamethyldisilazane (HMDSN) plasma polymers [19]. In another study,
they concluded that the perfluoro-1,3-dimethylcyclohexane (PFDMCH) plasma polymers
were therefore well deposited and suited for applications that require long-term stability
and predictable, stable interfacial properties [20].

In this sense, a previous work carried out by the authors was based on the use of
Multiple Laser Surface Enhancement (MLSE) technology in the framework of the European
Life Textileather project [13], to provide leathers and textiles with functional properties such
as water, fire and stain resistances, as well as antimicrobial properties. MLSE technology
combines atmospheric plasma and laser treatments in the presence of non-toxic gases, such
as nitrogen (N2) and oxygen (O2), allowing the surface modification of materials [21]. This
treatment produces nanometric scale modifications, which enables the functionalisation
of the material without noticeably affecting its appearance. In addition, Kayaoglu et al.
reported surface modifications of natural leather samples through plasma polymerisation
of different HMDSO/toluene compositions at low pressure that showed promising results
towards improving the easy clean property of natural leather in upholstery applications [14].
Gaidau et al. also reported the use of cold plasma generated by dielectric barrier discharge
(DBD) at atmospheric pressure and room temperature as a promising technique for dry
reactivation and physical modification of collagen and keratin-based materials to improve
complex characteristics, such as water repellence and flame retardancy [22]. Finally, a
concise overview on plasma treatment for application on textile and leather materials was
provided recently by Tudoran et al. [23].
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In the present study, a low-pressure plasma system was used for the development of
hydrophobic coating by plasma polymerisation on natural leather for footwear applications.
For the coating treatments, the chemical precursor 100% hexamethyldisiloxane (HMDSO)
was selected because it contains silicon groups, which can be favourable for improving
the hydrophobic properties of the materials. For this purpose, a plasma process involving
consecutive activation and etching using oxygen as the reactive gas, and HMDSO poly-
merisation using argon as the inert gas, has been carried out. The properties of the thin film
deposited on the leather surface were characterised by different experimental techniques,
in terms of water repellence, surface modifications, thickness and colour and appearance
changes. The aim of this research is to use plasma treatment as an environmentally friendly
finishing method to impart hydrophobicity to the surface of natural leather, which can be
used in the footwear and leather industries as well as in the textile industry [24–32].

2. Experimental
2.1. Materials

In this work, hexamethyldisiloxane (HMDSO, (CH3)3-Si-O-Si-(CH3)3, 98% purity) pro-
vided by Merck Life Science S.L.U. (Madrid, Spain) was used as a hydrophobic monomeric
precursor, as received. For plasma polymerisation processes, a blue chrome-tanned cow
leather with aniline finishing supplied by the company Pies Cuadrados Leather S.L. (Aspe,
Spain) was used as representative upper material for footwear applications. Table 1 in-
cludes the main physical and mechanical properties of the used leather.

Table 1. Physical and mechanical properties of leather.

Material
Tensile Strength

(MPa)
Elongation (%)

Dichloromethane Extractable
Matter (wt %)

Ash Content at
950 ◦C (wt %)

Leather 16.2 57 5.85 4.3

Argon (Ar) and oxygen (O2) were used as carrier gases, both with 99.995% purity and
supplied by Carburos Metálicos S.A. (Barcelona, Spain).

2.2. Plasma Treatment

Plasma polymerised HMDSO films on leather samples were prepared in a nano low-
pressure plasma equipment (Diener Electronic Vertriebs GmbH, Germany), of modular
configuration, with a chamber volume of 24 L, in stainless steel and with a tray for sample
support. The plasma reactor was operating at a fixed frequency of 13.56 MHz and 300 W of
maximum power. All the samples in this work were treated at the plasma power of 150 W.
A composition of 100% HMDSO was injected by a micro-dossing pump during plasma
polymerisation on natural leather samples.

This low-pressure plasma system is equipped with two gas supply channels. Oxy-
gen (O2) and argon (Ar) were used as working gases with flows at 500 mL/min and
685 mL/min, respectively. A micro-dosing pump introduces the monomer into the re-
actor at 0.5 µL/s. The thermostatised treatment chamber allows the temperature to be
raised during the plasma process, which increases the effectiveness of the deposition
process [23,33]. (Table 2).

The treatment comprises different and consecutive stages: activation, polymerisation
and etching.

Firstly, activation with plasma was carried out to create radical sites in which HMDSO
reacts, and greatly facilitated thus the adhesion of non-reactive or non-wettable surfaces.
The type of mechanisms that primarily contribute to the activation effect depend on the
material to be treated and the nature of the plasma gas. As a working gas, oxygen was used
to provide leather with new surface functionalities that completely reverse the polarity of
leather samples increasing its surface wettability to improve the HMDSO deposition. In
addition to these factors, the working pressure, the power of the plasma and the activation
time of the gas used are also crucial.
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Table 2. Plasma operating conditions of the plasma deposition process.

Plasma Stages Gas Time (s) Power (W) Pressure (Pa) Monomer
Dossing

Pump (µL/s)

Activation O2 300 150 300 - -
Polymerisation Ar 300 150 300 HMDSO 0.5

Etching O2 12 150 300 - -
Polymerisation Ar 300 150 300 HMDSO 0.5

Etching O2 12 150 300 - -
Polymerisation Ar 300 150 300 HMDSO 0.5

Secondly, HMDSO was added to produce its polymerisation by plasma. This monomer
is in a liquid state under ambient conditions, and when subjected to vacuum conditions,
it becomes gaseous. This causes it to be susceptible to being excited by an energy source,
which gives rise to silicon radicals and atoms of silicon, hydrogen, carbon and oxygen that
interact on the surface of the treated material. Consequently, an ultra-thin coating layer is
deposited onto leather surface permanently. For this stage, argon was selected as conductive
gas because it is an inert gas and does not react with the monomeric precursor. It has a
large mechanical effect since it continuously removes individual atoms from the surface
contributing to a suitable layer anchorage. The properties provided by the newly deposited
layer will depend on both the nature of the monomer used and the different conditions used
during the process. The parameters that greatly influence the surface finish and therefore
determine the water repellence obtained are the pump flow, the conductive gas, the selected
prepolymer, the coating time and the number of coats applied, among others [34].

After the polymerisation stage, a fast-etching process was conducted with oxygen
gas to strengthen the polymerised HMDSO layer anchorage and achieve coatings with a
considerable and effective thickness.

Finally, three HMDSO layers were deposited onto leather samples surface with argon
gas according to the operating conditions described in Table 2, which were previously
optimised in the framework of the COATPLAS project [35,36]. In addition, Figure 1
summarises the process conducted in this work.

 

Figure 1. Surface activation and plasma polymerisation phases of the treatment.

Samples with and without plasma treatment will be referenced as “plasma coated
leather” and “untreated leather”, respectively.

2.3. Fourier Transform Infrared Spectroscopy (FTIR)

The surface chemical modifications of the coated leather were determined using
a Varian 660-IR infrared spectrophotometer (VARIAN Australia PTY LTD; Mulgrave,
Australia). Attenuated total reflectance (ATR) mode with 16 scans at a resolution of
4 cm−1 was used as the FTIR sampling technique. This ATR accessory works by measuring
changes in the infrared beam when the beam comes into contact with the sample.
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2.4. X-Ray Photoelectron Spectroscopy (XPS)

An X-ray Photoelectron Spectroscopy (XPS, K-ALPHA, Thermo Scientific) was used
to analyse the chemical compositions of the surface of the siloxane polymer film obtained
by plasma. Due to these films being extremely thin, XPS is the most suitable technique
to determine their chemical properties. This analysis was conducted by the Technical
Research Services (SSTTI) of the University of Alicante (UA). XPS measurements were
collected with K-ALPHA (Al-K) radiation (1486.6 eV), monochromatised by a double
crystal monochromator and yielding a focused X-ray spot (elliptical in shape with a major
axis length of 400 µm) were generated at 3 mA × 12 kV. The alpha hemispherical analyser
operated in constant energy mode, scanning through the 200 eV energy to measure the
entire energy band, and used 50 eV in a narrow scan to selectively measure specific
elements. Avantage software was used to analyse the XPS data, and the smart background
function was used to approximate the experimental background and calculate the elemental
composition of the surface based on the peak area subtracted from the background. Charge
compensation was achieved using the systems flood gun, which provides low-energy
electrons and low-energy argon ions from a single source.

2.5. Scanning Electron Microscopy (SEM)

The surface modifications and morphological analysis were conducted with a Phenom
ProX scanning electron microscope (Phenom World, Eindhoven, Netherlands). Samples
were cut into square specimens of 2 mm x 2 mm. The microscope operates under high
vacuum, using an electron beam at a potential of 5–15 keV, so that there is greater resolution
of the image, going from micrometric to nanometric scale.

2.6. Sample Colour Measurements

The measurement of the colour difference of plasma treated leathers was carried out
with the spectrophotometer CM-600d according to the standard EN ISO 22700:2020 [37].
This portable spectrophotometer is designed to assess the colour and appearance of samples
of different sizes, including the surfaces of flat, shaped or curved objects. It has a fixed
aperture of 8 mm and two measurement modes to suit the surface conditions of each
sample: Specular Reflectance Included (SPINC) and Specular Reflectance Excluded (SPEX),
the latter being used for measurement as it considers the surface finish of the sample.
Measurements were made at three spots in the central part of the sample.

2.7. Surface Coating Thickness

The thickness of layer deposited onto the leather surface was determined according
to the standard EN ISO 17186-method A [38]. A macm 1 rotary microtome (model 2030,
Leica Reichert-Jung Biocut, Germany) was used with an optical microscope (model STD-18,
Zeiss, Germany) equipped with a x 10 ocular with a graduated scale including a range of
2.6–261.9 µm and a x 16 magnification lens.

2.8. Water Contact Angles (WCA) Measurements

The hydrophobicity of the plasma coating was evaluated by determining the water
contact angles. An optical contact angle measurement goniometer (Muver, Petrel, Spain)
was used. This equipment has a thermostatised chamber that allows working in a saturated
atmosphere, with an exhaustive control of the temperature at 25 ◦C. The equipment is
provided with a vision system on a camera with a telecentric lens, which is backlit by a
matrix of LEDs, and was used for droplet images captures. Deionised water was used as
test liquid with a controlled volume of 4 µL by a syringe. Three drops were placed and
measured at different points of the samples. Measurement procedure was performed as
described in the standard EN 828-2013 [39]. The measurements were carried out at various
times: 0 min, 5 min, 15 min, 25 min, 60 min and 90 min after plasma treatment to follow
the wettability of the leather samples as a function of the time.
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3. Results and Discussion

This section will provide a concise and precise description of the experimental results,
their interpretation, as well as the experimental conclusions that can be drawn.

3.1. FTIR Analysis

FTIR was performed to further analyse the surface modifications of the plasma-coated
leather samples with the non-polar 100% HMDSO, as well as to identify which functional
groups contribute to the hydrophobic layer deposited. Figure 2 shows the FTIR spectra of
the treated and untreated leather, as well as the spectrum corresponding to the HMDSO
as precursor.

 

− γ
− γ
−

− δ
−

−

−

−

−

Figure 2. FTIR spectra of untreated leather sample, plasma coated leather and HMDSO plasma polymerised onto the
leather surface.

On the one hand, the FTIR spectrum of the natural leather as untreated sample showed
sharp absorption peaks located at 1633 and 1649 cm−1 associated with the C=O amide in
the peptide band (Amide I). The peak at 1545 cm−1 represented the N-H of Amide II and
the peak at 1750 cm−1 corresponded to the C=O stretching due to the ester fatty acids. The
absorption band between 2800 and 3000 cm−1 was related to -CH stretching vibration mode (st).
which was usually quite stable on the leather surface. In addition, amide A band appeared
around 3300 cm−1 due to the stretching vibration of -NH groups and the conformation of the
backbone, which was very sensitive to the strength of the hydrogen bonds [40].

On the other hand, the FTIR spectrum of the plasma-coated leather after activation,
and subsequently, of the HMDSO polymerisation with oxygen and argon as carrier gases,
respectively, showed the characteristic bands of the natural leather in addition to new bands
corresponding to the deposited coating on the surface. Specifically, the bands between
2800–3000 cm−1 and 1261 cm−1 corresponded to C-H st and Si-(CH3) bending symmetric
vibration (δsy), respectively. The peak attributed to the Si-O-Si bonds appeared around
1096 cm−1, while the band at 840 and 800 cm−1 corresponded to the Si-C stand Si-(CH3)
out-of-plane bending vibration (γ). The spectrum of the plasma-polymerised HMDSO
layer deposited onto the leather surface was obtained by spectral subtraction, which
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confirmed the formation of a polysiloxane based layer on the leather surface [41–43]. Table 3
summarises the main characteristic bands observed in the mentioned samples [44–46]. In
addition, the FTIR results were complemented with XPS analysis to comprehensively
analyse the chemical groups created in the plasma-coated leather.

Table 3. Assignments of the main FTIR absorption bands observed for the spectra in Figure 2.

Wavenumber Assignment

800 cm−1 (Si-)CH3 γ

840 cm−1 Si-C γ

1096 cm−1 Si-O-Si

1261 cm−1 (Si-)CH3 δsy

1545 cm−1 N-H (Amide II)

1633–1649 cm−1 C=O (Amide I)

1750 cm−1 C=O ester

2800–3000 cm−1 -CH st

3300 cm−1 -NH (Amide A)

3.2. XPS Analysis

An XPS analysis was necessary to comprehensively analyse the chemical modifications
on the outermost surface The surface chemistry of the untreated and plasma coated leather
was analysed by X-ray photoelectron spectroscopy (XPS) to confirm the formation of silicon
compounds, such as polysiloxanes, as a layer deposited on leather surface. Figure 3 shows
the results of the XPS-survey of untreated leather and plasma coated leather. The leather
surface was mainly composed of oxygen (O 1s), nitrogen (N 1s), carbon (C 1s) and low
percentage of silicon (Si 2s and Si 2p), whose peaks were positioned at about 532, 400, 285,
154 and 103 eV. In the survey of plasma polymerised leather, the peaks appeared in the
same positions for C, O, N and Si peaks, which highlights a considerable increase of oxygen
and silicon peaks and a decrease of carbon and nitrogen, more noticeable in the latter, due
to the plasma deposition of HMDSO [47,48].

Figure 3. XPS-survey of untreated leather and plasma coated leather with HMDSO.
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For such purpose, the atomic percentages of the carbon, oxygen, nitrogen, and silicon
components were determined and included in Table 4. It should be noted that in the decon-
volution of the Si 2p spectrum, four contributions were shown in all samples corresponding
to Si 2p3/2 and Si 2p1. Since they are doublet pair, to quantify only the most sensitive
one, Si 2p3/2 was used. There was 1.12% silicon on the surface of the untreated sample,
which may come from the manufacturing of leather or may be due to silicon existing in
the analysis XPS chamber. Compared to the untreated sample, the atomic percentage of
silicon in the HMDSO plasma treated sample increased up from 1.12 to 22.39% due to a
high deposition of monomer which is composed of silicon components. Moreover, the
atomic percentage of C decreased due to the removal and oxidation of organic compounds
by the oxygen plasma used in the etching stage, and O increased after plasma treatment
due to the introduction of new oxygenated by etching and siliconised molecules deposited
on the leather surface, and because of their presence in the polysiloxane composition.
The nitrogen (1.33%) that appeared in the untreated leather is due to the proteins that
constitute the original leather. However, in the HMDSO treated sample, 0.25% of nitrogen
was observed. The detection of this small amount of several nitrogenous functional groups
in the plasma coated leather could be due to contamination because of the 3–7 nm depth
the XPS reaches and the thickness of the deposited HMDSO layer being greatly higher,
as can be seen in Section 3.5. Therefore, the amount of nitrogen obtained in the coated
sample can be considered negligible, indicating that no signal from the XPS-based substrate
has been obtained and uniform coverage has been made on the substrate during plasma
deposition. Furthermore, the atomic ratios showed an increase in the percentage of oxygen
and silicon and a decrease in the atomic percentage of carbon due to the named chemical
modifications [14,15,49].

Table 4. Elemental compositions of untreated and HMDSO plasma deposited leather sample.

Sample
Atomic Percentages (%) Atomic ratio

C O N Si Si/C Si/O

Untreated leather 84.87 12.44 1.33 1.12 0.01 0.09
Plasma coated leather 48.81 27.70 0.25 22.39 0.45 0.80

Figure 4 shows the deconvoluted C1s and Si 2p peak spectra of the leather with and
without plasma deposition, and Table 5 includes the functional group contents of carbon
and silicon. The decomposed bands were assigned to the appropriate functional groups.
The resolution of the C 1s peak curve of the untreated leather was fitted with four peaks:
one large peak was located at about 284.64 eV, due to the C-H or C=C bond; the other peak
was found at about 286.05 eV corresponding to the C-O or C-N bond; and two small peaks
were about 287.77 eV, due to the C-O=O, and about 288.78 eV the C=O bond appeared. In
the plasma coated samples, the C 1s peak was also the same as in the untreated leather, but
the intensity was lower due to the HMDSO coating, and a new contribution appeared at
286.42 eV corresponding to the C-Si bond which was due to the methyl groups present in
the decomposed HMDSO. It was also possible to perform curve resolution of the Si 2p peaks
to obtain more information about the chemical bonds in the samples. The deconvolution of
Si 2p spectra of the untreated leather showed low content of silicon oxides (SiO) at 101.90
and 102.76 eV, silicon oxycarbide (Si-O-C) at 102.76 eV and silicon dioxide (SiO2) at 101.90,
103.75 and 104.28 eV. The silicon oxides could have formed on the surface of the leather
due to its manufacture and the XPS chamber. The Si 2p peaks of the plasma coated leather
showed SiO2(CH3)2, SiO4, SiO(CH3)3 and SiO2 units at approximately 102.27, 103.00,
103.27 and 104.00 eV, respectively. This result was due to the formation of a new layer
of silicon compound on the surface by HMDSO plasma deposition. The high portion of
SiO2(CH3)3 indicates that the film had a structure like polydimethylsiloxane (PDMS). The
presence of SiO(CH3)3 is the oxidation product of PDMS. The inorganic structures SiO2
and SiO4 represent complete oxidation at the deconvolution peak. These results support
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the formation of a SiOxCyHz film with an organic structure using Ar as a carrier gas, as
well as an inorganic structure through the O2 etching stage [15,17,49–51].

 
(a) (b) 

  
(c) (d) 

Figure 4. High-resolution peaks of HMDSO film deposited on leather. (a) C 1s of untreated sample; (b) C 1s of plasma
coated leather; (c) Si 2p of untreated sample; (d) Si 2p of plasma coated leather.

Table 5. Atomic percentages (at. %) of chemical species at C 1s and Si 2p peaks of the untreated and plasma coated leather
determined by XPS.

Untreated Leather Plasma Coated Leather

Element
Chemical

State
Binding

Energy (eV)
At. (%) Element

Chemical
State

Binding
Energy (eV)

At. (%)

C 1s

C-H, C=C 284.64 67.05

C 1s

C-H, C=C 284.62 44.77

C-O, C-N 286.05 13.63 C-O, C-N, C-Si 286.42 3.67

C-O-C 287.77 1.21 C-O-C 287.66 0.35

C=O 288.78 2.98 C=O 288.94 0.86
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Table 5. Cont.

Untreated Leather Plasma Coated Leather

Element
Chemical

State
Binding

Energy (eV)
At. (%) Element

Chemical
State

Binding
Energy (eV)

At. (%)

Si 2p

SiO or SiO2 101.90 0.98

Si 2p

SiO2(CH3)2 102.27 20.29

Si-O-C, SiO 102.76 - SiO4 103.00 -

SiO2 103.75 0.14 SiO (CH3)3 103.27 2.10

SiO2 104.28 - SiO2 104.00 -

3.3. SEM Analysis

The morphology of the leather surface before and after HMDSO plasma deposition
was analysed by means of scanning electron microscopy according to the images shown
in Figure 5. The untreated sample appears with small cracks and some white spots; such
surface irregularities are typical in materials of natural origin such as leather, and the dark,
rough pores of the leather are also visible. In the plasma deposited material, the gaps or
pinholes caused by the animal hair follicles were partially covered by the plasma coating
making them smaller. It was observed that a smooth, clean, thin film was formed on the
remaining parts of the substrate, which covered the cracks. These modifications to the
surface of the HMDSO plasma deposition treated material resulted in the coating being
uniformly deposited creating an ultra-thin hydrophobic layer on the leather [52].

  
(a) (b) 

≤

Figure 5. SEM images obtained before and after plasma polimerisation (440×). (a) Untreated leather; (b) Plasma
coated leather.

3.4. Colour Change Measurements

The influence of the plasma treatment on the colour was measured in CIELAB L*, b*
and a* values, as shown in Figure 6. The CIELAB colour system quantifies the relation-
ship of the colours on three axes: L* indicates the lightness, and a* and b* are chromatic
coordinates corresponding to the colours red/green and yellow/blue, respectively. In
the component values obtained, no significant changes were observed depending on the
plasma treatment and the untreated sample. It can be highlighted that the HMDSO coating
deposited by plasma polymerisation on the leather sample does not affect neither the
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colour nor the surface appearance of the original pigment of the leather, as can be seen
in Figure 7, according to the requirement that there must be a difference between the
values ≤ 2.5 established by INESCOP’s upper materials laboratory based on its experi-
ence [53].
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Figure 6. L*, a* and b* values for both untreated and plasma treated leather.

  
(a) (b) 

Figure 7. Pictures of (a) untreated and (b) plasma coated leather samples.

3.5. Surface Coating Thickness

The thickness of the HDMSO film deposited by plasma on the leather samples was
measured by a manual rotary microtome coupled to an optical microscope according
to the standard EN ISO 17186-method A. Table 6 includes the different thickness val-
ues determined, which have been obtained from three cuts of leather and, in each cut,
3 measurements have been made. The result is the average of the nine measurements. The
thickness of the untreated leather was less than that of the plasma coated leather films.
The HMDSO coating formed was 600 nm (see Figure 8), which is considered very small
compared to a coating thickness on the aniline finish leather [15]. In addition, it can still be
considered leather as the coating limit is 150,000 nm according to European regulations
and standards [54–56].
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Table 6. Thickness values of untreated, plasma treated samples and plasma polymerised
HMDSO coating.

Sample Thickness (nm)

Untreated leather 3700
Plasma coated leather 4300

HMDSO coating 600

 

(a) 

       
(b) 

coating 

Figure 8. Cross-section images of plasma coated leather of HMDSO at 16× (a) and magnified at 40× (b).

3.6. Water Contact Angle (WCA) Measurements

The results of contact angle measurements with distilled water and absorption times
of the plasma-treated and untreated leather are shown in Table 7. In addition, the evolution
of wettability of untreated and plasma-treated samples over time has been represented
in Figure 9.
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Table 7. Absorption time and contact angle in plasma treated and untreated leather samples.

Absorption Time (min)
Water Contact Angle (WCA)

Untreated Leather Plasma Coated Leather

t = 0 min

  
81.83° ± 1.58 

  
85.48 ± 0.76 81.83◦ ± 1.58 85.48 ± 0.76

t = 5 min

  
66.41° ± 2.66 

  
83.43° ± 0.77  66.41◦ ± 2.66 83.43◦ ± 0.77

t = 15 min

0.33° ± 0.29 78.25° ± 0.72 0.33◦ ± 0.29 78.25◦ ± 0.72

t = 25 min

  
0.00° ± 0.00 

  
76.97° ± 2.38 0.00◦ ± 0.00 76.97◦ ± 2.38

t = 60 min

  
0.00° ± 0.00 

  
51.52° ± 0.46 0.00◦ ± 0.00 51.52◦ ± 0.46

t = 90 min

  
0.00° ± 0.00 

  
0.00° ± 0.00 0.00◦ ± 0.00 0.00◦ ± 0.00
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Figure 9. Evolution of wettability of untreated and plasma treated samples over time.

For natural leather as untreated sample, the water contact angle decreased from
81.83◦ to 0.33◦ within the first 15 min, time in which the water droplets had already been
completely absorbed and entirely spread on the sample due to the hydrophilic nature of
the natural leather. However, in the treated sample, the evolution of the contact angle as a
function of time was quite different. Within the first 15 min, the water contact angle slightly
decreased from 85.48◦ to 78.25◦. After 25 min, the water droplets remained again on the
surface with a similar contact angle of 76.97◦. After 90 min, the contact angle reached 0.00◦

because the evaporation and contraction of the droplets occurred. Therefore, it can be
said that the HMDSO plasma polymerised coating on leather provided high hydrophobic
performance to leather, which exceeded the absorption time of 60 min [57].

The results of the wettability study showed that the surface hydrophobicity of the
leather samples is significantly improved. This result can be attributed to the hydrophobic
surface formed by plasma deposition of the silicon compound of polysiloxane. Plasma
polymerisation of HMDSO with the application of 150 W plasma power with an initial
surface activation process of 300 s with oxygen and alternating treatments of 12 s oxygen
etching and 300 s argon coating resulted in a noticeable hydrophobic film coating on the
leather surface [58,59]

4. Conclusions

In this study, the surface modifications of natural leather samples, a material com-
monly used for footwear applications, by plasma polymerisation with a 100% HMDSO com-
position have been evaluated by means of different experimental techniques. According
to the results, the combination of optimised plasma activation and etching pre-treatment,
both with O2 and coating treatment with HMDSO/Ar, improved the hydrophobicity of
the surface due to the introduction and deposition of silane groups on the leather surface.
More specifically, the formation of an ultra-thin hydrophobic layer of polysiloxane nature
and completely deposited by low-pressure plasma led to high water contact angles and
absorption times compared to the natural and untreated leather. Most importantly, the
HMDSO plasma coating deposited on the leather samples does not affect the original
pigment of the leather, neither the colour nor the surface appearance and feel.

It can be concluded that plasma deposition of HMDSO at low pressure showed
promising results to provide natural leather with water repellence for footwear applications.
Plasma hydrophobic coatings may be used as a more sustainable alternative to replace
conventional treatments currently used based on halocarbons and organic solvents.
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Finally, it should be noted that this study contributes greatly to the three pillars of the
Sustainable Development Goals (SDGs): the economic, social and environmental objectives
set by the European Green Deal and its Circular Economy Plan, enabling thus the footwear
sector to move increasingly towards a production model based on sustainability and
automation, and contributing to the flexibility of processes and the modernisation of the
industry by increasing its resilience [60].
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Abstract: Plasma-induced free-radical polymerizations rely on the formation of radical species to initiate
polymerization, leading to some extent of monomer fragmentation. In this work, the plasma-induced
polymerization of an allyl ether-substituted six-membered cyclic carbonate (A6CC) is demonstrated and
emphasizes the retention of the cyclic carbonate moieties. Taking advantage of the low polymerization
tendency of allyl monomers, the characterization of the oligomeric species is studied to obtain insights
into the effect of plasma exposure on inducing free-radical polymerization. In less than 5 min of plasma
exposure, a monomer conversion close to 90% is obtained. The molecular analysis of the oligomers by
gel permeation chromatography coupled with high-resolution mass spectrometry (GPC-HRMS) further
confirms the high preservation of the cyclic structure and, based on the detected end groups, points to
hydrogen abstraction as the main contributor to the initiation and termination of polymer chain growth.
These results demonstrate that the elaboration of surfaces functionalized with cyclic carbonates could be
readily elaborated by atmospheric-pressure plasmas, for instance, by copolymerization.

Keywords: allyl-substituted cyclic carbonate; free-radical polymerization; atmospheric-pressure plasma

1. Introduction

The synthesis and direct deposition of polymeric thin films by atmospheric-pressure
plasma-induced polymerization is an appealing approach for the elaboration of functional
surfaces [1]. A major contribution to its success is owed to its fast deposition rates, the good
retention of the chemical structure of the monomers in the deposited film and the use of
solvent-less, mild reaction conditions, usually at room temperature. Additionally, working
at atmospheric pressure eases the scalability of the deposition process [2] and allows the use
of precursors in the liquid phase [3]. This extends the application to monomers of very low
vapor pressure, which are not suitable for processing in the vapor phase. Vinyl functional
monomers are readily polymerized by plasma-induced free-radical polymerization leading
to the deposition of thin films with a large variety of functional groups, including cyclic
groups, such as epoxide [4,5], lactam [6] and catechol/quinone [7]. These groups are
of interest because they can improve adhesion between the thin film and the treated
surface. Their reactivity also allows post-polymerization modifications of the surface,
for instance, for biomolecule immobilization for practical applications in biomedical [7]
and environmental protection fields [4]. Despite the advantages shown by atmospheric-
pressure plasma-induced free-radical polymerization in the preservation of the chemical
structure of monomers, monomer fragmentation should occur in some extent to initiate
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polymerization. This can reduce the amount of cyclic functional groups in the resulting
polymer. The retention of epoxide groups, by far the most studied case, has been found to
be dependent on the nature of the polymerizable group, i.e., vinyl or allyl. Manakhov et al.
reported that the concentration of the epoxide groups in the plasma-polymerized polymer
was lower when allyl glycidyl ether (AGE) was used instead of glycidyl methacrylate
(GMA) [8]. In addition to the lower retention of the epoxide groups, the polymerization of
AGE led to lower deposition rates. This difference could be attributed to the well-known
difficulty of allyl monomers to polymerize and the formation of oligomers or medium-
molecular-weight polymers [9,10]. Nevertheless, the free-radical polymerization of allyls,
either by conventional wet chemistry or by plasma polymerization [11–14], has received
less attention than that of their vinyl counterparts.

Cyclic carbonates are gaining attention as sustainable compounds in the context of
green and sustainable chemistry. Their synthesis can involve the use of carbon dioxide
as a building block, can be applied as green solvents and can substitute toxic reactants
currently employed in the chemical industry [15]. Among the different cyclic carbonate
sizes, five-membered cyclic carbonates are easily prepared through [3 + 2] CO2 insertion
into their corresponding (bio-based) epoxy precursors [16]. Nonetheless, their low reactivity
restricts their use in some applications. Six-membered cyclic carbonates present greater
reactivity at room temperature and, additionally, higher stability than seven- and eight-
membered cyclic carbonates, which can be crucial to retain their structure under plasma
conditions [17]. Moreover, recently, a one-step synthesis procedure has been reported
using 1,3-diols and CO2 at atmospheric pressure and ambient temperature to prepare
six-membered cyclic carbonates, increasing the interest for these monomers as green and
sustainable reactants [18].

The introduction of pendent groups in cyclic carbonates increases their reactivity and
allows the production of functionalized polycarbonates by ring-opening polymerization
(ROP). Several functionalized cyclic carbonates have already been explored, such as allyl,
alkyne and maleimide. Allyl pendent groups have been considered as the intermediate
step for the post-functionalization of polycarbonates by a thiolene coupling reaction [19]
and to increase their mechanical stability by free-radical cross-linking [20,21]. Interestingly,
recent studies have shown that allyl ether-substituted six-membered cyclic carbonates
can be obtained as a value-added byproduct of the upcycling of mixed plastic waste [22],
in addition to ring-closing depolymerization [23]. Otherwise, polymers decorated with
cyclic carbonates have gained interest in the production of thermoset plastics and coat-
ings [24]. In the latter case, the reaction of the carbonates with amines is exploited to
promote the adhesion of the coating on polyurethane-based materials. The reactivity with
amines has also been explored for the coupling reaction of biomolecules [25].

The synthesis of polymers with pendent cyclic carbonates by plasma processes has
not yet been reported. In comparison with the epoxide group, cyclic carbonates are
notably less reactive [24] and might be more stable to plasma exposure. In this work,
the plasma-induced polymerization of an allyl ether-substituted six-membered cyclic
carbonate (A6CC, 5-((allyloxy)methyl)-5-ethyl-1,3-dioxan-2-one) was studied using a cold,
atmospheric-pressure dielectric barrier discharge (DBD) plasma. In particular, the monomer
A6CC was exposed to the plasma in the form of a liquid layer due to its very low vapor
pressure. After reiterated plasma exposure, both the conversion of the allyl group and the
retention of the cyclic carbonate were investigated by FTIR and NMR spectroscopies. High-
resolution mass spectrometry (HRMS) analyses of the, as expected, low-molecular-weight
products was performed to identify the chemical formula of the products to obtain insights
into the plasma-induced polymerization mechanism.

2. Materials and Methods
2.1. Synthesis of 5-((allyloxy)methyl)-5-ethyl-1,3-dioxan-2-one: A6CC

The synthesis of 5-((allyloxy)methyl)-5-ethyl-1,3-dioxan-2-one was carried out as de-
scribed elsewhere [17]. Ethyl chloroformate (6.81 g, 62.75 mmol, 97%, Sigma-Aldrich,
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Madrid, Spain) was added dropwise to a solution of trimethylolpropane allyl ether (TM-
PAE) (5.44 g, 31.24 mmol, Sigma-Aldrich, 90%) and triethylamine (6.96 g, 68.73 mmol,
Sigma-Aldrich, 99.5%) in 200 mL of dried THF at 0 ◦C over a period of 40 min. The reaction
mixture was then stirred at room temperature for 2 h. The precipitated triethylamine
hydrochloride was filtrated off, and the filtrate was concentrated under vacuum. Then,
the crude was diluted with ethyl acetate (300 mL) and washed two times with aqueous
hydrochloric acid (1 M) and two times with deionized water. The organic phase was
dried over anhydrous magnesium sulfate and concentrated under vacuum. The residue
was purified by column chromatography (eluent 30/70 ethyl acetate/hexane). The pure
product A6CC was obtained as a colorless liquid with 61% yield.

2.2. Atmospheric-Pressure Plasma-Induced Polymerization of A6CC

Thin liquid layers of the monomer were formed over silicon substrates using a spin
coater (Laurell Technologies, WS-650-23B, North Wales, PA, United States) operating at
10,000 rpm for 30 s. Any solvent was required in this process. The substrate covered
with the thin liquid layer was then transferred to an atmospheric-pressure dielectric
barrier discharge (DBD) plasma reactor, described elsewhere [7]. Briefly, A SOFTAL
7010R corona generator provided a 10 kHz sinusoidal electrical excitation, and the plasma
power was adjusted to deliver between 0.53 and 1.60 W·cm−2. The active plasma zone of
18.72 cm2 was created between two parallel and horizontal electrodes. The top electrode
was formed by two high voltage (HV) bars, covered with a thick alumina-dielectric barrier
material, separated by a third bar used to introduce the plasma gas (Ar 99.999%, 20 slm).
The grounded electrode was the moving table where the substrates were placed. The speed
of the table was kept constant at 50 mm·s−1, and the number of runs through the plasma
zone were 30, 40, 50, 70 or 90 runs. The effective plasma exposure duration for each table
run was 3 s. For the series of samples, the following annotation was used: monomer
acronym, dash, the number of table runs under plasma; for instance, A6CC-30 refers to
a sample that underwent 30 runs through the plasma zone, with 90 s of effective plasma
exposure. The samples were washed out with a solvent to recover the polymer from the
silicon surface. For characterization, pooled samples of at least 5 replicates were used.

2.3. Characterization

One-dimensional spectra 1H NMR and 2-dimensional spectra heteronuclear single
quantum coherence (HSQC), heteronuclear multiple bond correlation (HMBC) and bidi-
mensional 1H-1H correlation spectroscopy (COSY) were acquired on a Bruker Avance-
III HD spectrometer (Rheinstetten, Germany) operating at a 1H frequency of 600 MHz.
The delay between the scans was 10 s. The following parameters were used: 2048 data
points along the f2 dimension, 256 free induction decays in the f1 dimension, a pulse width
of 11.05 ms, a spectral width of 3448 Hz (1H) and the number of scans was 16 with a
digital resolution of 3.97 Hz per point. Experiments were performed at room temperature.
Monomers and plasma-deposited layers were dissolved in deuterated chloroform (CDCl3)
at room temperature. Assignments were performed using a combination of COSY, HSQC
and HMBC spectra. Chemical shifts are given as d (ppm), and the coupling constants (Hz)
were reported as J. Resonances were identified from the literature chemical shift data.

FTIR transmission measurements of the polymer deposited on the silicon wafer were
performed on a Bruker Vertex 70 spectrometer (Ettlingen, Germany) equipped with an
MCT detector. All FTIR spectra were normalized according to the C=O stretching band at
1755 cm−1. The spectra were acquired between 600 and 4000 cm−1 with an accumulation
of 128 scans and a resolution of 4 cm−1. Spectra acquisition was controlled by the OPUS
7.2 software package (Bruker Corporation, Billerica, MA, USA).

A 1260 Infinity II gel permeation chromatograph (GPC, Agilent Technologies, Santa Clara,
CA, USA) was used to determine the Mn, Mw and PDI of the polymers. The chromatograph
was equipped with an integrated RI detector, a PLgel 5 mm MIXED-C, PLgel 5 mm MIXED-D
columns and a PLgel guard column (Agilent Technologies, Santa Clara, CA, USA). Chloro-
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form was used as an eluent with a flow rate of 1.0 mL min−1 at 40 ◦C. Polystyrene standards
(Agilent Technologies, Santa Clara, CA, USA, Mp = 162 − 1500 × 103 g mol−1) were used to
perform calibration.

GPC-HRMS analyses were carried out with the HPLC system (Ultimate 3000, Dionex,
Thermo Scientific, Waltham, MA, USA) coupled online to an LTQ/Orbitrap Elite mass
spectrometer (Thermo Fisher Scientific, San Jose, CA, USA) with an Ion Max source,
equipped with a heated electrospray (H-ESI) probe from Thermo Scientific. Samples
were dissolved in chloroform and filtered over a 0.45 µm pore size membrane prior to
injection. A mesopore column of 3 µm (300 × 7.5 mm) from Agilent Technologies with an
exclusion limit of 25 kg·mol−1 was used at 30 ◦C working in THF. The flow rate was set to
1 mL·min−1 and split post-column toward the UV detection on one hand and the ESI-
HRMS detection on another hand. Ammonium acetate was added post-split to promote
ionization. The spray voltage was set to 3.2 kV. The calculations were carried out based on
the PolyCalc web-based assignment tool [26].

3. Results

The chemical structure of the A6CC monomer and the experimental set-up used for
the polymerization are shown in Figure 1. The monomer is a clear liquid at room conditions
and has a very low vapor pressure, both properties facilitated the formation by the spin
coating of very thin liquid layers over the silicon substrates. The values of the plasma
power used for the plasma-induced polymerization, i.e., 0.53 and 1.60 W·cm−2, were chosen
within the most common range of values reported for the plasma polymerization of liquid
monomers containing vinyl and allyl groups [7]. The lower value was also the minimal
power able to sustain the plasma discharge in the DBD reactor, without modifying the gap
between electrodes. After exposition to the plasma, the visual appearance of the initial
liquid layer over the silicon surface varied to an oily-like one. When rubbing, the samples
showed different degrees of consistency/viscosity, suggesting the formation of products
of higher average molecular weights. The samples showing a higher consistency were
those obtained using the highest power and longer exposition times. At the lowest power,
the liquid-like appearance was always observed. To complement this set of qualitative
results and to correlate the effect of the plasma exposure to changes on the chemical
structure of the A6CC monomer, Figure S1 shows the FTIR spectra of the monomer and four
different samples showing the liquid-like appearance. Considering the bands attributed to
allyl groups, i.e., 1648, 993 and 930 cm−1 [27,28], after 10 runs, regardless of the plasma
power used, a drop in the intensity of these absorption bands was evidenced. Only in the
spectrum of the sample polymerized with the highest exposition time and at the highest
power were those bands not detectable.

The higher power was then considered in order to carry out a systematic study where
the number of runs was increased up to three-fold. Figure 2 shows the recorded FTIR
spectra, normalized according to the intensity of the absorption band at 1755 cm−1 (C=O
stretching carbonate ring), of samples exposed to plasma for 30, 40, 50, 70 and 90 runs.
Increasing the exposition time not only led to the decrease in and disappearance of the
bands attributed at the allyl groups (Figure 2b), but the formation of alkyl backbone
could be detected by the appearance of and increase in the plasma exposition time of the
absorption bands in the range of 3050–2800 cm−1, corresponding to C-H stretching, and at
760 cm−1, related to the rocking vibrations of CH2 of the long alkyl chains [8,12,29,30].

The series of samples was also analyzed by NMR spectroscopy (Figure 3). In agree-
ment with the FTIR results, the consumption of the allyl groups was nearly complete as
evidenced by the reduction of the signals at 5.85 ppm (a, methine, O-CH2-CH=CH2) and
5.23 (b, methylidene, O-CH2-CH=CH2) already within 30 runs. Considering the protons
of the carbon in the alpha position of the allyl group, d (O-CH2-CH=CH2), their signal
shifted toward a lower chemical shift, from 3.97 to 3.48–3.15 ppm, overlapping with signal
e, resulting in a broad peak (Figure S2) [31]. Additionally, new peaks (labeled as 1) at the
1.45–1.70 ppm region appeared. These results evidenced the formation of a polymeric
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alkyl backbone. Otherwise, the peaks assigned to the ethyl chain pendent from the cycle,
f methylene group at 1.52 ppm and g methyl group at 0.92 ppm, remained at a similar
chemical shift along the polymerization process. The connectivity of f (1.56 ppm) with g
(0.94 ppm) could be stablished by the acquisition of two-dimensional COSY NMR spectra
(Figure S3). The conversion of the allyl group was determined by comparison with the
integral of the band attributed to the protons of the methyl group (labeled as g) with the
integrals of protons a and b of the allyl groups. As shown in Figure 4, the consumption of
the carbon–carbon double bond reached 82% for A6CC-30 and remained at 94% for the
most prolonged plasma exposed sample, A6CC-90 [32]. This approach to determine the
conversion did not consider that methyl groups can also be generated as end groups by
the free-radical polymerization of the allyl group; therefore, the reported values can be
considered as conservative.

 

−

−

−

Figure 1. Schematic representation of the process for the atmospheric-pressure plasma-induced polymerization of liquid layers
of the allyl ether-substituted cyclic carbonate (A6CC) at room temperature (a). Picture of the DBD applicator over the moving
table. Plasma gas is supplied in between the two high voltage electrodes (b). DBD side view with plasma engaged (c).

−

−

−

 

Figure 2. Representative FTIR spectra of the A6CC liquid layers as a function of the number of runs, up to 90, of plasma
exposure (power: 1.60 W·cm−2). (a,b) zoom of the bands attributed to the allyl C-C double bond. The spectra were
normalized with respect to the peak of the carbonate carbonyl band.
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Figure 3. 1H NMR spectra (in CDCl3) normalized according to the methylene group (signal g) of
monomer (a) A6CC before and after the plasma-induced polymerization. (b) A6CC-30, (c) A6CC-40,
(d) A6CC-50, (e) A6CC-70 and (f) A6CC-90. * assigned to the chemical structure shown in the figure.

Figure 4. Conversion of the allyl group in function of plasma exposure time (number of table runs)
calculated based on the signals from the protons of the allyl group (=CH2, triangle and =CH-, square
symbols) and the α-carbon (-CH2-, circle symbol) in the 1H NMR spectra. The integral of the protons
of the methyl group were considered as internal reference for the calculation.
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While the set of results provided experimental evidence of the step-growth polymer-
ization of the allyl groups, the results were further scrutinized to assess the preservation of
the closed structure of the cyclic carbonate. First, in 1H-NMR, the close ring structure is
characterized by two distinct doublets (c) at resonances 4.13 ppm and 4.33 ppm assigned
to the diastereotopic protons Heq and Hax. In all the recorded spectra, the signals were
detected, and their integrals remained similar between them. Indeed, the opening of the
ring would result in free-rotating protons, which would appear as a single peak at 4.2 ppm
(Figure S4) [33].

Further confirmation of the closed ring structure was achieved by the acquisition
of two-dimensional NMR spectra. COSY NMR (Figure S3) evidenced the correlation of
the diastereotopic protons interlocked in the cycle. HSQC and HMBC mutual proton–
carbon correlations (Figures 5 and S5) were carried out to confirm the ring structure is
connected, as a pendent group, to the formed polymeric chain. As shown in Figure 5a,
the closed ring structure of the monomer implies two cross-peaks between diastereotopic
protons forming the cyclic carbonate, labeled as c (1H 4.13 and 4.33 ppm), and carbonate
carbon as revealed by 2D HMBC spectra (c–h: 1H 4.13 and 4.33 ppm/13C 148.6 ppm).
The quaternary carbon forms 2D HMBC cross-peaks with diastereotopic protons (c–i: 1H
4.13 and 4.33 ppm/13C 35.8 ppm), methoxy (e–i: 1H 3.39/13C 35.8 ppm) and the ethylene
group (methylene f-i: 1H 1.52/13C 35.8 ppm and methyl g–i: 1H 0.92/13C 35.8 ppm).
The same HMBC cross-peaks pattern could be observed for A6CC-30 (Figure 5b) and A6CC-
90 (Figure S5). Similarly, their 2D HSQC spectra revealed that the protons with resonance
in the range of 3.30–3.45 ppm corresponded to two different carbons with chemical shifts
68.2 and 72.0 ppm. The latter 13C shift, labeled as d, resembles the peak signal for the
A6CC monomer, confirming that the 2D HSQC cross-peak 1H 3.32 ppm–13C 72.0 ppm is
linked to the methoxy group from the former allyl group. For the polymerized A6CCs,
the peak was denoted as d’ [34]. The signal d’ formed long-distance decoupling with the
signal labeled as f + 1 (2D HSQC, 1H 1.55 ppm 13C 72.0 ppm), evidencing the ether link
in between the cyclic structure and the polymeric backbone. These results provided clear
evidence to confirm the preservation of the pendent cyclic carbonate structure even after
long exposures to the plasma. Nevertheless, the presence of new peaks from by-products
was also detected. Labeled as (*) (1H 3.70 ppm/13C 61.00 ppm) could be correlated with
protons from methylene groups. COSY-NMR spectra evidenced an interaction between
them, and HSQC-HMBC evidenced a correlation of the signal (*) with the closed carbonate
cycle. The chemical structure of this compound and its origin are further discussed by
mass spectrometry analyses.

The determination of the molecular weights of the deposited products was carried
out by GPC. The chromatograms, normalized using the peak with the highest elution
time, are shown in Figure 6. They mainly revealed the presence of polydisperse products
of low molecular weights, ranging from 200 to 1000 g·mol−1. The presence of traces of
higher molecular weight polymers could also be inferred from the chromatograms. In-
creasing the plasma exposure time shifted the molecular weight distribution curve toward
high molecular weights, indicating an increase in the monomer conversion. The range of
molecular weights obtained agrees with the low degree of polymerization commonly re-
ported on the free-radical polymerization of allyl monomers by conventional wet chemistry
methods [10]. In the gas phase, the plasma-induced free-radical polymerization of allyl
alcohol and allylamine has also been reported [10,35]. Then, the same trends were observed
with the formation of oligomers not higher than 10–20 repeating units [36]. In all these
cases, the main mechanism behind this result has been related to the degradative monomer
chain transfer.

The low degree of polymerization of the products made it meaningful to attempt
their structural identification by gel permeation chromatography (GPC) coupled with
high-resolution mass spectrometry (HRMS). The MW distribution of the samples is shown
in Figure S6. As an effect of the exclusion limit of the mesopore column used in the
GPC-HRMS setup, in all the samples, a peak at 25 kg·mol−1 was observed. This con-
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firms the inferred presence of traces of high-molecular-weight polymers. Likewise, the
relative intensity of this peak increased with the plasma exposure time. For each sample,
the recorded chromatogram with the overlay representation of the HRMS spectra is in-
cluded in the Supporting Information (Figure S7). As an example, Figure 7 shows the
HRMS spectra corresponding to each of the peaks detected in the GPC chromatogram of
the sample with the lowest exposition to the plasma, A6CC-30. As a first simple approach,
just taking into consideration the m/z value of ionized adducts of [(A6CC)n + H+/NH4

+]
oligomers, the number of repeating units reached ca. 7, regardless of the exposure time.

 

−

Figure 5. HSQC-HMBC cross-peaks of the (a) A6CC and (b) A6CC-30 samples, where red (odd) and pink (even) con-
tours represent HSQC, and blue contours correspond to HMBC. HSQC reveals carbon–proton interaction, while HMBC
shows the interaction between the proton and neighboring carbons. (*) corresponds to the methylene groups of the
detected by-product.
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Figure 6. GPC chromatograms of the of the series of A6CC samples in chloroform: (a) A6CC-30,
(b) A6CC-40, (c) A6CC-50, (d) A6CC-70 and (e) A6CC-90. For reference, dashed lines indicate the
weight average molecular weights of the polystyrene calibration curve.

As expected for plasma-induced polymerizations, even with a first fractionation
by GPC (Figure S8), the high complexity of the HMRS spectra revealed the presence
of a mixture of compounds of different chemical structures. Indeed, in absence of a
chemical initiator, as it would be the case for conventional radical polymerizations, plasma-
induced polymerizations rely on the creation of radical species to initiate the reaction. Since
plasmas are composed of a wide variety of reactive species, including highly energetic
species, a plurality of non-specific reactions (i.e., fragmentation or dissociation, ionization,
recombination or integration) can take place. These radical species can also terminate
polymer chain growth. Recent studies by matrix-assisted laser desorption/ionization high-
resolution mass spectroscopy (MALDI-HRMS) on plasma-induced polymerized poly (alkyl
acrylates) have demonstrated that the simple hypothesis of a single σ-bond breakdown
per molecule to initiate the free-radical polymerization was able to resolve most of the
recorded spectra. To show that, the authors combined the mass of the repeating unit
(and its multiples) with the masses of up to 25 different radical and neutral fragments
resulting from a single bond breakdown, considering them either as the initial and/or
final end group [37]. For the sake of example, in Figure S8, the structures of potential
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radical species are compiled resulting from a single fragmentation of the A6CC monomer
by plasma-induced homolytic cleavage.

 

σ

.

Figure 7. Chromatogram of the A6CC-90 sample obtained by GPC-HRMS. For each elution time
range (a) 7.92–8.08 min, (b) 8.16–8.32 min, (c) 8.44–8.60 min and (d) 8.82–8.98 min the corresponding
HRMS spectrum is displayed. The ranges are indicated by color bands in the GPC chromatogram.
For reference, the number of repeating units (n) of the detected oligomers is given.

In this study, only the main peaks and isotopic patterns detected in the HRMS spectra
were addressed. For each polymerization time, Figure 8 shows the average mass spectra of
all the eluted samples, while the m/z values for the most relevant peaks are summarized
in Table S1. In all the spectra, the ionized adducts of the monomer chemical structure
(m/z: 201.113 H+ or 218.139 NH4

+) were detected, and the signal was used to normalize
the spectra. In spite of all the combinations that were assayed considering the potential
fragments from a single σ-bond breakdown and the mass of the A6CC repeating unit, most
of the masses detected with higher intensity could be correlated with the ionized adducts
of oligomers of different degrees of polymerization (n) with structures [H-(A6CC)n-H
+ H+/NH4

+], [H-(A6CC)n-CH2CH=CHOCH2(C6H9O3) + H+/NH4
+] and less abundant

[H-(A6CC)n-OH + H+/NH4
+] (as shown in Figure 9). While the unexpected high detection

of oligomeric species with hydrogen atoms as the initial end group, thus suggesting the
chain growth was initiated by a hydrogen radical, will still need to be properly addressed,
the combination of the sensibility of allyl monomers to undergo hydrogen abstraction
and the ability of plasma to abstract hydrogen atoms, including from allylic carbons by
DBD plasma [38], might play a significant role. Otherwise, the detection of oligomers with
hydrogen atoms as a terminal end group might reflect the occurrence of chain transfer,
characteristic from the well-known allyl polymerization mechanism. Oligomers with the
-CH2CH=CHOCH2(C6H9O3) end group could be related to the structure of the monomeric
allyl radical, resulting from the hydrogen abstraction either by chain transfer reaction
or by plasma-induced fragmentation. The contribution to the plasma polymerization of

112



Polymers 2021, 13, 2856

oxygen and water from the atmosphere, because of the open-air configuration of the plasma
reactor, could be the origin of the detection of hydroxyl terminated oligomers. The relative
concentration of each of these oligomeric structures to the A6CC monomer are plotted in
Figure 9 for each polymerization time. As expected, and in agreement with NMR and GPC
results, the detection of oligomeric species increases with the increase in plasma exposition
time. The distribution of their structures does not seem to be affected by the number of
runs under plasma. The abundance of [H-(A6CC)n-H + H+/NH4

+] oligomers is around
2.5 times higher than their [H-(A6CC)n-CH2CH=CHOCH2(C6H9O3) + H+/NH4

+] counter
parts. Otherwise, the incorporation of hydroxyl groups seems to increase with the plasma
exposition time, i.e., longer periods exposed to the atmospheric air.

 
Figure 8. HRMS spectra of plasma-induced polymerization of A6CC in the mass range
m/z = 150–1000 of (a) A6CC-30, (b) A6CC-40, (c) A6CC-50, (d) A6CC-70 and (e) A6CC-90.
The data plotted are the result of the average spectra between 5.5 and 11 min, and the spectra
were normalized to the monomer signal [A6CC + H+]. The mass peaks resulting from the oligomer
formation are indicated by dashed lines, where the color corresponds to the structures shown in
Figure 9. The exact m/z values assigned to these structures are listed in Table S1.
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Figure 9. Relative signal intensities to [A6CC + H+] monomer adducts of the products formed by
plasma-induced polymerization (data from Table S1).

The HRMS spectra also revealed the presence of a wide variety of signals (espe-
cially at low m/z), non-related to those associated with the monomer and oligomers
(Figure S9). In particular, the relative high intensity of the peak with the m/z value of
161.081 was addressed. As discussed previously, a byproduct was detected in the NMR
analyses. The combination of both HRMS and NMR spectroscopy results allowed us to
propose a chemical structure for this byproduct (R’ in Figure 9). The simplest mechanism
for the formation of this product could be the deallylation of the allyl ether pendent group
of the A6CC monomer. While this origin remains speculative, it allowed us to address
other peaks of the HRMS spectra where the detected masses supported the presence of an
open form of the cyclic carbonate [R-(A6CC)n-H + H+/NH4

+] (where n = 1 or 2 (361.186
and 578.318 m/z H+ or 378.212 m/z NH4+)). The proposed chemical structure, shown in
Figure 9, resembles the structure that will be obtained by ring-opening polymerization of
the A6CC initiated by the byproduct R’. In such a scheme, the alcohol moiety will act as the
initiator by reacting with the carbonate carbon, leading to the production of polycarbonate
oligomers [39]. Nevertheless, even if this secondary polymerization mechanism could be
further supported with additional work, the HRMS results reported here clearly indicate
that the plasma-induced polymerization of the A6CC monomer followed a free-radical
polymerization mechanism with a high retention of the pendent cyclic carbonate.

4. Conclusions

For the first time, the feasibility of the plasma-induced free-radical polymerization of
an allyl-substituted cyclic carbonate (A6CC) was demonstrated. The reaction products from
the exposure of A6CC liquid layers to atmospheric-pressure DBD plasma were extensively
investigated regarding the preservation of the pendent cyclic carbonate moieties and the
structure of the oligomers formed. FTIR spectra confirmed the reaction of carbon–carbon
double bonds and the formation of alkyl chains. Those findings agreed with the NMR
results that further demonstrated the preservation of a carbonate cyclic structure, which is
characterized by the interlocked diastereotopic protons of the carbonate ring. Increasing
the plasma exposure time did not affect the structure of the cyclic carbonate but increased
monomer conversion. After 90 s, A6CC conversion already reached 82% and rose by 10%
when the exposure time was tripled. GPC analysis revealed the formation of oligomers,
which agreed with the well-known low tendency of allyl monomers to homopolymerize.
These findings already demonstrate the ability of atmospheric-pressure plasma to induce
polymerization of the A6CC monomer. The determination of the chemical structure of
the formed oligomers was attempted by coupled GPC-HRMS analyses. For the series
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of samples studied, independently of the plasma exposure time, oligomeric species of
up to seven repeating units were mainly detected, which agreed with a chain-growth
polymerization mechanism and clearly differed from a plasma-state polymerization. While
the complexity of the HRMS spectra did not allow us to address all the masses detected,
those with the higher intensity could be related to the formation of oligomers with three
types of end groups, i.e., hydrogen atoms, hydroxyl and a derived form of the monomeric
allyl radical of the A6CC. The role of hydrogen abstraction either by chain transfer or
plasma-induced fragmentation was pointed out as a preliminary hypothesis. Additionally,
the combination of the NMR and HRMS results allowed us to identify and propose a
low-molecular-weight byproduct that was detected in all the studied samples. Tentatively,
its origin was attributed to the plasma-induced deallylation of the A6CC monomer and
its role as an initiator of a ring-opening polymerization of the cyclic carbonate introduced.
Overall, the results presented in this work open the door to the room temperature and
atmospheric-pressure copolymerization of allyl- and vinyl-substituted cyclic carbonates for
the plasma deposition of functional thin films with pendent cyclic carbonates, for instance,
to exploit the high reactivity of six-membered cyclic carbonates toward primary amines for
sensing and biotechnological applications.

Supplementary Materials: The following are available online at https://www.mdpi.com/article/
10.3390/polym13172856/s1, detailed assignment of the 1H NMR and FTIR spectra from the A6CC
monomer. Figure S1: FTIR spectra of the samples after exposure of A6CC to different plasma powers
and table runs. Figure S2: 1H NMR spectrum of the samples A6CC-90. Figure S3: COSY spectra of
the series of samples. Figure S4: Chemical structures of the A6CC monomer polymerized by the
allyl and the cyclic carbonate. Figure S5: HSQC-HMBC spectra of A6CC-40, -50 and -70. Figure S6:
MW distribution of the series of samples collected by GPC-HRMS. Figure S7: Overlay representation
of the GPC chromatogram and HRMS spectrum of the series of samples. Figure S8: potential
structures by single plasma-induced homolytic cleavage of A6CC monomer. Figure S9: zoom of the
A6CC-30 sample HRMS spectrum. Table S1: m/z values of the species monitored by high-resolution
mass spectrometry.
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Abstract: The treatment of a polymer surface using an atmospheric pressure plasma jet (APPJ) causes
a local increase of the surface free energy (SFE). The plasma-treated zone can be visualized with
the use of a test ink and quantitatively evaluated. However, the inked area is shrinking with time.
The shrinkage characteristics are collected using activation image recording (AIR). The recording is
conducted by a digital camera. The physical mechanisms of activation area shrinkage are discussed.
The error sources are analyzed and methods of error reduction are proposed. The standard deviation
of the activation area is less than 3%. Three polymers, acrylonitrile butadiene styrene (ABS), high-
density polyethylene (HDPE), and polyoxymethylene (POM), are examined as a test substrate
material. Due to a wide variation range of SFE and a small hydrophobic recovery, HDPE is chosen.
Since the chemical mixtures tend to temporal changes of the stoichiometry, the pure formamide test
ink with 58 mN/m is selected. The method is tested for the characterization of five different types
of discharge: (i) pulsed arc APPJ with the power of about 700 W; (ii) piezoelectric direct discharge
APPJ; (iii) piezoelectric driven needle corona in ambient air; (iv) piezoelectric driven plasma needle
in argon; and (v) piezoelectric driven dielectric barrier discharge (DBD). For piezoelectrically driven
discharges, the power was either 4.5 W or 8 W. It is shown how the AIR method can be used to solve
different engineering problems.

Keywords: atmospheric pressure plasma jet; dielectric barrier discharge; piezoelectric direct dis-
charge; surface free energy; test ink; surface activation

1. Introduction

The non-equilibrium atmospheric pressure plasma (APP) is broadly used for polymer
surface treatment [1–3], especially for the improvement of adhesion [4]. Even though it is a
long-known technology, the surface treatment of polymers remains the focus of current
research. The application examples are the improvement of adhesion on composites
of polymers with natural materials [5] or applications in medical sciences, for example,
tailoring of the cell growth [6].

Due to its excellent chemical and mechanical properties, polyethylene (PE) is a
widely used engineering material. Its drawback is its low surface free energy (SFE) of
31–37 mJ/m2 [7,8]. The APP is frequently used to increase the SFE of PE, to allow print-
ing, varnishing, coating, or gluing on its surface. Examples of studies focussing on this
subject include the application of dielectric barrier discharge (DBD) for the treatment
of high-density polyethylene (HDPE) [9] or ultrahigh-modulus polyethylene (UHMPE)
fibers [10].

A very versatile method of APP generation involves using atmospheric pressure
plasma jets (APPJ) [11,12]. There exist a large number of gaseous discharge architec-
tures used for such processing tools [13]. The APPJs are also used to increase the SFE of
polymers [14,15] and, consequently, to improve the adhesion of glues and molds [5], or
printability [16]. There is increasing interest in biomedical applications of cold APPJs [17].
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The mechanisms of the surface modification by atmospheric pressure plasma jets (APPJ)
are still not completely understood [18]. Different types of APPJ are used for the treatment
of PE, for example, the high voltage blown arc [14,19], the capacitive, cold APPJ [20], DBD
driven APPJ [21], or piezoelectric direct discharge (PDD) [22]. Several gases are used for
APPJ treatment of PE, for example, Argon [23,24] or compressed dried air (CDA) [19]. APPJ
improves adhesion to PE in 3D bio-printed structures [25] or modifies the surface properties
of shoulder implants made of ultra-high molecular weight polyethylene (UHMWPE) [26].
Compared with traditional polymer surfaces activation methods, such as flaming [27,28] or
corona treatment [29–33], the APPJs allow the achievement of locally much higher values
of surface free energy.

The diversity of APPJ physics and chemistry makes it difficult to evaluate and compare
the efficiency of different APPJs using conventional plasma plume diagnostic techniques,
such as electrostatic probe diagnostics [34], dielectric probes [35], optical emission spec-
troscopy [36,37], absorption spectroscopy between VUV to MIR [38], electron density
measurements by millimeter wave interferometry or by IR heterodyne interferometry [39],
high-speed photography [40,41], or calorimetric probe [42].

A pragmatic approach for comparative plasma source evaluation is to establish a
model process and define a measurable process parameter, for example, deposition rate,
etch rate, or activation speed. In this work, the activation area reached after some prede-
fined treatment time on the polymer surface is proposed as such a comparative parameter.

To determine the activation area, a novel activation image recording (AIR) technique is
developed. The test inks are investigated in a wide range of the SFE and the optimum ink is
selected. Three polymers, acrylonitrile butadiene styrene (ABS), high-density polyethylene
(HDPE), and polyoxymethylene (POM) are examined as materials for test substrates. The
tests with HDPE show its suitability for AIR.

This study aims to demonstrate that AIR is suitable for the comparison of APPJs
belonging to different power classes. On the one hand, the low power (8 W) room temper-
ature PDD type of plasma is used [22]. On the other hand, the powerful (700 W) pulsed
atmospheric arc (PAA) type of APPJ is applied [43]. The suitability for different types of
APPJ discharges and different gas mixtures should also be evaluated.

2. Materials and Methods
2.1. Atmospheric Pressure Plasma Sources

In this study, the activation area was produced using atmospheric pressure plasma
(APP) sources with seven discharge configurations, marked with A to G, illustrated in
Figure 1. The typical operation parameters for all configurations are summarized in Table 1.

Table 1. Discharge configurations and default operating parameters. Distance means the distance between the substrate
and the orifice of the nozzle for A, the tip of the CeraPlas™ for B and C, the tip of the needle electrode for E, F, and the
outer surface of the dielectric barrier for G.

Case Device Nozzle
Power Frequency Distance

Gas
Gas Flow

[W] [kHz] [mm] [SLM]

A plasmabrush® PB3 A450 700 54 25 CDA 35–80
B piezobrush® PZ2 CeraPlas™ F 8.0 50 6 air ∼20
C piezobrush® PZ3 CeraPlas™ F 8.0 50 6 air ∼10
D CeraPlas™ package CeraPlas™ HF 4.5 82 5 CDA
E piezobrush® PZ3 needle corona 8.0 50 3–20 air
F piezobrush® PZ3 plasma needle 8.0 50 3–25 Ar 3
G piezobrush® PZ3 DBD 8.0 50 1.0 air
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Figure 1. Discharge configurations. A—pulsed atmospheric arc (PAA) based APPJ, (B, C, D—
piezoelectric direct discharge (PDD), E—piezoelectrically driven needle corona, F—piezoelectrically
driven plasma needle discharge, and G—piezoelectrically driven dielectric barrier discharge (DBD).

In configuration A, the pulsed atmospheric arc (PAA) was used for plasma generation.
Its operation principle is explained in detail in [43]. As an example, the plasmabrush® PB3
of Relyon Plasma GmbH with A450 nozzle was used. This APPJ is an industrial device
designed for the high-speed treatment and allows control of the plasma ON-time in the
ms range.
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The configurations B,C, and D are all based on the piezoelectric direct discharge
(PDD), described in detail in [22], but representing different technical solutions. The
configurations B and C were used in the commercial hand-held devices piezobrush® PZ2
and piezobrush® PZ3 of Relyon Plasma GmbH, respectively. Both applied the piezoelectric
transformer CeraPlas™ F [44] for high voltage generation. The main differences between B
and C in the physical sense are the different air flows (see Table 1). For some experiments,
the PDD was generated using the CeraPlas™ HF (discharge configuration D) [45], which is
smaller than CeraPlas™ F. Consequently, its maximum operation power was lower and the
operation frequency was higher (compare the operation parameters in Table 1).

In configuration E, a needle corona [46] was supplied with high voltage (HV) from
the CeraPlas™ F over a plasma bridge [47]. This HV causes an atmospheric air corona
discharge on the tip of the needle electrode.

The configuration F, referred to as a plasma needle [48], consisted of the same needle
electrode as in configuration E, but was operated in a gas flow of different gas mixtures [47].
In this study, the results obtained with argon as a plasma gas are presented.

The discharge configuration G produced a dielectric barrier discharge (DBD) with
an active electrode being the HV tip of the CeraPlas™ F. Configurations E, F and G are
realized technically as replaceable modules for piezobrush® PZ3 [47].

Figure 2a shows a generic setup for substrate surface activation, with the distance d
between the treated surface and the plasma source. The meaning of this distance differs
depending on the configuration. The plasma source reference position for configuration A
is the tip of the copper nozzle A450 of the plasmabrush® PB3. For configurations B, C, and
D, this reference is the tip of the piezoelectric transformer CeraPlas™ , for configurations E
and F, the tip of the needle powered piezoelectrically, and for configuration G, the outer
surface of the dielectric barrier.

d

plasma source

polymer substrate

PLASMA
substrate

test ink patch

pedestal 

digital camera

start-stop button

sensors

(a) (b)

Figure 2. Experimental setup. (a) Generic setup for activation of the polymer substrate surface. The meaning of d depends
on configuration A–G as defined in Table 1. (b) Picture of setup for AIR.

2.2. Visualization of the Activation Area

The activated zone on the surface of the polymer substrate produced using one of the
discharge configurations listed in Table 1 can be visualized by spreading a test ink over the
substrate surface. The properly chosen value of the test ink (see Section 2.4.3) assures that
the ink is wetting only the activated surfaces and rolls off the non-treated surface areas.

The plasma source was positioned at a given distance from the substrate surface and
the power was switched on for a short predefined time. Figure 3 shows the shapes of the
visualized activation area produced using discharge configuration A, C and G. As can be
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expected, the rotationally symmetric configuration A produces a rotationally symmetric
activation zone. The difference between pictures A1 and A2 is in treatment time, which
is 100 ms and 3 s, respectively. In the case of A2, the treatment time is so long, that the
thermal damage in the center of the activation zone occurs, resulting in the reduction of
the SFE.

The pictures C1 and C2 show the activation zones produced in configuration C. The
activation zone visualized in picture C1 was produced by a 10 s treatment at a distance of
4 mm. The kidney-like shape was caused by the shape of the discharge itself, following
the rectangular geometry of the CeraPlas™ F HV tip. The image in C2 was obtained at
the much larger distance of 10 mm and the shorter treatment time of 1 s, resulting in the
splitting of the activation zone into two small sub-zones. The activation images produced
using configurations B and D are very similar to the image for configuration C because
they were also generated by the piezoelectric device of CeraPlas™ type.

The pictures G1, G2 and G3 show the activation areas produced in configuration G. The
characteristic four-folded shape in G2 is caused by the four fixtures used to keep the quartz
dielectric barrier cup. The pictures G1 and G3 demonstrate how the tilting of the plasma
handheld instrument affects the shape of the activation area. The tilting was performed
in the direction perpendicular to the narrow and to the wide sides of the CeraPlas™ F,
respectively.

The circular activation areas related to the rotationally symmetric needle electrodes of
configuration E and F are not shown in Figure 3.

A1

A2

C1

C2

G1

G2

G3
Figure 3. The shapes of the activation area visualized by the 58 mN/m test ink on the HDPE substrate
for configurations A, C and G. The sizes of the substrates seen in pictures for A and C are 50 mm ×
50 mm. The treatment times are 100 ms, 3 s, 10 s, 1 s and 20 s for A1, A2, C1, C2, and G1−3 respectively.

2.3. Activation Image Recording

The shape of the activation area provides interesting information about the character
of the plasma source used for the activation. However, for quantitative evaluation of the
plasma source performance, some reference value must be defined. In this study, the area
of the activation visualized by the test ink is such a value. To increase the accuracy and
repeatability of the evaluation of the test ink patches, the automated method of ink patch
area determination was introduced. Since the area of the ink patches changes over time
(see Section 3.1.1) the pictures of the ink patch were taken in short intervals with a digital
camera (see Figure 2b). The contour of the ink patch was automatically recognized and the
number of pixels was counted. By comparison with the number of pixels of the known area
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of the entire substrate, the actual area of the test ink patch was calculated. The algorithm
applied in the activation image recording (AIR) the method has some limitations. The
image recognition was optimized for dark blue ink on a white substrate. If the test ink was
of another color or was too pale, errors in recognition of the ink patch boundary could
occur. Such errors are also possible if the substrate was dark or if the illumination of the
ink patch was weak or not time-stable. In the case of splitting of the activation area into
more than one patch, as shown in C2 in Figure 3, the largest sub-patch was selected for
evaluation. The not inked areas within the ink patch, such as the inner circle shown in A2
in Figure 3, were not subtracted.

2.4. Test Inks

2.4.1. Formamide Based Test Inks

Different liquid mixtures were used for the production of test inks suitable for the de-
termination of the SFE of solid surfaces. The test inks defined in a number of standards [49]
and gauging the surface energies from 31 to 58 mN/m were mixed with formamide and
2-ethoxyethanol (alternative names: ethylene glycol monoethyl ether or ethyl Cellosolve—
registered trademark of Union Carbide Corp.). The dependence of the gauged SFE on the
volume percentage of formamide in the test ink mixture is shown in Figure 4a. For gauging
the test inks in the SFE in the range from 58 to 72 mN/m, the mixtures of formamide with
DI water were used. The linear approximation of the SFE on the volume percentage of
fomamide in a formamid–water mixture is also shown in Figure 4a.
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Figure 4. Determination of the SFE by use of the test inks. (a) The SFE gauged by the test ink consisting of formamide mixed
with 2-ethoxyethanol (blue curve, according to [49]) and formamide mixed with water (red line, linear approximation)
as a function of formamide volume percentage; (b) The typical radial distribution of the SFE after HDPE treatment in
configuration C. The SFE levels for water and formamide test inks, and for the levels sufficient for printing on HDEP, are
depicted with dashed lines.

2.4.2. SFE Radial Distribution

Since the chemically active species causing the surface activation were not distributed
homogeneously across the plasma plume of an APPJ, the SFE also varies across the activated
zone. Consequently, applying the test inks gauged with different SFEs, different sizes of
the activation zone were obtained. Figure 4b shows the radial distribution of the SFE on an
intensively treated HDPE. The size of the visualized activation zone almost doubled if the
test ink 46 mN/m was taken instead of the pure water-based test ink 72 mN/m. On the
one hand, the relative accuracy of the AIR method improves with the size of the activation
zone. On the other hand, a too low SFE of the test ink results in large visualized areas even
for poor activation. The SFE value of 58 mN/m is a good compromise between these two
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extremes. The intensive treatment means that a large part of the activation area reaches
the saturation value of 72 mN/m. For weak treatment, the SFE distribution curve could
be below the 58 mN/m resulting in no visualized activation area. The SFE distributions
reaching just over the 58 mN/m line would be not suitable, because the visualized area
would be very sensitive to any random influences and the results would be unreproducible.
The assumption for the validity of the AIR method is that the treatment time is long enough
to assure the intensive treatment.

2.4.3. Aging of Test Ink

Since the 2-ethoxyethanol is more volatile than the formamide, the stoichiometry, and
consequently the SFE gauged by test ink mixed from formamide and 2-ethoxyethanol,
can increase over time. It corresponds to the movement to the right along the blue line
in Figure 4. This test ink will show a smaller activation area than the not aged test ink.
No such change of composition is exhibited by the 58 mN/m test ink, because it is made
of 100% formamide. The pure formamide has a surface tension of 58.2 mN/m but the
commercially available inks are specified with some tolerance, typically ±0.5 mN/m. No
sensitivity to stoichiometry was an important reason for the selection of this specific ink as
a standard for this study.

Despite using the test ink consisting of a single liquid chemical, strong differences
in the visualization result can be observed when older formamide test inks are used. The
activated areas visualized with test ink from vials differing in age by more than 2 years
differ by more than 25%. On the other hand, the results obtained with fresh ink from
different vials are very reproducible with the relative standard deviation of visualized
areas of less than 3%.

The other origin of the instability of formamide based test inks is their hygroscopic-
ity [50]. When absorbing moisture from humid air, the test ink dyne number shifts in the
direction of higher values causing a decrease of the visualized surface. It corresponds to
the movement to the left along the red line in Figure 4.

To avoid the aging of the ink, only fresh ink vials were used and the vial remained
open only for a short time of ink application.

2.4.4. Environmental Influences

It is known that environmental conditions, such as air temperature, relative humidity
and pressure, have a significant influence on the wetting properties of liquids on polymer
surfaces. The liquid temperature has a significant influence on its surface tension. The
temperature coefficient of surface tension is −0.1514 and −0.0842 mN/(K·m) for water
and formamide, respectively. Consequently, a variation of temperature of more than 10 K
would cause the change of the calibration number of the formamide test ink.

It is documented in the literature that the increase of the pressure causes an increase
of the contact angle [51], which manifests in a decrease in the activation area.

The humidity influences both the surface tension of the liquid water–air interface [52]
and the water contact angle on the solid surface [53].

To evaluate the influence of the environmental factors on the activation area results,
these conditions are logged in during the test ink patch evaluation. The temperature,
humidity, and pressure sensors are placed at a distance of 10 cm from the optical axis of
the digital camera (see Figure 2b).

2.5. Substrates

The substrates used in this study are made of three pristine polymers: acrylonitrile
butadiene styrene (ABS), high-density polyethylene (HDPE), and polyoxymethylene (POM)
and are delivered by Rocholl GmbH, Germany. It is known that additives, such as stabiliz-
ers, have a strong influence on the surface properties of polymers [54]. For test substrates,
the “natural” HDPE without additives were used. For plasma treatment and activation
area evaluation the substrates with sizes 100 mm × 50 mm × 2 mm or 50 mm × 50 mm ×
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2 mm were used. The second one was assumed if no explicit information was included. For
plasma treatment, the substrates were fixed on a solid block of HDPE with sizes 100 mm ×
100 mm × 10 mm. Only the substrates treated in discharge configuration G were placed on
a grounded metal plate.

According to the standard [49], the substrates were preconditioned after delivery
at least 40 h under 23 ◦C and 50% humidity. No cleaning procedure was applied. All
substrates were treated with plasma and exposed to the test ink at temperature 23 ◦C ±
2 K and a relative humidity of 50% ± 5%.

3. Results and Discussion

The results consist of two parts. In the first part, different influences on the visualized
activation area are analyzed and the definition of the activation area, as used for the evalu-
ation plasma sources’ performance, is proposed. In the second, the proposed definition of
the activation area is implemented to evaluate different types of APP sources.

3.1. Activation Area Determination

3.1.1. Shrinkage of the Test Ink Patch

As Section 2.3 stated, the activated area wetted with test ink decreases significantly
with time. The strongest change is observed within a few seconds after application of the
test ink. The stable value is reached within minutes. The dependence of the visualized
activated area on time elapsing after an ink application, as shown in Figure 5a, will be
called shrinkage characteristics.
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Figure 5. Shrinkage characteristics of the 58 mN/m test ink patch (a) taken for 3 min on HDPE, and (b) taken 17 s on three
substrate materials: ABS, HDPE and POM. The discharge configuration C was used.

In this example, the shrinkage speed of the test ink patch decreases with time. In the
first second, the ink patch area decreases by 8%. At 7 s after wetting, the shrinkage speed is
about 1.4% per second. At 2 min after wetting, it is only 0.11%/s. As a reference time for
the AIR method, the time of 10 s with shrinkage speed of 0.8%/s is set. It is a compromise
between a large error in the surface determination for very short times and the influence of
material and environmental factors for very long times.

The activation area visualized after 10 s of shrinking corresponds, not exactly, to
58 mN/m. Due to the water absorption in the ink after 10 s, the ink shows the wetting
of surfaces with higher surface free energy than 58 mN/m. The value for t = 0 s would
correspond to exactly 58 mN/m because the test ink has this property immediately after
application only. The application recipes for the commercial test inks prescribe that the
evaluation of the ink wetting should be conducted within 2 s after application, accepting
the disadvantage of the very fast-changing of the ink wetting properties in this time range.
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3.1.2. Selection of Substrate Material

The selection of the substrate material has a strong influence on the accuracy and
activation area range of the AIR method. On the one hand, it is important that the selected
material should have the SFE without plasma treatment far below the value of 58 mN/m.
On the other hand, the maximum SFE reachable after the plasma treatment should be
significantly higher than 58 mN/m.

The formamide based test inks are “blind” on the polar component of activation on
some plastics; an example is a popular polymer PVC (polyvinyl chloride) [55]. Such
materials can be excluded as a standard for plasma sources’ evaluation. Another group
of materials, not suitable for this purpose, is that exhibiting a strong hydrophobic recov-
ery [56,57]. The materials that significantly lose their hydrophilicity obtained by plasma
treatment after minutes are, for example, thermoplastic polyurethane (TPU) [58] or poly-
dimethylsiloxane (PDMS) elastomer [59]. A comparatively weak hydrophobic recovery
exhibits polyethylene (PE), especially if treated with oxygen-containing plasmas [60]. Its
native contact angle with deionized water is about 90◦ and the SFE of the HDPE substrates
used in this study is 36 mN/m. The measurements conducted in our lab with the use of
a Krüss droplet test instrument show that the SFE of 66 mN/m and the contact angle of
34◦ reached after brief plasma treatment remains unchanged after 4 h in ambient air. The
contact angle increases in 100 days by 7◦, which is much less than for many common poly-
mers. For a change of activation area with storage time after treatment—see Section 3.1.6.
Our measurements on ABS substrates plasma-treated in configuration A also show no
measurable hydrophobic recovery 4 h after the plasma treatment.

Due to the wide range of SFE after plasma activation and low hydrophobic recovery,
the ABS, POM and HDPE are suitable substrate materials for the AIR method. To select
the best material among these three, the shrinkage characteristics for these materials were
collected. The results are shown in Figure 5b. Two disadvantages of POM can be stated.
First, the activation area of POM is much lower than that of ABS and HDPE, causing
the reduced resolution of the AIR technique. The second is the speed of variation of the
activation area. The ratio of starting area to the area after 10 s of shrinking is 2.07 for POM,
compared with 1.35 and 1.25 for ABS and HDPE, respectively.

The possible explanation of the strong variation of the shrinkage characteristics for
POM can be its strong water absorption reaching up to 0.5% of water in comparison with
HDPE, absorbing only up to 0.01% of water. In the case of POM, the water from the
substrate can be absorbed by the hygroscopic formamide, increasing the gauged surface
free energy and consequently decreasing the visualized activation area.

The high sensitivity on plasma activation makes ABS advantageous as a reference
substrate for the evaluation of weak plasma sources. The well-defined pure water test ink
with 72 mN/m can be used in combination with ABS substrate. The red curve in Figure 6a
shows the activation area on the ABS surface generated in configuration G as a function of
the SFE value of the test ink. The curve shows that, after only a 10 s treatment, a very small
variation of the activation area of 7% is observed when changing the SFE of the activation
area definition from 46 to 72 mN/m. The consequence is the reduced range of activation
area available for the AIR method. A small difference between strongly and weakly
activated areas can be expected. In contrast to ABS, the HDPE substrates show a very
strong variation of the activation area with SFE value of the test ink, more than doubling,
when the SFE value of the test ink decreases from 72 to 46 mN/m. A similar difference is
observed for HDPE activated in configuration C (see Figure 6b). This outstanding range
of the activation area on HDPE was an important reason for the selection of HDPE as a
standard material for the AIR method.
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Figure 6. The visualized activation area on a substrate surface as a function of SFE calibration of the test ink. (a) Discharge
configuration G was used with the treatment time of 20 s on HDPE and 10 s on ABS; (b) Discharge configuration C was
used for 10 s treatment on HDPE.

3.1.3. Ink Patch Shrinkage Mechanism

In this section, results are presented that support the thesis that the increase in water
concentration in the formamide test ink layer is the main reason for the ink patch shrinkage.

During the collection of shrinkage characteristics, the relative humidity in the substrate
vicinity was raised intentionally by about 10% for 5 s. During this time, a strong increase in
the shrinkage speed can be observed (slope line 2 in Figure 7a). This result confirms the
shrinkage mechanism based on the increase of water content in the ink. A significantly
smaller shrinkage speed after exposure to higher humidity (slope line 3 in Figure 7a) than
before exposure (slope line 1) can be explained by this effect. Since during the exposure
of the ink to air with higher humidity, a higher concentration of water in ink is reached,
after establishing the previous value of humidity, the shrinkage speed is lower because the
concentration gradient of water in the air and the ink is lower.
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Figure 7. Shrinkage characteristics of the 58 mN/m test ink patch on HDPE plasma-treated in configuration C. (a) The
segment showing the influence of increased air humidity; (b) The influence of the different amounts of applied ink.

The amount of applied test ink has a significant influence on the shrinkage characteris-
tics. In Figure 7b, the curves for the increasing amount of ink, given in droplets (1 droplet
≈ 8 µL), are shown. The strongest variation of the shrinkage characteristics is for the
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smallest amount of ink. This correlates with the scenario of humidity penetration from
the ambient air into the test ink. The larger the amount of the ink, the lower the water
concentration and, consequently, the smaller the SFE change gauged by the test ink. This
scenario is also in agreement with the observation that the difference between curves for
one and two droplets is much larger than between the curves for two and three droplets.

The differences for the 10 s point are in the range of 10%, which is significant for the
AIR method. To minimize the error resulting from this effect, the amount of ink should
be proportional to the activation area, to keep the thickness of the ink film constant. The
pragmatic rule for the experiments in this study is that the activation areas below 300 mm2

are visualized with a single ink droplet, and, for activation areas larger than 300 mm2, with
two droplets.

3.1.4. Influence of Ink SFE Value on Shrinkage Characteristics

Figure 8 shows the relative (all values of one curve are divided by its maximum
value) shrinkage characteristics for the test inks in the range from 46 to 72 mN/m. They
correspond to the activation area points from the plot in Figure 6b. The variation of
the shrinkage characteristics from 46 to 58 mN/m, shown in Figure 8a, increases with
increasing gauged SFE value, which correlates with an increase in the volume percentage
of the formamide in the 2-ethoxyethylene/formamide test ink. In this case, the hygroscopic
properties of the the formamide can explain this tendency. The higher volume percentage
of the formamide in the test ink, the faster the absorption of the water from humid air
in hygroscopic formamide and, consequently, the stronger the change of the gauged SFE.
However, a geometrical effect can also play an important role. With the increasing total
area of the ink patch, accompanying the test ink SFE value reduction, the same linear shift
of the patch boundary during shrinking results in less relative area change.
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Figure 8. Comparison of relative shrinkage curves for test inks produced as mixtures of formamide with (a) 2-ethoxyethylene,
and (b) water. The HDPE substrate was treated in configuration C.

Figure 8b shows the shrinkage characteristics recorded for the mixture of formamide
with water. A shrinkage mechanism different to that described earlier must be considered
for an explanation of these curves, because the presence of water in the mixtures excludes
a strong change due to water absorption. The faster evaporation of formamide than water
could be speculated, but the shrinkage characteristics for test ink gauged with 72 mN/m
(100% water) require different explanations most probably based on an interaction between
water and the activated HDPE surface.
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3.1.5. Renewed Ink Application

For a better understanding of the mechanisms of the ink patch shrinkage, the shrinkage
characteristics were collected after renewed test ink application on the same patch. This
experiment should show whether the origin of the shrinkage is related to the change of
substrate surface properties or ink properties. In Figure 9a, the shrinkage characteristics for
the fresh ink patch and the same ink patch refreshed two, four, and six times by the new test
ink are shown. It can be observed that the starting points of all four shrinkage characteristics
are quite close to each other. This means that the application of fresh ink causes gouging of
the starting value of the visualized surface, which allows the conclusion that no substantial
change in the activation area between taking two subsequent characteristics occurs. The
conclusion of this experiment is that the changes in the test ink properties themselves are
responsible for the shrinkage of the test ink patch.
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Figure 9. Shrinkage characteristics of the 58 mN/m test ink patches (a) directly after first ink application, after 1, 3 and 5 ink
re-applications and (b) after 1, 3 and 5 ink wiping and renewed application. Treatment conducted in configuration D with
the power of 4.5 W at the distance of 5 mm.

To ensure that the shrinkage characteristics start with test ink without water admixture,
the series of shrinkage characteristics were collected for fresh ink applied on the activated
area after the removal of the previously applied ink. The test ink was removed by dabbing
off with cellulose tissue. In Figure 9b, three such characteristics are shown for inking after
one, three, and five ink removal/application cycles. It can be observed that the starting
point of all characteristics is roughly at the same level, confirming the thesis that no change
of the 58 mN/m activation area occurs. The observable change is the shift of the asymptotes
to which the characteristics converge. They decrease with the number of whippings and
re-applications of the test ink. The possible explanation of such behavior is the decrease of
the maximum SFE on the HDPE surface after each wiping of the test ink. It is known that
PCT (physical contact treatment), for example by the use of cellulose tissues, causes strong
hydrophobic recovery. It was documented for PS, COP and PDMS in [61] that mechanical
rubbing the activated surfaces causes the hydrophobic recovery. The ink removal with
tissue from the HDPE surface can partially affect the layer of activation and cause the
reduction of the SFE values. The flatter surface distribution of SFE results in a larger area
decrease by a small change of the SFE gauged by the test ink.

3.1.6. Hydrophobic Recovery

Typically, the hydrophobic recovery refers to the decrease of the SFE during long-
term storage. For example, on oxygen-plasma treated polyethylene surfaces, a strong
hydrophobic recovery is described [62]. The surface free energy of 46 mJ/m−2 reached on
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LDPE after corona treatment decreases after 22 days of exposition to air, down to the SFE
of 36 mJ/m−2 [63], compared with the SFE for non-treated LDPE of 31 mJ/m−2.

In this study, the hydrophobic recovery refers to the reduction of the visualized
activation area as a function of storage time. Figure 10 shows such a dependence for HDPE
surface treated in configuration D. No hydrophobic recovery is stated in the time scale of
the AIR measurement.
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Figure 10. Influence of the storage time on the activation area. The plasma treatment of HDPE
substrates was conducted in configuration D and visualized with the 58 mN/m test ink.

Despite the hydrophobic recovery documented for HDPE, no significant reduction
of the activation area can be observed after storage of the activated substrates over an
extended period. The results in Figure 10 document the changes over 300 h. The trend
line shows in this time a decrease of 3 % of the activation area per 100 h. This result
is not contradictory to the previously reported hydrophobic recovery results because
those are related mainly to the decrease of the maximum value of the SFE reached after
plasma treatment. Since the SFE of 58 mN/m used as a threshold for visualization in
this work, which is much less than the maximum value of SFE obtained after treatment
in configuration D, reaching the SFE of up to 72 mN/m (see Figure 6), the contour with
58 mN/m does not have to be affected much by the decline of the maximum SFE.

3.2. Characterization of Plasma Sources

To demonstrate the plausibility of the results collected with the AIR method, typical
examples of operational characteristics of different APPS are presented and discussed.
These are the dependence of the activation area (58 mN/m test ink on HDPE) on the
treatment time and the distance from the plasma source.

3.2.1. Dependence on Treatment Time

Fricke et al. [64] showed that the width, defined by the use of the profiles of the
contact angle, of the activation area produced on the surface of polyethylene with APPJ
non-linearly increases with treatment time and shows a tendency to saturate for very long
treatment times. A similar behavior is observed for activation areas generated for both the
PDD type plasma jets (see Figure 11a) and the PAA based plasma jets (see Figure 11b).
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Figure 11. Dependence of activation area (58 mN/m, HDPE) on the treatment time. The plasma treatment is performed in
configurations (a) B and C, and (b) A, operated at conditions from Table 1, respectively. The area of thermally induced loss
of glossiness is included for comparison.

The two curves in Figure 11a show the dependences of the activation area on the
treatment time for configurations B and C, respectively. The main difference between the
operating conditions of these two configurations is different airflow. Configuration B is
equipped with a stronger fan. The reduced dilution of the chemically active species in
configuration C results in a higher activation efficiency, which is documented by a 17%
increase in the activation area.

Configuration A is operated with power two orders of magnitude higher than that of
B and C. The consequence is a much higher plasma temperature, which ranges from a few
hundred ◦C in the diffuse plasma zone, to several thousand ◦C in the arc zone. This thermal
difference causes a major difference in plasma chemistry. While the PDD produces ozone
and active oxygen as the main chemical species, almost no ozone and high concentrations
of nitrogen oxides, such as nitric oxide (NO) and nitrogen dioxide (NO2), are measured in
gaseous products of the PAA plasma jet. Despite this difference, the PAA based plasma
tools very efficiently activate the HDPE surface, with maximum SFE reaching 68 mN/m,
corresponding to the contact angle of DI water of 35◦. With such maximum value of SFE,
the formamide gauged for 58 mN/m can be used for the quantitative evaluation of such a
plasma jet.

The treatment area for configuration A was determined as a function of the treatment
time and is visualized in Figure 11b. Even for the shortest pulse of 50 ms, an activation
area of 63 mm2 is determined. For plasma switched on longer than 50 ms, not only the
activation area can be visualized by test ink, but also a glossy HDPE surface becomes
visibly mat. Such surface changes can be explained by a preferential material abrasion of
low molecular weight materials, which produces changes in surface topography [65]. An
interesting point on the time scale is the cross-over of the mat area curve and the activation
area curve, occurring at 470 ms. For treatment times longer than 0.5 s a partial melting
in the center of the activation area can be observed. The picture of the molten zone in
the middle of the mat zone on the HDPE substrate is shown in Figure 12. Such molten
areas have much lower SFE compared with a non-molten surface. For treatment times
longer than 2 s, the molten zone becomes not wettable with formamide 20–30 s after the
ink application. Such a case of partial wetting is shown in Figure 3, picture A2. After the
reference time of 10 s, the molten zones were wettable. Consequently, the points for 3 and
5 s are included in the plot.
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50 mm

mat zone
molten zone

Figure 12. The picture of the HDPE substrate taken after treatment in configuration A operated at
conditions from Table 1. The treatment time is 3 s.

3.2.2. Influence of the Substrate Distance

A further physical factor strongly affecting the activation area is the distance between
the plasma source and the substrate. For plasma sources in configurations B and D, the
activation area decreases with the distance increasing over 5 mm (see Figure 13a). This can
be explained by increasing the dilution of the chemically active species and weaker electric
fields enhancing the activation. The activation area for configuration B is roughly twice as
high as that for configuration D because its operating power is higher by a factor of two. It
can be also observed that the treatment with configuration B is possible at a larger distance
of about 15 mm than for D, decaying at about 12 mm.
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Figure 13. Dependence of the activation area (58 mN/m, HDPE) on distance for (a) configuration B and D, and (b)
configuration E and F.

Much longer activation zones show the plasmas generated in configuration E operated
in ambient air and F operated in argon flow. The activation area of both configurations is
represented by red and blue lines in Figure 13b, respectively. The points of decay (zero
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points of the fitting lines) are 21 and 26 mm, respectively, compared with 15 mm for
configuration B. Configuration E is operated without airflow. Consequently, the reason for
the elongation of the plasma zone can be the more focussed electric field produced by the
needle electrode. The even longer plasma jet in configuration F is caused by the argon flow.
It contains long-living activated species, which can be transferred over a longer distance. It
also allows us to sustain plasma at much lower electric fields, due to its lower break-down
voltage. These tendencies are in agreement with well known results for other types of cold
APPJs [66] and confirm the plausibility of the AIR results.

4. Conclusions and Outlook

A novel method for the evaluation of the activation area produced on polymer surfaces
by atmospheric pressure plasma jets is proposed. The activation image recording (AIR)
with a digital camera is used for the collection of shrinkage characteristics of activation
zones wetted by the test ink.

This study demonstrates that AIR can be used as a diagnostic technique for the
performance evaluation of atmospheric pressure discharges at different working conditions.
It is also shown that it is suitable for the comparison of strongly different types of APPJs.

HDPE is selected as the best suitable material for test substrates thanks to: (i) its wide
range of SFE achieved after APPJ treatment; (ii) low hydrophobic recovery; (iii) availability
as a polymer without additives; (iv) moderate cost; and (v) high popularity as a reference
material for plasma studies.

For activation area visualization, the test ink gauged for 58 mN/m (pure formamide
liquid) is selected because: (i) the influence of changes of the proportion of two liquids with
different volatility can be avoided; (ii) the SFE value is almost in the middle between the
SFE of non-treated HDPE (35 mN/m) and the maximum achievable SFE of (72 mN/m); and
(iii) formamide is defined as a component of the test inks in several important international
standards.

The reference time on shrinkage characteristics is 10 s after distribution of the test ink
on the HDPE surface. It is a compromise between a large absolute error in the area deter-
mination for a very short reference time and the influence of material and environmental
factors and increasing relative error for a very long reference time.

The optimal treatment time should be selected depending on the kind of discharge
and scales inversely proportional with plasma power. For example, to achieve a good
resolution of the AIR results for the 700 W plasma device, the plasma treatment time in the
ms range is needed. For PDD and other CeraPlas™ driven discharges, the treatment time
of 10 or 20 s is optimal.

It is shown that the hydrophobic recovery, defined as change of the activation area
with storage time after HDPE treatment with CeraPlas™ based device, is very slow: 3%
per 100 h.

The origin of the short-term changes is in the temporal variations of the test ink prop-
erties. The most probable reasons for such variations are: (i) the change of stoichiometry of
the two-component test ink due to different evaporation speeds of the components; (ii) the
absorption of water from air humidity in the pure formamide test ink.

To achieve exact, statistically sound and reproducible results with the AIR method,
some assumptions and rules of handling must be fulfilled.

• The AIR results are valid only for intensive discharges, when 72 mN/m saturation on
a large part of the activation area on HDPE is reached;

• the treatment time should not exceed the limit for the thermal damage of the HDPE sur-
face;

• only a fresh test ink should be used, and the test ink vial should be opened only for a
short time of ink application;

• the amount of the test ink should be adjusted to the size of the activation area; and
• the AIR measurements should be conducted at room temperature and medium hu-

midity.
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Even though the physical and chemical mechanisms of the test ink patch shrinkage
are not explained in detail, the shrinkage characteristics are successfully used for solving
engineering problems during the development and evaluation of the novel plasma tools.
Using AIR, the authors approached the following engineering tasks:

• determination of the optimum operating conditions for the maximum surface activa-
tion speed;

• investigation of the influence of the constructional changes on the APPJ performance;
• determination of equivalent working point for plasma tool replacing a different one;
• the investigation of the performance changes of the APPJ in course of an endurance

test; and
• the analysis of the influence of the type of discharge on the hydrophobic recovery.

The results of this study show that further work on this subject is needed. Among
others, the physical–chemical mechanisms of the time-dependent shrinkage of the test ink
patches should be investigated in more detail. The experimental development could also
further improve the accuracy of the AIR technique. One example is the automation of the
test ink application, allowing us to dose an exact amount of the liquid and to determine
exactly the starting point for the ink patch shrinkage process.
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Abstract: Orthopaedic implants and temporary osteosynthesis devices are commonly based on
Titanium (Ti). For short-term devices, cell-material contact should be restricted for easy removal after
bone healing. This could be achieved with anti-adhesive plasma-fluorocarbon-polymer (PFP) films
created by low-temperature plasma processes. Two different PFP thin film deposition techniques,
microwave (MW) and radiofrequency (RF) discharge plasma, were applied to receive smooth, hy-
drophobic surfaces with octafluoropropane (C3F8) or hexafluorohexane (C6F6) as precursors. This
study aimed at examining the immunological local tissue reactions after simultaneous intramus-
cular implantation of four different Ti samples, designated as MW-C3F8, MW-C6F6, RF-C3F8 and
Ti-controls, in rats. A differentiated morphometric evaluation of the inflammatory reaction was
conducted by immunohistochemical staining of CD68+ macrophages, CD163+ macrophages, MHC
class II-positive cells, T lymphocytes, CD25+ regulatory T lymphocytes, NK cells and nestin-positive
cells in cryosections of surrounding peri-implant tissue. Tissue samples were obtained on days 7,
14 and 56 for investigating the acute and chronical inflammation (n = 8 rats/group). Implants with
a radiofrequency discharge plasma (RF-C3F8) coating exhibited a favorable short- and long-term
immune/inflammatory response comparable to Ti-controls. This was also demonstrated by the sig-
nificant decrease in pro-inflammatory CD68+ macrophages, possibly downregulated by significantly
increasing regulatory T lymphocytes.

Keywords: titanium (Ti) alloys; low-temperature plasma polymerization; plasma-fluorocarbon-polymer;
anti-adhesive surface; inflammatory/immunological response; intramuscularly implantation

1. Introduction

Titanium alloys are still among the most commonly used materials for metallic im-
plants in orthopedic and trauma surgery for long-term use such as joint or hard tissue
replacement as well as in temporary fracture fixation devices, including internal and ex-
ternal fixators, intra-medullary nails and screws. This is mainly due to their excellent
biocompatibility, high corrosion resistance and low ion-formation tendency [1], which
leads to encouraged cell adhesion and the osseointegration process. While this is of great
importance for long-term prosthetic applications, the requirements for short-term implants
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are quite different. The purpose of temporary implants is to stabilize the fragments of
fractured bone in order to allow healing and repair processes to occur but not to integrate
into the bone to ensure safe removal [2]. However, to the present day the retrieval of
metallic fracture-fixation devices is still associated with a risk of nerve and soft tissue
damage, and the possibility of harming the newly formed bone by using a great amount of
pullout force, and longer operation times [3,4].

After immediate surface adsorption of blood proteins, the interaction of cells and
the implant as well as the characteristics of the metallic surface have a great influence
on the initial attachment process. This is mediated by integrin receptors, leading to
adhesion as well as a primary immune response of the body [5,6]. It is well estab-
lished in the literature that the surface microtopography such as roughness or micro-
discontinuities, hydrophilicity/-phobicity, chemistry and charge influence molecular ad-
hesion processes [7–9]. Hayes et al. demonstrated that reduced surface roughness through
polishing leads to a significant lower osteointegration in vivo [2].

In recent years, low-pressure and low-temperature plasma processes, as a technique
for metal surface modification through thin film deposition, have become more important
in biomedical engineering. One of the reasons is that the coating can be highly specific,
while the characteristics of the coated metal itself remain unchanged resulting in extremely
effective implant performance [10].

Considering the initial assumption that the surface structure and charge is a crucial
factor for tissue integration, the influence of plasma coating has been demonstrated in
previous studies which showed that titanium platelets coated with a thin positively charged
plasma polymer from allylamine (PPAAm) had a beneficial effect on osteoblastic adhesion
(MG63 cells) in vitro [11] and, dependent on the chosen plasma process conditions, caused
an increased or decreased local immune response compared to uncoated controls following
implantation in vivo [12].

In contrast, anti-adhesive coatings are beneficial for temporary devices by inhibiting
cell attachment, colonisation and growth on the titanium surface. The modification of
titanium surfaces by low-temperature plasma thin film deposition is a very promising
method for improvement of implant performance. Concerning thin film deposition for anti-
adhesive coatings, the use of plasma-fluorocarbon-polymer (PFP) precursors have several
advantages including easy thickness control, excellent adhesion to the coated metal and the
ability to create a hydrophobic surface [13]. Hydrophobic surfaces tend to have a higher
water contact angle than hydrophilic surfaces leading to a reduced wettability, effecting cell
attachment and proliferation as described to be higher on hydrophilic than on hydrophobic
surfaces [14–16]. The host immune response is determined by the interaction between the
implanted material surface and surrounding tissue. Clinically a pro-inflammatory immune
response is directly associated with prolonged reconstruction processes and complicated
delayed wound healing [17,18].

In general, the immune response after tissue injury due to biomaterial implantation
changes in a time-dependent manner. Innate immune cells such as neutrophils recognize
danger associated molecular patterns (DAMPs) [19]. Through cytokines like IFN-γ, they
coordinate the recruitment of circulating monocytes and initiate the differentiation into
different phenotypes of macrophages according to the occurring environment of pro-
or anti-inflammatory chemical signals. This is determined by a complex multifactual
influence and is also affected by the health condition of the host tissue [20]. Within a few
hours following implantation, monocytes/macrophages as early responders, become the
dominant cell type in the surrounding tissue [21].

In response to INF-γ, monocytes progress into pro-inflammatory M1-type macrophages.
These cells are the key actors in initiating a TH1-response, characterized by INF-γ as the
predominant cytokine, which causes a pro-inflammatory response. Although this is impor-
tant to initiate the natural wound healing process, it can lead to tissue damage in cases of
prolonged activation. M1-type macrophages, identified by expression of markers such as
CD68 and CD80 [6], can differentiate into M2-type tissue macrophages, known for their
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anti-inflammatory modulation. Among other markers, M2 macrophages express CD163.
Due to their ability of tissue remodeling and repair, this macrophage switch is essential for
the tissue healing and integration processes. However prolonged or overactivation may
cause fibrous encapsulation of the implanted devices, impeding a successful implantation.
As common in immune responses both phenotypes are crucial for successful tissue healing
and remodeling, but balance and sequence of activation are essential [20].

Other important innate immune cells are natural killer cells (NK cells). Apart from
their more widely known functions as cytotoxic and cytokine producing cells, NK cells also
seem to be engaged in the regulation of other immune cells such as dendritic cells or T lym-
phocytes. This highlights the possibility of NK cells having the ability to affect the immune
response towards a more anti-inflammatory or pro-inflammatory microenvironment [22].

Consistent with the inflammatory reaction described above, professional antigen-
presenting cells (MHC class II antigen-presenting cells) are responsible for initiating the
adaptive immune answer. Only dendritic cells, macrophages and B cells express MHC
class II antigens and are therefore able to present antigens to the T cell-mediated branch
of humoral immune response and activate effector T cells [23]. Concerning T cell activa-
tion, Interleukin-2 (IL-2) receptor-positive regulatory T cells are of great interest. IL-2 is
a cytokine with a pleiotropic biological mechanism reaching from immunostimulatory
effects via cytotoxic CD8+ cell activation to immunosuppressive effects by stimulating
CD4+ regulatory T cells (Treg) which are important for inducing an anti-inflammatory
environment characterized by high levels of IL-10 and TGF-β [24].

While the inflammatory reaction has a great influence on tissue healing, muscle regen-
eration and vascularization contribute significantly to this process. Myofiber regeneration
is a complex process similar to muscle formation during embryogenic development. In-
termediate filament (IF) proteins are a necessary component of this pathway. Concerning
muscle injury, the IF-protein nestin is of great interest since it has been observed that its
upregulation is essential for the induction of myogenic differentiation [25,26].

The aim of the present study was an immunological in vivo evaluation of different
anti-adhesive PFP-films on titanium alloy samples, investigating their influence on the
local inflammatory tissue response after implantation in Lewis rats. In previous studies
Finke et al. examined and characterized titanium alloy platelets (Ti6AI4V) which were
coated with different PFP-films precursors and different discharged plasma either applied
by means of microwave (MW: higher electron densities and lower electron energies) or
radiofrequency (RF: ion bombardments on growing film). This process resulted in very
smooth, abrasion resistant, cross-linked PFP-films designated as MW-C3F8, MW-C6F6 and
RF-C3F8. All implants exhibited the desired thin film with anti-adhesive properties and
a stable hydrophobic character. In vitro studies revealed a decrease in the number and
size of MG-63 (Osteoblast) cells cultivated on those PFP-modified titanium samples in
comparison to attachment on a non-coated control implant, emphasizing the anti-adhesive
character of PFP [27].

The present study postulates that an anti-adhesive coating of titanium implants also
evokes a decreased inflammatory local reaction in vivo. To examine this hypothesis, a
simultaneous intramuscular implantation of the four different samples (control, RF-C3F8,
MW-C3F8 and MW-C6F6) was performed in an established rat animal model for immuno-
histochemical examination of calcium phosphate-coated titanium implants [28]. For this, a
differentiated morphometric evaluation of the inflammatory reaction in the surrounding
peri-implant tissue over time (acute phase day 7, intermediate phase day 14 and chronic
inflammation day 56) was conducted by immunohistochemical staining of CD68+ mono-
cytes/macrophages (ED1), CD163+ macrophages (ED2), MHC class II positive antigen-
presenting cells (OX6), T lymphocytes (R73), CD25+ (IL-2R+) regulatory T lymphocytes
(OX39), activated NK cells (ANK61) and nestin-positive cells (Rat 401).
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2. Materials and Methods
2.1. Implants and PFP Film Preparation

Titanium alloy plates (Ti6AI4V) with the measurements of 5 × 5 × 1 mm and a defined
roughness of Ra = 0.28 µm (Ti6Al4V-P cp, DOT GmbH, Rostock, Germany) were polished
and used for low temperature plasma modifications.

The platelets were surface-modified with a plasma-fluorocarbon-polymer (PFP) film
using octafluoropropane (C3F8) or hexafluorohexane (C6F6) as a precursor (Linde Gas AG,
Munich, Germany) with a purity of 99.95%, and added H2 (Messer-Griesheim GmbH,
Ludwigshafen, Germany) with a purity of 99.9999%, in the specific manner that the proce-
dure of either microwave- (MW) or capacitively coupled radio frequency (RF)-generated
low-temperature plasma discharge demands.

In previous studies optimized parameters for the PFP-film were investigated for mini-
mum cell adhesion and found to be as follows for PFP-MW: 500 W, 10–30 Pa, 1000 s//(2.45 GHz,
500–1200 W, 10–50 Pa, 300–1000 s) and for PFP-RF: 25 W, 20 Pa, 400 s//(13.56 MHz, 20–150 W,
20 60 Pa, 20–1000 s) [27].

The two discs that were treated with a microwave coating process were placed 9 cm
downstream of the MW coupling window in an industrial low-plasma reactor (V55G,
Plasma finish, Germany). One alloy platelet was steamed with a C3F8-precursor and H2
mixture (C3F8/H2) and the other one with a C6F6-precursor and H2 mixture (C6F6/H2).

The radiofrequency processed samples were placed in a stainless-steel vacuum cham-
ber of 400 mm in diameter and height, on top of a planar electrode which was powered by
an RF-generator through a matching network. In order to guarantee low-germ processing
environments both reactors used for deposition were combined with a laminar flow box.

Sample series were designated as MW-C3F8, MW-C6F6 and RF-C3F8, respectively. The
titanium alloy platelets serving as control plates were without a PFP-film preparation.

2.2. In Vivo Investigations

Twenty-four male Lewis rats (age 100 days) were used in this study. All animal
experiments and maintenance were approved by the LALLF Mecklenburg-West Pomera-
nia (reference number 7221.3-1.1-074/11) and performed in accordance with the animal
protection law of the Federal Republic of Germany (version of 1 January 1987), which
determinates the principles of care for animals in laboratories (proposed by the National So-
ciety for Medical Research) and followed the Guideline for Keeping and Using Laboratory
Animals (NIH Publication No. 80-23, revised 1985).

Each animal received four implants, one control plate and one sample from each PFP
series (RF-C3F8, MW-C3F8, MW-C6F6). As established in previous studies, this approach
was chosen to reduce the level of variability among the experimental animals through
intra-individual comparison of the inflammatory reactions against samples vs. its own
control [12,28]. Accordingly, the samples were simultaneously implanted into small in-
tramuscular pockets (i.m.) clockwise, starting with the control sample in the upper left
area of the neck muscle. The intramuscular pockets were separated by at least 2 cm from
each other to avoid overlapping local inflammation effects. The implants were fixed with a
non-resorbable synthetic polypropylene suture (PROLENE, Ethicon Endo-Surgery, Inc.,
Hamburg, Germany) to ensure relocation and to track samples on explanation dates. For
seven days after the procedure, the rats were screened daily for any untypical behavior,
signs of pain and severe weight loss according to a set scoring sheet.

On days 7, 14 and 56 after implantation, eight randomly selected animals were eu-
thanised by carbon dioxide inhalation and the samples with the surrounding peri-implant
tissue were carefully explanted. Using the laboratory freezer spray New Envi-Ro-Tech
(Thermo Electron Corporation, Pittsburgh, PA, USA), the samples were frozen instanta-
neously and the Ti6AI4V platelets were carefully removed. The resulting pockets were
filled with Shandon Cryomatrix embedding medium (Thermo Electron Corporation, Pitts-
burgh, PA, USA). For later histological examination, the tissue samples were shock frozen
in liquid nitrogen and stored at −80 ◦C.
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2.3. Histological Examination

Cryosections with a thickness of five µm were generated from each tissue sample
using a 2800 Frigocut N cryotome (Reichert-Jung, Nussloch, Germany). Seven differ-
ent antibody-based immunohistochemical staining methods were carried out to detect
CD68+ monocytes/macrophages (ED1), CD163+ macrophages (ED2), MHC class II pos-
itive antigen-presenting cells (OX6), T lymphocytes (R73), CD25+ (IL-2R+) regulatory
T lymphocytes (OX39), activated NK cells (ANK61) and nestin-positive cells (Rat 401).
Each staining procedure was conducted according to the manufacturer’s protocol (Mor-
phoSys AbD Serotec GmbH, Düsseldorf, Germany). The specific antibody-stained cells
were visualized using the APAAP detection system (mouse monoclonal antibody alkaline-
phosphatase-anti-alkaline-phosphatase; APAAP, clone AP1B9, Sigma-Aldrich Chemie
GmbH, Munich, Germany) and the polyclonal rabbit anti-mouse-immunoglobulin (Z259,
Dako DenmarkA/S, Glostrup, Denmark) using New Fuchsin as chromogen. Additionally,
mast cells were detected by histochemical toluidine blue staining. Using a digital camera
DP20 on a light microscope CX41 (Olympus, Hamburg, Germany), histological images of
the different stained sections were obtained.

2.4. Morphometry

The obtained images were morphometrically evaluated by counting of positively
stained cells in defined areas using the digital image analysis software ImageJ v1.41 (US
National Institutes of Health, Bethesda, Rockville, MD, USA). Five representative squares
per histological section of 20,000 pixels along the border zone between surrounding tissue
and implant-free pocket were selected for detailed analysis, resulting in a total analyzed
area of 100,000 pixels per image. In the chosen microscopic magnification of 100×, one
pixel equals an area of 0.4796 µm2. The results were expressed either as a percentage of
positively stained areas (for ED1, ED2, OX6, nestin) or cells per mm2 for markers with low
cell numbers (for R73, OX39, toluidine blue, ANK61).

2.5. Statistics

Data are given as median and interquartile range. All tests were performed two-tailed
with p-values of less than 0.05 considered as statistically significant. For comparison of mea-
sured percentages of positively stained area or positive cells per mm2 in the peri-implant
tissue of implant samples, the non-parametric Kruskal–Wallis test with Gaussian approxi-
mation was used. For comparison of implant samples between the different experimental
days, the Kruskal–Wallis test with Dunn’s multiple comparison post-hoc-test was used for
non-paired data sets. For comparison between different implants and different cellular
markers on each experimental day, the Mann–Whitney U-test was used. All statistical anal-
ysis was performed using the software GraphPad Prism version 4.02 (GraphPad Software,
Inc., San Diego, CA, USA).

3. Results
3.1. Overview of Time Course of Different Inflammatory Cell Populations

After simultaneous implantation of different anti-adhesive PFP-coated and uncoated
control titanium alloy plates (Ti6AI4V), a distinct time course pattern of inflammatory
investigated cells could be observed (Table 1). Whereas the positively stained area of
CD68+ monocytes and macrophages (ED1) significantly decreased from day 7 to day 56
for all implants, the positively stained area of CD163+ macrophages (ED2) did not change.
Additionally, for MHC class II antigen-presenting cells (OX6), a significant decrease in
the positively stained area could be observed for all implants. Except for the RF-C3F8
implants, this was also seen for the nestin-positive cells. Whereas the number of total
T lymphocytes (R73) did not change, the number of IL-2R+ regulatory T lymphocytes
(OX39) significantly increased from experimental day 7 to 56. The number of mast cells
was constant for three implants, whereas for the MW-C6F6 implants a significant change
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was observed. Moreover, for NK cells (ANK61), the number of positive cells significantly
changed over the examined period.

Table 1. Plasma-fluorocarbon-polymer (PFP) film implants p-values; Concerning each marker ED1
(CD68+ monocytes/macrophages), ED2 (CD163+ macrophages), OX6 (MHC class II positive antigen-
presenting cells), R73 (T lymphocytes), OX39 (CD25+ (IL-2R+) regulatory T lymphocytes), nestin-
positive cells, toluidine blue (mast cells) and ANK61 (NK cells) for comparison of measured per-
centages of positively stained area or positive cells per mm2 in the peri-implant tissue of implant
samples, the non-parametric Kruskal–Wallis test with Gaussian approximation was carried out.

Marker Control RF C3F8 MW C3F8 MW C6F6

d 7, 14, 56 d 7, 14, 56 d 7, 14, 56 d 7, 14, 56

ED1 0.035 0.0009 0.0399 0.0236
ED2 0.1163 0.1251 0.636 0.3627
OX6 0.0054 0.0193 0.0014 0.0259
R73 0.0912 0.3203 0.6114 0.4744

Nestin 0.0048 0.0854 0.0003 0.0196
OX39 0.011 0.0007 0.001 0.0057

Toluidine blue 0.4838 0.0949 0.2947 0.0029
ANK61 0.0007 0.0013 0.0034 0.0216

3.2. Morphometric Analysis of Different Inflammatory Cell Population

3.2.1. CD68+ Monocytes and Macrophages (ED1)

The time course of pro-inflammatory CD68+ monocytes and macrophages (ED1) is
demonstrated in Figure 1A. The positively stained area significantly decreased from day 7
to day 14 for control implants (p < 0.01) and more pronouncedly for RF-C3F8 implants
(p < 0.001). Additionally, for both MW implant series, the positively stained area signif-
icantly decreased (p < 0.05). The median positively stained area varied for all implants
between median 3.32–4.66% (interquartile range (IQR) of 2.2–6.23%). On day 14 it fluc-
tuated between median 0.215–1.81% (IQR 0.15–3.07%), and on day 56 between median
1.385% to 2.36% (IQR 0.98–3.44%) for the four different implants. In comparison to control
implants, a significantly higher percentage of positively stained area in the surrounding
tissue of MW-C3F8 discs could be observed on day 14 (p = 0.0281) and for MW-C6F6 com-
pared to RF-C3F8 implants on day 56 (p = 0.0111) A similar trend of increase was also
seen for MW-C6F6 platelets on day 14. In contrast and compared to control implants, the
RF-C3F8 discs did not induce a significantly different local inflammatory response on any
experimental day.

3.2.2. CD163+ Macrophages (ED2)

Figure 1B shows the time course of anti-inflammatory CD163+ macrophages (ED2).
Overall, the CD163+ cells did not show any change between the three experimental time
points. No switch to an anti-inflammatory macrophage population, which is essential for
the tissue healing and integration processes, could be observed. The positively stained area,
representing the percentage of tissue macrophages in the peri-implant tissue, remained
constant, reflected in similar medians on all observation days. On day 7 the median
for all implants varied around the median of 2.38–3.38% (IQR 1.51–4.24%). On day 14 it
fluctuated between 1.15% and 3.39% (IQR 0.85–4.44%). On day 56 it ranged from 1.96–2.94%
(IQR 1.31–2.38%). In accordance with the CD68+ monocytes and macrophages, the RF-C3F8
implants showed a similar attraction of CD163+ tissue macrophages as controls throughout
the examined time course. The invasion of tissue macrophages was significantly stronger
for MW-C3F8 (p = 0.0379) and more pronounced for MW-C6F6 (p = 0.0003) two weeks after
implantation compared to controls. No significant difference between the four implants
was found on day 7 and day 56.

144



Polymers 2021, 13, 2684

 
Figure 1. (A–D). Quantity of positively stained area of (A) pro-inflammatory CD68+ (ED1) monocytes/macrophages and
(B) anti-inflammatory CD163+ (ED2) macrophages, (C) MHC class II+ antigen-presenting cells (OX6) and (D) nestin-positive
cells (Rat 401) in the peri-implant tissue surrounding uncoated Ti6AI4V plates (white bars) and Ti6AI4V plates coated
with the anti-adhesive plasma-fluorocarbon-polymers RF-C3F8 (red bars), MW-C3F8 (light green bars) and MW-C6F6 (dark
green bars) at days 7, 14 and 56 after simultaneous intramuscular implantation in rats. Boxes represent the median and
interquartile range of eight rats per experimental day; p-values represent significant differences between experimental days.
* p < 0.05, ** p < 0.01, *** p < 0.001 (day 7 vs. day 14), + p < 0.05, ++ p < 0.01, +++ p < 0.001 (day 7 vs. day 56), # p < 0.05,
## p < 0.01 (day 14 vs. day 56), Kruskal–Wallis test with Dunn’s post-hoc test.

3.2.3. MHC Class II Antigen-Presenting Cells (OX6)

Figure 1C shows the time course of positively stained area for MHC class II positive
cells, a surface structure that is essential for antigen presentation and is responsible for
initiating the adaptive immune response, throughout the examined study period. A signifi-
cant decrease was seen between days 7 and 14 for control and RF-C3F8 plates (p < 0.05),
between days 7 and 56 for RF-C3F8 (p < 0.05), control and MW-C3F8 plates (p < 0.01), and
between days 14 and 56 for MW-C3F8 and MW-C6F6 plates. The positively stained area,
resembling the percentage of MHC class II positive cells in the peri-implant tissue, varied
on day 7 for all implants, around the medians of 3.71% to 4.71% (IQR 3.17–5.36%). On
day 14 it fluctuated between 0.9% and 4.9% (IQR 0.53–7.7%), and on day 56 it drastically
reduced compared to day 14 with a smaller range from 1% to 2.34% (IQR 0.64–3.39%). No
significant difference among the four implants was observed on day 7. The MHC class
II positive stained area differs significantly for MW-C3F8 (p = 0.037) and for MW-C6F6
(p = 0.02) from control discs as well as between RF-C3F8 and MW-C3F8 (p = 0.014) and
RF-C3F8 and MW-C6F6 implants (p = 0.0426) on day 14. On experimental day 56 the
MW-C6F6 showed a significantly stronger reaction when compared to both the controls
(p = 0.0047) and the MW-C3F8 implants (p = 0.0379).
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3.2.4. Nestin-Positive Cells/Area

In general, excluding the RF-C3F8 discs, a significant reduction in nestin-positive
stained area in the peri-implant tissue was seen for all samples until day 56 (Table 1,
Figure 1D). Nestin is essential for the induction of myogenic differentiation and its upreg-
ulation can be associated with ongoing tissue healing processes. A significant decrease
was seen between days 7 and 14 for control discs (p < 0.05) and between days 7 and 56
for control (p < 0.05), MW-C3F8 (p < 0.001) and MW-C6F6 plates (p < 0.05). The percent-
age of nestin-positive area varied on day 7 for all implants between medians of 0.77 to
1.56% (IQR 0.56–2.48%). On day 14, it decreased and fluctuated between 0.34 and 0.97%
(IQR 0.11–1.33%) and on day 56 the medians ranged from 0.33% to 0.48% (IQR 0.13–0.64%).
In contrast to all the other examined markers, nestin showed a significantly stronger re-
action for MW-C3F8 compared to both controls (p = 0.014) and RF-C3F8 implants seven
days after implantation. Furthermore, on day 14 the positive area significantly increased
for MW-C3F8 compared to control implants (p = 0.014).

3.2.5. T Lymphocytes (R73)

Overall, as demonstrated in Figure 2A, the number of counted T-lymphocytes, cells of
the adaptive immune system, did not show any significant change during the observation
period. Due to low cell numbers the counted amount was expressed as cells per mm2. On
day 7 the median count varied for all implants around 23–36 cells per mm2 (IQR 15–55 cells).
On day 14 it fluctuated between 22 and 26 cells per mm2 (IQR 12–51 cells), and on day
56 the median ranged from 20 to 35 cells per mm2 (IQR 12–43 cells). The highest number
of cells compared to controls was counted on day 56 for all three PFP series samples, a
significant increase was observed for RF-C3F8 (p = 0.0281) and MW-C3F8 discs (p = 0.007).
No difference between the four implants was seen on days 7 and 14.

3.2.6. IL-2R+ Regulatory T Lymphocytes (OX39)

In general, and in comparison with T lymphocytes, the number of IL-2R+ regulatory
T lymphocytes was low. Treg are important cells in inducing an anti-inflammatory environ-
ment. In contrast to the R73+ T-lymphocytes and all other markers investigated, the IL-2R+
regulatory T lymphocytes showed a significant increase in cells per mm2 over time, reaching
their highest numbers for all four implants on day 56 (Table 1, Figure 2B). In particular, a sig-
nificant increase was seen between days 7 and 56 for all four implants (p < 0.05–p < 0.001),
and between days 14 and 56 for control discs (p < 0.05), RF-C3F8 (p < 0.01) as well as
MW-C6F6 plates (p < 0.05). The increase in cell number per area was accompanied by a
constantly increasing median. On day 7, the median count varied for all implants around
1 to 3 cells per mm2 (IQR 1–9 cells). On day 14 it fluctuated between one and seven
cells per mm2 (IQR 0–8 cells). On day 56 the median increased again, ranging from 7 to
16 cells per mm2 (IQR 5–21 cells). On day 14 the number of positive cells was significantly
increased for MW-C3F8 in comparison with both control (p = 0.0281) and RF-C3F8 implants
(p = 0.0127), whereas on day 56 the number of positive cells was significantly higher for
RF-C3F8 implants compared to controls (p = 0.003).

3.2.7. Mast Cells

Figure 2C shows the time course of mast cells stained with toluidine blue. Mast cells
can ameliorate an anti-inflammatory immune response. Overall, except for MW-C6F6 discs,
there was no significant change for any of the other coated Ti6AI4V implants in the present
study. In comparison to day 7, the number of mast cells was significantly increased on day
14 for the MW-C6F6 discs (p < 0.01). On day 7 the median count of cells per mm2 varied
for all implants around six to eight cells per mm2 (IQR 3–13 cells). On day 14 the median
for all implants fluctuates between 7 and 17 cells per mm2 (IQR 5–32 cells). On day 56 the
median ranged from 10 to 13 cells per mm2 (IQR 7–19 cells). Particularly on day 14 for
the MW-C6F6 implants, the number of mast cells was significantly increased compared to
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their respective controls (p = 0.0037), RF-C3F8 (p = 0.0003), MW-C3F8 implants (p = 0.0006),
whereas the number of cells between different implants did not differ on days 7 and 56.

 
Figure 2. (A–D). Quantity of positively stained cells per mm2 for (A) total T lymphocytes (R73), (B) IL-2R+ regulatory T
lymphocytes (OX39), (C) mast cells (toluidine blue staining) and (D) activated NK cells (ANK61) in the peri-implant tissue
surrounding uncoated Ti6AI4V plates (white bars) and Ti6AI4V plates coated with the anti-adhesive plasma-fluorocarbon-
polymers RF-C3F8 (red bars), MW-C3F8 (light green bars) and MW-C6F6 (dark green bars) at days 7, 14 and 56 after
simultaneous intramuscular implantation in rats. Boxes represent the median and interquartile range of eight rats per
experimental day; p-values represent significant differences between experimental days. * p < 0.05, ** p < 0.01 (day 7 vs.
day 14), + p < 0.05, ++ p < 0.01, +++ p < 0.001 (day 7 vs. day 56), # p < 0.05, ## p < 0.01 (day 14 vs. day 56), Kruskal–Wallis test
with Dunn’s post hoc test.

3.2.8. Activated NK Cells

Figure 2D demonstrates a significant change in the number of natural killer cells (NK)
in the peri-implant tissue of all samples throughout the examined study period, with a pro-
nounced decrease at day 14 and a subsequent increase until day 56. The number of positive
cells was significantly decreased on day 14 compared to day 7 for the controls (p < 0.01),
the RF-C3F8 and the MW-C3F8 implants (p < 0.05 for both). In contrast, on day 56 the NK
cell count was significant increased for all four implants (p < 0.05–p < 0.01) compared to
day 14. On experimental day 7, the median count for all implants varied around 29 to
37 cells per mm2 (IQR 10–61 cells). On day 14 the median significantly decreased for all
implants and fluctuated around four to five cells per mm2 (IQR 3–8 cells). On day 56 the
median ranged from 25 to 41 cells per mm2 (IQR 21–53 cells). Compared to the controls
a significantly stronger reaction was observed only for MW-C6F6 on day 14, whereas the
number of cells between different implants did not differ on experimental days 7 and 56.
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4. Discussion

Previous studies have shown that the characteristics of metallic surface microtopogra-
phy such as roughness, micro-discontinuities, hydrophilicity/hydrophobicity, chemistry
and charge have a pronounced influence on the initial attachment process to temporary
fracture fixation devices [7–9]. In prior studies, it has been demonstrated in vitro [11] and
in vivo [12] that plasma technology, precursor chemistry and process parameters influence
the cellular response to the modified surface.

The aim of the present study was an in vivo evaluation of different anti-adhesive
plasma-fluorocarbon-polymer (PFP) films on titanium alloy samples, investigating their
influence on the local inflammatory tissue response after implantation in Lewis rats. For
this purpose, Finke et al. developed an anti-adhesive coating for temporary bone fixation
devices, using different PFP thin film deposition techniques, microwave (MW: higher
electron densities and lower electron energies) or radiofrequency (RF: ion bombardments
on growing film) discharge plasma with octafluoropropane (C3F8) or hexafluorohexane
(C6F6) as precursors. Through both applied processes, surfaces with a very smooth, abra-
sion resistant, and stable hydrophobic character were produced, designated as MW-C3F8,
MW-C6F6 and RF-C3F8 [27]. The physico-chemical differences between the two different
coating strategies are characterized in detail by Finke et al. [27]. The X-ray photoelectron
spectroscopy (XLS) analysis showed that the F/C ratio for the optimized PFP-films was
between 1.5 (PFP-MW) and 1.3 (PFP-RF). Fourier transform infrared reflection absorption
spectroscopy (FT-IRRAS) revealed similar spectra for PEP-MW and RF surfaces indicating
no major differences between the samples, except for a higher CF2 peak for the PFP-RF
samples. AFM measurements showed that the arithmetic roughness Ra for PEP-MW was
4.4nm and for PEP-RF only 3.2 nm [27].

The data presented herein suggest that the type of plasma process technology (mi-
crowave vs. radiofrequency) significantly influences the inflammatory reactions. In par-
ticular, PFP film samples prepared by radiofrequency discharge plasma (RF-C3F8) were
comparable to controls in vivo and showed a similar low inflammatory response. Addi-
tionally, previous in vitro studies conducted by Finke et al. have shown a more efficient
inhibition of cellular occupations for hydrophobic RF-C3F8 films [27]. This effect of hy-
drophobicity on cell attachment processes could also be observed by Kuhn et al. for
fibroblast adhesion, demonstrating that in vitro plasma modified titanium surfaces with
activated organo-silicon monomer hexamethyldisiloxane (ppHMDSO+O2) led to a dimin-
ished colonization and proliferation [16]. The reduced roughness in RF films (3.2 nm) could
also contribute to the observed low immune response and would favor this plasma process
for short term implantation due to a lower degree of adhesion. Additionally, XPS analyses
detected no nitrogen but a trend of increased levels of oxygen in the PFP-RF samples. If
significantly increased, imbedded oxygen might possibly lead to oxidative stress further
reducing ingrowth.

In accordance with our hypothesis of decreased inflammatory local reactions due to
anti-adhesive coatings, the pro-inflammatory M1-like macrophages decreased significantly
throughout the study period after an initial increase. This likely represents a switch from
acute inflammation to an anti-inflammatory environment around day 7 for all samples,
possibly being downregulated by the increasing number of Treg lymphocytes. Surprisingly
we did not observe significant changes over time, but rather a relatively constant level of
anti-inflammatory M2 macrophages and total T lymphocytes in the peri-implant tissue
for the entire study period. Additionally, in accordance with those steady numbers of
M2 macrophages, there was, except the temporary increase on day 14 for the MW-C6F6
implants, overall, no significant change in the number of mast cells. Though it was observed
in other studies [21] that mast cells would have been likely to induce a phenotype switch
through IL-4 degranulation we were unable to support their findings.

Interestingly the implants discharged in a microwave manner also followed the com-
mon pattern of constant cell reduction but when compared to controls presented a signifi-
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cantly higher number of pro-inflammatory CD68+ cells indicating a moderately stronger
inflammatory surrounding.

In contrast to those findings, other studies indicate a direct correlation between an
activation of the host immune system and the hydrophobicity of metallic alloys [6,29].
Seong and Matzinger hypothesise that exposed hydrophobic structures trigger a DAMP ac-
tivated immune response [19]. This could be a possible explanation regarding the observed
stronger immune reaction evoked by PFP-coated titanium alloys compared to controls. In
comparison to the experiments conducted by Moyano et al., the experiments are similar
in that both used metals exhibit a hydrophobic surface. However, whereas Moyano et al.
injected intravenously hydrophobic nanoparticles, leading to a systemic immune reaction
in a mouse model [29], the present study observed a local reaction in peri-implant tissue
in a rat model offering significantly fewer contact points for immune cells. In addition,
intramuscular implantation resembles the actual clinical situation of long- and short-term
implantation devices concerning the inflammatory reaction more closely. While the clinical
purpose of fracture-fixation devices lies in bone healing, each bone is typically surrounded
by muscles, which are a very well perfused and therefore an especially convenient tissue to
survey local inflammatory reactions [12]. With regard to the latter, we recently described an
increased amount of NK cells in the peri-implant tissue of hydrophilic positively charged
titanium surfaces coated with plasma polymerised ethylendiamine (PPEDA) compared to
controls during the acute phase (d7) of inflammation [30]. It is therefore conceivable that
the increased adhesion due to hydrophilic surfaces elicits an increased inflammation. Ad-
ditional data from a previous study supports a surface-dependent expression of cytokines
in the serum of Lewis rats with different coated titanium implants [31]. While titanium
discs coated with plasma polymerised allyl amine (positive charged, hydrophilic) induced
a significant increase in pro-inflammatory cytokines IL-2 and IFN-γ, titanium discs coated
with plasma polymerised acrylic acid (negative charged, hydrophobic) expressed steady
and lower serum levels of IL-2 and a significant increase in anti-inflammatory IL-4 [31].

M1 macrophages can differentiate into M2 macrophages, known as anti-inflammatory
cells, through the release of IL-4 and IL-10 by other modulatory cells [20]. Among those,
mast cells are able to recruit and initiate fusion of macrophages into foreign body giant
cells (FBGCs) by degranulation of histamine and secretion of IL-4 [21,32]. It should also
be taken into consideration that in the present study CD68-positive stained cells were
designated as pro-inflammatory M1-like cells and CD163-positive cells were designated
as anti-inflammatory M2 macrophages. Until the present day, it is not possible to clearly
differentiate histologically between M1 and M2 macrophages in rat tissue using only two
markers, since there is no clear marker that is exclusively expressed on only one of the
macrophage phenotypes [33–35].

The data herein indicate that titanium alloy implants with a radiofrequency discharge
plasma (RF-C3F8) coating had a favorable low short- and long-term immune response
in vivo in comparison to discs that were coated in a microwave process (MW). The most
pronounced of these observed differences between RF- and MW-processed implants were
seen for MHC class II antigen-presenting cells. On day 14 both MW-implant series, MW-
C3F8 and MW-C6F6, presented a significant increase in stained cells probably representing
a much stronger activation of the adaptive humoral response. In contrast, controls and RF-
discs showed a significant reduction in MHC class II antigen-presenting cells throughout
the study period associated with less severe or non-activation of the adaptive immune
system. This change from acute (d7) to intermediate (d14) to chronic inflammation (d56)
and the more severe T cell-mediated response was also observed in our total T lymphocytes
staining for MW-implants, although only as a tendency.

Within the microwave coated implants the influence of two distinct precursors, C3F8
and C6F6, on the inflammatory reaction was biologically examined. Significant differences
in the induced local immune reaction could be observed between those two precursors,
indicating a more favorable interaction for MW-C3F8 compared to MW-C6F6 implants.
The most pronounced alteration was observed for mast cells on day 14, when the number
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of mast cells in the surrounding peri-implant tissue of MW-C6F6 discs was significantly
elevated compared to controls.

Nestin, essential in the induction of myogenic differentiation and regeneration pro-
cesses was observed to initially increase its expression number with a subsequent significant
reduction in the peri-implant tissue until the end of the study period. This is in agree-
ment with several other studies [25,36] highlighting that the process of myogenic muscle
regeneration and healing mainly occurs parallel to the acute inflammation response.

Considering the initial assumption that a change from a pro- to an anti-inflammatory
environment happened, IL-2R+ regulatory T lymphocytes (Treg) are important cells in-
ducing anti-inflammatory environments. All four implants showed a significant increase
in Treg cells until day 56 indicating a counter-inflammatory regulation happening at the
end of the study period. Prabhakara et al. confirmed in in vitro studies that an early
domination of Treg cells could prevent a development of chronic inflammation [37]. In
the present study CD25+/IL-2-positive stained cells were designated as Treg cells. The
IL-2 receptor complex is not only expressed by Treg but also by CD8+ cells. It consists
of three subunits IL-2Rα(CD25), IL-2Rß(CD122), and IL-2R.γ(CD132) [38]. However, the
expression pattern of these subunits differs between IL-2-regulated cells, making it possible
to histologically separate those inversely acting cells. While CD8+ T cells mainly carry
the dimeric IL-2Rß(CD122), and IL-2R.γ(CD132) receptors, regulatory T cells express a
high level of trimeric IL-2Rα(CD25) receptors [39,40]. This increase in Treg cells could not
be observed in the total amount of T lymphocytes since the number of positively stained
cells per mm2 was much lower, with a median ranging from 0.95 to 15.75 cells per mm2

compared to T lymphocytes with median varying from 23.2 to 34.8 cells per mm2 for the
four implants investigated in this study.

As expected, natural killer cells, since being part of the innate immune system, were
observed to be present in the peri-implant tissue in the acute phase of inflammation
with a pronounced decrease until day 14. However, in the time that would likely repre-
sent a chronic state of inflammation, a subsequent increase for all samples was observed
concurrently with a Treg increase. It is therefore conceivable that NK cells could play a
so-far-underestimated role in regulation of adaptive immune cells to a more favorable
anti-inflammatory environment preventing excessive immune responses. Supporting this
hypothesis, Lu et al. found that NK cells are able to influence lymphocyte expansion
in particular and promote the development of CD4+ T-cells, while a blocked interaction
resulted in lysis of activated autoreactive T cells [41].

Overall, especially the data for T lymphocytes and antigen-presenting cells indicate
that humoral immunological reactions against the anti-adhesive films are likely involved
in the biological response and should be therefore investigated in further studies. The
anti-adhesive effectiveness should be studied in more detail regarding the relationship
between physico-chemical properties and biological response.

5. Conclusions

The aim of this study was an in vivo evaluation of different anti-adhesive plasma-
fluorocarbon-polymer (PFP) films on titanium alloy samples, investigating their influence
on the local inflammatory tissue response after simultaneous implantation in Lewis rats.
A differentiated morphometric evaluation of the inflammatory reaction over time was
conducted by immunohistochemical staining of cryosections of surrounding peri-implant
tissue. Samples were taken on day 7 representing the acute phase of inflammation, on
day 14 for an intermediate phase and on day 56 representing chronic inflammation.

In summary, the results of this study support the conclusion that the type of plasma
process technology (microwave vs. radiofrequency) significantly influenced the inflam-
matory reactions. In particular, titanium alloy implants with a radiofrequency discharge
plasma coating (RF-C3F8) had a more favorable low short- and long-term immune re-
sponse in vivo as well as a more efficient inhibition of osteoblast occupations in vitro.
Within the microwave processed discs, implants coated with the C3F8-precursor had a
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more favorable elicited cell interaction compared to implants coated with a C6F6-precursor.
Our data strongly support the thesis of decreased inflammatory local reactions due to
anti-adhesive coating. This was observed by the significant decrease in pro-inflammatory
M1-like macrophages throughout the study period after an initial expected increase, pos-
sibly being downregulated by the significant increasing number of Treg-lymphocytes
and activated NK cells. Therefore, the present study further supports the potential of
low-temperature radiofrequency discharge plasma for temporary implant devices with
PFP-coated anti-adhesive surfaces.

Author Contributions: Conceptualization, M.S., U.W. and A.H.; methodology, M.S., A.H., B.F. and
U.W.; software, U.W. and C.P.; validation, M.S., U.W., C.K., C.P. and B.F.; formal analysis, M.S., U.W.
and C.P.; investigation A.H., N.B., C.P., C.K. and H.T.; resources, B.F. and J.M.; data curation, M.S.
and U.W.; writing—original draft preparation, C.K., M.S. and A.H.; writing—review and editing,
M.S., C.P. and U.W.; visualization, M.S., U.W. and C.P.; supervision, M.S., M.P. and A.H.; project
administration, M.S., B.F., J.M. and B.N.; funding acquisition, M.S., B.F., J.M. and B.N. All authors
have read and agreed to the published version of the manuscript.

Funding: This research received no external funding.

Institutional Review Board Statement: All animal experiments and maintenance were approved by
the LALLF Mecklenburg-West Pomerania (reference number 7221.3-1.1-074/11) and performed in
accordance with the animal protection law of the Federal Republic of Germany (version of 1 January
1987), which determinates the principles of care for animals in laboratories (proposed by the National
Society for Medical Research) and followed the Guideline for Keeping and Using Laboratory Animals
(NIH Publication No. 80-23, revised 1985).

Data Availability Statement: The data presented in this study are available on request from the
corresponding author.

Acknowledgments: This work was kindly supported by (i) the Federal Ministry of Education and
Research (BMBF, Grants 13N9779, 13N9775, 13N11183, and 13N11188, Campus PlasmaMed), (ii) The
study was further supported by the Federal state of Mecklenburg-Vorpommern and the Helmholtz
Association of German Research Centers (grant no. VH-MV1), by the Federal Ministry of Education
and Research (grant no. 13N9779, Campus PlasmaMed) and by HOGEMA project P4 (grant no.
ESF/14-BM-A55-0015/18). We are grateful to Kirsten Kesselring for the excellent technical assistance.

Conflicts of Interest: The authors declare no conflict of interest.

References
1. Elias, C.N.; Lima, J.H.C.; Valiev, R.; Meyers, M.A. Biomedical applications of titanium and its alloys. J. Miner. Met. Mater. Soc.

2008, 60, 46–49. [CrossRef]
2. Hayes, J.S.; Richards, R.G. Surfaces to control tissue adhesion for osteosynthesis with metal implants: In vitro and in vivo studies

to bring solutions to the patient. Expert Rev. Med. Devices 2010, 7, 131–142. [CrossRef]
3. Busam, M.L.; Esther, R.J.; Obremskey, W.T. Hardware removal: Indications and expectations. J. Am. Acad. Orthop. Surg. 2006, 14,

113–120. [CrossRef]
4. Togrul, E.; Bayram, H.; Gulsen, M.; Kalaci, A.; Ozbarlas, S. Fractures of the femoral neck in children: Long-term follow-up in 62

hip fractures. Injury 2005, 36, 123–130. [CrossRef] [PubMed]
5. Lüthen, F.; Lange, R.; Becker, P.; Rychly, J.; Beck, U.; Nebe, J.G.B. The influence of surface roughness of titanium on beta1-

and beta3-integrin adhesion and the organization of fibronectin in human osteoblastic cells. Biomaterials 2005, 26, 2423–2440.
[CrossRef]

6. Wei, F.; Liu, S.; Chen, M.; Tian, G.; Zha, K.; Yang, Z.; Jiang, S.; Li, M.; Sui, X.; Chen, Z.; et al. Host Response to Biomaterials for
Cartilage Tissue Engineering: Key to Remodeling. Front. Bioeng. Biotechnol. 2021, 9, 664592. [CrossRef] [PubMed]

7. Hayes, J.S.; Seidenglanz, U.; Pearce, A.I.; Pearce, S.G.; Archer, C.W.; Richards, R.G. Surface polishing positively influences ease of
plate and screw removal. Eur. Cells Mater. 2010, 19, 117–126. [CrossRef]

8. Brunette, D.M. The effects of implant surface topography on the behavior of cells. Int. J. Oral Maxillofac. Implant. 1988, 3, 231–246.
9. Gittens, R.A.; Olivares-Navarrete, R.; Schwartz, Z.; Boyan, B.D. Implant osseointegration and the role of microroughness and

nanostructures: Lessons for spine implants. Acta Biomater. 2014, 10, 3363–3371. [CrossRef] [PubMed]
10. Förch, R.; Chifen, A.N.; Bousquet, A.; Khor, H.L.; Jungblut, M.; Chu, L.-Q.; Zhang, Z.; Osey-Mensah, I.; Sinner, E.-K.; Knoll, W.

Recent and Expected Roles of Plasma-Polymerized Films for Biomedical Applications. Chem. Vap. Depos. 2007, 13, 280–294.
[CrossRef]

151



Polymers 2021, 13, 2684

11. Finke, B.; Luethen, F.; Schroeder, K.; Mueller, P.D.; Bergemann, C.; Frant, M.; Ohl, A.; Nebe, B.J. The effect of positively charged
plasma polymerization on initial osteoblastic focal adhesion on titanium surfaces. Biomaterials 2007, 28, 4521–4534. [CrossRef]

12. Hoene, A.; Walschus, U.; Patrzyk, M.; Finke, B.; Lucke, S.; Nebe, B.; Schroeder, K.; Ohl, A.; Schlosser, M. In vivo investigation of
the inflammatory response against allylamine plasma polymer coated titanium implants in a rat model. Acta Biomater. 2010, 6,
676–683. [CrossRef]

13. Cho, E.; Kim, M.; Park, J.-S.; Lee, S.-J. Plasma-Polymer-Fluorocarbon Thin Film Coated Nanostructured-Polyethylene Tereph-
thalate Surface with Highly Durable Superhydrophobic and Antireflective Properties. Polymers 2020, 12, 1026. [CrossRef]
[PubMed]

14. Altankov, G.; Grinnell, F.; Groth, T. Studies on the biocompatibility of materials: Fibroblast reorganization of substratum-bound
fibronectin on surfaces varying in wettability. J. Biomed. Mater. Res. 1996, 30, 385–391. [CrossRef]

15. Groth, T.; Altankov, G. Studies on cell-biomaterial interaction: Role of tyrosine phosphorylation during fibroblast spreading on
surfaces varying in wettability. Biomaterials 1996, 17, 1227–1234. [CrossRef]

16. Kuhn, S.; Kroth, J.; Ritz, U.; Hofmann, A.; Brendel, C.; Müller, L.P.; Förch, R.; Rommens, P.M. Reduced fibroblast adhesion and
proliferation on plasma-modified titanium surfaces. J. Mater. Sci. Mater. Med. 2014, 25, 2549–2560. [CrossRef]

17. Sirlin, C.B.; Brossmann, J.; Boutin, R.D.; Pathria, M.N.; Convery, F.R.; Bugbee, W.; Deutsch, R.; Lebeck, L.K.; Resnick, D. Shell
osteochondral allografts of the knee: Comparison of mr imaging findings and immunologic responses. Radiology 2001, 219, 35–43.
[CrossRef]

18. Fraitzl, C.R.; Egli, R.J.; Wingenfeld, C.; Ganz, R.; Hofstetter, W.; Leunig, M. Time course of biological activity in fresh murine
osteochondral allografts paralleled to the recipient’s immune response. J. Investig. Surg. 2008, 21, 109–117. [CrossRef] [PubMed]

19. Seong, S.-Y.; Matzinger, P. Hydrophobicity: An ancient damage-associated molecular pattern that initiates innate immune
responses, Nature reviews. Immunology 2004, 4, 469–478. [CrossRef]

20. Alvarez, M.M.; Liu, J.C.; Trujillo-de Santiago, G.; Cha, B.-H.; Vishwakarma, A.; Ghaemmaghami, A.M.; Khademhosseini, A.
Delivery strategies to control inflammatory response: Modulating M1-M2 polarization in tissue engineering applications. J.

Control. Release 2016, 240, 349–363. [CrossRef] [PubMed]
21. Sheikh, Z.; Brooks, P.J.; Barzilay, O.; Fine, N.; Glogauer, M. Macrophages, Foreign Body Giant Cells and Their Response to

Implantable Biomaterials. Materials 2015, 8, 5671–5701. [CrossRef]
22. Vivier, E.; Tomasello, E.; Baratin, M.; Walzer, T.; Ugolini, S. Functions of natural killer cells. Nat. Immunol. 2008, 9, 503–510.

[CrossRef]
23. Schütt, C.; Bröker, B. Grundwissen Immunologie, 3rd ed.; Spektrum Akademischer Verlag: Heidelberg, Germany, 2011.
24. Seebach, E.; Kubatzky, K.F. Chronic Implant-Related Bone Infections-Can Immune Modulation be a Therapeutic Strategy? Front.

Immunol. 2019, 10, 1724. [CrossRef]
25. Vaittinen, S.; Lukka, R.; Sahlgren, C.; Hurme, T.; Rantanen, J.; Lendahl, U.; Eriksson, J.E.; Kalimo, H. The expression of

intermediate filament protein nestin as related to vimentin and desmin in regenerating skeletal muscle. J. Neuropathol. Exp. Neurol.

2001, 60, 588–597. [CrossRef]
26. Lindqvist, J.; Torvaldson, E.; Gullmets, J.; Karvonen, H.; Nagy, A.; Taimen, P.; Eriksson, J.E. Nestin contributes to skeletal muscle

homeostasis and regeneration. J. Cell Sci. 2017, 130, 2833–2842. [CrossRef] [PubMed]
27. Finke, B.; Testrich, H.; Rebl, H.; Walschus, U.; Schlosser, M.; Zietz, C.; Staehlke, S.; Nebe, J.B.; Weltmann, K.D.; Meichsner, J.; et al.

Plasma-deposited fluorocarbon polymer films on titanium for preventing cell adhesion: A surface finishing for temporarily used
orthopaedic implants. J. Phys. D Appl. Phys. 2016, 49, 234002. [CrossRef]

28. Walschus, U.; Hoene, A.; Neumann, H.-G.; Wilhelm, L.; Lucke, S.; Lüthen, F.; Rychly, J.; Schlosser, M. Morphometric immunohis-
tochemical examination of the inflammatory tissue reaction after implantation of calcium phosphate-coated titanium plates in
rats. Acta Biomater. 2009, 5, 776–784. [CrossRef]

29. Moyano, D.F.; Goldsmith, M.; Solfiell, D.J.; Landesman-Milo, D.; Miranda, O.R.; Peer, D.; Rotello, V.M. Nanoparticle hydrophobic-
ity dictates immune response. J. Am. Chem. Soc. 2012, 134, 3965–3967. [CrossRef]
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Abstract: Selective altering of surface wettability in microfluidic channels provides a suitable platform
for a large range of processes, such as the phase separation of multiphase systems, synthesis of
reaction controlled, nanoliter sized droplet reactors, and catalyst impregnation. Herein we study
the feasibility to tune the wettability of a flexible cyclic olefin copolymer (COC). Two methods were
considered for enhancing the surface hydrophilicity. The first is argon/oxygen plasma treatment,
where the effect of treatment duration on water contact angle and COC surface morphology and
chemistry were investigated, and the second is coating COC with GO dispersions of different
concentrations. For enhancing the hydrophobicity of GO-coated COC surfaces, three reduction
methods were considered: chemical reduction by Hydroiodic acid (HI), thermal reduction, and
photo reduction by exposure of GO-coated COC to UV light. The results show that as the GO
concentration and plasma treatment duration increased, a significant decrease in contact angle was
observed, which confirmed the ability to enhance the wettability of the COC surface. The increase
in hydrophilicity during plasma treatment was associated with the increase in surface roughness
on the treated surfaces, while the increase during GO coating was associated with introducing
oxygen-containing groups on the GO-coated COC surfaces. The results also show that the different
reduction methods considered can increase the contact angle and improve the hydrophobicity of
a GO-coated COC surface. It was found that the significant improvement in hydrophobicity was
related to the reduction of oxygen-containing groups on the GO-coated COC modified surface.

Keywords: surface wettability; graphene oxide; plasma treatment; cyclic olefin copolymer; GO reduction

1. Introduction

Several materials are used in the fabrication of microfluidic devices. Recently, the
fabrication of these devices has relied on polymer based materials such as polydimethyl-
siloxane (PDMS) and cyclic olefin copolymer (COC) [1–4]. This attention is related to their
mechanical and chemical characteristics that make the fabrication of devices faster, easier,
and cheaper in comparison to other materials such as silicon and glass [1,2]. Furthermore,
PDMS and COC have other desirable features, such as being biologically inert, optically
transparent, nonflammable, low cost, and nontoxic [2]. Therefore, it becomes an alternative
material for different micromanufacturing models. However, PDMS and COC are hy-
drophobic in nature, which makes them unsuitable for many bio-applications [5,6]. Several
physical and chemical techniques have been developed to modify the surface wettability of
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polymer based microchannels for selective applications. These include plasma treatment,
chemical vapor deposition (CVD), graft polymer coating, the sol-gel technique, and layer
by layer (LBL) deposition [2,7–10]. The oxidation of a PDMS polymer surface by oxygen
plasma suffers from being temporary [11]. Storing the oxidized surfaces in water and other
high surface-energy media can be used to preserve the hydrophilic surface for some time
before the polymer reverts to its original surface properties. However, the exposure of the
surface to air or other low surface-energy media results in its hydrophobic recovery [12].
On the other hand, chemical vapor deposition can produce long lasting coatings but only
has an effect on chips that are not assembled or connected to other parts or accessories [13].
To achieve a high coating effectiveness, the vapor used for coating should have unrestricted
access to the substrate. In a PDMS assembled channel, the use of graft photopolymerization
for covalent surface modification faces some challenges, because it does not react on the
wall but in the channel cavity. Hu et al. [14] developed a method to solve this challenge
by photoinitiator preadsorption before polymerization. However, in addition to multiple
washings, this method also requires the manual injection of a photoinitiator and monomer
solution into the chip, which makes the process complicated. The sol-gel technique for
PDMS modification was used by Abate et al. [15]. This method permanently modifies
the PDMS with a glass coating, which has strong resistance to organic solvents and can
customize its performance. However, the coating thickness can sometimes be as high as
10 mm, which affects the size of the channel and interferes with the complex geometry of
the device. In addition, the critical gelation reaction time lasts for few seconds, making
the process delicate and uncontrollable. LBL is simple, clear, and versatile. However,
injecting the solution and removing it during washing and the formation of layers is a
manual process.

Graphene oxide (GO) and its reduced form are two of the most interesting materials
in recent research due to their superior physical and chemical properties. The unique
planar structure and the two dimensionality of graphene oxide enable the development of
flexible optoelectronics, transparent electrodes, energy harvesting devices, and photode-
tectors [16–18]. Graphene oxide has a high concentration of oxygen-containing functional
groups, which can form hydrogen bonds when in contact with water. Recently, Alazzam
and Alamoodi [4,19] have proposed a new surface modification method, taking advantage
of the hydrophilicity of GO to pattern water wet surfaces on COC. The COC substrates
were patterned with graphene oxide by photolithography. The hydrophilicity of COC
and GO-coated COC surfaces was evaluated using water contact angle measurements.
The results showed that the contact angle of the COC surface was 120◦, indicating strong
hydrophobicity, whereas GO-coated COC showed a strong hydrophilic surface with a
contact angle of 10◦.

While GO is hydrophilic, the oxygen-containing functional groups can be removed by
several methods, called reduction methods, to restore graphene like hydrophobicity. These
methods include thermal treatment, chemical reducing agents, ultraviolet reduction, elec-
tric current, selective laser reduction, or photothermal reduction [16,20–24]. The reduction
extent of GO depends on the process conditions of the method used. Although there are nu-
merous studies that investigate the different properties of GO, few have reported on tuning
the surface wetting properties of polymers by means of GO coating and reduction process
conditions. This is of particular interest in the case of functional coatings for selective
patterning of wettability. Such coatings are particularly important for use in biomaterials,
self-cleaning surfaces, smart textiles, microelectronics, and microfluidics [25–27]. In this
work, we study the feasibility to tune the wettability of flexible COC. Two methods were
considered for enhancing the surface hydrophilicity. The first is plasma treatment, where
the effect of treatment duration on water contact angle and COC surface morphology
and chemistry was investigated, and the second is coating COC with GO dispersions of
different concentrations. For enhancing the hydrophobicity of GO-coated COC surfaces,
three reduction methods were considered: chemical reduction by Hydroiodic acid (HI),
thermal reduction, and photo reduction by exposure of GO film to UV light.
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2. Materials and Methods
2.1. Materials

Disc shaped COC polymer substrates (diameter: 6.5 cm, thickness: 175 µm, Tg: 132 ◦C,
MICROFLUIDIC CHIPSHOP, Jena, Germany), aqueous dispersion of GO (4 mg/mL,
SIGMA-ALDRICH, Missouri, US), aqueous dispersion of GO (2.5 wt%, GRAPHENEA,
San Sebastian, Spain), hydroiodic (HI) acid (≥47.0%, Sigma-Aldrich, MO, USA), ethanol
(absolute, >99.8%, Fisher Chemical, Waltham, MA, USA), isopropanol (absolute, >99.8%,
Fisher Chemical, Waltham, MA, USA) and deionized water (DI) were used in this study.

2.2. Preparation of GO-Coated COC

Graphene oxide dispersions of water and ethanol at a volume ratio of 1:4 were pre-
pared and used to increase the uniformity of the GO layer coated on the COC substrate. GO
(4 mg/mL, SIGMA-ALDRICH, St. Louis, MO, USA) dispersions with different concentra-
tions (0.1, 1, 2, 3 and 4 mg/mL) were prepared to study the effect of GO concentrations on
the wettability of the COC surface. Dispersions of 4 mg/mL prepared from GO (2.5 wt%,
GRAPHENEA, San Sebastián, Spain) were used for all other experiments. The procedure
to coat GO on COC substrates is illustrated schematically in Figure 1. First, the COC
substrate was cleaned using isopropanol and DI. Next, the substrate was treated with an
argon/oxygen low pressure inductive plasma (HARRICK PLASMA, Model: Expanded
plasma cleaner/PDC-002, Ithaca, NY, USA) for a fixed duration (5, 20, 60 and 120 min) to
increase the surface energy of the substrate and enhance the bonding between GO and COC
substrate [19]. Plasma treatment was performed at a pressure of 626 mtorr, gas flowrates of
1–2 scfh, and a maximum power of 29.6 W with radio frequency (RF) of 12 MHz. As will
be discussed in the results section, plasma treatment for more than 5 min did not result
in noticeable changes in contact angle for GO-coated COC substrates. Therefore, for the
remaining experiments, the time for plasma treatment was fixed at 5 min.

≥

Figure 1. Schematic illustration of the experimental procedure followed to deposit GO films on COC
substrates via spin coating.

After plasma treatment, a few drops of graphene oxide dispersion were dispensed
on top of the substrate followed by spin coating at 3000 rpm for 1 min. Finally, the coated
substrate was baked at 60 ◦C for 2 min.

2.3. Reduction of GO-Coated COC

2.3.1. UV Reduction

A UV flood exposure system (BACHUR and ASSOCIATES, Model: LS-150-5C2 NUV
exposure system, Santa Clara, CA, USA) was used to reduce the GO coating on the COC
substrate in a controlled manner. The lamp emits ultraviolet light with wavelengths of
365 nm and 400 nm with an intensity of 10 mW/cm2. The lamp was warmed for 20 min
before it was used in the experiments. Then, GO-coated COC substrates were placed indi-
vidually under the UV lamp and treated for different durations (10, 30, 60, 120 and 180 min)
under atmospheric pressure.
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2.3.2. HI Reduction

The GO-coated COC substrates were immersed in (47.0%) HI acid for different du-
rations (10, 30 and 180 min). After that, the partially reduced GO-coated COC substrates
were washed with DI water and dried with compressed air.

2.3.3. Thermal Reduction

The GO-coated COC substrates were heated on a hot plate at different temperatures
(80, 100 and 120 ◦C) for 30 min, and then cooled to room temperature.

2.4. Characterization

The topographic images of the plasma treated samples were obtained by using the AC
imaging mode of atomic force microscopy (AFM) of ASYLUM MFP-3D. The high frequency
silicon tip with apex diameter of 30 nm was used for imaging. The resonance frequency
of the tip is about 246 kHz. The images were taken for scan area of 20 µm × 20 µm
with an optimized scan frequency of 1 Hz. Field emission scanning electron microscope
(FESEM) (JEOL JSM-6710FFEG-SEM) was used to investigate and characterize the coating
of graphene oxide sheets on the COC substrates. The FESEM micrographs were taken
using the acceleration voltage of 5 kV at the working distance of 5 mm. The GO-coated
COC substrates characterized by AFM and SEM were coated with GO dispersion with a
concentration of 4 mg/mL. The Bruker Alpha FTIR spectrometer system equipped with
diamond attenuated total reflectance (ATR) accessory was used to perform FTIR analysis
on all treated samples with a wavenumber ranging from 450–4000 cm−1. Five repetitions
with twenty four scans with a resolution of 4 cm−1 were performed on each sample.
Postprocessing data using smooth tool in Origin Pro software was performed to remove
noisy data in hydroxyl and carbonyl FTIR spectrums. The wettability of the surface was
characterized by contact angle measurements using a goniometer (Ossila, Model:L2004A1,
Sheffield, UK), in which a 5 µL droplet of deionized water was deposited on the treated
surface. The images were analyzed using Ossila Contact Angle (v3.1) software, which uses
the tangent method for contact angle measurements. For each sample, the contact angle
was measured at a minimum of ten droplets of the same volume at different locations and
the results were averaged. All surface characterizations were carried out immediately after
each treatment method.

3. Results
3.1. Effect of Plasma Exposure Time for COC

Plasma exposure causes photo-oxidation, chain session and crosslinking on the COC
surface. The active free radicals, ions and electrons generated during plasma treatment
induces C-C and C-H bond scission causing shorter polymer chains, the formation of other
molecules through recombination reactions and crosslinking on the surface [28]. Several
factors affect the outcome of plasma treatment including the power of the plasma unit, the
type of plasma (low pressure plasma or atmospheric plasma), and the treatment duration.
The use of a high powered plasma treatment or treating polymer surfaces over a long
period of time has also been reported to damage polymer surfaces [29]. In the current work,
contact angle measurements on the plasma treated COC surfaces were performed directly
after plasma treatment. Figure 2 shows the effect of plasma treatment duration on the
water contact angle. Untreated COC has a contact angle of 109◦ while plasma treatment
significantly reduces the contact angle to 11◦ after a 20-min exposure time. It was also
observed that for processing times longer than 20 min, the contact angle increased slightly,
reaching a value of 15◦ at 60 min. To understand the contact angle declination, FTIR analysis
and AFM imaging were conducted. FTIR analysis was conducted to analyze changes in
the functional groups on the COC surface during plasma treatment. The observed FTIR
peaks for plasma treated surfaces are shown in Figure 3. It is seen that, generally, there
are no major differences between the FTIR results for the plasma treated COC surfaces
at different treatment durations. Compared to untreated COC, aldehydes and carbonyl
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groups are generated during the plasma treatment process (the relevant peak appears at
1740 cm−1). These carbonyl-containing groups are formed in the presence of oxygen during
plasma treatment [30]. The terminal aldehyde group can be formed by the rearrangement
of the peroxy radical intermediate formed by chain scission, or by the decomposition of
peroxide and hydroperoxide on the surface of the polymer [28]. AFM images of the surface
topography and surface roughness values of untreated and modified COC substrates are
shown in Figure 4 and Table 1, respectively. It has been observed that the untreated COC
has a smoother surface compared to the plasma modified surface. The surface roughness
of the untreated COC substrate was 15.7 nm, while that of the plasma modified COC
specimens treated for 5, 20 and 60 min were 33.4 nm, 44 nm and 122.3 nm, respectively.
The samples exposed to a long duration of plasma (60 min exposure) showed a very rough
surface with occasional holes and cracks observed on the surface (Figure 4d). The increase
in the concentration of surface oxygen functional groups and higher surface roughness
could contribute to the increase in surface hydrophilicity.

−

Figure 2. Variation of DI water contact angle with plasma exposure time in plasma treated COC.
Each contact angle datapoint shows the average value from ten measurements.

 

−Figure 3. FTIR spectra for plasma−treated COC at different plasma exposure times.
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Figure 4. Surface topology of COC substrates using AFM; (a) untreated and plasma− treated for (b) 5 min, (c) 20 min, and
(d) 120 min.

Table 1. Surface roughness of plasma treated COC at different plasma exposure times.

Plasma Exposure Time (min) Surface Roughness (nm)

0 (untreated COC) 15.7
5 33.4

20 43
120 122.3

3.2. Structural Characterization of COC Coated with GO

SEM and AFM images of COC substrate coated with 4 mg/mL GO solution, shown in
Figure 5, confirm the uniformity of the GO coating and the interconnection of the sheets,
with very little delamination and wrinkles. The uniformity of the GO film on the COC
substrate could be a consequence of surface roughness and polar species formed during the
plasma treatment process. The FTIR spectra of GO, untreated COC, plasma treated COC,
and GO-coated COC, shown in Figure 6, were studied to compare the chemical groups on
the COC surface. The FTIR spectra for the untreated COC substrate (Figure 6b), shows a
peak at 1452 cm−1 for the C-H bending mode and peaks in the range of 2913–2847 cm−1

for the stretching mode of C-H (aldehydic H and ethynenic H), in agreement with the
literature [28,31,32]. Peaks near 1740 and 3313 cm−1 for pure GO and GO-coated COC
correspond to C=O and –OH groups, respectively. The absorption peak at 1740 cm−1

corresponds to the presence of aldehydes and carbonyl groups generated during plasma
treatment, however, the intensity of the peak increases with GO modification, confirming
the presence of GO on the COC substrate. The absence of a peak at 3313 cm−1 in the
plasma-treated COC does not necessarily indicate the absence of hydroxyl groups, which
may be present in concentrations below the detection limit of FTIR.
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10 μm 1 μm 

Figure 5. (a) SEM and (b) AFM images of 4 mg/mL GO−coated COC. The white lines in (a) represent the boundaries of the
GO flakes.

−

 

−

(a) 
(b) 

μ μ

Figure 6. Typical FTIR spectra for (a) Graphene oxide and (b) untreated COC, COC treated with plasma for 5 min, and
4 mg/mL GO−coated COC.

3.3. Effect of Plasma Treatment on GO Coating

In our recent work [3,4,19] we have shown that treating COC with O2/Ar plasma
followed by spin coating with GO dispersions resulted in stable GO coatings. Here, we
investigated whether there is an apparent effect of plasma treatment on the wettability of
the COC after the GO deposition. Contact angle measurements were performed on COC
substrates treated with plasma for different durations (5, 20, 60 and 120 min), prior to coat-
ing them with different concentrations of GO dispersions (Figure 7). It was observed that
the contact angle does not change considerably for each GO concentration when exposed to
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different plasma treatment durations. Slight changes may result from experimental errors.
Therefore, a plasma modification time of 5 min was used in all subsequent experiments.

−

−

−

Figure 7. Variation of DI water contact angle with plasma exposure time in plasma pretreated
GO−coated COC.

3.4. Effect of GO Concentration

The effect of GO concentration on the wettability of the COC substrate surface was
studied using water contact angle measurement. Five GO dispersions were prepared
with concentrations of 0.1, 1, 2, 3, and 4 mg/mL, and were deposited on COC substrates
pretreated by O2/Ar plasma for 5 min using a spin coater at a speed of 3000 rpm. Figure 8
shows the effect of the GO concentration on the contact angle. A decrease in water contact
angle with an increase in the concentration of GO dispersion was observed. This behavior
can be explained by the fact that graphene oxide is rich in oxygen-containing functional
groups (see Figure 6a), which can form hydrogen bonds when in contact with water [33].
Higher concentrations of GO result in the deposition of a larger amount of GO flakes and
an increase in the surface concentration of oxygen-containing functional groups, thereby
increasing the hydrophilicity of the coated COC. Images of the water droplets on the
surface of the GO-coated COC substrates are shown in Figure 9 for GO concentrations up to
4 mg/mL, which resulted in minimum contact angle of 20◦. The increase in hydrophilicity
with GO concentration can be further confirmed from FTIR analysis. Figure 10 illustrates
the functional groups appearing on the COC substrates for different GO concentrations
and for plasma treatment of 5 min. It is observed that aldehydes and carbonyl groups are
generated during plasma treatment, as discussed in the previous section. They also appear
after GO deposition with a more pronounced peak as the GO concentration increases
(the relevant peak appears at 1740 cm−1). The associated FTIR peak in the range of
3100–3700 cm−1 was present in the GO-coated COC samples but not in the plasma treated
COC ones. This peak confirms the presence of hydroxyl groups (–OH). The areas and
heights of the FTIR peaks are directly proportional to the concentration of each chemical
species present on the COC surface [28]. From the changes in peak area and height in
Figure 10b,c, it can be seen that the amount of hydroxyl and carbonyl groups increases with
the increase of GO concentration, which contributes to the increase in the hydrophilicity of
higher concentration GO-coated COC surfaces.
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−

−

Figure 8. DI water contact angle on GO−coated COC surface as a function of GO dispersion
concentration. Contact angle of untreated COC is 109◦. All samples were treated for 5 min before the
deposition of the GO film.

−

  

(a) (b) 

  

(c) (d) 

 

(e) 

−Figure 9. Images of water droplets on the surface of (a) COC, and GO−coated COC with GO suspension concentrations
of (b) 1 mg/mL, (c) 2 mg/mL, (d) 3 mg/mL, and (e) 4 mg/mL at 5 min plasma exposure time. Results were collected
immediately after the wafer was fabricated.
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(a) 

(b) (c) 

Figure 10. (a) FTIR−ATR spectra for five min plasma treated COC and subsequently GO−coated; Expanded regions of
FTIR-ATR spectra between (b) 3050–3800 cm−1 and (c) 1500–2000 cm−1.

3.5. Effect of Ultraviolet (UV), Hydroiodic Acid (HI) and Thermal Treatment on the Wettability of
GO-Coated COC

As seen from the results presented in the previous section, by coating COC substrates
with GO dispersions, the wettability of the surface is greatly enhanced, as reflected by
the decrease of the contact angle from 109◦ (untreated COC) to 20◦ (4 mg/mL GO-coated
COC). The hydrophilicity of the GO-coated COC surface can be further tuned by reducing
GO using three different approaches: (a) photo reduction using ultraviolet radiation;
(b) chemical reduction using hydroiodic acid and (c) thermal reduction by heating the
substrate. The effect of photo reduction, chemical (Figure 11a) and thermal reduction
(Figure 11b) on the surface hydrophobicity of GO-coated COC surfaces was evaluated
by measuring the water contact angle, as shown in Figure 11. The contact angle of the 4
mg/mL GO-coated COC surface was 33◦ before treatment. Note that this contact angle is
higher than the one mentioned in the previous section as this is due to using GO from a
different supplier (Graphenea). It can be seen from Figure 11a that the HI acid treatment
significantly increases the contact angle to 82◦ after a 30-minute immersion time. No
further change in contact angle was observed for immersion times beyond 30 min. For UV
treatment, the contact angle increases slightly with exposure time reaching a maximum
value of 55◦, with no further change after 60 min (see Figure 11a). This can be attributed to
the UV exposure process, where reduction by UV light occurs at the exposed GO flakes
at the surface of the coating, this will be further discussed with FTIR spectra in Figure 12.
Finally, the thermal treatment of GO-coated COC significantly increases the contact angle
reaching 74◦ at 100 ◦C. Further increase in temperature, to 120 ◦C, results in a slight increase
in contact angle, to 79◦ (Figure 11b). This is unlike the HI acid and UV treatment methods,
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where no further changes in the contact angle were observed after 30 min and 60 min,
respectively. It is expected that thermal treatment will increase the contact angle further
as the temperature rises. However, this was not investigated because of the COC glass
transition temperature of 132 ◦C. It has been reported that as GO is thermally reduced
in the range of 25–130 ◦C, oxygen-containing groups are mildly removed and the lattice
of GO gradually contracts, and at temperatures above 130 ◦C, oxygen-containing groups
disappear significantly and GO lattices contract drastically, resulting in a further increase
in the contact angle [34].

−

−

−

(a) 
(b) 

Figure 11. DI water contact angle on the surface of 4 mg/mL GO−coated COC with (a) HI and UV reduction time (min)
and (b) thermal reduction temperature.

− −
− − − − −

(a) 

(b) 
(c) 

Figure 12. (a) FTIR−ATR spectra for 4 mg/mL GO−coated COC treated with UV reduction for different durations and
expanded regions of FTIR−ATR spectra between (b) 3050–3800 cm−1 and (c) 1500–2000 cm−1.
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To further evaluate the degree of GO-coated COC reduction by the different methods,
the FTIR spectra were obtained, as illustrated in Figures 12–14. From the changes in FTIR
peak height and area, the amount of hydroxyl and carbonyl groups decrease with the
increase in UV exposure time, HI acid immersion time and temperature, which agrees
with the reduction of GO and increase of hydrophobicity of GO-coated COC surfaces. The
FTIR spectra in Figure 12 shows that after UV exposure of 180 min, hydroxyl groups still
exist on the GO coated surface, however, to a lesser extent. The same is observed for the
carbonyl groups. In comparison to the FTIR spectra in Figures 13 and 14, the reduction in
these groups is minimal with UV exposure. This further confirms that the UV exposure
effect is restricted to the exposed GO flakes on the surface of the coating. The expanded
FTIR spectra in Figure 13b,c for the HI acid treatments show that the intensity of the
oxygen-containing functional groups of the GO-coated COC decreases more than other
treatment methods, with the hydroxyl group disappearing completely. This means that the
removal of oxygen-containing functional groups in HI acid is greater than other treatment
methods for the same duration. At the same time, the absorption peak at 1562 cm−1 can
be clearly observed during HI reduction, with a higher intensity compared with other
methods, which is caused by the stretching vibration of the sp2 carbon–carbon chemical
bond in the graphene structure [35,36]. In addition, it has been found that alkyne groups
are generated during HI treatment (the relevant peak appears at 2122 cm−1). Figure 14
shows a similar trend for the thermal reduction of the GO-coated COC surface, where the
oxygen-containing functional groups decrease as the temperature increases. It is worth
mentioning that while the contact angle measurements for 30 min treatments in HI acid and
at 120 ◦C are comparable, the FTIR spectra for both cases are different. This suggests that
the reduction using HI acid has a greater effect than just reducing the oxygen-containing
functional groups, however, further studies are required to confirm this observation.

− −
− − − − −

(a) 

(b) 
(c) 

Figure 13. (a) FTIR−ATR spectra for 4 mg/mL GO−coated COC treated with HI for different durations and expanded
regions of FTIR−ATR spectra between (b) 3050–3800 cm−1 and (c) 1500–2000 cm−1.
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(a) 

(b) (c) 

Figure 14. (a) FTIR−ATR spectra for 4 mg/mL GO−coated COC treated thermally for different temperatures and expanded
regions of FTIR−ATR spectra between (b) 3050–3800 cm−1 and (c) 1500–2000 cm−1.

4. Conclusions

The O2/Ar plasma treatment and coating of COC with graphene oxide dispersions
are effective for enhancing the wettability of natural hydrophobic COC surface. Based
on the current work, the hydrophilic characteristic of plasma treated COC is mainly due
to its increased surface roughness. Whereas the hydrophilic characteristic of GO-coated
COC is mainly due to the increased oxygen-containing groups. Compared with plasma
treatment, coating with graphene oxide has better wettability tuning capability because
each GO concentration gives a different contact angle measurement as well as selective
reduction of GO, specifically chemical and UV exposure reductions, is possible using
photolithography techniques, which are difficult to be achieved using plasma treatment. It
has been shown that different reduction methods, such as UV exposure, chemical using
HI acid, and thermal treatments, can alter the surface wettability from hydrophilic GO-
coated COC to hydrophobic reduced GO-coated COC, and can control the behavior of
surface wettability as needed. FTIR spectroscopy and contact angle measurements have
confirmed the reduction of the GO coatings for each treatment. The results showed that
HI acid reduction and thermal reduction increased the hydrophobicity of GO-coated
COC more effectively than UV reduction. This can be attributed to the high removal of
oxygen-containing groups in chemical and thermal reduction treatments compared to UV
reduction. This work provides a basis for the further development of coating materials
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on COC substrates, where they can be used to tune the wettability for different industrial
applications.
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077125 Mǎgurele, Romania; ovidiu.stoican@inflpr.ro

Abstract: A cold plasma source operating at atmospheric pressure powered by a voltage multiplier
is reported. In addition to its usual high voltage output, there is an intermediate output of lower
voltage and higher current capability. A discharge current is drawn from both outputs. The ratio
of the current supplied by each output depends on the operating state, namely, before or after the
plasma jet formation. The electrical circuit is equivalent to two dc sources connected in parallel, used
to initiate and sustain the electrical discharge. The plasma source is aimed to study the effect of cold
plasma on the surface of various liquid or solid materials, including polymers.

Keywords: cold plasma; atmospheric pressure plasma; electrical discharges; voltage multiplier; polymers

1. Introduction

A wide range of applications is based on the effects of interaction between the cold
(non-thermal) plasma generated at atmospheric pressure and the surface of various solid
or liquid materials. Developments related to this topic are constantly growing, new
research approaches are attempted or are already underway [1–7]. There are many so-
lutions to obtain plasma at atmospheric pressure, the differences being mainly given
by the electrode geometry and type of electrical supply, namely: dc, low-frequency, rf,
microwave or a combination of them. A summary of the output parameters, operating
conditions and reported applications for various classes of plasma sources is presented in [1].
Depending on the particular design, the magnitude of the power transferred to the electrical
discharge and carrier gas nature, the resulting plasma characteristics can be set in a wide range.
Because there are no solid or liquid wastes, plasma technologies are environmentally friendly
compared with alternative methods based on chemical treatments. Atmospheric pressure
operation simplifies the necessary equipment, because no vacuum system is needed.

Cold plasma technology is already an important tool used to process polymers surface
for various scientific and technical purposes [6–9]. By using this technique, the polymer
surface characteristics can be modified whereas its bulk properties remain unchanged. The
affected layer depth lies in the range 0.005–0.05 µm [8]. There are several areas in which
very promising results based on the polymers surface plasma treatment have been reported
in the literature, such as: antimicrobial and bioactive coatings [2,10–13]; surface wettability
modification [14–18]; changes of the mechanical properties (roughness, bonding and tensile
strength) [15,19,20]; cleaning, improvement dyeing and printing properties [16,21].

This work contributes to the realization of a plasma source of type APPJ (atmospheric
pressure plasma jet) aimed to study the effect of cold (non-thermal) plasma on the surface
of various liquid or solid materials, including polymers.

Its specific use requires that a plasma source to be operated in a non-transferred
arc mode. A plasma jet having well-defined, stable and reproducible parameters under
various experimental conditions is also a mandatory demand. Some peculiarities of the
experimental conditions may lead to plasma jet interruptions. Generally, to initiate an
electric discharge, a much larger electric field is required than the one necessary to sustain
it [22,23]. As a result, the quick change of the operating mode for the power supply in order
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to restart the discharge, followed by a return to the mode corresponding to the discharge
sustaining, is necessary. The simplicity of the supply circuit, having in view a possible small-
scale plasma source multiplication was also considered. To meet the requirements mentioned
above and avoid the difficulties implied by rf or microwave circuits, which need matching
networks, a solution based on plasma initiated and sustained by a dc discharge was tested.

2. Materials and Methods
2.1. Mechanical Layout of the Plasma Source

The plasma source mechanical layout used for practical testing and operating parame-
ters measurement of the electrical circuit is shown in Figure 1. It consists of a cylindrical
cavity terminated with a conical ejection nozzle, drilled along the longitudinal axis of a
cylindrical aluminum block. The narrow head of the nozzle is bored and represents the
output hole for the plasma jet. The other head of the cylindrical cavity is closed by an
insulating disk made of teflon. A sharpened brass rod enters the cavity, along its longitudi-
nal axis, through an orifice existing in the center of the insulating disk. This rod is held
in place by the insulating disk and can slide forward or backward, so that its position is
adjusted to attain a stable plasma jet of maximum length under the given experimental
conditions. For the plasma source, the aluminum block and the brass rod represent the
anode (A), which is connected to ground (GND), and cathode (K), respectively. The carrier
gas under pressure is introduced into the cavity through a duct that crosses the aluminum
block perpendicular to its longitudinal axis. The geometrical parameters of the plasma
source, shown in Figure 1, are: d = 3 mm, d1 = 8 mm, d2 = 3 mm, D = 15 mm, L = 22 mm.

Figure 1. Mechanical layout of the plasma source (not to scale). 1-aluminum block; 2-cylindrical cav-
ity; 3-brass rod; 4-plasma output hole; 5-teflon insulating disk; 6-carrier gas input duct; 7-plasma jet.

2.2. Electrical Supply Circuit

The electrical supply circuit diagram is shown in Figure 2. Its core consists of a voltage
multiplier, delimited by the dashed rectangle. Circuit topology follows the classical one,
known as Cockcroft–Walton generator (often called Greinacher multiplier, to give credit to
the one who described it first) being a network made up of diodes (D1–D10) and capacitors
(C1–C10) which converts the ac voltage applied between point marked X0, conventionally
designed here as multiplier voltage input, and ground (GND), to a dc voltage whose
magnitude is several times larger than the peak value of that ac voltage. All capacitors
C1–C10 are identical, each of them having a capacitance of 1 µF. In addition, all diodes
D1–D10 are identical, BY6-type, rated at 6 kV repetitive peak reverse voltage and 1 A
maximum forward current [24]. This network can be considered to be formed by a suite
of five identical stages connected in series, numbered from 1 to 5, where the first stage
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is the one at the input, terminals X2, X4, X6, X8 and X10 being the output of each stage.
Let the time variation of the ac voltage be applied between point X0 and ground expressed
by ui =

√
2Ui sin(2π f0t), characterized by frequency f0 = 50 Hz, peak value

√
2Ui and

consequently the root-mean-squared (rms) value Ui. It is preferable to use rms value Ui, to
characterize the magnitude of the ac voltage because common ac voltmeters are calibrated
to display this parameter. Based on the operating principle of this type of circuit [25–27],
theoretically, without any load, taking into account current direction allowed by diodes
D1–D10, the dc voltages between terminals X2, X4, X6, X8, X10 and ground are −2

√
2Ui,

−4
√

2Ui, −6
√

2Ui, −8
√

2Ui and −10
√

2Ui, respectively. Therefore, the maximum negative
dc voltage, namely −10

√
2Ui, is obtained at terminal X10. Transformer Tr, having its

primary winding connected to the ac power line (230 Vrms/50 Hz), is used to ensure
galvanic isolation between plasma source electrodes and ac power line. Its secondary
winding, providing 400 Vrms, is connected across point X0 and ground. The cathode K
of the plasma source is simultaneously connected to the terminal X10 through the ballast
resistor Rb1 and to the terminal X2 through the equivalent ballast resistor Rb2 in series
with an additional diode D11, respectively. Element Rb2 consists of two resistors Rs and
Rx connected in series. Resistor Rs has a fixed value of 10 kΩ, limiting the maximum
discharge current regardless resistor Rx value, as well being used for discharge current
sensing. Resistors Rx can have different values, being used to adjust the discharge current.

Figure 2. Diagram of the electrical supply circuit. The voltage multiplier, delimited by dashed rectangle,
consists of ten identical 1 µF capacitors C1–C10, and ten diodes D1–D10. All multiplier diodes D1–D10

and additional diode D11 are identical, BY6-type. The nominal values of the resistors are Rb1 = 10 MΩ

and Rs = 10 kΩ. Resistance Rb2 = Rs + Rx, where Rx may have different values, being used to adjust
discharge current. Transformer Tr ensures galvanic isolation between the ac power line and plasma source
electrodes. Four voltage dividers are connected to points M0, M1, M2 and M3, to monitor some electrical
parameters during plasma source operation.

2.3. Operating Principle

Let the discharge voltage, denoted by Ud, be the dc voltage applied to cathode K. Note
that all dc voltages are referenced to ground and their polarity is negative. Let the discharge
current, denoted by Id, be the electric current through the plasma source electrodes, from A
to K. The current discharge Id is the sum of two components: Id = Id1 + Id2, where Id1 is
the current drawn from terminal X10 and Id2 is the current drawn from terminal X2, by the
electrical discharge. If there is no electrical discharge, then the plasma source electrodes
represent electrically an open circuit. Consequently, Id = 0 and the dc voltage applied to
cathode is equal to the terminal X10 voltage: |Ud| ≈ 10

√
2Ui ≈ 5.66 kV, for Ui = 400 Vrms.

To obtain an electrical discharge, implicitly initiate the plasma jet at atmospheric pressure,
it is necessary that the X10 terminal voltage to be large enough to generate the breakdown
electric field corresponding to the specific mixture air-carrier gas. Therefore, connection
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to the terminal X10 is only aimed to apply to the electrodes the high voltage necessary to
ignite an electrical discharge between them and to initiate or re-initiate, if necessary, the
plasma jet. Due to the large value of the ballast resistor Rb1, the current Id1 drawn from the
terminal X10 is not sufficient to keep the electrical discharge continuous. It is limited to
Id1max < 10

√
2Ui/Rb1 ≈ 0.57 mA. The current necessary to sustain the electrical discharge

after it is initiated, is drawn from terminal X2. It is limited by the group of resistors denoted
Rb2 (Rb2 = Rs + Rx), so that Id2max < 2

√
2Ui/Rs ≈ 113 mA. Due to the diode D11 (also

BY6-type), the dc current Id2 drawn from X2 terminal is null until, in absolute value, the
discharge voltage Ud becomes lower than the X2 terminal voltage.

Summarizing, in the absence of plasma (no electrical discharge) or in the case of
anomalous operation, when |Ud| > 2

√
2Ui, current drawn from terminal X2, Id2 = 0. After

the electrical discharge is ignited and carrier gas is flowing, the plasma jet begins to form,
the discharge current Id increases whereas the absolute value of the discharge voltage
|Ud| decreases until the system reaches a steady state corresponding to the atmospheric
plasma glow discharge regime. For the device described here, this state is characterized
by a discharge voltage satisfying condition |Ud| < 2

√
2Ui, at a discharge current Id of the

order of ten mA, having as a result a stable plasma jet. To achieve this regime, by varying
the resistance Rx, different values of the ballast resistance Rb2 were tested experimentally
before a suitable range of values was found. The component Id1 is not null after the plasma
jet is formed and becomes stable, but it can be neglected as compared to the component Id2,
and practically, Id ≈ Id2. If, for various reasons, the plasma jet is accidentally interrupted
during operation, the diode D11 blocks the current through the terminal X2 and the voltage
applied to the electrodes is switched automatically to −10

√
2Ui, allowing the re-ignition of

the electrical discharge. No supplementary electronic circuit is necessary for that.

3. Results
3.1. Measurement Setup

For testing purposes, in order to record voltages values during the plasma source op-
eration, under various experimental conditions, the measurement setup shown in Figure 3
has been used. Four voltage dividers R0–Rd0, R1–Rd1, R2–Rd2 and R3–Rd3 have been
connected to points M0, M1, M2 and M3, respectively. To smooth the dividers output
voltage ripple, shunt capacitors Cd0, Cd1, Cd2 and Cd3 have been added. The voltage divider
elements nominal values are: R0 = R1 = R2 = R3 = 40 MΩ, Rd0 = Rd1 = Rd2 = Rd3 = 11 kΩ,
Cd0 = Cd1 = Cd2 = Cd3 = 20 µF. A Meilhaus Electronic RedLab 1608FS USB-based Analog
and Digital I/O module has been used as a data acquisition system (DAQ). This device
performs A/D conversion and transfer data to a personal computer via the USB port. The
dividers output voltages are applied to the analog input channels CH0, CH1, CH2 and
CH3 of the DAQ system.

Let UM0, UM1, UM2 and UM3 be voltages at points M0, M1, M2 and M3, respectively.
These are calculated by measuring the output voltage of the dividers R0–Rd0, R1–Rd1,
R2–Rd2 and R3–Rd3, and considering the corresponding voltage ratio. All voltage dividers
have been previously calibrated in order to calculate the actual voltage ratio. To preclude
the effect of ac line voltage fluctuations during measurements, the primary winding of the
transformer Tr has been connected to the ac line through an automatic ac voltage regulator.
The experimental values against theoretical ones, of dc voltages at terminals X2 and X10,
for Ui = 400 Vrms (≈566 V peak value), in the absence of plasma, are given in Table 1.
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Figure 3. Schematic diagram of the measurement setup. The voltage divider elements nominal
values are: R0 = R1 = R2 = R3 = 40 MΩ, Rd0 = Rd1 = Rd2 = Rd3 = 11 kΩ, Cd0 = Cd1 = Cd2 = Cd3 = 20 µF.

Table 1. Comparison between calculated and measured magnitude of the dc voltage at terminals
X2 and X10 of the circuit shown in Figure 2, having as load only voltage dividers, for the ac voltage
applied to the input X0, Ui = 400 Vrms.

Terminal X2 X10

Multiple of ac input peak voltage [kV] −1.13 −5.66

Measured voltage [kV]
Voltage dividers connected to M0 and M4.
Diode D11 and resistor Rb1 are disconnected. −1.13 −5.36

The electrical supply circuit main parameters during plasma source operation result as:

- Discharge voltage representing the dc voltage applied to the cathode Ud = UM1;
- Voltage multiplier X10 terminal voltage equal to UM0;
- Voltage multiplier X2 terminal voltage equal to UM3;
- Current drawn from terminal X10 by the electrical discharge calculated as:

Id1 ≈ |UM0 − UM1|
Rb1

(1)

- Current drawn from terminal X2 by the electrical discharge, calculated as:

Id2 ≈ |UM3 − UM2|
Rs

(2)

by neglecting the current through the voltage divider R2–Rd2 (<0.03 mA).
As can be seen in the next subsection, during normal operation, the discharge voltage Ud

is about 200 V, so that the current through the voltage divider R1–Rd1 is about 5 µA and
may be neglected in comparison with the current drawn by the electrical discharge either
from terminal X2 or from terminal X10. Due to the additional load consisting of the voltage
divider R0–Rd0, the total current supplied to the outside from terminal X10, denoted IX10,
is higher than Id1. Taking into account that Rd0 ≪ R0, it is given by:

IX10 ≈ Id1 +
|UM0|

R0
(3)

The second term in Equation (3) is comparable to Id1, and the existence of this addi-
tional load contributes to the discrepancy between the calculated and measured value of
the voltage at terminal X10, shown in Table 1 [27]. However, this leakage current has no
significant effect on the plasma source operation and will not be discussed further.
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3.2. Measurement Results during a Normal Operation Regime

The operating regime for various values of the ballast resistance Rb2 has been tested.
Firstly, the electrodes K and A are connected to the supply circuit as shown in Figures 1 and 2.
The corresponding electric field is not enough to initiate an electric discharge in the air, at
atmospheric pressure. Afterwards, the carrier gas, consisting of Ar, is introduced into the
cylindrical cavity of the plasma source by means of a gas flow controller (Alicat Scientific
MC-20SLPM). A plasma jet is formed and becomes stable a few seconds after the carrier gas flow
is switched on and stabilized at a settled value. By using Ar as carrier gas, at a constant flow rate
of 3 LPM, a stable plasma plume of about 5 mm in length was formed. Figure 4 shows a stable
plasma jet during normal operation.

Figure 4. Plasma jet during normal operation. Experimental conditions: Ui = 400 Vrms, Rb2 = 20 kΩ,
Ar as carrier gas at flow rate of 3 LPM.

The time variation of the voltages UM0, UM1, UM2 and UM3 has been recorded for a
certain amount of time, by using the measurement setup described above. Data acquisition
started after the plasma jet was formed and became stable. Four datasets have been
acquired corresponding to Rb2 = 10, 20, 30 and 40 kΩ. The acquisition time was 300 s, at
a scan rate of 1 Hz. In all cases, Ui = 400 Vrms whereas carrier gas was Ar at a constant
flow rate of 3 LPM. The averaged electrical parameters of the electric supply circuit during
the normal operation regime, corresponding to the four datasets, are listed in Table 2.
The normal operation regime is considered to be the state in which the plasma jet was
formed whereas the voltage and current discharge became relative stable. The average
voltage values considered here are calculated as the arithmetic mean of the corresponding
data acquired by DAQ:

UMi =

N

∑
k=1

UMi(tk)

N
(4)

where i = 0, 1, 2, 3 represents the DAQ channel index, N is the total sample number
and UMi(tk) represents the voltage corresponding to the channel i and sample number k,
acquired at tk seconds from the beginning of the measurement operation, sample number 1
being considered the origin of the time (t1 = 0). Therefore, for an acquisition time of 300 s,
at a scan rate 1 Hz, N = 300 samples and tk = k − 1 seconds. The averaged currents drawn
by electrical discharge Id1 from terminal X10, and Id2 from terminal X2, listed in Table 2,
are calculated according to Equations (1) and (2), respectively, where voltages values are
replaced by averaged voltages values, calculated according Equation (4).
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Table 2. Averaged electrical parameters of the electric supply circuit during the normal operation
regime for Ui = 400 Vrms and different ballast resistance Rb2.

Parameter Description Symbol Units
Rb2

40 kΩ 30 kΩ 20 kΩ 10 kΩ

Voltage at cathode (discharge voltage) Ud = UM1 kV −0.212 −0.208 −0.206 −0.210
Voltage at terminal X10 UM0 kV −3.01 −2.76 −2.40 −1.84
Current drawn by electrical discharge
from terminal X10 Id1 mA 0.28 0.26 0.22 0.16
Voltage at terminal X2 UM3 kV −0.71 −0.65 −0.57 −0.44
Current drawn by electrical discharge
from terminal X2
(discharge current) Id ≈ Id2 mA 12.77 14.95 18.03 22.97

Figure 5 presents the time variation of the discharge voltage Ud (a) and discharge
current Id (b), respectively, for different ballast resistance Rb2. The graphs shown are based
on the datasets used to fill Table 2.

(a) (b)
Figure 5. Time variation of the discharge voltage Ud (a) and discharge current Id (b) for ballast resistance Rb2 equal to 10 kΩ

(red), 20 kΩ (green), 30 kΩ (blue) and 40 kΩ (brown).

The gas temperature, measured by means of a K-type thermocouple, placed at 2 mm
from the output hole of the plasma jet, and the power dissipated by the electrical discharge
calculated as: Pd = Ud × Id , for different ballast resistance Rb2, are given in Table 3.

Table 3. Gas temperature Tg and power dissipated by the electrical discharge Pd, for different ballast
resistance Rb2.

Rb2 [kΩ] Tg [◦C] Pd [W]

10 96 4.8
20 78 3.7
30 68 3.1
40 58 2.7

4. Discussion and Conclusions

The operation of a cold plasma source powered by a simple electrical circuit based
on a voltage multiplier was experimentally demonstrated. Basically, the electrical supply
circuit is equivalent to two dc sources connected in parallel, consisting of the two outputs
X2 and X10, respectively, of the voltage multiplier. One of them (corresponding to the
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output X10) provides the very high voltage necessary to initiate the electrical discharge,
whereas the other one (corresponding to the output X2) is aimed to sustain the discharge.
After a plasma jet was formed, the contribution of the very high voltage source to the
discharge current can be neglected as it can be seen in Table 2. A similar approach has
already been described in [28]. Unlike the solution described in [28], the circuit presented
in this paper has the following distinct features:

- The plasma generation is based on a pure dc electrical discharge. This characteristic
combined with a stable regime mode allows to minimize the rf perturbations emis-
sion. Technical issues related to the matching circuits required by rf or microwave
generators do not exist.

- A very simple electrical supply circuit. The two dc voltage sources switch “naturally”,
running simultaneously or separately, as a function of plasma electrical parameters.

No specialized electronic circuit is required for switching between the two dc sources,
for example, based on monitoring the discharge current and comparing it with a thresh-
old value.

As shown by the experimental results, the gas temperature can be adjusted in a wide
range by modifying the ballast resistor in series with the dc source which sustains electrical
discharge, without affecting ignition and stability of the resulting plasma jet. This is an
important feature necessary for biological and medical applications [29,30]. In principle,
for polymers, the gas temperature must not exceed the maximum service temperature,
above which the material subjected to the plasma treatment loses its mechanical properties.
For common polymers existing on the market (e.g., Acrylonitrile Butadiene Styrene-ABS,
Polyethylene Terephthalate-PET, Polypropylene-PP, etc), this specific temperature is pro-
vided by the manufacturer and can be found in various databases usually available online
(e.g., [31]). In the case of the experimental samples, containing new materials, biopolymers
or living cells, the plasma gas temperature must be maintained as low as possible and, if
necessary, progressively increased after a few preliminary tests. As an example, chitosan is
one of the polymers intensively studied due to its multiple potential uses [32–35]. Accord-
ing to [33], during thermal processing, chitosan goes through two or three degradation
stages, the first of them occurring at 30–110 ◦C. For bacterial inactivation, gas temperatures
are reported to be about 50 ◦C [1,6]. Therefore, the gas temperature must be previously
observed under various operation conditions, taking into account in particular its variation
with carrier gas flow rate and the discharge current, for the given electrodes geometry.
Furthermore, the operation conditions will be adapted to set the gas temperature within
the acceptable range.

Table 4 presents the maximum relative deviation of the discharge voltage (∆Udmax)
and current (∆Idmax) from their averaged values for different ballast resistance Rb2 obtained
by picking up the maximum value of the expressions:

∆Ud =
|UM1 − UM1|

|UM1|
× 100 (5)

and

∆Id =
|Id − Id|
|Id|

× 100 (6)

Table 4. Maximum relative deviation of the discharge voltage (∆Udmax) and current (∆Idmax) from
average values for different ballast resistance Rb2.

Relative Deviation
Rb2

40 kΩ 30 kΩ 20 kΩ 10 kΩ

∆Udmax[%] 1.6 1.4 1.4 3.6
∆Idmax[%] 1.0 0.9 1.3 2.5
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The results indicate that, after the plasma jet is formed, under the investigated experi-
mental conditions (10 kΩ ≤ ballast resistance ≤ 40 kΩ), the discharge voltage and current
remain approximately constant, exhibiting small variations around their average values,
proving a stable operation regime, whereas the gas temperature can be maintained in an
appropriate range. However, for lower ballast resistance, the discharge current and voltage
deviation from their average values increases. In a first approach, the dc discharge stability
depends on the fulfillment of the Kaufmann criterion [36,37]:

Rb2 + dUd/dId > 0 (7)

We consider that for lower ballast resistance, the fluctuation in the differential resis-
tance dUd/dId cannot be fully compensated to satisfy Equation (7), so that the discharge
tends to become unstable, as it can be seen in Figure 5.

The plasma jet generated by the device (design shown in Figure 1) has a small section
which allows to be applied on a precise material area. On the other hand, in other applica-
tions, this could be a disadvantage. As a further development, the possibility to adapt this
topology to supply simultaneously multiple plasma jet sources (several, such as the one in
Figure 1) will be considered.

Finally, it can be concluded that the electrical circuit described above is a suitable
solution for the requirements that were the reason for initiating this work.
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The future for plasma science and technology. Plasma Process Polym. 2019, 16, e1800118. [CrossRef]
8. Yanling, C.; Yingkuan, W.; Chen, P.; Deng, S.; Ruan, R. Non-thermal plasma assisted polymer surface modification and synthesis:

A review. Int. J. Agric. Biol. Eng. 2014, 7, 1–9. [CrossRef]
9. Kuettner, L.A. Use of Atmospheric-Pressure Plasma Jet for Polymer Surface Modification: An Overview. In Los Alamos National

Laboratory Report LA-UR-17-22230; 2017. Available online: https://permalink.lanl.gov/object/tr?what=info:lanl-repo/lareport/
LA-UR-17-22230 (accessed on 20 June 2021).
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Abstract: Cellulose is a promising biomass material suitable for high volume applications. Its
potential lies in sustainability, which is becoming one of the leading trends in industry. However, there
are certain drawbacks of cellulose materials which limit their use, especially their high wettability and
low barrier properties, which can be overcome by applying thin coatings. Plasma technologies present
a high potential for deposition of thin environmentally friendly and recyclable coatings. In this
paper, two different plasma reactors were used for coating two types of cellulose-based substrates
with hexamethyldisiloxane (HMDSO). The changes in surface characteristics were measured by
atomic force microscopy (AFM), scanning electron microscopy (SEM), surface free energy and contact
angles measurements, X-ray photoelectron spectroscopy (XPS), and secondary ion mass spectrometry
(SIMS). Successful oleofobization was observed for an industrial scale reactor where pure HMDSO
was used in the absence of oxygen.

Keywords: oleofobization; paper; cellulose; plasma; HMDSO

1. Introduction

High-volume industries are seeking new alternative materials to become sustain-
able and decrease pollution. One of the most promising materials being implemented
is cellulose, a biomass derived raw material which is abundant, renewable, inexpensive,
and biodegradable. Thus, the use of cellulose is expected to increase [1], as it has high
potential of application in various industries. Major industries implementing materials
made from cellulose nanofibrils (CNF) and microfibrillated cellulose (MFC) are the wood,
paper, and textile industries. However, only cellulose with appropriately tailored surface
properties can be used for separating oil from water [2], food packaging [3], self-cleaning
surfaces [4,5], microchips [6], antibacterial agents [7], etc. Various surface finishing proce-
dures were proposed and studied to achieve hydrophobic or oleophobic surface properties
for cellulose-based products. They can be divided into wet chemical methods (like liquid
spray-coating [8,9], dip-coating [10], sol-gel [11], etc.), where usually organic solvents are
required [12]; or dry methods, that are more environmentally friendly, such as liquid flame
spray [13] or plasma-based techniques [14,15].

PECVD (plasma enhanced chemical vapor deposition) is a commonly used technique
for depositing thin layers [16] on surfaces. Various precursors can be used to apply
Si-containing thin films, with hexamethyldisiloxane (HMDSO) being among the most
popular ones. HMDSO is a non-toxic liquid [17] and an easy-to-handle monomer; however,
deposition of HMDSO films by plasma polymerization is hard to control, mainly due
to the diversity of functional groups produced by the multitude of possible chemical
reactions [18]. The structure and composition of plasma polymerized HMDSO films have
been widely studied for its application in biocompatible coatings [19–21], barrier and
protective coatings [20,22], as well as for water repellence [23,24]. It is used to deposit thin

181



Polymers 2021, 13, 2148

films ranging from HMDSO-like polymer films to almost pure SiOx films. The HMDSO
plasma polymerization of cellulose-based products, such as paper for food packaging,
has considerable benefits compared to other coating methods. The quantity of deposited
material by PECVD is orders of magnitude smaller, making the process more cost-efficient
and the product recyclable [3]. With the recent advantages in plasma techniques, both
low-pressure [4,7] and atmospheric pressure [2,3,25] plasma can be successfully employed.
The initial investment in PECVD systems in case of low-pressure plasma might be high,
while the operating costs are low, and any high-volume industry should on the long run
profit using these systems.

HMDSO is a liquid at atmospheric pressure. It has a high vapor pressure (about
50 mbar at room temperature) and can, therefore, be introduced into the processing chamber
via a leak valve or gas flow regulator. In the processing chamber, a non-equilibrium gas
plasma is created by discharge, where free electrons (with temperature of approximately
10,000 K) cause radicalization and ionization of the precursor. Plasma is often excited by
high-frequency discharges [26]. The reactive particles disperse inside the chamber and
eventually reach a surface where they adhere with a certain probability. Substrates are
often activated before application to improve adhesion. Different coatings can be applied
depending on the plasma parameters.

One extreme is a coating of polydimethylsiloxane like films. Such a coating is obtained
at a very low power density (in order to preserve the original composition of HMDSO)
and in the absence of other gases. The other extreme is a thin layer of silicon dioxide that
grows when oxygen-containing gas is present in the chamber, like water vapor, which
is usually present in vacuum chambers, or sometimes oxygen is added intentionally to
form purer SiOx [27,28]. Between these extremes, all types of coatings can be achieved,
depending on the processing parameters. The flow of radicals to the surface (and thus the
rate of deposition) obviously increases with increasing pressure and power density. At
elevated pressure (more than 10 Pa), however, the radicals begin to agglomerate already
in the gas phase, so that the coating becomes granular, which is often considered harmful
in industrial systems. If the power density is increased, the dissociation of the precursor
is intense, so that carbon atoms or even dimers can be incorporated into the SiOx film,
making it less transparent. Another obstacle is the uniformity of the plasma; dissociation
and ionization events are more intense closer to the electrodes, so the SiOx film is applied
mainly to the electrodes instead of the substrates [29].

The work presented herein aims to apply Si-coatings using HMDSO deposited by
plasma to prepare surfaces suitable for food-packaging applications. Two different low-
pressure plasma systems were used, the small-scale laboratory reactor and large-scale
industrial reactor, to study the effects of plasma treatment on two different types of papers.
The influence on surface chemistry, morphology, and hydrophilic and oleophobic properties
were studied and assessed for its industrial applicability. The main goal was to improve
the oleophobicity of the paper substrates by Si-based coatings. Such modification might be
of great interest to high-volume industries, such as the food packaging industry. Cellulose
has all of the benefits sought by such an industry, except for the oleophobicity and desired
barrier properties.

2. Materials and Methods
2.1. Paper Samples

Two different types of pre-coated papers were used for surface modification with
HMDSO. The first paper was made from a combination of softwood (eucalyptus) and
hardwood with production rests, and pre-coated with CaCO3, kaolin fillers, and a latex
binder. For the purpose of this text, this type of paper will be referred to paper 1. The other
paper, referred as paper 2, was made from deinked pulp, mechanical pulp, and consisted of
18–24% inorganic parts, and pre-coated with starch. This type of paper had a much higher
organic part in the coating compared to paper 1. Both papers were used for the deposition
of HMDSO coating on the surface to study the coating morphology, chemical composition,
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and wettability, as well as oleophobic properties of the coating. The papers were treated in
A4 format and analyzed with different surface analyzing techniques, as described in the
following sections.

2.2. Plasma Enhanced Chemical Vapor Deposition (PECVD)

Two different types of plasma reactors were used for modification of papers: the
laboratory reactor operating at microwave (MW) discharge, and the industrial reactor
operating at radiofrequency (RF) discharge. Due to the specifics of the two plasma systems,
different treatment conditions were used for surface modification and presented in more
detail below.

2.2.1. Laboratory Reactor

A low-pressure microwave (MW) plasma was generated in the LA400 plasma system
(SurfaceTreat, Turnov, Czech Republic) [30]. A double stage rotary vacuum pump with
65 m3/h nominal pumping speed was used to evacuate the 64 L processing chamber to
a base pressure of 1 Pa. The processing chamber made of aluminum had a magnetron
mounted on top, with microwaves entering the chamber through a quartz glass. The
heated HMDSO container was mounted close to the chamber and leaked into it. The flow
of HMDSO and oxygen, the MW generator’s power, the distance between the magnetron
and the sample, and the exposure time were varied to reach the optimal parameters.

The samples of paper 1 and 2 were prepared by 10 min plasma deposition with MW
plasma, where the feeding gas was a mixture of HMDSO and O2 (ratio 7:1, respectively) at
50 Pa of combined pressure and MW power of 200 W. The distance between the magnetron
and the sample was approximately 0.2 m.

2.2.2. Industrial Reactor

An industrial scale reactor for PECVD was used for depositing HMDSO on paper
samples. The reactor was cylindrically shaped with a 0.95 m radius and a height of
1.8 m. Multiple vacuum pumps were used for sustaining low pressures inside the reactor.
Diffusion pumps were supported by roots and rotary pumps and a cold trap, together
reaching a base pressure in the range of 0.01 Pa. A perforated tube was used to evenly
distribute the gas fed into the reactor via flow controllers. Plasma at low pressure was
sustained by an asymmetric capacitively coupled RF discharge. Two powered electrodes
(0.5 m2 each) were located close to the grounded reactor housing (approximately 17 m2).
Powered electrodes were connected to a RF generator with adjustable power output (up
to 8 kW) operating at the frequency of 40 kHz. More about this reactor, including its
schematic, can be found in an earlier paper by Gosar et al. [22,31].

The samples of paper 1 and 2 were mounted onto planetary stands with two rotational
movements, one around its own axis and another one around the center of reactor. This
kind of movement should ensure equal treatment for all samples. Afterwards, the reactor
was pumped to a base pressure, and a 20-min cycle of PECVD of HMDSO began.

2.3. Surface Morphology Analysis

2.3.1. Scanning Electron Microscopy

Morphological properties of the samples were analyzed using scanning electron
microscopy (SEM). Approximately 5 × 5 mm2 pieces of treated and untreated paper were
cut from the material. They were attached onto aluminum stubs using conductive carbon
tape, and their edges connected to the stub surface using carbon paste and coated with a
thin gold layer (10–12 nm thick) using a Balzers SCD 050 sputter coater (BAL-TEC GmbH,
Schalksmühle, Germany). The SEM images were obtained using a Jeol JSM-7600F Schottky
Field Emission scanning electron microscope (Jeol Ltd., Tokyo, Japan).
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2.3.2. Atomic Force Microscopy

Changes in surface morphology of paper samples were analyzed by Atomic force
microscope (AFM) Solver PRO (NT-MDT, Moscow, Russia) in non-contact mode in air.
Samples were cut into small pieces, and the surface was scanned by a standard Si cantilever
with a force constant of 22 Nm−1 and at a resonance frequency of 325 kHz. The cantilever’s
tip radius was 10 nm, the tip length was 95 µm, and the scan rate was set at 1.2 Hz.
Every measurement was repeated at least five times. Average surface roughness (Sa) was
measured from representative images on 5 × 5, 2 × 2, and 1 × 1 µm2 areas with the Nova
AFM software (NT-MDT, Moscow, Russia). Paper 2 in untreated state was too rough to be
analyzed with our AFM device.

2.4. Surface Free Energy and Contact Angle

The surface wettability was performed with the Drop Shape Analyser DSA-100 (Krüss
GmbH, Hannover, Germany) by a sessile drop method to measure a static contact angle.
Surface wettability was analyzed immediately after plasma treatment. The relative hu-
midity was around 45% and the operating temperature was 21 ◦C, which did not vary
significantly during continuous measurements.

The Krüss GmbH device for measuring surface wettability had a platform, which
automatically moved by the X and Y axes (Figure 1). After setting X and Y positions for
the simultaneous deposition of a drop, a contact angle was recorded. Surface energy was
determined from contact angle measurements. According to the Tappi T 5580m 97 standard,
the OWRK (Owens, Wendt, Rabel and Kaelble) fitting method with water (2.5 µL drop of
deionized water) and diiodomethane (1.5 µL drop of diiodomethane) was used by the Drop
Shape Analyser. Additionally, pumpkin oil (1.5 µL drop manually added by a syringe) was
used to determine oleophobic properties of the coating.

−

 

Figure 1. An array of distilled water and diiodomethane drops with a volume of 1.5 µL applied to
the paper surface with a distance of 3 mm between individual drops.

2.5. Surface Chemistry Analysis

2.5.1. X-ray Photoelectron Spectroscopy

The X-ray photoelectron spectroscopy (XPS or ESCA) analyses of papers were car-
ried out by a PHI-TFA XPS spectrometer produced by Physical Electronics Inc. (Physical
Electronics Inc., Chanhassen, MN, USA). Samples were placed on metallic support and
introduced in ultra-high vacuum spectrometer. The analyzed area was 0.4 mm in diameter,
and the analyzed depth was about 3–5 nm. This high surface sensitivity is a general
characteristic of the XPS method. Sample surfaces were excited by X-ray radiation from
monochromatic Al source at a photon energy of 1486.6 eV. The high-energy resolution
spectra were acquired with an energy analyzer operating at a resolution of about 0.6 eV
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and pass energy of 29 eV. During data processing, the spectra from the surface were aligned
by setting the C 1s peak at 285.0 eV, characteristic for C–C bonds. The accuracy of binding
energies was about ±0.3 eV. Quantification of surface composition was performed from
XPS peak intensities considering relative sensitivity factors provided by the instrument
manufacturer [32]. Three different XPS measurements were performed on each sample and
average composition was calculated.

In order to analyze thickness and in-depth distribution of elements in the SiO2 films,
the XPS depth profiling was performed in combination with ion sputtering. Ar ions of
4 keV energy were used. The velocity of the ion sputtering was estimated to be 2.0 nm/min,
calibrated on the SiO2 structure of the known thickness.

2.5.2. Secondary Ion Mass Spectrometry

TOF-SIMS (Time-of-flight secondary ion mass spectrometry) analyses were made on
the TOF.SIMS 5 instrument produced by the IONTOF company (IONTOF GmbH, Münster,
Germany). As the analytical beam, we used Bi3+ primary ions with energy of 30 keV.
Analytical depth with the settings used was around 2 nm and detection limits were around
1 ppm of species of interest in the sample. As the paper samples were nonconductive, the
low energy electron beam had to be applied to neutralize excessive positive charge.

Positive and negative surface spectra were recorded in the areas of 250 × 250 µm2

while measuring secondary ions in the m/z range from 0 to 875. Mass resolution (m/∆m)
was between 3500 and 7000, depending on the peak of interest. Micrographs of positive
secondary ions of interest were also recorded in the areas of 500 × 500 µm2. The lateral
resolution of micrographs was 180 nm and quality was 512 × 512 pixels. Depth profiles
of positive secondary ions were recorded on the 100 × 100 µm2 areas while rastering the
1 keV O2+ primary ion sputter beam over the area of 400 × 400 µm2.

3. Results
3.1. Surface Morphology

Untreated paper 1 and paper 2 have different surface morphologies, as presented
in Figure 2. On paper 1, a grain like structure is observed, with visible kaolin particles;
while on paper 2, the surface exhibits grain like structure together with smoother parts
that can be ascribed to the organic parts of the coating. Figure 2a represents a sample of
paper 1 before plasma treatment. Microparticles with relatively wide size distribution were
observed. Larger kaolin particles were also clearly visible, with their distinctive edges and
flat surfaces. There were many empty spaces between the grains in the case of paper 1,
which makes it porous. In case of paper 2 (Figure 2b), microparticles were not so well
observed, as it seemed they were covered with the organic parts of the coating. However,
in this case, the microroughness, according to AFM, was much higher as it was not possible
to obtain useful AFM data on these surfaces.

Interestingly, after plasma treatment, similarities can be observed for both paper
samples. After the deposition of HMDSO in a laboratory plasma system, the entire surface
was covered in what appeared to be fine nano grains (Figure 2c,d). Many of the former
grain boundaries between macroparticles and empty spaces seemed to be covered with
a HMDSO coating. In the case of plasma treatment of paper 1 in the laboratory reactor
(Figure 2c), the coating was not completely flat and dark pores were still present, probably
due to a relatively thin layer of HMDSO coating (a few nanometers). Paper 2 treated in the
laboratory reactor is shown in Figure 2d, where a unified fine-grained surface was clearly
visible. The HMDSO coating seemed to fill even the small gaps between the pores.

Further on, the SEM images of both samples of paper treated in the industrial reactor
reveal what appeared to be a thicker and more dense coating compared to the one from
the laboratory reactor. The surface of paper 1 treated in the industrial reactor exhibited
a densely packed grain-like structure, which seemed to have fewer gaps in the structure
(Figure 2e) compared to surfaces treated in laboratory plasma reactor. Similarly, a dense
coating with less pronounced grain-like structure was observed on paper 2 treated in the

185



Polymers 2021, 13, 2148

industrial reactor (Figure 2f). The sample of paper 2 treated in the industrial reactor for
20 min appears to be fully covered with a HMDSO like coating, and only random clusters
of grains can be observed under the HMDSO coating.

Figure 2. Comparison of SEM, higher magnification coatings on paper 1 and 2 with two different plasma systems. On the
left there is paper 1, (a) untreated, (c) treated in laboratory reactor, (e) treated in industrial reactor. On the right there is
paper 2, (b) untreated, (d) treated in laboratory reactor, (f) treated in industrial reactor. White bar represents 1 µm scale.

Similar results were reported by Babaei et al. [3], where the samples of Kraft paper
were exposed to atmospheric pressure plasma polymerization of HMDSO under helium
(He). Their sample had microfibril structures visible at higher magnifications, which also
remained visible after being uniformly covered with HMDSO grains in the process of
PECVD. According to the results of this study, the coating was comprised of SiOCH, which
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was not uniformly distributed. The amount of organosilicon coating gradually decreased
in the direction away from the HMDSO gas inlet. Hydrophobic surfaces were obtained,
with a water contact angle of about 140◦.

The AFM images conducted on paper 1 provided more detailed analysis of surface
morphology. After plasma treatment in both plasma systems, fine grain structures were
observed on the paper surface, which seemed to cover the initial paper micro topography
uniformly. Untreated paper 1 had a relatively wide distribution of micro and nano par-
ticles, with gaps between the grain boundaries (Figure 3a). In contrast, paper 1 treated
in laboratory reactor was covered with smaller and more defined grains, with uniform
grain size distribution ranging from 100 to 200 nm. The grain borders were visible and
seemed to also cover the spaces between the micro particles. The grain-like structure that
was observed in the case of paper 1 treated in industrial reactor was denser, with bigger
grains ranging from 200 to 600 nm. The average roughness was also analyzed. However,
due to high nonuniformity of the surface, especially due to its microstructure, it was hard
to compare changes in roughness between the samples. In a study by Nättinen et al., where
HMDSO was deposited onto LDPE (low density polyethylene) and cotton fabric for its
hydrophobic effect [33], the shape and size of grains reported were similar to the ones
presented herein after laboratory-plasma treatment.

Figure 3. AFM images of height profiles on paper 1 before (a) and after plasma treatment in laboratory (b) and industrial (c) reactor.
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3.2. Surface Free Energy and Hydrophilic/Oleophobic Properties

According to the wettability analysis, two different trends were observed after deposi-
tion of the HMDSO coating. According to the wettability data, presented in Table 1, the
untreated paper 1 and 2 are hydrophobic. After plasma treatment in the laboratory reactor,
where oxygen was also present, both papers became hydrophilic and the surface free
energy rose. However, this was not the case with the industrial scale reactor, where only
HMDSO was present during plasma treatment (no addition of oxygen). After industrial
plasma treatment, paper 1 became significantly more hydrophobic, while paper 2 kept
its hydrophobicity. It should be emphasized that nanotopographic features (according
to SEM) on both papers were similar, while the initial microtopography was different,
which could partially influence the wettability. Wettability changes were also observed for
Si–O–Si, Al–O, and Zr–O ceramic-based sol-gel treated CNF films by Vartiainen et al., who
reported an increase in water contact angle from 54 to 102 degrees after the coating [34].
In this study, decreased water vapor transmission was also reported. Compared to the
untreated sample, the surface free energy dropped close to 5 and 2-fold for industrially
treated paper 1 and paper 2, respectively. Similar behavior was also observed by Vartiainen
et al., where roll-to-roll atmospheric plasma deposition of HMDSO onto cellulose films
was studied. Vartiainen et al. reported water contact angles of 23◦ and 103◦ for untreated
cellulose nanofibrils and coated cellulose nanofibrils, respectively [1].

Table 1. The results of water contact angles and surface energy measurements of paper 1 and 2 in untreated state and
immediately after plasma coating treatment in laboratory and industrial reactor.

Paper 1 Paper 2

WCA (◦) SE (mN/m) CA of Oil (◦) WCA (◦) SE (mN/m) CA of Oil (◦)

Untreated 71.4 (±6.7) 48.8 (±3.9) <5 115.0 (±4.0) 31.2 (±1.3) <5

Laboratory plasma 21.4 (±0.9) 69.8 (±2.5) <5 41.0 (±2.8) 57.4 (±2.3) <5

Industrial plasma 124.9 (±2.5) 11.6 (±2.6) 59.2 (±1.8) 109.8 (±7.9) 14.4 (±2.5) 68.5 (±3.4)

The increase in oleophobic properties was not observed for untreated and laboratory-
plasma treated samples, as the oil was fully spread on the paper. In the case of industrial-
plasma treatment, the HMDSO coating on both papers seemed to prevent the oil from
penetrating into the paper, as shown in Figure 4. This kind of effect is highly desired in food
industry applications. Oil drop time-lapse can be observed in Figures 4 and 5 for paper 1
and 2 before and after treatment in industrial plasma reactor, respectively. The oil drop
did not spread much after 24 h; however, slight differences between paper 1 and 2 were
observed. It seemed that oil drop on paper 1 tended to spread slower compared to the one
on paper 2. This could be partially ascribed to the difference in initial microtopography of
both papers, as paper 2 seemed to have deeper pores that were probably not fully covered
with the HMDSO-like coating. The difference in surface properties of papers coated by
two plasma reactors can also be partially ascribed to differences in surface nanotopography
and density of grains and pores, however, it will become evident in the second section that
surface chemistry was significantly altered due to the use of two different plasma systems
at different plasma treatment conditions.
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Figure 4. Time lapse of untreated (above) and industrial-plasma treated (below) paper 1, from
left to right, immediately after plasma treatment, 10 min after plasma treatment, and 24 h after
plasma treatment.

 

Figure 5. Time lapse of untreated (above) and industrial-plasma treated (below) paper 2, from
left to right, immediately after plasma treatment, 10 min after plasma treatment, and 24 h after
plasma treatment.

3.3. Surface Chemistry

3.3.1. XPS Analyses

XPS analyses were performed to get insight into surface chemistry. Figure 6 and
Table 2 show surface composition in at.%, obtained by XPS method, for paper 1. Figure 7a–c
show a stack of high energy resolution XPS spectra C 1s and O 1s from untreated paper,
a laboratory-plasma treated paper, and an industrial-plasma treated paper. The C 1s
spectrum from untreated paper consisted of peak at 284.8 eV assigned to C–C/C–H bonds
and a peak at 286.0 eV assigned to the C–OH bonds. In addition, there was a notable peak
at 289.5 eV, which originated from CO3 bonds (CaCO3 particles). The O 1s spectrum of the
untreated sample was at 531.5 eV, which may be assigned to OH/C–O bonds present in the
coating of the untreated paper. Similar atomic concentration of C, O, and Si were detected
for paper 2, while in this case a much lower amount of Ca was detected (about 2 at%). The
laboratory-plasma treated sample showed XPS spectra characteristic for SiO2-like coating;
the surface composition (Figure 6) mainly reassembled the pure SiO2 coating, the O 1s peak
was at 533.2 eV, and Si 2p peak was at 103.5 eV, and both were assigned to SiO2 bonds.
The SiO2-like coating seemed to completely cover the paper surface since no signal of
Ca was detected on the plasma treated paper. The industrial-plasma treated paper had a
different surface layer than the laboratory-plasma treated one, which can be recognized
from surface composition in Figure 6 as well as from the different shape of the XPS spectra.
The concentrations of C (45 at.%), O (30 at.%), and Si (25 at.%) indicated the presence of a
HMDSO-like coating on the surface. The C 1s XPS spectrum positioned at 285.0 eV, O 1s
spectrum at 532.6 eV, and Si 2p spectrum at 102.5 eV were related to the formation of the
C–Si–O bonds, which confirms the HMDSO-like coating on the industrial-plasma treated
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paper. Similar effects after treatment in laboratory plasma and industrial plasma reactor
were observed also in the case of paper 2, but results are not shown.

Figure 6. Surface composition in at.% of untreated, laboratory plasma, and industrial plasma treated samples analyzed by
XPS method.

Table 2. Surface composition in at.% obtained by XPS analyses.

Sample C (at. %) O (at. %) Si (at. %) Ca (at. %)

Untreated 50.7 39.8 2.5 7.0

Laboratory plasma 5.1 65.4 29.6 0.0

Industrial plasma 44.5 30.1 25.4 0.0

Figure 7. High energy resolution XPS spectra C 1s (a), O 1s (b), and Si 2p (c) from untreated (read line), laboratory plasma
(blue line), and industrial plasma (green line) treated samples.
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3.3.2. SIMS Analysis

Further analysis of the coating was conducted by SIMS on both papers before and
after treatment in two types of plasma reactors. Positive secondary ion spectra show the
difference between different types of papers. Paper 1 was enriched with calcium salts;
while on paper 2, different C, O, and H based fragments were detected, originating from
the cellulose. The positive spectra of both papers are presented in Figure 8. The negative
secondary ion spectra, on the other hand, showed no significant difference, with mainly
cellulose fragments and some sulfonate detergents for both paper types (data not shown).

Figure 8. Positive secondary ion spectra of paper 2 (upper, blue spectrum) and paper 1 (bottom, red spectrum) in the m/z

range from 20 to 125. The most important peaks were assigned with the blue color representing only paper 2, red only
paper 1, and black signals equivalently found in both of the papers.

SIMS analysis on paper 1 and 2 coated with HMDSO by laboratory plasma reactor
show that the surface was covered by a SiO2 layer. HMDSO seemed to convert into a SiO2
layer, an intense signal for the SiOH+ fragment was observed, which was also confirmed by
XPS analysis. In Figure 9, spectra of the positive secondary ions emitted from the surface
of the laboratory plasma treated paper 1 was presented, and similar results were obtained
also for paper 2 (data not shown).

In contrast, papers coated with HMDSO in the industrial plasma reactor exhibit very
different surface composition compared to papers treated in laboratory plasma reactor.
The spectrum of positive secondary ions emitted from paper 1 coated in industrial plasma
reactor is shown in Figure 10. In this case, mainly SiCH5

+ fragments were detected at the
same nominal mass as the SiOH+ fragment before. The intensity of the SiOH+ is very low,
indicating the absence of SiO2. Furthermore, many positive secondary ions originating
from organosilicon compounds were seen in the spectrum (Figure 10). Some organosilicon
fragments we also found in the spectrum in Figure 9. However, they were less prominent
compared to the ones detected in Figure 10.
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Figure 9. Positive secondary ion spectrum of the paper 1 coated with HMDSO in laboratory plasma reactor in the m/z range
from 20 to 155.

Figure 10. Positive secondary ion spectrum of the paper 2 coated with HMDSO in industrial plasma reactor in the m/z range
from 20 to 155.
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Even more pronounced differences between papers coated with HMDSO using the
laboratory plasma and the industrial plasma reactor can be observed at the negative SIMS
spectra. As it can be seen in Figure 11 (upper, green spectrum), only SixOy

− and SixOyH−

fragments, originating from the SiO2 layer (besides C2H−, Si− and O2
−), can be found

when analyzing laboratory plasma treated paper. On the other hand, when the industrial
plasma reactor was used (Figure 11, bottom, orange spectrum), only SiO2

−, SiO2H−,
and SiO3H− fragments were present, but with much lower intensity than in the case of
laboratory plasma reactor. Most of the other signals belong to the organosilicon fragments
originating from the HMDSO. It must also be emphasized that comparing two different
types of HMDSO coated papers was not problematic, as SIMS was a surface-sensitive
technique where only a few topmost atomic/molecular monolayers with a thickness of
approximately 2 nm were analyzed. Thus, no information about the underlying paper was
gathered during the surface spectra analysis.

Figure 11. Negative secondary ion spectra of the HMDSO covered paper 1 by laboratory plasma reactor (upper, green
spectrum) and the one treated in an industrial plasma reactor (bottom, orange spectrum) in the m/z range from 20 to 145.
The most important peaks are assigned, with the green color representing only paper 1 treated in laboratory plasma reactor,
orange representing only paper 1 treated in the industrial plasma reactor, and black representing signals equivalently found
in both cases of the plasma treatment.

To present the uniformity of the coating, micrographs were taken as well and are
shown in Figure 12. It was evident from these micrographs that there was a more or less
uniform HMDSO layer spread over the whole surface of the paper, as it can be seen in the
left micrograph (paper 1 treated in industrial plasma reactor) in Figure 12. There were still
some areas with increased concentration of Na, K, and Ca (right micrograph in Figure 12),
but they were not significantly prominent. Coating with HMDSO in industrial plasma as
well as in laboratory plasma (data not shown) seemed to provide uniform coverage for the
relatively rough surface of the paper.
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Figure 12. Micrographs of positive secondary ions emitted from paper 1 covered with HMDSO like layer by industrial
plasma reactor. On the micrograph (a) are ions representing the HMDSO layer and on the micrograph (b), Na, K, and Ca ions.

4. Conclusions

Two different types of papers and two different types of plasma reactors were used for
coating paper with HMDSO. Results of our study show that regardless of the papers’ initial
differences in morphology and chemical composition, both plasma treatments enabled
uniform coverage of the paper surface. However, significant differences between the two
plasma systems were observed. In the case of laboratory plasma, practically pure SiO2
coating was obtained on both types of papers, as determined from XPS and SIMS analysis.
Surfaces were fully hydrophilic and no changes in oleophobic properties were observed.
The oil drop was fully absorbed and spread on these papers, which could be partially
explained by the fragile SiO2 coating formed on the surface. In the case of industrial
plasma, surfaces were coated by a HMDSO-like coating, which increased its hydrophobic
and oleophobic properties. The oil drop was not absorbed into the paper; even after 24 h of
contact, only slight absorption on the edges was observed. Slight differences in absorption
of oil were, however, observed between two different types of paper. Overall, HMDSO-like
coating of papers could present an interesting approach to alter surface properties of paper
for specific applications, like for the food packaging industry. Increasing coating thickness
could further improve the oleophobicity as well as barrier properties. However, treatment
times should be significantly reduced to reach the demand for rapid treatment conditions
used in paper industry.
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Abstract: The garment industry demands stamping processes that are increasingly more agile and
less damaging to the environment. In this scenario, digital printing, with the sublimation transfer
printing technique, presents itself as a viable option for synthetic textile substrates. Among the
synthetic fibres, polyamide (P.A.) fibres stand out, as they are light, soft, durable, and boast moderate
sweat absorption; however, before sublimation, superficial treatment is necessary in order to present
good results such as withstanding washing and maintaining colour intensity. This study addresses the
surface modification of the PA6.6 textile substrate by activating non-thermal plasma at atmospheric
pressure to receive dye through the sublimation method with dispersed dye. The knitted PA6.6
fabric surface treatment was performed with plasma application at atmospheric pressure using air
in the Plasmatreater AS400 equipment. The sublimation transfer effects were evaluated by wash
fastness and colourimetric tests. To assess the wettability effect of the control and treated samples, a
contact angle test was carried out on PA6.6 samples. Fourier transform infrared spectroscopy (FTIR)
proved the changes in chemical functional groups in the fibres. The results showed a decrease in the
contact angle of the textile surface, 4–5 grayscale results for colour change and transfer for washing,
and an increase in colour strength. In the FTIR tests, there is an increase in the transmittance value
of aromatic, carboxylic groups (C=O, 580 cm−1), amides (N=H, 1630 cm−1), and methyl groups
(CH 1369 to 1463 cm−1) as well as the presence of new functional groups in the 3064 cm−1 and
2860 cm−1 bands. These conditions allowed sublimation in the knitted PA6.6 fabric and showed
increased colour strength and good wash fastness.

Keywords: plasma; sublimation; PA6.6

1. Introduction

The clothing industry demands faster printing processes and on minor scales to meet
and keep up with fashion designs. Another major challenge for the textile industry is the
search for a less environmentally damaging process—for example, the conventional dyeing
process uses a lot of energy and a large volume of water and also has the need for effluent
treatment [1,2]. Digital printing offers solutions for various textile materials. Among other
factors, the choice of the process and the type of dye depend on the textile material fibres,
the end use, and the possibility of pre-treating the textile substrate [3].

The process begins with the creation of the image and its printing on special paper
with sublimated ink. The transfer of the image to the textile substrate is done using a
table press or calendaring rolls, applying pressure and heat for a determined time. Direct
printing on the fabric can also be done, but the dye is fixed using steam [4].
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Dispersed dye is used in sublimation inks, this dye does not require a fixing agent;
with the increase in temperature, it sublimates; that means that it changes from the solid to
the gaseous state without going through the liquid form [4]. As the temperature rises, the
textile fibres open spaces where the sublimated dye enters. As the temperature decreases,
the fibres close and hold the dye in its solid state, providing the textile substrate with good
wash and light fastness [5].

The number of synthetic fibres produced in the world exceeds the production of
natural origin fibres. The polyamide fibre 6.6 (PA6.6) stands out, as it is a light, soft,
durable fibre with moderate sweat absorption. Such conditions allow the structure of the
knitted fabric to produce lingerie, sportswear, and socks. PA6.6 is a synthetic chemical
polymeric fibre known as nylon, with excellent mechanical properties, including high
tensile strength, high flexibility, and good chemical resistance, among others. The flexibility
of the aliphatic segments in the amorphous regions of the polyamide is also responsible
for its high tenacity [6,7]. They have excellent durability due to the low friction coefficient
(self-lubricating), high melting temperature, and glass transition temperature, resulting in
good mechanical properties at elevated temperatures [8,9].

PA6.6 is the polymer in which the structural units are linked by amide groupings
(-CONH-). PA6.6 is obtained in linear polycondensation hexamethylenediamine (H2N
(CH2) 6NH2). In polyamide 6.6, the first 6 represents the number of carbons in the diacid,
and the second 6 represents the number of carbons in the diamine. It is important to define
the concept of polymerisation per step, which occurs through the reaction between two
different functional groups, for example, –O.H. and –COOH or –NH2; R-NCO and –O.H.
or –NH2; where O.H. = hydroxyl; COOH = carboxyl; NH2 = amine. Then, each stage of
the polymerisation of polyamide 6.6 is verified: nH2N (CH2) 6NH2 + nHO2C (CH2); H
[NH—(CH2) 6—NHCO—(CH2) 4—CO] n OH + (2n − 1) H2O. Polymerisation proceeds
with approximately 80% to 90% conversion [10,11].

The dyeing of P.A. fibres is done mainly with acid dyes. It connects the amino-terminal
content groups of the fibres and the content of sulfonic groups of the dye in a reaction that
occurs in an organic acid medium, with pH between 4.5 and 5.5. As the chemical bonds do
not present the necessary conditions for dyeing, the dye sublimation technique dispersed
in knitted PA6.6 fabrics has low washing strength [12].

Reactive dyes are also used in dyeing polyamide, as they have an electrophilic group
capable of forming covalent bonds with amine groups in polyamides. The main groups of
reactive dyes contain the azo and anthraquinone function; chromophoric groups, chlorotri-
azine, and sulfatoethylsulfonyl groups. Lightfastness results are similar to those obtained
with acid dye; however, the colour depth is limited [13].

The process of dyeing PA6.6 fibres with dispersed dye obtains low wash fastness. Due
to the interaction of the amine groups with the chromophores, many of the PA6.6 substrate’s
shades are changed, and the colours are generally vivid, except for red shades [13].

The practical application of a textile material depends, among others, on technical
characteristics, surface properties such as adhesion, gloss, permeability, dyeing, printing
capacity, and surface cleaning, without changing the fibres’ bulk properties. Similar to
dyeing, many treatments to modify the surface of the textile material are carried out in a
humid environment and with chemicals that, after use, become industrial effluents, using
large amounts of water and energy and placing workers in unhealthy environments [14].

With the modernisation of textile processes and a focus on sustainability, plasma
technology has been used in various applications for textile surfaces treatment, and dif-
ferent surface modifications can be obtained with the selection of gas and the plasma’s
process conditions [15], such as the use of plasma for mechanical changes and tactile per-
formance in mixed wool/cashmere fabrics [16], the modification of the surface to improve
the hydrophobicity of the textile substrate and make it more attractive for self-cleaning and
waterproof product development [17], and the inhibition of the growth of microorganisms
and the biodeterioration of natural fibre fabrics [18].
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The process of modifying polymers’ characteristics and properties, and changing
the chemistry on the surface is called plasma functionalisation. It presents itself as an
advantageous alternative to wet chemical treatments when environmental and safety
aspects are considered [19].

The physical principle of plasma technology is the change of state. A matter fed with
energy passes from the solid state to the liquid and from the liquid to the gaseous. When
the gaseous matter is provided with energy, ionisation occurs, entering the plasma state,
where electrons are released from atoms or molecules [20]. The electrons in the plasma
acquire energy in the range of 0.1–10 eV. The ions and molecules reach energy in the range
of 0.025 eV, without presenting a condition of thermodynamic equilibrium, without which
neutral ions and molecules disintegrate [21,22].

Most textile materials are heat-sensitive polymers, so the type of plasma used in
textile processes is non-thermal plasma or cold plasma and can be applied at atmospheric
pressure or low pressure. High-energy electrons and low-energy molecular species can
initiate reactions in the plasma volume without excess heat that causes degradation of the
textile substrate [23,24].

The types of plasma that can be used on textile substrates and atmospheric pressure
are plasma jet (PJ), glow discharge (GD), corona discharge (CD), and dielectric barrier
discharge [8]. The PJ operated at atmospheric pressure is a recent technique for modifying
the surface of textile substrates that enables smooth and highly effective application at room
temperature. The advantage of DBD is that it can be applied to any geometric surface [12].

Active species and energetic electrons present in plasma can break chain bonds,
generating free radicals on the surface. As a result of this, there is the possibility of cross-
linking on the surface or creation of functional groups such as carboxylic acid groups,
hydroxyl groups, and amine groups, due to the interaction of free radicals with plasma
species, such as ozone or when it comes into contact with ambient air [19,21].

Many researchers have researched the application of non-thermal plasma and at-
mospheric pressure, for example, surface modification of polyester textile substrates to
receive silicone nano emulsion [23] and surface modification of polyamide nets to receive
antifouling treatment for use in fish farming [24].

This work addresses the surface modification of the PA6.6 substrate with the non-
thermal plasma treatment under atmospheric pressure in receiving dye through the subli-
mation method using dispersed dye and presents values of high durability to washing and
colour strength. For the textile industry, this study is critical because it breaks the paradigm
that it is impossible to make sublimation print transfer on PA6.6 substrate, obtaining vivid
colours and with a solid wash.

2. Materials and Methods
2.1. Materials

2.1.1. Knitted Fabric

Plasma treatment was applied on a knitted fabric made with 1x 80/68 PA6.6 yarn
with 20 denier elastane, made on a circular loom with 38 needles per inch with a weight of
180 g/m2. The same fabric, without plasma treatment, was used as a reference to evaluate
the results.

2.1.2. Sublimation Transfer Printing

The preparation of sublimation transfer printing was done on the Printer: Epson Sure-
Color F9200, loaded with Epson UltraChrome® DS Sublimation ink on Epson Sublimation
90 g/m2 paper.

2.2. Methods

2.2.1. Preparation of Samples and Plasma Treatment

The knitted PA6.6 fabric was cut into 25 × 60 cm specimens and sent to the
plasma application.
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Plasma treatment was performed using the Model AS400 Atmospheric Pressure
Plasma System manufactured by Plasma Treat GmbH (Steinhagen, Germany), which was
installed at the Beneficiation Laboratory of SENAI CETIQT (Figure 1).

  
(a) (b) 

θ

Figure 1. (a) Schematic drawing of the experimental apparatus [25] and (b) Sample of PA 6.6 textile substrate submitted to
plasma treatment.

The workspace for the discharge of luminescent plasma has the dimensions of 33 cm
by 12.5 cm, and the plasma system is powered by an R.F. energy source (19 kHz).

Atmospheric air was used to generate the plasma. The substrates were fixed on an
aluminium plate, and the plasma jet was controlled by an X/Y/Z movement system. The
plasma voltage was adjusted to 300 V, the current was adjusted to 0.3 A, and the power
was adjusted to 480 W. The distance between the sample and the nozzle was kept constant
at 12.5 mm. The jet travel speed and the number of passages for each sample are described
in Table 1. All experiments were carried out under controlled conditions.

Table 1. Experiment’s parameters.

Sample Speed Passages

1 (Control) - -
2 15 m/min 3
3 15 m/min 4
4 20 m/min 3
5 20 m/min 4

2.2.2. Sublimation

The material was subjected to sublimation in a 38 cm × 38 cm flat press with a LIVE
brand drawer, with an alligator opening, at a temperature of 180◦ and a time of 15 s. The
colours applied were red, yellow, and blue.

2.2.3. Contact Angle

The sessile drop method, which measures the contact angle (θ) of a drop of water
on the material surface, was used to characterise the wettability properties of the knitted
6.6 polyamides fabrics before and after plasma treatment. A surface analyser (Drop shape
analyser) DSA-100, Kruëss Co, Hamburg, Germany was used for the measurement. The
samples were placed on the base of the analyser, and a drop of water was introduced on
the surface using a micro-syringe. The contact angles at steady state were measured using
a 1 µL drop of deionised water. At least three different measurements were performed at
room temperature and evaluated with the aid of the Advance software. All samples were
analysed with the same light settings and adjustment algorithms. The value of the contact
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angle, θ, indicates whether the surface is hydrophilic or hydrophobic: θ < 90◦ corresponds
to a hydrophilic surface, while θ > 90◦ implies a hydrophobic surface [26].

2.2.4. Wash Fastness

According to the technical standard ABNT NBR ISO 105-C 06: 2006, the sublimated
material was subjected to a wash fastness assessment to determine the degree of fastness
of a given colour and the gaining of the dye from the processed fabrics.

The greyscale was used to assess durability, according to technical standards ABNT
NBR ISO 105-A02: 2006: grayscale to determine colour change, ABNT NBR ISO 105-
A03: 2006: Greyscale to assess colour transfer, which varies from 1 to 5 with 5 being the
maximum score, that is, when there is no colour change [27–29].

2.2.5. Colour Measurement and Colour Strength

For the colourimetry tests, eight simple measurements were made in the included
specular geometry (SCI). The average of the eight sets of reflectance values was used. The
equipment used for measuring was a spectrophotometer of the brand Minolta, model
CM-3720d. The reflectance values were used to construct the colour representation space
in the Ciel standard (L* a* b). The comparison between the samples is obtained by the
Euclidean Distance (∆E) in that colour space. Colouristic strength was calculated using the
Kubelka–Munk theory [30].

2.2.6. FTIR (Fourier Transform Infrared Spectroscopy)

The samples were analysed using the spectroscopy technique in the mid-infrared
region (700 to 4000 cm−1) to obtain quantitative and qualitative information on the material
under analysis. This study will be applied to evaluate the number of chemical components
that contribute to the molecular formation in the fibres under investigation. A BRIRKER
VERTEX 80 FTIR device was used, with a resolution of 4 cm−1, 16 scans, a sample scan
time of 16 s, a background scan time of 16 s, a measurement time of 1 s, a range of
4500 cm−1–370 cm −1. Resulting spectrum: transmittance, Accessories: 4225/Q Platinum
ATR, Multiple Crystals CRY: Diamond, Beamsplitter: KBrO.

2.2.7. Scanning Electron Microscopy (SEM)

SEM analyses performed using a Thermo Scientific microscope (Waltham, MA, USA)
model Prisma E, from the SENAI CETIQT Characterization Laboratory, equipped with an
energy-dispersive X-ray spectrometer (EDS). The equipment was operated with an electron
acceleration voltage of 20 kV in backscattering and secondary electrons. Preparation
samples by gold deposition (sputtering) using an SC7620 Mini Sputter Coater/Glow
Discharge System by Quorum. A vacuum with an ultra-pure argon atmosphere was used,
applying a current of 15 mA for 60 s and a gold target.

3. Results
3.1. Contact Angle—θ

One of the methods for confirming the outer chemical structure is surface wettability
verification. It is possible to identify hydrophobic and hydrophilic functional groups in
the surface layer of the polymer [31]. The measurement of the static contact angle of
the water drop (SWCA) assesses the effect of the jet plasma application speed on the
surface wettability.

PA6.6 surface wettability substrate after plasma treatment was carried out with the
SWCA measurement in samples treated with plasma varying the number of passages
from three to four in the control sample. All analyses were performed immediately after
treatment at three dry points in the samples.

Figure 2 shows the SWCA data collected during the first seconds of the water drop
contact with the PA6.6 surface at the plasma speed conditions of 15 and 20 m/min.

201



Polymers 2021, 13, 1969

θ
θ
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Figure 2. Measurement of the contact angle for PA6.6 textile substrate samples submitted to surface treatment with
atmospheric plasma and control sample. Application speed 15 m/min and speed 20 m/min. Contact angle at steady state
was measured after placing the drop of deionised water on the fabric surface (t = 0) and immediately after plasma application.

The initial value of the contact angle of the control sample was (118.0 ± 7.0)◦, which
demonstrates the hydrophobic nature of the substrate tissue of PA6.6. These results show
that the surface before the treatment was classified as not wettable (θ is greater than 90◦),
and the contact angle θ starts to reduce with each passage of the atmospheric plasma,
becoming wettable (θ less than 90◦) [26].

For the substrates treated with a speed of 15 m/min, they presented values of
(81.0 ± 1.5)◦ and (81.0 ± 0.6)◦ for three and four passes, respectively. When the speed
is increasing to 20 m/min, the results for SWCA were (78.0 ± 3.0)◦ and (78.0 ± 2.5)◦ for
three and four passes, respectively. These results indicate the change in the surface of the
samples from hydrophobic to hydrophilic. This can be explained by the concentration of
polar functional groups such as hydroxyl (OH), carboxyl (COOH), and amino (NH2), as
these groups become soluble in a polar solvent, water, which is a situation that allows
water to spread on the surface [19]. The verification of the functional groups’ presence will
be in the FTIR analysis.

3.2. Test for Colourfastness

The colour change and the transfer in the washing of the sublimated fabric were
classified as good or very good (4–5; 5). The colour change was between 4 and 4–5. It is
possible to observe in Table 2 that there was no significant difference in the transfer of
samples between cotton treated with plasma and cotton without treatment, highlighting
the improvement in the transfer of the colour red.
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Table 2. Colour fastness to wash.

Colour Sample

Plasma
Application

Colour
Change

Colour
Staining

Speed
(m/min)

N WO PAC PES PA CO CA

Red

1 Control 5 5 4–5 4 4–5 3–4
2 15 3 4–5 5 5 4–5 4 4–5 3–4
3 15 4 4 4–5 5 4–5 4 4–5 3–4
4 20 3 4 4–5 5 4–5 4 5 3
5 20 4 4 4–5 5 4–5 4 5 3

Blue

1 Control 5 5 5 4–5 5 4–5
2 15 3 4–5 5 5 5 4 5 4–5
3 15 4 4–5 5 5 5 4 5 4
4 20 3 4–5 5 5 5 4 5 4–5
5 20 4 4–5 5 5 4–5 4 5 4–5

Yellow

1 Control 5 5 5 4–5 5 4–5
2 15 3 4–5 5 5 5 4–5 5 4–5
3 15 4 4–5 5 5 5 4–5 5 4–5
4 20 3 4–5 5 5 5 4–5 5 4–5
5 20 4 4–5 5 5 5 4–5 5 4–5

N—Passage quantity; CA—Acetate; CO—Cotton; PA—Polyamide; PES—Polyester; PAC—Acrylic; WO—Wool.

3.3. Colourimetry and Colouristic Strength

It was possible to observe that the colours of the fabrics submitted to the plasma
treatment are more intense than the untreated fabric (Table 3). The luminosity values (L*)
are lower in the materials treated for all colours, except for sample 4, blue (with plasma
application at 20 m/min and three passages).

Table 3. Colour reading in CIELAB space for polyamide fabrics dyed by sublimation transfer printing,
illuminant D65/10◦.

Colour Sample
D65/10◦

L* a* b* ∆E
Colour

Strength (%)

Red

1 (Control) 58.89 44.93 15.85
2 57.58 48.44 18.05 1.81 119.5
3 54.85 51.21 20.01 3.58 154.99
4 57.44 47.9 17.6 1.54 121.96
5 54.08 50.98 19.01 3.43 159.9

Blue

1 (Control) 72.29 −18.19 −26.15
2 70.02 −18.24 −28.57 1.59 124.26
3 69.00 −18.09 −29.38 2.2 134.6
4 74.24 −17.74 −23.26 1.72 80.95
5 69.62 −17.97 −29.17 2 127.89

Yellow

1 (Control) 89.11 −8.14 55.00
2 88.98 −7.89 54.69 0.18 99.14
3 88.50 −7.6 56.89 0.85 117.83
4 88.48 −7.67 57.7 1.11 119.96
5 88.76 −7.81 55.73 0.37 106.32

It is possible to observe that the coordinates a* and b* increase in the colour red in the
treated samples. In the colours blue and yellow, the coordinates oscillate higher or lower
than the coordinates of the untreated sample.

It is possible to observe in Figure 3 that almost all the samples with plasma applied
increased the colouristic strength, except for sample 4 of the colour blue and sample 2

203



Polymers 2021, 13, 1969

of the colour yellow. The control sample before and after washing was considered the
standard sample. The colour red achieved good results (159.9%) of colouristic strength,
reaching 60% more power than the control sample. The blue colour achieved 134.5% of
colouristic strength, showing the efficacy of the plasma treatment in the sublimation of the
PA6.6 textile substrate.

− −
−
−
−
−
−

   
(a) (b) (c) 

Figure 3. Reflectance × wavelength of colour (a) red; (b) yellow; (c) blue.

However, after the samples were washed, the colour strength dropped dramatically.
The strength reached 35% more than the control sample for the colour blue, and even
after washing, the samples still showed considerable colour strength. The colour yellow
showed the lowest values of colouristic power, being 20% stronger than the sample without
treatment, and there was no significant change after washing. This variation may be
associated with the instability of atmospheric plasma and corrected with the variation of
the applied energy.

3.4. FTIR Analysis

To assess changes in the functional polyamide 6.6 groups before and after surface
treatment with atmospheric plasma, Fourier transforms infrared spectrometry (FTIR)
performed assays in the medium infrared. The resulting spectrum is shown in Figure 4.

When a molecule is illuminated by infrared light, the absorbed light became a molecu-
lar vibration. The infrared spectrum represents the transmittance value, the energy ratio
that strikes the sample, and the energy transmitted at each frequency value or number of
waves. The vibrations can be of the type of axial deformation and angular deformation.

Sample 1—PA6.6 control sample has the bands inherent to the material observed at
3290 cm−1 (free NH asymmetric axial stretch), 2927 cm−1 and 2850 cm−1 (CH stretch in
CH2), 1633 cm−1 (amide I), 1538 cm−1 (δ NH + υ group of CN—amide II), 1371 cm−1 (CN
stretch with NH deformation), 1262 cm−1 (axial deformation group CN), 1199 cm−1 (car-
bonyl vibration mode in crystalline phase), and the bands that can be used to characterise
the amide group in polyamides are 690 cm−1 group (NH), 580 cm−1 (group C=O) [32].

In Figure 4, it is possible to verify that plasma-treated samples (2, 3, 4, and 5)
demonstrate an increase in the transmittance values of the groups corresponding to C=O
(580 cm−1) and NH (690 cm−1) in the region of amide IV, CH (1396 to 1463 cm−1),
(1532 cm−1) in the region of amine II, and NH (1630 cm−1) in the region of amide I [33].
These changes may be associated with changes in the microenvironment and oxygen to
the treated surface and contribute to the fabric dyeing affinity [22,32]. The increase in
the transmittance values was also verified for the NH groups. There is symmetric and
asymmetric CH stretching in the bands of 3290 and 2860 cm−1, which can be related to the
formation of low molecular weight etched materials resulting from the treatment of the
textile substrate and corroborate the established method to produce hydrophilic surfaces
in polymers by introducing new polar groups [19].
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Figure 4. FTIR spectra of PA6.6 textile substrate: 1—control sample (black line); samples with plasma treatment
15 m/min three passages (2—red line), four passages (3—blue line); samples with plasma treatment 20 m/min three
passages (4—brown line) and four passages (5—green line).

In Figure 5b–d, it is possible to observe that new functional groups appear, which are
associated with the vibration of symmetrical stretching in the CH region in the 2860 cm−1

band and the NH region in the 3064 cm−1 bands. To illustrate more clearly the position
of the new functional groups, the comparison between sample 1 and sample 5 is shown
in Figure 6.

In Figure 6, it is possible to observe the location of the new functional groups in a
magnified way. For each adjustment in the test parameters and after plasma treatment, it is
possible to observe the appearance of new functional groups and increase transmittance
until reaching sample 5 (20 m/min, four passages), with the most striking difference
between the control sample and the treated sample.
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Figure 5. Comparison of FTIR spectra of PA6.6 textile substrate: (a) Sample 1—control, no plasma treatment × sample
2—plasma-treated 15 m/min, three passages; (b) Sample 1—control, no plasma treatment × sample 3—plasma-treated
15 m/min, four passages; (c) Sample 1—control, no plasma treatment × sample 4—plasma-treated 20 m/min, three passages;
(d) Sample 1—control, no plasma treatment × sample 5—Plasma-treated 20 m/min, four passages.

Therefore, the electron energy induced by applying atmospheric plasma on the knitted
PA6.6 fabric’s surface causes the polymer bonds to break with energy less than 10 eV of
the C-N bond, precisely because it is the weakest chain. After being broken and in contact
with the reactive species created by the plasma, it can generate a low molecular weight
molecule containing carboxylic and amino groups.

The changes in the properties of the textile surface produced by plasma treatment are
strongly related to the differences in the transmittance values, which correspond to the CH,
NH, and CN groups.
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Figure 6. Comparison of FTIR spectra of PA6.6 textile substrate: Sample 1—control, no plasma treatment × sample
5—Plasma-treated 20 m/min, four passages.

This condition provides a greater affinity for dyeing, allowing for the realisation of
sublimation transfer printing with excellent fastness characteristics to washing and colour
intensity, including increasing the three colours’ colour strength.

3.5. Scanning Electron Microscopy (SEM)

Scanning electron microscopy (SEM) images were obtained. In Figure 5, it is possible
to observe the PA6.6 control sample’s surface and compare it with the samples submitted
to plasma treatment.

As previously demonstrated (in Section 3.1), the plasma modified the wettability of
the polyamide fabric. For this reason, in this section, the SEM was used to verify the
surface modifications in the samples. A comparison of the results shown in Figure 7 did
not observe significant changes in surface roughness on amplification used.
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Figure 7. SEM for PA6.6 textile substrate. Amplification 5000×. (a) 1—Control samples subjected to atmospheric plasma
surface treatment; (b) 2—speed 15 m/min, three passages; (c) 3—speed 15 m/min, four passages; (d) 4—speed 20 m/min,
three passages; (e) 5—speed of 20 m/min, four passages.

4. Conclusions

The sublimation process consists of transferring the print paper to the textile substrate.
It provides agility in the production and development of new products.

The contact between the paper and the substrate is intense, fast, and occurs at an
average temperature of 180 ◦C. The textile fibre most used in this process is polyester (PES),
as the results are characterised by high colour intensity and excellent wash fastness.

Polyamide 6.6 (PA6.6) fibre, on the other hand, has different characteristics from that
of PES, as it provides greater thermal comfort and moisture absorption than PES (0.4% for
PES and 4% for PA6.6).

This difference explains the interest in validating the sublimation process in PA6.6,
which is an objective that had not been achieved until then.

Until today, the results obtained with this technique in PA6.6 did not reach the colour
intensity demanded by the designs and high levels of fastness to washing. The results
found in this study present an innovative solution, which is already in the process of
obtaining a patent for textile dyeing processes in Brazil and in the world for sublimation
transfer printing on the PA6.6 substrate with the use of dispersed dye in the sublimation
ink.

The developed phases of the project will be described below, as well as the conclusions
obtained.

1. Decrease in the contact angle of the static drop on the material surface. The increase
in hydrophilicity on the surface of the textile substrate is essential so that there is a
more significant dye absorption at the time of sublimation

From the results presented, it was possible to notice that the plasma treatment de-
creased the contact angle formed by the drop on the surface, which shows the increased
hydrophilicity of the textile substrate with water.

The plasma treatment was able to modify the surface of the textile substrate, making it
hydrophilic (greater absorption power). The initial value of the contact angle of the control
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sample was (118.0 ± 7.0)◦. After treatment of the substrate with plasma, the results were
as follows: for the substrates treated with a speed of 15 m/min, they presented values of
(81.0 ± 1.5)◦ and (81.0 ± 0.6)◦ (speed 15 m/min, three and four passes, respectively).
When the speed is increased to 20 m/min, the results for SWCA were (78.0 ± 3.0)◦ and
(78.0 ± 2.5)◦ for three and four passes, respectively.

2. Colourimetry and colouristic strength

From the colourimetry analyses, it is noted that there was an apparent increase in the
colour strength of the colours red, blue, and yellow, in the samples that were subjected to
plasma treatment. The most significant gains were in the colour red applied in sample 5
with a colouristic force of 159.9% and the colour blue applied in sample 3 with a colouristic
force of 134.6%. After washing, the colour strength of the colour red was considerably
reduced, while those of the colours blue and yellow did not show any significant change.

3. Test for colourfastness

Concerning the washing strength, there were no significant differences between the
control sample and the treated samples. This result validates the sublimation process on
the PA6.6 substrate due to the high values of fastness to washing presented.

4. FTIR analysis

In the FTIR tests, there is an increase in the transmittance value of aromatic, carboxylic
groups (C=O, 580 cm−1), amides (N=H, 1630 cm−1), and methyl groups (CH 1369 to
1463 cm−1), for the NH groups and symmetrical and asymmetric CH stretching in the
bands of 3290, 3068, and 2860 cm−1.

The new functional groups are essential, and they are associated with the vibration of
symmetrical stretching in the CH region in the 2860 cm−1 band and the NH region in the
3064 cm−1 bands.

As shown in Figure 6, the property changes of the textile surface produced by plasma
treatment are strongly related to the differences in the transmittance values, which corre-
spond to the CH, NH, amide, C=O, and CN groups and the presence of new functional
groups associated with symmetrical stretching vibration in the CH region in the 2860 cm−1

band and the NH region in the 3064 cm−1 bands.
These changes (increased transmittance and new functional groups presence) allowed

sublimation in the PA6.6 textile substrate and may explain the increase in colour strength
and good wash fastness.

5. Scanning electron microscopy (SEM)

The images of the control sample and the samples treated with plasma, despite the
change in the surface of the textile substrate, did not show significant changes in the
roughness of the material.
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Abstract: This work reports the self-organization of dimple nanostructures on a polyethylene naph-
thalate (PEN) surface where an Ar ion beam was irradiated at an ion energy of 600 eV. The peak-
to-peak roughness and diameter of dimple nanostructures were 29.1~53.4 nm and 63.4~77.6 nm,
respectively. The electron energy loss spectrum at the peaks and troughs of dimples showed similar
C=C, C=O, and O=CH bonding statuses. In addition, wide-angle X-ray scattering showed that
Ar ion beam irradiation did not induce crystallization of the PEN surface. That meant that the
self-organization on the PEN surface could be due to the ion-induced surface instability of the
amorphous layer and not due to the partial crystallinity differences of the peaks and valleys. A
nonlinear continuum model described surface instability due to Ar ion-induced sputtering. The
Kuramoto–Sivashinsky model reproduced the dimple morphologies numerically, which was similar
to the experimentally observed dimple patterns. This preliminary validation showed the possibility
that the continuum equation used for metal and semiconductor surfaces could be applied to polymer
surfaces where ion beam sputtering occurred.

Keywords: ion beam sputtering; polymer; continuum equation

1. Introduction

Since the self-organization of nano-dots by ion beam sputtering was introduced by
Facsko, diverse nano-structures have been fabricated by ion beam sputtering on semicon-
ductor surfaces [1–3]. Regular ripples and dots have been created on the surfaces of Si,
InP, and GaSb by noble gas ion beam irradiation [1,4–7]. Ion-induced surface instability
results in self-organization, which has been successfully described by a continuum model
including terms of roughening and smoothing [8]. The continuum model accounts for
different sputtering yields at peaks and troughs, dependency on the ion’s incident angle,
ion-induced effective surface diffusion, thermal diffusion, and surface viscous flow [9]. The
similarity between experimentally observed surface morphology and theoretical calcula-
tion showed the possibility of exact prediction for self-organization by ion beam sputtering.
Nano-dots, ripples, and dimples on polymer substrates also have been observed in surface
treatments using ion beam irradiations. M. Goyal reported that a 40 keV oblique argon
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ion beam resulted in ripple or dot nanostructures on polypropylene (PP) surfaces [10]. We
reported that dimple nanostructures were obtained by 1 keV oxygen ion beam treatments
on polyethylene terephthalate (PET) surfaces [11]. Polyethylene naphthalate (PEN) surfaces
irradiated by an Ar ion beam showed dimple patterns, which resembled the patterns cal-
culated by the continuum equation, especially the Kuramoto–Sivashinsky (KS) model [9].
This similarity implied the possibility of applying the continuum equation to describe the
self-organization of polymer surfaces by noble gas ion beam sputtering. In this work, we
fabricated dimple patterns on PEN surfaces via 600 eV Ar ion beam irradiation. Surface
analysis was performed to find a clue regarding whether ion beam sputtering was the
main reaction making the dimple patterns. A nonlinear continuum equation was solved
by MATLABTM software and compared to the dimple patterns obtained by Ar ion beam
irradiation.

2. Materials and Methods
2.1. Materials

A dimple pattern was fabricated on a commercially available PEN film surface by Ar
ion beam bombardment. 125 µm PEN film (Dupont Teijin Films, Chester, VA, USA) was
prepared by cutting it to a size of 100 × 100 mm2. After removing the protective film on
the surface, the PEN film was attached to the linear moving stage located in the vacuum
chamber.

2.2. Ion Beam Treatment

The vacuum chamber was evacuated with a base pressure of 5.0 × 10−5 Torr, and then
Ar gas was injected into the linear ion source. A gridless ion source was used to generate
linear Ar ion beams with a width of 300 mm [11,12]. The PEN samples were treated at a
linear moving speed of 10 mm/s. The ion dose per scan was 1.2 × 1014 cm−2, according to
measurement by a Faraday cup. The ion energy distribution function was measured by an
ion energy analyzer (Figure S1) [13]. Ar ion beams were irradiated under normal incidence
conditions.

2.3. Field-Emission Scanning Electron Microscopy

The PEN surface was observed using field-emission scanning electron microscopy
(FE-SEM; JSM 6700F, JEOL, Tokyo, Japan) in secondary electron (SE) mode. The accelerating
voltage was maintained at 5 kV.

2.4. Atomic Force Microscopy

The morphology of the dimple nanostructures was measured by atomic force mi-
croscopy (AFM, NX10, Park Systems, Suwon, Korea) in non-contact mode.

2.5. Field-Emission Transmission Electron Microscopy and the Electron Energy Loss Spectrum

A localized cross-linking on the dimple nanostructures was verified via cross-sectional
field-emission transmission electron microscopy (FE-TEM, JEM-ARM, JEOL, Tokyo, Japan)
with electron energy loss spectroscopy (EELS, JEOL, Tokyo, Japan). The FE-TEM measure-
ments were performed at an accelerating voltage of 200 kV. The cross-sectional specimens
of FE-TEM were prepared using a liquid metal ion source (Ga+) equipped with a focused
ion beam with a coarse milling current (4 nA) and a fine milling current (20 pA) at 30 kV.
The 90 nm–thick PEN sample was prepared with a focused ion beam.

3. Results and Discussion

Figure 1 shows surface morphologies and profiles. Figure 1a,b show AFM im-
ages of PEN surfaces treated by 600 eV Ar ion beam bombardment with ion doses of
2.4 × 1015 cm−2 and 4.8 × 1015 cm−2, respectively. As the ion dose was increased, the
irregular dimple patterns were formed clearly. In Figure 1c,d, the peak-to-peak roughness
(Rz) was increased from 29.1 ± 4.7 nm and 53.4 ± 8.4 nm as the ion dose was increased. In
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Figure 1e, a scanning probe image processor (SPIPTM, Image Metrology, Diplomvej, Den-
mark) showed that dimple diameter was increased from 63.4 ± 18.6 nm to 77.6 ± 23.1 nm
as the ion dose was increased (Figure S2). In addition, the aspect ratio (Rz/diameter) of
dimples were increased from 0.45 to 0.68.

 

μ × μ × −2 × −2× −2 × −2 μ× μ

Figure 1. AFM images (area: 2 µm × 2 µm) of dimple patterns on a PEN surface by 600 eV Ar ion
beam bombardment with ion doses of (a) 2.4 × 1015 cm−2 and (b) 4.8 × 1015 cm−2. X-axis and Y-axis
line profiles: (c) 2.4 × 1015 cm−2, (d) 4.8 × 1015 cm−2. (e) Distribution of dimple diameter in the
2 µm × 2 µm area.

Self-organization by ion beam irradiation has been explained by two mechanisms.
One is the semi-crystallinity of cross-linked polymers. The sputtering yield of a semi-
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crystalline polymer is lower than that of the amorphous phase [14]. For instance, He
ion bombardment on polytetrafluoroethylene surfaces left the backbones of the crystal-
lized polymer chains, which formed worm-like structures [15]. Another possibility is
surface instability induced by ion bombardments. Ion-induced surface instability results in
roughening and smoothing of the amorphous layer [2]. The self-organization of ordered
morphologies by ion beam sputtering is independent from the orientation of surface mate-
rials because self-organization by surface instability occurs in the amorphous layer formed
by ion beam irradiation [2]. If the polymer surface is in the amorphous phase during ion
beam sputtering, ion-induced surface instability could explain the pattern formation.

In Figure 2, FE-TEM and EELS show the cross-sectional images and the chemical bond
statuses at the valleys and hills of the dimple structures. The EELS was measured at the
peak (point A in Figure 2a) and trough (point B in Figure 2b). The EELS signal showed
aromatic C=C (285 eV), ketone C=O (286.3–286.8 eV), and aldehyde O=CH (286.3–286.8 eV)
functional groups, which existed similarly at the peak and trough [16]. If the partially
distributed crystalline chains induced the dimple patterns, the binding status at the peak
position would differ from that at the trough region. This revealed that the patterning
mechanism was not partial semi-crystallization. Wide angle X-ray scattering (WAXS)
showed that semi-crystallization was not induced by Ar ion beam irradiation (Figure S3).
The EELS and WAXS results mean that the self-organization on the PEN samples could be
due to the ion-induced surface instability of the amorphous layer.

– –

𝜕ℎ𝜕𝑡 = 𝜈∇2ℎ − 𝐷∇4ℎ − 𝐾∇4ℎ − 𝜆(∇ℎ)2 + 𝜂

Figure 2. (a) Cross-sectional SEM image of dimple pattern, (b) the points of EELS measurement at a peak and trough.
(c) EELS at the selected peak and trough.

The KS model could explain the self-organization of dimple structures on the PEN
surface by ion-induced surface instability. The mechanism of pattern formation by ion
bombardment has been extensively investigated using a continuum equation [8,9]. The
KS equation describes the morphology evolution during an ion bombardment. The KS
equation is given by

∂h

∂t
= ν∇2h − D∇4h − K∇4h − λ(∇h)2 + η (1)

where h is the height of the ion-bombarded surface as a function of time t, ν is the effective
surface tension generated by the erosion process or viscous flow due to surface stress, D is
the diffusion coefficient from ion-induced diffusion, K is a thermal diffusion coefficient, λ
describes the tilt-dependent sputtering yield, and η is Gaussian white noise resulting from
the stochastic nature of the erosion process. We tried to reproduce the dimple structures on
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PEN surfaces by Ar ion beam irradiations using the KS model. Numerical simulation was
executed on an equally spaced, 2-dimensional 200 × 200 mesh by integration of Equation (1)
using a standard discretization method with periodic boundary conditions. The integration
began from a random surface with a height randomly distributed from 0 to 0.1 with
spatial step dx = 0.5 nm, time step dt = 0.002 s, ν = −0.0553 nm2/s, λ = −0.177 nm/s,
D = 0.0138 nm4/s, and K = 0. The coefficients were calculated by ion species (Ar), polymer
density (1.36 g/cm−3), ion energy (600 eV), and a definition of coefficients from previous
work [8,17]. The sputtering yield was calculated by SRIM code [17]. The sign of the
nonlinear term λ determined dot or dimple structures. A positive λ induced dot formation
and a negative λ described dimple formation [2,8]. In this normal incident condition,
Equation (1) yielded an isotropic, partial differential equation with a negative nonlinear
λ term, which implied dimple formation. Figure 3 compares simulation results using
Equation (1) with FE-SEM images of experimentally fabricated samples. The images reveal
a similarity of surface morphology between the simulation and the experiment. In the
simulation, the disconnected patterns developed after 50 s, which corresponded to 20 scans
(Figure 3a). After 100 s (40 scans), dimple patterns formed (Figure 3b). As experimental
bombardment proceeded (Figure 3c), a partially disconnected network structure was
observed after 20 scans. For longer irradiation times, the pattern formed after 40 scans
(Figure 3d). The spatiotemporal pattern predicted by Equation (1) showed good correlation
with experimental observations.

Figure 3. Simulation results by iterating the DKS equation: (a) ion flux = 4.83 × 10  cm−2s−1, time = 50 s for × −2 −1Figure 3. Simulation results by iterating the DKS equation: (a) ion flux = 4.83 × 1013 cm−2s−1,
time = 50 s for 20 scans (b) ion flux = 4.83 × 1013 cm−2s−1, time = 100 s for 40 scans. Experimentally
obtained dimple patterns on the PEN surface: (c) 20 scans, (d) 40 scans.

The successful prediction of self-organization means that ion beam irradiation on the
PEN surface mainly results in surface sputtering. The continuum equation is based on
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the sputtering reaction on the ion beam irradiated surface. Ion irradiation on the polymer
surface simultaneously induces cross-linking and sputtering. Ion energy transfer by nuclear
collision affects the ratio of cross-linking to sputtering. If surface atoms receive sufficient
energy to break surface binding with energetic recoils and ions, surface displacement
induces sputtering. Energy transfer by recoils and ions depends on the atomic number
density of the target polymer. The concept of displacement per atom (DPA), which is
proportional to the energy transfer by the nuclear stopping reaction, could be a quantitative
value for evaluating the degree of displacement [18]. PEN density (1.36 g/cm3) was
sufficient to induce multiple atomic displacements of polymer atoms at the surface. The
600 eV Ar collision on the PEN surface showed a DPA of 4 to 8, a value sufficient for
inducing frequent sputtering by ion bombardments. Thus, the continuum model based
on sputtering reactions showed similar surface morphology to an Ar ion beam-irradiated
PEN surface.

4. Conclusions

The comparison of the KS model and the dimple pattern showed the validity of
applying the continuum model to the self-organization of a polymer surface using ion beam
irradiation. The continuum model based on sputtering reactions could be applied to the
limited polymer material, which has a density that induces sufficient surface displacement
and sputtering by ion beam irradiation.

The discrepancy between the simulation and the experiment is due to a limitation in
explaining the exact ion-induced sputtering yield of the polymer substrate that consists of
several atoms such as carbon, hydrogen, and oxygen. The SRIM code supplied a statistically
averaged sputtering yield for the polymer substrate.

This approach could be useful to fabricate nanostructures applied to sensors such as
surface-enhanced Raman spectroscopy, which uses the enhancement of local electric fields
wherein the surface morphology has a several nm gap [19,20]. The dimple patterns could
be applied to form hot spots on polymer surfaces using a simple, top-down process.

Supplementary Materials: The following are available online at https://www.mdpi.com/article/
10.3390/polym13121932/s1, Figure S1. Linear ion beam irradiation on a moving substrate (speed:
10 mm/s). Ion current density and ion energy distribution function were measured by Faraday
cup and retarding potential ion energy analyzer, respectively; Figure S2. Diameter measurement of
dimple structure using SPIPTM software, (a) ion dose: 2.4 × 1015 cm-2, (b) ion dose: 4.8 × 1015 cm−2;
Figure S3. Spectrum of wide angle X-ray scattering, (a) as-received PEN, (b) 600 eV Ar ion-beam
irradiated PEN.
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Abstract: Microwave discharges in dielectric liquids are a relatively new area of plasma physics
and plasma application. This review cumulates results on microwave discharges in wide classes of
liquid hydrocarbons (alkanes, cyclic and aromatic hydrocarbons). Methods of microwave plasma
generation, composition of gas products and characteristics of solid carbonaceous products are
described. Physical and chemical characteristics of discharge are analyzed on the basis of plasma
diagnostics and 0D, 1D and 2D simulation.
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1. Introduction

Recently, electrical discharges in liquids [1–10] and, in particular, microwave dis-
charges [11–13] have been intensively studied. Microwave discharges in liquids are less
studied. These discharges exhibit properties that distinguish them from widely used
DC, HF and high-voltage discharges. They can be used to produce hydrogen, coatings,
nanoparticles and nanotubes, for water purification, etc. [13]. Several papers on modeling
of electrodynamics and plasma processes in such discharges have been published [14–26].
Microwave plasma in liquids is an extremely interesting object for investigation, since it is
often non-equilibrium, heterogeneous, with large spatial gradients of parameters. Plasma
as a rule is unsteady and existing under conditions of permanent exchange by energy and
particles with the surrounding liquid medium.

One of the key problems of discharges in liquids is answering the question of what is
first: discharge produces the gas bubble or discharge is generated in the existing gas bubble.
There are several theories of bubble generation by discharges, which are reviewed in [6,10].
Considering the known results on microwave discharges, it can be stated that, although
they talk about microwave discharges in a liquid, in fact microwave plasma is created in a
gas bubble (a few millimeters in diameter) inside the liquid. The bubbles can be created in
different ways: (a) by evaporation of the liquid in the vicinity of the antenna tip heated
by the microwave field; (b) by creation of artificial bubbling by introduce of additional
gases (argon is most often used); and (c) by action of ultrasonic waves. The surface of the
bubbles is located near the high-temperature plasma zone, which ensures a high-rate input
of evaporated molecules of fluids in the bubble. This bubble can be considered as a mini
plasma chemical reactor. As a result of the intense flow of molecules into the bubble, high
concentrations of active particles (atoms, radicals and charged particles) are created in the
plasma. Therefore, the efficiency of physical and chemical processes in this reactor is high.
Accordingly, the rate of formation of products is also high. Moreover, the small dimension
of plasma region produces high gradients of parameters and high rate of stabilization of
products. These features are the major differences from conventional gas phase microwave
plasma processing.
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This article summarizes the results obtained in the study of microwave discharges in
liquid hydrocarbons. Almost the entire spectrum of liquid hydrocarbons has been used
in studies of microwave discharges in liquids including alkanes (CnH2n+2), cyclic (CnH2n)
and aromatic hydrocarbons, industrial and engine oils and their wastes, oil and heavy
oil products.

Since gas and solid products are formed in such discharges, as well as the liquid
itself is exposed to the discharge, all these results are consistently considered in the arti-
cle. In addition, the results obtained in the diagnosis and modeling of such discharges
are described.

It should be noted that the dielectric constant is approximately the same for non-polar
liquid hydrocarbons (ε ~ 2.0) and the tangent of losses for non-polar hydrocarbons is of the
order of 10−4, thus the loss of microwave energy for heating the liquid is small. Unfortu-
nately, in the process of burning a discharge in liquid hydrocarbons, one of the products
is a solid carbon-containing phase, which naturally increases the loss tangent. For polar
liquids, the loss tangent is greater, and the dielectric parameters depend on temperature.

Note that non-polar hydrocarbons are transparent in the visible wavelength range;
this is important for carrying out spectral-optical measurements, which are practically the
only method for diagnosing such discharges. In the process of burning a discharge in
hydrocarbons, solid particles appearing in a liquid reduce its transparency.

2. Experimental Setups and Methods of Diagnostics

The general scheme of microwave discharges setup in liquids does not differ from
that used to generate microwave discharges in the gas phase (Figure 1). It is considered in
detail in [27] and includes a microwave generator (as a rule, magnetrons with a frequency
of 2.45 GHz and a power of up to several kilowatts in continuous or pulsed modes), a
circulator to protect the generator from reflected power, an incident and reflected power
meters, matching device, discharge chamber, gas supply system, exhaust gas sampling
and exhaust pump system. Discharges in liquids are created at pressures from units of
kPa to atmospheric pressure. The pressure in the plasma region is determined by the
pressure provided by the pumping system above the liquid surface and differs from it by
the pressure of the liquid column above the plasma region.

Figure 1. The general scheme of microwave discharges setup.

Various microwave-to-plasma applicators are used for generation of microwave dis-
charges in different liquid dielectrics. Their task is to create the microwave field, having
the strength sufficient to create and sustain a discharge in the gas bubble. There are four
main types of discharge devices (Figure 2). Plasma is generated near microwave antennas
of different types.
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Figure 2. Schematics of different types of microwave discharges in liquids: (a) discharge on the base
of quarter-wavelength antenna; (b) discharge on the base of slot antenna; (c) discharge with energy
input through the coaxial line; and (d) microwave discharge in combination with ultrasonic radiation.

The first and simplest one is the use of quarter-wavelength metal antennas mounted
on the metal basement (Figure 2a), at the end of which a discharge is ignited in the gas
bubble. The antenna length should be equal to a quarter of the wavelength of the liquid
radiation (λ = c/ f

√
ε, where c is the speed of light in vacuum, f is the frequency and ε

is the dielectric constant of the liquid). For non-polar liquid hydrocarbons, the antenna
length is about 2 cm. This means that the antenna length is practically the same for all
such hydrocarbons. The antenna is placed in a heat-resistant glass with low loss in the
microwave frequency range, filled with liquid hydrocarbon. The glass is located in the
microwave chamber. Therefore, energy can be supplied to the antenna through the liquid
layer. Since the strength of the microwave field at the antenna increases with a decrease in
its diameter, the power required to initiate a discharge decreases. Additional gas can be
supplied via a channel in the antenna.

This method is implemented, for example, in [28–31]. A conventional microwave
oven was used as a microwave chamber [28], and the discharge was ignited in a glass
placed in the oven chamber. To increase the efficiency of plasma processes, not one antenna
can be used, but a system of whip antennas [28]. A special metal chamber into which the
microwave energy was supplied from three magnetrons is described in [29–31].

One of the disadvantages of this system is the destruction of the end of the antenna
in the plasma or the growth of deposits on it. This leads to a change in its length and
violation of the condition of its equality to a quarter of the wavelength and to unstable
operation of the device. To reduce the role of antenna erosion, various methods are
proposed, in particular the use of refractory metals (such as molybdenum or tungsten),
coating of antennas with heat-resistant dielectrics (see, e.g., [14]) or the use of pulse regime
of microwave generator [32]. Antennas of various shapes are used to excite the discharge.
For example, the authors of [33] described the use of a broken ring antenna.

The second type of antenna used is the slotted antenna (Figure 2b). Gas bubbles are
created near it surface due to heating of liquid by microwaves (it should be noted that many
bubbles can appear simultaneously along the slot) or by the introduction of additional
gas (the so-called “multibubble system”) [34–36]. Bubble formation at the antenna leads
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to unstable operation of the device and a decrease in the efficiency of energy transfer to
the discharge. Simulations and experiments have shown that this can be eliminated by
introducing a bubble control element, which is a quartz plate with holes placed close to the
antenna [35]. Multiple slot antennas can be used to increase the efficiency of the device. By
artificially creating bubbles, plasma can be created at pressures up to atmospheric pressure.

Another method of microwave plasma generation in liquids is the coaxial input of
microwave energy into the liquid, in which the discharge is ignited at the end of the central
conductor of coaxial line (Figure 2c). It is the most widespread method of microwave
plasma generation in liquids (see, e.g., [14,15,28,37–45]). Modeling of electrodynamics
of quarter wavelength [30] and coaxial [44] antenna systems has shown that in the latter
system the microwave field strength at the tip of antenna is much less sensitive to the
antenna length. As plasma is generated at the tip of antenna, this provides more stable
operation of plasma generator.

All problems with antenna erosion considered above exist also in this case. The
methods of suppressing this effect are also the same.

A more complex method can be used, in which both the microwave and ultrasonic
radiation simultaneously act on the liquid (Figure 2d) [46–48]. In this case, acoustic
oscillations (with a frequency of 24.5 kHz, 10–30 W) are a source of bubbles in a liquid, in
which a plasma is created when exposed to microwave radiation (2.45 GHz, 50–200 W). The
authors of [46] called it “sonoplasma”, and, in contrast to “sonoluminescence,” it gives a
constant radiation in time, which is caused by the absorption of microwave energy and not
by the energy released during bubble collapse. After ignition of the discharge, ultrasonic
radiation can be switched off and discharge maintained only by microwave radiation.

Discharges in liquids are generated at both reduced pressures and atmospheric pres-
sure. Generally, microwave generators with a frequency of 2.45 GHz are used to create
the plasma.

Note that, if one does not take special measures, microwave discharges in carbon-
containing liquids are nonstationary [43]. This is due to the formation of solid carbon-
containing particles, which are distributed in the volume of the liquid due to convective
flows. This leads to the absorption of microwave radiation, decreased liquid transparency
for plasma radiation and discharge failure. To eliminate this phenomenon, it is necessary
to organize the circulation of the liquid with its purification from solid particles. This must
be done when creating technological processes.

The appearance of carbon-containing solid particles in the liquid is also manifested in
another effect [43]. It leads to the fact that the composition of the liquid wall evaporating
into the bubble contains more carbon than at the beginning of the experiment in pure
hydrocarbon and the discharge is maintained in a medium with a time-varying compo-
sition of the evaporating boundary. Thus, the nonstationarity of the discharge in liquid
hydrocarbons is associated not only with the formation of a gas bubble with plasma and
its dynamics, but also with a change in the composition of the evaporating liquid wall of
the gas bubble during the course of the discharge burning and the associated change in the
composition of the gas phase in the bubble.

Microwave discharges in liquids are extremely difficult for experimental study. Using
contact diagnostic methods is difficult because the plasma is in a microwave field and
the insertion of foreign objects in plasma distorts both the structure of the microwave
field and plasma. In addition, the microwave field can lead to the damage of diagnostic
devices. Therefore, the only method for studying the plasma parameters is the optical
methods. Most papers contain results of optical emission spectroscopy (these results are
mainly related with measurements of excitation temperatures of plasma particles and
gas temperatures).

As discharges in hydrocarbons produces the gas and solid particles, to study these
components, various special methods of diagnostics are used: gas chromatography, mass-
spectrometry, Raman spectroscopy, field emission scanning electron microscope, etc.
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Additional possibilities in study of discharge parameters are provided by modeling,
which is rather complicated, since the discharge is non-stationary and constantly exchanges
in energy and matter with the liquid wall. The results of zero-, one- and two-dimensional
modeling of processes in plasma are described in [14–26].

3. Gas Products of Microwave Discharges in Liquid Hydrocarbons

As noted above, almost the entire spectrum of liquid hydrocarbons has been used for
studying microwave discharges in liquids. For example, Figure 3 shows two successive
frames of microwave discharge in the engine oil obtained in the installation with quarter
wavelength antenna described in [29–31]. The figure shows that discharge exists at the
tip of antenna. Two successive frames of microwave discharge in the engine oil obtained
in installation with coaxial input of microwave energy described in [41,43–45] are shown
in Figure 4. Figure 5 shows the frames of discharge in n-heptane in the same installation.
The presented photographs reflect the non-stationary nature of microwave discharges
in liquids.

Figure 3. Two successive frames of microwave discharge in engine oil obtained in the installation
with quarter wavelength antenna described in [29–31] (shooting speed is 240 frames per second, time
interval between figures (a) and (b) is of 4 ms).

Figure 4. Two successive frames of microwave discharge in engine oil in installation with coaxial
input of microwave energy described in [41,43–45] (shooting speed is 240 frames per second, time
interval between figures (a) and (b) is of 4 ms).
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Figure 5. Two successive frames of microwave discharge in n-heptane in installation with coaxial
input of microwave energy described in [41,43–45] (shooting speed is 25 frames per second, time
interval between figures (a) and (b) is 40 ms).

Gas products of microwave discharge in n-heptane are studied much better than
in other hydrocarbons [43], and it is possible to compare these results with the results
obtained in other conditions.

Since n-heptane is the main component of reference and surrogate fuels for internal
combustion engines, and is a convenient object for studying thermal transformations of
higher n-alkanes, much attention is paid to the study of its combustion and oxidation
processes [49–52], as well as pyrolysis [53–55]. Data on the composition of the products and
the kinetics of pyrolysis of n-heptane were used to establish the mechanism of its oxidation
and combustion and to build the kinetic schemes of processes [56].

It is of interest to compare the results on the gas-phase products of a microwave
discharge in liquid n-heptane with known data on the decomposition of n-heptane under
various conditions.

The results of experimental study of pyrolysis of n-heptane are partly summarized in
the reviews [53–55]. Processes were studied in a flow reactor when the reagent was diluted
with nitrogen [57,58], argon [59,60], water vapor [61,62] and without dilution with a carrier
gas [63], as well as processes in the shock tube [64,65]. It was found that decomposition of
n-heptane under the action of temperature is a radical-chain process and is described by the
Kosyakov–Rice mechanism with additions [53–55,57]. The main products of pyrolysis of
n-heptane are hydrogen, methane, ethylene, ethane and propylene [57–63]. α-olefins C4–C6
(butene-1, pentene-1 and hexene-1) are also always present in the product mixture; the first
of them at moderate temperatures and small degrees of conversion belongs to the main
products. Among the products, the following are also identified: butenes-2, butadiene-1,3
and pentenes. In minor and trace amounts at pressures of the order of 0.1 MPa and below,
there are propane, n-butane and n-pentane. As the pressure increases, the rate constant
of n-heptane decomposition increases and the selectivity of products changes due to the
faster growth of the rates of bimolecular processes, such as the detachment of the H atom
leading to the formation of alkanes, as compared to monomolecular reactions such as the
breakdown of radicals, leading to the formation of ethylene [53]. As a result, the selectivity
of the formation of hydrogen and ethylene decreases, while the formation of n-alkanes,
starting from ethane and α-olefins increases [59,63]. Increase in the temperature leads to
increase in the selectivity of the formation of light products, especially methane, ethylene
and hydrogen [53,63]. With a further increase in temperature to 1300 K or more, new
products appear, such as acetylene, methyl acetylene, allene, vinyl acetylene, pentadiene-
1,3 isomers, hexadiene-1,5 and benzene [60,64,65].

Decomposition of n-heptane was also investigated in a barrier discharge [66–68]. It is
established in [66] that monotonous growth of the methane, ethylene, ethane and propane
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yields is observed with increase in the electric field strength. In [67], the influence of the
alkane structure and the type of diluent gas on the yields of hydrogen and other products
is investigated. Gas phase products were determined for n-heptane: hydrogen, methane,
hydrocarbons C2 (ethylene + acetylene, ethane), C3 (propylene, etc.) and C4. In [68], a
kinetic study of the conversion of n-alkanes C6–C9 is carried out. It is established in [67,68]
that, as the number of C atoms in the alkane molecule increases, its degree of conversion
and energy efficiency increase, in contrast to the results obtained in [66].

Comparison of distributions of gas-phase products in pyrolysis of n-heptane in differ-
ent conditions is given in Table 1.

Table 1. Comparison of distributions of gas-phase products in pyrolysis of n-heptane [57,58,61,62] and microwave dis-
charge in liquid n-heptane [43]. All values are given in wt. % (all data were recalculated on the basis of data from the
original articles).

Reference [61] [57] [59] [58] [62] [43]

Diluent Steam Argon Nitrogen Steam

Temperature and pressure 760 ◦C, 101 kPa 700 ◦C, 9.2 kPa 640 ◦C, 101 kPa 810 ◦C, 400 kPa 760 ◦C, 101 kPa ~1700 ◦C, 101 kPa

Conversion, % 52.51 12 15 87.8 64.3

Component

hydrogen 2.08 0.11 0.059 1.6 0.34 7.13

methane 5.39 0.91 1.11 7.1 5.41 4.02

ethane 1.24 0.62 1.69 2.1 1.52 0.489

ethylene 23.1 4.25 4.02 47.8 32.0 12.45

acetylene 0.6 28.39

propane 0.39 0.053 0.13 0.5 0.38 0.052

propylene 7.47 2.24 2.98 17.3 13.3 0.779

methylacetylene 0.3 0.00 0.247

allene 0.1 0.00 0.067

n-butane 0.070 0.12 tr. 0.08 0.0031

isobutane 0.2 0.00 0.000

1-butene 4.84 1.83 2.26 4.6 6.28 0.105

trans-2-butene 0.11 0.5
0.26

0.0024

cis-2-butene 0.10 0.0019

isobutene 0.1 0.00 0.0010

1,3-butadiene 1.17 0.13 4.3 2.02 0.106

vinylacetylene 0.207

1-butyne (ethylacetylene) 0.0068

2-butyne
(dimethylacetylene) 0.0007

diacetylene 0.354

n-pentane 0.0074

isopentane 0.042 0.05 0.0038

neopentane 0.000

cyclopentane 0.0018

1-pentene 1.91 1.27 1.69 1.72 0.0193

trans-2-pentene 0.070 0.09 0.0006

cis-2-pentene 0.10 0.0004

2-methyl-1-butene 0.0002

2-methyl-2-butene 0.0012

3-methyl-1-butene 0.0007

cyclopentene 0.000

isoprene 0.000

cyclopentadiene 0.3 0.012

n-hexane 0.0017
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Table 1. Cont.

Reference [61] [57] [59] [58] [62] [43]

cyclohexane

methylcyclopentane

cyclohexene 0.0003

1-methylcyclopentene 0.00

1-hexene 0.82 0.71 0.81 0.55 0.00

trans-2-hexene 0.0001

cis-2-hexene

benzene 0.4 0.020

other NA C5–C6 3.7

n-heptane 47.5 88.0 85.0 12.2 35.7 45.1

toluene 0.1 0.0005

ethylbenzene traces

xylenes traces

styrene traces

naphthalene traces

other C7–C12 traces 0.390

C12+ traces

CO 3.57 0.24

CO2 0.06

SUMMA 100.0 100.0 100.0 100.0 100.0 100.0

In microwave discharge [43], among the products, acetylene and its homologs, as well
as allene, absent in low-temperature experiments [57,59,61,62], were determined. The same
products were fixed at temperatures of more than 800 ◦C in flow reactors [58,60] and in
the shock tube [41,42]. High yields of acetylene and hydrogen are obtained in [43], which
indicates high temperatures in the discharge. This is confirmed by estimated temperatures
based on the emission Swan bands.

Comparison of the results of chemical analysis of products obtained in a microwave
discharge [43] in liquid n-heptane and barrier discharge [66–68] showed that the composi-
tion of products obtained in microwave discharge is much richer.

The main gas products and their related concentrations in microwave discharge in
n-heptane are in agreement with the results of modeling [22,25,26]. Composition of main
gas products of microwave discharge in different hydrocarbons is shown in Table 2.

The results shown in Table 2 can be summarized as follows:

• Increase of the molecular weight of alkanes is accompanied by increase in the yield
of acetylene and decrease in the yield of hydrogen (in the series C7–C16, including
cycloalkanes).

• Hydrogen and acetylene are predominantly formed in aromatic compounds.
• Gas products of microwave discharge in the investigated liquid cycloalkanes and

aromatic compounds without radical groups practically do not contain methane or
ethylene. As the number of radical groups increases, the composition approaches the
composition of the discharge products in alkanes.

Estimations based on results of experiments with microwave discharge in liquid
dodecane showed that the amount of energy needed to generate 1 mol of hydrogen is
640 kJ/mol [28].
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Table 2. Relative volume concentrations (relative to hydrogen concentration) of the main gas products of microwave dis-
charges in liquid hydrocarbons at atmospheric pressure (numbers in brackets show the volume concentration of hydrogen).

Hydrocarbon, Boiling Temperature and
Structure of Molecule

H2 CH4 C2H4 C2H2 Ref.

n-Heptane C7H16 (Tboil = 98.2 ◦C) (71.2)
1

0.042 0.11 0.25 [44]

n-Heptane + Ar

[43]
0 1 0.059 0.18 0.27

6.8 L/h 1 0.049 0.23 0.31
17.3 1 0.037 0.26 0.34
36.8 1 0.040 0.18 0.28

n-Octane C8H18 (Tboil = 125.52 ◦C) (72)
1

0.03 0.104 0.25 [44]

Decane C10H22 ((Tboil = 174.1 ◦C) (71.7)
1

0.024 0.088 0.28 [44]

Dodecane C12H26 (Tboil = 216.2 ◦C) (74)
1

0.027 0.027 0.27 [28]

Pentadecane C15H32 (Tboil = 270.6 ◦C)
(67.6)

1
0.019 0.09 0.37 [44]

Hexadecane C16H34 (Tboil = 286.79 ◦C)
(65.6)

1
0.015 0.083 0.43 [44]

Isooctane C8H18 (Tboil = 99.3 ◦C) (71)
1

0.087 0.057 0.26 [44]

Cyclohexane C6H12 (Tboil = 80.74 ◦C) (73.4)
1

0 0.12 0.24 [44]

Benzene C6H6 (Tboil = 80.1 ◦C) (88.80)
1

0 0 0.13 [44]

Toluene C6H5-CH3 (Tboil = 110.6 ◦C) (86.1)
1

0.021 0 0.14 [44]

Ortho-xylole C6H5-(CH3)2 (Tboil = 144 ◦C) (74.6)
1

0.048 0.075 0.19 [44]

Petroleum solvent “Nefras S2 80/120” (mixture
of light hydrocarbons with boiling temperature

range of 33–205 ◦C)

(66.5)
1

0.09 0.13 0.3 [44]

Hydrogen is the main component of exhaust gases of microwave discharge in any
liquid hydrocarbons independently of the method of plasma generation. This is illustrated
by the results in [48], where microwave discharge is generated in the presence of ultrasonic
oscillation (Figure 2d) at pressure 250 hPa. Measured volume concentration of hydrogen in
different liquids were: 81/79 in n-dodecane, 67/76 in benzene, 66/73 in cooking oil, 71/65
in waste cooking oil, 74/65 in engine oil and 73/65 in waste engine oil (here, the numerator
corresponds to the results obtained in case of combine action of microwave and ultrasonic
radiation and the denominator corresponds to the results obtained in the case of switching
off the ultrasonic radiation just after the ignition of discharge).

Several comments should be done on the role of electron impact in the process of
hydrocarbon decomposition in microwave discharge in liquid hydrocarbons. This problem
was considered in detail for the case of plasma in liquid n-heptane [19,20,69]. 2D modeling
shows that:
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(i) Electron-impact dissociation occurs only in a narrow region adjacent to the electrode
because the microwave field is concentrated near the end of central electrode and falls
rapidly with increasing distance from it.

(ii) Electron impact affects the dissociation of n-heptane only during a short time period
from discharge ignition (≤10–3 s), when the gas temperature is low (<1300 K).

(i) At times greater than 10–3 s, the dissociation of n-heptane occurs thermally. The role
of plasma electrons in the decomposition of n-heptane is reduced to heating the gas
inside the plasma bubble (Figure 6).

Figure 6. (a) Rate constants of thermal dissociation (kT) and electron impact dissociation (kd) at microwave field
1.5 × 104 V/cm and electron density ne = 1014 cm−3; and (b) change of maximum gas temperature in time.

4. Solid Products of Microwave Discharges in Liquid Hydrocarbons

It is known that MW discharges in liquid hydrocarbons are accompanied by formation
of nanosize carbon-containing particles (see, e.g., [28,31]) and the liquid becomes saturated
with black particles and loses its transparency both for microwaves and light.

The first question is where the solid phase is formed by the discharge in liquid hydro-
carbons, namely in the liquid phase or in the region of gas-phase microwave discharge.
On the one side, numerous investigations of various gas discharges in carbon-containing
media at atmospheric pressure point to efficient formation of sooty particles. On the
other side, in the case of in-liquid microwave discharge, the question is caused by the
fact that insignificant amounts (<1%) of polycyclic aromatic hydrocarbons are detected in
liquid hydrocarbon after centrifugation and isolation of dispersed phase 29 (this result is
analyzed in Section 4). These polyaromatic compounds can be precursors of creation of
carbon-containing particles directly in liquid hydrocarbons.

To answer the question, we took snapshots of discharge chamber immediately after
processing of heavy hydrocarbon (engine oil) in discharge when hydrocarbon has not yet
been heated (Figure 7). Engine oil with high viscosity is chosen for visualization of traces of
solid particles in order to suppress the turbulence of the liquid and the spreading process
of particles. The snapshot (Figure 6a) exhibits a column of soot particles spreading up
from the tip of the antenna into the liquid. Thus, we can conclude that carbon-containing
particles are produced in the region of gas bubble with microwave discharge at the tip of
the antenna. Then, the particles are transferred into the liquid. Vortex flows (Figure 6b)
emerging during heating the liquid hydrocarbon spread the solid particles over the entire
volume of the liquid.
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Figure 7. Snapshot of traces of carbonaceous particles in the engine oil just after switching-off the microwave discharge (a);
and view of vortex structure creating by solid particles (b).

Solid particles produced by in-liquid MW plasma at atmospheric pressure in a series
of alkanes (CnH2n + 2, n = 7, 8, 10, 15, 16) are studied in [31]. These hydrocarbons differ in
their molecular mass and boiling points (n-heptane: 98.42 ◦C; isooctane: 99.24 ◦C; decane:
174.1 ◦C; hexadecane: 286.79 ◦C). The alkanes were chosen for several reasons. Firstly, as
with all nonpolar hydrocarbons, alkanes possess low loss tangent in the microwave range
(~10−4). This made it possible to neglect their direct heating by microwave field. They
all have nearly the same dielectric constant (~2) in the microwave frequency range. The
study [31] was run in the discharge produced by a resonance antenna (Figure 2a), which
was the same in all experiments with all hydrocarbons. Secondly, all alkanes are transparent
in the visible range of electromagnetic spectrum, which is important for carrying out optical
and spectral measurements of in-liquid plasma.

Figure 8 shows SEM micrographs of the solid products obtained after centrifugation
of various liquid hydrocarbons processed with microwave plasma. The size of the grains
lays in the range of 100–200 nm, the size increasing with an increase in the number of
carbon atoms per hydrocarbon molecule.

EDS analysis of the solid samples for partial contents of carbon, oxygen and copper
atoms has shown that the samples consist of carbon (80–90%), oxygen (2–15%) and copper
(below 2%). Oxygen content lowers and the concentrations of other elements grow with
raising the number of carbon atoms in the hydrocarbon chain.

Occurrence of oxygen in the analyzed samples cannot be attributed to the action of
plasma because plasma was produced in oxygen-free atmosphere. It should be noted
that the carbonaceous products, after isolation from the plasma reactor, were kept in air
atmosphere before subjected to further analysis by, e.g., FTIR and Raman methods. It is
known that adsorption of nitrogen and oxygen on carbon materials is nearly the same,
while the rate of nitrogen absorption is ten times lower than the rate of oxygen absorption.
Carbon nanostructures effectively adsorb the oxygen from the ambient atmosphere [70].
Oxygen is frequently observed in the carbonaceous materials produced in plasma after
exposing to the air. Insignificant amount of copper in the samples is explained by the fact
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that the quarter-wave antenna employed in our case to excite the discharge was made from
copper. Plasma erosion of this antenna could be a source of copper contamination.

Figure 8. SEM micrographs of the solid products of microwave plasma in different liquid hydrocarbons.

For all solid studied products, Raman spectra have exhibited a set of necessary bands
permitting to categorize these solids as a “damaged graphene”, and mainly not single-
layered one. NMR spectra of solid products obtained from n-heptane, isooctane and
pentadecane reveal that generation of MW plasma in liquid alkanes leads to strong aroma-
tization and formation of various unsaturated molecular fragments in solid products.

The results in [28], obtained in microwave discharge in liquid dodecane, show that
hydrogen at a rate of 26 mL/s was simultaneously produced with carbon-contained solids
at a maximum rate of 4 mg/s in this process.

Additional information should be obtained for the solid product deposited on the
tip of antenna when discharge was generated in liquid hydrocarbons having high vis-
cosity. Microwave discharge in such hydrocarbons (e.g., engine oils, crude oil and liquid
residues of heavy petroleum feedstock) produces growth of tree-like structure on antenna
(see Figure 9).
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Figure 9. Photographs of tree-like structures formed: in microwave discharge in liquid engine oil (a); and in liquid residues
of heavy petroleum feedstock (b).

These solid products have special interest for the processing of crude oil and liquid
residues of heavy petroleum feedstock. The results in [71–73] demonstrate a possible new
field in application of microwave discharges in liquid hydrocarbons related with extracting
a concentrate of valuable metals contained in heavy petroleum and liquid residues of heavy
petroleum feedstock.

Heavy crude oil and heavy products of its processing are characterized by an increased
content of compounds of some valuable metals (V, Ni, Mo, Co, etc.) [74]. These metals are
usually present in combination with naphthenic acid as soaps and in the form of complex
organometallic compounds such as metalloporphyrins. Existing methods for extracting
metals from heavy petroleum feedstocks (deasphalting and demetallization) either do not
give the required degree of purification of raw materials from metal compounds or their
use on an industrial scale is not economically feasible (multi-stage, energy-consuming and
capital-intensive processes). Therefore, an important task is to search for new methods for
isolation of metals. The results in [71–73] show that microwave discharge in these liquid
compounds give a promising path to solve this problem. The results are summarized in
Table 3. One can see that the material deposited on the antenna contains 10–20 times higher
concentrations of metals than those in the source heavy hydrocarbons.

Table 3. Illustration of enrichment of products of microwave discharge in crude oil and liquid
residues of heavy petroleum feedstock in valuable metals.

Metals

Content of Metals (Weight %)

Source Crude
Oil [72]

Tree-Like
Structure on
Antenna [72]

Source Heavy
Petroleum

Feedstock [71]

Tree-Like
Structure on
Antenna [71]

Al 0.00028 0.0028 0.0019 0.0068

Co 0.000053 0.00012 0.000047 0.0006

Cu 0.0002 0.0014 0.00065 0.0025

Fe 0.00064 0.0032 0.0019 0.034

Mo 0.00032 0.00067 0.067 0.98

Ni 0.008 0.013 0.0049 0.018

V 0.057 0.089 0.019 0.071

Zn ≤0.000002 0.00028 <0.000002 0.002

233



Polymers 2021, 13, 1678

The reason for this phenomenon is not entirely clear. It can be expected that the
formation of a tree-like structure and its enrichment by metals are coupled phenomena
and due to the transfer of charged particles to the antenna. It is well known that any object
immersed in plasma gains negative charge relative to plasma. This causes transportation
of positively charged particles from plasma to this object. Microwave antenna is such an
object. The tip of the antenna is surrounded with plasma, which provides the charged
particles flux to its surface. Positively charged particles are the “bricks” to build the tree-like
structure. Heavy charged particles, among other things, contain cations of metal-containing
oil complexes [75].

5. Liquid Hydrocarbons after Treatment by Microwave Discharge

After removal of the carbon-containing solid particles formed in the discharge from
liquid hydrocarbons (centrifuged at 3000 rpm for 10 min), the initially transparent colorless
liquids acquired color (Figure 10).

Figure 10. Photos of colored liquid hydrocarbons after treatment by microwave discharge and disposal of solid particles.

Hydrocarbons thus purified were analyzed by GC/MS [76]. The composition of the
liquid was determined by GC/MS on a Thermo Focus DSQII gas chromatography/mass
spectrometer. It was shown that the composition of the liquid hydrocarbon determined by
this method does not differ from the initial one (some examples are given in Figure 11).

To measure the minor impurities that were not detected in the measurements described
above, the sample was concentrated by evaporation and residue was analyzed on the
same device as above. In addition, a Bruker Tensor II FT-IR spectrometer was used for
the analysis.

Residues contain a wide spectrum of hydrocarbons up to C40. Detected substances
such as naphthalene, acenaphthylene and dicotylphthalate have a color from light yellow
to brown. They can give color to hydrocarbons after microwave plasma treatment.

FT-IR spectra of the evaporated precipitate detect the presence in the sample of
unsubstituted polyaromatic compounds such as naphthalene and phenanthrene, as well as
nitrogen-containing aromatic compounds such as pyroll.

In [77], a study is presented of the evaporated sediment of liquid hydrocarbons after
the ignition of a microwave discharge in them with bubbling air. The authors showed
that, despite the fact that plasma is created in the presence of air, oxygen- and nitrogen-
containing products are practically not observed in liquid hydrocarbons. It means that the
composition of the plasma has practically no effect on the surrounding hydrocarbon.
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Figure 11. Examples of main components detected in: the source hydrocarbons (top); and processed hydrocarbons (bottom).

It should be noted that all these substances are contained in hydrocarbons in
trace quantities.

Changes in the liquid n-hexane and n-heptane after treatment in microwave discharge
are also studied in [78]. Discharge was ignited in liquids mixed with carbon fiber. Products
C8–C12 were identified. In n-hexane, these substances are (in mg/L): phenylethyne C8H6 (0.85),
styrene; 1,3,5,7-cyclooctatetraene C8H8 (0.45), ethylbenzene C8H10 (0.41), naphthalene C10H8
(0.31) and 4-propylheptane C10H22 (0.91). In n-htptane, they are: phenylethyne (4.9), styrene;
1,3,5,7-cyclooctatetraene (10.7), naphthalene (8.4) and biphenylene C12H8 (2.8).

It is known that the color of a liquid can be imparted by nanoparticles contained in it,
which are not removed by centrifugation and do not precipitate. An example is solutions
containnig fullerenes [79] or metal nanoparticles due to surface plasmon resonance [80].
To indicate the nanoparticles and determine their sizes, the method of dynamic light
scattering was used with the analysis of the spectral power density of Doppler shifts (light
beat spectroscopy). The measurements were carried out on a Zetatrac laser (λ = 750 nm)
analyzer (NanotracWave) using the reflection method (the scattered signal recording angle
was 180◦ with respect to the direction of the primary beam). The range of sizes of scattering
particles registered by the device (their hydrodynamic diameters) was 0.001–6.500 µm.
Signal processing and calculations were performed in the approximation of optically
opaque spherical particles.

It was shown that the hydrocarbon contains nanoparticles with sizes of 1–3 nm. Some
of results are shown in Figure 12.

The naphthalene and acenaphthylene found in the liquid at room temperature are
crystals (melting temperature ≥80 ◦C), and thus it can be assumed that these crystals are
the detected nanoparticles in the solution.
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Figure 12. Examples of nanoparticles detected in processed hydrocarbons.

6. Basic Information about Plasma Properties (Diagnostics and Modeling)
6.1. Diagnostics

The main, if not the only, method for determining plasma parameters in liquids,
including liquid hydrocarbons, is optical emission spectroscopy. The results of using
this method for diagnosing a microwave discharge at atmospheric pressure in liquid
hydrocarbons are given in [30,45,81].

Optical emission spectra of microwave discharge in liquid n-heptane with and without
bubbling of argon and air are shown in Figure 13. The spectrum of the microwave dis-
charge without bubbling gases is represented by Swan bands (transition C2

(

d3Πg − a3Πu

)

)
sequences ∆υ = 0 (maximum at 516.5 nm), ∆υ = 1 (maximum at 563.5 nm), ∆υ = −1 (max-
imum at 473.75 nm) and ∆υ = −2, and the band at 436.5 nm (∆υ = −2) is overlaid with
the 0-0 emission band of CH at 431.2 nm (CH transition CH

(

A2∆ − X2Π
)

). No hydrogen
emission lines and bands are observed. In addition, a broadband emission spectrum of
solid carbon-containing particles is observed (see the curve for C7H16 in Figure 13). This
continuum gives the temperature of solid particles in the range 3500–4000 K.

Figure 13. Examples of optical emission spectra of microwave discharge in liquid pure n-heptane
and with bubbling of Ar and air. Spectra are given in arbitrary units for clear illustration the role of
bubbling gases.
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A similar structure of the spectrum is also observed at low argon consumption.
At high argon consumption, the structure of the spectrum changes qualitatively [43].

The Hα line appears in it (the threshold is 12.09 eV), and, as the argon consumption in-
creases, the Hβ line (the threshold is 12.75 eV) and the argon emission lines with thresholds
of the order of 13.3 eV also appears. Since the excitation of the emitting states of atoms
occurs in collisions with electrons, the appearance of atomic lines in the emission spec-
trum indicates an increase in the role of electron impact with the addition of argon. This
effect is discussed in detail in [43]. In addition, the radiation intensity of the continuum
decreases (see the lower curve in Figure 13), which is associated with a decrease in the
rate of formation of carbon-containing particles due to dilution of hydrocarbon vapors
with argon.

The appearance of hydrogen lines upon the addition of argon made it possible to
determine the range of microwave field strengths in plasma. The calculations were carried
out under the assumption that the excitation of the emission of hydrogen lines occurs by
electron impact. The electric field strength is in the range of 2000–4000 V/cm [43].

Air bubbling leads to the appearance of CN bands (358.4, 388.3 and 421.6 nm) in the
emission spectrum. The emission of hydrogen lines and bands, as in the discharge without
bubbling, is not observed (Figure 13).

The unexpected results were obtained during the study of plasma emission spectra in
aromatic hydrocarbons [45]. The sequence of Swan band with ∆υ = 0 in spectra measured in
toluene and ortho-xylene was overlapped with the molecular emission band with maximum
at 511 nm. Attempts to measure spectra of discharge in benzene were unsuccessful as
spectra were presented by continuum emission of solid particles. The most pronounced
additional band was observed in experiments with toluene. With an increase in the number
of CH3 groups in a molecule (one group is in toluene and two groups are in ortho-xylene),
the intensity of additional band decreases and it almost disappeared in other hydrocarbons.
It seems that trace of this band presents in spectra of plasma in other liquid hydrocarbons.

Analysis of literature data [45] bring to conclusion that this emission can be caused
by emission of linear carbon cluster C5 (transition C5

(1Πu → X1Σ+
u

)

). This cluster was
previously observed only in absorption. This means that microwave discharge in liquid
aromatic hydrocarbons produced particular conditions for C5 generation and its emission.

Several reasons can lead to a high concentration of C5 in a microwave discharge
in liquid aromatic hydrocarbons. First, and this fact is noted in many publications on
microwave discharges in liquids, the rates of product formation in microwave discharges
are higher in comparison with other discharges. This is caused by high rates of formation
of active particles. Another reason of high concentration of the emitting state of the C5
linear cluster can be effective stabilization of hydrocarbon decomposition products, which
is caused by a large temperature gradient (at the center of discharge the temperature
is of 2000 K, and at the boundary the temperature is equal to the boiling point of the
hydrocarbon). The observation of a new emission band only in aromatic hydrocarbons
may be because the rate of formation of the solid phase in them is much higher than in
other hydrocarbons. It was shown in our experiments. Therefore, it can be expected that
the rate of formation of active particles is also high.

Sequences of Swan bands are often used for calculation of rotational temperature
Tr in plasma. This procedure can be realized in two methods. One is the use of spectral
devices with high wavelength resolution. It makes possible building the Boltzmann plot of
rotational population to calculate the rotational temperature. Use of low-resolution optical
devices give nonresolved rotational structure of spectrum and Tr as usual can be obtained
from comparison of measured and modeled spectra of Swan sequences. The last method
was used for processing of Swan sequences in [30,45,81].

Analysis of the obtained spectra of Swan bends showed that the sequence ∆υ = −1 is
the least noisy. Moreover, this sequence is free of overlapping with other bands. Thus, this
sequence fives more reliable information on the rotational temperature. In the microwave
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discharge in all studied hydrocarbons, the rotational temperature Tr turned out to be the
same and equal to 2000 ± 300 K.

In the experimental conditions described above Tr is equal to the gas temperature
Tg. The problem of equality of rotational and gas temperatures for these conditions was
analyzed in detail in [80]. To satisfy the equality Tr = Tg, it is necessary to fulfill several
conditions [82]: (I) the characteristic time of energy exchange between translational and
rotational degrees of freedom (τexch) is much less than the time of their radiative decay
(τrad) and less the times of the processes leading to a change in the population of radiating
levels of molecules; (II) τexch is much less than the residence time of molecules in the
discharge zone; and (III) there is no radiation distortion due to reabsorption, refraction and
reflections from elements of the optical system, among others. The results in [81] show that
in our case these requirements are satisfied.

Thus, it was shown that the gas temperature in microwave plasma in a wide class of
liquid hydrocarbons (alkanes, cyclic and aromatic hydrocarbons) at atmospheric pressure
does not depend on the type of hydrocarbon and is equal to 2000 ± 300 K [45].

With decreasing pressure together with Swan bands, emission lines of atomic hydro-
gen appear in the emission spectrum of a microwave discharge in liquid hydrocarbons.
Plasma excitation temperature determined from the relative intensities of the Hα and Hβ

lines was approximately 5000 K [48].
A large amount of information about plasma parameters and processes in it can be

obtained by modeling a discharge.

6.2. Modeling

In its simplest form, modeling consists of solving electrodynamic problems that allow
choosing the optimal geometry of a microwave reactor, taking into account the electrical
properties of a liquid hydrocarbon, but without taking into account plasma. It gives the
dimensions of the antenna and the strength of the microwave field at its end where the
plasma will be generated [14–17,30,44]. For example, as noted above, this made it possible
to carry out a comparative analysis of the reactor with a quarter-wavelength antenna and
with coaxial energy input into the discharge and show the lower sensitivity of the latter
to the antenna length (and its possible change due to the deposition of carbon-containing
particles) [44].

A microwave discharge in liquid n-heptane at atmospheric pressure has been studied
in most detail by the method of mathematical modeling. 2D, 1D and 0D models of the
discharge have been developed, including those in n-heptane with argon bubbling.

6.2.1. 2D Model: Problem Formulation and Main Results

The model describes the system with coaxial input of microwave energy in reactor
filled with liquid n-heptane. In 2D model [19,20] the following assumptions was made:

• Gas bubbles are created by evaporation of liquid into the bubble.
• In plasma formed inside the bubble, the main ion is C7H16

+.
• Heating of the bubble is due to Joule heating of plasma electrons.
• Cooling of the bubble is due to energy transfer to ambient liquid for evaporation and

endothermic pyrolysis of n-heptane.
• The size and shape of the bubbles is determined by the surface tension and the sum of

the pressure forces.
• Lifting of the bubble is determined by the Archimedean force and viscosity.
• The initial temperature of the liquid and gas phase is equal to the boiling point.
• A small bubble of evaporated gas of atmospheric pressure is set inside the near-

electrode cavity.

Here, we note that the model contains only a simplified brutto mechanism for the
dissociation of n-heptane, and detailed kinetics of gas products and solid carbonaceous
particles is absent.
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The code is based on joint solution of the Maxwell equations, Navier–Stokes equation,
heat conduction equation, continuity equations for electrons (written in the ambipolar
diffusion approximation) and the n-heptane concentration (including its thermal decom-
position and dissociation by electron impact), the Cann–Hillard equation described the
gas–liquid transition layer and the Boltzmann equation for free plasma electrons.

The main results of the simulations can be formulated as follows:

• Boiling process depends on the input power. There is a certain range of input power,
when there is a regime of periodic formation of bubbles and their further rise.

• The plasma burns only inside the bubble, in close proximity to the central electrode.
When a bubble floats up, plasma disappears inside it. This is due to the fact that
the microwave field is concentrated near the end of the central electrode and falls
very sharply outside it. At a power >500 W, the microwave field at the electrode end
reaches 10 kV/cm. The temperature in this area is about 1500–1700 K, which is in
good agreement with our experimental data. The maximum electron density is about
1014 cm−3.

• As the bubble rises, it cools very quickly due to energy transfer to ambient boiling
liquid needed for its evaporation. Thus, temperature of the rising bubble very soon
becomes approximately equal to the boiling point.

• For times less than 10−3, the dissociation of n-heptane occurs under the action of
electron impact, and then is dominated by thermal dissociation. The role of the plasma
is reduced to the formation of gas bubbles and initiation of thermal reactions.

6.2.2. Modeling of Carbonaceous Particle Growth

Carbonaceous particles are one of the main products of microwave discharge in liquid
hydrocarbons. According to modern views, the soot formation includes the following
stages: decomposition of the starting hydrocarbon into a variety of radicals and stable
molecules, the formation of molecular precursors of the soot from these fragments, sur-
face growth and coagulation of solid particles. The growth of carbonaceous particles in
microwave discharge in liquid n-heptane was considered in the frame of 0D [21] and
1D [22] models.

The models contain the detail mechanism for n-heptane pyrolysis, as published
in [49,83]. Acetylene is the most important agent in the formation of soot particles. The
mechanism published by Wang and Frenklach [84] for the description of pyrolysis of
acetylene was used.

It is currently believed that the formation of precursors of carbonaceous particles
(nuclei) comes from polyaromatic hydrocarbons (PAH) in reactions with acetylene and
other hydrocarbons. According to the well-known HACA mechanism (“H-abstraction-
C2H2-addition”), the growth of molecules occurs when the sequence of two stages is
repeated: detachment of the H-atom from the molecule of PAH due to collision with other
H-atom and addition of the molecule C2H2 from the gas phase to the vacant site.

The linear and planar mechanisms of the molecular precursor size growth were
considered, but the best results in comparison with results of experiments ware obtained
for planar mechanism. This mechanism is presented below.

At the first stage of the formation of solid particles, polyaromatic hydrocarbons grow
from pyrene to a nucleus molecule consisting of eight benzene rings. The mechanism of
formation of the nucleus of a solid particle consists of a repeating sequence of addition
of new aromatic rings in reactions with acetylene and hydrogen. Figure 14 shows the
transition from pyrene to 1,12-Benzoperylene. Subsequently, these reactions are repeated
until the formation of a nucleus consisting of eight benzene rings, and then the growth of a
solid particle begins. Its superficial growth is carried out using the same chain of reactions.
The surface of the soot particle is considered as the edge of a large PAH molecule covered
with C–H bonds. This assumption determines the nature of the active centers, which
interact with acetylene molecules from the gas phase, and makes it possible to calculate the
growth rate of the particle surface.
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Figure 14. The mechanism of formation of the precursor molecule.

For the coagulation of solid particles, an equation of the type of the Smoluchowski
equation was used.

Solids are classified into 17 groups based on their size. The maximum size of the
particles considered in the model is about 20 nm.

A full set of balance equations for each component of the gas phase and solid products
has been solved numerically. The kinetic simulations have been implemented using
COMSOL Multiphysics—Reaction Engineering Laboratory. The processes take place inside
a spherical bubble, which is regarded as a continuous stirred tank reactor (CSTR) of constant
pressure and volume with continuous input of gaseous n-heptane, which evaporates into
the bubble from the external liquid.

Some simulation results are shown in Figures 15 and 16.

Figure 15. Evolution of gas phase products. Simulation at T = 1500 K, p = 1 atm.

Figure 16. Evolution of the total yields of the gas-phase and solid products and rate of n-heptane loss.
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The modeling approach used in [21] was applied by the authors of [22] within a
one-dimensional model to study plasma processes in a gas bubble surrounded by liquid
n-heptane. A shortened kinetic scheme of chemical processes was designed and used which
gives a good match with the full scheme. The problem was solved in the approximation
of spherical symmetry at atmospheric pressure. It was believed that the central electrode
is located in the center of a gas bubble of a given diameter, surrounded by a liquid. The
size of the bubble was taken from experiments. The model takes into account the influx of
vaporized n-heptane molecules from the liquid phase surrounding the gas bubble.

It was shown that microwave field drops sharply near the electrode, and then is
almost constant along the radius. When the gas temperature reaches about 1000 K, a
sharp decomposition front of n-heptane appears which moves to the boundary of the gas
bubble with speeds of the order of several tens of centimeters per second. The temporal
distributions of the gas temperature, electron concentrations, main gas-phase products,
solid particles and microwave field were obtained. Table 4 shows the comparison of
calculated and obtained in experiment concentrations of main gas products. The data of
modeling were obtained by averaging stationary profiles of gas products over the volume
of the bubble. The calculation results are consistent with the results of experiment.

Table 4. Contents of stationary concentration of main gas products of microwave discharge in liquid
n-heptane obtained in experiment [42] and modeling [22].

Products H2 (vol. %) C2H2 (vol. %) C2H4 (vol. %) CH4 (vol. %)

Exper.
[42]/Model. [22]

71/63.5 18/23.8 8/7.5 3/5.2

6.2.3. The Role of Argon Bubbling and Charging of Carbonaceous Particle (0D Models)

Argon is often used to produce the gas bubble what simplify ignition of discharge
in liquids. Thus, the discharge exists in the mixture of argon and vapor of hydrocarbon.
The influence of argon on the properties of microwave plasma in bubble inside the liquid
n-heptane is analyzed in [25] on the basis of non-stationary 0D model.

It is known that bodies immersed in plasma acquire a negative charge and are at a
floating potential [85,86]. This phenomenon has been studied in detail when studying
processes in the so-called “dusty plasma” [87,88]. Particle charging leads to a change in
the coagulation conditions of particles and affects the process of their growth in plasma.
The carbonaceous particles formed in microwave discharge in liquid n-heptane should be
charged, and this process can influence both on plasma parameters and on particle growth.
This complex problem was solved on the basis of the zero-dimensional non-stationary
mathematical model described in detail in [25]. The model described in [25] was extended
to take into account the charging process of particles and give possibility to analyze both
effect of argon addition (with volume concentration θ = 0–90%) and particle charging on the
plasma processes. Thus, the model [26] is the most complete for microwave discharge in
plasma bubble in n-heptane with admixture argon as it includes equations for the kinetics of
neutral and charged plasma components, equations describing the formation and growth
of solid particles from n-heptane decomposition products, an equation for the plasma
microwave field and an equation of solid particle charging.

Herem we give the main results only.
Particle charging and the addition of argon do not affect the composition of the main

gas-phase products, which are hydrogen and acetylene. It does not affect the composition
of positive ions. The main ion is the C2H2

+ ion.
Charging the produced solid particles leads to the fact that the quasi-neutral plasma

is mainly provided by a negative charge of solid particles, and the electron concentration
is 1–2 orders of magnitude lower than the total concentration of positive ions. However,
it should be noted that, with the introduction of a large portion of argon (80–90%), the
difference between the total concentration of ions and electrons decreases (Figure 17). This
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is due to the fact that the total concentration of solid particles decreases in the mixture of
hydrocarbon vapor diluted with argon, which reduces the effect of an additional channel
for charged particles loss on their surface.

Figure 17. Dependences of the stationary values of the total concentration of ions (upper curve) and
electrons (lower curve) on the volume fraction of argon introduced into the discharge. The curves are
calculated taking into account the charge of solid particles. Hollow circles denote the equilibrium
concentrations ne = ∑ ni obtained in calculations for the same power without taking into account
the charge of solid particles. The power absorbed in the discharge is 50 W.

Particle charging suppresses the coagulation process for large solid particles and,
accordingly, changes the size distribution of the formed solid particles and leads to the
formation of maximum of the particle size distribution function in the medium-sized
particle region (Figure 18).

Figure 18. Concentrations of solid particles of groups Fi depending on their size. Index i characterizes
a solid particle containing 2i aromatic rings. Curve 1 is obtained taking into account the charging of
solid particles, while Curve 2 is obtained without taking into account charging. The volume fraction
of argon is θ = 80%. The absorbed microwave power is 100 W.

The results obtained make it possible to determine ways to control the plasma param-
eters and the size of the formed solid particles.

General results presented above were obtained by simulating a microwave discharge
in n-heptane. However, it is very likely that the general conclusions of the work on the
nature of the effect of the charging of solid particles and the addition of argon will be valid
for other liquid hydrocarbons.

7. Conclusions

Microwave discharges in liquid hydrocarbons are a relatively new and promising
area in plasma physics and plasma application. Various methods have been developed
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for producing microwave discharges in liquids. The study of this type of discharge is still
far from complete, but at present a fairly large amount of knowledge about it has been
accumulated. With the help of experimental research methods and 0D, 1D and 2D modeling,
a lot of information has been obtained about plasma parameters and products obtained as
a result of plasma chemical reactions. Thus, the main gas products are hydrogen, acetylene,
methane and ethylene, and up to 80 vol. % of them is hydrogen. Carbon-containing
nanoparticles are formed as a result of plasma chemical reactions, and graphene structures
are found in them. The possibility of using such discharges for the extraction of various
metals from heavy oils and products of their processing is shown. It is shown that the
charge of solid particles formed in the discharge has a great influence on the plasma
parameters and processes in it. The unique properties of the discharge made it possible
to observe in the emission spectra of the discharge in aromatic hydrocarbons a molecular
band with maxima at about 511 nm, which can be attributed to the emission of the carbon
complex C5. This molecule has not been previously observed in radiation. The liquid
hydrocarbon itself remains practically unchanged after the discharge is created in it.

Many problems of microwave discharges remain unexplored. These are questions
of the development of the discharge, its temporal characteristics, detailed study of physi-
cal parameters of discharges and thermodynamic state of plasma, as well as discharges
with bubbling of chemically active gases. The latter systems may be of interest for the
development of plasma-chemical processes, in particular, to obtain hydrogen.

8. Patents

Lebedev, Y.A.; Khadzhiev, S.N.; Kadiev, K.M.; Averin, K.A.; Visaliev, M.Y.; Mokochun-
ina, T.V. Method of allocating concentrate of valuable metals contained in heavy oils and
products of their processing. 2017, RU Patent 2631427.
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Abstract: Surface modification of 3D-printed PLA structures is a major issue in terms of increasing
the biofunctionality and expanding the tissue engineering applications of these parts. In this paper,
different exposure times were used for low-pressure oxygen plasma applied to PLA 3D-printed
scaffolds. Alkali surface treatments were also evaluated, aiming to compare the modifications
introduced on the surface properties by each strategy. Surface-treated samples were characterized
through the quantification of carboxyl groups, energy-dispersive X-ray spectroscopy, water contact
angle measurements, and differential scanning calorimetry analysis. The change in the surface
properties was studied over a two-week period. In addition, an enzymatic degradation analysis
was carried out to evaluate the effect of the surface treatments on the degradation profile of the 3D
structures. The physicochemical characterization results suggest different mechanism pathways for
each type of treatment. Alkali-treated scaffolds showed a higher concentration of carboxyl groups
on their surface, which enhanced the enzymatic degradation rate, but were also proven to be more
aggressive towards 3D-printed structures. In contrast, the application of the plasma treatments led to
an increased hydrophilicity of the PLA surface without affecting the bulk properties. However, the
changes on the properties were less steady over time.

Keywords: polymer; low-pressure plasma; plasma treatment; surface modification; biomedical
applications; additive manufacturing; toluidine blue method; enzymatic degradation

1. Introduction

The use of 3D scaffolds constitutes one of the most promising approaches in the
biomedical field to regenerate damaged tissue. As scaffolds act as artificial structures that
support and direct new tissue formation, various requirements must be fulfilled, including
biocompatibility, suitable mechanical properties, interconnected porosity, promotion of
cell’s attachment and growth, supported vascularization, and ease of sterilization [1].
Unlike other commonly used biomaterials in the tissue engineering (TE) field, such as
titanium [2] and bioceramic materials [3], polymeric scaffolds also possess a distinctive
feature: their biodegradability. As the byproducts of the polymer’s degradation process
are excreted through the usual metabolic pathways, a complete integration of the scaffold
can be achieved, avoiding the need for an explant surgical procedure [4]. Conversely, the
degradation profile of polymeric scaffolds needs to be carefully adjusted to ensure sufficient
mechanical support during new tissue formation and that no immune or inflammatory
response happens in the implantation site due to the release of acidic byproducts [5].

Polylactic acid (PLA) is a biodegradable thermoplastic aliphatic polyester that is
used extensively for scaffold manufacturing. Apart from its biocompatibility, adjustable
biodegradability, and suitable mechanical properties, PLA has good processability by
Additive Manufacturing (AM) techniques (ISO/ASTM 52900:2015), allowing for the devel-
opment of patient-specific constructs [6]. The use of AM technologies for biopolymer man-
ufacturing and biological and medical applications gained interest over the last decades [7]
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mainly due to the great control that they offer in terms of pore size, pore shape, and
porosity of the structures [8,9]. On the other hand, the main drawbacks for the biomedical
application of PLA scaffolds include (a) release of acidic degradation byproducts; (b) poor
toughness; (c) lack of reactive side chain groups, which limits the treatments available for
improving its surface properties, and (d) low hydrophilicity, which hinders cell attachment
and scaffold–tissue interaction.

To overcome the limitations of PLA, different surface treatments can be applied to
the scaffold to modify its topography or surface chemistry, including plasma deposition,
plasma sputtering and etching, physical entrapment of small functional molecules, aminol-
ysis, and hydrolysis [10,11]. Among them, one simple and effective strategy is the alkali
treatment, based on the immersion of the PLA scaffolds in sodium hydroxide (NaOH)
solutions. The hydrolysis of the ester bonds of PLA occurs due to the nucleophilic attack of
hydroxide ions on the carbonyl carbon [12,13], leading to the incorporation of hydroxyl
(-OH) groups and the increase of surface roughness; thus, increasing the hydrophilicity
of the base material [14,15]. Generally, after alkali hydrolysis, the samples are washed
with inorganic acids to remove the excess of NaOH. However, if organic acids are used
instead, the carboxyl groups (–COOH) of these compounds can hydrolyze the PLA’s ester
bonds [14] while also removing the excess of NaOH. Carboxyl groups incorporated into
the PLA surface lead to an enhancement of roughness and wettability [14,16], serving as
anchoring points for biological substances [17,18] and promoting the cell adhesion and
proliferation processes [19,20]. The modifications generated by alkali treatment methods
depend strongly on the concentration of the solution used, and the treatment time could
affect the surface morphology and mechanical properties of the scaffolds [21].

In contrast, plasma treatments allow for the modification of the polymeric surface
without affecting the bulk properties. The effects generated on the surface depend on the
working conditions (power/voltage and time of exposure) and the carrier gas used. In
the case of oxygen plasma treatments, hydroxyl and carboxyl groups can be incorporated
into the surface of PLA scaffolds [22,23], achieving a reduction of the water contact angle
while affecting the roughness of the samples at a nanometric scale [23,24]. Overall, the
plasma treatment of PLA samples can lead to an enhanced cell adhesion, morphology, and
proliferation [23,25,26]. The change on the chemical structure of the surface material may
also have an impact on the bulk crystallinity of 3D-printed structures, as the width of the
struts is low enough to be affected by the changes on the surface. While in some cases the
modifications introduced by these surface treatments are enough to fulfill the requirements
for the tissue-engineered PLA scaffolds [25], these treatments are usually combined with a
later coating step based on the immobilization of bioactive substances within the polymeric
matrix [18,27]. A subsequent coating procedure or the direct application of the surface-
treated scaffolds should not be delayed too long, as the modifications generated by these
treatments are not permanent, showing a progressive decay of the modifications generated
on the polymer´s surface [28–30].

In this work, a comparison between alkali and plasma treatments of PLA scaffolds
obtained by AM was carried out. These methods are broadly considered simple and
cost-effective strategies to improve the biofunctionality of polymeric surfaces [10,31]. Fur-
thermore, oxygen plasma treatment is a safe and environmentally friendly process (minimal
consumption of gas, no reagents, no toxic gases, etc.) which can generate uniform changes
throughout the treated samples [31]. Different treatment times were selected to assess the
modifications introduced by oxygen plasma treatments, while for alkali treatments, the
NaOH solution concentration was varied. In addition, the use of organic and inorganic
acids as a final washing step after alkali treatment was evaluated. Few examples can be
cited from the literature comprising an experimental assessment of different treatment
methods with varying conditions applied to PLA surfaces, including films [32] and com-
posite samples [33], but no references were found regarding 3D structures. In addition,
there is a lack of information in the literature about the comparison of how the surface
modifications on PLA surfaces evolve over time. These data would be essential if the
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induced modifications are intended to be used for coating the structures or if storage before
utilization is needed (as it is for commercially availability).

The characterization of the surface-treated PLA scaffolds included the assessment
on the incorporation of carboxyl groups, the evaluation of the hydrophilicity by measur-
ing the water contact angle, and the analysis of the surface’s chemical composition by
energy-dispersive X-ray spectroscopy. Also, the effect of the treatments on the degree of
crystallinity and calorimetric properties of the PLA samples was studied by differential
scanning calorimetry analysis. Two weeks after applying the treatments, the samples
were tested again to evaluate the aforementioned loss of modifications over time. Finally,
an enzymatic degradation test using proteinase K enzymes was carried out to assess the
degradation rate of the structures, the pH, and the conductivity profile of the media during
the five-day test and the morphological and mechanical properties of the surface-treated
scaffolds after degradation.

2. Materials and Methods
2.1. Materials

PLA L105 was purchased from Corbion Purac (Diemen, The Netherlands). This
material, supplied in powder form, has a melt flow index of 65 g/10 min and a molecular
weight of approximately 105,000 g/mol. The reagents used in this study include sodium
hydroxide (NaOH; 30620, Honeywell Fluka™, Mt Laurel, NJ, USA), hydrochloric acid (HCl;
131020, Panreac AppliChem, Darmstadt, Germany), citric acid (20282, VWR Chemicals,
Fontenay-sous-Bois, France), and acetic acid (ACAC-GIA-2K5, Labkem, Barcelona, Spain).

2.2. Manufacturing of Scaffolds

PLA scaffolds were manufactured using a material extrusion process (ISO/ASTM
52900:2015), commonly known as fused deposition modelling (FDM). Specifically, a BQ
Hephestos 2 3D printer (Madrid, Spain) was used to manufacture scaffolds with 9.8 mm di-
ameter, 7 mm height, rectangular 0/90 pattern, square-shaped pores, and a 50% theoretical
porosity. Other printing settings included a nozzle diameter of 0.4 mm, a layer height of
0.3 mm, a speed of extrusion of 40 mm/s, and a printing temperature of 215 ◦C.

The continuous PLA filaments fed to the 3D-printed (mean diameter of around
1.75 mm) were obtained using a lab prototype extruder consisting of an 8 mm screw,
a cylinder with an L/D ratio of 10, and a 1.6 mm diameter nozzle tip. The extrusion of PLA
L105 powder was carried out at a rotating speed of 7 rpm, a temperature of 180 ◦C, and
with a final air- and water-cooling stage.

Apart from the PLA scaffolds, flat-surface samples were manufactured by compression
molding to better characterize the PLA surface after applying the different treatments. A
Collin P 200 P/M press and the following cycle were used: heating up to 190 ◦C at a heating
rate of 20 ◦C/min; maintaining the temperature at that constant value for 90 s at 10 bars of
pressure, and finally cooling at a rate of 20 ◦C/min while maintaining the pressure applied
in the second step.

As the first step of every experiment included in this work, the samples were mea-
sured and weighted to ensure that there were no significant differences regarding these
parameters between the different groups tested.

2.3. Surface Treatment

2.3.1. Oxygen Plasma Treatments

The plasma treatment of the samples was carried out in a low-pressure device (Zepto
Diener electronic GmbH, Ebhause, Germany) comprising a high-frequency generator of
40 kHz. At high frequencies, a more uniform, efficient, and almost continuous discharge
can be sustained to maintain the plasma state at lower pressures and energy levels in com-
parison to direct current (DC) discharges [34]. Oxygen was used as carrier gas (Carburos
Metálicos SA, Madrid, Spain), containing less than 500 ppb of H2O and less than 400 ppb of
N2. Oxygen plasma is the most common option for the formation of oxygen functionalities
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by ion implantation onto the polymeric surface, being proved as a useful and effective
surface modification method [11]. The oxygen pressure inside the chamber was fixed at
1.8 mbar, and the surface treatment was applied at a power of 30 W for 1 or 10 min. Both
sides of the samples were treated. Depending on the treatment time, the plasma-treated
group of samples are referred in this text as PLASMA 1 min or PLASMA 10 min.

2.3.2. Alkali Treatments

PLA samples were placed in a 24-well plate (144530, Thermo Scientific™ Nunc™,
Waltham, MA, USA) and immersed during 1 h at room temperature in 2 mL of 0.2 N or
1 N NaOH solutions. Then, the samples were rinsed with distillate water, washed with a
0.1 N HCl solution, and rinsed again with distillate water. PLA samples treated with these
methods are referred in the text as 0.2 N NaOH and 1 N NaOH.

In a third alkali surface treatment evaluated, the samples were immersed in 2 mL
of 0.2 N NaOH solution, rinsed with distillate water, washed with a 0.05 g/L citric acid
solution, and finally rinsed again with distillate water. Samples treated with this method
are referred in the text as 0.2 N NaOH + citric acid.

2.4. Physicochemical Characterization

2.4.1. Evaluation of Carboxyl Groups on the Treated Surface

The relative surface concentration of carboxyl groups was evaluated by using the
Toluidine Blue O (TBO) method [35]. This cationic dye binds to carboxyl groups in a 1:1
molar ratio in a basic medium and can later be desorbed with an acid solution [35,36].
Four replicas of each of the treated scaffold’s groups were tested right after applying the
different surface treatments. PLA scaffolds were used as control. The samples were placed
individually in centrifuge tubes (CFT011150, 15 mL sterile tubes, Jet Biofil, Guangzhou,
China) and immersed in 2 mL of a 0.5 mm Toluidine Blue O (T3260, Sigma Aldrich,
St. Louis, MO, USA) solution in 0.1 mm NaOH (pH 10). After 20 h, the samples were
transferred to a 24-well plate and rinsed thrice with 1 mL of 0.1 mm NaOH solution. Then,
the bounded toluidine was desorbed by adding 2 mL of 50% (v/v) acetic acid solution for
10 min in each well. Finally, the samples were discarded, and the solutions’ absorbance
was measured using a BioTek ELx800 reader (Bio Tek Instruments Inc., Winooski, VT, USA)
at an excitation wavelength of 595 nm. The 50% (v/v) acetic acid solution was used as
blank of the measurements.

This procedure was also applied to PLA scaffolds that were surface-treated and then
stored in a desiccator for two weeks to evaluate whether the modifications introduced are
maintained during that period.

2.4.2. Energy-Dispersive X-ray (EDX) Spectroscopy Analysis

The assessment of the chemical composition of the nontreated, plasma-treated, and
alkali-treated PLA samples was carried out by a scanning electron microscope (SEM; Hi-
tachi TM 3030 at an acceleration voltage of 15 kV, Hitachi Ltd., Tokyo, Japan) coupled with
an EDX detector. Flat-surface samples obtained by compression molding (as detailed in
Section 2.2) were used for this test. The main result of the EDX analysis is the oxy-
gen/carbon ratio (O/C), which is an important indicator of the effectiveness of the pro-
posed treatments to incorporate oxygen groups into the PLA surface. Four measurements
were obtained per group on the treatment day. The analysis was repeated two weeks later
using the same samples and procedure.

2.4.3. Water Contact Angle (WCA) Measurements

The sessile drop method was used to analyze the WCA of the surface-treated samples,
and therefore, the effect of the treatments on the hydrophilicity of the base material. As it is
recommended to use flat-surface samples for this test, the samples obtained by compression
molding described in Section 2.2 were used. The WCA measurements (n = 4) were carried
out at room temperature using an Ossila WCA measuring device (Ossila Ltd., Sheffield,
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UK) and the opensource software ImageJ was used to measure the static contact angle of
2 µL distilled water. The WCA was measured every 24 h during 2 weeks after applying the
different surface treatments.

2.4.4. Differential Scanning Calorimetry (DSC) Analysis

Samples extracted from nontreated and treated scaffolds were subjected to DSC analy-
sis in a differential scanning calorimeter DSC 4000 (Perkin Elmer, Waltham, MA, USA). The
scaffolds were surface-treated on the same day or two weeks before the analysis. The sam-
ples (n = 4) were placed in aluminum crucibles and subjected to a heating/cooling/heating
cycle from 30–230 ◦C, with a nitrogen flow of 20 mL/min and heating and cooling rates of
10 ◦C/min. The calorimetric data obtained include the glass transition temperature, the
onset temperature (at which melting process start), the peak melting temperature and the
melting enthalpy. Then, the melting enthalpy values were used to calculate the crystallinity
of each group of samples according to the following equation:

%XC = 100· ∆Hf

∆H
◦
f

(1)

where Xc is the degree of crystallinity, ∆Hf is the melting enthalpy of the sample and ∆Hf
◦

the melting enthalpy of 100% crystalline PLA. The value for ∆Hf
◦

was 93.7 J/g [37].

2.5. Enzymatic Degradation Study

An enzymatic degradation test was carried out to evaluate the effect of the oxygen
plasma and alkali surface treatments on the degradation rate of the PLA scaffolds. pro-
teinase K enzymes from Tritirachium album (30 units per mg of protein, Merck, Darmstadt,
Germany) were used to accelerate the degradation study of the PLA samples [38]. The
enzymes were diluted in Tris-HCl buffer (pH 8.6, BioReagent, Merck) at a concentration
of 0.2 mg/mL. Sodium azide (ReagentPlus®, ≥99.5%, Merck) was added at the same
concentration to avoid possible bacterial contamination.

Four replicas per group were placed in a nontreated 24-well plate and 2 mL of degra-
dation media were added per well. PLA scaffolds were used as control. The well plate
was maintained in an incubator at 37 ◦C for 5 days. To avoid the denaturation of the
enzymes (due to the lactic acid released during the scaffolds degradation) and therefore
maintain a high enzymatic activity, the buffer-enzyme solution was replaced daily. The
pH (sensIONTM+PH1, ±0.01, HACH) and conductivity (COND7+, ±0.01, Labbox) of the
media were measured every day to follow up the evolution of these parameters during the
enzymatic degradation process.

The weight loss of the structures after five days was assessed by using an analytical
balance (±0.1 mg, A&D Scales Gemini Series, GR-200, Braunschweig, Germany), while the
porosity change of the structures was determined with the following equation [39]:

%porosity = 100·
(

1 −
ρap

ρbulk

)

(2)

where ρap is the apparent density of the structure and ρbulk is the density of the bulk
material. The latter parameter was estimated by measuring the mass and the dimensions
of short filaments of material (n = 8), giving a result of 1.22 ± 0.03 g/cm3. The apparent
density was calculated following a similar protocol for the 3D-printed scaffolds.

Finally, the degraded scaffolds were mechanically characterized under compres-
sion test in a LIYI (LI-1065, Dongguan Liyi Environmental Technology Co., Ltd., Dong-
guan, China) testing machine in displacement control mode. Crosshead speed was set at
1 mm/min. The compressive modulus, offset compressive yield strength (2% deviation
from linearity), compression strength, and strain at maximum strength were calculated
according to ASTM D695-15. Nondegraded PLA scaffolds were used as reference control
(RC).
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2.6. Statistical Analysis

Statistical analysis was performed using MATLAB software (MATLAB and Statistics
Toolbox Release 2021a, The MathWorks, Inc., Natick, MA, USA). The data obtained during
this study were analyzed by the Kruskal–Wallis test except for those cases where only
two groups were compared. In the latter case, the Wilcoxon two-sided rank sum test
was used. The significance level was set to * p < 0.05, ** p < 0.01 and, *** p < 0.001,
for statistically significant, highly statistically significant, and very highly statistically
significant differences, respectively. All figures and tables show the mean values obtained
for each group tested. Standard deviations are represented with error bars in the case of
figures.

3. Results
3.1. Physicochemical Characterization

3.1.1. Weight Loss Due to the Application of the Surface Treatments

To assess the effect of the evaluated surface treatments on the PLA scaffold structure,
the weight of each group of samples (n = 4) was measured before and after treatment.
The scaffolds tested had an initial weight of 0.258 ± 0.01 g, with statistically insignificant
differences between groups. After the application of the surface treatments, as shown in
Table 1, a statistically significant weight loss was obtained for the 1 N NaOH and 0.2 N
NaOH + citric acid groups. The weight loss in the case of alkali treatments was related to
NaOH concentration, as the weight decreased more for the most concentrated solution.
These data evidenced that these treatments are the most aggressive among the ones tested,
so it is expected that they affected the bulk properties of the material (as described below
for crystallinity). For plasma-treated samples, the effect of the treatment depends on the
time of exposure; scaffolds treated for 10 min showed a statistically significant weight loss
(p < 0.05) compared with that of the ones treated for 1 min, although in both cases the
values remain below 1%.

Table 1. Weight loss (%) due to the application of the different surface treatments evaluated.

Group of Samples %Weight Loss

PLASMA 1 min 0.01 ± 0.02
PLASMA 10 min 0.21 ± 0.02

0.2 N NaOH 1.93 ± 0.11
1 N NaOH 5.85 ± 0.25 1

0.2 N NaOH + citric acid 2.08 ± 0.12 2

1 p < 0.05 compared with PLASMA 10 min and p < 0.01 compared with PLASMA 1 min. 2 p < 0.05 compared with
PLASMA 1 min.

3.1.2. Evaluation of Carboxyl Groups on the Treated Surface

The incorporation of carboxyl groups into the PLA surface was achieved with the
three alkali treatments proposed, as demonstrated by the results obtained at day 0 (day of
treatment) with the TBO method (as illustrated in Figure 1).

As expected, the highest mean value of absorbance was obtained for the group of
samples treated with 0.2 N NaOH + citric acid (0.17 ± 0.06 a.u.), which showed a signifi-
cantly higher value of this parameter compared with the samples treated with plasma for
1 min and the nontreated PLA scaffolds used as control. On the other hand, the results
suggest that there is no concentration of carboxyl groups on the surface when applying the
PLASMA 1 min treatment method, as this is the only group that showed an insignificant
difference with the control group at day 0 (absorbance value equal to 0.01 ± 0.01 a.u. in
both cases). At day 14, this statement becomes true for all the groups tested.
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Figure 1. Physicochemical characterization of surface-treated samples by the Toluidine Blue O (TBO)
test. * p < 0.05.

3.1.3. EDX Analysis

The O/C ratio of each group of samples is represented in Figure 2. In comparison
to the PLA control group (O/C ratio equal to 0.693 ± 0.004), statistically significant and
highly statistically significant differences were obtained for the 0.2 N NaOH (0.718 ± 0.001)
and 1 N NaOH groups (0.737 ± 0.015), respectively. The incorporation of oxygen groups to
the PLA surface is especially relevant for 1 N NaOH group, since it showed the highest
value at day 0 and is the only group that maintained a significantly higher O/C ratio
(0.702 ± 0.008) after 14 days.

’ WCA

Figure 2. Physicochemical characterization of surface-treated samples by EDX analysis. * p < 0.05
and ** p < 0.01.

3.1.4. WCA Measurements

The evolution of the samples’ WCA across two weeks is shown in Figure 3. The mean
WCA value of the PLA samples right after treatment (day 0) decreased from the value
of 77.2 ± 0.9◦ (nontreated PLA) to 48.5 ± 3.0◦ and 45.1 ± 5.2◦ for the PLASMA 1 min
and PLASMA 10 min groups, respectively. The 1 N NaOH group showed a similar result
(50.7 ± 3.0◦), while the lowest WCA values were obtained for the 0.2 N NaOH (67.4 ± 1.8◦)
and 0.2 N NaOH + citric acid (66.8 ± 2.7◦) treatments. The surface-treated samples tend to
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recover their initial state but follow a different profile: the effects induced by the oxygen
plasma were lost at a higher rate, with the samples treated for 1 min showing a WCA
similar to that of the base material in only 4 days (6 days for 10-min plasma); alkali-treated
samples, however, reached the WCA value of the base material 13 days after treatment.

’ WCA

Figure 3. Water contact angle (WCA) measurements of surface-treated samples.

3.1.5. Differential Scanning Calorimetry Analysis (DSC)

As shown in Table 2, the proposed surface treatments affect the calorimetric properties
of the bulk material. Thus, at day 0, a statistically significant reduction was obtained for
the samples treated with 1 N NaOH in terms of glass transition temperature in comparison
to the plasma-treated samples. The onset and melting temperatures also tend to be reduced
for surface-treated samples. Finally, a significant increase in the melting enthalpy and the
crystallinity values were obtained for the 0.2 N NaOH group. This increase in crystallinity,
despite being statistically insignificant, was also observed for the PLASMA 10 min and the
rest of the alkali treatments.

Table 2. DSC results of all groups of samples on day of treatment (a) and two weeks later (b).

(a)

Group of Samples
Tg

(◦C)
Tonset
(◦C)

Tpeak
(◦C)

∆H (J/g) %Xc

PLA 63.5 ± 1.2 167.0 ± 3.2 176.0 ± 0.1 47.0 ± 1.5 50.1 ± 1.6
PLASMA 1 min 64.2 ± 0.6 169.0 ± 0.1 175.6 ± 0.2 46.8 ± 1.5 50.0 ± 1.6
PLASMA 10 min 64.4 ± 0.5 169.3 ± 0.2 175.6 ± 0.1 2 49.5 ± 1.1 52.9 ± 1.2

0.2 N NaOH 61.5 ± 0.6 169.7 ± 1.2 175.9 ± 0.1 50.5 ± 1.4 3 53.9 ± 2.4 4

1 N NaOH 60.3 ± 0.6 1 169.5 ± 1.2 175.7 ± 0.1 50.3 ± 1.4 53.6 ± 2.7
0.2 NaOH + citric acid 63.4 ± 0.6 164.8 ± 1.2 175.7 ± 0.1 48.8 ± 1.4 52.1 ± 2.1

(b)

Group of Samples
Tg

(◦C)
Tonset
(◦C)

Tpeak
(◦C)

∆H (J/g) %Xc

PLA 63.5 ± 1.2 167.0 ± 3.2 176.0 ± 0.1 47.0 ± 1.5 50.1 ± 1.6
PLASMA 1 min 63.9 ± 0.2 169.2 ± 0.2 176.3 ± 0.1 * 47.1 ± 3.0 49.6 ± 2.1
PLASMA 10 min 63.8 ± 0.4 169.3 ± 0.3 176.0 ± 0.1 * 47.8 ± 2.9 51.0 ± 3.1

0.2 N NaOH 63.4 ± 0.4 * 167.8 ± 2.3 176.1 ± 0.1 * 50.9 ± 0.9 54.3 ± 0.9
1 N NaOH 63.2 ± 0.9 * 168.0 ± 2.4 176.0 ± 0.1 * 46.4 ± 2.0 * 49.6 ± 2.1

0.2 NaOH + citric acid 63.5 ± 0.2 166.0 ± 2.3 175.8 ± 0.1 1 49.2 ± 2.8 52.5 ± 3.0

(a) 1 p < 0.01 compared with PLASMA 10 min and p < 0.05 compared with PLASMA 1 min. 2 p < 0.05 compared
with PLA. 3 p < 0.05 compared with PLASMA 1 min. 4 p < 0.05 compared with PLA and PLASMA 1 min. (b)
* p < 0.05 compared with result at day 0. 1 p < 0.01 compared with PLASMA 1 min.
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On the other hand, the differences mentioned at day 0 were not found in the samples
treated and analyzed two weeks later. As shown in Table 2b, statistically significant
differences were obtained for the value of most of the groups and parameters analyzed
compared with day 0, leading to the loss of the modifications introduced by the proposed
treatments.

3.2. Enzymatic Degradation Study

The weight loss of each group of scaffolds after the five-day enzymatic degradation
test is shown in Figure 4. Alkali-treated scaffolds showed a higher level of degradation,
with a mean weight loss of around 9% and a statistically significant difference obtained for
the 1 N NaOH group compared to that of the nontreated PLA samples.

Figure 4. Enzymatic degradation test results of surface-treated samples: % weight loss after five days.
* p < 0.05.

Regarding the pH variation of the degradation media (as illustrated in Figure 5),
PLASMA 1min samples maintained the initial pH (7.94) almost until day 2, and then
rapidly decreased to a value of 4.36 ± 0.01 at day 3. In the case of PLASMA 10 min samples,
the pH decreased from day 1, resulting in a less pronounced slope of the curve of pH
variation. Alkali-treated groups showed a pH around 4.5 across all 5 days of testing. From
day 3, similar results were obtained for all the groups of samples tested.

An increase in the porosity of the scaffolds was also obtained as a consequence of
the enzymatic degradation of the structure (as illustrated in Table 3). This increment is
statistically significant for the 0.2 N NaOH and 1 N NaOH groups.

Despite being statistically insignificant, the compression test results (as illustrated in
Table 3) of the degraded scaffolds showed a reduction in the elastic modulus, compressive
yield strength, and compressive strength of the surface-treated scaffolds. The decrease in
mechanical properties is more pronounced in the alkali-treated samples, especially for the
NaOH 0.2 N + citric acid group, which showed the lowest values for all the parameters
evaluated. Notably, the break point of the nondegraded PLA scaffolds, used as reference
control (RC), was not reached during the test.
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Figure 5. Enzymatic degradation test results of surface-treated samples: pH variation.

Table 3. Porosity values (before and after the degradation test) and compression test results.

Group of Samples
Initial

Porosity (%)
Final

Porosity (%)

Elastic
Modulus

(MPa)

Compressive
Yield Strength

(MPa)

Compression
Strength

(MPa)

Strain at
Maximum
Strength

RC (compression test) 83.6 ± 7.9 7.2 ± 1.0 - -
PLA 55.5 ± 2.9 58.0 ± 3.0 81.0 ± 10.7 7.0 ± 1.5 9.7 ± 2.0 0.24 ± 0.07

PLASMA 1 min 56.0 ± 2.5 59.0 ± 2.1 72.7 ± 4.9 6.5 ± 1.7 9.9 ± 2.9 0.27 ± 0.04
PLASMA 10 min 56.1 ± 1.6 58.8 ± 1.5 73.7 ± 13.3 6.6 ± 1.4 9.2 ± 1.9 0.24 ± 0.03

NaOH 0.2 N 55.9 ± 1.8 60.1 ± 1.7 * 69.2 ± 13.5 6.9 ± 1.5 8.9 ± 0.9 0.23 ± 0.04
NaOH 1 N 58.8 ± 0.9 61.7 ± 1.6 * 67.7 ± 8.4 6.0 ± 0.8 8.4 ± 1.1 0.25 ± 0.01

NaOH 0.2 N + citric acid 56.4 ± 2.4 60.8 ± 2.3 63.2 ± 7.5 5.2 ± 0.8 8.2 ± 1.8 0.26 ± 0.02

* p < 0.05 compared with initial porosity of this group.

4. Discussion

The use of material extrusion techniques offers the possibility of obtaining PLA scaf-
folds with controlled pore size and porosity so that the characteristics of the 3D construct
can be tailored to the patient and target tissue. The precision in the design and manufactur-
ing of the scaffolds is severely compromised when applying an alkali surface treatment,
as the weight loss of the samples will surely be accompanied by changes in the struts’
dimensions, microporosity, and mechanical properties of the structure [21]. The percent-
age of weight loss for scaffolds treated with NaOH depends on the concentration of the
solution, being in this study around 2% for 0.2 N NaOH solutions and more than 5% for
1 N NaOH treatment (as illustrated in Table 1). On the other hand, scaffolds treated with
plasma showed an insignificant difference of weight before and after treatment for 1 min.
When the time of exposure to the oxygen plasma was increased to 10 min, the value of
weight loss significantly increased (p < 0.05) to 0.21 ± 0.02% compared to that of the group
of PLASMA 1 min. Thus, the weight loss depends in this case on the time of treatment,
which can be adjusted to maximize the incorporation of oxygen groups while reducing the
effects on the structure.

Regarding the physicochemical characterization of the treated samples, the results of
the EDX analysis at day 0 revealed that all treatments effectively introduce new oxygen
groups on the PLA surface, as the mean O/C ratio increased in comparison to that of the
control group in all cases (as illustrated in Figure 2). Alkali treatments showed the highest
values of O/C ratio, with significant differences for the 0.2 N NaOH and 1 N NaOH groups
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compared with the nontreated PLA group. A n insignificant increase of the O/C ratio was
obtained when comparing PLA and PLASMA 1 min groups of samples. Similar results
were obtained in previous studies that carried out a comparison between oxygen plasma
and alkali treatments [32]. Reactive species contained in the oxygen plasma (which include
neutral oxygen molecules and atoms, radicals, free electrons, and positively and negatively
charged ions [22,40]) are less prone to react with the carbonyl groups of the polymer chain
than hydroxide ions, giving the strong nucleophilic nature of the latter [41]. Thus, a greater
amount of oxygen groups incorporated into the polymeric surface is expected for alkali
treatments.

Results of the TBO test (as illustrated in Figure 1) showed that the 0.2 N NaOH + citric
acid group had the highest concentration of carboxyl groups on their surface. This was an
expected result, since carboxyl groups are predominantly incorporated when applying an
alkali treatment method [32] and the subsequent washing step with an organic acid adds
more of these hydrophilic groups onto the PLA surface by ester bond´s hydrolysis [14,18].
Carboxyl groups were also generated, albeit to a lesser extent, by applying the alkali
treatments coupled with a washing step using an inorganic acid (HCl) or in the scaffolds
treated with the PLASMA 10 min method.

Despite being the only group that showed a nonsignificant difference compared with
the control group in the TBO test, the PLASMA 1 min samples showed a reduction of the
WCA from 77.2 ± 0.9◦ to 48.5 ± 3.0◦ (as illustrated in Figure 3). This highly statistically
significant difference (p < 0.01) was also observed for the group of PLASMA 10 min, for
which the lowest mean WCA value was obtained (45.1 ± 5.2◦). These results, coupled
with the ones obtained by EDX analysis (as illustrated in Figure 2), suggest that the
oxygen groups incorporated to the plasma-treated PLA surface were mainly hydroxyl
groups [22,23]. In the case of the alkali treatments, a statistically significant (p < 0.05)
reduction of the WCA was only obtained for the 1 N NaOH group. The difference in WCA
observed between this group and the ones treated with 0.2 N NaOH could be related to the
distinct surface roughness generated depending on the solution concentration [15]. Overall,
the incorporation of hydroxyl groups and the changes in the surface roughness seem to
have a more important effect on the hydrophilicity improvement of the PLA surface than
the incorporation of carboxyl groups.

The modifications introduced on the PLA surface were lost after two weeks, as con-
firmed by the results showed in Figures 1–3. Since the WCA was evaluated for 14 days,
it was possible to determine the time at which the properties recovered their initial val-
ues. The decay on the modifications introduced can be explained by the reorientation
and diffusion of the polar groups introduced [30], the rearrangement of hydrophilic and
hydrophobic macromolecules fragments within the polymer [28], and the adsorption of
ambient humidity [29]; however, samples were kept on a desiccator to limit the latter cause.
The rearrangement of the polymer’s chains, which caused the migration of hydrophobic
macromolecules fragments to the surface, was evidenced by the recovery of the initial
crystallinity value after two weeks (as illustrated in Table 2). In addition, the results suggest
that the diffusion or reorientation of the hydroxyl groups introduced is faster than that of
the carboxyl groups; samples treated with plasma recovered their initial WCA value in
4–6 days, while for the alkali-treated samples (with a higher formation of carboxyl groups),
it took almost two weeks.

The same loss of the modifications introduced by the treatments was observed for
the calorimetric properties of the scaffolds (as illustrated in Table 2). At day 0, however, a
reduction in glass transition, onset, and peak temperatures was obtained for the treated
groups compared with that of the nontreated PLA scaffolds. An increase in the crystallinity
of the bulk material was also observed, which could be explained by the increased mobility
of the polymer´s chains due to the absorption of water molecules (for alkali treatments) and
the incorporation of new oxygen groups into the polymer surface. Both factors affect the
movement of the chains in the amorphous region, allowing a rearrangement in part of them
to a crystalline structure, according to the principle of thermodynamic equilibrium [29,30].
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Another option is the scission of chains in the amorphous regions as a consequence of the
surface treatments applied [42]. As previously mentioned, the crystallinity of the base
material was recovered within two weeks possibly because hydrophobic macromolecule
fragments migrated to the PLA surface [28]. These results give relevant information for
the design of procedures regarding scaffold treatment, application of subsequent modifi-
cations (such as coating procedures), and storage conditions, thereby having important
implications for industrial practice.

Results concerning the enzymatic degradation study showed a significantly higher
degradation of the alkali-treated scaffolds after five days (as illustrated in Figure 4), which
can be explained by two factors: a) increased surface roughness, expected from the signifi-
cant weight loss of the scaffolds after treatment (as illustrated in Table 1), and b) higher
concentration of carboxyl groups on the scaffold´s surface, which promotes the enzyme–
material interaction [43]. Despite the relatively low hydrophilicity of the samples treated
with 0.2 N NaOH, according to the WCA measurements (as illustrated in Figure 3), the
degradation rate of these groups was as high as that of the 1 N NaOH group. From these
results, it can be concluded that the incorporation of carboxyl groups, which are present in
the three alkali-treated groups, has a more significant effect on the degradation of the 3D
structures than the wettability of the surface.

In Appendix A, the results of a one-day enzymatic degradation test carried out using
PLA and 0.2 N NaOH + citric acid groups are presented. While for the alkali-treated group
the weight of the scaffolds was reduced by around only 1%, the pH decreased significantly
to a value of 4.57 ± 0.01. Similar Ph values were measured every day of the 5-day test (as
illustrated in Figure 5) for all three alkali-treated groups, as well as for the plasma-treated
groups after day 3. These results suggest that the degradation of the alkali-treated PLA
scaffolds progressed to a point where the concentration of dissolved lactic acid was high
enough to cause denaturation of the enzymes, stopping the degradation process [44]. This
limiting concentration of lactic acid is related to the minimum pH measured during the
test.

In contrast to alkali-treated samples, the groups treated with oxygen plasma main-
tained a higher level of pH during the first two days of the experiment, which could
be related to the limited presence of carboxyl groups on their surface. The TBO test (as
illustrated in Figure 1) showed that the application of the plasma treatment for 10 min
allowed for the incorporation of carboxyl groups, while an insignificant difference was
obtained for the PLASMA 1 min group compared with that of the control. Carboxyl groups
incorporated into the PLASMA 10 min group enhanced the interaction of the enzymes
with the polymer [43] from the beginning of the test, which led to a less drastic decrease in
the pH between days 2 and 3 compared with that of the profile observed for the PLASMA
1 min group. In the case of PLA and PLASMA 1 min groups, the enzymatic degradation
progressed by a surface-erosion mechanism [45] that enhances the surface roughness with
a minimal weight reduction during the first days of the test (similar to the results shown
for nontreated PLA scaffolds in Appendix A). From this point, the degradation of the
structure is accelerated as new regions of the polymer are exposed to the enzymes due to
the increased surface roughness and chains’ cleavage reactions [45]. According to these
assumptions, the differences observed in terms of weight loss for the different groups
of samples tested (as illustrated in Figure 4) can be related to the first two days of the
experiment. The increase of conductivity (for plasma-treated samples) followed by the
maintenance of a value around 2.55 mS for all groups tested after day 3 (as illustrated in
Figure 6) supported the latter conclusions.
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Figure 6. Enzymatic degradation test results of surface-treated samples: conductivity variation.

The abrupt release of acidic degradation byproducts could generate a strong inflamma-
tory response, hindering cell growth and affecting the surrounding tissues [46]. Therefore,
the degradation profile of PLA scaffolds must be precisely adjusted by optimizing the sur-
face treatment conditions and/or combining the polymeric matrix with ceramic additives
that can act as buffers [47,48]. The later strategy could be applied to develop biodegrad-
able 3D structures that gradually release different ceramic particles to counteract the pH
decrease of the surrounding environment over time, based on the concept of 4D printing
of scaffolds [49,50]. The objective in the addition of ceramic or natural biomaterials to the
PLA structure can also be related to the need to ensure enough mechanical support during
new tissue formation. As shown in Table 3, a reduction of mechanical properties takes
place as the degradation of the PLA scaffolds progresses. Finally, the treated surface of
the PLA scaffolds must promote cell adhesion and growth to allow for tissue regeneration.
This requirement can be fulfilled by the methods proposed in this study, mainly with the
incorporation of carboxylic groups in the case of alkali treatments [19] and the decrease in
the inherent hydrophobicity of the base material to values suitable for cell attachment [51]
by applying a plasma treatment.

5. Conclusions

The present study involves a comparative experimental study between alkali and
plasma treatments applied to PLA scaffolds manufactured by AM. The results obtained
suggest an important contribution by the carboxyl groups incorporated to the base material
surface on the degradation profile of the 3D structures, but not on the hydrophilicity
improvement, which was concluded to be more related to the incorporation of hydroxyl
groups. The evaluation of these properties over time showed a recovery of the initial
state of the surface within two weeks. These findings are of the utmost importance when
defining the treatment procedure of the PLA scaffold for biomedical applications, especially
if the proposed methods are transferred to the clinic. According to the results, the scaffolds
tested possess suitable properties to be further evaluated for biomedical applications.
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Appendix A

An enzymatic degradation test was carried out using PLA scaffolds treated with 0.2 N
NaOH and washed with citric acid for one day, following the procedure described in
Section 2.5. PLA scaffolds were used as control. The results of this test are shown in Table 1,
including weight loss of the samples, pH and conductivity of the media, and porosity
change after degradation.

Table 1. Results of the one-day enzymatic degradation test.

Group of Samples
Weight Loss

(%)
pH

Conductivity
(mS)

Initial Porosity
(%)

Final Porosity
(%)

PLA 0.01 ± 0.01 7.56 ± 0.01 2.00 ± 0.01 44.1 ± 3.8 43.1 ± 2.2
NaOH 0.2 N + citric acid 1.37 ± 0.11 1 4.57 ± 0.01 1 2.41 ± 0.01 1 41.0 ± 1.3 44.2 ± 2.8

1 p < 0.05 compared with PLA.
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Abstract: The low-density polyethylene/aluminum (LDPE/Al) joint in Tetra Pak provides stability
and strength to food packaging, ensures protection against outside moisture, and maintains the
nutritional values and flavors of food without the need for additives in the food products. However,
a poor adhesion of LDPE to Al, due to its non-polar surface, is a limiting factor and extra polymeric
interlayers or surface treatment is required. Plasma-assisted grafting of the LDPE surface with
different molecular weight compounds of polyethylene glycol (PEG) was used to improve LDPE/Al
adhesion. It was found that this surface modification contributed to significantly improve the
wettability of the LDPE surface, as was confirmed by contact angle measurements. The chemical
composition changes after plasma treatment and modification process were observed by X-ray
photoelectron spectroscopy (XPS) and Fourier transform infrared spectroscopy (FTIR). A surface
morphology was analyzed by scanning electron microscopy (SEM) and atomic force microscopy
(AFM). Adhesion characteristics of LDPE/Al adhesive joints were analyzed by the peel tests. The
most significant adhesion improvement of the PEG modified LDPE surface was achieved using
10.0 wt.% aqueous (6000 M) PEG solution, while the peel resistance increased by approximately
54 times in comparison with untreated LDPE.

Keywords: polyethylene; surface modification; corona discharge; polyethylene glycol; adhesion

1. Introduction

Polyolefins are the largest class of synthetic thermoplastic polymers that are employed
in a wide variety of applications nowadays, particularly food packaging, industrial appli-
cations, consumable products, structural plastics, and medical applications [1,2]. This is
because these polymers are distinguished by light weight, excellent chemical and physical
properties, cost effectiveness, as well as ease of processing [3,4]. Polyolefins are manu-
factured by cracking the petrochemical sources such as crude oil and natural gas [5,6].
Polyethylene (PE) polymers including low-density polyethylene (LDPE) and high-density
polyethylene (HDPE) are the most famous polyolefins commonly employed in the food
packaging industry, since they are easily heat sealable, can be fabricated into rigid films,
with a good barrier against moisture and water vapor [7,8]. In spite of such features, their
poor surface properties, including adhesion, wettability, and cytocompatibility, impede
their integration with other materials to form multi-layered laminates. In fact, PE materials
have low surface reactivity and hydrophobic nature due to the lack of functional groups
and low proportion of polar regions on their surfaces, and therefore incomplete adhesion
with other materials [9,10]. Therefore, several surface modification methods have been
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developed in recent decades. All these methods increase the surface energy of the poly-
mer films, resulting in better wettability and thus higher bond strength [11]. The surface
modification methods are basically classified into three sections: physical modification
based on plasma technologies and flame treatment, chemical modification via surface
functionalization, and mechanical abrasion [12–14]. However, previous studies found that
mechanical abrasion could lead to significant damage of the treated surfaces [15]. The flame
treatment is difficult to control, and bonding must be carried out shortly after exposure to
flame [3]. Therefore, the use of plasma techniques and chemical methods are preferable in
the surface treatment of polyolefins.

In the industrial scale, corona plasma discharge is a preferred cold plasma technique
in surface modification of PE. It promotes surface activation, which leads to enhanced
wetting and adhesion characteristics for applications related to adhesive bonding and
printing [16,17]. Corona discharge is characterized by fast operation and completion (few
seconds for treatment), cost effectiveness, easily adaptable to in-line operations, and envi-
ronmentally friendly without the need to use aggressive chemicals during operation [3,18].
Corona discharge occurs when ambient air molecules are ionized at atmospheric pressure
into charged particles such as electrons and ions. A high electric potential difference is
formed between two asymmetric conductive electrodes (high-potential electrode and a
grounded electrode) separated by a gap containing air. This creates a large electric field
that accelerates the charged particles toward the polymer surface, which leads to the
incorporation of reactive functional groups on the surface such as carbonyl, hydroxyl,
hydroperoxides, aldehydes, ethers, esters, etc. The formed functional groups increase the
polar part of surface energy and thus also the overall surface energy. Consequently, the
surface is oxidized, its roughness and wettability increase, and finally its adhesion with
other materials remarkably improves [11,17,19,20].

Chemical modification of the polymeric surfaces using graft polymerization plays a
vital role in biomedical, environmental, and industrial applications [21,22], since it con-
tributes to positive changes in the physical and chemical properties, morphology, and
biocompatibility of the polymer [23–25]. Polyethylene glycol (PEG) is a versatile hy-
drophilic polyether that is immobilized onto the polymer surfaces using various techniques
as physical adsorption, graft polymerization, covalent grafting, blending, etc. [26–29]. It
is synthesized via chain-growth ring-opening polymerization of ethylene oxide in the
presence of methanol or water as an initiator [30]. PEG is available as linear or branched
chain polymers with an oxyethylene (-O-CH2-CH2-) repeating units that bonded with
hydroxyl groups on either side of its chain [26,31,32]. The molecular weight of PEG plays a
considerable role in specifying its properties. PEG is known as polyethylene oxide (PEO)
when it is present in the form of a solid crystalline powder with molecular weight (M)
greater than 20,000 g/mol, while PEG exists as viscous liquid (M < 1000 g/mol) or wax-like
solid form (M: 1000–20000 g/mol) [26,33]. PEG and PEO compounds are soluble in both
aqueous and organic solvents [34,35]. Recently, many studies focused on the development
of the surface modification of hydrophobic polymers via graft polymerization with PEGs.
Liu et al. worked on surface modification of polyester urethane (SPEU) films with different
molecular weights of PEG compounds, Mn = 1200, 2400, and 4000 g/mol, for biomedical
purposes. The SPEU surface was modified by grafting PEG on its surface, since PEG can
effectively prevent protein adsorption and platelet adhesion due to its low interfacial free
energy with water, unique solution properties, hydrophilicity, high chain mobility, and
steric stabilization effect. The results showed that with increasing the molecular weight of
PEG, there was a significant decrease in the water contact angle on PEG-g-SPEU, which
indicated an increase in the surface energy and polarity, and thus strongly hydrophilic
SPEU surface. Also, this can be attributed to high grafting density of PEG on the SPEU-PEG
surface [36]. Adib and Raisi studied the surface modification of polyether sulfone mem-
brane by grafting with hyperbranched PEG in combination with corona air plasma with
the aim of enhancing anti-fouling properties. This led to improvement of the anti-fouling
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property and oil–water permeability of all modified membranes without any significant
changes in oil rejection [37].

In this work, the plasma imitated grafting of PEG/PEO on the LDPE surfaces were
employed to improve adhesion characteristics without changing bulk properties. In fact,
this research shed light on studying the effect of the difference in the molecular weights of
PEG/PEO as well as the concentration of the PEG/PEO-based prepared aqueous solutions
in the enhancement of the surface properties of LDPE in order to achieve higher interfacial
adhesion of modified LDPE with Al to form LDPE/Al adhesive laminates that are com-
monly used for food packaging and processing applications (e.g., Tetra Pak containers).
However, evident changes in surface characteristics of LDPE specimens after PEG/PEO
grafting were demonstrated using several analysis techniques. These include surface
hydrophilicity or wettability, chemical compositions of the surface, as well as surface
roughness and morphology. Last but not least, the adhesion strength between modified
LDPE and Al was improved. The adhesion characteristics were analyzed using two dif-
ferent methods, namely peel test at constant 90◦ angle, and work of adhesion calculations
based on contact angle measurements.

2. Materials and Methods
2.1. Materials

Low-density polyethylene (LDPE) from Qatar Petrochemical Company (QAPCO,
Mesaieed, Qatar) with code number: EC01-049 was used in this research. The used LDPE
in granular form were hot-pressed into a thin transparent sheet using a hydraulic press
machine (Carver, Wabash, IN, USA). Some characteristics of the LDPE are summarized in
Table 1. LDPE sheets were bonded with aluminum (Al) foil (GLAD®, Qingdao, Shandong,
China) to produce a coherent adhesive joint (LDPE/Al laminates), achieving the main
purpose of this work.

Table 1. The properties/technical information of low-density polyethylene (LDPE) (EC01-049, QAPCO).

LDPE Properties Description

Density at temperature 23 ◦C 0.918 g/cm3 (ASTM D-1505)
Melt flow index 8.0 g/10 min, 190 ◦C/2.16 kg (ASTM D-1238)

Crystalline melting point 105 ◦C
Recommended uses Extrusion coating at high speed

In addition, acetone (min.99.8% assay by G.C. method, Scharlab S.L., Barcelona, Spain)
was used to remove any impurities or contaminants from the LDPE and Al surfaces prior
to applying the surface treatment. For the wettability investigation of LDPE surfaces, ultra-
pure water (Purity ≥ 99%, water purification system Direct-Q®, Millipore Corporation,
Molsheim, France), formamide (Purity > 98%, FLUKA™, Merelbeke, Belgium), ethylene
glycol (Purity ≥ 98%, FLUKA™, Morris Plains, NJ, Belgium) were used as testing liquids
with different surface tension to determine the changes in surface total surface free energy
and its components of the LDPE samples based on contact angle measurements. For surface
modification of LDPE surfaces via grafting, PEG compounds with different molecular
weights (M): 1000 g/mol (Fluka Chemika, Buchs, Switzerland), and 6000 g/mol (Merck
KGaA, Darmstadt, Germany), as well as PEO with M = 300,000 g/mol (Sigma-Aldrich
corporation, MO, St. Louis, USA) were used to increase the adhesion characteristics of
LDPE surfaces. These compounds were dissolved into distilled water to prepare aqueous
solutions at specific concentrations.

2.2. Preparation of LDPE Thin Sheets and LDPE-Al Laminate

The LDPE granulates were converted into coherent thin sheets using a hydraulic
mounting press machine (Carver, Wabash, IN, USA). Ten grams of LDPE granules were
placed between two transparent polyester sheets inside two highly polished stainless-steel
plates, with a concern that granules were positioned adjacent to each other and on one level.
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After that, all the previously prepared were entered between the upper and lower molding
plates of the hydraulic press machine. LDPE granules were heated up into a temperature
slightly higher than the melting temperature (160 ◦C). Once the desired temperature was
reached, a one-ton load was applied into the LDPE granules for two minutes, to convert
these granules into a thin sheet under the influence of applied temperature and force.
Finally, the prepared LDPE sheet was cooled down gradually until room temperature. The
thickness of the LDPE sheets was found to be approximately 290 µm and LDPE samples
were cleaned by acetone in order to remove all undesirable contaminants from the surface
prior to every post treatment/modification process. Furthermore, the LDPE/Al adhesive
joints were fabricated by lamination process using mounting hot press machine with almost
the same steps as LDPE sheet preparation (two tons compression molding for 2 min at 160
◦C, then cooling to room temperature).

2.3. Surface Modification of LDPE Surface Using Corona Discharge

The LDPE surface was treated using corona plasma discharge in order to introduction
of polar functional groups. A laboratory scale corona plasma system (CVE-L, Softal,
Hamburg, Germany) (Figure 1) was employed for surface treatment of LDPE foils under
atmospheric pressure using 300 W of nominal power and 17.20 kHz of frequency. The
plasma treatment process of LDPE was optimized by varying treatment time from 1 to 7 s,
while the optimal treatment time was achieved using 5 s, which was associated with the
best achieved wettability. This system contains a catalytic ozone removal system ensuring
a safe working environment. Applied high potential between the biased and grounded
electrode (1.5 mm gap distance) using ambient air was responsible for homogeneous
surfaces treatment of LDPE. The LDPE samples were treated from both sides.

 

Figure 1. Corona plasma discharge system (Softal, Hamburg, Germany).

2.4. Grafting PEG/PEO onto LDPE

The corona-treated LDPE specimens were completely immersed into specific concen-
trations of PEG- or PEO-based aqueous solutions at room temperature for 24 h (Figure 2).
After the modification process, the LDPE specimen was thoroughly rinsed with distilled
water immediately after extraction from the solution, to remove unreacted species from
the LDPE surface. Thereafter, it was left to totally dry at room temperature prior to other
characterizations and lamination with Al. Six different aqueous solutions were used in
this work, regarding two different concentrations per each PEG/PEO molecular weight,
to investigate the influence of changing the molecular weight of PEG/PEO chains, and
concentration of prepared PEG/PEO aqueous solutions on the surface characteristics of
LDPE. These concentrations were as follows: 1.5 wt.%, and 10.0 wt.% for 1000 M PEG,
1.5 wt.% and 10.0 wt.% for 6000 M PEG, and 1.5 wt.% and 5.0 wt.% (maximal solubility in
water) for 300,000 M PEO.
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Figure 2. Scheme of proposed grafting mechanism of polyethylene glycol or polyethylene oxide
(PEG/PEO) onto corona-treated LDPE.

2.5. Grafting Efficiency (GE) Evaluation

Grafting efficiency (GE) in the grafting process was defined as the percentage of the
amount of the grafted monomer, which is linked into the polymer backbone to the total
amount of the free polymer. GE values of the PEG/PEO grafted on LDPE (PEG/PEO-g-
LDPE) specimens were calculated gravimetrically using Equation (1)

GE [%] =

(

m1 − m0

m0

)

× 100% (1)

where m0 is the mass of the LDPE sample before grafting, m1 is the mass of the LDPE
sample after grafting with PEG/PEO.

2.6. Determination of Surface Wettability

The changes in surface wettability after plasma treatment and modification of the
LDPE samples were investigated by measuring the contact angle of selected testing liquids.
Three testing liquids with different surface tensions and polarities were employed in sessile
drop contact angle measurements, such as water, formamide, and ethylene glycol (see Table
2). Contact angle measuring system OCA 35 (Dataphysics, Filderstadt, Germany) was used
for this purpose. This system was connected to an optical video-base imaging system linked
to high-resolution USB camera (up to 2200 images/s). According to the sessile drop method,
3 µL volume droplet of each testing liquid was deposed softly with constant dosing rate of
2 µL/s on the LDPE samples with the dimensions of 8 cm length × 2 cm width. Then, the
contact angle was measured after 3 s to ensure that the liquid droplet spreads evenly and
completely over the surface, while thermodynamic equilibrium was achieved. At least five
separate readings for each testing liquid were taken to obtain one representative average
contact angle value that was subsequently used in the calculation of solid/liquid interfacial
tension based on the Owens-Wendt-Rabel-Kaelble method (OWRK-model). OWRK-model
expresses the interfacial interactions along the solid and liquid molecules (γsl) in term of
three components, the total surface free energy (γ) and its components: polar (γp) and
dispersive (γd) components, by Equation (2).

γsl = γs + γl − 2

(

√

(

γd
s .γd

l

)

+

√

(

γ
p
s .γp

l

)

)

(2)

2.7. Determination of the Adhesion Strength of LDPE/Al Laminate

The 90◦ peel test measurements were employed for the evaluation of the adhesion
characteristics between LDPE and Al components that form together a coherent laminate.
Peel tester LF-Plus (Lloyd Instruments, West Sussex, UK) based on ASTM D6862 standard
test method was employed in the adhesion strength measurements. This system was
connected to NEXYGENPlus testing software, which allows entering the basic data and
experimental conditions that fit the test type, as well as the results displayed as numerical
values and representative graphs. Laminated LDPE/Al strips with dimensions approxi-
mately of 8 cm height and 2 cm width were attached tightly on an acrylic two sided tape
(3 M 4910 k, VHBTM) prior to starting the test. The peel strength (the force per unit width
of the laminate) was measured under dynamic conditions: 1-kN load cell was applied at
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90◦ angle peeling on the specimen, operated at slow speed rate (v = 10 mm/min) to ensure
the applied peeling force is evenly distributed over the surface, and the test time was set
at 360 s to ensure that LDPE ultra-thin layer was completely separated from the Al foil.
The peel resistance (peel force per width) was evaluated from a 10–50 mm distance of the
LDPE/Al laminate. Following the Standard Test Method for 90 Degree Peel Resistance
of Adhesives (ASTM D6862); 4–5 separate readings of LDPE-Al adhesives were taken to
acquire one average value of the peel resistance, and subsequently compared with the
work of adhesion computed from contact angle measurements.

Table 2. Surface free energy and its components: dispersion and polarity of testing liquids at 23 ◦C.

Testing Liquid
Surface Energy,

γl(mN/m)
Dispersion,
γ

d
l (mN/m)

Polarity,
γ

p
l (mN/m)

Water 72.1 19.9 52.2
Formamide 56.9 23.5 33.4

Ethylene glycol 48.0 29.0 19.0

2.8. Calculation of the Work of Adhesion

The work of adhesion (W12) for a solid–solid combination is defined as the reversible
thermodynamic work (energy change per unit area) that is required to separate two
adherent materials to form a laminate from the equilibrium state into a separation distance
of infinity (Figure 3) [38]. In this work, quantities W12 of untreated, plasma treated and
modified LDPE in the LDPE/Al laminate were calculated from contact angle measurements
depending on the polarity and dispersion values of the surface energy by the Young–Dupré
equation (Equation (3)), as follows [39]:

W12 = γ1 + γ2 − γ12 (3)

where γ1 is the surface energy of LDPE, γ2 is the surface energy of Al, γ12 is the interfa-
cial energy between LDPE and Al (solid–solid interface) and can be determined by the
following equation.

γ12 = γ1 + γ2 − 2
(

γP
1 × γP

2

)
1
2 − 2

(

γd
1 × γd

2

)
1
2 (4)

by substituting Equation (4) into Equation (3); the work of adhesion (W12) is obtained
as follows:

W12 = 2[
(

γP
1 × γP

2

)
1
2
+
(

γd
1 × γd

2

)
1
2
] (5)

where subscripts ‘1′ and ‘2′ refer to LDPE and Al respectively; the superscript ‘d’ repre-
sents to the non-polar/dispersive contribution; and the superscript ‘p’ refers to the polar
contribution to the surface free energy.

𝜸𝒍 𝜸𝒍𝒅 𝜸𝒍𝒑

Wଵଶ

𝑊ଵଶ  =  𝛾ଵ + 𝛾ଶ − 𝛾ଵଶ𝛾ଵ 𝛾ଶ 𝛾ଵଶ
 and 

𝛾ଵଶ  =  𝛾ଵ  +  𝛾ଶ  −  2ሺ𝛾ଵ  ×  𝛾ଶሻଵଶ  −  2ሺ𝛾ଵௗ  ×  𝛾ଶௗሻଵଶ Wଵଶ
Wଵଶ  =  2ሾሺ𝛾ଵ  ×  𝛾ଶሻభమ  +  ሺ𝛾ଵௗ  ×  𝛾ଶௗሻభమሿ

′ ′

Figure 3. Illustrative scheme of work of adhesion between LDPE substrate and Al film.
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2.9. Surface Morphology Analysis

The changes in two-dimensional surface morphology and roughness of the LDPE
samples before and after surface modification were investigated by scanning electron
microscopy (SEM) (Nova NanoSEM 450, Hillsboro, OR, USA). The LDPE specimens were
observed at a high magnification (20,000×) and at high spatial resolution in order to achieve
a high quality of the observed images. The working distance (WD) between the source of
electrons and the exposed surface of the sample was set within the range of 4.6–5.1 mm.
Furthermore, the SEM system was operated with moderate acceleration voltage equal to
5.0 kV. LDPE surfaces were coated by a thin layer (few angstroms thickness) of a gold (Au)
to ensure higher resolution of captured SEM images, as well as to prevent charging of the
surface and to promote the emission of secondary electrons [40].

The three-dimensional changes in the surface topography and roughness of the LDPE
after plasma treatment and modification by PEG/PEO were determined using atomic force
microscopy (AFM). The AFM images were obtained by an MFP-3D AFM device (Oxford
Instruments Asylum Research, Abingdon, Oxford, UK) using AC160TS probe (Veeco model,
OLTESPA, Olympus, Tokyo, Japan), which is covered with a thin reflex aluminum coating
in order to prevent the light directed from the microscope lens towards the sample surface
being scattered or lost. Furthermore, AFM measurements were conducted under ambient
conditions in the dynamic mode in air (AC mode) known also as tapping mode. This
mode is preferred due to it overcoming technical problems related with friction, adhesion,
electrostatic forces that may appear after a plasma treatment and cause image data to be
distorted [41]. Moreover, AFM is an ideal tool to quantitatively measure the dimensional
surface roughness in nano-scale and to visualize the surface nano-texture of the deposited
film, via commonly parameter that describe the vertical dimensions of the surface, namely
average surface roughness line (Ra). Ra is defined as an arithmetical mean height of a line
of the irregularities in the direction perpendicular to the sample surface [42,43].

2.10. Surface Composition Evaluation

Fourier-transform infrared spectroscopy (FTIR) was employed to identify the changes
in chemical composition of the LDPE samples after plasma treatment and modification
process. FTIR spectra were recorded using (Spectrum 400, PerkinElmer, Waltham, MA,
USA) equipped with a ZnSe crystal allowing the analysis of data from 1.66 µm of the
penetration depth. This FTIR spectra were captured within a wavenumber range of
500–4000 cm−1 at spectral resolution of 4 cm−1 in the absorbance mode to collect 8 scans
with the aim to obtain accurate FTIR spectra.

The elemental and chemical compositions of the untreated, plasma-treated, and modi-
fied LDPE samples were evaluated using X-ray photoelectron spectroscopy (XPS) (Axis
Ultra DLD, Kratos Analytical, Manchester, UK). XPS spectra were collected by irradiating
a monoenergetic X-rays to the surface of a material, causing the emission of photoelectrons
that are located within 10 nm from the underneath surface. Thus, the kinetic energy of the
electrons emitted from each element present on the surface is analyzed, and the spectrum
is obtained as a plot of the number of detected electrons per energy interval versus their
kinetic energy. Furthermore, quantitative data were calculated based on the peaks formed
by the individual elements according to the peak heights, areas, positions, and certain
spectral features [44].

3. Results
3.1. Grafting Efficiency (GE)

The changes in the grafting efficiency (GE) of corona-treated LDPE surfaces modified
by PEG/PEO are shown in Figure 4. The corona surface treatment had a significant effect
on PEG/PEO grafting onto LDPE surfaces due to formation of radicals or reactive sites,
which can react with PEG/PEO chains that are introduced into the surface. However,
most probably, the grafting mechanism can be caused by an esterification process [45]
as the result of interactions between the incorporated carboxylic groups in LDPE and
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hydroxyl groups of PEG/PEO [31] as was confirmed by FTIR measurements. This leads
to an increase in the mass of the modified specimen, thus increasing GE [9]. It was noted
that GE increased with increasing the PEG/PEO monomer concentration in the aqueous
solution, due to incorporation of PEG/PEO chains onto LDPE surfaces. This was confirmed
by the presence of the band at 1100 cm−1 (C-O-C) in the FTIR spectra [46]. Moreover, the
highest GE was achieved for 5.0 wt.% PEO (300,000 M)-g-LDPE films preceded by 5 s of
plasma surface treatment, while GE was approximately 0.6%. This can be explained by
PEO (300,000 M) having ultrahigh molecular weights that can create a thicker layer on the
LDPE surface in comparison to another PEG being used.
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Figure 4. Effect of plasma treatment on grafting efficiency (GE) of PEG/PEO-g-LDPE.

3.2. Surface Wettability Analysis

The wettability property refers to the ability of a liquid to maintain in contact with
a solid surface and it is characterized by the contact angle when a droplet of liquid is
placed on a flat, horizontal solid surface. In this work, three testing liquids with various
surface tension and polarity, namely water, formamide, and ethylene glycol, were used to
study the changes in the wettability after plasma treatment and surface modification of
LDPE. As can be seen from Figure 5a, a dramatic decrease in the contact angle values was
observed with increasing the surface treatment time via corona discharge. The maximum
decrease in the contact angle values was recorded after 5 s of surface treatment, so it
can be considered as the optimum treatment time for LDPE surfaces. The contact angle
values were decreased from 72.3◦ to 57.5◦ for water, from 64.5◦ to 41.7◦ for formamide,
and from 57.8◦ to 29.1◦ for ethylene glycol corresponding to untreated and 5 s corona-
treated LDPE surfaces. However, the relatively low values of contact angles of testing
liquids for untreated LDPE were probably affected by the processing additives as was
confirmed by pre-sent oxygen-containing groups observed by XPS. Plasma treatment leads
to surface oxidation and introduction of new polar functional groups such as C=O, –OH,
COOH, C–O–C, into the LDPE surfaces responsible for a wettability increase [47]. In
addition, the effect of PEG/PEO grafting on the wettability of LDPE was studied (Figure
5b). A noticeable reduction in the contact angles of the PEG/PEO-g-LDPE surfaces were
recorded compared to untreated LDPE surfaces. This can be explained by changes in
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surface roughness as a result of PEG/PEO grafting [48]. However, a slight increase was
observed in the contact angle values for all the PEG/PEO-g-LDPE in comparison with
only corona-treated LDPE, as a result of chemical nature of PEG/PEO. Furthermore, it was
revealed that as the concentration of PEG/PEO aqueous solutions increased, the contact
angle became slightly lower for the same molecular weight, due to enriching the modified
surface with PEG/PEO grafted on the LDPE surface, as well as hydrophilic properties of
the PEG/PEO molecules themselves [49].

Figure 6 shows the change in the surface free energy and the corresponding polar and
dispersive contributions of the untreated and modified LDPE samples. It became clear that
the surface free energies were significantly increased after surface treatment with corona
discharge from 30.3 mN/m for untreated LDPE to 42.6 mN/m for corona-treated LDPE
due to introduction of characteristic polar functional groups, such as C=O, –OH, COOH,
COO–, C–O–C, to the substrate surface [47]. It was confirmed that surface modification
of LDPE via plasma-initiated grafting of PEG/PEO contributed to an improvement of the
wettability properties of LDPE surfaces, as an increase in both the surface energies and
polarities were observed for all PEG/PEO used with estimated percentages of 31.3% and
63.0%, respectively at the minimum. This indicated that the chemical character of grafted
PEG/PEO affected on the surface hydrophilicity of LDPE substrate [50].

0 1 3 5 7
0

10

20

30

40

50

60

70

80

(untreated)

C
on

ta
ct

 a
ng

le
 (°

)

Treatment time (sec.)

 Water   Formamide   Ethylene glycol

 

(a) 

Figure 5. Cont.

271



Polymers 2021, 13, 1309

1.5
 w

t.%
 PEG (1

00
0M

)-g
-LDPE

10
.0 

wt.%
 PEG (1

00
0M

)-g
-LDPE

1.5
 w

t.%
 PEG (6

00
0M

)-g
-LDPE

10
.0 

wt.%
 PEG (6

00
0M

)-g
-LDPE

1.5
 w

t.%
 PEO (3

00
,00

0M
)-g

-LDPE

5.0
 w

t.%
 PEO (3

00
,00

0M
)-g

-LDPE
0

10

20

30

40

50

60

70

C
on

ta
ct

 a
ng

le
 (°

)

 Water   Formamide   Ethylene glycol

 

(b) 

Figure 5. Contact angle of (a) LDPE samples vs. corona-treatment time, (b) PEG/PEO-g-LDPE.
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3.3. Surface Morphology Analysis

The changes in the morphological characteristics of the corona-treated (5 s) and
PEG/PEO grafted LDPE samples were investigated by SEM analysis, as shown in Figure 7.
The SEM image of untreated LDPE surface (Figure 7a) showed it excelled at low levels of
surface roughness, while a noticeable increase in surface roughness was observed to the
corona-treated LDPE samples as a consequence of surface ablation and etching processes
(Figure 7b). In contrast, a slight increase was observed in surface roughness predominantly
in the amorphous phase of PEG/PEO-g-LDPE surfaces affected by 5 s of continuous
treatment by corona discharge (Figure 7c–h). However, it can be seen that the surface
roughness of the PEG/PEO-g-LDPE samples is lower compared to the only corona-treated
LDPE surface due to the formation of a compact PEG/PEO layer.

The AFM measurements were performed in order to analyze detailed surface mor-
phology/topography changes in the LDPE surface after plasma treatment and modification
processes (Figure 8). The changes in the surface roughness were quantified by the surface
roughness parameter (Ra). AFM images showed that the surface of the untreated LDPE is
relatively smooth with low value of average roughness (Ra = 3.4 nm), as demonstrated in
Figure 8a. Correspondingly, the surface treatment of the LDPE surface with 5 s of corona
treatment led to an increase in the surface roughness, while Ra increased to 4.5 nm as a
result of etching and ablation processes (Figure 8b). The morphologies/topographies of
the corona-treated grafted PEG/PEO LDPE specimens were detected by AFM analysis,
as evidenced in Figure 8c–h. It was observed that surface roughness of the PEG/PEO-
g-LDPE specimens were greater than the untreated LDPE, due to the PEG/PEO graft
on the modified surfaces. These results are consistent with contact angle measurements,
because rougher surfaces reduce hydrophobicity and thus improve the wettability char-
acteristics [48]. It was noticed that surface roughness decreased after PEG/PEO grafting
onto the LDPE surfaces compared to corona-treated surfaces, due to a formation of PEG
layer onto the LDPE surface. Moreover, it was found that increasing the concentration of
the PEG/PEO-based aqueous solution resulted in less rough LDPE surface, due to high
grafting density of PEG/PEO that leads to the creation of a thin layer. Moreover, it was
observed that all LDPE films grafted by high concentrations of PEG/PEO had the same
surface roughness (Ra = 3.6 nm)

3.4. Chemical Composition Investigation

The FTIR analysis was used to identify the changes in the chemical composition of
the LDPE surface after plasma treatment and surface modification by PEG/PEO (Figure 9).
Generally, FTIR spectrum of untreated LDPE is characterized by characteristic absorption
peaks, which coincide well with the relevant published literature, such as: out of phase
and in-phase rock of the –CH2– at 720 cm-1 and 731 cm-1, weak asymmetric bending
vibration of carbon-hydrogen bond (C–H) along the vertical axis (b-axis) of the LDPE chain
at 1478 cm−1, asymmetric bending vibration of the CH3 groups along the horizontal axis (a-
axis bend) at 1463 cm−1, as well as symmetric and asymmetric stretching vibrational bands
that represent methylene group (C–H2) at 2848 cm−1 and 2916 cm−1, respectively [51].
The surface treatment by corona discharge led to significant appearance of new absorption
bands at 1750 cm−1 and 1110 cm−1 associated with stretching vibrations of C=O (COOH)
and –O– respectively. In addition, the hydroxyl functional group (–OH) was represented
by a less intense and broad absorption peak between 3500 cm−1 and 3180 cm−1. The
emergence of these oxygen-containing functional groups in the LDPE surfaces was caused
by an oxidation process. In addition, the FTIR spectra of PEG/PEO-g-LDPE surfaces
exhibited a noticeable increase in the peak intensity corresponding to –O– compared with
only corona-treated LDPE samples, while the peak intensity of C–H decreased. Moreover,
the FTIR spectra clearly indicated the disappearance of the COOH-associated absorption
bands in the PEG/PEO-g-LDPE samples, which were utilized in the grafting process.

273



Polymers 2021, 13, 1309

 

 

(a) (b) 

(e) (f) 

(d) (c) 

(h) (g) 

Figure 7. SEM micrographs of LDPE surface: (a) untreated, (b) corona treated, (c) 1.5 wt.% PEG
(1000 M)-g-LDPE, (d) 10.0 wt.% PEG (1000 M)-g-LDPE, (e) 1.5 wt.% PEG (6000 M)-g-LDPE, (f)
10.0 wt.% PEG (6000 M)-g-LDPE, (g) 1.5 wt.%PEO (300,000 M)-g-LDPE, (h) 5.0 wt.% PEO (300,000
M)-g-LDPE.
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Figure 8. Atomic force microscopy (AFM) images (3D Height, Amplitude, line profile) with Ra roughness parameter of 
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Figure 8. Atomic force microscopy (AFM) images (3D Height, Amplitude, line profile) with Ra roughness parameter of
LDPE surface: (a) untreated, (b) corona-treated, (c) 1.5 wt.% PEG (1000 M)-g-LDPE, (d) 10.0 wt.% PEG (1000 M)-g-LDPE, (e)
1.5 wt.% PEG (6000 M)-g-LDPE, (f) 10.0 wt.% PEG (6000 M)-g-LDPE, (g) 1.5 wt.%PEO (300,000 M)-g-LDPE, (h) 5.0 wt.%
PEO (300,000 M)-g-LDPE.
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Figure 9. FTIR spectra of LDPE surfaces: (a) untreated, (b) corona-treated, (c) 1.5 wt.%PEG (1000 M)-
g-LDPE, (d) 10.0 wt.%PEG (1000 M)-g-LDPE, (e) 1.5 wt.%PEG (6000 M)-g-LDPE, (f) 10.0 wt.%PEG
(6000 M)-g-LDPE, (g) 1.5 wt.%PEO (300,000 M)-g-LDPE, (h) 5.0 wt.%PEO (300,000 M)-g-LDPE.

The XPS technique provides quantitative information about the elemental composi-
tions of the untreated, corona-treated, and modified LDPE surfaces as seen in Figure 10 and
Table 3. As can be seen, there are two characteristic XPS peaks corresponding to the C1s
and O1s at binding energy values of 284.8 and 532.8 eV, respectively. A slightly increase in
the oxygen content was observed after corona treatment, while at.% of O1s increased from
8.6 to 11.3% for untreated and corona-treated LDPE, respectively, due to the enriching of
the surface with oxygen-containing functional species. However, the presence of oxygen
species in the untreated LDPE structure may be related to the processing additives. After
PEG/PEO grafting onto LDPE surfaces via plasma treatment, it was found that the at.%
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of carbon element increased compared to untreated LDPE as results of higher carbon
to oxygen ratio in PEG/PEO. Furthermore, a slight increase in the oxygen content was
observed as the concentration of the PEG/PEO solutions increased and therefore at.% of
carbon decreased, indicating higher density of PEG/PEO grafted on the LDPE surface.
Furthermore, a decrease in the nitrogen content was observed on the LDPE surfaces with
increasing the molecular weight of grafted PEG chains (>1000) due to a formation of a thin
coating layer on the LDPE surface, which hinders the detection of the internal nitrogen
element [36].
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Figure 10. XPS spectra of LDPE surfaces.

Table 3. Elemental composition of LDPE surfaces by XPS analysis.

Samples
Element, Atomic Conc. (at. %)

C 1s O 1s N 1s

(a) Untreated-LDPE 91.2 8.6 0.2
(b) Corona-treated LDPE 88.5 11.3 0.2

(c) 1.5 wt.% PEG (1000M)-g-LDPE 95.2 4.6 0.2
(d) 10.0 wt.% PEG (1000M)-g-LDPE 93.6 6.1 0.3
(e) 1.5 wt.% PEG (6000M)-g-LDPE 95.3 4.5 0.00
(f) 10.0 wt.% PEG (6000M)-g-LDPE 92.3 7.5 0.04

(g) 1.5 wt.% PEO (300,000M)-g-LDPE 95.1 5.2 0.03
(h) 5.0 wt.% PEO (300,000M)-g-LDPE 90.6 9.2 0.0

3.5. Adhesive Strength Measurements

The adhesive strength of the untreated, plasma treated and PEG/PEO-g-LDPE lami-
nates with Al were analyzed using peeling resistance measurements, as shown in Figure 11.
It can be seen that the peel resistance of the untreated LDPE/Al joints were nearly 3 N/m
due to poor adhesion between the LDPE and Al laminate components. This can be in-
terpreted to hydrophobic nature and low wettability of pristine LDPE surfaces. The peel
resistance of LDPE/Al laminates remarkably increased (≈62.5 N/m) after plasma treat-
ment using corona discharge as a result of improved wettability and roughness. In addition,
it was observed that LDPE/Al adhesion joints prepared using the PEG/PEO-g-LDPE sam-
ples had a notable increase in peel resistance compared to untreated LDPE. This increase
in peel resistance was mainly due to increase in the wettability and surface roughness

277



Polymers 2021, 13, 1309

caused by the incorporation of oxygen-rich functional. In addition, the highest peeling
resistance values were recorded at high concentrations of PEG/PEO aqueous solutions,
which was consistent with the surface wettability results obtained from the contact angle
measurements of PEG/PEO-g-LDPE surfaces. The maximum peel resistance (163.0 N/m)
of LDPE/Al adhesive joint was observed for LDPE/10.0% PEG (6000 M), which suggested
as the optimum value. In contrast, the corona-treated LDPE grafted by PEO (300,000 M)
surfaces exhibited the lowest adhesion values compared to other PEG used. This might
be because as the molecular weight of PEG increased, the mole fraction of the reactive
-OH groups decreased, to the point where the active bonding sites available on the LDPE
surface are saturated and no more extend. Thus affecting on their surface hydrophilicity
and thus led to reduced adherence to Al [52]. Moreover, work of adhesion (W12) for the
LDPE/Al adhesive joints were calculated using surface free energy and its components. It
was found that W12 values showed similar behavior as the peel resistance for all conditions
used. The reason for the lower values of W12 than peeling resistance of LDPE/Al adhesion
joint was the fact that W12 counts with infinite slow peeling rate, while crosshead speed
during the peel resistance measurement was 10 mm/min. However, it was found that all
modified PEG/PEO-g- LDPE surfaces had higher values of W12 compared to untreated
and corona-treated LDPE surfaces because of higher values of the polar component of the
surface energy resulted from the improved wettability.
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Figure 11. Effect of corona treatment on the peel resistance and work of adhesion of PEG/PEO-g-
LDPE adhesive joint with Al.

4. Conclusions

In this work, the surface characteristics of low-density polyethylene (LDPE) were
enhanced using plasma-initiated grafting of different molecular weight polyethylene glycol
or polyethylene oxide (PEG/PEO) onto LDPE surfaces in order to improve the adhesion to
aluminum (Al) for industrial purposes. This surface modification improved the surface
wettability as was confirmed by a decrease in the contact angles, and thus increased both
the surface free energy and its polar component as a consequence of the change in the
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chemical composition of the modified LDPE surfaces. Moreover, the chemical composition
analyses confirmed the presence of PEG/PEO on the corona-treated LDPE surface through
esterification process. This led to considerable enhancement in the interfacial adhesion
between LDPE and Al compared to the untreated and corona-treated surfaces. It was
found that the adhesion strength between LDPE and Al surfaces were achieved at high
concentrations of aqueous solutions containing PEG/PEO compounds. This could be due
to improved wettability of the treated surfaces as confirmed by contact angle measurements
as well as results obtained from typical surface analyzes. However, the highest adhesion
in the LDPE/Al laminate was achieved by grafting with a 10% PEG (6000 M) aqueous
solution onto 5 s corona-treated LDPE surface, where the peel resistance increased by
approximately 54 times and 2.6 times compared to the peel resistance of untreated and
corona-treated LDPE surfaces, respectively.
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Abstract: Multicomponent nanoparticles containing carbon, tungsten carbide and silver (carbon-WC-
Ag nanoparticles) were simply synthesized via in-liquid electrical discharge plasma, the so-called
solution plasma process, by using tungsten electrodes immersed in palm oil containing droplets of
AgNO3 solution as carbon and silver precursors, respectively. The atomic ratio of carbon:W:Ag in
carbon-WC-Ag nanoparticles was 20:1:3. FE-SEM images revealed that the synthesized carbon-WC-
Ag nanoparticles with particle sizes in the range of 20–400 nm had a spherical shape with a bumpy
surface. TEM images of carbon-WC-Ag nanoparticles showed that tungsten carbide nanoparticles
(WCNPs) and silver nanoparticles (AgNPs) with average particle sizes of 3.46 nm and 72.74 nm,
respectively, were dispersed in amorphous carbon. The carbon-WC-Ag nanoparticles were used as
multifunctional fillers for the preparation of polylactic acid (PLA) composite films, i.e., PLA/carbon-
WC-Ag, by solution casting. Interestingly, the coexistence of WCNPs and AgNPs in carbon-WC-Ag
nanoparticles provided a benefit for the co-nucleation ability of WCNPs and AgNPs, resulting in
enhanced crystallization of PLA, as evidenced by the reduction in the cold crystallization temperature
of PLA. At the low content of 1.23 wt% carbon-WC-Ag nanoparticles, the Young’s modulus and
tensile strength of PLA/carbon-WC-Ag composite films were increased to 25.12% and 46.08%,
respectively. Moreover, the PLA/carbon-WC-Ag composite films possessed antibacterial activities.

Keywords: atmospheric pressure plasma; filler; polylactic acid; polymer composite

1. Introduction

Nowadays, due to increasing environmental concerns and climate change worldwide,
bio-derived and biodegradable polymers such as polylactic acid (PLA), polyhydroxybu-
tyrate (PHB) and poly(3-hydroxybutyrate-co-3-hydroxyvalerate) (PHBV) have received
much attention as alternatives to petroleum-based polymers [1–3]. Among bio-derived
and biodegradable polymers, PLA is one of the most studied polymers and has been inves-
tigated for many applications, such as packaging materials [4], membranes for separation
processes [5] and biomaterials for biomedical applications [6]. Nevertheless, the major
drawbacks of PLA that limit its utilization as a replacement for petroleum-based polymers
are low thermal stability, inferior mechanical properties and low crystallization rate when
compared with petroleum-based polymers. Therefore, the incorporation of fillers into
PLA to obtain PLA composites has been considered as an effective method to overcome
these limitations. To date, PLA composites have been developed by the incorporation
of a wide variety of fillers, such as clay [7], silver nanoparticles [8], zinc oxide (ZnO) [9],
tungsten disulfide (WS2) nanotubes [10] and various types of carbon materials [11–13].

283



Polymers 2021, 13, 991

Among the investigated fillers, carbon materials have been considered as efficient candi-
dates for the development of PLA composites because of their outstanding properties, such
as high surface area, high thermal and chemical stability, high absorption ability and low
cost [14,15]. However, the incorporation of monocomponent fillers could improve only
specific properties of polymers [16,17]. Hence, the incorporation of multicomponent fillers
into polymers has been employed in order to accomplish simultaneous improvement of
the multifunctional properties of polymers, such as mechanical properties, thermal prop-
erties, crystallization behavior and antibacterial activities [18,19]. According to previous
reports, the aggregation and non-homogeneous dispersion of each component in polymer
matrices could occur, resulting in the deterioration of the properties of polymers [20,21].
To overcome these problems, nanohybrid fillers such as cellulose/silver nanoparticles and
multiwall carbon nanotubes (MWCNTs)/silver nanoparticles were fabricated and incorpo-
rated into polymers [8,22,23]. However, the preparation methods of the nanohybrid fillers
commonly involved time-consuming processes and the utilization of chemical agents.

The solution plasma process (SPP), an electrical discharge of plasma occurring in a
liquid phase, has been considered as an emerging technology that has been investigated
in carbon synthesis [24–26], surface modification of carbon materials [27], synthesis of
metal nanoparticles [28,29] and synthesis of carbon-supported metal nanoparticles [30,31].
SPP is operated by applying electric potential between a pair of metal electrodes that are
immersed in a liquid phase. Energetic electrons that are released from the electrodes collide
with molecules near the electrodes, resulting in the formation of a variety of highly active
species, such as excited molecules, free electrons, free radicals and positively and negatively
charged species. Moreover, as a result of electron bombardment at the surfaces of electrodes,
the erosion of the electrodes may occur, leading to the formation of metal nanoparticles
released from the electrodes [30,32]. For example, when tungsten electrodes were used in
carbon synthesis by SPP, to some extent, tungsten carbide nanoparticles were generated
together with the formation of carbon as a result of the sputtering of tungsten electrodes [33].
Under this circumstance, SPP can provide several benefits, such as accelerating reaction
rate, lowering reaction temperature and reduction of chemicals used in various reactions,
e.g., synthesis of metal nanoparticles [34,35]. Recently, different types of organic solvents,
including benzene, cyclohexane and hexane, have been investigated as carbon precursors to
synthesize carbon by using SPP [24,33,36]. However, the organic solvents are high-cost raw
materials and their wastes from the reactions may cause environmental problems. As an
alternative to organic solvents, palm oil, a carbon-rich renewable raw material consisting of
triglycerides and fatty acids [37,38], is a potential carbon precursor for synthesis of carbon
by SPP. It was postulated that long-chain hydrocarbon moieties in fatty acids that are
present in palm oil can be converted to carbon by SPP. The mechanism for the conversion of
carbon precursors to carbon materials by SPP was proposed by Morishita T et al., 2016 [36].

In the last decade, inorganic fillers with intrinsic antimicrobial properties, such as
titanium dioxide [39,40], zinc oxide [41], graphene oxide (GO) [42], metal-organic frame-
works (MOFs) [43] and silver nanoparticles (AgNPs) [44], have been applied to polymer
composites in order to introduce antimicrobial functions to the composites. It is known
that AgNPs are one of the most powerful antimicrobial agents. Nowadays, AgNPs are
extensively utilized in a broad range of applications, such as conductive materials [45],
catalysts [46], anticancer [47] and biomaterials [48]. However, the stability of AgNPs is an
important issue hindering their application. As their particle sizes are in the nano-scale, the
surface energy of AgNPs is high, resulting in a tendency to undergo aggregation [49]. The
aggregation of AgNPs results in a reduction in their performance, such as their catalytic
efficiency and antimicrobial activities [50,51]. In order to prevent the aggregation of AgNPs,
the deposition of AgNPs on various supporting materials, such as silica, zeolite and carbon,
has been explored [52,53]. Among the most widely used supporting materials, carbon
materials have many advantages, including high surface area, stability in acid and base
media and low cost. Therefore, carbon materials are considered as potential candidates for
use as supporting materials for AgNPs to obtain carbon-supported AgNPs [54,55]. Nowa-
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days, carbon-supported AgNPs are extensively used as reinforcing fillers for polymer
composites [22,56,57]. According to the literature, carbon-supported AgNPs can be syn-
thesized by several methods, such as hydrothermal reduction [58], thermal annealing [56]
and sputtering deposition [59]. However, the preparation of carbon-supported AgNPs is
generally based on multi-step processes together with the use of reducing agents and long
reaction times.

In this study, multicomponent nanoparticles containing carbon, tungsten carbide
and silver, i.e., carbon-WC-Ag nanoparticles, were synthesized in one step via SPP by
using palm oil containing droplets of silver nitrate (AgNO3) solution as carbon and silver
precursors, respectively. By applying SPP, carbon and AgNPs were synthesized from
palm oil and AgNO3, respectively, whereas tungsten carbide nanoparticles (WCNPs) were
generated by the sputtering of tungsten electrodes together with the simultaneous forma-
tion of carbon during plasma discharge. The morphology and elemental composition of
carbon-WC-Ag nanoparticles were characterized. Carbon-WC-Ag nanoparticles were then
used as multifunctional fillers for the preparation of polylactic acid (PLA) composite films,
i.e., PLA/carbon-WC-Ag, by solution casting. The effect of carbon-WC-Ag nanoparticles
on the non-isothermal crystallization behavior and mechanical and thermal properties
of the obtained PLA composite films was investigated. The antibacterial activities of
PLA/carbon-WC-Ag composite films against Escherichia coli, a Gram-negative bacterium,
and Staphylococcus aureus, a Gram-positive bacterium, were also examined.

2. Materials and Methods
2.1. Materials

Polylactic acid (PLA) (IngeoTM 4043D) with 94% L-lactide and 6% D-lactide was
provided by Natureworks LLC (Minnetonka, MN, USA) (molecular weight (Mw) of
1.5 × 105 g/mol and polydispersity index (PDI) of 1.81). The melt flow index and density
of PLA are 6.0 g/10 min and 1.24 g/cm3, respectively. Activated charcoal was purchased
from Sigma-Aldrich Inc. (Lyon, France). Silver nitrate (AgNO3) was supplied by Fisher
Scientific Co., Ltd. (Loughboroug, UK). Tungsten (W) and silver (Ag) electrodes (diameter
of 1 mm, 99.95% purity) were obtained from The Nilaco Corporation, Japan. Chloroform
(CHCl3) and hexane (C6H8) were analytical-grade and bought from RCI Labscan Co., Ltd.
(Bangkok, Thailand). Palm oil was provided by Oleen Co., Ltd. (Samutsakhon, Thailand).
Escherichia coli strain TISTR 527 and Stapphylococcus aureus strain TISTR 2329 were supplied
by the Microbiological Resource Center, Thailand Institute of Scientific and Technologi-
cal Research (TISTR). Bacteriological-grade beef extract, peptone and agar powder were
purchased from HiMedia Laboratory Co., Ltd. (Maharashtra, India).

2.2. Preparation of Carbon-WC, Carbon-Ag and Carbon-WC-Ag Nanoparticles via SPP

The experimental setup of SPP is shown in Figure 1a. The plasma discharge was
carried out at room temperature and atmospheric pressure by using a bipolar pulsed
power supply (model Pekuris MPS-06K01C-WP1 from Kurita Seisakusho Co., Ltd., Kyoto,
Japan). The plasma discharge was generated between a pair of metal electrodes equipped
in a glass reactor that was filled with palm oil (40 mL). Two types of metal electrodes, i.e.,
tungsten (W) and silver (Ag) electrodes, were used to synthesize carbon-WC and carbon-Ag
nanoparticles, respectively. The metal electrodes were insulated by ceramic tubes. The gap
between the electrodes, voltage, pulse frequency, pulse width and plasma discharge time
were 0.5 mm, 1.64 kV, 15 kHz, 2 µs and 90 min, respectively. Palm oil was used as a carbon
precursor to synthesize carbon via SPP, whereas tungsten carbide nanoparticles (WCNPs)
were generated by sputtering of tungsten electrodes and subsequently combining tungsten
and carbon. For the synthesis of carbon-WC-Ag nanoparticles, AgNO3 solution (10 mL) at
a concentration of 0.02 M was added into palm oil (40 mL) under strong agitation to form
small droplets of AgNO3 solution that dispersed in palm oil while plasma discharge was
taking place. The operating conditions for plasma discharge were the same as those for the
synthesis of carbon-WC and carbon-Ag nanoparticles.
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Figure 1. (a) Schematic diagrams of SPP and formation of AgNPs in a droplet of AgNO3 solution dispersed in palm oil, and
(b) formation of carbon-based nanoparticles, i.e., carbon-WC, carbon-Ag and carbon-WC-Ag nanoparticles, synthesized by
SPP using tungsten (W) and silver (Ag) electrodes.

By applying SPP and using tungsten electrodes, palm oil and AgNO3 solution acted
as carbon and Ag precursors to synthesize carbon-WC-Ag nanoparticles in one step. Based
on the types of electrodes, i.e., tungsten and silver electrodes, there were three types of
synthesized carbon-based nanoparticles, i.e., carbon-tungsten carbide (carbon-WC), carbon-
silver (carbon-Ag) and carbon-tungsten carbide-silver (carbon-WC-Ag) nanoparticles, as
illustrated in Figure 1b. After the plasma discharge, the synthesized carbon-based nanopar-
ticles were collected and separated from palm oil by centrifugation at a rotational speed
of 12,000 rpm for 15 min. Then, the synthesized carbon-based nanoparticles were rinsed
with an excess amount of hexane to remove the residual oil, followed by centrifugation at a
rotational speed of 12,000 rpm for 15 min. The washing process was repeated 3 times. The
synthesized carbon-based nanoparticles were dried in an oven at 60 ◦C for 3 h.
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2.3. Preparation of Neat PLA and PLA Composite Films

For preparation of neat PLA films, a PLA solution at a concentration of 4% (w/v) was
prepared by dissolving PLA pellets of 4 g in chloroform 100 mL, followed by stirring at
60 ◦C for 2 h until PLA pellets were completely dissolved [60]. Then, the PLA solution
was cast on Petri dishes and left at room temperature for 48 h to obtain neat PLA films. For
preparation of PLA composite films, the fillers, i.e., activated charcoal, carbon-WC, carbon-
Ag and carbon-WC-Ag nanoparticles, were dispersed in the PLA solutions, followed by
sonication for 10 min. The filler contents in the PLA composite films were varied to be
0.25, 0.75, 1.23, 1.72 and 2.20 wt%, as shown in Table 1. After this, the PLA solutions
containing each type of filler were cast on Petri dishes and left at room temperature for
48 h to evaporate the solvent, and PLA composite films having a thickness of 95.5 µm
were obtained.

Table 1. The amounts of fillers, PLA and chloroform for the preparation of PLA composite films.

Fillers (g) PLA (g) Chloroform (mL) Filler Content in PLA Composite Films (wt%)

0.01 4.00 100.00 0.25
0.03 4.00 100.00 0.75
0.05 4.00 100.00 1.23
0.07 4.00 100.00 1.72
0.09 4.00 100.00 2.20

2.4. Characterization

The synthesized carbon-based nanoparticles were characterized in comparison with
the commercial activated charcoal. Wide angle X-ray diffraction (WAXD) measurements
were done by using SmartLab (Rigaku Corporation, Tokyo, Japan) with CuKα radiation
(λ = 0.154 nm) operating at 40 kV and 30 mA. The values of degree of crystallinity (χc) of
neat PLA and the PLA composite films were determined according to Equation (1):

χc (%) = [(Ac/(Ac + Aa)] × 100% (1)

Ac represents the area under the total crystalline region and Aa represents the area
under the total amorphous region [61].

Chemical compositions of activated charcoal and the synthesized carbon-based nanopar-
ticles were analyzed by XPS (model Kratos Axis Ultra DLD from Kratos Analytical Co., Ltd.,
Manchester, UK) with an Al Kα X-ray source at 15 kV. Raman spectra of the synthesized
carbon-based nanoparticles were detected by Spectra GX (Perkin Elmer Inc., Waltham, MA,
USA). TEM and FE-SEM images of the synthesized carbon-based nanoparticles were taken
using a JEOL (model JEM-2100 from JEOL Co., Ltd., Tokyo, Japan) and Hitachi (model
s-4800 from Hitachi Co., Ltd., Tokyo, Japan), respectively. The elemental compositions of
activated charcoal and the synthesized carbon-based nanoparticles were determined by
scanning electron microscopy with energy dispersive X-ray (SEM-EDX) (Hitach Co., Ltd.,
Tokyo, Japan).

Surface and cross-sectional morphology of neat PLA and PLA composite films was
observed by FE-SEM (Hitachi s-4800, Japan). All samples were coated with platinum
before measurements. The thermal properties of neat PLA and PLA composite films were
investigated using TGA (model Netzsch 209F3 from Netzsch Co., Ltd., Selb, Germany)
under a nitrogen atmosphere. All samples were heated from 35 ◦C to 900 ◦C at a heating
rate of 10 ◦C/min. The crystallization behavior of neat PLA and PLA composite films was
investigated by differential scanning calorimetry (DSC) (model Netzsch 204F1 Phoenix
from Netzsch Co., Ltd., Selb, Germany) under a nitrogen atmosphere. For all samples,
the first heating scan was performed by heating the samples to 200 ◦C at a heating rate of
10 ◦C/min to eliminate thermal histories. After this, the samples were cooled down to 25 ◦C
at a cooling rate of 10 ◦C/min. The second heating scan was performed by heating the
samples to 200 ◦C at a heating rate of 10 ◦C/min. The glass transition temperature (Tg), the
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cold crystallization temperature (Tcc) and the melting temperature (Tm) were determined
from the second heating scan. Alumina crucible pans (Netzsch Co., Ltd., Selb, Germany)
were used for TGA and DSC measurements. Young’s modulus and tensile strength of neat
PLA and PLA composite films were measured by using a universal testing machine (model
Lloyd LRX from Lloyd Instruments Co., Ltd., West Sussex, UK) according to the ASTM
D882 with a 500-N load cell. Each datum was the average of 5 specimens. Antibacterial
activities of neat PLA, PLA/activated charcoal, PLA/carbon-WC and PLA/carbon-WC-Ag
composite films against Escherichia coli (E. coli) and Staphylococcus aureus (S. aureus) were
investigated by using the colony-forming unit assay according to the modified procedure
of Janpetch et al. 2016 [62]. The bacterial reduction rate (BRR) was calculated according to
Equation (2):

Bacterial reduction rate = [(N1 − N2)/N1] × 100% (2)

where N1 represents the number of colonies from the blank cell suspension and N2 repre-
sents the number of colonies from the cell suspension containing PLA samples.

2.5. Statistical Analysis

The significant differences in the selected parameters were evaluated via analysis
of variance (ANOVA) according to Turkey’s HSD (honestly significant difference) test at
p-value < 0.05 using IBM SPSS Statistics 26 software (SPSS Inc., Chicago, IL, USA).

3. Results and Discussion
3.1. Characterization of Carbon-WC and Carbon-WC-Ag Nanoparticles

According to the previous studies on SPP, active species such as H, C2 and W radicals
were generated during plasma discharge in organic solvents by using tungsten electrodes
due to the dissociation of the molecules of organic solvents and the sputtering of tungsten
electrodes [26,33]. The formation of carbon mainly depended on the interactions of the
generated C2 radicals with each other, resulting in the formation of polycyclic structures.
In this study, the pathways of carbon formation from palm oil by SPP were postulated
to involve the transformation of hydrocarbon moieties of fatty acids existing in palm oil
to cyclic compounds. Subsequently, the cyclic compounds underwent recombination to
form polycyclic structures and eventually converted to a network structure of carbon, as
described in previous studies [33,36].

In addition, tungsten carbide (WC) could be formed during plasma discharge by the
reaction between W and C2 radicals and subsequently embedded in the simultaneously
generated carbon, resulting in the formation of carbon containing tungsten carbide (carbon-
WC). Figure 2a displays the XRD pattern of carbon-WC in comparison with that of activated
charcoal. The characteristic peaks of activated charcoal at 2θ = 23◦ and 43◦ corresponding
to the reflections of the (002) and (100) planes, respectively, indicated an amorphous state
of activated charcoal. From the XRD pattern of carbon-WC, a very broad peak at 2θ = 25◦

suggested the amorphous state of carbon-WC. However, the peaks at 2θ = 36.7◦, 42.6◦,
61.8◦, 74.1◦ and 78.0◦, corresponding to the (111), (200), (220), (311) and (222) planes of
metastable tungsten carbide (WC1−x), were also observed in the XRD pattern of carbon-
WC [33,63]. Furthermore, a peak at 2θ = 38.5◦ corresponding to the (110) plane of tungsten
metal appeared at a very low intensity. This might be explained by the fact that tungsten
metal originated from the erosion of tungsten electrodes during plasma discharge [33,64].
The amount of tungsten metal incorporated into carbon-WC was relatively low due to the
very low intensity of the peak of tungsten metal. Accordingly, carbon-WC synthesized
by SPP in this study was referred to as the synthesized carbon that contained metastable
tungsten carbide and a negligible amount of tungsten metal.
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Figure 2. (a) XRD patterns of carbon-WC and activated charcoal, (b) Raman spectrum of carbon-WC, (c) wide-scan XPS
spectra of carbon-WC and carbon-WC-Ag nanoparticles, and (d) narrow-scan XPS spectra of C 1s of activated charcoal and
(e) carbon-WC-Ag nanoparticles.

In Figure 2b, the Raman spectrum of carbon-WC consists of two peaks at 1350 cm−1

and 1580 cm−1 which correspond to the D band and G band, respectively. The D band is
attributed to the occurrence of defects and disorder in the graphitic structure, whereas the
G band is attributed to the formation of a well-organized graphitic structure. According
to the obtained Raman spectrum, the intensity of the D band was slightly higher than the
intensity of the G band, indicating an amorphous state of carbon-WC.

The wide-scan XPS spectra of carbon-WC and carbon-WC-Ag nanoparticles are shown
in Figure 2c. The peaks of carbon C 1s and oxygen O 1s were detected for carbon-WC
and carbon-WC-Ag nanoparticles, whereas the wide-scan XPS spectrum of carbon-WC-
Ag nanoparticles shows the characteristic peaks of Ag 3d at 368.05 eV and 374.1 eV and
the characteristic peaks of Ag 3p at 572.98 eV and 604.3 eV [20]. The narrow-scan XPS
spectra of activated charcoal and carbon-WC-Ag nanoparticles are shown in Figure 2d,e,
respectively. For activated charcoal, the C 1s spectra consisted of three peaks located at
283.70 eV, 284.00 eV and 285.3 eV, which corresponded to C=C, C-C and C-O, respectively.
For carbon-WC-Ag nanoparticles, the C 1s spectra consisted of four peaks located at
284.64 eV, 285.09 eV, 286.26 eV and 288.59 eV, which corresponded to C=C, C-C, C-O and
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C=O, respectively. The C=O was present in carbon-WC-Ag nanoparticles but was absent in
activated charcoal. It was suggested that carbonyl groups could be incorporated into the
structure of carbon prepared by SPP [27,65].

FE-SEM images of carbon-WC and carbon-WC-Ag nanoparticles are shown in Figure 3a,b,
respectively. It was found that the particle sizes of carbon-WC and carbon-WC-Ag nanopar-
ticles were in the ranges of 10–50 nm and 20–400 nm, respectively. Additionally, the average
particle sizes of carbon-WC and carbon-WC-Ag nanoparticles were 22.60 nm and 129.06 nm,
respectively. The particle size distribution of carbon-WC and carbon-WC-Ag nanoparticles
is shown in Figure S1a,b. Interestingly, the FE-SEM image of carbon-WC-Ag nanoparticles
(Figure 3b) shows spherical nanoparticles with bumpy surfaces. The presence of WC
nanoparticles (WCNPs) in carbon-WC and carbon-WC-Ag nanoparticles was evidenced
by TEM images, as shown in Figure 4b–d. It can be seen that WCNPs with particle sizes
in the range of 2–5 nm were dispersed in amorphous carbon, whereas the TEM image of
activated charcoal (Figure 4a) confirmed the amorphous state of activated charcoal. In
Figure 4c,d, TEM images of carbon-WC-Ag nanoparticles show that AgNPs having particle
sizes in the range of 10–400 nm and an average particle size of 72.74 nm were embedded in
amorphous carbon, where WCNPs also dispersed. The particle size distribution of AgNPs
existing in carbon-WC-Ag nanoparticles is shown in Figure S1c. The results of TEM are in
good agreement with the results of XRD and Raman spectroscopy.
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  Figure 3. FE-SEM images of (a) carbon-WC and (b) carbon-WC-Ag nanoparticles at magnification of
100,000×.
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Figure 4. TEM images of (a) activated charcoal, (b) carbon-WC, (c,d) carbon-WC-Ag nanoparticles at
magnification of 200,000×.
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Furthermore, atomic percentages of each element in activated charcoal, carbon-WC,
carbon-Ag and carbon-WC-Ag nanoparticles were investigated by scanning electron mi-
croscopy with energy dispersive X-ray (SEM-EDX) analysis and the results are shown in
Table 2. The tungsten contents in carbon-WC and carbon-WC-Ag nanoparticles were 3.59%
and 3.81%, respectively, whereas the silver contents in carbon-Ag and carbon-WC-Ag
nanoparticles were 10.81% and 11.20%, respectively.

Table 2. Elemental compositions of activated charcoal, carbon-WC, carbon-Ag and carbon-WC-Ag
nanoparticles (n = 3).

Type of Elements
Atomic Percentage (%) ± SD

Activated Charcoal Carbon-WC Carbon-Ag Carbon-WC-Ag

Carbon (C) 94.42 ± 0.16 91.15 ± 0.46 82.10 ± 1.44 75.35 ± 2.04
Oxygen (O) 5.58 ± 0.16 5.35 ± 0.72 7.08 ± 0.85 9.64 ± 1.60

Tungsten (W) - 3.59 ± 1.07 - 3.81 ± 0.83
Silver (Ag) - - 10.81 ± 1.06 11.20 ± 1.18

3.2. Morphology of Neat PLA and PLA Composite Films

The SEM images of the surface morphology of neat PLA and PLA/carbon-WC-Ag
composite films with different filler contents of 0.25, 0.75, 1.23, 1.72 and 2.20 wt% were taken
(Figure S2). While the neat PLA film (Figure S2a) had a smooth surface, the PLA/carbon-
WC-Ag composite films (Figure S2b–f) had rugged surfaces due to the presence of carbon-
WC-Ag nanoparticles in the composite films. The SEM images of the composite films
indicated that, at the filler contents of 0.25, 0.75 and 1.23 wt% (Figure S2b–d), carbon-WC-
Ag nanoparticles had low aggregation and could maintain random dispersion in the PLA
matrix. However, at the higher filler contents of 1.72 and 2.20 wt% (Figure S2e–f), the
aggregation of carbon-WC-Ag nanoparticles in the PLA matrix was obviously observed.
Accordingly, the PLA/carbon-WC-Ag composite films with the filler content of 1.23 wt%
were used for further studies. In addition, an SEM image of the cross-sectional morphology
of the PLA/carbon-WC-Ag composite film at the filler content of 1.23 wt% was taken
(Figure S3). It is clearly shown that carbon-WC-Ag nanoparticles were embedded in the
PLA matrix and the average film thickness was measured to be 95.5 ± 0.52 µm (n = 3).

3.3. Thermogravimetric Analysis

TGA of neat PLA and PLA composite films, i.e., PLA/activated charcoal, PLA/carbon-
WC, PLA/carbon-Ag and PLA/carbon-WC-Ag, at the filler content of 1.23 wt%, was
performed and the values of the initial degradation temperature (Tint), the 50% weight loss
temperature (T50) and the degradation temperature (Tmax) are listed in Table 3. According
to the TGA results, the Tint of PLA/carbon-WC-Ag composite film was significantly
higher than that of the neat PLA film, indicating the increment of thermal stability of the
PLA/carbon-WC-Ag composite film at the initial state of thermal degradation. This might
be due to the heat capacity of WCNPs and AgNPs, which could absorb heat during the
initial state of thermal degradation. It is known that various types of transition metals and
alkali earth metal oxides favor the thermal decomposition of PLA, leading to a reduction
in the thermal stability of PLA [7,66–68]. Compared with the neat PLA film, a reduction in
T50 and Tmax of PLA/carbon-WC composite films was observed. This result suggested that
the presence of carbon-WC in the composite films could accelerate the thermal degradation
of PLA. On the contrary, only a slight reduction in thermal stability of PLA/carbon-Ag
composite film was observed when compared with the neat PLA film. Similarly, it has been
reported that the presence of silver in the PLA matrix slightly affected the thermal stability
of PLA composites [69,70].
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Table 3. Initial degradation temperature (Tint), 50% weight loss temperature (T50) and degradation
temperature (Tmax) of neat PLA and PLA composite films at a filler content of 1.23 wt%.

Composite Films Tint (◦C) T50 (◦C) Tmax (◦C)

Neat PLA 102.4 a 360.7 a 366.5 a

PLA/activated charcoal 104.9 a 358.9 a,b 364.8 a,b

PLA/carbon-WC 107.1 a 355.8 a 363.3 a

PLA/carbon-Ag 111.0 a 359.5 a,b 365.7 a

PLA/carbon-WC-Ag 112.1 a 357.8 a 364.6 a,b

The superscript letter “a” refers to significant differences among Tint, T50 and Tmax of the PLA composite films
at p-value < 0.05. The superscript letter “b” refers to non-significant difference between T50 of PLA/activated
charcoal and PLA/carbon-Ag and non-significant difference between Tmax of PLA/activated charcoal and
PLA/carbon-WC-Ag at p-value < 0.05.

Considering the T50 and Tmax of PLA/carbon-WC-Ag composite films, the reduction
in the thermal stability of PLA/carbon-WC-Ag composite films was less than that of
PLA/carbon-WC composite films but higher than that of PLA/carbon-Ag composite films.
As mentioned previously, carbon-WC could accelerate the thermal degradation of PLA,
whereas AgNPs slightly affected the thermal stability of the composite films. It might be
implied that the coexistence of AgNPs in carbon-WC-Ag could hinder the effect of WCNPs
on the degradation of PLA upon heating. Nevertheless, the PLA/carbon-WC-Ag composite
films had intrinsic thermal degradation properties. Therefore, the PLA/carbon-WC-Ag
composite film is a potential candidate for use as an environmentally friendly material.

3.4. Differential Scanning Calorimetry

The effect of the incorporation of the fillers, i.e., activated carbon, carbon-WC, carbon-
Ag and carbon-WC-Ag nanoparticles, into PLA on the non-isothermal crystallization
behavior of PLA was investigated by DSC via heating–cooling–heating scans and the
results are shown in Figure 5. The glass transition temperature (Tg), the cold crystallization
temperature (Tcc) and the melting temperature (Tm) of neat PLA and the PLA composite
films are detailed in Table 4. No significant change in the Tg of all the PLA composite films
was observed when compared with the neat PLA film, indicating that the presence of the
synthesized carbon-based nanoparticles, i.e., carbon-WC, carbon-Ag and carbon-WC-Ag,
in PLA matrix did not affect the mobility of PLA chains in amorphous regions [39,71].

  
 . .

 ( )  ( ) ( )
 . . .

/ . . .
/ - . . .
/ - . . .

/ - - . . .

/ -
/ - -

/ -

/ - -
. 

.

-
- - -  -

. 
( ) ) 

.  

Figure 5. DSC thermograms of neat PLA and the PLA composite films at a filler content of 1.23 wt%.
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Table 4. Glass transition temperature (Tg), cold crystallization temperature (Tcc) and melting temper-
ature (Tm) at the second heating scan of neat PLA and the PLA composite films at a filler content of
1.23 wt%.

Composite Films Tg (◦C) Tcc (◦C) Tm (◦C)

Neat PLA 60.1 b 124.8 a 152.0 a

PLA/activated charcoal 59.6 b - 150.7 b

PLA/carbon-WC 59.9 b 118.1 a 150.6 b

PLA/carbon-Ag 59.8 b 123.9 a 150.7 b

PLA/carbon-WC-Ag 59.3 b 117.1 a 150.1 b

The superscript letter “a” refers to significant differences among Tcc of the PLA composite films at p-value < 0.05.
The superscript letter “b” refers to non-significant differences among Tg and Tm of the PLA composite films at
p-value < 0.05.

On the other hand, it was found that the incorporation of carbon-WC, carbon-Ag
and carbon-WC-Ag nanoparticles as fillers in the PLA composite films resulted in shifts
in the Tcc of the PLA composite films to lower temperatures compared with that of the
neat PLA film, indicating the nucleating effect of the fillers. Due to the presence of polar
functional groups such as carbonyl groups and high surface area, the synthesized carbon-
based nanoparticles could interact with PLA and create nucleating sites to initiate the
crystallization of PLA, resulting in an increase in the crystallization of PLA.

The presence of WCNPs and AgNPs in the synthesized carbon-based nanoparticles
affected the nucleation ability of the synthesized carbon-based nanoparticles on the crystal-
lization of PLA. It was found that the cold crystallization peak of PLA/carbon-WC was
sharper and shifted to a lower temperature when compared to that of PLA/carbon-Ag
(Figure 5). The lower Tcc in the second heating scan indicated the faster crystallization
of PLA, which was induced by the added carbon-WC [10]. It might be implied that the
presence of WCNPs in the synthesized carbon-based nanoparticles could promote the
interaction between the synthesized carbon-based nanoparticles and PLA chains and sub-
sequently enhance the nucleation ability of the synthesized carbon-based nanoparticles to
accelerate the crystallization process of PLA.

Moreover, the Tcc of PLA/carbon-WC-Ag was lower than those of PLA/carbon-WC
and PLA/carbon-Ag, suggesting the synergetic effect of the nucleation ability of WCNPs
and AgNPs, accelerating the crystallization process of PLA. The Tm of all the PLA composite
films shifted to lower temperatures when compared with that of the neat PLA film. This
might be due to the transformation of the crystalline structure of PLA to the imperfect
crystal forms during cold crystallization and the imperfect crystal forms could re-melt at a
lower temperature [9,72].

3.5. X-ray Diffraction

Figure 6 shows XRD patterns of neat PLA and the PLA composite films, i.e., PLA/activated
charcoal, PLA/carbon-Ag, PLA/carbon-WC and PLA/carbon-WC-Ag, at the filler content
of 1.23%wt. The XRD pattern of the neat PLA film exhibited a diffraction peak at 2θ = 16.64◦,
which corresponds to the (110)/(200) planes of crystalline PLA [73]. It was found that the
intensity of the diffraction peak at 2θ = 16.64◦ in the XRD pattern of PLA/carbon-WC-
Ag was much higher than those of neat PLA, PLA/activated charcoal, PLA/carbon-Ag
and PLA/carbon-WC. From XRD analysis, it was found that the values of the degree of
crystallinity (χc) of neat PLA, PLA/activated charcoal, PLA/carbon-Ag, PLA/carbon-WC
and PLA/carbon-WC-AgNPs were 1.43%, 1.52%, 2.20%, 5.94% and 14.23%, respectively.
This evidence confirmed that carbon-WC-Ag nanoparticles could lead to an improved
crystalline structure of PLA by the co-nucleation ability of WCNPs and AgNPs coexisting
in carbon-WC-Ag nanoparticles.
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Figure 6. XRD patterns of neat PLA and the PLA composite films at a filler content of 1.23 wt%.

3.6. Mechanical Test

In general, there are two possible factors that can influence the mechanical properties
of PLA. The first is the dispersion of fillers in the PLA matrix and the second is the crys-
tallinity of PLA, which depends largely on the crystallization behavior of PLA [39,74]. In
this study, the Young’s modulus of the neat PLA film was 6.45 GPA. At the filler content
of 1.23 wt%, the values of the Young’s modulus of PLA/activated charcoal, PLA/carbon-
WC, PLA/carbon-Ag and PLA/carbon-WC-Ag composite films were 7.24, 7.74, 7.97 and
8.07 GPa, respectively. These results indicated that the presence of activated charcoal,
carbon-WC, carbon-Ag and carbon-WC-Ag in the PLA matrix led to an increase in the
Young’s modulus of PLA. The increased Young’s modulus was related to the DSC re-
sults showing that the co-nucleation of WCNPs and AgNPs coexisting in carbon-WC-Ag
nanoparticles could accelerate the crystallization process of PLA, resulting in a better
crystalline structure and higher Young’s modulus of PLA/carbon-WC-Ag composite films.

The values of tensile strength of the neat PLA, PLA/activated charcoal, PLA/carbon-
WC, PLA/carbon-Ag and PLA/carbon-WC-Ag composite films were 19.92, 26.75, 21.16,
31.02 and 29.10 MPa, respectively. Due to the presence of some degree of aggregation
of carbon-WC in the PLA matrix, the tensile strength of the PLA/carbon-WC composite
film was not much higher than that of the neat PLA film. However, the incorporation
of 1.23 wt% carbon-WC-Ag nanoparticles into the PLA matrix resulted in an increase in
the tensile strength of PLA/carbon-WC-Ag composite films by 46.08% when compared
with that of the neat PLA film. Since carbon-WC-Ag nanoparticles had bumpy surfaces,
as evidenced by the SEM images, the surface roughness of carbon-WC-Ag nanoparticles
might help to reduce the aggregation of carbon-WC-Ag nanoparticles in the PLA matrix,
leading to a decrease in the stress concentrated point and consequently an increase in
tensile strength [75]. Accordingly, it might be concluded that the incorporation of carbon-
WC-Ag nanoparticles as fillers in the PLA matrix, even at a low filler content of 1.23 wt%,
could significantly improve the Young’s modulus and tensile strength of the resulting
PLA/carbon-WC-Ag composite films.

3.7. Antibacterial Test

Antibacterial activities against E. coli and S. aureus of the neat PLA and the PLA
composite films were evaluated by colony-forming unit assay. The cell suspensions without
the addition of tested samples were used as controls. It was found that the neat PLA
film had no antibacterial activity against E. coli and S. Aureus, whereas the presence of
activated charcoal and carbon-WC in the PLA composite films resulted in negligible
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inhibitory effects on E. coli and S. Aureus. The bacterial reduction rate (BRR) of the PLA
composite film containing 1.23 wt% of carbon-WC-Ag nanoparticles against E. coli and
S. aureus was 61.22% and 52.17%, respectively. It is well-known that AgNPs are used
as a powerful antimicrobial agent. However, the deposition of AgNPs on a supporting
material such as carbon may hinder the diffusion of AgNPs, resulting in lower antimicrobial
activity than the corresponding unbound AgNPs. On the other hand, this may lead to
better biocompatibility [22,76,77] when AgNPs deposited on a supporting material are
incorporated into biomaterials for use in contact with living cells, such as in medical
implants. Accordingly, the PLA/carbon-WC-Ag composites may be further developed for
not only packaging materials but also biomedical applications.

4. Conclusions

Carbon-WC-Ag nanoparticles were simply synthesized in one step with the aid of SPP
by using palm oil containing droplets of AgNO3 solution as carbon and silver precursors,
respectively. Instead of using chemical agents, highly active species generated during
plasma discharge induced the formation of carbon-WC-Ag nanoparticles. The synthesized
carbon-WC-Ag nanoparticles were subsequently examined as multifunctional fillers for the
preparation of PLA composite films fabricated by solution casting. The optimum content
of carbon-WC-Ag nanoparticles in the PLA/carbon-WC-Ag composite film was 1.23 wt%.
Interestingly, WCNPs and AgNPs coexisting in carbon-WC-Ag nanoparticles exhibited a co-
nucleation ability to accelerate the crystallization process of PLA, resulting in an enhanced
crystalline structure of the PLA/carbon-WC-Ag composite films. It was found that the
degree of crystallinity of PLA/carbon-WC-Ag composite films was roughly ten times
higher than that of neat PLA film. Consequently, the Young’s modulus and tensile strength
of the PLA/carbon-WC-Ag composite films could be significantly improved. Moreover,
WCNPs in the PLA composite films might be involved in the enhancement of the thermal
degradation of PLA, leading to an advantage in their degradation. Due to the presence of
AgNPs, the PLA/carbon-WC-Ag composite films exhibited antibacterial activities against
E. coli and S. aureus. The evidence in this study indicates that SPP is a powerful tool for the
synthesis of multicomponent nanoparticles. Moreover, multicomponent nanoparticles such
as carbon-WC-Ag nanoparticles are useful as multifunctional fillers for the development of
PLA composites aimed at packaging and biomaterial applications.
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Abstract: In-situ iodine (I2)-doped atmospheric pressure (AP) plasma polymerization is proposed,
based on a newly designed AP plasma reactor with a single wire electrode that enables low-voltage-
driven plasma polymerization. The proposed AP plasma reactor can proceed plasma polymerization
at low voltage levels, thereby enabling an effective in-situ I2 doping process by maintaining a stable
glow discharge state even if the applied voltage increases due to the use of a discharge gas containing
a large amount of monomer vapors and doping materials. The results of field-emission scanning
electron microscopy (FE-SEM) and Fourier transformation infrared spectroscopy (FT-IR) show that
the polyaniline (PANI) films are successfully deposited on the silicon (Si) substrates, and that the
crosslinking pattern of the synthesized nanoparticles is predominantly vertically aligned. In addition,
the in-situ I2-doped PANI film fabricated by the proposed AP plasma reactor exhibits excellent
electrical resistance without electrical aging behavior. The developed AP plasma reactor proposed in
this study is more advantageous for the polymerization and in-situ I2 doping of conductive polymer
films than the existing AP plasma reactor with a dielectric barrier.

Keywords: polyaniline (PANI); conductive polymer; plasma polymerization; aniline; atmospheric
pressure plasma reactor (AP plasma reactor); in-situ iodine (I2) doping

1. Introduction

Plasma polymerization is a methodology for synthesizing polymeric composites with
high crosslinking density from reactive monomer vapors generated via gaseous or solution
plasma processes [1–7]. In particular, atmospheric pressure (AP) plasma polymerization
primarily uses a non-thermal glow discharge to synthesize highly crosslinked polymer
films from the various radicals and reactive species generated from the discharge gas,
monomer vapor, or atmosphere [8–14]. In synthesizing conjugated polymers, the AP
plasma polymerization method has several important advantages, such as a simple one-step
synthesis process, an eco-friendly polymerization process that does not produce chemical
waste, a dry process that uses a small amount of monomer, and a room temperature process
with low-power consumption. In recent years, the present research group has reported
effective AP plasma polymerization methods using a proposed atmospheric pressure
plasma jet (APPJ) array structure with a guide tube and bluff body [15–21]. Using this APPJ
array reactor, various conjugated polymer films of polyaniline (PANI), polythiophene (PTh),
and polypyrrole (PPy), as well as a co-polymer composite film of PANI and PPy, were
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successfully synthesized [15–17,21]. Among various conjugated polymers, polyaniline
(PANI) is attracting great attention due to its good electrical conductivity and environmental
stability [22–24]. In particular, the electrical properties of PANI can be reversibly controlled
by altering the oxidation state of the main chain through protonating the amine nitrogen
chain [25,26]. Several studies are being conducted on attempts to use these properties as
electrodes and electrochromic materials for displays or electronic devices [27–29], and as
an active layer for gas/bio-sensors [30–32].

In the development of an electrically conductive polymer film, it is important not
only to synthesize the conjugated polymer film, but also to impart the film with electrical
properties. A widely-used approach to making the conjugated polymer film conductive
is that of doping with iodine (I2) as an electron acceptor (proton donor) [33–36]. When
I2 is used as a dopant, the electrons in the double bonds of the conjugated polymer
backbone are transferred to the iodine, leaving the units of the polymer chain positively
charged, thus resulting in an imbalanced electron arrangement that makes the polymer
film conductive [37]. In particular, due to the advantages of low cost and process simplicity,
many studies have described the ex-situ I2 doping process in which the doping step is
performed after the synthesis of the polymer film [38–41]. However, this approach still
has the major drawback that the corresponding electrical resistance is initially quite high
and continues to increase with time. By contrast, in-situ I2 doping is an in-line processing
method that is highly suitable for plasma polymerization in which nucleation reaction and
crosslinking occur in the gas phase. Nevertheless, in sharp contrast to the many studies on
the use of in-situ doping in the vacuum plasma process [42–44], there are only a few studies
related to the use of in-situ doping in atmospheric pressure plasma polymerization. This is
because the discharge becomes unstable due to dopant injection, which adversely affects
plasma polymerization steps such as the fragmentation, recombination, and nucleation
of monomers.

Recently, the present research group introduced an in-situ I2 doping method in which
a flow of monomer vapor was supplied and I2 was sublimated simultaneously during
AP plasma polymerization in order to fabricate polymer films with good conducting
properties [17]. Moreover, the in-situ I2-doped conjugated polymer films exhibit much
better electrical conductivity than those produced by ex-situ I2 doping, making them very
promising materials for both research and industry, with potential applications as the
conductive layer in emerging display technologies, gas sensors, molecular electronics,
and optoelectronics. Detailed studies of the in-situ doping process involving a systematic
experimental approach were therefore required in order to further improve the electrical
conductivity of the resulting conjugated polymer films by maximizing the in-situ I2 doping
effect. In the previous study, however, the inevitable increase in discharge voltage and
plasma instability due to an increase in the sublimated I2 content of the Ar gas meant
that the injection of sublimated I2 could only be determined at flow rates of less than
30 sccm [17]. Nevertheless, an increase in the concentration of sublimated I2 is necessary in
order to enhance the conductivity of the polymer films via functionalization. Therefore, it
is necessary to develop a low-voltage-driven AP plasma reactor capable of maintaining a
stable glow discharge even when the applied voltage increases due to the use of a large
amount of sublimated I2.

Hence, the present paper describes the use of a newly developed AP plasma reactor
driven at a low applied voltage via a bare wire electrode exposed to the plasma generating
space. Aniline vapor is injected into the Ar glow plasma and sublimated I2 is co-injected
to synthesize the in-situ I2-doped PANI film. The discharge characteristics of the newly
developed AP plasma reactor are investigated via digital photography, intensified charge
coupled device (ICCD) imaging, voltage/current/light-emission waveform analysis, and
optical emission spectroscopy. The characteristics of the resulting PANI thin film are
also investigated via field-emission scanning electron microscopy (FE-SEM) and Fourier
transform infrared spectroscopy (FT-IR). Finally, the PANI film is deposited onto an inter-
digitated electrode (IDE) substrate via the in-situ doping technique, and then the electrical

300



Polymers 2021, 13, 418

resistance is measured using a two-probe method in order to determine the suitability of
the obtained film for use as the detecting layer in a gas sensor.

2. Materials and Methods
2.1. Preparation of the AP Plasma Reactor Device

For the efficient fabrication of plasma polymerized films, a new AP plasma reactor
was developed that spatially separates the gas emission and the voltage application regions.
As shown in Figure 1a, the reactor consists of the following four components: (i) a narrow
glass tube, (ii) a wide glass tube, (iii) a polytetrafluoroethylene (PTFE) stand, and (iv) a
tungsten wire electrode. The tungsten wire electrode is covered with a glass capillary, with
just the 2 mm tip of the wire remaining completely exposed for plasma generation [45].
The wire tip is positioned away from the edge of the wide tube and points towards the
center at an angle of approximately 50◦. Thus, the exposed tip is aligned with the center of
both the narrow tube and the PFTE stand, as shown in Figure 1b. It is well known that the
exposed sharp tip of a wire electrode will locally enhance the electric field to significantly
reduce the breakdown voltage [46]. In the newly designed AP plasma reactor, the discharge
breakdown voltage provided a peak voltage of 2.8 kV, and the driving voltage was adjusted
to a peak value of 5 kV for stable glow plasma during plasma polymerization. Thus, the
new AP plasma reactor design makes it possible to simultaneously increase the amounts of
monomer vapor and sublimated I2 while maintaining a stable plasma state.

 

(a) (b) 

Figure 1. The new atmospheric pressure (AP) plasma reactor design: (a) photographic image with the main components
labeled, and (b) a schematic diagram of the in-situ iodine (I2)-doped plasma polymerization procedure. Abbreviations:
PFTE: polytetrafluoroethylene.

The linear gas velocity in a cylindrical tube is inversely proportional to the square
of the radius (half the inner diameter) of the cross-sectional area [47]. Thus, when the
discharge gas flows from the narrow tube (ID = 6.8 mm) to the wide tube (ID = 34 mm), the
5-fold increase in diameter leads to a 25-fold decrease in the linear gas velocity. This allows
the discharge gas to remain inside the gas emission region of the wide tube for a longer
time (Figure 1b). Meanwhile, the PTFE stand functions both as a support for the substrate
and as a barrier against which the gas flow emerging from the narrow tube collides [15–18].
Thus, the gas flow becomes evenly distributed in the center of the wide tube and is retained
in the polymerization reaction region for a longer time.
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2.2. Entire Assembled System for AP Plasma Polymerization

A schematic diagram of the fully-assembled system used in the present study for
in-situ I2 doping AP plasma polymerization is presented in Figure 2. The system consisted
of the gas supply part, the plasma polymerization part, and the power supply part. Argon
(Ar) gas (HP grade with purity of 99.999%) was employed for the in-situ I2-doped AP
plasma polymerization, and the gas feed line was divided into two for independent control
of the Ar gas flow rates for the aniline vapor and sublimated I2 supplies. Liquid aniline
monomer (MW = 93 g·mol−1, Sigma–Aldrich Co., St. Louis, MO, USA) was connected to
one of the gas feed lines using a glass bubbler, and was vaporized by Ar gas at a flow rate
of 500 standard cubic centimeters per minute (sccm). For the in-situ I2 doping, a 50 mL
glass bottle containing 3 g of iodine pellets (Daejung Chemical & Materials Corp., Siheung,
South Korea) was connected to the other gas feed line, and Ar gas was supplied at a flow
rate of 500 sccm. Thus, the aniline vapor and sublimated I2 molecules were simultaneously
introduced into the AP plasma reactor via the Ar gas flow. For AP polymerization in the
absence of in-situ I2 doping, the iodine bottle was simply removed from the system (red
dashed area in Figure 2). An inverter type driving circuit was used to amplify the low
primary voltage to a high secondary voltage. In the present study, a sinusoidal voltage
with a peak value of 5 kV and a frequency of 30 kHz was applied to the AP plasma reactor.
The experimental conditions for the AP plasma polymerization, including the in-situ I2
doping process, are summarized in Table 1.

∙ −

 

Figure 2. Schematic diagram of the fully-assembled system for the in-situ I2-doped AP plasma polymerization procedure.

2.3. Characterization of the AP Plasma during Plasma Polymerization

During AP plasma polymerization, the electrical characteristics of the generated
plasma were monitored by displaying the voltage and current waveforms on a digital
oscilloscope (WaveRunner 64Xi, Teledyne LeCroy Inc., Chestnut Ridge, NY, USA) using
a high voltage (HV) probe (P6015A, Tektronix Inc., Beaverton, OR, USA) and a current
monitor (4100, Pearson Electronics Inc., Palo Alto, CA, USA), respectively. The discharge
current was obtained by subtracting the current waveform obtained when the plasma was
turned off by stopping the Ar gas supply from the current waveform that was measured
when the plasma was turned on.
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Table 1. Experimental conditions for AP plasma polymerization with in-situ I2 doping.

Experimental Conditions AP Plasma Reactor

Device Configuration

Electrode type Single electrode
Electrode material Tungsten wire

Inner diameter of narrow glass tube 6.8 mm
Inner diameter of wide glass tube 34 mm

Substrate stand material
Polytetrafluoroethylene

(PTFE)
Diameter of substrate stand 30 mm

Driving Conditions

Driving type AC
Voltage waveform Sinusoidal

Plasma initiation voltage 2.8 kV
Plasma driving voltage 5 kV

Driving frequency 30 kHz

Gas Conditions

Gas type Ar
Gas purity HP grade (99.999%)

Flow rate for aniline monomer vapor 500 sccm
Flow rate for sublimated iodine 500 sccm

The wavelength-unresolved optical emission of the generated plasma was observed
with a photo-sensor amplifier (C6386-01, Hamamatsu Corp., Hamamatsu, Japan). An
infrared (IR) filter with a 1 mm slit was placed in the front of the optical fiber of the photo-
sensor amplifier to detect optical emission from the Ar discharge and avoid any unwanted
light signals from the environment. Thus, the optical emission waveform covering a
wavelength range of 720–1100 nm was plotted on the digital oscilloscope.

The diagnostic use of optical emission spectroscopy (OES) for light-emitting regions
allows a better understanding of highly complex phenomena such as high-pressure plasma,
dusty plasma, and solution plasma [48–50]. A fiber optic spectrometer (USB-2000+, Ocean
Optics Inc., Dunedin, FL, USA) was employed to identify a variety of reactive species
generated by the glow plasma during the AP plasma polymerization process.

Photographs of the AP plasma reactor and the IDE substrates were acquired using a
digital single lens reflex (DSLR) camera (D5300, Nikon Corp., Tokyo, Japan) with a Macro
1:1 lens (Tamron SP AF 90 mm F2.8 Di, Tamron Co., Ltd., Saitama, Japan) and an ICCD
camera (PI-MAX II, Princeton Instruments Inc., Trenton, NJ, USA) was used in the shutter
mode to identify the spatial behavior of the glow plasma.

2.4. Characterization of the PANI Films

The surface and cross-sectional morphology of the PANI films was monitored via
field-emission scanning electron microscopy (FE-SEM; SU8220, Hitachi High-Technologies,
Tokyo, Japan) with accelerated electrons at a voltage of 3 kV and a current of 10 mA. Prior to
measurement, the PANI films were coated with conductive platinum to avoid any surface
charging problems.

The chemical molecular structures of the PANI films were detected by Fourier trans-
formation infrared spectroscopy (FT-IR; Vertex 70, Bruker Corp., Ettlingen, Germany) at
the Korea Basic Science Institute (KBSI; Daegu). The FT-IR spectra were measured by
averaging 128 scans at a wavenumber resolution of 0.6 cm−1 in the range of 650–4000 cm−1

using the attenuated total reflection (ATR) mode.
The electrical resistances of the in-situ I2-doped PANI films deposited on Si substrates

with interdigitated electrodes (IDEs) were measured at room temperature by a two-probe
method using an electrometer (Fluke 179, Fluke Corp., Everett, WA, USA).
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3. Results and Discussion
3.1. Optical and Electrical Properties of Plasmas Generated by the AP Plasma Reactor

In the typical APPJ configuration, the discharge gas flows through a tube and a high
voltage is applied to an electrode connected to the tube for electrical breakdown [51–55].
The newly developed AP plasma reactor is based on this configuration and consists of
the four components described in Section 2.1. Photographic and ICCD images of the
plasma generated inside the AP plasma reactor during the AP polymerization process
are presented in Figure 3a. Here, the glow discharge initiated around the exposed tip of
the wire electrode is seen to be evenly dispersed in the absence of a counter electrode,
thus enabling the synthesis of a homogeneous polymer film. Moreover, the complete
separation of the gas emission and polymerization reaction regions allowed the plasma
polymerization to proceed close to the substrate (Figure 1b), thus enabling the effective
synthesis of the I2-doped polymer film.

 

 

(a) (b) 

 

 

(c) 

Figure 3. Optical and electrical properties of glow plasmas during in-situ I2-doped AP plasma polymerization: (a)
photograph and intensified charge coupled device (ICCD) image inside the AP plasma reactor, (b) temporal behaviors of
applied voltage, discharge current, and optical emission of generated glow plasma, and (c) emission spectra measured in
the polymerization reaction region with and without the in-situ I2 doping technique.
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The temporal behaviors of the applied voltage, discharge current, and optical emission
of the generated plasma are shown in Figure 3b. Because the sinusoidal voltage waveform
is not distorted by electrical discharge, the voltage waveform before and after the glow
discharge does not change at all. The current waveform consists of two components: the
displacement current and the discharge current. Since the amplitude of the displacement
current in the sinusoidal form is large and predominant, even if the discharge current
component is added during the glow discharge, the current waveform changes only
slightly. Therefore, the discharge current waveform is extracted and plotted as shown
in the middle graph of Figure 3b to examine the current characteristics during electrical
discharge. The discharge current waveform is seen to be sustained for a period of time,
with the discharges occurring continuously during both the rising and falling periods of
the voltage waveform, due to the exposed wire electrode tip. In addition, the intensity of
the optical emissions in the plasma polymerizing area is seen to be higher when the slope
of the voltage waveform is rising than when the latter is falling, and the same behavior
is observed during the three voltage cycles shown in Figure 3b, thus indicating a stable
discharge. This is the typical discharge behavior for a plasma generated using a single
powered electrode device.

The reactive species generated by the newly designed AP plasma reactor are revealed
by the OES spectra obtained during plasma polymerization with or without in-situ I2 dop-
ing (Figure 3c). Thus, when the plasma polymerization and I2 doping process proceeded
simultaneously, the reactive iodine species are seen to have absorbed several positive ions
(e.g., H2O+, H3O+, O2

+, and O+(H2O)) from the atmosphere [56], leading to a remarkable
increase in the peak intensity for the OH radical at 308 nm compared to that observed in the
absence of in-situ I2 doping. This clearly demonstrates that the in-situ I2 doping influences
the plasma state which, in turn, is responsible for the nucleation of the aniline monomer
during the AP plasma polymerization. Moreover, this observation is in agreement with
our previous report, which first introduced the in-situ I2 doping method in AP plasma
polymerization [17].

3.2. The AP Plasma Polymerized Aniline Film

Using this AP plasma polymerization system, the in-situ I2-doped PANI films are
deposited on the silicon (Si) substrate for 60 min. The surface and cross-sectional mor-
phologies of the in-situ I2-doped PANI films are indicated at various magnifications by the
FE-SEM images in Figure 4. Thus, the low-magnification surface view image in Figure 4a
reveals the uniform distribution of the irregular crosslinking pattern over the surface of
the PANI film. In addition, the high-magnification images in Figure 4b,c indicate that
this growth pattern consists of irregularly crosslinked nanoparticles with a porous net-
work. Meanwhile, the cross-sectional FE-SEM images provide information on the film
growth, indicating that the crosslinked nanoparticles are predominantly aligned in the
vertical direction rather than the horizontal direction (Figure 4d,e). This vertically aligned
crosslinking pattern indicates that when the AP plasma polymerization process proceeds
at a low voltage, the reactive monomer species have insufficient energy to make very
many irregular crosslinks with each other. Consequently, the reactive monomer species are
crosslinked in the order in which they reach the substrate from the plasma polymerization
space, thus forming the vertical crosslinking pattern. The low magnification cross-sectional
image indicates that the crosslinked PANI film is porous and rough, but the thickness is
highly consistent, thus revealing the homogenous film growth (Figure 4d). This image
also reveals the good adhesion of the synthesized polymer film to the Si substrate. The
high-magnification cross-sectional images also reveal the coral reef-like bumpy shapes of
the crosslinked nanoparticles, with several protruding branches (Figure 4e,f). After 60 min
of AP plasma polymerization, the thickness of the PANI film deposited on the Si substrate
was approximately 12 µm (Figure 4e).
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Figure 4. Field-emission scanning electron microscopy (FE-SEM) characterization of the polyaniline (PANI) films deposited
on silicon (Si) substrates via the newly designed AP plasma polymerization process: (a–c) surface views, and (d–f) cross-
sectional views.

The FT-IR characteristics of the PANI films deposited on Si substrates using the
proposed AP plasma reactor system with and without in-situ I2 doping are presented in
Figure 5. Here, both spectra exhibit the characteristic peaks of the PANI polymer structures
at 3365, 2959, 2844, 1601, 1501, 1313, 1250, and 763 cm−1. The FT-IR peak assignments
of the PANI film, deposited using the proposed AP plasma reactor system, are given
in Table 2. Thus, the peaks at 1501 and 1601 cm−1 are attributed to the benzenoid and
quinoid ring stretching vibrations, respectively. The peak at 763 cm−1 is ascribed to the
C-H out-of-plane deformation from the aromatic ring, and the bands at 1250 and 1313 cm−1

are ascribed to the C-N stretching vibration [57]. Moreover, the peaks at 2888 cm−1 and
2959 cm−1 are attributed to the aliphatic of C-H stretching within the polymer chains, and
the peak at 3365 cm−1 is ascribed to the N-H stretching vibration [41,58,59]. Notably, the
peaks corresponding to the conjugated bonds (1250, 2844, 2959, and 3365 cm−1) exhibit
higher intensities in the spectrum of the in-situ doped PANI film than those of the film
that was deposited without doping, thus indicating that the degree of polymerization was
improved by doping. In particular, a remarkable increase in the intensity of the C-N bond
absorption peak (1250 cm−1) is observed for the in-situ I2-doped PANI film, thus reflecting
the relationship between the C-N bonds and the electrical conductivity of the PANI polymer
film. Specifically, the C-N bond is closely related to the electrical conductivity for the proton
acid, which is preferred to the N of the quinone ring [60,61].

3.3. The In-Situ Iodine Doped PANI Film

The in-situ I2 doping process allows iodine (I2), iodide (I−), and polyiodides (I3
− and

I5
−) to directly participate in the formation of charge carriers during plasma polymerization

and become evenly distributed throughout the PANI film layer. These reactive iodine
species can easily absorb various positively charged species such as N2

+, N2H+, H2O+,
H3O+, O2

+, O+(H2O) [56], thus enhancing the electrical properties of the PANI film by
injecting proton donors that serve as charge carriers. To examine the suitability of the active
layer for applications in future display and gas sensor technologies, the electrical resistance
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of the in-situ I2-doped PANI film was examined for long term changes under normal
storage conditions and the ambient atmosphere. First, the PANI film on a Si substrate
was supplied with IDEs, as shown in Figure 6. The IDEs were made of gold and had an
interdigitated comb-like two-electrode structure with 20 pairs of microelectrodes. The
width of each microelectrode was 10.8 µm and the spacing between microelectrodes was
2.54 µm (Figure 6a). The porous crosslinking pattern that was observed in the above
FE-SEM analysis resulted in diffuse reflection of visible light, giving the in-situ I2-doped
PANI film a non-glossy, beige colored appearance (Figure 6b).

 

−

− −

−

μ μ

Figure 5. The Fourier transformation infrared spectroscopy (FT-IR) spectra of the PANI films de-
posited on Si substrates using the newly designed AP plasma reactor with and without in-situ
I2 doping.

Table 2. The FT-IR absorption peaks and corresponding molecular structures for the in-situ I2-doped
PANI films deposited using the newly designed AP-plasma reactor system.

Wavenumber/cm−1 Vibration Mode

763 C-H out of plane bending
1250 C-N bending
1313 C-N stretching
1501 C=C stretching vibrations of the benzenoid
1601 C=C stretching vibrations of quinoid rings
2844 C-H asymmetric stretching
2959 C-H asymmetric stretching
3365 N-H stretching

The resistance of the in-situ I2-doped PANI film during 2 weeks of continuous mea-
surement is shown in Figure 7. Here, the initial resistance is seen to be 3.2 kΩ, and the
subsequent changes fall into three phases. In Phase I, the resistance rapidly increases to
9 kΩ over a period of 12 h. This is followed by a gradual increase to 12.5 kΩ over a period
of 60 h (Phase II). From day 3 onwards (Phase III), the resistance of the PANI film has
become saturated at 12.5 kΩ ± 7% and no further changes are observed during storage
under ambient conditions for a total of 2 weeks.
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Figure 6. (a) Gold interdigitated electrode (IDE) patterns on Si substrate (b) PANI film on IDE substrate for electrical
resistance measurement.

 

Figure 7. Changes in electrical resistance of in-situ I2-doped PANI film on IDE substrate.

Because the doping and polymerization processes occur simultaneously, the in-situ
doping method effectively reduces the possibility of oxidation upon subsequent exposure
to the atmosphere by forming charge transfer complexes inside the polymer film. Never-
theless, polymer oxidation cannot be completely avoided under the ambient atmosphere,
as residual reactive species that formed C-I bonds in the polymer networks may react with
atmospheric oxygen [17]. Hence, oxidation of the fabricated PANI film inevitably occurred
during exposure to the atmosphere after AP plasma polymerization, thus leading to the
resistance changes shown in Figure 7. The experimental results confirmed that it took
3 days for the resistance to stabilize. Nevertheless, the electrical resistance stabilized at a
low value of 12.5 kΩ and remained unchanged thereafter.

Consequently, the newly proposed AP plasma polymerization method, capable of
synthesizing the PANI thin film with excellent electrical conductivity, is expected to help
overcome the limitations of the conventional plasma polymerization system. The conduc-
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tive polymer film obtained by generating glow discharge using a single electrode structure
without a counter electrode indicates that the polymer films can be stably deposited onto
not only Si substrates, but also glass and flexible plastic substrates. The polymer layers
deposited through this one-step synthesis technique can provide a unique advantage as
a conductive layer based on a variety of nanomaterials/structures for future gas/bio-
sensor, display technology, plasma thrusters, molecular electronics, optoelectronics and
bio-nanotechnology applications.

4. Conclusions

In this study, a newly designed AP plasma reactor was described, in which a bare wire
electrode exposed to the discharge area enabled the AP plasma polymerization process
to occur at a low voltage. Thus, during the fabrication of an in-situ I2-doped PANI film,
both the aniline monomer and iodine molecules could be vaporized at a much higher Ar
gas flowrate than previously reported, while maintaining a stable glow discharge and suc-
cessfully performing the plasma polymerization and in-situ doping process. The chemical
composition and structure of the resulting PANI were confirmed by FT-IR spectroscopy
and FE-SEM imaging, while electrical resistance measurements confirmed that the film
had excellent electrical conductivity without electrical aging behavior. The detailed exam-
ination of the newly fabricated PANI film is expected to provide key clues to overcome
the performance limitations of the PANI films polymerized by the conventional APPJ
array with dielectric barriers. It is also anticipated that the new PANI films grown at
room temperature using the proposed AP plasma reactor can offer versatile advantages as
electrodes and active layers for future displays and polymer gas sensors. Moreover, PANI
films without electrical aging behavior will become increasingly promising for detecting
layers for specific molecular species, including various gaseous molecules, ethanol, acetone,
and bio-molecules such as glucose, DNA and viruses.
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Abstract: In this work, the authors present the possibility of modification of polymer membranes by
TiO2 + AgO coating created by the magnetron sputtering method. The two-component TiO2 + AgO
coating can improve and shape new functional properties such as bactericidal and photocatalytic
properties. The influence of magnetron power changes on the structure of the membrane was
investigated as well. The structure and elemental composition of TiO2 + AgO coatings were analyzed
using SEM and EDS technique. All deposited coatings caused a total inhibition of the growth of
two investigated colonies of Escherichia coli and Bacillus subtilis on the surface. The photocatalytic
properties for membranes covered with oxide coatings were tested under UV irradiation and visible
light. The filtration result show that polymer membranes covered with two-component TiO2 + AgO
coatings have a permeate flux similar to the non-coated membranes.

Keywords: polyamide membranes; surface modification; magnetron sputtering; TiO2 + AgO coat-
ings; low-pressure plasma; plasma treatment

1. Introduction

Microfiltration (MF) processes conducted with polymer membranes play an increas-
ingly important role in many areas of the industry [1,2]. Due to their advantages, such as
simplicity and application flexibility, these techniques are used in a variety of technological
processes. However, membrane filtration processes also have disadvantages. The speci-
ficity of this process creates good conditions for the formation and deposition of biofilm
on the active surfaces of membranes (biofouling). This requires membranes to be cleaned
or replaced more frequently leading to a reduction in filtration efficiency and an increase
in filtration costs [3–5]. Membranes made from polymers in many cases can be easily
exposed to biofouling [6]. Microbial biofilm can form in both cases: living or non-living
surfaces and are prevalent in natural, industrial and hospital settings [7]. The deposition of
components from the feed solution and the growth of bacteria on the surface and inside
the pores of the membrane causes malfunctions of devices or the increase in material and
energy consumption [8,9].

Previous results evidenced an efficient modification of polymeric membrane surface
by magnetron sputtering of metal oxide coatings that have the potential to prevent biofilm
growth on the surface of the membranes [10,11]. This technology enables the production
of thin coatings on the surface of the membrane providing various functional properties,
which can improve the efficiency of membrane filtration and reduce the operating costs.
The most extensively studied new material solutions (including membranes) concern
hydrophilic and self-cleaning properties, which are based on metal oxides e.g., TiO2 [12–14].
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These coating are non-toxic and characterized by high thermal and chemical stability and
resistance to unfavorable environmental factors. Photocatalytic properties also determine
the wide area of application for TiO2 as a self-cleaning coatings enabling the degradation
of organic and inorganic compounds. In addition, these types of coating are characterized
by a low water contact angle [15]. Nevertheless, the TiO2 coating itself shows bactericidal
activity only in the presence of UV radiation [16,17]. The state of the art shows that doping
the TiO2 coating with various metals, such as Cu, Zn, Cr or Ag, can contribute to the
improvement of its functional properties [18–21]. As observed in our previous work,
the best solution is to dope titanium oxide (TiO2) with silver oxide (AgO), mainly due
to the strong bactericidal activity of this material. The work carried out by the authors
showed, that by using AgO coating for the modification of polymer membranes resulted in
a 100% reduction of bacteria on its surface [11]. Moreover, it has been proved that the Ag
doping expands the light absorption of TiO2 in the visible light region [22–24]. It should
contribute to the improvement of the efficiency of the degradation of organic and inorganic
compounds on the membrane surface.

The study investigated how changes in the technological parameters of the TiO2 +
AgO coating deposition process influence the antibacterial effect as well as the structure
and filtration efficiency of membranes. The application of magnetron sputtering technology
is an innovative method, which generates functional thin films on the surface of the mem-
brane. Herein, the authors have shown the possibility of using the magnetron sputtering
technique to deposit of TiO2 + AgO coatings on the surface of polymer microfiltration
membranes in order to obtain antibacterial and photocatalytic properties. The influence
of magnetron power changes on the structure of the membrane was also investigated.
Structure and morphology of native and modified membranes were characterized. The
bactericidal and photocatalytic properties of modified membranes, while retaining their
filtration properties were confirmed as well.

2. Materials and Methods
2.1. Coatings Deposition

The TiO2 + AgO coatings were deposited by reactive magnetron co-sputtering tech-
nology (MS-PVD) using a Standard 3 device produced by Ł-ITeE (Radom, Poland). The
device was equipped with a two magnetron plasma sources located on the same wall in the
chamber. Titanium and silver targets were used at the same time of the deposition process.
The purity of both targets was 99.99%. The targets diameter was about 100 mm and the
distance between the sample and the targets was 200 mm. The coatings were deposited
with a reactive gas atmosphere composed of a mixture of 10% oxygen (99.9999% purity)
and 90% argon (99.9999% purity). The TiO2 + AgO coatings were prepared without the
negative potential substrate polarization. The power of Ti magnetron source was variable
in the range 650–1000 W. The power of Ag magnetron source was variable in the range
2580 W. The time of the MS-PVD process was 30 s.

2.2. Structure and Elemental Composition Characterization

The Hitachi Su-8000 scanning electron microscope (SEM; Tokyo, Japan) equipped
with an electron gun with cold field emission was using for structure characterization of
prepared coatings. The very good resolution with a relatively low beam current in this
type of electron source is beneficial for observing materials sensitive to the electron beam,
such as the analyzed membranes. The secondary electron signal (SE) was used for material
observation but there was not deposited a conductive layer on the sample. The elemental
composition of the tested material was determined by the EDX method.

2.3. Bactericidal Properties

Antibacterial properties of membranes modified with TiO2 + AgO were examined
for microorganisms that were representative of Gram-negative (Escherichia coli) and Gram-
positive (Bacillus subtilis) bacteria. Before microbiological tests, the membranes were
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sterilized with a UV-C lamp for t = 30 min. Microbiological tests were carried out using a
vacuum filtration kit. An inoculum of the used bacteria was prepared in a saline buffer
(KH2PO4, Chempur) from a 24-hour culture at a concentration of 1.5–3.0 * 105 CFU/cm3.
The obtained suspension was further diluted using the serial dilution method to achieve a
countable number of colonies on the membranes. From the prepared dilutions, 0.04 cm3

(for Escherichia coli) and 0.1 cm3 (for Bacillus subtilis) of the suspension were taken and
transferred to a sterile 1000 cm3 phosphate buffer. Then 10 cm3 of such prepared suspension,
which was prepared in this way was filtered through the membranes under a pressure of
500 mbar using vacuum filtration kit. The membranes were placed on the plates containing
Luria Bertani (LB, VWR) growth medium and incubated at 37 ◦C for 24 h. After this time,
the bacterial colonies that had grown on the membranes were counted. The reference
sample in the research was the unmodified membrane. Results of antibacterial activity of
the membranes were expressed as the percentage (%) reduction in the colony (CFU) counts.

2.4. Photocatalytic Properties

Photocatalytic properties of the membranes were evaluated on the degree of methylene
blue degradation (0.1% v/v, Science Company) under the UV and visible light. Polyamide
membranes unmodified and modified with two-component TiO2 + AgO coatings were
placed in Petri dishes. A 20 cm3 volume was applied to their surface. Both UV-A lamp and
daylight were used to study the effect of the type of UV radiation on the photocatalytic
properties. After 8, 24, 48 and 72 h of UV and visible light irradiation, spectrophotometric
measurements were made at 665 nm using a Hach DR 6000 spectrophotometer (Hach
Company, Loveland, CO, USA). The tests were repeated three times for each tested sample.
In order to investigate the effect of doping TiO2 coatings with AgO on the photocatalytic
properties in visible light, one-component coatings were also tested according to the
same methodology.

2.5. Filtration Properties

The permeate flux was determined by measuring the time required to filter deion-
ized water (100 cm3) through the membrane (8 cm2) under defined transmembrane pres-
sure (500 mbar). The deionized water was characterized by the conductivity and pH of
5.3 µS/cm and 6.5, respectively. For this purpose, the laboratory “dead-end” filtration
set-up was used. The filtration properties of the membranes were evaluated based on the
permeate flux (Equation (1)).

A “dead-end” vacuum system, operating at a pressure of 0.5 bar, was used to deter-
mine the permeate flux. The permeate flux (Jp) was calculated from the time (t) taken to
filter 100 cm3 (Vp) of deionized water through a membrane with an area of 8 cm2 (A) in
accordance with Equation (1).

JP =
Vp

A·t (1)

3. Results and Discussion
3.1. Structure and Elemental Composition Characterization

The SEM images of the membranes coated with TiO2 + AgO were prepared for a
different power of the magnetron source (PM-Ag = 25 W, 50 W and 80 W, PM-Ti = 650 W
and 1000 W) used for modification were shown in Figures 1 and 2. The SEM analysis
of the structure of membrane with TiO2 + AgO coatings showed the comparison of the
differences to non-coated membrane presented in Figure 3.
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Figure 1. SEM images of the membranes with TiO2 + AgO coatings deposited at the different
magnetron powers PM (a) PM-Ag = 80 W, PM-Ti = 1000 W, t = 30 s, (b) PM-Ag = 50 W, PM-Ti = 1000 W,
t = 30 s, (c) PMAg = 25 W, PM-Ti = 1000 W, t = 30 s.

The SEM analysis showed that the structure of the membrane’s surface changed
depending on the magnetron power. In the case of coatings created with the magnetron
power PMTi = 1000 W (Figure 1), the multiple bright AgO particles smaller than 100 nm were
observed in their structure. The proportion of these particles decreased as the power PM-Ag
of the magnetron decreased. In the case of coatings created with smaller magnetron power
PM-Ti = 650 W (Figure 2), much fewer light particles were observed on the surface. The
particles were localized mainly inside the pores, as presented in Figure 3. The correlation
between the magnetron power and the number of AgO particles on the membrane surface
has remained unclear.

The elemental composition analysis included the assessment of the magnetron power
effect on the percentage content for individual metallic elements in the elemental composi-
tion of the coating. The obtained results showed, that the TiO2 + AgO coatings (Figure 4)
created at the higher magnetron power PMTi = 1000 W were characterized by a higher con-
tent of Ti compared to the coatings deposited at the power of PM-Ti = 650 W. The increase
of the magnetron power PM-Ag resulted in the increase of Ag content in the elemental
composition of the tested coatings.

316



Polymers 2021, 13, 141

2021, , x FOR PEER REVIEW 5 of 13 
 

 

Figure 2. SEM images of the membranes with TiO2 + AgO coatings deposited at the different
magnetron powers PM (a) PM-Ag = 80 W, PM-Ti = 650 W, t = 30 s, (b) PM-Ag = 50 W, PM-Ti = 650 W,
t = 30 s, (c) PMAg = 25 W, PM-Ti = 650 W, t = 30 s.
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Figure 3. SEM images of the non-coated membranes: (a) magnification 10,000×, (b) magnification
18,000×.
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Figure 4. Elemental composition of TiO2 + AgO coatings deposited at different magnetron powers.

3.2. Antibacterial Properties

The antibacterial activity of membranes modified by TiO2 + AgO coatings was speci-
fied against two representative bacteria such as Escherichia coli (E.coli) and Bacillus subtilis
(B.subtilis), respectively. The coatings generated with the following power of magnetron
source (PM-Ag = 25 W, 50 W and 80 W, PMTi = 650 W and 1000 W) lead to the complete
growth inhibition of the colonies of E.coli and B.subtilis on the membranes which is shown
in Figure 5. Both bacteria showed no growth on the agar plates after incubation.
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Figure 5. 3D microscope images of TiO2 + AgO coated membranes after filtration of bacterial suspensions: (a) TiO2 + AgO
modified membranes (PM-Ag = 25 W, 50 W and 80 W; PM-Ti = 650 W); (b) TiO2 + AgO modified membranes (PM-Ag = 25 W,
50 W and 80 W; PM-Ti = 1000 W).
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These results were similar to those obtained in the previous study, where the AgO
coated membranes with different power of magnetron source caused total growth inhibition
of E. coli and B. subtilis [11]. The results of reduction (%) in CFU counts are presented
in Figure 6. For each TiO2 + AgO modified membranes the antibacterial activity of the
membrane amounted to 100% compared to the no-coated membrane.
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Figure 6. Reduction [%] CFU counts of Escherichia coli and Bacillus subtilis on no-coated membrane and membranes covered
with TiO2 + AgO coating deposited during 30 s at different magnetron powers PM-Ti and PM-Ag.

The obtained results may be associated with the elemental composition of the coatings,
which created with MS-PVD technique. The deposited coatings on the polymer membrane
were in the form of a solid titanium oxide matrix where Ag/AgO nanoparticles were
embedded, (Figures 2 and 3). The bactericidal properties of the TiO2 + AgO composite
coating were probably related to the presence of silver/silver oxide (Ag/AgO) nanoparti-
cles in this coatings. Research by Thukkaram et al. confirmed that the enrichment of the
titanium oxide coating with silver nanoparticles increases the antimicrobial activity against
Gram-positive and Gram-negative bacteria [25]. Navabpour et al. proved that TiO2 + AgO
coatings formed by using the reactive magnetron sputtering have stronger bactericidal
properties than TiO2 coatings produced in the same ways [26]. The strong bactericidal
properties of silver/silver oxide (Ag/AgO) nanoparticles were confirmed in many stud-
ies [27–29]. Silver and silver oxide nanoparticles have an affinity for functional groups
included in cellular proteins and nucleic acids. The binding silver ions in the cytoplasmic
membrane of the bacterial cell cause their accumulation and its destabilization and increase
in membrane permeability. As a consequence, this leads to the uncontrolled transport
of protons and depolarization of cell membrane, and death of microorganisms [30]. The
antibacterial activity of silver and silver oxide nanoparticles can be associated with free
radicals, which they generated. The free radicals cause oxidative stress in bacterial cells.
Li et al. compared the relationship between the antimicrobial activity of nanoparticles of
various metal oxides and oxidative stress. The viability of E.coli cells in solutions of metal
oxide nanoparticles under the influence of UV radiation was reduced [31].

3.3. Photocatalytic Properties

The membranes with two-component coatings were subjected to photocatalytic tests.
The results obtained for TiO2 + AgO coatings after irradiation with a UV lamp and daylight
are presented in Figures 7 and 8, respectively.

319



Polymers 2021, 13, 1412021, , x FOR PEER REVIEW 9 of 13 
 

Figure 7. Reduction of the MB dye under the influence of UV-A light.
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Figure 8. Reduction of the MB dye under the influence of visible light.

As shown in Figure 7 the membranes with TiO2 + AgO coatings deposited with the
magnetron power PM-Ti = 1000 W showed better photocatalytic properties after irradiation
UV lamp than the coatings deposited with the magnetron power PM-Ti = 650 W (Figure 7).
For all types of coatings with PM-Ti = 1000 W over 90% reduction of the dye was achieved
after 72 h. The literature and own research data show that titanium oxide is a substantial
photocatalytic factor in UV light [32,33]. The doping of the coatings with silver oxide (AgO)
for bactericidal and photocatalytic properties in visible light does not negatively influence
photocatalytic properties under UV light.

The highest degree of dye reduction was achieved for membranes with magnetron
power 1000 W Ti/50 W Ag and coatings with magnetron power 650 W Ti/25 W Ag (35 and
28% respectively) can be observed when two-component coatings are exposed to daylight.
The achieved degree of dye reduction was much lower than that of UV irradiation. This is
due to the fact that both TiO2 and AgO do not have photocatalytic properties in visible light.
Normally, with light irradiation UV for titanium oxide, an electron from the valence band
can be promoted to the conduction band, leaving an electron. This deficiency is known as
a hole in the valence band and is causing an excess of negative charge in the conduction
band. These generated species can participate in surface redox reactions and generate
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secondary reactive oxygen species. However, the excited reactive electron is unstable, and
it can return to the valence band, to be stable again, provoking recombination. Studies
revealed, that doping of silver improves the photocatalytic activity of TiO2 inducing an
efficient surface plasmon resonance effect under sunlight. That prevents the recombination
of e−-h+ pairs, which is responsible for the decreasing process of the photocatalytic activity
of TiO2 [34–38]. In order to assess the effect of doping titanium oxide coating with silver
oxide, additional experiments were conducted in visible light for one-component coatings.
The results are presented in Figure 9.
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Figure 9. Reduction of the MB dye under the influence of visible light.

The obtained results showed that the tested one-component TiO2 coating and AgO
coatings have lower photocatalytic activity and yielded an approx. 10% reduction of the
dye after 72 h. Doping the titanium oxide coating with silver oxide caused an even more
than threefold increase in the photocatalytic properties of these membranes. The catalytic
properties of such prepared membranes are influenced by many factors, including the
quantity and size of the silver particles [35,36], which was confirmed during this study. In
the case of the tested two-component coatings, the highest dye reduction was obtained for
coatings with a silver content between 50 and 60% (Figure 2). The decomposition of MB
dye in visible light was not as intense for the coating with the highest Ag content (90% for
1000 W Ti/80 W Ag coatings) or the lowest one (about 15% for 650 W Ti/50 W Ag and
650 W Ti/80 W coatings).

3.4. Filtration Properties and Stability of the Coatings

The results of the filtration and transport properties analysis for polymer membranes
coated with two-component TiO2 + AgO coatings showed an inconsiderable decrease in
the permeate flux compared to the native membrane (Figures 10 and 11). The highest
(27%) decrease in the permeate flux compared to the native membrane was recorded
(Figure 10) in the case of the membrane with the coating deposited at the magnetron
powers PM-Ti = 650 W and PM-Ag = 80 W. Reducing the power of the PM-Ag magnetron
resulted in an improvement of the permeate flux. After increasing the magnetron power to
PM-Ti = 1000 W, a significant improvement in the filtration properties was observed. The
permeate flux was comparable to the non-coated membrane (Figure 11) for the membrane
with the coating deposited at the magnetron powers PM-Ag = 25 W and PMAg = 50 W.
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Figure 10. Effect of the PM-Ag magnetron power on the permeate flux of membranes covered with TiO2 + AgO coatings
deposited at a constant power PM-Ti = 650 W.
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Figure 11. Effect of the PM-Ag magnetron power on the permeate flux of membranes covered with TiO2 + AgO coatings
deposited at a constant power PM-Ti = 1000 W.

The increasing of the magnetron power PM-Ti caused the increase of the proportion of
hydrophilic TiO2 [15] in the coating structure and it can improve the hydrophilic properties
of the whole coating, and consequently also the membrane surface. As a consequence,
the filtration performance of the membrane will be most likely improved. The opposite
situation was observed when the power PM-Ag was increased. It caused an increase in
the proportion of hydrophobic AgO in the coating structure. This can lead to a reduction
in the hydrophilic properties of the membrane surface, which results in a decrease in its
filtration properties.

4. Conclusions

In this study, the importance of an interdisciplinary approach was highlighted towards
novel trends in the development of materials based on polymer membranes. Using the
MS-PVD method can provide new functional properties for polymeric membranes. In the
article, the different magnetron powers of Ti and Ag were used to create two-component
coatings with new, common properties. Based on the surface analysis of the membrane the
presence of AgO nanoparticles were observed. The size of these particles was smaller than
100 nm for magnetron power PM-Ti = 1000 W. Research has shown that the magnetron power
has effects on the percentage content for individual metallic elemental composition. The
presence of AgO nanoparticles was related to the island nature of the AgO coating grown
on a polymer substrate [11]. The antibacterial properties of TiO2 + AgO coatings were
determined for the two following bacteria: Escherichia coli and Bacillus subtilis. The TiO2
+ AgO coatings deposited at different magnetron powers resulted in complete reduction
of growth of two representative bacteria. It was related to the presence of Ag/AgO
nanoparticles in the coating structure, which exhibits strong antibacterial properties. All the
tested membranes with TiO2 + AgO coatings indicated very good photocatalytic properties
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when irradiated with UV. The doping of TiO2 coating with AgO led to an increase in
photocatalytic properties in visible light compared to the one-component coating on the
polymeric membranes. At the same time, the authors reported no negative influence of the
coating on the filtration properties of the membrane. In the case of the membrane with the
TiO2 + AgO coating deposited on the membrane at the magnetron powers, PM-Ti = 1000 W
the permeate flux was similar to the no-coated membrane. The achieved results are very
promising for polymeric material science, giving a prospect for potential application of
thin film TiO2 + AgO coatings onto the surface of polyamide membranes.
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Abstract: A review of the most significant scientific achievements in the field of surface modification of
polyamides by non-equilibrium plasma treatments is presented. Most authors employed atmospheric
pressure discharges and reported improved wettability. The super-hydrophilic surface finish was
only achieved using a low-pressure plasma reactor and prolonged treatment time, enabling both
the nanostructuring and functionalization with polar functional groups. The average increase
of the oxygen concentration as probed by XPS was about 10 at%, while the changes in nitrogen
concentrations were marginal in almost all cases. The final static water contact angle decreased with
the increasing treatment time, and the oxygen concentration decreased with the increasing discharge
power. The need for plasma characterization for the interpretation of experimental results is stressed.

Keywords: polyamide; gaseous plasma; water contact angle; XPS

1. Introduction

Polyamides (PA) are thermoplastics of good thermal stability, high melting point, excellent
durability and mechanical properties, and low permeability for oxygen. They are used as engineering
plastics in the automotive industry, electrical industry and electronics, packaging, and synthesizing
ropes, textiles and membranes. Polyamide is among the most promising materials for vehicle weight
reduction by replacing metal parts in the automotive industry due to the ease of mass production and
molding. The high demand from the automotive industry is currently the primary driving force of
the global polyamide market. Despite its good dyeability, the printability or ability to adhere to other
materials is limited due to the relatively poor wettability. Similar to most other polymers, the static
contact angle of a water droplet is somehow below 90◦ for flat surfaces, therefore, the polar coatings do
not adhere sufficiently. The surface properties should be altered to ensure better wettability. A typical
method for improving the wettability of polymers is the treatment with non-equilibrium gaseous
plasma. A product made from or containing polyamide is exposed to reactive gaseous particles and
radiation from gaseous plasma. Depending on discharge parameters, the plasma contains various
reactive gaseous species, as well as radiation in a broad range from visible to deep ultraviolet (UV)
range. Furthermore, the polymer is also subject to bombardment with positively charged ions of
kinetic energy from a few eV to several 100 or even 1000 eV, depending on the type of discharge
used for sustaining gaseous plasma. The reactive species interact chemically with the surface of the
polymer. The bombardment with ions adds to the intensity of chemical reactions, and the UV radiation
causes bond scission on the surface and the sub-surface layer. The surface finish obtained upon the
plasma treatment is the consequence of all these effects. Different authors reported plasma treatments
using various experimental setups, and the results scatter significantly. This paper aims to review
recent advances in the plasma treatment of polyamides, drawing correlations between the treatment
parameters and surface finish, as well as the identification of future research that should be performed
to achieve the desired surface finish in a highly predictable and repeatable manner.
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2. Literature Survey

The surface modification of polymers is usually studied using smooth and flat samples.
Such samples are useful due to the peculiarities of the most common technique for monitoring
the evolution of surface functional groups—X-ray photoelectron spectroscopy (XPS). Namely, the XPS
spectra are best interpreted if acquired from smooth surfaces. Mandolfino et al. [1] performed
systematic research on the plasma activation of PA6 and PA6.6 using a low-pressure gaseous plasma.
The plasma reactor was powered with a radiofrequency (RF) supply of adjustable powers up to about
200 W. The treatment was performed with a plasma sustained in air, argon, oxygen, and a mixture
of 50% argon and 50% oxygen. Samples of polymer sheets were carefully cleaned with acetone to
remove any organic surface contaminants before the plasma treatments. The initial water contact
angles (WCAs) of pre-treated samples were 51◦ and 49◦ for PA6.6 and PA6, respectively. The plasma
exposure time was varied up to 10 min. The evolution of the WCA versus plasma treatment time
was studied in detail using air plasma. In the case of PA6 and discharge power of 50 W, the samples
assumed a WCA of just about 20◦ after 1 min of plasma treatment. The prolonged treatment did not
have any effect on the water contact angle. When the discharge power was 150 W, the WCA dropped
to 32◦ after 10 s of plasma treatment and remained at about 23◦ up to 3 min. Then, the WCA started
to decrease further until a super-hydrophilic surface finish was observed after 10 min. When the
authors used 200 W, no plateau was observed on the curve, but the super-hydrophilic finish occurred
even at 1 min of plasma treatment. The super-hydrophilic finish is usually explained by a combined
effect of functionalization with polar functional groups and rich morphology on the sub-micrometer
scale. The behavior of the WCA for different discharge powers, as reported by Mandolfino et al. [1],
is explained by the extensive etching of PA6 at elevated powers. The treatment of smooth polymer
surfaces with a low-pressure plasma often causes the formation of periodical structures on the surface,
which has been explained by several different mechanisms [2–7]. The super-hydrophilic surface finish
occurs within relatively narrow limits of experimental conditions [8]. Therefore, it is not surprising
that the paper by Mandolfino et al. [1] is the only report on the super-hydrophilic surface finish of PA6.

Similar results were reported by Mandolfino et al. [1] for PA6.6, except that the initial
functionalization was a bit more rapid than in the case of PA6. Adhesion of a bi-component acrylic
adhesive was studied versus the discharge power and treatment times. Even a brief treatment by
gaseous plasma caused a significant increase in the shear strength. Although the WCA for PA6 treated
with plasma at 50 W for 10 s remained reasonably intact, the shear strength increased by a factor of 3.
Longer treatment times caused even better adhesion of the glue. The best results in terms of shear
strength were observed for moderate discharge powers and treatment times; two opposite effects often
explain such a maximum in the shear strength versus the treatment parameters. The first one is an
increase in surface wettability (functional groups and morphology) with increasing plasma treatment
intensity. The second one is a decrease in wettability due to the thermal effects. Namely, the increased
discharge power or treatment time (or both) causes heating of the polymer sample and thus rapid loss
of the surface functional groups. The heating rate depends on the polymer materials’ roughness and
becomes large already at low discharge powers when a polymer is in the form of a powder [9].

Interestingly, the best shear strength at given experimental conditions was always observed for air
plasma treatment, although the WCA was relatively moderate compared to other gases. For example,
the WCA of PA6 treated with argon plasma at 150 W for 180 s was as low as 3◦. At the same treatment
time and air as the working gas, the WCA was still 21◦.

A low-pressure plasma reactor was also used for the pre-treatment of PA6 discs to increase the
adhesion properties [10]. The plasma was sustained in argon at the pressure of 40 Pa. The PA6
discs were washed in an ultrasonic bath with ethanol for 10 min, then dried thoroughly at 80 ◦C for
one day. The authors did not reveal the plasma treatment time, but the WCA dropped from 64 to
31◦. The XPS showed a small increase in both oxygen and nitrogen concentrations on the surface of
the plasma-treated discs, and the peel strength remained practically intact. The plasma treatment,
however, was found beneficial for the adhesion of a silane coupling agent, which assured excellent
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joints between the PA6 and rubber discs. Namely, the peel strength increased from about 6 up to
80 N/cm. The adhesion mechanism and the reactions with the coupling agent are elaborated in [10].
The papers by Mandolfino et al. [1] and Sang et al. [10] are the only scientific documents on the
application of low-pressure plasma reactors. Although the configurations vary, both groups applied
the plasma reactors shown schematically in Figure 1. The energetic particles are concentrated next to
the powered electrode, and the entire volume of the reactor is filled with a rather uniform diffusing
plasma. The samples are placed away from the powered electrode to prevent overheating.

Figure 1. Schematic of the plasma reactor useful for the treatment of polyamide materials with a
low-pressure gaseous plasma.

Due to the more straightforward configuration, atmospheric pressure plasmas are more popular
for treating polyamide foils or textiles than the low-pressure ones. A recent review of such methods
for treating packaging materials was prepared by Tyuftin and Kerry [11]. Various research groups
have performed detailed studies. Hanusova et al. [12] used two atmospheric pressure plasma sources:
A coplanar dielectric barrier discharge (DBD) and a corona discharge with air as the processing
gas. The investigated foils were made of PA12. No pre-treatment of the foils was reported by
Hanusova et al. [12]. The WCA of an untreated PA12 was 63◦. Both plasma treatments caused a
significant decrease in the WCA. The difference between the two plasma treatments was relatively
marginal, and the WCA of about 30◦ was obtained already after 5 s of plasma treatment in both cases.
XPS was used to detect the evolution of the surface composition. The samples were probed after 5,
10, and 15 s of plasma treatment. The oxygen concentration, as determined by XPS on the surface of
virgin PA12, was 28 at%. The DBD discharge enabled an increase in the O concentration to 38 at%
for 5 s, 36 at% for 10 s, and 40 at% for 15 s of plasma treatment. Interestingly, as revealed from WCA,
the wettability did not follow the evolution of the oxygen concentration. A somehow better correlation
between the concentration of oxygen on the surface of the PA12 film and the WCA was observed
for the corona treatment. In this case, the oxygen concentration remained practically unchanged for
all treatment times, the same as the WCA. The concentration of nitrogen was also probed by XPS.
It was found to be about 3 at% for the untreated material and increased to 4 at% for the case of DBD
treatment, and 5 at% for the corona discharge treatment. The hydrophobic recovery was also studied
in detail both by WCA and XPS. The WCA started increasing soon after the plasma treatment and
reached a value of roughly 50◦ after a few days. Interestingly, the oxygen concentration after 1 day of
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aging dropped below the value of the untreated material, although the WCA revealed that a moderate
hydrophilicity persisted. The oxygen concentration for the PA12 foil treated by the DBD plasma, on the
other hand, remained fairly intact for the first few days of aging and persisted at 33 at% even after
14 days.

A similar diffuse coplanar DBD plasma sustained in the air was also used by Károly et al. [13].
The authors used PA6 foil to study adhesion properties using commercial glues. The polymer surface
was first polished with a silicon carbide abrasive paper under wet conditions, followed by dry polishing.
The final pre-treatment was performed with distilled water and ethanol. The DBD plasma was powered
with a 15 kHz AC supply with a peak-to-peak voltage of approximately 20 kV and the plasma treatment
time of 30 s was adopted. The adhesion between the plasma-treated polymer and other substrates
was measured for the acrylic-based, two-component glue, and epoxy adhesive. The WCA of the
pre-treated PA6 was 70◦. A half-minute plasma treatment caused a drop to 28◦, while a WCA of 21◦

was observed after 180 s of treatment. The initial oxygen concentration probed by XPS was about 13 at%
and increased to 23 at% after 1 min of plasma treatment. The adhesive shear strength depended on the
type of glue rather than on the surface finish. For example, the shear strength remained practically
unchanged for glue type Loctite 406, but increased by a factor of two for Loctite 330.

A somehow different variety of DBD discharges in the random filamentary mode and sustained
in the air was applied by Borcia et al. [14]. The discharge was powered at a frequency of 80 kHz and
peak-to-peak voltage of about 15 kV. Several types of polyamide foils were probed. No pre-treatment
of the foils was reported by Borcia et al. [14]. The original WCAs were 69, 80, and 102◦ for PA6, PA6.6,
and PA12, respectively. The treatment time was varied between 0.1 and 5 s. Even a 0.1 s plasma
treatment caused the WCA to decrease to 34, 48, and 67◦ for PA6, PA6.6, and PA12, respectively.
The prolonged treatment time was beneficial, since the WCA decreased monotonously with the
increasing treatment time. As probed by XPS, the concentration of oxygen increased monotonously
with the increasing treatment time, but the exact behavior was different from the wettability investigated
by WCA. Therefore, the results of Borcia et al. [14] indicate an extremely rapid functionalization of
polyamide films using the DBD plasma, which consists of numerous stochastic plasma filaments.

The same authors also employed helium in order to treat polymeric foils with gaseous plasma.
Commercial foils of PA6 were pre-treated to remove low molecular weight oligomers by rinsing in
propanol for 10 min at room temperature, followed by vacuum drying [15]. In this paper, they used
the discharge frequency of 13.5 kHz and peak-to-peak voltage of 28 kV. Helium was introduced into an
inner electrode gap, therefore, a plasma plume expanded between the powered and grounded electrode.
Despite using pure helium, the authors observed a significant increase in oxygen concentration as
probed by XPS. The oxygen concentration of untreated samples was about 14 at% and increased to
about 24 at% for both 10 and 30 s treatments. Fascinating, the oxygen concentration decreased to only
20 at% for the treatment time of 1 min. The wettability was expressed in terms of the adhesion work,
which was about 100 mJ/m2. Almost irrespective of the plasma treatment duration, the adhesion work
increased to about 136 mJ/m2 for the plasma-treated samples. However, differences were observed
in the hydrophobic recovery. Borcia et al. [15] clearly showed that the hydrophobic recovery, in this
particular case, was much more pronounced when polyamide foils were functionalized by short
plasma treatments.

Either classical or coplanar dielectric barrier discharges (DBD) were used to treat PA materials
at an atmospheric pressure. Unlike the low-pressure configuration where a rather uniform plasma
occupies a large volume, as shown in Figure 1, the DBD produces temporally and spatially constrained
streamers. The schematic of the experimental setups useful for the treatment of PA samples at an
atmospheric pressure is shown in Figure 2. Numerous streamers (localized dense plasma of short
duration) spread from the electrodes and influence the surface finish of polymer materials. The sample
is placed between the electrodes (usually plane-parallel) in the classical mode, whereas in the coplanar
mode the sample is above the plasma streamers.
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Figure 2. Schematic of atmospheric pressure dielectric barrier discharge in a classical (a) and
coplanar (b) mode.

Gao et al. studied the behavior of PA6 films using atmospheric pressure plasma treatments.
The specimens were soaked in acetone for 10 min and then dried in a desiccator for 24 h at room
temperature to remove finishes and surface contamination. In one paper [16], they used helium
discharge with oxygen admixture. The plasma was powered with a radiofrequency generator at the
frequency of 13.56 MHz, therefore, the plasma was in a continuous mode. The plasma treatment time
was 4 s. Pure helium and helium with 1 or 2% oxygen admixture were used as working gases. The initial
WCA of the as-received PA6 foil was 76◦, and it decreased slightly for the case of the treatment with
pure helium and more intensively for the case of oxygen addition. Moreover, the morphology of
the film changed with the increasing addition of oxygen into the gas mixture. The original oxygen
and nitrogen concentrations, as probed by XPS, were 15 and 8 at%, respectively. Even the treatment
with pure helium plasma caused a significant increase of both oxygen and nitrogen concentrations in
the surface film. The nitrogen concentration increased by more than 5 at%, representing one of the
highest reported increase among all cited authors. An addition of 1% of oxygen into the gas mixture
resulted in a nitrogen concentration of 10 at%, therefore, it increased slightly compared to the untreated
samples. In contrast, the further addition of oxygen caused a weaker functionalization with nitrogen,
but the concentration remained higher than for the untreated sample. An intriguing behavior was also
observed for the oxygen concentration in the surface film. Namely, pure helium plasma caused the
O concentration of 26 at%. An admixture of 1% oxygen resulted in 33 at%, while in the case of 2%
oxygen admixture to helium plasma, it was 36 at%. The authors also measured the weight loss of the
films, which they ascribed to the plasma treatment. Even the pure helium plasma treatment caused a
measurable loss of weight, and the loss increased with the increasing oxygen concentration. The peel
strength was also measured versus plasma treatment time. In this case, the treatment times were up to
180 s. The original peel strength was 1.7 N/cm, and it increased for all gases, but the best results were
observed after the prolonged treatment with helium and 2% oxygen admixture plasma, where the peel
strength was the largest at the value of 3.8 N/cm.

Gao [17] also reported the plasma treatment of PA6 films using the same plasma source as in [16]
and a plasma treatment time of 30 s. The etching rate, in this case, was expressed in nm/s and the value
was about 1.85 for pure helium plasma and 2.65 for a mixture of helium with 1% of oxygen. In this
case, the peel strength of an untreated material was 1.8 N/cm. Half a minute treatment with helium
plasma resulted in the peel strength of about 2.25 N/cm, while the strength was 2.5 N/cm for the case of
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helium plasma with 1% oxygen admixture. The reported results on the peel strength in [17] are almost
the same as in [16]. The same applies to the chemical composition, as revealed by XPS.

The influence of moisture upon treatment of PA6 films with helium plasma with 1% oxygen at an
atmospheric pressure using the same device as in [16,17] was published as in [18]. The etching rate was
found as high as 8 nm/s in the case of 9% relative humidity in plasma sustained at the power of 80 W.
The same discharge parameters with a relative humidity of 1.6% only resulted in the etching rate of
approximately 5 nm/s. The discharge power was the crucial parameter for etching, as the reported rate
at the power of 40 W was as low as about 0.5 nm/s, for the case of low relative humidity. The WCAs
were also determined after the treatment time of 3 min. The hydrophilicity slightly increased for all
treatment parameters. However, the best results with the WCA of 40◦ were observed for the case of high
relative humidity and high discharge power. Similar, if not identical results, were also published in [19].

Moreover, Gao et al. [20] used a mixture of helium and CF4 to treat PA6 films using the same
experimental setup as in [16–19]. In this case, the etching rate depended significantly on the plasma
treatment time. The reported etching rates are 3.0, 2.6, and 1.9 nm/s for the treatment times of 30, 60,
and 90 s, respectively. The WCA dropped from the original 76◦ to about 27◦ for half a minute of the
plasma treatment, but the prolonged treatment caused an increase of the WCA. At the treatment time
of 90 s, the WCA was already about 100◦. As the treatment time increased, the surface morphology
developed as well. The average roughness, as deduced from AFM imaging, was 12 nm for the
untreated material and as large as 36 nm for the material treated in the He/CF4 plasma for 90 s. Fluorine
was observed by XPS on the surface of the plasma-treated samples. The fluorine concentration was
marginal for the treatment time of 30 s, but increased to approximately 10 at% for the treatment time of
90 s. Noteworthy, both oxygen and nitrogen concentrations, as revealed from the XPS survey spectra,
were larger for plasma-treated samples than for the untreated sample. An interesting behavior was
also reported for the peel strength.

Pappas et al. [21] treated both PA6 films and fibers using an atmospheric pressure glow discharge
operating at the frequency of 90 kHz. Helium was used to ignite the discharge and nitrogen, or acetylene
was added further on. The operating power was 850 W. The WCA on an untreated material was
76◦, and it decreased to 58◦ upon treatment with the N2/He plasma for 10 s. A rather interesting
behavior of the WCA versus the treatment time is revealed in this paper and aging was also tackled.
The slowest hydrophobic recovery was observed for PA6 foils treated for the most extended treatment
time. The WCA increased to 55◦ after 1 month of aging at ambient conditions for the case of the 10 s
plasma treatment. The same material treated by the plasma for 0.6 s only assumed the WCA of 65◦

after 1 month of aging. The WCA was still lower than for the original samples.
Polyamide 12 films were also treated by gaseous plasma sustained at an atmospheric pressure

using a microwave (MW) plasma source [22]. The dense plasma was sustained within a discharge
cavity using surface waves, and a plasma plume also expanded outside the cavity due to the continuous
supply of argon. Different admixtures of oxygen and nitrogen were used to facilitate chemical reactions
between the plasma jet and polymer samples. The treatment time was between 25 ms and 1 s.
Although no pre-treatment was reported by Hnilica et al. [22], the WCA of untreated samples was
about 80◦. Even the shortest treatment time caused a decrease of the WCA to about 28◦, while a further
treatment resulted in a slightly lower contact angle. For example, at 1 s, the WCA was about 22◦.
Hnilica also provided lateral profiles and the diameter of the affected area was about 1 cm. The interface
between the affected and original surface wettability was rather sharp. The oxygen concentration,
as probed by XPS, marginally increased after 25 ms of plasma treatment. However, 1 s of plasma
treatment caused the oxygen concentration to increase to 31 at% for a sample treated with argon,
34 at% for the treatment with argon mixed with 2% oxygen, and 36 at% for the treatment with argon
mixed with 2% nitrogen. The concentration of nitrogen did not change significantly depending on the
type of gas or the treatment time. The results presented by Hnilica, therefore, reveal extremely fast
hydrophilization of PA12. The treatment times well below a second are very useful for industrial-scale
modification of surface wettability, especially when the treatment is performed continuously.
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The surface properties of polyamides can also be tailored using energetic ions. A useful device
was applied by Kalácska et al. [23]. Samples of extruded PA6 of disc shape were polished with a silicon
carbide abrasive paper and subsequently cleaned in an ultrasonic bath in distilled water and ethanol.
The final stage of pre-treatment was drying in pure nitrogen at an atmospheric pressure. Samples were
immersed into a high vacuum chamber, where the plasma was generated by a 27.13 MHz RF generator
in relatively pure nitrogen. The estimated discharge power was 150 W, and the working pressure
was 0.4 Pa. Samples were placed on the additionally biased electrode with the voltage of −30 kV and
treated at conditions where the achieved fluence was 3 × 1013 ions/m2. The oxygen concentration in
the surface film increased by 24 at%, while the nitrogen content increased by 13 at% upon the nitrogen
ion treatment. The WCA decreased from the original 60◦ down to 36◦. The friction coefficient of the
treated samples was fairly low at the beginning. Under dry sliding, the increased surface energy
caused increased adhesion, associated with forming a transfer layer on the steel disc. A decreased
friction was observed upon the run-out type lubrication test, explained by the increased oil retention
on the treated surface.

PA66 foils were also treated by the atmospheric pressure DBD air plasma by Kuzminova et al. [24]
using a semi-continuous mode. The power supply operated at the frequency of 22.5 kHz and discharge
power of 30 W. The configuration was very similar to that adopted by Karoly et al. [13]. The treatment
time ranged from 0.5 s to 0.5 min. The roughness, as determined by AFM, remained quite unchanged
for the treatment time up to 15 s and increased significantly with the prolonged treatment times.
The surface composition, as probed by XPS, was reasonably close to theoretical (C:O:N = 70:15:15) for
untreated samples. Even 0.5 s of plasma treatment caused an increase of the oxygen concentration to
22 at%. The oxygen concentration increased rather monotonically with the increasing treatment time
and reached 33 at% after half-a-minute of plasma treatment. The nitrogen concentration also increased
with the increasing treatment time but only for a couple of at%. High-resolution XPS C1s peaks revealed
a gradual increase of the carboxyl groups on the PA66 samples. The WCA dropped from the original
64◦ to about 30◦ even for the first 0.5 s treatment. With the increasing treatment time, it slowly decreased
until about 25◦ was observed after half a minute of plasma treatment. The dispersive component of
the surface energy remained practically unchanged during the plasma treatment. However, the polar
component jumped to about 27 mJ/m2 even for the shortest treatment time, indicating swift surface
activation upon treatment by the DBD plasma. Hydrophobic recovery was marginal during the first
100 h. Optical, thermal, and mechanical properties remained practically intact, irrespective of the
plasma treatment time.

Plasma treatments were also found useful for the modification of polyamide fibers, textiles,
or membranes. The improved dyeing ability of PA66 fabrics was reported by Oliveira et al. [25].
Fabrics with a warp density of 42 threads/cm, weft density of 30 threads/cm, and mass per surface
area of 95 g/m2 were pre-washed with a 1 g/L of non-ionic detergent solution at 30 ◦C for 30 min
and then rinsed in water for another 15 min. A commercial DBD plasma reactor was powered with
a 10 kV source operating at 40 kHz. The fabric was treated in a continuous mode at the velocity of
4 m/min using 1 kW of discharge power. The corresponding treatment time was about 0.5 s. Such
a short treatment time caused a significant modification of the surface composition. XPS spectra
revealed that the oxygen concentration increased from 16 to 28 at% and the nitrogen concentration
from 9 to 11 at%. The untreated fabric exhibited hydrophobic properties with WCA as large as 133◦.
The plasma treatment resulted in a WCA of 21◦ and moderate hydrophobic recovery upon aging.
The WCA increased to about 23◦ after 1 day of aging at ambient conditions, 42◦ after 1 week, and 80◦

after a month. The plasma treatment caused a significant increase in the polar component of surface
energy, from 1 to 73 mJ/m2. In comparison, the dispersive component, as calculated using the Wu
method [26,27], decreased from 10 to 7 mJ/m2. The ability of dyeing was improved significantly,
and the fastness properties persisted even after prolonged washing. Oliveira et al. also disclosed a
comprehensive dyeing mechanism [25]. After the plasma treatment, the PA66 displayed a significant
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amount of oxygen covalently bonded to the surface. The presence of microchannels promoted the
diffusion of the dye into the fibers.

In another paper [28], Oliveira et al. described the influence of DBD plasma on the trichromic
dyeing process of PA66 fabric and the reuse of the generated effluents for new dyeing processes.
Fabric with a warp density of 40 threads/cm, weft density of 30 threads/cm, and mass per surface
area of 95 g/m2 was pre-washed and treated by DBD as in [25]. The static WCA of the untreated
material was as high as 146◦. The plasma treatment at a moderate discharge power density caused
a rapid decrease of the static WCA until the power density of 2500 Wmin/m2, at which it became
immeasurable, since the plasma-activated fabric absorbed the water droplet before the measurement
could be performed. In contrast to [25], the XPS results indicated only moderate functionalization of
the fabric’s surface as the oxygen content increased from 18 to 20 at% and nitrogen from 8 to 10 at%.
The chemical composition was also probed by energy-dispersed X-ray spectroscopy (EDS). The method
revealed an increase in the oxygen content from 23 to 25 at% and in nitrogen from 10 to 11 at%.
The excellent agreement between XPS and EDS results was explained by the substantial incorporation
of O and N atoms onto the fabric’s surface. The difference in nitrogen content was explained by a
surface cleaning effect that allowed the bulk material’s fingerprint to appear on the spectra.

In yet another paper, Oliveira et al. focused on the whiteness degree and the tensile strength of
polyamide fabric of various warp and weft densities [29]. The static WCA of untreated material was as
high as 153◦ for the PA66 fabric of warp density of 8 threads/cm, weft density of 18 threads/cm, and mass
per surface area of 95 g/m2. The static WCA dropped to 75◦ after the treatment by the DBD plasma of
500 Wmin/m2 power density. The plasma treatment with a power density of 1500 Wmin/m2 caused a
static WCA of 53◦, while higher power densities caused an immediate absorption of a water droplet,
therefore, no static WCA could be measured. The water absorption time was estimated to about 1 s for
the well-activated PA66 samples. Both XPS and EDS were used to monitor the elemental composition.
The XPS showed a significant increase in the oxygen content after treating different fabrics with a
plasma sustained at the power density of 2500 Wmin/m2—from 17 at% (for the untreated fabric) to
about 28 at%. EDS showed a much smaller increase, i.e., from about 23 to 25 at%. A more considerable
probing depth of EDS could explain such a discrepancy. The tensile strength and elongation remained
unchanged after the plasma treatments.

A DBD plasma was also used for surface modification of PA66 by Bessada et al. [30]. A commercially
available PA66 woven fabric of mass per surface area of 240 g/m2 was treated in a continuous mode
without any pre-treatment. The DBD was powered with a 40 kHz supply of peak voltage ~10 kV.
The discharge power was varied between 500 and 1500 W, and the speed of fabric passed the DBD
between 5 and 20 m/min. The DBD was operating in the filamentary mode, the same as many other
DBDs operating at this frequency. Unlike Oliveira [25,28,29], Bessada et al. [30] found only modest
wettability changes. The original static WCA was just below 80◦ and dropped to any value between
50 and 75◦, depending on the treatment parameters. The slowest speed of fabric through the DBD
caused the best wettability, which is explained by the prolonged plasma exposure time. Interestingly,
no statistically significant difference was observed between discharge powers of 1000 and 1500 W.
Three consecutive passages of fabric under the discharge caused no significant improvement of the
surface wettability. The water droplets were absorbed fast after the plasma treatment—the WCA
became immeasurable about 2 s after the droplet’s deposition onto the activated fabric. A moderate
hydrophobic recovery was also reported along with a marginal increase of the O and N concentrations
as deduced from XPS. From this perspective, the results are similar to those reported by Oliveira [28],
except for the absolute values.

Li et al. [31] also used an atmospheric-pressure DBD for treatment of the PA66 fabric with air
plasma. However, they used a pulsed DC source to power the discharge, and the discharge chamber
was cylindrical. The pulse rise-time was 30 ns only, and the peak voltage as high as 70 kV. The duration
of plasma during each pulse was estimated at approximately 750 ns. The repetition time was variable
between about 2 ms and 1 s. Samples were first sterilized by alcohol, then cleaned with deionized
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water and dried before the plasma treatment. After a few seconds of plasma treatment, originally
smooth fibers assumed rich morphology, and after 1 min of plasma treatment, a well-defined cone-like
morphology appeared. XPS was used to study the surface composition. The untreated samples
contained 14 at% O and 8 at% N. A 10-s plasma treatment caused an increase in oxygen concentration to
about 16 at%, but nitrogen concentration dropped for about 1 at%. A 1-min plasma treatment resulted
in 18 at% O and 9 at% N in the surface film of PA66 as probed by XPS. The same group published
the same results on the surface characterization of PA66 in [32] and added a detailed study on the
disinfection efficiency using Escherichia coli HT115 as model microorganisms.

All the above-cited authors used high impedance discharges for the plasma treatment of polyamide
fabric at an atmospheric pressure. Pavlinak et al. [33], however, employed a microwave (MW) discharge,
similar to that reported by Hnilica et al. [22]. PA6 nanofibers were synthesized by electrospinning
and exposed to an MW plasma jet sustained in pure argon or a mixture of argon and 2 vol% oxygen
at an atmospheric pressure. As expected, the nanofibers melted upon exposure to MW plasma
sustained in the continuous mode. The samples passed the vicinity of the MW plasma jet at the
speed of 12 mm/s. The surface composition, as determined from the XPS survey spectra, was studied
versus the number of passes. The original O and N concentrations in the surface film were 11 at%.
The concentrations changed after passing the vicinity of the MW plasma jet. One pass caused an
increase in oxygen concentration in the surface film to 18 and 15 at% for the cases of pure Ar and
Ar + 2 vol%O2, respectively. Simultaneously, the N concentration decreased to 6 and 9 at%, respectively.
The unanticipated result may be explained by the presence of water vapor in the effluent regime of
the MW plasma jet. Pavlinak et al. [33] also showed that the O-concentration increased by increasing
the number of plasma-passes. After about 10 passes, the O-concentration stabilized at about 22 at%
for both Ar and Ar + 2 vol%O2 treatments. Fibers have melted after such treatments. Some samples
were also heated for 1 min to 300 ◦C, without being exposed to the plasma, to check whether the
oxidation would occur merely due to thermal oxidation. Although the PA6 nanofibers, synthesized by
electrospinning, melted at 300 ◦C, practically no oxidation was detected by XPS. Therefore, the extensive
functionalization observed after the plasma treatment could not be attributed to the high sample
temperature. Interestingly, the high concentration of functional groups remained on the surface even
though the samples melted upon the plasma treatment. Namely, polar functional groups are usually
unstable at high temperatures and decay spontaneously upon heating [34].

Polyamide is also an exciting material for the synthesis of membranes. Boulares-Pender et al. [35]
treated nylon membranes of thickness of 0.15 mm and nominal pore sizes of 0.2 µm in a low-pressure
plasma reactor using argon, nitrogen, and oxygen gases. The gas pressure was set to about 25 Pa
and the flow rate to 20 sccm. The ultimate pressure was about 15 Pa, but the authors did not report
the residual atmosphere’s composition. The plasma treatment always caused an increased oxygen
concentration as probed by XPS, almost irrespective of the gas or gas mixtures used. The original
O-concentration was 12 at%, and it increased to about 18 at% after the plasma treatment. The nitrogen
concentration remained somewhat intact at about 11 at%. No carboxyl or similar highly polar functional
group was deduced from the high/resolution XPS C1s spectra. The peak attributed to the amide
group remained intact irrespective of the type of gas or gas mixture used upon the plasma treatment.
Plasma-treated membranes were further treated by electron beams using a home-made electron
accelerator operating at about 170 kV. The adsorption of proteins on plasma-treated membranes was
also studied by Boulares-Pender et al. [35]. The adsorption of albumin (BSA) was hardly affected by
any plasma treatment. However, myoglobin adhered well on all plasma treated membranes, especially
when the plasma was sustained in nitrogen or a nitrogen-argon gas mixture. The adsorbed quantity
was doubled as compared to the pristine nylon membrane. Lysozyme, on the other hand, completely
adhered to the membrane treated by the plasma containing oxygen. The authors found no correlation
between the surface functionalities as probed by XPS and adhesion of blood proteins, which is slightly
unexpected, considering the earlier works [36].
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3. Correlations between Surface Finish and Treatment Parameters

The most relevant results reported by different authors are summarized in Table 1. Only the
surface finish reported by a good number of authors is included in the summary. An interesting feature
revealed by examining Table 1 is a large scattering of the original surface wettability. The WCA of
the untreated samples spans from 49 to 153◦. In general, the WCA does not depend only on the type
of material but also its roughness. From the latter point of view, the WCA should be the highest for
untreated samples of rich morphology on the sub-micrometer scale. Unusually, the water contact angles
for the same material and morphology scatter significantly, as well. A feasible explanation is the purity
of the material, both in terms of intentionally added blends and surface impurities. Unfortunately,
not all authors reported details on the pre-cleaning of their samples. The surface impurities indeed
influence the initial surface composition and thus the surface energy, but should not affect the final
wettability after the plasma treatment, since they are likely to be removed upon the plasma treatment.
Many authors did not report the evolution of surface morphology (usually studied by AFM or SEM).
Therefore, it is impossible to draw a correlation between the roughness on the sub-micrometer scale
and surface wettability.
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Table 1. Summary of the reported results.

Ref. Gas
P

[W]
p

[mbar]
f

[MHz]
t

[min]
O2

[%]
∆O

[at%]
N

[at%]
WCA0

[◦]
WCAf

[◦]
Peculiarity

Polymer
Type

[37] O2 40 0.5 N/A 0.2 N/A N/A N/A N/A N/A N/A PA

[38] Air 900 1000 N/A 0.01 21 8 3 N/A N/A textile N/A

[39] Ar N/A 1 N/A 0.5 0 N/A N/A 80 18 tube N/A

[39] O2 N/A 1 N/A 0.5 100 N/A N/A 80 39 tube N/A

[39] N2 N/A 1 N/A 0.5 0 N/A N/A 80 30 tube N/A

[39] Air N/A 1 N/A 0.5 21 N/A N/A 80 42 tube N/A

[40] Air 900 1000 0.02 0.005 21 N/A N/A N/A N/A crystal PA6

[41] Ar 50 0.2 13.56 N/A N/A N/A N/A N/A N/A N/A N/A

[42] N2 90 0.015 0.04 15 N/A N/A N/A N/A 13 membrane N/A

[43] Air 1000 1000 0.04 1 21 2 −1 N/A N/A N/A PA66

[44] O2 20 0.2 13.56 2 100 13 1 N/A N/A N/A PA12

[44] O2 20 0.2 13.56 30 100 15 0 N/A N/A N/A PA12

[24] Air 30 1000 0.022 0.12 21 13 1 64 28 foil PA66

[14] Air N/A 1000 0.08 0.002 21 5 N/A 69 34 foil PA6

[14] Air N/A 1000 0.08 0.08 21 10 N/A 69 27 foil PA6

[14] Air N/A 1000 0.08 0.002 21 7 N/A 81 48 foil PA66

[14] Air N/A 1000 0.08 0.08 21 13 N/A 81 23 foil PA66

[14] Air N/A 1000 0.08 0.002 21 2 N/A 102 67 foil PA12

[14] Air N/A 1000 0.08 0.08 21 17 N/A 102 43 foil PA12

[15] He N/A 1000 0.013 0.17 0 10 1 N/A N/A foil PA6

[15] He N/A 1000 0.013 1 0 6 2 N/A N/A foil PA6

[20] He + 1% CF4 N/A 1000 13.56 0.5 0 3 1 N/A N/A foil N/A

[21] N2He 850 1000 0.09 0.16 0 N/A N/A 76 34 foil PA6

[21] N2He 850 1000 0.09 0.03 0 N/A N/A 76 47 foil PA6
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Table 1. Cont.

Ref. Gas
P

[W]
p

[mbar]
f

[MHz]
t

[min]
O2

[%]
∆O

[at%]
N

[at%]
WCA0

[◦]
WCAf

[◦]
Peculiarity

Polymer
Type

[22] Ar 250 1000 2450 0.004 0 2 1 80 22 foil PA12

[22] Ar 250 1000 2450 0.017 0 7 1 80 N/A foil PA12

[22] Ar 250 1000 2450 0.017 2 10 1 80 N/A foil PA12

[22] Ar + 2% N2 250 1000 2450 0.017 0 12 2 80 N/A foil PA12

[13] Air 300 1000 0.015 0.5 21 11 4 70 28 foil PA6

[32] Air N/A 1000 N/A 0.17 21 2 −1 N/A N/A textile PA66

[32] Air N/A 1000 N/A 1 21 5 1 N/A N/A textile PA66

[10] Ar N/A 0.4 N/A N/A 0 4 −1 64 31 foil PA6

[1] Air 150 0.6 13.56 1 21 N/A N/A 49 24 foil PA6

[1] Air 150 0.6 13.56 10 21 N/A N/A 49 2 foil PA6

[1] Air 150 0.6 13.56 1 21 N/A N/A 51 21 foil PA66

[1] Air 150 0.6 13.56 10 21 N/A N/A 51 3 foil PA66

[1] Air 150 0.6 13.56 3 21 N/A N/A 49 21 foil PA6

[1] Ar 150 0.6 13.56 3 0 N/A N/A 49 3 foil PA6

[1] O2 150 0.6 13.56 3 100 N/A N/A 49 27 foil PA6

[1] ArO2 150 0.6 13.56 3 50 N/A N/A 49 15 foil PA6

[1] Air 150 0.6 13.56 5 21 N/A N/A 49 5 foil PA66

[1] Ar 150 0.6 13.56 5 0 N/A N/A 49 18 foil PA66

[1] O2 150 0.6 13.56 5 100 N/A N/A 49 11 foil PA66

[1] ArO2 150 0.6 13.56 5 50 N/A N/A 49 13 foil PA66

[29] Air 1000 1000 0.04 0.0002 21 N/A N/A 153 75 textile PA66

[29] Air 1000 1000 0.04 0.0006 21 N/A N/A 153 53 textile PA66

[28] Air 1000 1000 0.04 0.005 21 2 2 146 30 textile PA66

[31] Air N/A 1000 N/A 0.17 21 3 −1 N/A N/A textile PA66
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Table 1. Cont.

Ref. Gas
P

[W]
p

[mbar]
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[min]
O2

[%]
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[at%]
WCA0

[◦]
WCAf

[◦]
Peculiarity

Polymer
Type

[31] Air N/A 1000 N/A 1 21 5 1 N/A N/A textile PA66

[12] Air N/A 1000 N/A 0.08 21 10 0 63 32 foil PA12

[12] Air N/A 1000 N/A 0.25 21 12 1 63 34 foil PA12

[33] Ar 140 1000 2450 0.5 0 11 −2 N/A N/A textile PA6

[33] Ar 140 1000 2450 0.5 2 12 −2 N/A N/A textile PA6

[25] Air 1000 1000 0.04 0.005 21 12 2 133 23 textile PA66

[35] N2 100 0.1 13.56 5 0 5 1 56 34 membrane N/A

[35] Ar 100 0.1 13.56 5 0 6 −1 56 27 membrane N/A

[35] O2 100 0.1 13.56 5 0 7 1 56 35 membrane N/A

[23] N2 150 0.004 27.13 N/A 0 13 6 60 36 foil PA6

[19] HeH2O N/A 1000 13.56 N/A 1.2 11 1 76 48 foil PA6

[19] HeH2O N/A 1000 13.56 N/A 2 23 1 76 35 foil PA6

[30] Air N/A 1000 N/A 0.017 21 2 −1 79 63 textile PA66

[30] Air N/A 1000 N/A 0.05 21 N/A N/A 79 48 textile PA66

[16] He N/A 1000 13.56 0.07 0 12 5 76 58 foil PA6

[16] He N/A 1000 13.56 0.07 1 19 2 76 47 foil PA6

[16] He N/A 1000 13.56 0.07 2 21 1 76 29 foil PA6

[17] He N/A 1000 13.56 0.5 0 12 5 76 58 foil PA6

[17] He N/A 1000 13.56 0.5 1 21 1 76 29 foil PA6

[18] HeH2O 80 1000 13.56 3 1 14 3 76 40 foil PA6
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The final WCA reported by the majority of authors is between 20 and 40◦. Figure 3 reveals
the final WCA versus the treatment time. Despite the large scattering of the reported results, there
is an evident trend—a longer treatment time results in a lower WCA and thus better wettability.
The super-hydrophilic effect (WCA below a few degrees) was reported only for treatment times of
several minutes. This observation is explained due to the fact that the WCA on a smooth surface
cannot be extremely low, but a nanostructured surface finish is needed for the super-hydrophilic
effect [8]. Nanostructuring of polymers is a result of non-homogeneous etching. The etching at
a reasonable temperature (preferably close to the room temperature) is a slow process since the
etching rate is often the order of nanometers per second [45,46]. The combination of rich surface
morphology and high concentration of polar functional groups is usually observed only for polymers
treated by low-pressure plasma [46,47]. Surprisingly, most authors concentrated their research on
atmospheric-pressure plasmas, although they rarely enable a super-hydrophilic surface finish.

Figure 3. The final water contact angle versus the treatment time.

The relationship between the surface wettability and discharge power is shown in Figure 4.
It seems that high discharge powers do not lead to highly wettable surfaces, but moderate powers
around 100 W perform better. It should be stressed that the absolute value of the discharge power may
not be the best parameter, since the processing parameters depend on numerous other parameters such
as the size of the treatment device, the pressure, and many other peculiarities. A more appropriate
parameter would be the power applied to the plasma and normalized to the surface area (in the case of
one or two-dimensional discharges) or to the plasma volume (in the case of continuous discharges that
create the homogeneous plasma in a particular volume).
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Figure 4. The final water contact angle versus the discharge power.

The majority of authors used XPS for monitoring the modification of surface chemistry.
While the XPS survey spectra are acquired in a reasonable time, the acquisition and interpretation
of high-resolution spectra may take time, therefore, most authors limited such investigations. Still,
most authors represented the concentration of nitrogen, oxygen, and carbon versus the treatment
parameters. Figure 5 represents the difference in N-concentration, as probed by XPS, versus the
treatment time. Evidently, there is no trend, and the difference is rather small. Some authors reported
enrichment in the N-concentration, but many a depletion despite using plasma sustained in the air or
even “pure” nitrogen. The functionalization of polyamides with nitrogen functional groups (such as
amino groups), therefore, remains a challenge. A feasible explanation for the lack of additional nitrogen
on the PA surface is the preferential functionalization with oxygen. It is difficult to assure oxygen-free
plasma due to the water vapor, which is likely to be present in low-pressure and atmospheric-pressure
plasma reactors. Here, it should be stressed that even a 1 min concentration of water vapor in processing
gas will cause the formation of OH radicals upon plasma conditions and the interaction of these
radicals with the polymer surface. The effect of such water-vapor on the surface finish of a polymer
upon treatment with “pure” argon was recently elaborated in [48].

The functionalization with oxygen functional groups is a common consequence of plasma
treatment of polyamides. Figure 6 represents the increase of the oxygen content, as probed by XPS,
versus the treatment time. Please note the logarithmic scale on the x-axis. Figure 6 reveals that all
authors reported at least an increase of 2 at%. The average increase is about 10 at%, and it seems that
the treatment time is not the factor dictating the concentration of oxygen on the surface of a polyamide
sample. Such a rather unexpected fact is explained by the etching of polymer samples whose surfaces
have been saturated with oxygen functional groups. The final concentration of oxygen is, therefore,
a compromise of surface functionalization by the chemical interaction of reactive species such as O,
OH, O3, and positively charged ions, and the removal of surface functionalities by releasing CO, CO2,
and more complex molecules. The etching rate increases with increasing discharge power.
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Figure 5. The difference in nitrogen concentration as probed by XPS versus the plasma treatment time.

Figure 6. The difference in oxygen concentration as probed by XPS versus the treatment time.
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Figure 7 shows the relationship between the oxygen concentration, as probed by XPS and the
reported discharge power. The results are scattered due to the experimental setups’ peculiarities,
but a general trend is decreasing the O-concentration with the increasing discharge power. A feasible
explanation is the extensive etching at elevated powers. The best functionalization should be
obtained upon saturation with polar functional groups, as revealed recently, for the case of
polystyrene [49]. Such studies have, however, not been performed for polyamides and represent a
great scientific challenge.

Figure 7. The difference in oxygen concentration as probed by XPS versus the discharge power.

The concentration of oxygen in the original gas mixture does not seem to be a decisive factor
for surface wettability. Figure 8 represents the final water contact angle versus oxygen concentration.
Most authors used air as the source gas or a noble gas with a small oxygen admixture. Only a
couple of authors employed almost pure oxygen for the plasma treatment of polyamides. The results
summarized in Figure 8 show no correlation between the wettability and oxygen concentration in the
gas mixture. Therefore, one can conclude that even a small admixture of oxygen in the gas mixture
assures a highly wettable surface. This effect is explained by the preferential dissociation of oxygen
and/or water vapor in the non-equilibrium gaseous plasma. The group of A. Ricard [50] showed
that oxygen atoms extensively dissociate upon plasma conditions due to the rather low dissociation
energy (as compared to the nitrogen dissociation energy or excitation energy of Ar or He metastables)
and the existence of a couple of long-living molecular metastable states (the “a” and “b” states of
neutral O2 molecule). The long lifetime of such metastables enables a step-wise dissociation, therefore,
the electron threshold energy for a dissociative collision is minimal. As a result, the density of O-atoms
or OH radicals in a plasma sustained in other gases is large enough to cause the rapid functionalization
of fabrics with oxygen functional groups [51]. Here, it is worth mentioning that the required fluence of
oxygen atoms onto a smooth polymer surface for saturation with polar O-rich functional groups is
close to 1021 m−2 [49]. Therefore, the surface is saturated in 1 s of the plasma treatment providing that
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the O-atom density in the vicinity of the polymer sample being treated is about 1019 m−3, which is a
typical value in many industrial plasma reactors useful for surface activation of polymers [52].

Figure 8. The final water contact angle versus the concentration of oxygen in the original gas mixture.

4. Conclusions and Roadmap

The survey of recent reports on the plasma functionalization of polyamides for the improved
wettability indicates that the surface layer, as probed by XPS, is always enriched in oxygen functional
groups irrespective of the type of gas used for plasma treatments. Useful results can be obtained
at the treatment time as low as 1 s, providing that the discharge parameters are chosen carefully.
Most authors, however, adopted longer treatment times lasting about 1 min. Such treatments cause an
increase in oxygen concentration. However, the concentration of nitrogen in the surface film, as probed
by XPS, remained relatively intact even when “pure” nitrogen or mixtures of nitrogen with other gases
were used to sustain a non-equilibrium gaseous plasma. The concentration of oxygen in the surface
film was found inversely proportional to the discharge power, which can be explained by the increased
etching of the polymers upon powerful plasma conditions. Thermal effects may play a role in the
final concentration of oxygen functional groups. However, only a few authors reported the increased
surface temperature due to the exothermic surface reactions such as neutralization of charged particles,
bombardment with positively charged ions, the heterogeneous surface association of radicals to stable
molecules, and relaxation of any metastables that might appear in the plasma at moderate densities.

Only a handful of authors reported plasma parameters in papers disclosing the plasma activation
of polyamides. In an analogy with other polymers, the surface finish should depend on the fluence
of reactive gaseous species and ultraviolet radiation. Low fluences should cause functionalization,
while higher fluences should cause etching of the already functionalized polymer surface and thus
loss of some surface functionalities. Therefore, the scientifically spotless description of the surface
phenomena upon the plasma treatment of polyamides should indicate the surface finish versus the
fluences of reactive species. Numerous plasma characterization methods are available, and the authors
are encouraged to report at least the most crucial parameters, such as densities of highly reactive
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gaseous species that cause surface modification. Considering the results reviewed in this paper,
the density of reactive oxygen species (O-atoms and OH radicals in particular) should be the critical
parameter governing the surface finish.

Another scientific challenge is the functionalization of polyamide surfaces with functional groups
other than oxygen. The literature survey clearly shows that even 1 min concentrations of oxygen or
water vapor in the processing gas caused oxidation of the PA surfaces. The functionalization with
other functional groups, therefore, requires an oxygen-free atmosphere, which can be achieved by the
careful construction and preparation of experimental setups. Low-pressure plasma reactors should be
hermetically tight and bakeable to elevated temperatures (to remove the water adsorbed on surfaces)
and pumped with powerful high-vacuum pumps. The atmospheric pressure reactors should also
be bakeable, and the diffusion of the surrounding atmosphere into the gaseous discharge should
be prevented.

Funding: This research was funded by the Slovenian Research Agency under research program P2-0082 (thin-film
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Abstract: Defluorination of polytetrafluoroethylene (PTFE) surface film is a suitable technique for
tailoring its surface properties. The influence of discharge parameters on the surface chemistry was
investigated systematically using radio-frequency inductively coupled H2 plasma sustained in the
E- and H-modes at various powers, pressures and treatment times. The surface finish was probed
by X-ray photoelectron spectroscopy (XPS) and time-of-flight secondary ion mass spectrometry
(ToF-SIMS). The measurements of water contact angles (WCA) showed increased wettability of
the pristine PTFE; however, they did not reveal remarkable modification in the surface chemistry
of the samples treated at various discharge parameters. By contrast, the combination of XPS and
ToF-SIMS, however, revealed important differences in the surface chemistry between the E- and
H-modes. A well-expressed minimum in the fluorine to carbon ratio F/C as low as 0.2 was observed
at the treatment time as short as 1 s when plasma was in the H-mode. More gradual surface
chemistry was observed when plasma was in the E-mode, and the minimal achievable F/C ratio
was about 0.6. The results were explained by the synergistic effects of hydrogen atoms and vacuum
ultraviolet radiation.

Keywords: polytetrafluoroethylene; fluorine depletion; hydrogen plasma; VUV radiation; surface
modification; hydrophilic

1. Introduction

Fluorinated polymers are used in various applications [1]. They are renowned for their chemical
inertness and thermal stability [2]. The chemical inertness does not allow for reasonable adhesion
of any coating deposited by numerous techniques [3,4]. Whatever material is deposited, the surface
energy of the coating is much larger than the energy of the substrate; therefore, thin films tend to
form 3D particles spontaneously rather than a uniform film. Coatings from liquid solutions also do
not adhere well on the surface, especially when the liquid is polar, i.e., water. In order to improve
the adhesion of coatings, methods for increasing the surface energy of fluorinated polymers have
been invented [5–10]. Fluorinated polymers are usually treated with aggressive chemicals which
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cause modification of the surface chemistry. Such techniques were invented in the 1960s, and some
are still used nowadays. Common techniques include the application of sodium naphthalide [11],
tetraalkylammonium radical anion salt, alkali metal vapours and amalgams [12], and electrochemical
methods [13,14]. All these techniques represent an ecological hazard; therefore, researchers have been
working on alternative techniques. A straightforward solution is irradiation of fluorinated polymers
with beams of photons, electrons, or ions [15,16]. The insulating properties of fluorinated polymers
make the techniques employing charged particles rather difficult, however.

A medium that contains both electrons, positively charged ions, and photons is gaseous plasma.
Gaseous plasma is a state of gas also consisting of neutral particles (thereafter: radicals), which are
chemically extremely reactive. For example, diatomic molecules are partially dissociated upon plasma
conditions, and the atoms typically interact with most of the polymers even at room temperature.
The atoms may bind to the surface of a polymer, thus forming functional groups of different polarity
than those presented in fluorinated polymers. For example, oxygen plasma of a high density of
oxygen atoms will cause functionalization of most polymers with various oxygen-containing functional
groups [17]. While such treatments with oxygen plasma perform well for most types of polymers,
they fail in the case of polytetrafluoroethylene (PTFE) for one simple reason: the binding energy of
fluorine to carbon atoms is much larger than those of oxygen; therefore, a simple substitution of
fluorine atoms on the surface of PTFE with oxygen atoms is energetically unfavourable. Treatment of
fluorinated polymers by oxygen plasma will cause gradual etching of the polymer material rather than
surface activation, as shown recently by Primc et al. [18].

Because classical plasma techniques fail in the case of PTFE, researchers have invented a variety
of alternative methods. As early as 1987, Clark et al. [14] used a high vacuum plasma reactor to treat
PTFE samples with hydrogen plasma. A radiofrequency (RF) generator coupled in a capacity mode
was used for plasma generation. The maximum power was 10 W, and the treatment times were up
to approximately 250 s. Upon such conditions, the surface film of PTFE was depleted of fluorine,
which was proven by X-ray photoelectron spectroscopy (XPS). The water contact angle (WCA) showed
moderate hydrophilicity of the treated samples after prolonged treatment. The minimum WCA was
50◦. The authors explained the fluorine depletion by the interaction between hydrogen atoms and
PTFE, causing the formation of HF molecules that were pumped away from the system.

About a decade later, Badey et al. [19] performed similar experiments, except that they used
a powerful microwave (MW) generator for sustaining a dense plasma in a narrow quartz tube.
PTFE samples were placed downstream from the centre of the discharge. The best results were
observed at large gas flows and moderate discharge powers. The F/C ratio dropped from an original
2.45 to about 0.8. The WCA of water dropped from 115◦ to approximately 85◦ and diiodomethane
from 84◦ to approximately 50◦. The surface modifications were also monitored by secondary ion mass
spectrometry (SIMS), and the authors found numerous CxHy peaks after accomplishing the remote
plasma treatment. As by Clark et al. [14], Badey et al. [19] also explained the observed results by
the interaction between the polymer surface and neutral hydrogen atoms, causing the formation of
HF molecules. In the same year, Yamada et al. [20] also applied remote H2 plasma treatment for the
modification of PTFE samples. The plasma source was inductively coupled RF discharge. As by Badey
et al. [19], the authors used a quartz tube for the discharge chamber and placed samples in the afterglow
region. The authors reported similar results as Badey at large discharge powers. They also performed
XPS characterization and found similar functional groups as Badey. The same group also used remote
hydrogen plasma treatment to study the adhesion of Cu film on PTFE samples [21]. They obtained
the minimum WCA of approximately 75◦ at the treatment time of approximately 2 min. In another
paper, Inagaki et al. [22], used pulsed plasma treatment. An capacitiveRF discharge in the power range
between 75 and 100 W was applied at the pressure of 13 Pa. The results and WCAs were slightly larger
than in the case of using continuous plasma treatment. The same applied to the F/C ratio.

König et al. [23] used plasmas sustained in various gases for modification of a plasma-deposited
fluorocarbon polymer with the structure close to PTFE. Plasma was sustained by a MW discharge in the
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electron cyclotron resonance (ECR) mode. The working pressure was as low as 0.2 Pa. The maximum
discharge power was 800 W. Samples were additionally biased using a capacitively coupled RF
generator. The F/C ratio as deduced from the XPS survey spectra was 1.9 for the untreated material and
dropped to 0.72 for plasma-treated samples. Simultaneously, the oxygen to carbon ratio O/C increased
from 0.02 to 0.09. Such a surface finish enabled a slight decrease of WCA from the original 106◦ down
to about 86◦.

Tanaka et al. [24] investigated defluorination of PTFE by a combination of atmospheric pressure
glow plasma treatment and a chemical transport method. Plasma was sustained in a mixture of He
and H2. The lowest F/C ratio reported for such plasma treatment was 0.4. The addition of oxygen in
the gas mixture caused a further drop of the F/C concentration and appearance of a few atomic % of
oxygen. More recently, Hunke et al. [25] performed direct treatment of PTFE powders in a low-pressure
hydrogen plasma. They used a MW discharge and obtained a moderate decrease in the F/C ratio.
The authors adopted the explanation provided previously by Inagaki et al. [22].

The review of the early work can be summarized as follows: the defluorination of PTFE surface
occurs upon treatment with hydrogen plasma or its flowing afterglow and is explained by the interaction
of hydrogen atoms with pristine material causing the formation of a dangling bond on one C atom.
The dangling bond is quickly occupied with another H atom, forming the CHF group. This group
may decompose by desorption of the HF molecule, and the result is the formation of the CF=CF
group. The abundance of H atoms causes the gradual transformation of the polymer surface. A typical
treatment time needed for observing a rather low F/C ratio is of the order of a minute.

In the present paper, we disclose experiments with hydrogen plasma performed in the same
reactor at different conditions. Gaseous plasma was created in different discharge modes; therefore,
some plasma parameters depended enormously on discharge conditions.

2. Materials and Methods

PTFE foils were purchased from Goodfellow Ltd. (Huntingdon, UK). The foils with a thickness
of 0.5 mm were cut to pieces of 10 × 10 mm2 and cleaned with ethanol, followed by drying at
ambient conditions.

PTFE was treated in a glass discharge chamber using an electrodeless radio-frequency (RF) discharge.
A schematic of the discharge chamber is shown in Figure 1. The discharge chamber was a long glass
tube with a diameter of 4 cm. It was pumped on one side, and on the other side, H2 gas was introduced
through the flow controller. The vacuum system was sealed with rubber gaskets. It was pumped
with a two-stage rotary pump of a nominal pumping speed of 80 m3/h. The experimental conditions,
therefore, enabled achieving the ultimate pressure just below 1 Pa after pumping for a reasonable
time. Optical emission spectroscopy (OES) was used to check any gaseous impurities in the discharge
chamber. Spectral features of any trace gases were below the detection limit of the spectrometer;
therefore, the system was hermetically tight, and the residual atmosphere contained water vapour
only. Plasma was sustained within the coil, as shown in Figure 1 and diffusing plasma expanded far
away from the coil. The coil was connected to the RF generator via a matching network. The matching
network allowed for coupling optimization to run the plasma mostly in the H-mode, depending on the
power. The generator operated at the standard frequency of 13.56 MHz and adjustable output power
up to 1000 W. The samples were treated at various conditions, i.e., various powers from 100 to 1000 W,
hydrogen pressures from 10 to 60 Pa, and treatment times from 0.5 to 12 s.

The surface wettability of samples was measured using a Drop Shape Analyser DSA-100
(Krüss GmbH, Hamburg, Germany). A static contact angle was measured using a sessile drop
method. The volume of a drop was 1 µL. MiliQ water was used for determination of the wettability.

Surface modifications were probed by XPS and time-of-flight secondary ion mass spectrometry
(ToF-SIMS). The XPS characterization was performed using an XPS instrument (model TFA XPS from
Physical Electronics, Münich, Germany). The samples were irradiated with monochromatic Al Kα1,2

radiation with the photon energy of 1486.6 eV. Spectra were measured at an electron take-off angle
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(TOA) of 45◦. Selected samples were also measured at various TOAs to manipulate the detection
depth of XPS. Survey spectra were acquired at a pass-energy of 187 eV using an energy step of 0.4 eV.
High-resolution carbon C1s spectra were measured at a pass-energy of 23.5 eV using an energy step of
0.1 eV. An additional electron gun was used for compensation of the surface charge. Spectra were
calibrated by adjusting the C1s peak corresponding to CF2 groups to 292 eV. The measured spectra
were analyzed using MultiPak v8.1c software (Ulvac-Phi Inc., Kanagawa, Japan, 2006) from Physical
Electronics, which was supplied with the spectrometer. Linear background subtraction was used.

 

Physical Electronics, Münich, Germany). The samples were irradiated with monochromatic Al Kα

−7

Figure 1. Schematic of the plasma set-up.

ToF-SIMS analyses were performed using a ToF-SIMS 5 instrument (ION-TOF, Münster, Germany)
equipped with a bismuth liquid metal ion gun with a kinetic energy of 30 keV. The analyses were
performed in an ultra-high vacuum of approximately 10−7 Pa. The ToF-SIMS spectra were measured by
scanning a Bi3+ cluster ion beam over the surface spot of approximately 100 × 100 µm2. An electron gun
was used to allow for charge compensation on the sample surfaces during the analysis. Positive and
negative ion spectra were measured

3. Results and Discussion

3.1. Modification of the Surface Wettability

Samples were placed at different positions along the discharge tube to measure the gradient in the
surface wettability. Some of them were placed inside the RF coil, and many were placed away from the
coil, in the direction of the pump duct. The water contact angle was measured for all these samples,
and the result is presented in Figure 2. Plasma treatment time in all cases was 1 s, the hydrogen
pressure was 25 Pa, and the discharge power was 400 W. The WCA for the untreated sample was
approximately 110◦. One can observe a gradual increase in the WCA with the increasing distance from
the RF coil. The samples treated within the coil assume the WCA of approximately 83◦, which is the
value already reported by previously cited authors. This value is typical for oxygen-free polymers
such as polyolefins. Such a rather low WCA extends a few cm away from the coil, which is explained
by the simple fact that a dense plasma in the H-mode was not limited to the coil only, but also stretched
outside of the coil as shown schematically in Figure 1. Away from the coil, the WCA increases to
approximately 100◦ within a distance of several cm. Thereafter, the WCA increases rather linearly
with increasing distance, and at large distances approaches the value typical for the untreated sample.
The measured points scatter somehow, but the trend is obvious and is presented by straight lines.
The results summarized in Figure 2, therefore, suggest almost complete defluorination of the PTFE
samples upon treatment with a dense, glowing hydrogen plasma, and a more gradual activation upon
treatment with a diffusing plasma, which in our case is a result of a weak capacitive coupling between
the coil and the metallic pump duct.
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–

Figure 2. Variation of water contact angle (WCA) on the polytetrafluoroethylene (PTFE) surface of the
samples arranged along the discharge tube. The treatment time was 1 s, the hydrogen pressure was
25 Pa, and the discharge power was 400 W.

As already reported by numerous authors, the WCA depends on numerous treatment parameters,
including the treatment time, the pressure, and the power absorbed by the gaseous plasma [20–22,26,27].
To get additional information about the evolution of the surface wettability, we treated several samples
inside the RF coil at various conditions. Figure 3 represents the WCA versus plasma treatment time.
We adopted the same parameters as in Figure 2, i.e., the pressure of 25 Pa and the power of 400 W.
It seems that the WCA in Figure 3 does not really depend on treatment time at these particular
discharge conditions. All values lay at approximately 90◦, with the exception of the first measurement
corresponding to the lowest treatment time of 0.5 s where the standard deviation is rather large.
The almost constant WCA, as revealed from Figure 3, is explained by the saturated defluorination
of the surface. This effect will be further discussed later. Figure 4 is a plot of the WCA versus the
discharge power for the treatment time of 1 s and the pressure of 25 Pa. Again, one can observe a rather
constant WCA, except for the measurement performed at the lowest power of 100 W. The WCA also
does not depend much on the H2 pressure in the discharge tube, as shown in Figure 5. Figures 3–5,
therefore indicate that the surface activation is accomplished within the second of plasma treatment
providing the discharge power is reasonably large, and the pressure is in the range between 10 and
60 Pa.

Figure 3. Variation of surface wettability with treatment time. The samples were inside the radiofrequency
(RF) coil. Discharge power and hydrogen pressure were constant at 400 W and 25 Pa, respectively.
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Figure 4. Variation of surface wettability with the forward discharge power. Treatment time and
hydrogen pressure were constant at 1 s and 25 Pa, respectively.

Figure 5. Variation of surface wettability with hydrogen pressure. Treatment time and discharge power
were constant at 1 s and 400 W, respectively.

The water contact angles, as observed from Figures 2–5, indicate a rather marginal increase of the
PTFE wettability, i.e., the WCA remained above 80◦. Such a WCA was reported already by Badey at
al. [4] and Konig at al. [8]. Somehow lower WCA of 75◦ was reported by Yamada et al. [5], and the
WCA of about 50◦ was found by Clark et al. [2]. The discrepancy was explained recently by Primc [3]
who showed that the WCA on the surface of fluorinated polymers depends on the concentration of
other elements. Even a small concentration of oxygen, for example, caused a decrease of the WCA
below the values typical for polyolefins (about 80◦).

The results of the surface wettability as probed by the WCA do not show any obvious trend.
Because this technique does not reveal the chemical modifications taking place on the sample surface
upon plasma treatment, we additionally performed research on the composition and structure of the
surface film as probed by XPS and ToF-SIMS to further elaborate details about the surface chemistry.

3.2. Chemical Modifications as Determined by X-ray Photoelectron Spectroscopy (XPS)

Figure 6 shows the XPS F/C ratio versus the treatment time when plasma was sustained at a large
power of 400 W (lower curve) and at low power of 100 W (upper curve). See also supplementary
Figures S1 and S2 showing individual survey spectra and elemental composition versus treatment
time. The upper curve of Figure 6 corresponds to the same experimental conditions as the WCA
measurement at the discharge power of 100 W in Figure 4, which reveals incomplete activation of the
surface at 100 W after the treatment for 1 s. Examining Figure 6, it is obvious that incomplete surface
activation is a consequence of the insufficient removal of fluorine from the surface of PTFE, because the
F/C concentration after the treatment for 1 is still about 1.25, thus far from complete defluorination.

352



Polymers 2020, 12, 2855

Figure 6. Variation of the X-ray photoelectron spectroscopy (XPS) F/C ratio versus treatment time for
two different powers. Hydrogen pressure was constant at 25 Pa.

The upper curve in Figure 6 shows a gradual decrease of the F/C ratio with increasing treatment
time. Gaseous plasma at the pressure of 25 Pa and RF power of 100 W is sustained in the E-mode.
Because the matching network was optimized for coupling in the H-mode, a significant fraction of the
RF power was reflected and thus not absorbed by the gaseous plasma. The power absorbed in plasma
for the case of the upper curve of Figure 6 is, therefore, well below 100 W. Still, the surface film as
probed by XPS is depleted of fluorine even after several seconds of plasma treatment and approaches
a value of approximately 0.6. It seems that such a concentration of fluorine is about all one can achieve
upon treatment of PTFE in hydrogen plasma sustained in the E-mode.

The mechanism is completely different when plasma is sustained in the H-mode (lower curve).
In this case, the surface film is depleted of fluorine even after approximately 0.2 s of plasma treatment.
The F/C ratio further decreases with increasing treatment time until a minimum at approximately 1 s
appears. Thereafter, a gradual but slow increase in the F/C ratio is observed. After approximately 10 s,
the F/C ratio assumes a value of approximately 0.4. This value is lower than what is achievable in
the E-mode.

A huge difference in the surface composition between the E- and H-modes, as evident from
Figure 6, should be explained by different mechanisms. Gaseous plasma in the H-mode is an extensive
source of vacuum ultraviolet (VUV) radiation [28]. Recently, Fantz et al. investigated the details
regarding the radiation arising from H2 plasma sustained by an inductively coupled RF discharge
in the H-mode [29]. The discharge configuration was almost identical to the one shown in Figure 1.
Fantz et al. showed that approximately 10% of the available discharge power is transformed into
radiation in the VUV range. This radiation causes bond scission in the surface film of a thickness of the
order of a penetration depth for VUV photons. The penetration depth depends on the wavelength
(i.e., photon energy) but is definitely larger than the escape depth of photoelectrons. By considering this
fact, one can assume a rather homogenous treatment of the surface film with the VUV. The bond scission
enables further reactions, including the interaction with H atoms. The H atoms attack the dangling
bonds as already reported by Badey et al. [19]. Furthermore, they interact with F atoms forming HF
molecules, which are desorbed upon vacuum conditions and pumped away. The combination of
bond scission caused by absorption of VUV radiation and chemical interaction with H atoms should,
therefore, ensure an F-free surface. Such an effect cannot be confirmed from XPS measurements because
of the final escape depth of photoelectrons. It will be shown later in this paper that the best technique
to prove the F-free surface is ToF-SIMS.

After prolonged treatment of PTFE samples in the H-mode, the F/C ratio does not remain constant
but increases slowly with increasing treatment time. Such an increase may be explained by a different
thickness of the F-depleted surface film rather than by incomplete defluorination. This effect will be
explained later by using angular-resolved XPS characterization (AR-XPS).
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When plasma is in the E-mode, the minimum in the F/C ratio is not observed, which may be
a consequence of the fact that such plasma is not a significant source of VUV radiation. The luminosity
of plasma in the E-mode is typically 3–4 orders of magnitude lower than in the H-mode at this pressure,
i.e., 25 Pa. The difference in plasma luminosities between the E- and H-modes normally increases
with increasing pressure, as shown by Fantz et al. [29]. The F/C ratio, however, does not deviate for
orders of magnitude but is comparable for long treatment times. The comparison of the two curves in
Figure 6, therefore, indicate that the intensive VUV radiation only accelerates defluorination of the
surface film. A rather low F/C ratio observed after the treatment in the E-mode should be because of
other mechanisms. It was already mentioned that H atoms attack the polymer surface and dangling
bonds, causing the formation of the volatile HF molecule. Badey et al. [19], as well as Yamada et al. [20],
investigated the evolution of the F/C ratio in the flowing afterglow where VUV radiation is negligible,
but the density of H atoms is still significant. They found moderate F/C ratios of approximately 0.8.
Somehow, lower F/C ratio was also reported by König et al. [23]. Unlike VUV radiation, the H atoms
do not penetrate into the solid polymer; therefore, the chemical modification should be limited to
a thinner film in the E-mode as compared to the H-mode. Such a difference in the thickness of the
well-affected film can explain the fact that the achievable F/C ratio in the E-mode is lower than in the
H-mode. A confirmation for the statement about the F-free surface for the H-mode is provided in
Figure 7, which shows the F/C ratios as deduced from AR-XPS. The lower curve is for the sample
treated for 1 s in the H-mode, whereas the upper for the sample treated for the same time in the E-mode.
The F/C ratio in the H-mode gradually increases with increasing take-off angle θ (TOA). Detection
depth (d) is given by the following relation, d = 3λ · sin(θ), where λ is the inelastic mean free path of
photoelectrons. The detection depth thus increases with increasing TOA. The gradual increase in the
F/C ratio is explained by the formation of the almost F-free surface as well as a subsurface layer with
a thickness close to the detection depth of XPS. Extrapolation of the lower curve to the TOA θ = 0◦

reveals the F/C ratio is practically zero on the surface. Unfortunately, measurements at extremely low
TOA are not feasible.

–

θ   
λ

θ

 

θ

θ

Figure 7. Variation of the AR-XPS F/C ratio versus the photoelectron take-off angle for two different
powers and the same pressures of 25 Pa and treatment times of 1 s.

As shown before in Figure 6, a defluorination is incomplete when plasma is in the E-mode for
1 s. The upper curve in Figure 7 confirms this. However, it is interesting that the F/C ratio in Figure 7
increases by a factor of approximately 1.5 when the TOA is increased from θ = 15 to 75◦. Obviously,
the surface film contains much less fluorine than the subsurface one, and there is a significant gradient
in F concentration. Any extrapolation of the curve towards the TOA θ = 0◦ would be speculation;
therefore, it is not shown in Figure 7.

Figures 6 and 7 indicate large differences in surface chemistry, depending on the type of discharge.
The differences can be further elaborated by performing measurements at a fixed treatment time and
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pressure, but different RF powers. The result is plotted in Figure 8. Here, the F/C ratio reaches the
minimum at 400 W. At larger powers, the F/C is somehow slightly larger. The behaviour of the curve
for powers between 400 and 900 W is similar to the lower curve in Figure 6. In both cases, the fluence
of VUV radiation increases with increasing value at the abscissa. More interesting is the behaviour at
lower powers. One can observe a gradual and rather linear decrease of the F/C ratio with increasing
power. The discharge power of 300 W results in the F/C ratio of approximately 0.5, similar to what is
observed in Figure 6 for the upper curve after prolonged plasma treatment. Comparison of Figures 6
and 8, therefore, indicates that the key parameter governing the surface chemistry is the fluence of
reactive species and/or VUV radiation rather than discharge power or treatment times. Nonetheless,
it is important that the surface finish in the E-mode as deduced from XPS is different to that in the
H-mode. In addition to Figure 8, see also supplementary Figures S3 and S4 showing individual survey
spectra and elemental composition versus the discharge power.

—

Figure 8. Variation of the F/C ratio versus the discharge power. Treatment time and H2 pressure were
constant at 1 s and 25 Pa, respectively.

The variation of the F/C ratio versus the discharge power (Figure 8) is different to the behaviour
of WCA (Figure 4). Comparison of Figures 4 and 8 indicates that even an incomplete defluorination
causes the drop of the water contact angle to values typical for polyolefins.

Figure 9 reveals the high-resolution C1s spectra for the untreated sample and samples treated
in the H-mode for 1 and 12 s. There is a huge difference between the untreated and treated samples.
The untreated sample contains only carbon bonded in CF2 groups. The C1s peak, therefore, appears at
a binding energy of approximately 292 eV. There is also a small peak at approximately 285 eV,
which corresponds to surface impurities. The treated samples exhibit the opposite behaviour—the major
peak is at about 285 eV, whereas some features also persist at higher binding energies up to approximately
294 eV. Taking into account Figure 7, and the discussion thereafter, it can be concluded that the features
correspond to degraded PTFE-like film, whereas the main peak at 285 eV corresponds to F-depleted
surface film. Therefore, we can conclude that the surface film of samples treated in H2 plasma in
the H-mode contains olefin-like carbon. It is interesting that the intensity in the range of binding
energies from about 287 and 294 eV is slightly larger for the case of 12 s than for 1s of plasma treatment.
The reasons for this have already been elaborated when explaining the behaviour of the lower curve in
Figures 6 and 7.

By considering the upper discussion, the C1s peak of samples treated in the E-mode should differ
from those in the H-mode. Figure 10 represents solid proof of the evolution of the surface chemistry
upon treatment of PTFE samples in the E- and H-modes. The behaviour of the two curves at 400 and
800 W was already explained. Interesting, and sound with the previous discussion, is the behaviour of
the curves acquired after the treatment at discharge powers of 100 and 200 W. In both cases, plasma was
in the E-mode. The curve at 100 W indicates that the rather intact PTFE still persists, but a fraction is
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already modified enough to form various carbon chemistries including intermediate ones, as already
reported by Badey et al. [19]. A well-expressed peak is observed at approximately 292 eV, as well as
a broad feature between 292 and 285 eV. This indicates that CH groups have already appeared on
the surface, but the thin surface film also contains other groups with binding energies between 292
and 285 eV. The spectrum corresponding to treatment at 200 W shows a gradual deviation from the
untreated PTFE to a surface film of polyolefin-like structure. As discussed above and in keeping with
the observations in Figures 6 and 7, the thickness of the F-free surface film in the E-mode is much
lower than the escape depth of photoelectrons, so the significant contribution of photoelectrons with
binding energies of 292 eV still persists. In between the two well-defined peaks at 292 and 285 eV,
there is a rich structure, which could be deconvoluted almost arbitrarily taking into account a variety of
functional groups as well as peculiarities of XPS regarding the interpretation of F-containing functional
groups [30]. For this reason, we made no attempt to deconvolute C1s peaks shown in Figure 10.

Figure 9. Comparison of XPS high-resolution C1s spectra of the untreated PTFE, and PTFE exposed
to H2 plasma for 1 and 12 s. The discharge power and the pressure were constant at 400 W and 25
Pa, respectively.

Figure 10. Comparison of the selected XPS high-resolution C1s spectra of the PTFE samples treated for
various powers. The treatment time and the pressure were constant at 1 s and 25 Pa, respectively.

3.3. Chemical Modifications as Determined by Time-of-Flight Secondary Ion Mass Spectrometry (ToF-SIMS)

Deconvolution of C1s XPS spectra of fluorinated samples definitely represents a scientific challenge.
Therefore, it is useful to characterize selected samples also with an alternative technique, such as
ToF-SIMS. The evolution of the ToF-SIMS spectral features was investigated systematically for the
treatment time of 1 s and hydrogen pressure of 25 Pa. We varied the discharge power to obtain further
insight into the surface chemistry. Some examples of the selected positive in negative ion spectra of
the samples are shown in Supplementary Figures S5–S8. Figure 11 shows the selective negative ion
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intensities and Figure 12 positive ion intensities. One can observe a gradual decreasing of the F2−

intensity versus the discharge power. This behaviour indicates depletion of the surface film as probed
by ToF-SIMS. It should be noted that the surface sensitivity of ToF-SIMS is superior in comparison
to XPS. Simultaneous to decreasing of the F2− intensity, a number of fluorine-free ions appear in the
ToF-SIMS negative ion spectra. All of them keep increasing with increasing discharge power up to the
power of 400 W. Thereafter, the intensity of fluorine-free ions in ToF-SIMS spectra remains constant.
This observation is in keeping with results presented in Figure 11, where exactly the same effect was
observed. Unfortunately, ToF-SIMS does not allow for reliable quantification of the measured spectra.
The drop of the intensity of F2− for more than a factor of 50 indicates practically F-free surface.

–

Figure 11. Variation of time-of-flight secondary ion mass spectrometry (ToF-SIMS) intensities of selected
negative ions. The pressure was 25 Pa and treatment time 1 s.

–

Figure 12. Variation of ToF-SIMS intensities of selected positive ions. The pressure was 25 Pa and
treatment time 1 s.

Figure 12 shows the behaviour of positive ion fragments. The intensities of F-containing ions
decreases monotonously with increasing discharge power, and the minimum is observed at the power
of 400 W. By contrast, the ions containing hydrogen increase gradually up to the power of 400 W and
remain fairly intact thereafter. The ToF-SIMS results are, therefore, in keeping with those obtained
by XPS.

4. Conclusions

Systematic characterization of PTFE was performed to reveal the kinetics of fluorine depletion
of the surface film of this polymer upon treatment with hydrogen plasma at various conditions.
Unlike previous authors, we concentrated on rather short treatment times of the order of a second.
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Such short times are attractive for any application of gaseous plasma technology for surface processing
of products made from fluorinated polymers. A broad range of parameters was found useful for the
depletion of the surface film. Nominal discharge powers of the RF generator of as low as 100 W are
capable of depletion of the surface film within several seconds of plasma treatment. The intensity of
surface chemical reactions increases with increasing discharge power, and the reactions become almost
instant once the discharge is in the H-mode. A significant difference in the surface finish between the
discharge modes was observed. In the case the discharge is in the E-mode, the F concentration decreases
monotonously with increasing treatment time, and the minimal achievable F/C ratio is just above 0.5.
By contrast, when the plasma is in the H-mode, a well-defined minimum in the F concentration occurs
at rather short treatment times. The minimal F/C ratio as deduced from the XPS spectra acquired at
standard take-off angle is about 0.2. The surface layer of the polymer, however, is almost free from
fluorine, which is proved by ARXPS as well as by the behaviour of specific ion fragments acquired
by ToF-SIMS. Experiments performed at different discharge conditions qualitatively indicate that the
key parameter governing the surface finish is the fluence of reactive plasma species. Unfortunately,
our experimental set-up did not allow for reliable determination of the radiation in the VUV range.
The surface finish versus the fluence of VUV radiation upon treatment of fluorinated polymers with
hydrogen plasma, therefore, remains a scientific challenge.

Supplementary Materials: The following are available online at http://www.mdpi.com/2073-4360/12/12/2855/s1,
Figure S1: XPS survey spectra of PTFE treated in hydrogen plasma for various treatment times. Hydrogen
pressure was constant at 25 Pa and the discharge power was: (a) 100 W and (b) 400 W., Figure S2: XPS surface
composition of PTFE treated in hydrogen plasma at various treatment times: (a) for discharge power of 100 W and
(b) for discharge power of 400 W. Hydrogen pressure was 25 Pa., Figure S3: XPS survey spectra of PTFE treated in
hydrogen plasma at various forward powers. Hydrogen pressure was constant at 25 Pa and treatment time was 1
s., Figure S4: XPS surface composition of PTFE treated in hydrogen plasma at various forward powers. Hydrogen
pressure was 25 Pa and treatment time was 1 s., Figure S5: ToF-SIMS spectra of the untreated PTFE: (a) positive
ion spectra and (b) negative ion spectra. Figure S6: ToF-SIMS spectra of the PTFE treated in H2 plasma at the
power of 150 W: (a) positive ion spectra and (b) negative ion spectra. The pressure was 25 Pa and treatment time
was 1 s., Figure S7: ToF-SIMS spectra of the PTFE treated in H2 plasma at the power of 400 W: (a) positive ion
spectra and (b) negative ion spectra. The pressure was 25 Pa and treatment time was 1 s., Figure S8: ToF-SIMS
spectra of the PTFE treated in H2 plasma at the power of 800 W: (a) positive ion spectra and (b) negative ion
spectra. The pressure was 25 Pa and treatment time was 1 s.
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