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ABSTRACT

This work aimed to analyze the influence of treatment pressure on the interaction between stearic acid and an
Argon-Oxygen plasma. The fixed variables were the applied RF plasma power (50 W), treatment time (30 min),
and treatment starting temperature (273 K). The pressure was varied as follows: 0.2, 0.6, and 1.0 Torr. For all
treatment conditions, the etching of the samples was observed, as evidenced by the mass loss of the specimens
and by following the gaseous by-products of reactions employing a mass spectrometer coupled to the reac-
tion chamber. Optical emission spectroscopy followed the emission lines of oxygen active species. Function-
alization of the specimens was also observed, as shown by the results obtained by Fourier-transform infrared
spectroscopy (FTIR) and through XRD analysis. A liquid phase was formed for samples treated at 0.6 and 1.0
Torr, which favored the functionalization process and broadened the band present in the region from 1750 to
1700 cm™, resulting in amorphous phases. An increase in the intensity of the characteristic peaks of esters was
also observed. It can be concluded that the higher pressure favors the formation of a liquid phase and reaction
kinetics, resulting in higher functionalization and lower etching.
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1. INTRODUCTION

Metal parts submitted to surface treatments, such as nitriding, galvanizing, and painting, are usually contam-
inated with oils, grease, and cutting fluids from the manufacturing process. This contamination can hinder
the efficiency of surface treatments. Even on a laboratory scale, the cleanness of the surface is mandatory to
achieve the best thermochemical treatment performance [1]. During the cleaning processes, non-biodegradable
or even toxic compounds are used, which can be harmful to the environment. Hence, there is an important need
for environmentally friendly cleaning processes. Besides well-studied processes such as plasma nitriding [2],
nitrocarburizing [3], and plasma electrolytic oxidation [4], plasma technology has also been studied for cleaning
purposes and has shown great potential for development.

Some authors worked with oil removal from metal surfaces using plasma [5—8], and other authors [9, 10]
showed the importance of plasma cleaning in some industry fields, especially acronautics. The study of the deg-
radation kinetics of organic compounds has received attention given the complexity of reaction paths that can
be followed and their influence on the characteristics of the degraded material, either for its use [11] or removal
[7, 12—14]. The species in the plasma interact chemically and physically with the compounds on the surface
[15, 16], degrading them and forming volatile compounds that are removed from the vacuum system [10].

In order to understand the interaction mechanisms between plasma and organic compounds, the reaction
pathways for degradation are studied using plasma and molecular compounds with a simple and known chem-
ical structure [12]. Molecules widely used as models for surface contaminants are stearic acid and hexatriacon-
tane. Works carried out with these compounds [12—14, 17-22] evaluated the influence of the types of discharge
and process parameters such as gas composition, pressure, power, and frequency of the electrical source.

Results obtained by those works show the formation of new structures by functionalization or branching
of the carbon chains, describing the reaction pathways of etching and transformation. It should be noted that the
focus of those studies was the modification of the substrate materials. However, describing the type of volatile
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compounds formed during plasma cleaning and their amounts is very important in developing the process. The
macroscopic parameters of the discharge also need to be considered, as these directly influence the plasma
reactivity [23].

Thus, this work aims to evaluate how the pressure in an ICP radiofrequency plasma influences the deg-
radation process of stearic acid, determining the types and amounts of volatile compounds formed during the
process.

2. MATERIALS AND METHODS

Stearic acid (SA) is an organic compound with a linear chain of 18 carbon atoms and an acidic functional group
at one end (C  H, O,). This compound (Sigma-Aldrich®, 95% pure) was melted, poured, and solidified in a
pre-heated specimen holder made of PTFE. The specimen holder was pre-heated in order to slow down the
solidification rate, thus increasing the crystallinity of the specimens. The specimen holder is shown in Figure 1.
The samples were poured directly on the sample holder, with an exposition surface of 18 x 23 mm. The mass of
each specimen was measured with an analytical balance Shimadzu® model AUW220D (resolution of 0.01 mg)
before and after the plasma treatment to determine the mass loss.

The reactor shown in Figure 1 is composed of a borosilicate glass tube with an internal diameter of
34 mm and length of 650 mm. The tube is fixed by two brass supports connected to inlet and outlet gas valves,
a pressure regulator valve, and an Agilent Technologies® model IDP-15 Dry Scroll Vacuum Pump, which is
connected to the reactor outlet. Plasma is produced by means of a copper coil with nine turns connected to a
Tokyo Hi-Power® 13,56 MHz radiofrequency source. In order to protect the measuring devices, Faraday cages
were used to involve the flow meters and the reactor. The pressure was controlled using Pirani pressure gauges
and the valve located at the reactor outlet.

The temperature of the treatments was controlled with the aid of a cooling system containing water and
ice in equilibrium. This system comprises a thermal reservoir, a water pump, and a thermal insulator made of
acrylic lined with polystyrene, which involves the reactor glass tube. Temperature is monitored with a type K
thermocouple placed in a small hole in the specimen holder, just below the areca where the material was poured
and solidified. After treatments, the specimens were weighted. The temperature and mass loss graphs were plot-
ted with error bars referring to the combined uncertainties of the measuring instruments and material variability
with a 95% confidence interval. Four repetitions of treatments were conducted for each pressure value (0.2, 0.6
and 1.0 Torr). The fixed experimental conditions were Plasma Power (50W), Treatment Time (30 min), Gas
mixture (90% Ar + 10% Oxygen) and Gas flow (50 SCCM).

After plasma treatments, specimens were characterized employing Fourier-transform infrared spectros-
copy (FTIR) and X-ray diffraction (DRX). A Shimadzu® XDR-7000 X-Ray Diffractometer was used, with the
following parameters: Cu 11.16 target, current of 30 A, tension of 40 V, scanning rate of 1°/min, scanning ranges
from 5° to 60°, continuous scanning mode, and incidence angle of 3°. A Varian® 640 — FT-IR with ATR and
resolution of 4 cm™' was used for the FTIR analyses.
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Figure 1: Experimental device used to conduct the experiments. Detail: specimen holder.
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Plasma analyses were made through optical spectroscopy. A Horiba iHR550 Imaging Spectrometer with
a resolution of 0.55 nm was used for that purpose. Treatments with mass spectroscopy were also conducted with
a Residual Gas Analyser ACCU QUAD™ from Kurt J. Lesker Company.

3. RESULTS AND DISCUSSION

The visual aspect of the specimens treated with different pressures, as well as non-treated samples, is shown in
Figure 2. No changes in the visual aspect for specimens treated at 0.2 Torr were observed. For specimens treated
with pressures of 0.6 and 1.0 Torr, melted regions of the specimen surfaces can be observed, with larger melted
areas when stearic acid was treated with 1.0 Torr.

The average specimen temperature curves are shown in Figure 3. The temperatures are very close for
pressures of 0.6 and 1.0 Torr, while the temperature is lower in the treatments at 0.2 Torr. The heat generated
by collisions and exothermal reactions at pressures of 0.6 and 1.0 Torr was enough to partially melt the surface
of the specimens, which was not observed for treatments at 0.2 Torr pressure (Figure 3). It must be noted that
for all treatment conditions, the temperature did not reach 343 K, which is the melting temperature of stearic
acid, proving that the formation of the liquid phase is due to the degradation of the stearic acid, leading to the
formation of compounds with lower melting points [19, 20].

As can be observed from Figure 4, the increase in treatment pressure causes an increase on the inten-
sity of the peaks related to atomic oxygen species (777.16, 777.39, 777.51, and 884.53 nm) [24]. Such oxygen
species increase favors stearic acid’s degradation by removing hydrogen from the carbon chain and forming an
alkoxy radical [25, 26].

Molecular oxygen (excited or non-excited) present in the plasma also contributes to the degradation pro-
cess of stearic acid. Some authors proposed the following reaction pathway [18, 25, 26]: formation of a peroxide
radical, which reacts with another molecule of stearic acid to form a hydroperoxide, releasing an OH group with
subsequent B-split and formation of volatile compounds, as illustrated in Eq. 1.

R,00 - CH,(CH,),, COOH — R, OOH + OH" — R,0 +R, (1)

Not treated (SA) 0.2 Torr 0.6 Torr 1.0 Torr

Melted Region @

Figure 2: Visual aspect of the specimens, showing the sample region (dotted line) and melted region (solid line).
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Figure 3: Evolution of specimen’s temperature as a function of treatment time.
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Figure 4: Optical emission spectra of the discharge at different pressures.

For higher pressures, the amount of charged species - ions and electrons - is also higher, increasing the
heating of the specimens since those charged species collide with their surfaces releasing energy in the form of
heat [18]. In other hand, from 0.2 to 1.0 Torr there is an important grow in the density of oxygen active species,
which reaction with organic material is independent of electrical fields.

Considering the effects of charged and electrical neutral species, the amount of energy (physical and
chemical) delivered at the surface can cause the melting of the samples (Figure 3) and the formation of volatile
compounds, with subsequent degradation of stearic acid. Higher molecular and atomic oxygen concentrations,
together with higher densities of charged species available with the increasing treatment pressures, accelerate
the degradation process of stearic acid. As presented by BERNARDELLI et al. [18], there is a synergic effect
of charged and neutral species. Whereas charged species can hit the stearic acid with higher energy than the
neutrals, the superior number of chemically reactive (but electrically neutral) oxygen species collaborates to
etch the studied material.

This effect can be observed in Figure 2, where a higher amount of liquid phase is formed for the most
elevated working pressure. This also agrees with the temperature increase for higher pressures, as shown in
Figure 3.

Figure 5 shows the results regarding mass loss as a function of treatment pressure. Mass loss was observed
for all treatment conditions, and the higher mass variation occurred for specimens treated at 0.2 and 0.6 Torr.
Mass loss for samples treated at 0.6 Torr was higher (although very close) to those treated at 0.2 Torr, where the
specimens were not melting.

The presence of the liquid phase and its amount is crucial for the mass loss phenomenon. While the
material remains in the solid phase, reactions that lead to chain breakage and consequent formation of volatile
compounds are favored and increase the etching rate. In opposition, the active oxygen species can diffuse in the
liquid phase and react [27], leading to the ramification of carbon chains [12, 24, 28]. In this case, organic com-
pounds of higher molecular weight will be formed, and their removal becomes more difficult. As the pressure
increases, the concentrations of reacting species (charged or not) increases, changing the behavior of the treated
material. Under the studied conditions, the reaction seems to have reached a limit when increasing the pressure
to 0.6 Torr. At this pressure, partial sample melting was observed in some experiments but not for all repetitions.
Even with the etching of the solid portion, the higher volume of the liquid phase at 1.0 Torr favors the oxygen
absorption on the material, leading to lower mass loss.

Mass spectroscopy results regarding the volatile products formed as a result of stearic acid degradation
are shown in Figure 6. The partial pressure of the main reaction products was followed and plotted during the
treatment. In these results it is possible to evaluate the relative amount of volatile products formed when the
stearic acid is submitted to an Ar + 10% O, plasma.

From the mass spectroscopy data (Figure 6), it can be observed that the following volatile products are
formed as a result of the stearic acid degradation: m/z 28 (CO), 44 (CO,), 2 (H,), 18 (H,0), 14 (C), 34 (C,H,)
and 17 (CH,). H, H,0, CO, and CO, are the main compounds, while the amount of C, C,H, and CH, is lower.
The formation of such volatile products follows a similar pattern for all treatment conditions: a high formation
rate at the beginning of treatment, stabilizing until the end of the treatment (30 minutes), as seen in Figure 6.
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Figure 5: Mass loss as a function of treatment pressure.
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Figure 6: Main by-products from the plasma etching of stearic acid obtained by mass spectrometry. Treatments were carried
out at 0.2, 0.6, and 1.0 Torr.

The volatile products C,H, C, and CH, are generated by the fragmentation of stearic acid into shorter
chains through oxidative processes [20, 25, 29] or by etching caused by charged species (ions and electrons)
[14, 18].

One possible contribution to the formation of the species C,H,, C e CH, is the fragmentation of alkanes
of larger chains during the plasma treatment or by ionization in the mass spectrometer. H O is generated by
hydrogen atoms released from the carbon chain to form OH groups, which then react to other hydrogen atoms
forming H,O [29-32]. Hydrogen atoms are generated by the fragmentation of H,O during the plasma treatment
or by the degradation of stearic acid caused by charged particles (ions and electrons) [14, 17, 18].

CO and CO, can be formed from two sources: oxidized products from stearic acid cracked into CO and
CO,. These reactions may occur both at the surface and the bulk of the material [20, 24, 25]. Also, they can be
formed within the gaseous phase, where carbon chains resulting from stearic acid degradation could be oxidized.
Regarding CO,, it can also be generated due to CO cracking under plasma or in the mass spectrometer.

The CO/CO, ratio is greater than 1 for treatments at 0.2 Torr and lower than 1 for pressures of 0.6 and 1.0
Torr. The higher amount of CO, for pressures of 0.6 and 1.0 Torr must be related to the liquid phase formation
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(Figure 2), which occurs because of the more intense oxidation of the stearic acid. When the treatment is done
at 0.2 Torr, a lower amount of CO, is observed, and a fraction of it may be cracked, producing CO. As suggested
by BIANCHI et al. [33], CO can be also produced by fragmentation of CO, in plasma environment, increasing
the CO/CO, ratio.

The FTIR spectra are shown in Figures 7 and 8. The formation of ester groups was observed for partially
melted specimens during the plasma treatment. The appearance of these ester groups is related to the broaden-
ing and increasing intensity of the peaks located between 1750 and 1700 cm™' [34]. Both broadening and peak
intensity increased for increasing treatment pressures.

The formation of the ester group was possibly due to dimerization processes, where two stearic acid
chains bond to each other through the acidic function. This phenomenon is triggered by the reaction with the
plasma. Similar results were observed by Teixeira, et al. [35] in their work about stearic acid, oleanolic acid,
and mixtures of both. They observed the presence of in-phase and out-of-phase modes of C=0 dimers in the
crystalline structure of pure stearic acid at 1684 and 1708 cm™! bands.

In FARIAS et al. [13] stearic acid was treated in similar conditions. When the samples were treated
without a cooling system, the peak intensity at 1700 cm™' increased compared to those treated with the cooling
system and non-treated stearic acid. This behavior agrees with the changes associated with the visual aspect of
the specimens since melted regions could be observed. They concluded that the band broadening at 1700 cm™
is related to those melted regions, indicating that the dimerization process occurred with the increase in pressure
and the liquid phase formation.

In the region from 3200 to 2700 cm™, the baseline of the spectrum was raised for higher treatment pres-
sures. This region has a broad and intense peak characteristic of the formation of alcohol OH group [35]. No
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Figure 7: FTIR spectra of the specimens comparing untreated material and samples treated at different pressures.
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Figure 8: Region of the FTIR spectrum corresponding to the formation of esters.
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Figure 9: X-ray diffractograms comparing untreated material and samples treated at different pressures.

significant changes were observed for the remaining spectrum regions, indicating that the concentration of other
possible functional groups could be formed below the detection limits of the technique.

The comparison between FTIR and mass loss data shows that the formation of oxidized compounds was
higher (Figures 7 and 8), and the mass loss (Figure 5) was lower for specimens treated at 1.0 Torr pressure. This
result shows that the etching process was predominant despite the functionalization process having occurred.

The X-ray diffractograms of the stearic acid specimens as a function of the treatment pressure are shown
in Figure 9. The diffraction angles correspondent to interlamellar spacing equal to 13.3, 7.95, and 5.7 A follow
the 1/3, 1/5, and 1/7 relationship, respectively, and refer to a series of diffraction harmonic lines, representing a
family of characteristic planes [35], evidencing the presence of a monoclinic structure. The peak with d =13.3 A
refers to O-H bonds in carboxyl or alcohol groups [35, 36]. Such peaks of higher interlamellar spacing corre-
spond to the arrangement and thickness of the molecular layers of the stearic acid. The thickness of the layers is
related to the size and inclination of the carbon chains [35, 36].

Peaks of 4.1 and 3.7 A (Figure 9) are associated with the orthorhombic structure of stearic acid. Accord-
ing to the works of ENSIKAT et al. [36] and TEIXEIRA et al. [35] such peaks with small interplanar spacing
(h k 0) appear at high diffraction angles and are related to the lateral packing of hydrocarbon chains. It was
observed that the lateral packing of hydrocarbon chains did not change as a function of treatment pressure.

The low intensity of peaks of 7.95 and 5.7 A for treated specimens is characteristic of the lower long-
range order at a given direction [35]. The same behavior is observed at the 13.3 peaks. This peak also corre-
sponds to O-H bonding. At the moment is not possible to separate the influence of this effect and the long-range
order. The reduction in peak intensity is observed for samples treated at 0.6 and 1.0 Torr pressures. This decrease
in peak intensity shows that higher pressures favor breaking bonds between carboxyl groups.

BERNARDELLI ef al. [ 18] showed that, in post-discharge mode, the carboxyl group is not etched when
only chemically active species, excited or not, are present. However, the authors also showed that the acidic
function is etched when chemically active species coexist with charged species (ions and electrons). Hence, the
breaking of bonds of carboxyl groups must be associated with the bombardment by ions and electrons.

The rise of the baseline on the diffractograms (Figure 9) shows that the formation of an amorphous phase
was higher for the specimens treated at 0.6 Torr. It is unexpected when considering the more significant amount
of liquid phase on the treatments at 1.0 Torr. However, it can be explained as a result of a more intense modifi-
cation of the smallest liquid phase volume at 0.6 Torr. As oxygen-active species can diffuse through the liquid
phase [19], in 1.0 Torr experiments, the relation between oxygen/liquid material leads to a more diluted effect
of the modification. On the other hand, at 0.6 Torr, the small volume of the fused material is strongly modified,
resulting in higher amorphization.

4. CONCLUSIONS

Stearic acid was degraded when submitted to an Ar-O, plasma at the studied pressures. The higher the pressure,
the higher the liquid phase formation and reaction kinetics, resulting in higher functionalization and lower
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etching, as can be verified by the reduction in the mass loss results. The presence of liquid phase results in the
dimerization and amorphization of the structure. The dimerization phenomena lead to ester production because
of the reaction of plasma actives species with stearic acid. The main products formed due to stearic acid degra-
dation are CO, CO,, H,, and H,O, with the highest intensities for the condition of 0.2 Torr, precisely the one with
the highest mass loss. Therefore, the presence of a liquid phase is undesirable to the plasma cleaning process and
needs to be avoided through the macroscopic parameters of the discharge.
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