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ABSTRACT
Surface treatments such as heat treatments, paints, plasma treatments and galvanizing are important in metal 
working industry. In those treatments, the required adhesion characteristics can be limited if contaminants are 
present, so there is a need to clean these surfaces. Conventional processes can be costly, some generated waste 
may be environmentally hazardous and, in some cases, due to part geometry, they are not effective. Alternatively, 
plasma treatments which are considered to be environmentally clean, more efficient and with lower operating 
costs can overcome those difficulties. Due to the reactional complexity of these treatments, there are many fields 
to be researched, such as which reactions are due to impacts of (neutral) chemical species and which are due 
to excited species and radiation. The present work aims to verify the interactions between Ar-10%O2 plasma 
using amino acid L-proline in an inductively coupled radiofrequency plasma. This study showed that oxidative 
plasma promotes high degradation of the sample. A gas analyzer (quadrupole mass spectrometer) coupled to 
the gas outlet was used and many gaseous products are detected during treatment, such: H2, H2O, CO, NO 
(Nitric Oxide) and CO2 while L-proline undergoes intense degradation. The conclusions allow to state that the 
interaction between the Ar/O2 plasma and L-proline promotes intense degradation through the breakdown of the 
heterocyclic ring of the molecule.
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1. INTRODUTION
Surface treatments such as nitriding, DLC (Diamond Like Carbon), carburizing, painting, galvanization, are 
important part in the metalworking industry. However, these treatments will not provide necessary characteristics 
if there are contaminants present on the surfaces, being necessary previous cleaning prior treatments. Conventional 
cleaning processes can become costly, generate environmentally hazardous waste and, in some cases, due to part 
geometry, may not be effective [1].

As an alternative technique, there is the plasma cleaning technology, which has been the object of study 
of several works [2–7] and shown to be an efficient technique in degradation of compounds with different 
organic functions. Plasma cleaning technologies are already being used in the cleaning of inputs in the semi
conductor sectors [8], food industry [9], medical [10, 11], sputtering printed circuit boards [12], surface 
modification [13–16] and nitriding [17, 18]. However, due to the complexity of the plasma environment, it is 
necessary to obtain more information about the influence of the different species on the degradation of organic 
functions [19]. In addition, it is also important to study the structural changes of the treated material generated 
by the physical parameters of the discharge, both in organic [20–22] and in metallic materials [23].

Aiming for a better understanding on the degradation mechanisms of organic functions by plasma, 
different compounds were studied: Hexatriacontane (C36H74), which has only C-C and C-H bonds in its  
structure [6]; stearic acid (C18H36O2) which has an acidic function (Carboxyl) [4] and bi-phenil (C12H10) which 
has an aromatic ring [24]. In these works, argon (Ar) and argon-oxygen (Ar-O2) plasma were used to study the 
degradation, functionalization and branching.

From presented works above, the great majority shows the interaction of organic chains with the 
plasmas-generated species, however there are few studies that show the behavior of non-aromatic cyclic chains. 
Some studies show the degradation of amino acids, which have non-aromatic cyclic chains, in thermal media [25] 
and in nitrogen atmosphere [26, 27].
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ABDOUL-CARIME and SULZER [28, 29] analyzed the thermal degradation products of the L-proline 
using a furnace to vaporize it and later their vapors were bombarded by low energy electrons (less than 12 eV). 
The products of degradation were analyzed by mass spectrometry and the main product of the degradation of 
L-Proline was the anion Pro dehydrogenated (Pro-H)–. In addition to other degradation products of the ring 
(glycil-il (HCO2

–), O–, CN–). They concluded that the degradation of the proline ring occurred by the process of 
dissociation by electron incorporation or dissociative electron attachment (DEA).

Other amino acids have been degraded, such as valine [30, 31], adenine nucleotide, degradation of  
DNA [32], DNA strand breaks [33] and tryptophan [34]. They concluded that the most probable process by 
which the biomolecules are degraded occurs by the presence of free electrons with energies below the ionization 
threshold, which can generate the breakage of bonds by means of the formation and decay of temporary anionic 
states by means of the dissociation process with electron annexation (DEA).

In NOMINÉ’S work and co-workers [6], authors treated L-proline and glycine samples in an Ar/O2 
plasma (10% V), generated by microwave. The authors verified that the proline engraving process occurs in 
multiple steps, probably initiating the reaction with oxygen [O (3P)] and subsequent disruption of the non- 
aromatic ring.

Despite the experimental evidence showing the efficiency of plasma in the degradation of L-proline, 
it is necessary to know more about the interaction mechanism of aromatic rings or cyclic chains with species 
produced in the plasmatic environment. In this work, investigations were carried out on the degradation products 
of L-proline by an inductively coupled plasma reactor, with Ar-10%O2 gas mixture and using a Residual Gas 
Analyzer (RGA).

2. MATERIALS AND METHODS
Samples were prepared by compressing 120 mg of L-proline (Sigma-Aldrich ≥ 99%-HPLC standard) at a pressure 
of 14 kPa into a 16 mm diameter stainless steel matrix, using a mechanical press, obtaining a homogeneous  
surface and thus promoting a more uniform treatment. The treatments were performed with the samples 
conditioned in a PTFE sample holder (Figure 1) to be treated by plasma.

Figure 1 presents the plasma reactor, which has a RF source of the Tokyo Hi-Power RF-300 model, 
which uses a frequency of 13.56 MHz, and can provide up to 300 W of power. The coupling of the system was 
carried out by means of a coupling box (MB) of the same manufacturer, model MB-300, adapted with the use 

Figure 1: Experimental setup.
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of extra capacitors to provide a better inducible coupling. Gas mixture was controlled by means of an Edwards 
825MFC flow meter for controlling the flow of argon (500 sccm model) and O2 (100 sccm model).

A residual gas analyzer (Kurt J. Lesker – ACCUQUAD) was coupled to plasma reactor, as is visible 
in Figure 1. To collect the residual gas, a capillary tube glass connects the reactor to the gas analyzer, and is 
positioned 20 mm from the sample during the analysis. The gas is collected from plasma reactor due pressure 
difference between reactor (1 Torr) and RGA (~8,4*10–4 Torr) interior.

Table 1 shows the experimental conditions. All treatments were initiated by introducing the sample into 
the quartz tube at position 2 (Figure 1) and vacuuming it to a 10–1 Torr pressure inside the plasma reactor. With 
the gas flow, the system was maintained operating at 1 Torr inside plasma reactor and at 8,5*10–4 Torr on the 
mass spectrometer. This condition was maintained for three hours to remove residual gases (Nitrogen (for the 
Air/O2 mixture), water vapor, carbon monoxide and carbon dioxide) from within the reactor. Monitoring was 
done using the mass spectrometer, with the plasma switched off.

After stabilization period of residual gases, mass spectrometry was started and the background was 
obtained. While this condition was kept, sample was covered by a glass slide, to prevent reactive species that 
arrive in this position to promote surface reactivity prior to treatment. In this condition, RGA analyzes only 
shows residual gases not related to L-Proline treatment.

After background data collecting, the sample was moved to position 1 (Figure 1) and the glass slide 
was removed from the sample surface with aid of magnets and the analyzes started. All mass spectrometry 
measurements were obtained with electron energy at 70 eV, pressure of 8,4 × 10–4 Torr, and scan rate of 20 points 
per a.m.u.. There were 7 scans for each experimental condition.

3. RESULTS AND DISCUSSION
The Figure 2 shows surface images of samples before (untreated) and after plasma treatment with different 
applied powers (AP). Using 100 W of AP, degradation of the sample is minimal in comparison with other 
conditions, darker regions indicate oxidation and degradation of L-proline. With 200 W of AP the entire  
sample is degraded, leaving only little residues of the degradation on sample holder at the end of the treatment. 
A similar behavior was observed in plasma treatment of hexatriacontane, where more etch-resistant compounds 
were created at higher temperatures [35]. BERNARDELLI et al. [36] also observed sample holder contamination 
when stearic acid was exposed to a plasma environment.

The higher degradation of the samples with the increase of the power is related to the greater density of 
the species chemically active in the plasma, ions and electrons. The temperature of the sample is another factor 
that should contribute significantly to a greater degradation with power increase [2, 5, 21, 22, 37]. Because of 
that, in the present work, a water circulation system was used to keep the temperature constant at about 0°C.

Figure 3 shows the mass spectra of residual gas formed during the treatment of plasma L-proline samples. 
The power increase from 100 to 150 W favored the increase of H2, Ar2+(20), O2, Ar (36), Ar e CO2, while partial 
pressure of the other compounds was minimally changed. With 200 W of AP, with the exception of O2, there 
was an increase in the partial pressure of all the compounds. Formation of CxHx compounds was not observed 
at the powers of 100 W and 150 W. These results show that L-proline is being degraded in products of lower 
molecular mass.

Previous works that used Ar/O2 mixture under different conditions (such as pressure, temperature and 
source power) [2, 5, 6, 35, 38] analyzed the residual products directly in the sample (after treatment) and evidenced 
the formation of products with lower molecular mass than that of L-proline [6]. This result corroborates with 
Figure 3, where the formation of volatile products of lower molar mass occurs from fragmentation of L-proline.

The presence of CO2 and CO peaks (Figure 3) shows that under all conditions the reactive plasma species 
(O and O2) are promoting the carbonylation of L-proline structure. The disruption of the L-proline ring can 
be evidenced by the presence of NO (30 a.m.u.) and C2Hx/C3Hx peaks since molecule configuration, with the 

Table 1: Experimental conditions.

REACTOR 
PRESSURE 

(TORR)

RGA PRESSURE 
(TORR)

GAS GAS FLOW 
(SCCM)

TIME (MIN) APPLIED 
POWER (W)

10–1 8,5*10–4 Ar/(10%)O2 300
90 100
40 150
20 200
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intensity increasing as a function of the increase in applied potency. NOMINÉ [7] also showed the disruption of 
the non-aromatic L-proline ring, with no branching of the carbon chains after analyzing the residual products of 
degradation in a post-discharge microwave plasma.,

The peak at (30 a.m.u.) could also be related to formation of formaldehyde (H2CO), however this 
possibility was excluded since there should be a peak at (29 a.m.u.) whose intensity would be close to twice the 
intensity of the peak at (30 a.m.u.) (based on RGA library). As can be seen from Figure 3, the peak that appears 
in this position (29 a.m.u), has approximately 3/4 of the peak intensity at (30 a.m.u.).

Another result in Figure 3, which shows the disruption of the non-aromatic ring of L-proline, is the 
peaks referring to the compounds CnHx, since these are present only in the non-aromatic ring. The presence of 
these compounds is more evident in the applied power of 200 W, since in this condition there is a higher rate 
of degradation. This result is corroborated by the shorter time required for degradation in the applied power of 
200 W (Figure 2).

Figure 3: Mass spectrum of the volatile degradation products generated during the treatment of plasma samples as a function 
of the power used. Spectra obtained in the first 10 minutes of treatment.

Figure 2: Samples untreated and after plasma treatment at different AP.
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According to some works [4, 6, 33], degradation of organic molecules occurs through chemical reactions 
with species generated in the plasma like singlet oxygen, reactive oxygen atoms and even ozone molecules. 
Oxygen molecules are also responsible for the degradation of amino acid molecules in aqueous environment. 
Most reactive species are produced by several mechanisms [39, 40].

L-proline degradation products were monitored during treatment (Figure 4). It is observed that the 
increase of power correspondingly provided an increase in the intensity of the analyzed species. At 200 W of 
AP, once the plasma is started there is also has an intense process of degradation, which for the power of 150 W 
such process begins only at approximately 1100 seconds after the beginning of the plasma. With 100 W of AP, 
the production of residual species was lower and the variations that occur after 33 min (2000 s) are due to the 
correction of the radio frequency coupling, not evidencing modifications in the generation of compounds from 
the treatment.

At the power of 100 W (Figure 4) it is observed that there is a higher formation of carbon dioxide, 
carbon monoxide and nitrous oxide at the beginning of the treatment and after it decreases probably due to the 
formation of oxidative resistance compounds on sample surface. In this condition the partial pressure of ethane 
and hydrogen does not change throughout the experiment. There is a slight increase in the partial pressure of 
the Carbon, and as the time elapses the partial pressure of the water decreases until practically the same level of 
before the treatment.

For the power of 150 W (Figure 4), except for carbon, there is an increase in the partial pressures of all 
the compounds analyzed. Initially the partial pressure rises up to 4 min (240 s), reaches a plateau and remains 
in that plateau until 18 min (1100 s). After 18 minutes, the partial pressure increases rapidly and reaches a new 
level up to 28 min (1700 s), and then decreases until reaching the first landing condition. It is also observed that 
at the beginning of the second step an inversion of the partial pressures of CO and CO2 occurs.

Correlating the results presented in Figure 4 with the results presented in Figure 3 both for the 150 W  
condition, it is observed that even reaching the third plateau, that is, a drop in the partial pressure of the 
compounds (1000 s), the sample has not been totally degraded as it happens at 200 W. This result indicates that 
on sample surface more oxidative resistant compounds were formed.

Figure 4: Time-related mass spectra for applied power.
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For the power of 200 W the behavior is very similar to the one observed in the power of 150 W, with the 
difference that in this condition the first level is not evident. A slight level can be verified for CO2, but it does 
not occur for other gases and the time elapsed between the beginning and the end of this level is lower (14 min). 
There is also a higher partial pressure of the same molecules studied.

In a highly oxidizing environment such as the Ar/O2 plasma the CO/CO2 partial pressure should be lower 
than that observed in Figure 4, since the appearance of CO is characteristic of a low oxidative environment. It 
is hypothesized that part of the CO2 produced can be degraded in CO by the plasma, obtaining a greater partial 
pressure of CO.

4. CONCLUSIONS
As the objective of this work is to evaluate the effect of applied power on the degradation of L-proline, we 
can conclude: The mixture of Ar-O2 (90–10%) is very reactive, producing the degradation of L-proline and 
the higher the applied power is, the greater is the degradation; The degradation of L-proline was initiated by 
the disruption of the non-aromatic ring by means of oxidative processes, forming H2, C, NO, CO, H2O, CO2 
and gaseous compounds of lower molecular weight such as CnHx and probably H2CO (formaldehyde); Applied 
powers of 100 and 150 W formed products more resistant to degradation by plasma; The higher partial pressure 
of CO to CO2 should be better studied, since in extremely oxidizing environment the partial pressure of CO2 
should be higher than the partial pressure of CO.
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