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 Atmospheric pressure plasma was used to treat polypropylene (PP) surfaces. Optical 
emission spectroscopy (OES) was used to determine the chemical species formed in the 
plasma as well as the electron temperature and density of the plasma. The flux of species 
(O and OH) produced during the plasma treatment interact with the polymer surface 
creating polar groups on the PP surface, which were evaluated by X-ray, Raman, and 
Attenuated total reflectance-Fourier transform infrared spectroscopy (ATR-FTIR) 
analyses. Moreover, the thermal properties of PP were investigated by thermogravimetric 
analysis (TGA) and differential scanning calorimetry (DSC) analysis. The plasma treatment 
increased the crystallite size and microhardness. This enhanced effect was produced from 
high concentrations of O and OH that induced functional polar groups containing C–O, 
C=O, and C=O–OH bonds appended to the PP surface. The polar groups produced by the 
air plasma can be attributed primarily to the oxygen radicals in the air plasma hitting the 
PP surface and to heat-induced oxidation rather than the incorporation of oxygen radicals 
or UV-induced oxidation from the plasma. The increase in hardness is attributed to the 
introduction of carbonyl and hydroxyl groups, cross-linking, annealing effects, and 
chemical etching. 
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1. Introduction  

Atmospheric pressure plasma discharge treatment has 
become important because of its relatively simple process, low 
cost, easy operation, and applicability to vacuum-incompatible 
materials and processes compared with the low-pressure plasma 
process [1]. Typically, two categories of plasmas exist based on 
their gas temperatures: thermal and nonthermal (cold) plasmas [2, 
3, 4]. In thermal plasmas, electron temperature is very close to 
those of heavy particles (both charged and neutral), and therefore, 
it cannot be used for the surface modification of heat-sensitive 
materials. However, nonthermal plasma electrons have a 
temperature that is 2–3 orders of magnitude higher than the 
temperature corresponding to the random motion of the 
background gas molecules. As a result of the very low heat 
capacity and density of electrons, plasma temperature is almost 
the same as room temperature. Subsequently, the ions remain 
rather cold, and a nonthermal plasma does not produce any 

thermal damage to the treated surfaces [2-4]. These characteristics 
are particularly advantageous for the treatment of heat-sensitive 
and fragile materials, such as polymers [5, 6].  

Surface modification can be applied either directly or 
indirectly. Direct surface modification methods are used to 
modify an inert surface with free radicals for specific applications, 
whereas indirect surface modification methods are based on 
polymer grafting [5, 6]. The efficiency of plasma treatment 
methods depends on surface type, the gas phase of the plasma, and 
treatment conditions such as discharge type, pressure, frequency, 
discharge voltage and current, and treatment time. To modify 
surface properties without any change in the bulk material, it is 
essential to use successful surface modification methods such as 
atmospheric pressure plasma [5, 6].  

Surface modification of polypropylene (PP) has been 
extensively studied to improve its properties, such as wettability 
(surface free energy), hydrophilicity, biocompatibility, and 
adhesion, using different atmospheric pressure plasma reactors [5, 
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7-11]. However, only two studies have shown PP hardness 
improvement: the first study [12] involved beta irradiation at 
several doses, showing substantial changes in PP structure and 
mechanical and micromechanical properties, and the second study 
[13] utilized atmospheric pressure plasma treatment by diffuse 
coplanar surface barrier discharge using ambient air as the 
working gas. They observed no significant changes in the 
mechanical properties of the films after plasma treatment. 
Therefore, the purpose of this study was to characterize and test 
the impact of the commercial plasma device on the PP surface. 
Therefore, optical emission spectroscopy (OES) was used to 
investigate chemical species that cause plasma surface 
modification, electron temperature (Te) and density (ne) were used 
to characterize the plasma, differential scanning calorimetry 
(DSC) was used to determine the melting points of materials, 
thermogravimetric analysis (TGA) was used to evaluate the 
degradation of materials subjected to plasma treatment, X-ray 
diffraction (XRD) was employed to analyze crystallite orientation 
and size, Raman spectroscopy and Attenuated total reflectance-
Fourier transform infrared (ATR-FTIR) spectroscopy were 
performed to investigate the conformations of polymer chains, 
and atomic force microscopy (AFM) with a micro-durometer was 
used to study the morphology of the surfaces and determine the 
microhardness of PP.   

2. Experimental 

2.1. Plasma Source 

A schematic illustration of the APC 500 plasma torch source 
(Diener Electronics, Germany) used for surface modification is 
shown in Figure 1. The plasma source [14] was operated at a 
voltage of 20 kV, discharge current of 25 mA, frequency of 40 
kHz, and gas pressure of 1500 torr. The plasma gliding discharge 
was generated by two electrodes. The discharge extended from 
the electrode region because of air flow, and the active plasma 
covered an area of ~10 cm2. The samples were placed in the most 
homogenous region, which was at the center of the gliding plasma. 
OES was used for optical characterization of the plasma. For OES 
measurements, an Ocean Optics spectrometer (model 
HR2000CG-UV-NIR) was used in the spectral range 200–
1100 nm, and the data were obtained with a step of 0.35 nm and 
an optical resolution of 1.0 nm (FWHM).  

 

Figure 1: Diagram of the radio frequency atmospheric plasma generator 

2.2. Materials 

A commercially available isotactic (Lyondell Basell) PP 
cylinder with a density of 0.91 grams per cubic centimeter (g cc−1) 
was cut into 1.5 × 1.5 × 0.5 cm3 pieces. One side of each PP 
sample was polished to achieve uniform roughness using silicon 
carbide sandpaper with a grain size of 1,500. The samples were 
then washed in an ultrasonic bath for 20 min. To remove the 
residual liquid, the samples were placed in an oven at 30 °C for 
30 min. 

2.3. X Ray analysis 

The XRD patterns of PP samples were recorded by a Rigaku 
D MAX-2000 diffractometer using Cu Kα (λ = 0.154 nm) 
radiation with 2θ in the range 10°–20° using a step size of 0.06° 
and step time of 10 s. The diffraction patterns of untreated and 
treated PP samples consisted of well-defined peaks. The high-
intensity peaks were chosen to estimate the crystalline size and 
lattice strain using Scherrer’s formula and Williamson–Hall (W–
H) model [15, 16]. 

2.4. Raman analysis 

Raman spectra were obtained using a SENTERRA II 
spectrometer (Bruker). The characteristic peaks of the crystalline 
and amorphous phases in the spectra of treated and untreated PP 
samples were then evaluated. The Raman spectrometer was 
equipped with a 785-nm laser and was operated at a power of 100 
mW. The integration time was 1,000 ms. 

2.5. DSC and TGA 

DSC and TGA were performed to analyze the thermal 
properties of the samples, which were placed in aluminum 
specimen holders. To correct for their thermal histories, the 
treated PP samples were heated from 10 °C to 250 °C at a rate of 
10 °C/min in a nitrogen atmosphere. 

2.6. ATR FTIR analysis 

The chemical compositions of the PP surfaces were analyzed 
before and after plasma treatment using a Spectrum 400 ATR-
FTIR spectrometer (PerkinElmer). The vibrational modes 
appearing in the ATR-FTIR spectra were consistent with those 
reported in the literature [17-20]. 

2.7. Roughness 

A NX10 atomic force microscope (Park) was used to 
quantitatively analyze the surface roughness of the PP samples 
due to plasma treatment [21-23]. 

2.8. Microhardness 

A micro-durometer (Matsuzawa) was used to measure PP 
microhardness under a 300 g load. The penetration time was set 
to 20 s, and five indentations were made on each PP surface to 
obtain an average value [12, 24]. 

3. Results and analysis 
3.1. Plasma characterization 

The efficiency of plasma treatment depends on the surface 
type and treatment conditions. Therefore, the plasma discharge 
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was produced by applying a voltage (V) of 10 kV, and the 
electrodes were separated by a distance (d) of 2 cm. The resulting 
electric field strength (E) was equal to V/d. E was calculated to be 
5.0 × 103 V cm−1, and E/P was equal to 6.58 V cm−1 torr−1.  

The electron drift velocity (vd) and E/N, where N is the 
number density, were obtained from the literature [25], 
considering the experimental conditions used. We obtained a vd of 
3.2 × 106 cm s−1 and E/N of 0.19 Td (1 Td = 10−17V cm2). Thus, N 
is 2.63 × 1019 cm−3. 

The electron density (ne) was estimated from the measured 
current density (J) [26]: 

𝑛𝑛𝑒𝑒 = 𝐽𝐽
𝑒𝑒𝑣𝑣𝑑𝑑

 .                     (1) 

The electron density was found to be (1.95 ± 0.24) × 1012 
cm−3, and the order of magnitude was consistent with reported 
values [27, 28]. The electron density, ne, was assumed to be equal 
to the ion density ni in the plasma bulk [29]. 

3.2. Optical emission spectroscopy (OES) 

OES was performed to characterize the plasma discharge. 
The OES spectrum obtained from the discharge is shown in Figure 
2. It is well known that atomic and molecular transitions emit 
photons with specific wavelengths and energies that correspond 
to the difference between the upper and lower energy levels 
involved in the transitions. The OH(A2Σ+ – X2Πi) molecular 
emission near 309 nm indicated that the plasma was not in 
equilibrium because of strong transitions and trace amounts of 
water vapor in the air. It is often difficult to prevent water from 
affecting the plasma. The peak at 337 nm was due to a C3Πu → 
B3Πg transition in N2 and was the most intense peak in the region 
of 330–530 nm. Moreover, the first negative system, N2

+ (B2Σu
+ 

→ X2Σg
+) generating a 0–0 band between 388.5 and 391.5 nm was 

observed together with two low-intensity peaks at 777.19 and 
844.71 nm, which were attributed to O (5S0 − 5P) and O (3S0 − 3P) 
transitions, respectively.  
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Figure 2: Optical emission spectroscopy (OES) spectrum. 

 

OES is often used to determine the energy of electrons in the 
gas phase [30-33]. Thus, it can be applied to plasmas that are not 
in equilibrium at atmospheric pressure, which is often the case 
during the analysis of complex mixtures. The optical 
characterization of the discharge was based on the ratios of the O 
atomic line intensities in the emission spectrum. The electron 
energy was found to be (0.36 ± 0.04) eV, which was consistent 
with the results of previous atmospheric plasma studies [34-36]. 
The electron temperature (Te) can be several orders of magnitude 
higher than the temperature of the ions (Ti) or the neutral gas (Tg). 
Therefore, the heavy particles stay close to ambient temperature 
(270C) [29, 37, 38]. 

The species observed  by (OES) in the plasma are formed due 
to electrons are accelerated by the electric field and can induce 
electron impact excitation, ionization and dissociation of the 
primary gas phase (humid-air containing 79% N2/20% O2/ 1%) 
reactions, these are: 

 
e +N2 → N2

* + e,                                               (2) 
e +O2 → O2

* + e,                                               (3) 
e +N2 → N2

+ + e + e,                                         (4) 
e +O2 → O2

+ + e + e,                                         (5) 
e +N2 → N + N + e,                                           (6) 

 
The formation in OH• radicals and H species during the 

plasma treatment may be attributed to the 
fragmentation/decomposition of H2O molecules: 

 
e + H2O →  H + OH + e                                    (7) 

 
or 
 

e + O2 → 2O + e                                                 (8) 
O + H2O → OH + OH                                        (9) 

  
whereas the formation of atomic oxygen may be due to the 
dissociation of oxygen molecules by reaction (8). 

3.3. X-Ray Diffraction analysis 

The XRD patterns of the treated and untreated PP samples are 
shown in Figure 3. The peak characteristics of the α phase were 
observed at (2θ) 14.02° (110), 16.8° (040), and 18.44° (130), and 
between 20.800 and 22.400 for (111), (131), and (041). The same 
peaks appeared in the patterns of the treated PP samples, 
indicating that the plasma had no effect on the crystalline structure 
of PP. However, the peak intensity of the untreated sample at 16.8° 
differs from those of the treated samples. 

The XRD patterns were used to calculate the crystallite size 
and orientation of planes in each sample. 

The size of crystallites (D) in each PP sample based on the 
(110) and (040) planes was calculated using the Scherrer equation 
[16]: 

𝐷𝐷 = 0.9𝜆𝜆
𝛽𝛽 cos 𝜃𝜃

,     (10) 

where λ is the wavelength, β is the full width at half maximum 
(FWHM), and θ is the maximum angle of dispersion. 
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The crystallite size (D) was compared with the values 
obtained from the Williamson-Hall (W–H) model, where the total 
peak broadening is represented by the sum of the contributions 
from crystallite size (D) and strain (ε) in the material. Assuming 
that the strain present in the material is uniform and considering 
the isotropic nature of the crystal, the W–H equation [15, 16] is 
given by 

𝛽𝛽 cos(𝜃𝜃) = 0.9𝜆𝜆
𝐷𝐷

+ 4𝜀𝜀 sin(𝜃𝜃).                                                (11) 

The estimated values of the strain and crystallite size are 
given in Table 1.  
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Figure 3: XRD patterns of PP samples subjected to plasma treatment for various 
periods. 

Table 1: Geometric parameters for PP as a function of treatment duration. 

Treatment 
duration 

Scherrer´method Willianson-Hall method 

min D (nm) D (nm) ε (10−7) 
0 11.7 10.7 4.4 
2 10.5 8.0 9.9 
5 12.4 10.5 5.6 
8 12.9 11.9 3.4 

10 12.5 11.8 2.8 

We observed that increasing the treatment duration increases 
the crystal size, except for 2 min of treatment, which may be due 
to the rearrangement of the orientation parameters of the crystal 
planes due to the introduction of polar groups on the PP surface 
by the plasma treatment. In addition, the strain at 2 min of plasma 
treatment increases almost 100% and then decreases as the 
treatment duration increases. That behavior may be attributed to 
dislocations that increase the volume of grain boundaries 
(increase in the crystal size) due to the plasma treatment and 
incorporation of the polar groups on the surface of PP. 

To evaluate the orientation parameters of the (040) crystal 
plane, A110 (040), and (110) crystal plane, C040 (110), we used 
Zipper’s equation, which takes into account the intensities of the 
peaks observed [39-41]: 

𝐴𝐴110(040) = 𝐼𝐼110
𝐼𝐼110+𝐼𝐼111+𝐼𝐼131+041

,                  (12) 

𝐶𝐶040(110) = 𝐼𝐼040
𝐼𝐼110+𝐼𝐼040+𝐼𝐼130

 ,   (13) 

where I110, I111, I104, I040, I130, and I131+041 correspond to the peak 
intensity of the respective crystal plane.  

Figure 4a shows the orientation indices of A110 (040) and C040 
(110) crystal planes as a function of treatment duration. The 
orientation indices appear to increase as the duration of plasma 
treatment increases due to the surface functionalization by the 
plasma treatment. Changes in crystallite sizes in the (110) and 
(040) planes during plasma treatment are illustrated in Figure 4b. 
Crystallites of the samples became smaller during the first 2 min 
of treatment. The crystallite size increased as the duration of 
plasma treatment increased. It can be explained because the 
plasma treatment acts as a nucleating agent on the PP surface, 
which promotes the formation of perfect crystals [12, 39-41]. 
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Figure 4: Crystallographic parameters of the treated PP samples. 4.a) Orientation 
indices of the crystal planes and 4.b) crystallite size. 

3.4. Raman analysis 

Raman spectra from 809 to 841 cm−1 are shown in Figure 5. 
The peak attributable to the crystalline phases in the PP samples 
was observed near 809 cm−1, and the peak near 841 cm−1 was 
ascribed to the phases that contained helical chains with isomeric 
defects [17, 25, 42, 43]. 

The intensities of the observed peaks (I809 and I841) were used 
to evaluate dispersion changes that were not related to 
crystallinity. The sum of the intensities (I̅ = I809 + I841) was 

http://www.astesj.com/


O. Xosocotla et al. / Advances in Science, Technology and Engineering Systems Journal Vol. 5, No. 6, 1250-1257 (2020) 

www.astesj.com     1254 

independent of crystallinity within the range of measurement. The 
crystallinity of the treated PP samples was estimated using 
equations 14 and 15. The proportions of phases with defects and 
crystalline are denoted by xb and xc, respectively [40, 41]: 

𝑥𝑥𝑏𝑏 =  𝐼𝐼841
𝐼𝐼̅

,     (14) 

𝑥𝑥𝑐𝑐 =  𝐼𝐼808
𝐼𝐼̅

.     (15) 

Variations in the proportions of phases with defects (xb) and 
crystalline phases (xc) in the samples are shown in Figure 6. 
Plasma treatment for 10 min increased the crystallinity of the PP 
samples, although the xc values of samples treated for 2, 5, or 8 
min slightly decreased. Variations in the proportions of phases 
with defects indicated that phase defects were associated with 
crystallinity. Regular chains in the samples subjected to plasma 
treatment for the greatest amounts of time reorganized to generate 
helices and local order. The amorphous phases contained irregular 
atactic chains that could not be reorganized into helices because 
of the random orientations of their side groups. Those changes are 
correlated with the increase in crystallite size and orientation 
parameters due to the plasma treatment and the functionalization 
of the PP surface [12, 21, 22, 25, 39-43].  
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Figure 5: Raman spectra as a function of treatment duration. 
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Figure 6: % crystallinity as a function of treated time. 

3.5. DSC and TGA analysis 

Changes in the thermal properties of the treated PP samples 
were Changes in the thermal properties of the treated PP samples 
were analyzed via DSC and TGA. Degradation is shown as a 
function of temperature in Figure 7. Plasma treatment did not 
affect mass loss under a nitrogen atmosphere because the 
percentages of mass lost by the untreated and treated samples did 
not differ. The first derivative of each mass loss curve indicated 
the largest change in mass. The highest rates of change in the 
weight loss curves of PP samples treated for 2 or 5 min occurred 
at 404 °C. In the weight loss curves of the untreated samples and 
samples treated for 8 or 10 min, the highest rates of change were 
observed at 416 °C (Figure 8). 

Structural and compositional transformations in a polymer 
due to plasma treatment can be analyzed by evaluating the 
changes in its properties at different temperatures [39]. The DSC 
thermograms of the treated and untreated samples are shown in 
Figure 9. The untreated sample and samples treated for 8 or 10 
min melted at 165 °C, whereas the samples treated for 2 or 5 min 
melted at 167 °C. Therefore, the melting points of the treated and 
untreated samples did not differ significantly [24]. 
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Figure 7: TGA thermograms of the treated and untreated PP samples, the 

curves have been shifted vertically for better comparison. 
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Figure 8: Weight loss curves of the treated and untreated PP samples, the 

curves have been shifted vertically for better comparison. 
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Figure 9: DSC thermograms of the treated and untreated PP samples, the curves 

have been shifted vertically for better comparison. 

3.6. ATR-FTIR analysis 

The FTIR spectra of the untreated and treated PP samples are 
shown in Figure 10. Chemical differences in the surface properties 
of the plasma-treated PP samples can be observed in Figure 10, 
indicating changes in their surface chemical compositions. The 
spectra confirmed the introduction of polar groups into all treated 
samples. Vibrational bands attributed to carbonyl (C=O) groups 
appeared from 1,500 to 1,700 cm−1 [18-21]. Moreover, the 
carbonyl (C=O) band was observed at 1,720 cm−1 in the spectra 
of the samples treated for 5 and 10 min but did not appear in the 
spectra of samples treated for 2 or 8 min. It means that the C 
content decreases, and the O content increases on the surface 
because of the plasma treatment. Additionally, the peak around 
3400 cm−1 corresponding to the hydroxyl (–OH) group was 
produced by the plasma treatment. The relative intensities of all 
absorption peaks observed by FTIR were enhanced, indicating the 
increases in the carbonyl and hydroxyl groups on the surface [44]. 
In the present treatment, large amounts of O and OH polar groups 
were appended to the surface of PP because of the plasma 
treatment, improving the crystallinity and microhardness of PP.   
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Figure 10: ATR-FTIR spectra as a function of treatment duration. 

3.7. Roughness 

The AFM images of the untreated and treated samples at 5 
min are shown in Figures 11 and 12, respectively. The 
morphologies of the samples treated by plasmas were smoother 
than those of the untreated sample. Those figures were used to 
study the changes in the morphology of the PP samples, and the 
RMS roughness found for the untreated sample was 0.554 ± 0.064 
pm, whereas for the samples treated at 2, 5, 8, and 10 min, the 
surface roughness values were 0.153 ± 0.031, 0.136 ± 0.013, 
0.111 ± 0.024, and 0.090 ± 0.008 pm, respectively. The sample 
treated at 8 min shows the lowest value of RMS roughness. Those 
morphological variations may be due to the removal of the top 
few monolayers of the PP samples produced by the bombardment 
of plasma particles on the PP surface [13, 18], reducing the 
surface roughness and improving the microhardness of PP. 
Although their surfaces were smoothed, the ATR-FTIR spectra of 
the treated samples indicated that the introduction of polar groups 
was possible [13, 18-20, 22] 

3.8. Microhardness 

The microhardness values of the treated and untreated PP 
samples are plotted in Figure 13. The hardness values of the 
treated samples were higher than those of the untreated sample, 
and the hardness of the sample treated for 10 min increased by 
nearly 56%. An increase in hardness is attributed to annealing 
effects and chemical etching produced by the plasma treatment 
[45]. Also, the hardness increase may be related to either the 
hardening of interlamellar regions due to the polar group 
penetration or the hardening of the crystals themselves caused by 
the surface attachment of polar groups, as observed by Raman and 
ATR-FTIR. Plausible changes on the PP surface caused by the 
plasma treatment include cross-linking and oxidation. Cross-
linking is due to the formation of tertiary carbon radicals. Tertiary 
hydrogen abstraction generates carbon radicals, which react with 
radicals in the nearest molecular chain. Oxidation primarily 
affects secondary carbon atoms. The introduction of oxygen-
bearing groups, including –C–OH, –CO–OH, and –C=O moieties, 
occurs when the bonds between hydrogen and secondary carbon 
atoms on the PP surface are broken during the plasma treatment 
[13, 22-23]. 

 

Figure 11 Roughness profiles of the untreated PP sample. 
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Figure 12: Roughness profiles of PP treated for 5 min. 
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Figure 13: Microhardness values of the samples before and after plasma 

treatment 

4. Conclusions 

A commercial plasma device was used for the surface 
modification of PP. Using OES, we determined the chemical 
species formed in the plasma. High concentrations of OH and O 
radicals were observed in the plasma, and they led to the 
formation of functional polar groups, C–O, C=O, and C–O–OH 
bonds, on the PP surface. The plasma treatment increased the 
crystallinity size and microhardness. This enhanced effect is 
attributed to the formation of polar groups produced by the air 
plasma due to the oxygen radicals in the air plasma hitting the PP 
surface. The formation of polar groups in the PP surface was 
corroborated by Raman and ATR-FTIR spectroscopies. DSC and 
TGA indicated that plasma treatment had no effect on the thermal 
properties of PP. AFM analysis showed that plasma treatment for 
extended periods reduced the surface roughness of PP. Finally, 
the increase in PP hardness is attributed to the introduction of 
carbonyl and hydroxyl groups by the plasma treatment, cross-
linking, annealing effects, and chemical etching produced by the 
plasma treatment.  
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