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Abstract

:

Surface fluorination with pure F2 gas can easily make the surface on PP (polypropylene) hydrophobic, and it causes limited dyeability, as reported in a previous paper. In this study, to produce a more hydrophilic surface, surface fluorination of PP was performed at 25 °C, total gas pressure of 13.3 kPa, and reaction time of 1 h using F2 and O2 mixtures with different proportions of F2 gas. The surface roughness of the fluorinated PP samples was about 1.5 times higher than that of the untreated sample (5 nm). Fourier-transform infrared spectroscopy and X-ray photoelectron spectroscopy (XPS) results showed that the PP-derived bonds (-C-C- and -CHx) decreased because they were converted into polar groups (-C–O, -CHF-, and -CFx), which increased the surface electronegativity of the PP. The variation in the F2 gas proportion in the gas mixture significantly affected the hydrophilicity and surface composition of the PP. At F2 gas proportions of <70%, the hydrophilicity of the fluorinated PP samples was increased. Notably, the hydrophilic and negatively charged PP surface enhanced the dyeing of the polymer with basic methylene blue (MB). In contrast, at F2 gas proportions of >90%, the PP surface became hydrophobic owing to increased numbers of hydrophobic -CF3 bonds. Thus, enhanced PP dyeing can be controlled based on the composition of the F2 and O2 gas mixture.
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1. Introduction


Polypropylene (PP) is one of the important olefin polymers, and it has become of great commercial importance because it is inexpensive and it has many attractive physical and chemical properties [1,2]. PP, which is a saturated hydrocarbon, has good abrasion resistance, good chemical resistance, and good antistatic properties. Despite these attractive properties, the dyeing of PP in water is almost impossible [3]. This is due to its high crystallinity and non-polar aliphatic structure, meaning that it does not possess reactive sites [4]. However, the main challenge is the absence of sites for hydrogen bonding or electrostatic attractions. To color PP, a pigment is generally added to the molten polymer before the spinning process [5]. Spin coloration of PP has been extensively used. However, this method has drawbacks such as pigment agglomeration [6] and the degradation, at high temperatures, of the thermally labile dyes used during resin molding. Without pigment addition, PP coloration has been investigated by staining with various dyes. Successful PP coloration depends on the surface modification of the PP. For example, hydrophilic modifications, metal plating, and other coating methods are beneficial for dyeing [7,8,9,10]. Surface modification by physical treatments (such as plasma [11], ozone [12], ultraviolet (UV) light [13], and corona discharge [14]) and by wet chemical treatments [15] and ion irradiation [16] all help to hydrophilize and roughen the PP. However, these treatments are high-cost and unsuitable for complex geometries. Compared with these conventional chemical and physical methods, direct fluorination is a gas-phase chemical reaction of gaseous F2 with a polymer surface, which is an effective chemical way to modify and control the physicochemical surface properties of polymers [17,18].



Previously, the surfaces of polyethylene terephthalate (PET), polycarbonate (PC), and PP were modified by direct fluorination, achieving high adhesion by plating and good dyability [19,20,21]. In particular, we reported that dyeing PP with basic dyes can be improved by surface fluorination because of increased roughness and the negative charge of the surface [21]. However, in the case of direct fluorination with pure fluorine gas, the fluorinated layer formed on the PP surface contains numerous hydrophobic fluorocarbons (-CF3), which prevented the wettability between PP and the staining solution, causing limited dyeability. Surface fluorination using a mixture of F2 and O2 gases produced a higher hydrophilic surface of PC resin, as reported previously [20]. The F-O hybrid state formed using F2 and O2 mixed gas can be controlled by the gas mixture ratio, and it has a big impact on surface properties (hydrophilicity and dyeability) of PP resin. This study aimed to enhance PP dyeing using a mixture of F2 and O2 gases. In addition, the effects on PP dyeability of the proportion of F2 in the gas mixture were investigated.




2. Materials and Methods


2.1. Surface Fluorination of Polypropylene


PP films were obtained from Takiron Corporation. The PP plates (10 × 10 × 1.2 mm3) were cut and washed with ethanol to remove organic residues from the PP surface. F2 gas (99.5% purity) was produced by the electrolysis of a KF/HF mixture in an HF solution. O2 gas (purity 99.5%) was supplied from a cylinder manufactured by Uno Sanso Co., Ltd. Before use, the PP plates were placed in a nickel reactor (24 × 32 × 5 mm3) and maintained at 25 °C under vacuum (0.1 Pa) for 10 h to eliminate impurities from the system. We have previously described the fluorination apparatus [22], where a reaction temperature of 25 °C, total gas pressure of 13.3 kPa, and reaction time of 1 h were used. The F2 and O2 gases were mixed in the fluorination apparatus and the sample names and the F2 and O2 gas mixing ratios are summarized in Table 1. The mixed gases filled the vacuumed reactor. After the reaction was complete, the reactor was purged with Ar gas.




2.2. Material Characterization


The chemical changes in the untreated and fluorinated PP samples were determined using Fourier-transform infrared spectroscopy (FTIR; Nicolet 6700, Thermo Electron Scientific, Waltham, MA, USA). FTIR analysis was carried out in the transmittance mode in the range of 650–4000 cm−1 by acquiring 32 scans and applying air background subtraction. The surface chemical states of the untreated and fluorinated PP samples were characterized using X-ray photoelectron spectroscopy (XPS; JPS-9010, JEOL, Tokyo, Japan). Adventitious carbon contamination is commonly used as a charge reference for XPS spectra. The surface morphologies of the untreated and fluorinated PP samples were characterized using confocal laser scanning microscopy (CLSM; OLS5000, Olympus, Tokyo, Japan), and atomic force microscopy (AFM; Nanoscope IIIa, Digital Instruments, Tonawanda, NY, USA) was used to examine the geometry and surface topographies of the PP samples. Scanning was carried out in the tapping mode over an area of 10 × 10 µm2. The AFM roughness profiles were used to determine the arithmetic mean of the surface roughness (Ra). The static contact angle is an advancing sessile droplet contact angle of water at a water droplet volume of 10 μL. The contact angles of PP samples were determined using a telescopic goniometer with a magnification power of 23× and protractor graduation of 1° (Model 100-00-(230), Rame-Hart, Succasunna, NJ, USA). The average contact angle of 5 locations was reported for each sample. The zeta potential of PP samples was measured using a zeta potential analyzer (ElSZ-2, Otsuka Electronics Co., Ltd., Osaka, Japan) equipped with an adjustable gap cell. The surface zeta potential was determined at pH 7 in a 0.001M KCl electrolyte solution varying the solution pH by addition of 0.05M HCl or 0.05M NaOH through the instrument automatic titration unit. Separate couples of samples were used for the acidic and basic titrations in order to avoid artifacts due to surface reactions during the measurement. Four measurements were carried out.




2.3. Dye Staining of Polypropylene


Methylene blue (MB, Hirono Pure Chemical Corp., Miki-city, Japan) and acid orange 7 (O2: orange II, Nacalai Tesque, Inc., Kyoto, Japan) were used as representative basic and acidic dyes, respectively. Dyeing solutions, prepared with 0.4 g/L of dye in ultrapure water, were placed in a water bath at 80 °C, and the PP samples were immersed for 30 min. Subsequently, the PP samples were washed with ultrapure water and air dried. By using a spectrophotometer (Spectro1TM, KLV Co., Ltd., Tokyo, Japan), the surface coloring of dyed samples was checked. The RGB-based reproducing method for absorption spectra was applied for colorimetric analysis using smartphone-captured digital color images. The surface dyeing of each sample was measured by the N content, which was analyzed by XPS. Furthermore, the aromatic C=C stretching peak derived from the MB and O2 dyes in each sample was examined at 1600 cm−1 by FTIR.





3. Results and Discussion


3.1. Effects of Fluorination Using F2 and O2 Gas Mixtures on the Surface Morphology of Polypropylene


The surface morphologies and hydrophilicities of the untreated and fluorinated PP samples are shown in Figure 1. The surface morphology was characterized by CLSM and AFM. No difference in the CLSM images of the untreated and fluorinated samples was observed. The AFM image of the untreated sample indicated a relatively flat and smooth surface with a low Ra of ~5.002 nm. However, the Ra of the fluorinated PP samples was higher than that of the untreated sample. Surface fluorination caused fine surface defects at the nanoscale level, but not at the microscale level. This was likely due to small molecules or amorphous regions present after fluorination, as well as to CF4 gasification. In addition, the Ra of the fluorinated PP samples generally increased with increasing F2 content in the gas mixture. The surface hydrophilicity of the samples was evaluated using a water-contact-angle test. The water contact angle of the untreated PP sample was approximately 94°. The hydrophilicity of the PP samples fluorinated using a F2 gas proportion of <70% was higher than that of the untreated sample, as shown in Figure 1. In particular, the F50 sample prepared with a fluorine gas concentration of 50% was the most hydrophilic, which may have been due to its increased surface roughness. Furthermore, the partial polarity of the surface was enhanced by the addition of F, whose high electronegativity and acidity easily attract water as a polar solvent. In contrast, the contact angle of the PP samples fluorinated using a F2 gas proportion of >90% was higher than that of the untreated sample, which may have been due to the formation of hydrophobic C-F3 bonds on the PP surface.




3.2. Effects of Fluorination on the Surface Composition and Structure of Polypropylene


The FTIR spectra of the untreated and fluorinated PP samples are shown in Figure 2. The untreated PP sample exhibited absorption bands at 2960 and 2950 cm−1 (-CH3, asymmetrical vibration), 2919 cm−1 (-CH2-, asymmetrical vibration), 2867 cm−1 (-CH3, symmetrical vibration), 2839 cm−1 (-CH2-, symmetrical vibration), 1458 cm−1 (-CH2-, bending vibration), and 1376 cm−1 (-CH3, wagging vibration) [23]. After surface fluorination, new absorption bands appeared at 700–770 cm−1 (-CF3) and 1000–1200 cm−1 (-CF-CF2-) [24], and the peak intensity of the PP bonds (-CH3, CH2) decreased. Fluorination at high F2 gas concentrations in the gas mixture increased the intensities of the peaks associated with fluorinated bonds (-CF, -CF2, -CF3), and decreased the intensity of the peaks associated with PP. Because the -CH2- and -CH3 peaks almost disappeared in the fluorinated samples with high F2 gas concentrations, such as F90 and F100, it is thought that a fluorinated layer formed up to the detection limit depth of several micrometers. Moreover, the surface fluorination using the F2 and O2 gas mixtures introduced C=O bonds (1755 and 1850 cm−1) into the PP samples, which may have enhanced dye adsorption. However, the intensity of the C=O peaks decreased significantly for gas mixtures with an F2 proportion of >90%, as shown in Figure 2.



The C 1s, O 1s, and F 1s XPS profiles of the untreated and fluorinated PP samples are shown in Figure 3. The untreated PP sample exhibited strong C-C bonding at 285.4 eV, which disappeared after fluorination. These C-C bonds reacted with water in air and were converted to -C-O and -C=O bonds (287.4 eV), forming a -C(=O)OH group, which facilitated covalent dye adsorption, or to -CHF- (289.5 eV), -CF2- (291.5 eV), and -CF3 (294.0 eV), which served as the main hydrogen bonding sites for water adsorption. Increasing the F2 gas proportion in the gas mixtures resulted in an increase in the numbers of polar groups (-CFx). For F 1s and O 1s, increasing the F2 gas proportion in the gas mixtures caused an increase in the F contents, whereas the O contents decreased. In particular, the trend was clearly observed for samples F90 and F100. This may have been due to the formation of stable CF3 bonds on the sample surface, which yielded a hydrophobic surface (Figure 1).



Table 2 shows the elemental concentration of C, O, and F on the untreated and fluorinated PP samples determined by XPS (Figure 3). Varying the F2 gas proportion in the gas mixture influenced the elemental composition of the surface layer. With an increase in the F2 gas proportion in the F2–O2 gas mixture, the F contents on the surface of the fluorinated PP samples increased, whereas the C and O contents decreased. For samples F90 and F100, the F contents on the surface increased significantly, whereas the O contents decreased.



Figure 4 shows the peak-fitting results for the C 1s spectra of the fluorinated samples (Figure 3). Figure 5 show the ratio (%) of each bond derived from Figure 4. For sample F10, the ratios of the C-O, -CHF-, and -CF2- bonds were approximately 39%, 38%, and 22%, respectively. As the F2 gas proportion in the F2–O2 gas mixture increased, the ratio of the C-O bonds decreased, whereas ratios of the -CHF- and -CF2- bonds increased. No CF3 bonds were detected on the sample surface when the F2 gas proportion in the F2–O2 gas mixture was <70%. In contrast, the ratio of the -CF3 bond increased significantly when the F2 gas proportion in the F2–O2 gas mixture was >90%. The formation of strong CF3 bonds on the surface may have influenced the wettability with the dye solution, so that the C-C bonds on the untreated surface were converted into -C=O bonds by reacting with moisture in the air, forming -C(=O)OH groups. In addition, the number of the polar groups (-CHF and -CF2-) increased after fluorination.



After surface fluorination, the number of PP-derived bonds decreased because they were converted into fluorinated -CFx bonds, which have high electronegativities according to the zeta potential results (Figure 6). In contrast, the zeta potential at the untreated surface was weakly negative. In particular, the zeta potential of sample F30 (−53 mV) was approximately four times higher than that of the untreated sample (−14 mV). This can be attributed to an increase in the number of polar groups (-C-O, -CHF-, and -CFx) in the samples. The negatively charged surface after fluorination corresponded to previously reported results [21]. However, the effect on the zeta potential of F2 proportion in the mixed gas did not change significantly. This may have been due to the various polar groups, which included -CFx and -C-O bonds.




3.3. Dyeing of the Surface-Modified PP Plates


The dye staining of the untreated and fluorinated PP samples is shown in Figure 7. Dyeing tests were performed using (a) O2 and (b) MB solutions as representative acidic and basic dyes, respectively. No staining was detected in the untreated samples using either dye. Moreover, the fluorinated PP samples were not stained by the acidic O2 dye. However, the fluorinated PP samples were stained by the basic MB dye, and an increasingly deeper color was observed as the F2 gas proportion in the gas mixture increased. This is attributed to the surface state of the fluorinated PP samples, which possesses high electronegativity and acidity. In contrast to O2, MB has cationic properties that facilitate facile adsorption on the enhanced negative surface of the fluorinated PP via Coulombic attraction [25]. Thus, fluorinated PP can be effectively stained with basic dyes but not with acidic dyes. However, at F2 gas proportions of >90%, the dye staining of the PP samples decreased despite the use of the MB solution. This was due to the formation of hydrophobic -CF3 bonds in samples F90 and F100, which had higher water contact angles, as shown in Figure 1. Thus, dye staining depends on the surface state of PP, such as the hydrophilicity, roughness, and surface charge. Moreover, dye staining can be controlled by the fluorination conditions.



By using the spectrophotometer, the surface coloring of dyed samples was checked and the RGB-based reproducing method for absorption spectra was applied to colorimetric analysis with smartphone-captured digital color images. The coloring of dyed samples was indicated as sRGB values, as shown in Table 3. The sRGB is a standard RGB (red, green, blue) color space. The blue (B) ratios in all sRGB values of F30~F70 samples were much higher, and it were consistent with the photographs of the dyed samples, as shown in Figure 7.



The surface state of the PP samples stained with the MB and O2 dyes was measured using FTIR (Figure 8 and Figure 9). The fluorocarbon peak was detected in all the dyed fluorinated samples. The surface of the fluorinated PP samples was still covered with fluorocarbons after staining. As shown in Figure 8, a peak attributed to aromatic C=C stretching bonds was detected at 1600 cm−1. The surface content of MB on the stained PP surface was determined from the peak area in the FTIR range of 1531–1685 cm−1, and the results obtained by applying a cubic function to the plots are shown in Figure 10. Notably, the depletion of the MB dye after surface staining of the PP samples was evaluated using FTIR analysis (Figure 8). The area of the C=C stretching peak (1600 cm−1) of the fluorinated PP samples was considerably higher than that of the untreated PP sample. In particular, the MB adsorption by the fluorinated sample F60 was approximately 23.7 times higher than that of the untreated sample. However, at F2 gas proportions of >90%, MB adsorption decreased because of the increased hydrophobicity of the PP surface. Therefore, it is crucial to control the surface state of PP, such as the hydrophilicity and surface charge, to enhance the dyeing of the polymer. Compared to the staining with the basic MB dye, the intensity of the C=C stretching peak at 1600 cm−1 in the samples stained with acidic O2 dye decreased, as shown in Figure 9. This may have been due to the negative surface charge of the PP samples.



The surface state before and after staining with MB dye was measured using XPS, as shown in Figure 11. Based on the MB chemical formula (C16H18ClN3S), the N content of the adsorbed MB was determined from the N 1s peak. Overall, the intensities of the N 1s peaks of the fluorinated PP samples were considerably higher than that of the untreated PP sample. In addition, the N 1s peak intensity was similar for all the fluorinated samples. Based on the results of the C 1s peak before (dotted line) and after (solid line) staining with the MB solution, the polar groups (-C-O, -CHF-, and -CFx) on the PP surface, as shown in Figure 4, decreased significantly and transformed into C-C bonds at 285 eV after MB staining. In addition, the intensities of the F 1s and O 1s peaks decreased and shifted to lower binding energies after MB staining. This may have been due to a substitution reaction between the basic MB dye and the negatively charged polar groups via Coulombic attraction that occurred in the fluorinated PP samples during MB staining [26].



Although staining the PP resin with dye is difficult, surface fluorination can modify the PP surface into a dyeable one. The formed fluoride layer had a high surface roughness and negative surface charge, which facilitated MB retention. Moreover, it is crucial to maintain the hydrophilic surface and prevent hydrophobic -CF3 bond formation. Therefore, in this study, the dyeable surface of PP was controlled by adjusting the mixing ratio of F2 and O2 in a gas mixture. Furthermore, the surface modification with a mixture of F2 and O2 gases was beneficial for deep coloring of PP to a greater extent than that observed using pure F2 gas [21].





4. Conclusions


PP plates were successfully modified by surface fluorination with F2 and O2 gas mixtures. Increasing the F2 proportion in the gas mixture enhanced the peaks associated with fluorinated bonds and weakened those associated with PP. Moreover, it led to increased surface roughness and hydrophilicity of the PP plates. However, at an F2 gas proportion of >90%, the surface became hydrophobic owing to the increase in hydrophobic -CF3 bonds. After surface fluorination, the PP-derived bonds were converted into polar groups (-C-O, -CHF-, and -CFx), increasing the electronegativity of the surface. During dyeing, the fluorinated PP samples stained with basic MB exhibited deep coloring. Thus, PP can be effectively stained with basic dyes but not with acidic dyes. This may be attributed to a substitution reaction between the MB dye and fluorine, which enhanced the degree of PP dyeing via Coulombic attraction. However, at F2 gas proportions of >90%, PP dye staining decreased because of the increased numbers of hydrophobic -CF3 bonds. Thus, the enhanced dyeing of the PP resin can be obtained by surface fluorination with an F2 and O2 gas mixture. However, it is crucial to maintain a hydrophilic and negatively charged PP surface.
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Figure 1. CLSM, AFM, and contact angle measurements of untreated and fluorinated samples. 
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Figure 2. FTIR spectra of the untreated and fluorinated samples. 
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Figure 3. XPS spectra of the untreated and fluorinated samples. 
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Figure 4. C 1s peak separation for the fluorinated samples. 
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Figure 5. The ratio of the different bonds in the untreated and fluorinated PP samples. 
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Figure 6. Zeta potential of the untreated and fluorinated PP samples with water at a constant pH of 7.0. 
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Figure 7. Photographs of the dyeing of the untreated and fluorinated PP samples with (a) orange II (O2) and (b) methylene blue (MB) solutions. 
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Figure 8. FTIR spectra of the PP samples after dyeing with MB dye. 
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Figure 9. FTIR spectra of the PP samples after dyeing with O2 dye. 
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Figure 10. Area of the 1600 cm−1 peak on the MB-dyed PP sample surfaces determined by FTIR (Figure 8). 
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Figure 11. XPS spectra of the PP samples before staining (dotted lines) and after staining (solid lines) with MB dye. 
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Table 1. Sample names and fluorination conditions.
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Sample

Name

	
Gas Pressure

	
Gas Mixture Ratio (vol%)

	
Reaction Temp.

	
Reaction Time




	
(kPa)

	
F2

	
O2

	
(°C)

	
(Min.)






	
Untreated

	
-

	
-

	
-

	
-

	
-




	
F10

	
13.3

	
10

	
90

	
25

	
60




	
F30

	
30

	
70




	
F50

	
50

	
50




	
F60

	
60

	
40




	
F70

	
70

	
30




	
F90

	
90

	
10




	
F100

	
100

	
0











 





Table 2. The elemental concentrations of C, O, and F on the untreated and fluorinated PP samples determined by XPS (Figure 3).






Table 2. The elemental concentrations of C, O, and F on the untreated and fluorinated PP samples determined by XPS (Figure 3).





	
Sample Name

	
Elemental Composition (%)




	
C 1s

	
O 1s

	
F 1s






	
Untreated

	
94.52

	
5.45

	
0.03




	
F10

	
47.01

	
20.76

	
32.24




	
F30

	
45.24

	
21.09

	
33.67




	
F50

	
44.43

	
20.16

	
35.41




	
F60

	
42.11

	
17.50

	
40.39




	
F70

	
41.10

	
18.30

	
40.60




	
F90

	
38.23

	
8.57

	
53.20




	
F100

	
29.78

	
3.05

	
67.17











 





Table 3. Surface coloring of dyed samples as measured by a spectrophotometer.






Table 3. Surface coloring of dyed samples as measured by a spectrophotometer.





	
Sample Name

	
sRGB




	
R

	
G

	
B






	
Untreated

	
202

	
206

	
206




	
F10

	
58

	
133

	
177




	
F30

	
33

	
95

	
157




	
F50

	
35

	
67

	
136




	
F60

	
70

	
84

	
136




	
F70

	
43

	
59

	
125




	
F90

	
129

	
172

	
190




	
F100

	
194

	
203

	
206
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