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Abstract: The surface fluorination of polypropylene (PP) was performed using F2 and Oz gas mix-
tures with different F2 gas proportions at 25 °C and 13.3 kPa for 1 h. The surface roughness of the
fluorinated PP samples was approximately 1.5 times higher than that of the untreated sample (5
nm). The Fourier-transform infrared spectroscopy (FTIR) and X-ray photoelectron spectroscopy
(XPS) results showed that the PP-derived bonds (-C-C- and -CHx) decreased because they were con-
verted into polar groups (-C-O, -CHF-, and -CFx), which increased the surface electronegativity of
PP. The variation in the F2 gas proportion in the gas mixture significantly affected the hydrophilicity
and surface composition of PP. At F2 gas proportions of <70%, the hydrophilicity of the fluorinated
PP samples improved. 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 hydrophobic -CFs 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 an olefin polymer of great commercial importance because it
is inexpensive and has many attractive physical and chemical properties [1,2]. PP, which
is a saturated hydrocarbon, has a low surface energy and is categorized as a nonspecific
adsorbent material. Therefore, PP has poor water wettability and very low adsorptive and
adhesive properties in polar liquids [3]. Another serious disadvantage in PP dyeing is its
high crystallinity and nonpolar aliphatic structure that does not possess reactive sites [4].
However, the main challenge is the absence of sites in which hydrogen bonding or elec-
trostatic attractions can occur. To color PP, a pigment is typically added to the molten
polymer before the spinning process [5]. This spin coloration of PP has been extensively
used. However, this method has disadvantages such as pigment agglomeration [6] and
the degradation of thermally labile dyes at the high temperatures used for resin molding.
Without pigment addition, PP coloration has been investigated by staining with various
dyes. Successful PP coloration depends on the surface modification of PP. For example,
hydrophilic modifications, metal plating, and other coating methods are beneficial for
dyeing [7-10]. Surface modification methods for hydrophilizing and roughening plastic
surfaces include physical treatments, such as plasma [11], ozone [12], UV light [13], corona
discharge [14], wet chemical treatments [15], and ion irradiation [16]. However, these
treatments are expensive and unsuitable for complex geometries. In addition to these con-
ventional chemical and physical methods, direct fluorination has been investigated for the
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surface modification of polymers [17, 18]. This chemical method involves a gas-phase
chemical reaction between fluorine gas (F2) and the polymer surface, which effectively
modifies and controls the physicochemical surface properties of polymers.

Previously, the surface of polyethylene terephthalate (PET), polycarbonate (PC), and
PP were modified by direct fluorination, achieving high adhesion with plating and good
dyability [19-21]. In particular, we reported that dyeing PP with basic dyes can be im-
proved by surface fluorination because of the increased roughness and 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
(-CFs), which prevented the wettability between PP and the staining solution, causing lim-
ited dyeability. Surface fluorination using a mixture of F2 and O: gas produced a higher
hydrophilic surface of PC resin, as reported previously [20]. This study aims to enhance
PP dyeing using a mixture of F2 and O:z gas. In addition, the effects of the gas proportion
of F2 in the gas mixture on PP dyeability are investigated.

2. Materials and Methods

2.1 Surface fluorination of polypropylene

PP film was obtained from Takiron Corp. PP plates (10x10x1.2 mm) were cut and
washed with ethanol to remove organic residues from the PP surface. F2 gas (99.5% purity)
was produced by electrolysis of a KF/HF mixture in an HF solution. Oz gas (purity 99.5%)
was supplied from a cylinder manufactured by Uno Sanso Co., Ltd. The PP plates were
placed in a nickel reaction vessel (24 x 32 x 5 mm?) and maintained at 25 °C under vacuum
(0.1 Pa) for 10 h to eliminate impurities from the system before use. We previously de-
scribed 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 sample names and Fz and O:
gas mixing ratios are summarized in Table 1. After the reaction was complete, the reaction
vessel was purged with Ar gas.

Tablel. Sample names and fluorination conditions.

Gas mixture ratio Reaction . .
Sample  Gas pressure (vol%) temp. Reaction time
name (kPa) E: O: ) (Min.)
untreated - - - - -
F10 10 90
F30 30 70
F50 50 50
F60 13.3 60 40 25 60
F70 70 30
F90 90 10
F100 100 0

2.2 Material characterization

The chemical compositions of the untreated and modified PP samples were deter-
mined by Fourier-transform infrared spectroscopy (FTIR; Nicolet 6700, Thermo Electron
Scientific). FTIR analysis was conducted in the transmittance mode in the range of 650—
4000 cm™ by acquiring 32 scans and applying air background removal. The surface
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chemical states of the untreated and modified PP samples were characterized by X-ray
photoelectron spectroscopy (XPS; JPS-9010, JOEL). The binding energies were referenced
to a carbon peak at 285.0 eV. The surface morphologies of the untreated and modified PP
samples were characterized by confocal laser scanning microscopy (CLSM; OLS5000,
Olympus), and surface topography was characterized by atomic force microscopy (AFM;
Nanoscope Illa, Digital Instruments). Scanning was conducted in the tapping mode over
an area of 10 x 10 um?. The arithmetic mean surface roughness (Ra) was determined from
the AFM roughness profile. The static water contact angles of the untreated and modified
PP samples were measured at 25 °C using the sessile drop method. A water droplet (10
puL) was used in a telescopic goniometer with a magnification power of 23x and a protrac-
tor graduation of 1° (Model 100-00-(230), Rame-Hart). To determine the average contact
angle value (+2°), five measurements were acquired at different surface locations on each
sample. The zeta potential profiles of the PP samples were measured on a zeta potential
analyzer (EISZ-2, Otsuka Electronics Co., Ltd.) using a solid sample cell unit.

2.3 Dye staining of polypropylene

Methylene blue (MB; Hirono Pure Chemical Corp.) and acid orange 7 (O2: orange Il
; Nacalai Tesque, Inc.) were used as representative basic and acidic dyes, respectively.
Staining 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 sam-
ples were washed with ultrapure water and air-dried. The surface staining of each sample
was evaluated based on 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 ex-
amined at 1600 cm™ by FTIR.

3. Results and Discussion

3.1. Effects of fluorination using F2 and O2 gas mixtures on the surface morphology of polypro-

pylene

The surface morphology and hydrophilicity of the untreated and fluorinated PP sam-
ples 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 showed a relatively flat and smooth
surface, with a low surface roughness of ~5.002 nm. However, the surface roughness of
the fluorinated PP samples was higher than that of the untreated sample. Surface fluori-
nation caused fine surface defects at the nanoscale level, but not at the microscale level.
This is likely owing to small molecules or amorphous regions formed after fluorination,
as well as CFs gasification. In addition, the surface roughness of the fluorinated PP sam-
ples generally increased with increasing F2 content in the gas mixture. The surface hydro-
philicity 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 un-
treated sample, as shown in Figure 1. In particular, the F50 sample prepared with a fluo-
rine gas concentration of 50% was the most hydrophilic, which may be owing to its in-
creased surface roughness. Furthermore, the partial polarity of the surface was enhanced
by the addition of F, whose high electronegativity and acidity easily attracted 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 be owing to
the formation of hydrophobic C-Fs bonds on the PP surface.
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Figure 1. CLSM, AFM and contact angle measurements of untreated and fluorinated samples.

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! (~CHs, asym-
metrical vibration), 2919 cm™ (-CHz-, asymmetrical vibration), 2867 cm (-CHs, symmet-
rical vibration), 2839 cm (-CH>-, symmetrical vibration), 1458 cm™ (-CHz-, bending vibra-
tion), and 1376 cm (-CHs, wagging vibration) [23]. After surface fluorination, new ab-
sorption bands appeared at 700-770 cm! (—~CFs) and 1000-1200 cm (-CF, -CFz-) [24], and
the peak intensity of the PP bonds (-CHs, CHz) decreased. Fluorination at high F2 gas con-
centrations in the gas mixture increased the intensity of the peaks associated with fluori-
nated bonds (- CF, -CF, -CFs), and decreased the intensity of the peaks associated with
PP. Because the -CHz- and -CHs peaks almost disappeared in the fluorinated samples with
high F2 gas concentrations, such as F90 and F100, it is thought that a fluorinated layer was
formed up to the detection limit depth of several micrometers by FTIR. Moreover, the
surface fluorination using the F2 and Oz gas mixtures introduced C=O bonds (1755 and
1850 cm?) into the PP samples, which may enhance dye adsorption. However, the inten-
sity of the C=O peaks decreased significantly for gas mixtures with a F2 proportion of
>90%, as shown in Figure 2.

The C 1s, O 1s, and F 1s XPS spectra 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 were converted to -C-O and -C=0
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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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bonds (287.4 eV) in the form of a -C(=O)OH group with water in air, which facilitates
covalent dye adsorption, or to -CHEF- (289.5 eV), -CF2- (291.5 eV), and -CFs (294.0 eV),
which serve as the main hydrogen bonding sites for water adsorption. Increasing the F2
gas proportion in the gas mixtures resulted in an increase in the amount 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 be owing to the formation of stable
CFs bonds on the sample surface, which yielded a hydrophobic surface (Figure 1).

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

Elemental composition (%)

Sample name

Cls O1s F1ls

untreated 94.52 5.45 0.03
F10 47.01 20.76 32.24
F30 45.24 21.09 33.67
F50 4443 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 2 shows the elemental concentration of C, O, and F on the untreated and fluor-
inated PP samples deter-mined 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 fluor-
inated 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 C1s 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 -CFz- 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 bond decreased, whereas those of the -CHF- and -CF2- bonds increased. No -CFs
bond was detected on the sample surface when the F2 gas proportion in the F>-O: gas
mixture was <70%. In contrast, the ratio of the -CFs bond increased significantly when the
F2 gas proportion in the F2-O2 gas mixture was >90%. The formation of strong CFs bonds
on the surface may influence the wettability with the dye solution. Consequently, the on
C-C bonds on the untreated surface were converted into -C=O bonds in the form of —
C(=O)OH groups with moisture in air. In addition, the content of the polar groups (-CHF
and -CF-) increased after fluorination.

After surface fluorination, the bonds derived from PP 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 surface of the
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untreated sample was weakly negatively charged. In particular, the zeta potential of sam-
ple F30 (-53 mV) was approximately four times higher than that of the untreated sample
(-14 mV). This may be attributed to the increase in the number of polar groups (-C-O,
CHF-, and -CFx) on the samples. The negatively charged surface after fluorination corre-
sponds to previously reported results [21]. However, the effect of F2 proportion in the
mixed gas on the zeta potential did not change significantly. This may be owing to the
various polar groups, which includes -CFx and -C-O bonds.
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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.

3.3 Dyeing of the surface-modified PP plates

The dye staining of the untreated and fluorinated PP samples are 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 increas-
ingly deeper color was observed with increasing F2 gas proportion in the gas mixture. This
is attributed to the surface state of the fluorinated PP samples, which possesses high elec-
tronegativity and acidity. In contrast to the O2 dye, MB has cationic properties that facili-
tate easy adsorption on the enhanced negative surface of fluorinated PP via Coulombic
attraction [25]. Thus, fluorinated PP can be effectively stained with basic dyes, but not acid
dyes. However, at F2 gas proportions of >90%, the dye staining of the PP samples de-
creased despite the use of the MB solution. This is owing to the formation of hydrophobic
-CFs bonds in samples F90 and F100, which have higher water contact angles, as shown
in Figure 1. Thus, dye staining depends on the surface state of PP, such as the hydrophilic-
ity, roughness, and surface charge. Moreover, dye staining can be controlled by the fluor-
ination conditions.

untreated F10 F30 F50 F60 F70 F90 F100

(@)

. HEHEEEN

Figure 7. Photographs of the dye staining of the untreated and fluorinated PP samples
with (a) orange 2 (O2) and (b) methylene blue (MB) solutions.
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The surface state of the PP samples stained with the MB and O2 dyes was measured
using FTIR (Figures 8 and 9). The fluorocarbon peak was detected in all the dyed fluori-
nated samples. The surface of the fluorinated PP samples were still covered with fluoro-
carbons after staining. As shown in Figure 8, a peak attributed to aromatic C=C stretching
bonds was detected at 1600 cm'. The surface content of MB on the stained PP surface was
determined from the peak area in the FTIR range of 1531-1685 cm”, and the results ob-
tained by applying a cubic function to the plots are shown in Figure 10. Notably, the de-
pletion of the MB dye after surface staining of the PP samples was evaluated using FTIR
(Figure 8). The area of the C=C stretching peak (1600 cm) of the fluorinated PP samples
was considerably higher than that of the untreated PP sample. In particular, the MB ad-
sorption by fluorinated sample F-60 was approximately 23.7 times higher than that of the
untreated sample. However, at F2 gas proportions of >90%, MB adsorption decreased be-
cause 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 dye-
ing of the polymer. Compared to the staining with the basic MB dye, the intensity of the
C=C stretching peak at 1600 cm™ in the samples stained with acidic O2 dye decreased, as
shown in Figure 9. This may be owing 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 (CisHisCINsS), the N content of
the adsorbed MB was determined from the N 1s peak. Overall, the N 1s peak intensity of
the fluorinated PP samples was 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 C1s 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 intensity of the F 1s and O 1s peaks decreased and shifted to lower binding
energies after MB staining. This may be owing to a substitution reaction between the basic

1
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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.
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Figure 10. Area of the 1600 cm! peak on the MB-dyed PP sample surfaces deter-
mined by FTIR (Figure 8).

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 surface. The formed fluoride layer has a high surface rough-
ness and negative surface charge, which facilitate the retention of MB molecules. Moreo-
ver, it is crucial to maintain the hydrophilic surface and prevent hydrophobic -CFs bond
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Figure 11. XPS spectra of the PP samples before and after staining with MB dye. Dotted
line: before staining, solid line: after staining.

formation. Therefore, in this study, the dyeable surface of PP was controlled by adjusting
the mixing ratio of F2 and O: in a gas mixture. Furthermore, the surface modification with
F2 and Oz mixed gas 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 Oz gas mix-
tures. Increasing the F2 proportion in the gas mixture enhanced the peaks associated with
fluorinated bonds and weakened the peaks associated with PP. Moreover, it led to in-
creased surface roughness and hydrophilicity of the PP plates. However, at F2 gas propor-
tion of >90%, the surface became hydrophobic owing to the increase in hydrophobic -CFs
bonds. After surface fluorination, the bonds derived from PP were converted into polar
groups (-C-O, -CHEF- and -CFx), which increased the electronegativity of the surface. Dur-
ing the dyeing test, the fluorinated PP samples stained with the basic MB dye exhibited
deep coloring. Thus, PP can be effectively stained using basic dyes, but not acid dyes. This
may be attributed to a substitution reaction between the MB dye and fluorine, which en-
hanced the degree of PP dyeing via Coulombic attraction. However, at F2 gas proportions
of >90%, PP dye staining decreased because of the increased hydrophobic -CFs bonds.
Thus, the enhanced dyeing of the PP resin can be obtained by surface fluorination with a
F2 and O2 gas mixture. However, it is crucial to maintain a hydrophilic and negatively
charged PP surface.
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