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Abstract: We considered the formation of the integrated biostable coating on the surface of sev-
eral polymers using the original gas-phase fluorination technology. The effectiveness of surface
modification of low-density polyethylene (LDPE) and polypropylene (PP) was confirmed by corre-
sponding changes in the absorption spectra of infrared radiation with the modified samples. The
gas-phase fluorination quality of ultrahigh molecular weight polyethylene (UHMWPE) and nitrile
butadiene rubber (NBR) surfaces was evidenced by the results of scanning electron microscopy (SEM)
and energy dispersion analysis (EDS). As was shown with the direct measurements of water and
ethyleneglycol wetting angles, the properties differences of the polymer materials with modified
surfaces from the initial one correlated well with the change in free surface energy induced by the
chemical and morphological transformations under the fluorine and oxygen-containing gas mixtures
treatment. The developed technique for the bio-contamination degree quantifying, based on the
computer analysis of the corresponding images, allowed us to establish that gas-phase fluorination of
the surface approximately doubles the time during which the biofouling of LDPE, PP and UHMWPE
with the mixed colony of Rivularia and Stigonema Minutum algae occurs under natural conditions.
No positive effect from fluorination was observed for NBR, which was explained, from our point of
view, by the difference in the mechanisms of biostability for the considered polymer materials.
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1. Introduction

When using polymers in static and moving elements of technical systems and equip-
ment operating in extreme conditions, it is necessary to ensure reliable sealing and increase
the service life, since uncontrolled changes in the operational properties of products made
from thermoplastics and elastomers can lead to emergency situations [1]. One of the prob-
lems with the reliability of hermetic units made of polymers is their low bioresistance to
various microorganisms and microalgae, which are highly adaptable to environmental
changes, which creates the risk of more aggressive strains of micromycetes [2–4]. To solve
the problem of biodegradation of polymers, the following are used: (a) biocides [5–8],
intended for the destruction of degrading microorganisms, the colonies of which could
develop on a particular polymer-based product; (b) anti-adhesive (bio-insulating) coatings
that prevent the development of colonies of degrading microorganisms on the surface of
polymers and products based on them [9–12]. Fluorinated polymers have high chemical
resistance, mainly due to the peculiarities of their chemical structure and morphology [13].
Taking into account that the mechanisms of biological destruction are mainly associated
with the local chemical and micromechanical action of microbial colonies on the surface
layers of the destructible material [14], it seems relevant to use technologies for the forma-
tion of protective nanoscale biostable integrated coatings [15]. A promising method for
transforming the surface and physicochemical characteristics of polymers are the methods
of gas-phase fluorination [16] and oxyfluorination [17], which allows forming an integrated
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fluorine- and oxygen-containing layer on their surface, providing targeted control over a
wide range of wetting [18], adhesion [19], wear resistance [20], biostability [21] and other
functional properties. The development of multifunctional materials with antimicrobial
coating for biomedical applications is comprehensively described in [22].

The positive effect of fluorination to impart antimicrobial properties on dental com-
posites and nonwoven fabrics was demonstrated in [15,23]. The created chemically sta-
ble fluorine-containing hydrophobic layer significantly reduced the growth degree of
the bacteria (Staphylococcus aureus, Escherichia coli, Candida albicans) mixed colony on the
polypropylene fibers’ surfaces, which, in particular, indicates the adhesive mechanism of
microorganisms fixing on the polymer materials’ surface.

This hypothesis was also confirmed in [24] when studying the resistance of fluorinated
ethylene propylene (FEP) to S. aureus and R. aeruginosa.

At the same time, the less studied influence of fluorination on the polymer bioresis-
tance to microalgae is not only of fundamental but also of applied interest.

The purpose of this work is to study the biostability of the initial and fluorinated
polymers to the microalgae (Rivularia and Stigonema minutum) mixed colony impact in vivo.

2. Materials and Methods

The experimental samples of our research were: ultra-high molecular weight polyethy-
lene (UHMWPE), low-density polyethylene (LDPE), polypropylene (PP), nitrile butadiene
rubber (NBR). The surface modification of polymers was performed by direct fluorina-
tion [13,25] with a gas mixture of 15%F2/0.5%O2/82.5% for 180 min in a stainless-steel
reactor [26] (Figure 1).
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Figure 1. The laboratory equipment of direct gas phase fluorination and oxyfluorination of poly-
mers [26]. (1 is air extractor, 2 is cylinder with a modifier, 3 is corrosion-resistant pressure gauges,
4 and 5 is stainless steel needle valves, 6 is cylinder valves, 7 is cylinder with helium, 8 is corrosion-
resistant manovacuummeter, 9 is stainless steel reactor, 10 is shut-off valve, 11 is chemical absorber,
12 is vacuum pump, 13 is housing, 14 is lid, 15 is sealing ring, 16 is fitting, 17 is holes for bolted
connection, 18 is wire bracket, 19 is samples of polymers, and 20 is gas mixture flow distributor).

The direct fluorination process was carried out in three stages [26]: the prepara-
tion of polymers (wiping LDPE, PP, NBR and UHMWPE with ethylalcohol to remove
possible contaminants and the degassing of polymers by vacuuming), the gas-phase fluori-
nation and the reaction products were removed from the reactor by vacuuming and using
chemical absorbers.
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A layered structure (Figure 2) was formed as a result of gas-phase surface fluorination:
the surface layer had a fairly homogeneous chemical composition close to fluoropolymers;
the modification degrees of different transient zone fragments significantly differed from
each other (from “unmodified” to “ wholly fluorinated” regions); the chemomorphological
transformations of the initial polymer matrix were not observed at a depth of more than
2 microns.
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Figure 2. The schematic structure of the fluorinated polymer surface layers.

The study of the surface structure of the experimental samples before and after fluori-
nation was carried out using a high-resolution auto-emission scanning electron microscope
(JSM-7500 FA (JEOL, Tokyo, Japan)). The corresponding changes in chemical composition
were determined using the IR-Fourier spectroscopy technique (FT-801 IR-Fourier spectrom-
eter (Simex, Nizhny, Russia)). The study of the biostability of the experimental samples of
algae Rivularia, StigonemaMinutum was carried out for 47 days in a container (steel barrel)
under natural sunlight conditions (in the “day-night” mode—at the latitude of Moscow) at
a temperature of 30 ± 7 ◦C. The samples were fixed on a steel grid and placed in a steel
barrel filled with river water (Figure 3).

Coatings 2023, 12, x FOR PEER REVIEW 3 of 13 
 

 

12 is vacuum pump, 13 is housing, 14 is lid, 15 is sealing ring, 16 is fitting, 17 is holes for bolted 
connection, 18 is wire bracket, 19 is samples of polymers, and 20 is gas mixture flow distributor). 

The direct fluorination process was carried out in three stages [26]: the preparation 
of polymers (wiping LDPE, PP, NBR and UHMWPE with ethylalcohol to remove possible 
contaminants and the degassing of polymers by vacuuming), the gas-phase fluorination 
and the reaction products were removed from the reactor by vacuuming and using chem-
ical absorbers. 

A layered structure (Figure 2) was formed as a result of gas-phase surface fluorina-
tion: the surface layer had a fairly homogeneous chemical composition close to fluoropol-
ymers; the modification degrees of different transient zone fragments significantly dif-
fered from each other (from “unmodified” to “ wholly fluorinated” regions); the chemo-
morphological transformations of the initial polymer matrix were not observed at a depth 
of more than 2 microns. 

 
Figure 2. The schematic structure of the fluorinated polymer surface layers. 

The study of the surface structure of the experimental samples before and after fluor-
ination was carried out using a high-resolution auto-emission scanning electron micro-
scope (JSM-7500 FA (JEOL, Tokyo, Japan)). The corresponding changes in chemical com-
position were determined using the IR-Fourier spectroscopy technique (FT-801 IR-Fourier 
spectrometer (Simex, Nizhny, Russia)). The study of the biostability of the experimental 
samples of algae Rivularia, StigonemaMinutum was carried out for 47 days in a container 
(steel barrel) under natural sunlight conditions (in the “day-night” mode—at the latitude 
of Moscow) at a temperature of 30 ± 7 °C. The samples were fixed on a steel grid and 
placed in a steel barrel filled with river water (Figure 3). 

 
Figure 3. Study of the biostability of the initial and fluorinated polymers in microalgae colonies 
(Rivularia, StigonemaMinutum, etc.) during 47 days. The samples were fixed on a stainless steel 
grid. 

Figure 3. Study of the biostability of the initial and fluorinated polymers in microalgae colonies
(Rivularia, StigonemaMinutum, etc.) during 47 days. The samples were fixed on a stainless steel grid.

During the 47 days of testing, the samples were photographed with a digital camera,
Nikon D90 (Nikon Inc., Tokyo, Japan), using a tripod.

The digital sample’s surface optical image is a tabular dependence L(x, y) of pixel
lightness L on its coordinates (x,y). When studying a set of corresponding optical images, it
is convenient [27] to determine, for each pixel position (x, y), the statistical characteristics:

L(x, y) =
1
N
·

N

∑
k=1

Lk(x, y) (1)
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σL(x, y) =

√√√√ 1
N − 1

·
N

∑
k=1

(
Lk(x, y)− L(x, y)

)2 (2)

VL(x, y) = σL(x, y)/L(x, y) (3)

where the horizontal line above L means the arithmetic averaging procedure, σL and VL are
the absolute and the relative standard deviations, respectively.

The quantitative analysis of the experimental samples’ algae fouling degree was
based on the computer processing of the corresponding surface images. Since the algae
contamination was visually observed a few days after the start of the experiment, we
decided to use the degree of optical image heterogeneity as an indicator of the biostability
of the polymer materials under consideration.

We applied the original technique (including the synthesis of variational-rotational
patterns and the statistical processing of pixel lightness) of dispersion analysis to quantify
the biofouling optical heterogeneity of the surface images of the experimental samples.

Each variation-rotation pattern was the result of pixel-by-pixel averaging of a series of
digital clones formed by fixed angles planar rotation of the initial sample’s surface image.

The rotated copies of the initial image were created using the well-known equations{
x̃k = x · cos(ϕk) + y · sin(ϕk)

ỹk = −x · sin(ϕk) + y · cos(ϕk)
(4)

and the assignment operation L̃k(x, y) = L(x̃k, ỹk).
Here, L(x, y) is a digital image of the surface of the experimental sample;

{
L̃k(x, y)

}
9

is a set of nine cloned images in the corresponding coordinate systems ((x̃k, ỹk)) rotated at
ϕk angles.

In order to demonstrate the sensitivity of the method, a number of calibration tests
were performed [27]. As a simulation model, we used the uniformly distributed random
numbers (Figure 4A) with L = 108 and σL = 16. The variation rotational pattern for the
real SEM-image with the same L = 108 and σL = 16 is represented in (Figure 4B).
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Figure 4. Variational-rotational patterns characterizing morphologically homo- (A) and heterogenic
(B) surfaces Reprinted with permission from [27].

Therefore, the variational-rotational approach can effectively characterize the sur-
face morphology, which determines some functional properties of the polymer surface
(biostability, wetting, adhesion, friction coefficient).

3. Results and Discussion

The visual analysis of the initial and the oxyfluorinated LDPE samples surface SEM
images (Figure 5) made it possible to assess the dependence of the observed morphology
changes on the fluorine and oxygen concentrations in the modifying gas mixture [27]. They
were caused by both (a) the transformations of chemical composition and structure of the
material’s near-surface layers (confirmed by means of IR Fourier spectroscopy (Figure 6)
and point EDS-analysis (Figure 7)), as well as (b) the differences in the kinetics of the
amorphous and the crystalline surface regions modification processes.
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Figure 7. EDS analysis of the surface of LDPE (a) initial (b) fluorinated by gas mixture (F2/O2/He)
15/0.5/84.5 for 180 min. (1−9 is analysis point).

The wide absorption lines appear in the IR spectrum of LDPE as a result of the fluorine-
and oxygen-containing gas mixtures treatment. We associate them with the formation of
C-F bonds from monofluorosubstituted to perfluorinated compounds (800–1300 cm−1),
and due to the formation of oxygen-containing groups of various types, for example, –COF
and –COOH (1700–1800 cm−1).

The presence of the fluorine (4.8 ± 0.5 at. %) and the oxygen (7.5 ± 0.8 at. %), as
well as the uniformity of their distribution over the surface layer of the modified polymer
material are confirmed by the results of point EDS analysis (Figure 7).

The creation of a fluorine-containing layer in LDPE is also confirmed by EDS-spectro-
scopy in Figure 8 and Table 1 [29].

In the initial materials, the contributions of non-functionalized sp2 and sp3 C atoms
occur at lower binding energies (BE). The asymmetric shoulder toward higher BEs could
correspond to surface defects, C–H and C–O groups. After fluorination, the position of the
components relative to nonfluorinated C atoms remains unchanged, but other numerous
contributions occur at higher BEs [29].
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Figure 8. Fitted C1s EDS spectra of initial (a) and fluorinated LDPE samples (treatment duration was
equal to 2 (b) and 90 (c) min) [29].

Table 1. Assignment of the XPS C1s components [29].

Chemical Bond Shift (eV) Relative to the CHn Component at
284.5 eV

CHn -
CH2–CHF 0.7–1.1
CH2–CF2 2.0
CHF–CH2 -
CHF–CHF 3.0–3.5
CHF–CF2 4.5

CFx–CF–CFx′ (x, x′ = 2, 3) -
CF2–CH2 5.3–5.5
CF2–CHF 6.2–6.8
CF2–CF2 7.8
CF3–CFx 9.1

Obviously, the chemical-morphological transformation of LDPE as a result of mod-
ification leads to a change in the hydrophilic-hydrophobic balance of the corresponding
surfaces, which is confirmed by the differences in the wetting angles of distilled water and
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ethylene glycol, as well as the values of free surface energy depending on the composition
of gas fluoro-oxygen-containing mixtures (Table 2).

Table 2. The edge wetting angles for the LDPE substrates oxyfluorinated under the various modifica-
tion modes [28].

Surface Parameters Gas Mixture Components, Vol.%

Free Surface
Energy, mJ/m2 Θw, ◦ Θe, ◦ He F2 O2

27 ± 3 78 ± 8 63 ± 6 - - -
46 ± 5 54 ± 5 22 ± 2 83 ± 1 7.0 ± 0.5 10.0 ± 0.5
44 ± 4 57 ± 6 28 ± 3 84 ± 1 10.0 ± 0.5 6.0 ± 0.5
46 ± 5 54 ± 5 32 ± 3 85 ± 1 11.0 ± 0.5 4.0 ± 0.5
41 ± 4 67 ± 7 34 ± 3 84.5 ± 0.5 15.0 ± 0.5 0.5 ± 0.5

The biostability of the considered polymers is determined by the chemical structure
and nanotexture of their surface and, most likely, by the free surface energy and, as a
consequence, by the amount of primary adhesion of microalgae.

Due to the optical properties of LDPE (Figure 9A), PP (Figure 9B), the transparency
of experimental samples was observed at the initial stages of the survey, and, during
the exposure to microalgae, its gradual decrease was recorded due to bioadhesion and
biofouling of the polymer surface by algae fractions. Microalgae began to adhere to polymer
surfaces mainly on the fourteenth day and only after microscopic algae fractions formed
a kind of coating for them, providing, apparently, the possibility of their mechanical
attachment and/or nutrition. Moreover, the number of adherent microalgae is determined,
among other things, by the transformation of the polymer surface morphology due to
the long time spent in water at a temperature of ~30 ◦C under periodic exposure to UV
radiation (“day-night”).Visually, using the examples of LDPE (Figure 9A) and UHMWPE
(Figure 9D), it can be seen that the biofouling rate of fluorinated polymers is significantly
lower than that of untreated ones, which is due to the presence of a more developed surface
morphology and a uniform fluoroplast-like barrier layer on the polymer surface, which is
verified by the results of IR-spectroscopy and EDS analysis [18–21]. The barrier effect is
less pronounced due to the more labile surface structure for NBR (Figure 9C).
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In order to provide the possibility of objectivization, formalization and, in the fu-
ture, automation of the procedure for studying polymers for biostability, the concept of
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variational-rotational analysis of optical images of polymers before and after biodegrada-
tion was applied. To obtain a variational-rotational pattern based on the optical image of
the polymer, digital images were formed, rotated relative to the original at angles of 10, 20,
30, 40, 50, 60, 70, 80 and 90 degrees (if necessary, the rotational sampling step could be arbi-
trarily chosen). For each pixel of the variation-rotation pattern, the mean value, standard
deviation and brightness variation coefficient were calculated. As a quantitative measure
of the degree of biocontamination of the polymer surface, we use the optical heterogeneity
of its image. To assess optical heterogeneity, we used the mean value, standard deviation
and the maximum value of the variation coefficient over the entire variation-rotational
pattern. An increase in the standard deviation value of the pixel brightness variation coeffi-
cient indicated an increase in the area of biocontamination. An increase in the maximum
value indicated an increase in the contrast of the image associated with local features of
the thickness distribution of “biocoatings” formed by microalgae on the surface of the
experimental samples. The dependences of the discussed values on the duration of the
exposure to biodestructors for PP are presented in Tables 3 and 4.

Table 3. The effect of microalgae on the initial PP.

Duration, Days 0 4 14 30 47

Variational-
rotational patterns

(analysis of
Figure 9B)
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It has been established that the fluorination of PP contributes to a decrease in the
rate of microalgae biofouling, which is due to a decrease (Figure 9B) in the adhesion of
microalgae at the initial stage (14 days), which may be a consequence of an increase in
the characteristic size of textural inhomogeneities as a result of surface modification of
polyolefins (Figure 5). At the same time, when microalgae act on PP for more than 30 days,
the active development of microalgae colonies is observed, comparable with the nature
of the effect on the original PP. The kinetics of biofouling of the initial and fluorinated
NBR samples radically differ from those observed for PP: the initial NBR practically ceases
to grow microalgae after 4 days in the water, while the fluorinated one undergoes more
efficient destruction.
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The observed slight increase in the optical heterogeneity of the images of the initial
NBR (Table 5) is probably due to the partial swelling of the rubber in water. A similar effect
is observed for the fluorinated NBR (Table 6), but the decisive contribution to the optical
heterogeneity is made by small-sized algae that attach to the surface, although they are
not capable of forming a large-sized colony. Apparently, the mechanism of the biostability
of elastomers is due not to the prevention of bioadhesion, but to the biocidal action of
substances that are gradually extracted into the water during the swelling of rubber. Then,
the biofouling of fluorinated samples is associated with the barrier properties of the surface
layer, which prevents the migration of the rubber compounds ingredients and is desorbed
after fluorination HF into water. Thus, gas phase fluorination of thermoplastics reduces the
bioadhesion rate of microalgae in the natural environment, but does not make it possible
to stop the biocontamination of the protected surfaces. At the same time, the fluorination
of elastomers prevents the migration of ingredients with a biocidal effect of the polymer
volume into water, so the biocontamination of the modified surfaces slightly increases.

Table 5. The effect of microalgae on the initial NBR.

Duration,
Days 0 4 14 30 47

Variational-
rotational patterns

(analysis of
Figure 9C)
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4. Conclusions

We developed a new based on the computer image analysis approach to the quantifi-
cation of the polymer material bio-contamination degree. It allowed us to perform a com-
parative study of bio-adhesion resistance for the algae (Rivularia and StigonemaMinutum)
mixed colony growth on the surfaces of the initial and the fluorinated polymer samples.
The formation of integrated thin-film coatings on the surfaces of LDPE, UHMWPE, PP
and NBR was carried out using the original gas-phase surface fluorination technique. The
effectiveness of the modifying gas mixture (85 vol.% helium and 15 vol.% fluorine) on
the polymer surface layers was confirmed by using IR-Fourier spectroscopy and EDS
analysis. The transformations of morphology and the distribution of chemical elements
on the surface of modified polymer materials were evidenced by the presented results of
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the scanning electron microscopy. For the LDPE, UHMWPE and PP samples, fluorination
led to a decrease in the fouling rate; whereas, for NBR, it led to an increase. We explain
this by the biocidal properties of the ingredients extracted by unmodified NBR samples
into the environment and the formation of a barrier layer as a result of fluorination that
prevents this phenomenon. Therefore, the gas phase fluorination of the vast majority of
polymers leads to an increase in their biostability, but in some cases it can also lead to
an acceleration of bio-growth in a natural aquatic environment. In the near future, we
plan to establish the nature and the degree of degradation of the produced bio-resistant
integrated coatings as a result of exposure to microgrowths, to quantify their effect on
changes in physics-mechanical, tribotechnical and other (wetting, adhesion, etc.) properties,
to perform a comparative analysis of the microrelief and nanotexture transformations of the
initial and the fluorinated polymer materials. From a strategic perspective, we will expand
the list of microorganisms for which new studies on biostability will be carried out, and we
will also study the effect of the fluorine content in the modifying gas mixture, the duration
and mode of modification on the structure and properties of the already considered and
other polymer materials.
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