NANOSYSTEMS: PHYSICS, CHEMISTRY, MATHEMATICS, 2020, 11 (5), P. 553–564

Nanotexture effect of the fiber surface on the sorption capacity of nonwoven fabrics
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An approach to structural and functional modelling of the oxyfluorinated nonwovens based composite materials has been developed. The structural
component of the model is presented in the form of integral and differential characteristic functions of the planar heterogeneity. The correlation
analysis methods revealed the existence of links between the latex sorption capacities and the nanostructural characteristics of the experimental
samples’ SEM-images. The obtained functional-structural model allows us to quantify the expected values of sorption capacities of the nonwoven
fiber materials under the certain restrictions on the chemical compositions of the impregnating mixtures.
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1.

Introduction

Woven and nonwoven fabrics are well-known and widespread options for implementing materials based on polymer fibers [1–3]. Unlike fabrics consisting of regularly ordered forming threads, nonwoven fabrics have a chaotic
and fundamentally multi-layered structure, because, otherwise, they do not provide the necessary level of mechanical strength of finished products for practical operation [4–8]. A significant influence of finish treatment on the
physico-chemical and as a result, functional and operational properties (wettability, sorption capacity, permeability,
radioparadise, etc.) nonwoven fabric [9–11] can be used for solving a wide range of tasks (provide heat and moisture
insulation, filtration from different different-scale admixtures in water and fuel, emergency spill response of fuel and
lubricants, etc.) [12–14]. At the same time, the optical characteristics of different-scale visualizations of nonwoven
fabric surfaces can significantly change under the influence of various finishing methods, which makes it possible to
identify correlations between the functional and morphological characteristics of fibrous materials based on the analysis of their macro -, micro-and nanoscale images [15–17]. The study of the relationships between the set of parameters
of manufacturing modes, structural and functional characteristics of the original and modified samples allows one to
predict and control the properties of products used in various natural conditions, made on the basis and/or using fibrous
materials. The identification of correlations between the structural and functional characteristics of the corresponding experimental samples makes it possible to clarify the mechanisms by which changes in functional properties are
provided by the control program for the production of new materials based on nonwoven fabrics.
2.

Experimental samples

Test non-woven fabrics were made on the basis of two-component mixtures of polyester fibers of various linear
densities (0.33 and 1.7 Tex) using the technology described in [18]. Thermomechanical processing of experimental samples was performed at a temperature of 130◦ C and the speed of broaching non-woven fabrics between the
heated shafts 12 m/min. Chemical treatment of samples was carried out by oxychlorination with a gas mixture of
7.5%F2 +10%O2 +82.5%He with processing times of 0.5, 1, 1.5 and 2 hours.
The latex-sorption capacity of the experimental samples was subjected to a direct gravimetric measurement (Table 1). The latter was chosen as a simulation model of liquid-phase functional additives applied to the surface and
staining non-woven fabrics in volume during final pre-operational processing.
Latex treatment was performed in four different modes, hereafter referred to as L1, L2, L3 and L4. Modified
cloths were impregnated with latex copolymer of vinylidene chloride and butadiene (DVCB-70, 70% butadiene and
30% vinylidene chloride) with a rubber content of 26% (GOST 9501-60 synthetic Latex DVCB-70, TU 38.303–04–
03–90) at a temperature of 22◦ C. To regulate the degree of impregnation, water-diluted latex with a rubber content
of 3.5 (L 1), 4.4 (L2), 6.0 (L 3) and 13 % (L4) was used. Samples immersed in latex were rolled with a roller for
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TABLE 1. The latex-sorption capacity SC for oxyfluorinated bicomponent polyester fiber materials
under various modes of gas-phase modification and liquid-phase processing
Duration of
oxyfluorination, h

L1

0.5
1.0
1.5
2.0

3.8 ± 0.4
3.6 ± 0.4
3.6 ± 0.4
4.4 ± 0.4

The impregnation mode
L2
L3
4.1 ± 0.4
3.3 ± 0.3
2.9 ± 0.3
2.5 ± 0.3

4.9 ± 0.5
4.5 ± 0.5
3.8 ± 0.4
3.7 ± 0.4

L4
5.1 ± 0.5
4.2 ± 0.4
4.7 ± 0.5
4.5 ± 0.5

2 minutes. Latex-impregnated non-woven fabrics were passed through pressing rollers and, when blown with air at a
temperature of 120 ◦ C, dried until constant values of sample weights were reached.

F IG . 1. Values of the SC sorption capacity for latex of experimental samples treated in L1, L2, L3
and L4 modes at different durations of oxyfluorination with a gas mixture of
7.5%F2 +10%O2 +82.5%He
It is seen (Table 1, Fig. 1) that the different modes of impregnation with latex sorption capacity of samples in
most cases decreases with increasing length t of gas-phase chemical modification, but trends are not absolute in
nature, which is probably related to the increase in the hydrophilicity of polyester fibers during the oxyfluorination
and the dependence of sediment stabilities latex on the concentration of rubber in water.
3.

The average sorption capacity dependence on the duration of oxyfluorination

Figure 2 shows the dependence of the average values of sorption capacities of experimental samples (regardless
of the mode of latex impregnation) on the duration of oxyfluorination with a gas mixture of 7.5% F2 +10% O2 +82.5%
He for 0.5, 1, 1.5 and 2 hours. The average value of the sorption capacity of the initial samples is represented by a
point corresponding to the zero duration of gas-phase modification.
The dependence of the average value of the sorption capacity on the duration of oxyfluorination is well described
by the equation:
2

SC = SC0 · e−t + SC∞ ,

(1)

where SC0 is the sorption capacity of the initial samples, SC∞ – is the conditional expected sorption capacity of
samples oxyfluorinated over an infinitely long time, and t is the dimensionless time.
The values of parameters of the functional-dynamic model (1) obtained by the generalized method of least squares
(OLS), intended for predicting the average sorption capacity of bicomponent nonwovens when the duration of oxyfluorination changes, are presented in Table 2.
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F IG . 2. Dependence of the average values of sorption capacities of experimental samples on the
duration of oxyfluorination with a gas mixture of 7.5% F2 +10% O2 +82.5% He for 0.5, 1, 1.5 and
2 hours
TABLE 2. Values of parameters of the functional-dynamic model obtained by the GLS (generalized
least squares) method (1)
Parameter SC0 ± δSC0 ,g/g SC∞ ± δSC∞ , g/g R2
Value
1.1 ± 0.1
3.7 ± 0.4
0.95
Thus, the dependence of the average sorption capacity of the sample on the duration of oxyfluorination shows the
principal possibility of controlling the functional characteristics of composite materials based on non-woven fabrics
using gas-phase chemical modification.
4.

The concept of structural model

In order to ensure the efficiency of impregnation of non-woven fabrics, the highest for some and the lowest for
other latex compositions (simulating various liquid-phase functional compounds applied), it is necessary to develop
a technique for monitoring and predicting the properties of composite fiber materials based on the analysis of the
corresponding optical images. For example, Fig. 3 shows enlarged optical front and profile images of one of the
experimental samples after oxyfluorination.

F IG . 3. Optical front (A) and profile (B) images of the experimental sample after oxyfluorination
A significant disadvantage of direct adaptation of the previously developed original approach to the formation of
structural models in the form of decompositions into two-dimensional Fourier series is a large number of parameters,
the specification of which is necessary to achieve high-quality approximation of digital images of optical images of
analyzed objects. Mathematically strict verification of such models requires a large amount of experimental data, and
its visualization involves the use of pseudo-three-dimensional images, which makes it difficult for researchers and
engineers to perceive and qualitatively analyze the structural characteristics of the studied materials.
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To solve the above problem, an original approach to the quantitative description of images of experimental samples
was developed, consisting in the formation of characteristic functions of planar digital heterogeneity, which formalize
the dependence on the threshold values of pixel B brightness of the normalized total area S/S0 (B) of shapes formed
by pixels of the analyzed images, the brightness of which does not exceed B. Each image of an experimental sample
can be compared with an integral and differential characteristic function, determining the latter using a difference
scheme ∆(S/S0 (B + 1) − S/S0 (B). The visual models of front-facing (A) and profile (B) images corresponding to
different pixel brightness thresholds (Fig. 3) are shown in Table 3.
TABLE 3. Values of parameters of the functional-dynamic model for predicting the values of the
average sorption capacity when changing the duration of oxyfluorination
Threshold
value B the
brightness of
pixels of the
images
Octile of image
pixel brightness
distribution
Visual
models
of the front
image
S/S0 |f ront
∆(S/S0 )|f ront
Visual
models
of the profile
image
S/S0 |prof ile
∆(S/S0 )|prof ile

16

48

80

112

144

176

208

240

I

II

III

IY

Y

YI

YII

YIII

0.16
6.8

0.69
6.4

0.89
3.7

0.98
1.4

0.997
0.27

0.9998
0.03

1
0

1
0

< 0.01
< 0.01

0.09
2.7

0.42
6.6

0.69
7.5

0.85
5.5

0.94
3.4

0.98
1.4

> 0.99
0.3

Thus, the functional dependences of the integral S/S0 (B) and differential ∆S/S0 (B) functions of planar heterogeneity can be considered as unified quantitative structural characteristics of the samples under consideration.
The characteristic functions S/S0 (B) and ∆S/S0 (B) describing the front and profile images of experimental
samples oxyfluorinated with a mixture of 7.5% F2 +10% O2 + 82.5% He for 0.5, 1, 1.5 and 2 hours are shown in Fig. 4
and Fig. 5, respectively.
5.

Correlation and regression analysis of functional and structural relationships

A quantitative assessment of the possibility of establishing in a certain sense “universal” (common to all optical
images obtained under the same conditions of observation) threshold values B of pixel brightness, at which the relationship between the values of characteristic functions S/S0 (B) and ∆(S/S0 (B)) and the values of sorption capacities
(SC) of experimental samples is statistically significant, was performed using data correlation analysis methods.
The results of the correlation analysis (correlogram) of the structural and functional relationships of the sorption
capacity with the parameters of the functions of integral and differential planar digital heterogeneity of frontal and
profile images of experimental samples are shown in Fig. 6. The obtained values of Pearson correlation coefficients
are stored on the ordinate axes; the threshold values of pixel brightness are stored on the abscissa axes.
It can be seen that the prediction of sorption properties of oxyfluorinated non-woven material by quantitative analysis of the front image of the corresponding sample is to some extent possible based on data from the first octile (0..32)
of the corresponding correlograms. In cases (a), (c), (e) and (g) in this range of pixel brightness, the maximum value
of the correlation coefficient of the sorption capacity of experimental samples SC and the values of the characteristic
function ∆(S/S0 (B)) of the corresponding images is observed. However, since the correlation coefficient in the case
of (c) takes a value ∼
= 0, 5, and in the cases of (e) and (g) – ∼
= 0, 75, the formation of the corresponding regression
model is not appropriate due to the obviously poor quality of approximation of the model curve data.
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F IG . 4. The characteristic functions S/S0 (B) (a,c,e,g) and ∆(S/S0 (B)) (b,d,f,h) of the front images of the experimental samples L1(a,b), L2(c,d), L3(e,f) and L4(g,h). Curves 1–4 characterize the
samples oxyfluorinated with a mixture of 7.5% F2 +10% O2 +82.5% He for 0.5, 1, 1.5 and 2 hours,
respectively
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F IG . 5. The characteristic functions S/S0 (B) (a,c,e,g) and ∆S/S0 (B) (b,d,f,h) of the profile images of the experimental samples L1(a,b), L2(c,d), L3(e,f) and L4(g,h). Curves 1–4 characterize
samples oxyfluorinated with a mixture of 7.5% F2 + 10% O2 + 82.5% He for 0.5, 1, 1.5 and 2 hours,
respectively
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F IG . 6. The correlograms of the sorption capacity and the characteristic functions of digital planar
heterogeneities for frontal (a,c,e,g) and profile (b,d,f,h) images of the experimental samples L1 (a,b),
L2 (c,d), L3 (e,f) and L4 (g,h). Curves 1 and 2 correspond to the dependencies of the Pearson
correlation coefficients RSC;S/S0 (B) and RSC;∆(S/S0 ) (B) on the brightness threshold B. The first
and fourth octiles are highlighted as rectangles
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In the quantitative analysis of profile sections of experimental samples, the highest modulo values of the correlation coefficients RSC;∆(S/S0 ) (B) observed in the first half of the fourth octiles (96..112) (highlighted by rectangles in
Fig. 6(b,d,f,h) of the obtained correlograms reach values close to the maximum possible for the considered parameters
(∼
= 1 and ∼
= −1). In other words, in cases (b) and (d), the maximum correlation is observed, and in cases (f) and
(h), the maximum anticorrelation of the characteristic function ∆(S/S0 (B)) and sorption capacities of experimental
samples SC are observed.
Thus, for statistically reliable structural and functional forecasting, it is necessary to form a quantitative assessment of sorption capacity SC mainly based on the analysis of differential planar heterogeneity functions ∆(S/S0 (B))
for profile images of experimental samples.
Based on a set of linear regression models describing possible partial dependences of sorption capacities of experimental samples (impregnated with latex in the modes L1, L2, L3 and L4) on the corresponding values of functions
∆(S/S0 (B)) for all B belonging to the interval [96; 112] (the first half of the fourth octile of correlograms), four
models of the form visualized in Fig. 7 and specified in Table 4 were formed:
SCl =

112
X

pk · (ak · ∆l (S/S0 (Bk )) + bk ) = αl · ∆l (S/S0 ) + βl ,

(2)

k=96
4
P

in which pk =

Rk2
112
P
k=96

Rk2

; Rk2 = 1 −

l=1
4
P

2

(SCl − SCl,k )

2

; {SCl }4 – values of the sorption capacities of samples

(SCl − SCl,k )

l=1

impregnated in the modes L1, L2, L3 and L4; SCl,k – the value of the sorption capacity of the l-sample calculated by
the k-model; SC l – the average value of the sorption capacity of all samples of the l-series; αl and βl – parameters of
the l-functional and structural model.

F IG . 7. The dependences of the experimental samples’ sorption capacities on the values of the
digital differential planar heterogeneity functions

TABLE 4. Values of parameters of functional and structural models (2) obtained by the weighted
least squares (WLS) method
Parameter
L1
L2
L3
L4
αl ± δαl
260±30
860±90
−630±30 −260±30
βl ± δβl
1.7±0.2
−4.5±0.5
10.2±1
6.9±0.7
2
Rl
0.88±0.09 0.61±0.09 0.01±0,01 0.73±0.07
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It can be seen that the sorption capacity slightly depends on the structural characteristics of the modified nonwoven fabric at low (L1) and high (L4) concentrations of rubber in latex and strongly depends on the structural
characteristics at concentrations of rubber close to a certain ”threshold” value. If the proportion of rubber in the
impregnating latex is less than this value, the sorption capacity increases with increasing differential planar heterogeneity. Otherwise, the larger the value ∆(S/S0 ) becomes, the smaller the sorption capacity for latex will characterize
the sample.
Thus, to ensure relatively stable values of the sorption capacity for the oxyfluorinated nonwoven fabric over its
entire “effective” surface, functional covering materials similar to latexes with a percentage of rubber or less than 4 or
more than 12% should be used. If it is necessary to synthesize stochastic sorption maps formed during impregnation
of bicomponent polyester fiber materials, it is necessary to use mixtures similar to latex with an approximately 6%
rubber content as functional ones.
The presence of the above “extreme” value is probably associated not only with the limited sedimentation stability
of rubber in water, but also significantly depends on the relative position, total area, and degree of oxyfluorination of
the surfaces of latex-wetted fibers.
5.1.

Multi-scale structural analysis of nonwoven fabrics

Macroscopic optical images of the original and oxyfluorinated nonwoven fabrics fragments with dimensions of
800×1000 microns are shown in Fig. 8.

F IG . 8. SEM-images of nonwoven fabrics surfaces made of polyester fibers based on PET initial
(A) and oxyfluorinated (B) with a gas mixture of 7.5% F2 +10% O2 +82.5% He
Neither visual nor quantitative analysis of these fibrous materials images made it possible to statistically reliably
establish the presence and degree of the oxyfluorination influence on the material macroscopic structure.
When analyzing SEM-images (with dimensions of 250×350 microns) of the same samples’ fragments at the
microscopic level (at the lowest magnification available for the Jeol7500F microscope (Japan)) differences in the
observed textural heterogeneity degrees of the initial and oxyfluorinated fibers surfaces become noticeable (Fig. 9),
but a quantitative description of the corresponding nanoscale inhomogeneities is still impossible (due to the fact that
at a low resolution of the electron microscope, the characteristic size for one pixel of the generated image exceeds 1
micron).

F IG . 9. SEM-images of polymer fiber groups for initial (A) and oxyfluorinated (B) with a gas
mixture of 7.5% F2 + 10% O2 + 82.5% He
Finally, at the maximum magnification for the Jeol7500F (Fig. 10), it is possible to fix and then model the nanotextures of the original and oxyfluorinated nonwoven fibers using the original method of the quantitative SEM-images
analysis developed earlier [19–21]. The characteristic size for one pixel in this case is ∼1 nm.
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F IG . 10. SEM-images of polymer fiber surfaces: initial (A) and oxyfluorinated (B) with a gas
mixture of 7.5% F2 +10% O2 + 82.5% He
5.2.

Dependence of the fiber surfaces’ nanotexture on the duration of modification

SEM-images (with dimensions of 1.2×1.2 microns) of the surfaces’ fragments for the original and treated with a
gas mixture of 7.5% F2 + 10% O2 + 82.5% He fibers (with modification durations of 0.5, 1, 1.5 and 2 hours) are shown
in Fig. 11.

F IG . 11. SEM-images of the PET fiber surfaces: initial (A) and oxyfluorinated with a gas mixture
of 7.5% F2 + 10% O2 +82.5% He for 0.5 (B), 1 (C), 1.5 (D), and 2 (E) hours
The study of the nanostructural transformations dynamics of fiber surfaces showed that the localization region
of the morphological spectrum (Fig. 12), which characterizes the sample’s SEM-image, increases with increasing the
oxyfluorination duration, probably reaches the maximum value, and then decreases. (Fig. 13). The dynamics of the
morphological spectrum expressed in dimensionless units of the radius of the localization region and the derivative of
the model (1) are anticorrelated at the level of 0.78±0.08.

F IG . 12. Morphological spectra of the surfaces SEM-images for material-forming PET fibers: initial (A) and oxyfluorinated with a gas mixture of 7.5% F2 + 10% O2 + 82.5% He for 0.5 (B), 1 (C),
1.5 (D) and 2 (E) hours. The line indicates the radius of localization of the morphological spectrum
Since it is known [22] that the PET surface hydrophilicity increases sharply during gas-phase treatment with
mixtures whose active reagents are fluorine and oxygen, when latex hits the effective surface of a nonwoven fabric, the
processes of diffusion of latex as a colloidal solution into the thickness of the nonwoven material and intensive water
sorption by the PET fibers surface, hydrophilized by oxyfluorination begin to compete. This phenomenon increases
the uncertainty in predicting the sorption capacity at close to critical values of the rubber concentration in latex.
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F IG . 13. Dependence of the morphological spectrum localization radius of the polymer fiber surface
SEM-image on the duration of its oxyfluorination
However, the relationship between the latex-sorption capacity increment of the material, and the values of the
regions radii for the morphological spectra localization, which characterize the nanoscale SEM-images of fibers surfaces, describes the mechanism by which changes in setting of the modification mode (the duration of the gas-phase
oxyfluorination) manages the functional material properties (e.g., sorption capacity).
6.

Conclusion

An approach to structural and functional modeling of composite materials based on oxyfluorinated nonwovens
has been developed. The structural component of the model can be represented in the form of integral or differential
characteristic functions of planar heterogeneity S/S0 (B) and ∆S/S0 (B) and in the form of expansion into a twodimensional Fourier series with a morphological spectrum {Akl }N ×N .
The presence of correlations between the sorption capacities (for latex) and the structural characteristics of the
optical image of experimental samples was established using classical methods of correlation analysis of data. The
obtained functional and structural model allows us to quantify the expected values of the sorption capacity of bicomponent polyester fiber materials under certain restrictions on the chemical composition of the impregnating liquid-phase
mixtures. It was found that the uncertainty in the predicted values of the sorption capacity increases sharply with the
∼
= 6% content of rubber in latex, which indicates the determining influence of the particular structure of a particular
sample on its sorption properties relative to the above-mentioned impregnating mixture. Since it is impossible to form
structurally identical non-woven fabrics (due to the peculiarities of manufacturing technology), it is recommended
to use compositions similar to latex with a far from extreme percentage of rubber (<4 or >12%) when finishing
oxyfluorinated fiber materials with covering compounds.
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