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Abstract. The actuality of the research is defined by the need of creation means for wound treating, the insufficient
development of methods of the use of the possibilities of modern nanomaterials. The purpose is to substantiate
the possibility of creating materials of a given structure to ensure controlled liquid removal using magnetic
nanocomponents. The research involved methods of solving the nonlinear diffusion equation, macroexperiments
on liquid sorption by materials filled with nanocomponents. The main approaches and boundary conditions for
solving nonlinear equations are substantiated. The approximate analytical solution of the diffusion equation clearly
highlighted the possibility of finding the basic diffusion coefficient and the inhibition coefficient, which determines
the nonlinear nature of the sorption process.Two experiments register the liquid reaching the opposite surface of the
healing material and the mass of the accumulated liquid at a certain time. It has been proven that the introduction
of magnetic nanocomponents into the structure of medical materials affects the sorption processes. The addition of
magnetic nanocomponents at the initial moment reduces the diffusion coefficients. At the same time, the content
of such components increases the bacteriostatic properties of the material. The organisation of the sorption
process in the conditions of a variable magnetic field significantly affects the sorption process. An increase in the
magnetic field strength significantly increases the diffusion coefficient and decreases the braking coefficient. The
dependence of the diffusion coefficients on the content of nanocomponents and the strength of the magnetic field
is given in the article. These data make it possible to predict the diffusion properties of the material, as well as to
determine the process parameters that provide the specified sorption parameters. The practical value is determined
by the possibility of creating materials for the treatment of wounds with adjustable intensity of exudate removal
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Introduction

The relevance of the research is determined by the
contradiction between the need to create effective
methods for treating wounds, the potential opportu-
nities of nanocomponents in textile materials and the
need to determine their real impact. The particular im-
portance can be related to war in Ukraine that cause
the introduction of the latest technologies related to
humanitarian issues. In particular, this applies to the
treatment of wounds. In some cases, wound treatment
involves the use of special bandages. One of the main
requirements for such means, as noted by D. Arcange-
li et al. (2023), should be the removal of exudate from
purulent wounds. Optimisation of the wound healing
process is related to the possibility of regulating the
sorption process. Innovative approaches to creating
connections with the necessary authorities have grown
significantly. The main requirements for medical tex-
tiles and the main achievements in this field are given
in the study of R. Rathinamoorthy (2023). At the same
time Y-S. Ho et al. (2022) substantiated the main direc-
tions of further research on the improvement of wound
dressings, which are related to bacteriostatic proper-
ties and regulated removal of exudate. The main re-
quirements for fibers and materials are aimed at the
intrinsic properties of fibers and textile materials, as
described by Y. Qin (2023). In a significant number of
studies, the provision of most properties of medical
textile materials is associated with the introduction
of nanotechnology and nanomaterials. S. Tripathi et
al. (2023) note the emergence of an additional thera-
peutic effect in medical textile materials using nano-
components. As sorption processes related to the struc-
ture of the material, the use of porous structures may
be relevant for such a system, as shown by M. Nasir et
al. (2023). In the study of M. Riabchykov et al. (2021)
the possibility of creating materials with specified
porosity parameters, which can be used to create ma-
terials with specified sorption parameters is showed.

Thus, the following requirements for medical ma-
terials, main achievements and unresolved issues can
be noted. The main principle of wound treatment with
the help of textile medical materials is the removal of
exudate. For each wound, it is desirable to ensure the
specified efficiency of this process. The removal process
is related to diffusion processes in the material. Theo-
retically, the sorption process is described by nonlinear
differential equations, the general methods of which do
not exist. Promising nanocomponents in the composi-
tion of textile materials can provide a given structure
and corresponding sorption parameters. The location
of such materials in the magnetic field additionally
regulates these processes. Such materials can demon-
strate qualitatively new properties, provide favourable
regulation of exudate sorption and, accordingly, more
effective treatment. It should be determined that the
use of magnetic nanocomponents to regulate sorption
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parameters is a promising but unexplored direction
in the field of medical textiles. At the same time, the
determination of normalised diffusion rates for such
materials in the express mode remains an insufficiently
substantiated issue.

The purpose of this work consists in the justifica-
tion of the creation of materials with specified param-
eters of exudate sorption based on the use of nano-
components in magnetic field conditions.

Materials and methods

The first task for conducting research is to justify the
methodology for determining sorption parameters.

Sorption characteristics of the material are relat-
ed to diffusion processes. This process is described by
a nonlinear differential equation taking into account
the complex dependence of the diffusion coefficient
on the liquid content:

v _ d

au
at  ox ox’ (1)

where U -the liquid contentinrelative units to full density.
The diffusion coefficient depends on the liquid
content:

D =Dy(1+0c-U). Q)

In such conditions, the diffusion process is deter-
mined by two parameters. The static diffusion coeffi-
cient D, can theoretically be determined by tradition-
al methods. Methods for determining the saturation
coefficient o are generally unknown. The diffusion
equation does not have exact analytical solutions. Ap-
proximate solutions given, for example, in the article
of L.Yan et al. (2023) should be developed for an oper-
ational approximate solution.

To determine the diffusion coefficients, a modified
semi-emeric method was used. Such method was de-
scribed by S. Arabuli et al. (2018). It consists in the use
of analytical dependencies compatible with express
experiments on liquid absorption. This method requires
the use of analytical solution methods, since the main
diffusion constants remain unknown in the solution
process. The theory of differential equations indicates
that two unknown constants require the use of at least
two conditions. Considering the fact that the mass
growth of the textile material in the sorption process
can be found under experimental conditions, at least
two such experiments must be conducted.

Determination of diffusion coefficients is not the
end of this work itself. In order to regulate the sorption
process, nanomagnetic powder consisting of a mixture
of ferric and ferric oxides is added to porous textile
materials. Such a powder is synthesised as a result of
the process described by M. Riabchykov et al. (2022).
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The structural characteristics of the material obtained
with the inclusion of nanocomponents were deter-
mined by microscopy methods.

Sorption processes in the material were deter-
mined by weighing methods, as a result, the main indi-
cators and diffusion constants were found. Taking into
account the real magnetic properties of the obtained
material, a hypothesis was made about the influence of
the magnetic field on the structure and dimensions of
the cavities inside the material, which should undoubt-
edly affect the sorption indicators. In order to study this
process, a porous material containing magnetic na-
nocomponents was placed inside a ring magnet with
the possibility of adjusting the magnetic field tension.
Sorption properties were determined for several cases
of stress and content of magnetic nanocomponents.

Results and discussion

The first step of this study was the substantiation of
express methods for determining diffusion coeffi-
cients. The calculation scheme for the passage of liquid
through the material is shown in Figure 1.
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Figure 1. Calculation scheme
of the liquid sorption process
Source: developed by the authors on the base of L. Yan et al.(2023)

A material of thickness h is subjected to the action
of a liquid from one side. Wetting occurs on the left side
of the material. At the same time, complete saturation
of the material with liquid is observed at this point, i.e.,
the saturation value U = 1. In a certain time ¢, the liquid
reaches a certain point inside the material. In the figure,
this distance is denoted by z. The differential equation
of diffusion in conditions of substituting the diffusion
coefficient depending on the liquid content can be con-
verted to the form:

T () R ) R C

ot ox? ox "ox?
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The equation has a pronounced non-linear appear-
ance, as it contains terms that include derivatives raised
to certain powers. There are no exact methods for solv-
ing such equations. To find an approximate equation,
was estimated a possible solution taking into account
the boundary conditions. For ease of approximation,
the origin of the coordinates is located at the point of
reaching the liquid. The x coordinate from this point
was directed to the plane from where wetting occurs.

In this case, the boundary conditions can be written

in the form:
U=1, x=z,

U=o, x=0.

(4)

A power function meets these conditions. In a sim-
pler form, it can be written as:

U= (g)”. 5)

In this expression, it is necessary to determine the
exponent of the power function. After substituting into
the differential equation, it’s possible to can get an
equation in which the distance traveled by the liquid
is the unknown.

dz

“o 0t E) e 22 ()] )

In the future the dimensionless coordinate will be
used for convenience:

=5 )

Then the equation will be rewritten in the form:

dy Don[n—l 1
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It is necessary to take into account fact that the
thickness of the material for bandages is small. So, it
can be possible to ensure equality at two points,9=0.5,
9 = 1. This condition will provide a solution:

n-1 2n+1 (1)"‘2 _n-1 2n+1
> = :

47 +o0 T + 0o n (9)
The last equality allows to find the coefficient of
nonlinearity depending on the exponent:

n-1 272
2n+2 2n72-1"

g=3 (10)
At the same time, the distance of liquid diffusion
into the material can be determined from the equation:

(11)
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This equation can be solved exactly. Thus, the de-
pendence of the liquid penetration depth on time can
be written in the form:



D

9=1-exp {—f[n —1+a(@2n+ 1)]t}. 12)
In this equation, the degree and the diffusion co-
efficient remain unknown. Two results are necessary
for the experimental determination of the exponent.
The mass of liquid accumulated in the material can be

found as an integral:
A-h-p-9
n+1

z z (x\"
M=A-pf0U(x)dx=A-pf0(;) dx = (13)
In this equation, A determines the area of action of
the sorption process:
=T (14)
When the liquid reaches the opposite boundary, a
wetted zone begins to appear on this boundary, which
can be fixed. At the same time, the mass of the sample
with accumulated liquid can be determined:

1
Ho = ——

T (15)
The obtained experimental results allow to deter-
mine the degree indicator immediately:

1-p
n==r (16)

The use of this indicator immediately determines
the value of the braking coefficient o according to
the above expression. Integration taking into account
the change in the liquid distribution zone determines
the mass of the accumulated liquid after a certain
time interval.

1—exp{—D—’:)[n—1+a(2n+1)] t}

17)

u(e) = e}

Weighing the sample over a specified interval al-
lows to determine directly the value of the static dif-
fusion coefficient, taking into account the real spread
of the liquid and the presence of the braking process
in the process of liquid accumulation. Obvious trans-
formations give an expression for this indicator in
the form:

Dy = a Zin(1—u(® - (+ D).

n-1to@n+Dlt (18)

Thus, the process of determining of the diffusion
coefficients includes two measurements of the mass
of the accumulated liquid. The first measurement
determines the mass after a certain period of time
while the liquid is inside the material. The second ex-
periment measures the mass of accumulated liquid
after wetting the opposite side. This value allows to
determine immediately the indicator of the degree of
the function of the spread of the liquid during using
the dependence shown in Figure 2.
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Figure 2. Indicator of the degree of the distribution
function depending on the accumulated liquid
Source: developed by the authors

The inhibition coefficient associated with the non-
linear component of the differential equation deter-
mines the influence of the liquid already accumulated
in the material on the sorption properties. Consider-
ing the above equations, this coefficient can be deter-
mined using the dependence shown in Figure 3.
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Figure 3. Braking coefficient depending
on the amount of accumulated liquid
Source: developed by the authors

The static diffusion coefficient can be deter-
mined based on the liquid accumulated in the mate-
rial after a certain period of time. At the same time,
the dependence will have three factors that must be
taken into account. These factors include the total
accumulated liquid, the time that must be less than
the full soaking time, and the amount of accumu-
lated liquid up to that time. For example, these in-
dicators were determined theoretically for a liquid
content of 0.05 from full for different moments of
time (Fig. 4).
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Figure 4. Static diffusion coefficient for different moments of time

Note: 1 -t1;2 -t2; 3 - t3; t1<t2<t3
Source: developed by the authors

Nanomagnetic technologies for filling medical
materials fully justify themselves based on their bac-
teriostatic properties. At the same time, their content
in a certain way affects the structure and size of the
pores inside such materials. The addition of certain

components based on oxides of divalent and trivalent
iron in a certain way reduces the average pore size.
The study of the microstructure of similar materials,
shown in Figure 5, at first glance does not determine
a significant impact.

Figure 5. Structure of porous material saturated with iron oxide nanocomponents, nanocomponent content

Note: a - 0.3%; b - 0.2%; c - 0.1%
Source: developed by the authors

A more detailed study of the average size of the
structural components shows a decrease in the average
pore size by approximately 8-12% with a reduction in
size dispersion by the same amount. The decrease in av-
erage dimensions determines leads to change in the time
of passage of liquid through the textile material. Con-
ducting experimental studies shows a decrease in the
static diffusion coefficient and an increase in the braking
coefficient. The introduction of magnetic nanocompo-
nents affects the sorption indicators, but does not direct-

ly determine the possibility of regulating this process.

In order to regulate the sorption process, the material
saturated with magnetic nanocomponents was placed in
the area of action of a ring electromagnet with controlled
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power. The electric voltage, supplied to the electromag-
net, was adjusted using an autotransformer. As a result of
this process, the strength of the magnetic field changed.
On the basis of mechanical gravity tests, the ratio of elec-
tric voltage and magnetic field strength was determined.
This device allows you to change the strength of the
magnetic field in the range from 0 to 3 mT. At different
indicators of the content of magnetic nanocomponents
and the strength of the magnetic field, samples of the
material to be sorbed were weighed. Water was used as
a model fluid. According to the method given above, the
values of the static diffusion coefficient and the braking
coefficient were determined. The results of determining
these paraseirs are shown in Figure 6, Figure 7.
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Figure 6. Change in the braking coefficient depending on
the strength of the magnetic field and the content
of magnetic nanocomponents
Note: 1 - 0.1%; 2 - 0.2%; 3 - 0.3%
Source: developed by the authors
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Figure 7. Change of the static diffusion coefficient
depending on the strength of the magnetic field
and the content of magnetic nanocomponents
Note: 1 - 0.1%; 2 - 0.2%; 3 - 0.3%
Source: developed by the authors

The dependences demonstrate a decrease in the
diffusion coefficient with an increase in the content of
magnetic nanocomponents and an increase in this in-
dicator with an increase in the magnetic field strength.
The braking coefficient decreases with an increase in
the content of nanocomponents and an increase in the
strength of the magnetic field. The obtained results
prove the possibility of real regulation of the sorp-
tion properties of textile materials in the treatment of
wounds. Express methods for determining diffusion in-
dicators have been developed.

In the process of reviewing the main achievements
in the field of creation of textile medical materials, ad-
ditional results obtained in this study were noted. The
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main requirements for wound dressings determine
their effective bacteriostatic and sorption properties.
Major advances in the creation of textile materials for
wound care are presented in a study of P.D. Venkatra-
man et al. (2023), while the peculiarities of the use of
nanotechnologies are noted. A systematic review of the
development of wound dressings, as well as the various
directions related to their development, are reviewed in
a review by Z. Liu et al. (2023). In the article of Y. Wu et
al. (2022) it was considered the main requirements of
textile medical materials regarding hygroscopicity,
bacterial resistance and certain activity. The results of
this research make it possible to significantly expand
the nomenclature of medical textiles, taking into ac-
count the possibilities of creating a given structure. In
a study of N.Zhang et al. (2023) the importance of anti-
bacterial properties of medical materials were proved.
At the same time, P. Singh et al. (2023) claim that the
use of nanomagnetic materials significantly increases
the bacteriostatic properties of textile materials. Such
properties of nanocomponents were additionally prov-
en by R.Masood et al. (2015). The main properties of na-
nocomponents and means of their synthesis are given
in the book by H. Gao et al. (2023a).

Magnetic nanocomponents, the bacteriostatic prop-
erties of which have been proven by previous studies,
were used in this study. Thus, the use of such materials is
fully justified for medical purposes. G. Chen et al. (2023)
reported about the technology of saturation of textile
materials with nanocomponents for the purpose of pro-
tection against bacteria and viruses. In a study by S. Ba-
nerjee et al. (2023) the facts about the possibility of
controlling medicinal liquids in medical textile materi-
als with the addition of nanocomponents are provided.

Regulation of liquid sorption was proclaimed in pre-
vious publications, but was not scientifically substanti-
ated.The obtained results confirmed the real possibility
of regulating this process. Considering the importance
of removing exudate from wounds,a number of publica-
tions investigate the process of fluid movement in textile
materials.L.Hou et al. (2023) determined the gradient of
fluid movement through textile materials. M. Riabchyk-
ov et al. (2022) used mathematical modeling methods
to determine patterns of fluid movement through tex-
tile materials. S. Stankovi¢ (2023) described the pa-
rameters of fluid transport through textile materials.

In contrast to known results, the nonlinear nature
of the diffusion process and two coefficients charac-
terising the diffusion process are taken into account.
The intensity of liquid sorption inside textile materials
is related to the definition of the diffusion coefficient,
which is not an absolute constant, but is related to the
accumulated amount of liquid in the material, as shown
in particular by Z. Tan & Y. Zeng (2024). The difficulty
of directly determining the values of the diffusion co-
efficient is noted by X. Linh Nguyen et al. (2022). Such
researchers as H. Gao et al. (2023b) relate sorption

Commodity Bulletin, 2024, Vol. 17, No. 1



Controlled diffusion of medical textile materials filled...

122

characteristics, in particular diffusion coefficients, to
porosity parameters. Porosity is generally poorly regu-
lated. In the article of R.K. Prasanth Kumar et al. (2024)
the possibility of influencing the porosity parameters of
the material filled with nanocomponents using a mag-
netic field was proved. The given partial solutions of
the diffusion equations do not have a clear possibility
of determining the nonlinear diffusion coefficients. The
obtained results will make it possible to determine non-
linear diffusion coefficients based on macro experiments.

A.Mao et al. (2022) attempted to model the struc-
ture of the textile material to ensure the given sorption
properties. Q. Chen et al. (2023) investigated the effects
of coatings and saturating materials on wet transport
performance. Means of controlling fluid movement
in textile materials are defined in a study by K. Bal &
B. Das (2023). This study clearly shows the prospects
of using nanocomposites based on iron oxides to cre-
ate a certain structure. Y. Lin et al. (2023) consider the
possibility of controlling fluid movement in a textile
material.). Ma et al. (2023) note the possibility of simul-
taneously ensuring the movement of liquid in a given
direction and preserving the bacteriostatic properties
of the textile material. It was also noted in the study by
M.R. El-Naggar et al. (2024) the influence of magnetic
nanocomponents on the parameters of diffusion in the
material. Additionally, the effect of nanomagnetic parti-
cles of iron oxides on sorption processes is considered
in the article of C. Wang et al. (2024).

This article proves the real possibilities of regulat-
ing the movement of liquid in textile materials under
the influence of a magnetic field under the conditions
of using magnetic nanocomponents.

Conclusions

One of the main indicators of the effectiveness of the
functioning of medical textile materials for the treat-
ment of wound infections is the possibility of requlated
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AHoOTauif. AKTyanbHICTb A0CNIAXKEHHS BM3HAYAETbCA HEOOXIAHICTIO CTBOPEHHS 3acobiB Ans NiKyBAaHHS paH,
HeLOCTaTHbOK PO3PODBNEHICTIO METOAIB BUKOPUCTAHHS MOX/IMBOCTEW Cy4acHMX HaHoMaTepianie. MeTo poboTu
€ 0Or'pYHTYBaHHS MOX/IMBOCTI CTBOPEHHS MaTepianiB 3a4aHOi CTPYKTYypu Ana 3abe3neyvyeHHs KOHTPObOBAHOIO
BMOANEHHS PIOMHM 3 BUKOPUCTAHHSAM MarHiTHUX HAaHOKOMMOHEHTIB. B poboTi BUKOPUCTAHO METOAM PO3BA3aHHS
HeniHiMHOro PiBHSAHHA AMdy3ii, MakpoKniMaTUYHi ekcnepuMeHTH 3 copbuii piavHW MaTepianaMu, HanoOBHEHUMM
HaHoKoMnoHeHTaMu. OBrpyHTOBAaHO OCHOBHI MiAXOAM Ta FPAHWMYHI YMOBW AN PO3BA3aHHSA HENiHIMHWUX PiBHSHb.
HabnmxkeHnin aHaniTMUHWIA pO3BM30K PIiBHAHHS AMdY3ii Y4iTKO BUCBITAMB MOX/MBICTb 3HAXOAXKEHHSI OCHOBHOMO
koediuieHTa andysii Ta koediuieHTa iHribyBaHHS, KM BM3HAYAE HENiHIHUIA xapakTep copbuiiHoro npouecy. Y
[BOX eKCNepUMEeHTax PeeCTPYETLCA KiNlbKiCTb PiAMHM, LLLO AOCAra€ NPOTUNEXHOI NOBEPXHI NiKyBaNbHOIO Matepiany, i
Maca HaKOMWYEHOI piAMHKU B MeBHMI MOMeHT Yacy. [loBeaeHo, Lo BBEAEHHS MAarHiTHUX HAHOKOMMOHEHTIB Y CTPYKTYpY
MeAMYHMX MaTepianiB BNAMBAE Ha npouecu copbuii. [lonaBaHHA MarHiTHUX HAHOKOMMOHEHTIB B NOYATKOBUIA MOMEHT
3HMXKYE KoediLieHTH andys3ii.BoaHoYac BMiCTTaKMX KOMMOHEHTIB NiABULLYE OaKTepiocTaTUYHI BNaCTMBOCTI MaTepiany.
OpraHizauig npouecy copbuii B yMoBax 3MiHHOrO MarHiTHOro NoJsi CYTTEBO BM/IMBAE HA NpoLec copbuii. 36inblueHHS
Hanpy>XeHOCTi MarHiTHOro Nons CyTTeBO 36inbliye koedilieHT Andy3ii Ta 3MeHLWye koediLieHT ranbMyBaHHs. Y cTaTTi
HaBedEeHO 3aNeXHiCTb KoedilieHTiB AMdy3ii Big, BMiCTY HAHOKOMMOHEHTIB Ta HAaNPY>XeHOCTi MarHiTHoro nong. LLi gaxi
[a0Tb MOX/IMBICTb NPOrHO3yBaTH AUQY3iMHI BNACTMBOCTI MaTepiany, a TaKOX BM3HAYATM TEXHOMOrIYHI NapameTpu
npouecy, siki 3abe3neyyoTb 3a4aHi NapameTpu copbuii. [MpakTUUYHa LiHHICTb BUSHAYAETLCA MOXKJIMBICTIO CTBOPEHHS
MaTepianis 4N9 NiKyBaHHS paH 3 perynbOBaHOK iIHTEHCUBHICTIO BUAANEHHS eKCyaaTy
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