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The important task of medical materials science is to create multifunctional materials, particularly, materials for
bone replacement with improved adsorption properties to load them with drugs for their direct local action in an area
of the lesion. In this regard, the aim of work is to study the kinetics of adsorption-desorption of water vapor on biogenic
hydroxyapatite/glass/carbon fiber (BHA/glass/CF) composites depending on the content of the fiber component, as
well as to study their specific surface area, morphology, and thermal stability. The study allows for the prediction of
the behavior of composites during their storage and further use as medical materials.

Microstructural studies were performed by scanning electron microscopy (SEM). The specific surface area of the
materials was determined by gas adsorption (Brunauer-Emmett-Teller theory, BET). The kinetics of adsorption and
desorption of water vapor were studied using the gravimetric method of analysis. Thermal analysis (TG-DTA) was
performed in air within a temperature range from 20 to 1000 °C.

The TG-DTA method of the starting materials and the obtained composites confirmed that the technology used for
their preparation allows for keeping carbon fibers in the structure. The SEM studies demonstrated a complex specific
porous structure of the obtained BGA/glass/CF biocomposites with the presence of visible carbon fibers in their
structure. It has been found that the specific surface area of the composites can be varied from 101 to 537 m*/g by
changing the carbon fiber content from 10 to 50 %. It has been shown that biocomposites’ adsorption properties also
depend on the carbon fibers’ content. According to a 24-hour study of the adsorption process, it was found that the
value of the reduced adsorbed mass of water molecules increases from 0.0392 to 0.162 with an increase in the carbon
fiber content from 10 to 50 %. It was shown that the desorption process is a linear function of temperature and depends
on an increase in the rate of temperature increase.

Keywords: hydroxyapatite, glass, carbon fibers, adsorption, specific surface area, morphology, thermal stability

INTRODUCTION and production technology wused [1,4-6].
Bioglass is known not only for its bioactivity, but
also for its improved mechanical properties when
combined with ceramics [7-8]. Combining of
hydroxyapatite with bioglass allows the obtaining
of composite materials with improved properties,
including both mechanical and biological [8—10].
It is also known about the combination of
hydroxyapatite and carbon fibers (CF), which are
known for their adsorption properties [11-13].
Activated carbon fibers can be used as materials
for creating antibacterial wound dressings [14]. In
addition, carbon fiber materials are promising for
use as fiber matrices for tissue regeneration,
acting as a scaffold and supporting cells [15]. The
authors of [11] studied the adsorption of

The medical industry, both in Ukraine and
worldwide, needs new multifunctional materials
that can  perform  several  functions
simultaneously. Hydroxyapatite, which is an
analog of the mineral part of bone tissue, has long
been known as a bioactive material that can be
used to create implant materials for bone
regeneration and other biomedical applications
[1-3]. Synthetic stoichiometric hydroxyapatite
corresponds to  the chemical formula
Cai9(PO4)s(OH),, which can vary depending on
the conditions and method of material synthesis
[1, 3]. Hydroxyapatite of biological origin (BHA)
may also have some deviation from the
stoichiometric formula, depending on the source
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tetracycline and aspirin on biomimetic apatite,
activated carbon fiber, and composite material
based on them and showed the possibility of using
such activated carbon fiber tissue coated with
biomimetic apatite to accelerate significantly
bone reconstruction using in vivo experiments on
rats [11]. The specific porous structure and
surface-responsive properties of such materials
may be promising for the treatment of bone
defects simultaneously with drug delivery to
release therapeutic drugs to improve bone
healing. This is especially important in
orthopedics for the treatment of inflammatory
conditions that occur during implantation or are
already present at the time of surgery. The
saturation of implant materials with therapeutic
drugs for their gradual release after surgery is an
urgent problem in the treatment of inflammatory
conditions of various origins [16—18].

Adsorption  activity depends on the
development and defectiveness of the structure,
the ratio of macro- and micropore concentrations,
the nature of the porous system, the concentration
of active adsorption centers on the available
surface, and their energy activity [19-20].
Modification and design of composites based on
CF significantly change dispersibility and
physicochemical properties [21]. Therefore,
information about the kinetics of these processes
is necessary. One of the most essential issues is
determining the speed and mechanism of
adsorption processes, because adsorption and
desorption of biomaterials processes are critical at
the stages of drug transport to the treated area.

In our previous work, the BHA/glass/CF
composites were created and their composition
and basic physical and chemical properties were
studied [22]. The next step is to study their
adsorption properties, namely the kinetics of
adsorption and desorption of water vapor as a
model process.

The aim of this work is to investigate the
morphology, thermal stability, and kinetics of
adsorption-desorption of water vapor on the
surface of BHA/glass/CF powder composites
depending on the fiber content, which will help
predict the behavior of composites during storage
and further use as medical materials.

MATERIALS AND RESEARCH METHODS

Biogenic hydroxyapatite/glass/carbon fiber
(BHA/glass/CF) powder composites with
different mass ratios of BHA/glass and CF (90/10,
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70/30, and 50/50) were prepared based on
hydroxyapatite glass ceramics and activated
carbon fibers in a closed ceramic container at
800 °C with a holding time of 30 min. For
comparison, the CF were also heat-treated under
similar conditions. Hydroxyapatite glass ceramics
with glass content of 31.5wt.% (glass
composition, wt. %: 49.10 SiO,; 28.14 Na,O;
22.76 B,O3) were previously prepared at a
temperature of <800 °C [23, 24]. The CF was
also previously obtained by controlled stepwise
pyrolysis of hydrated cellulose fibers at 900 °C
[25].

Microstructural studies were performed by
scanning electron microscopy (SEM) using a
TescanMira 3 LMU microscope.

The specific surface area of the materials was
determined by the gas adsorption method
(Brunauer-Emmett-Teller theory, BET) using a
Gemini 2360 device (Micromeritics, USA).

The kinetics of adsorption and desorption of
water vapor were studied using the gravimetric
method of analysis. The change in the mass of the
test material and the process rate were determined
continuously in automatic mode. The adsorption
of water vapor was carried out in a stream of
humidified air with a relative humidity of 60 to
100 % for 5 hours. The process of desorption of
water vapor from the material surface was studied
under non-isothermal conditions of temperature
increase in the range from 20 to 120 °C, as well
as under conditions of changing the partial
pressure of water vapor in the air stream to a
relative humidity of 60 % at a temperature of
20 °C. The linear flow rate of the gas phase in the
reaction zone was 3 cm/min, and the volumetric
flow rate was 50 ml/min. The powders were
previously dried at 80 °C.

To reduce the influence of the diffusion stage
of the reaction components of the gas phase into
the thickness of the powder layer, minimal
material weights were used (75—-100 mg). Before
the adsorption process, the materials under study
were heat-treated under conditions of reduced
gas-phase pressure in the reactor to 0.1 Torr at
120 °C, followed by cooling and transferring to
the specified parameters of the reaction zone. The
sensitivity of the measuring system was 1-107 g.

The quantitative analysis of the kinetic
processes of adsorption-desorption of water vapor
on the experimental samples was carried out using
the reduced value of dmi/mg that was determined
by the formula:

ISSN 2079-1704. X®TI1. 2026. T. 17. Ne 1



Adsorption — desorption kinetics of water vapor on hydroxyapatite/glass/carbon fiber biocomposites

dm; = mi—my, Q-1000 Derivatograph (MOM, Hungary) of the
Paulik-Paulik-Erdey system in the temperature
range from 20 to 1000 °C at a heating rate of
5 °C/min. AlOs was used as a reference sample.

where my is the initial mass of the material after
thermal desorption treatment; m; is the current
variable mass in the adsorption and desorption
process. RESULTS AND DISCUSSION

The adsorption activity of a unit surface area
of the adsorbent (m™) was determined by the
formula:

Fig.1 shows the microstructure of
BHA/glass/CF composites with different carbon
fiber content: BHA/glass/10CF (a) with 10 %
A =— dmi/moSssa, carbon fiber, BHA/glass/30CF (b) with 30 %
carbon fiber and BHA/glass/S0CF (¢) with 50 %
carbon fiber. The micrographs show that,
regardless of the content of carbon fiber, the
materials have a complex porous glass-ceramic
structure in which carbon fibers can be clearly
seen.

where A is the adsorption activity of the material
under study; Sssa is the specific surface area of
the material under study.

Thermal analysis technique that combines
thermogravimetry (TG) and differential thermal
analysis (DTA) was performed in air using a
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Fig. 1. Microstructure of BHA/glass/CF composites depending on the carbon fiber content: « — BHA/glass/10CF, b
— BHA/glass/30CF, ¢ — BHA/glass/50CF

The content of carbon fibers significantly the fiber content in BHA/glass/CF composites,
affects the specific surface area and pore volume the greater their pore volume. At the same time,
of composite materials, the results of which are the composition does not affect the pore size,
shown in the Table. The specific surface area of which is 2 nm for all materials. Thus, the rule of
the obtained BHA/glass/CF composites is in the additivity applies to the specific surface area and
range of 101-537 m?%/g, and its value increases pore volume of composites, which implies the
with an increase in the content of carbon fibers in contribution of all its components. In general, the
the composition of the materials, which is due to obtained composites have a rather high specific
the specific surface area of the carbon fibers. surface area and pore volume, which can
Thus, for the initial carbon fibers, the specific significantly affect their sorption properties.
surface area is 1110 m%*g, and after heat The thermal stability in air up to a
treatment, it is 1229 m%g, while the initial temperature of 1000 °C of the starting materials
BHA/glass composite, on the contrary, has a and composites, as well as the possibility of phase
relatively low specific surface area of 1 m%g. A transformations, was investigated by the
similar dependence is observed for pore volume. TG-DTA method, which are shown in Fig. 2 and
The initial BHA/glass composite has the smallest Table. No thermal effects were observed for the
pore volume (0.0003 cm*/g), while carbon fibers starting BHA/glass ceramics, and the mass loss
have the largest (0.467-0.502 cm?/g). The higher was associated with adsorbed water and was only
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1 %, due to the material production technology
(800 °C). For the starting and heat-treated carbon
fibers, as well as all composites, regardless of
fiber content, adsorbed water is removed in the
range of 20-85 °C. The destruction and burnout
of the carbon component occur at 400 °C.
Moreover, these processes occur in a wider
temperature range (400-600 °C) for starting
carbon fibers. For heat-treated CF, as well as for
BHA/glass/CF composites, the thermal effects
end at ~580 °C. The effect of CF content is

demonstrated as a change in peak intensity: the
higher the fiber content, the larger the peak. The
starting CF, as well as those heat-treated in a
closed crucible at 800 °C, undergo complete
destruction and decomposition of carbon fiber in
the air. The same refers to composite materials,
for which weight loss is proportional to carbon
fiber content. This suggests that using a closed
crucible, compared to sintering in air, for
composite material production preserves carbon
fiber in the material.

Table. Properties of starting materials and prepared BHA/glass/CF composites depending on the carbon fiber content

Sample CF content, Specific surface Pore volume, Mass Mass loss (DTA),
% area (BET), m%/g cm’/g increase, % %
Starting materials for composite preparation
BHA/glass 0 1 0.0003 2 1
CF (staring) 100 1110 0.467 39 99
CF (heat-treated) 100 1229 0.502 24 99
Prepared composites

BHA/glass/10CF 10 101 0.042 4 11
BHA/glass/30CF 30 332 0.140 7 32
BHA/glass/50CF 50 537 0.224 9 47

Fig. 3 shows the kinetic data of adsorption
processes of water vapor in the gas-solid system
for the starting materials (starting and heat-treated
CF, as well as BHA/glass), as well as composite
materials based on them with different carbon
content at a gas humidity of 60 and 100 %. The
starting BHA/glass is characterized by low
adsorption affinity to the gas phase (water
molecules) at 60 and 100 % humidity. Under
60 % air humidity conditions, the reduced value
of dmi/my reaches a value of 0.0113 during the
five-hour adsorption process. Increasing the
humidity of the gas phase to 100 % slightly
changes the adsorption and within 5h it was
possible to achieve a value of dmi/mo=0.018.
Regardless of the gas phase's humidity content,
most water vapor was adsorbed within 5—10 min.
and practically did not change within 24 hours.

For the starting carbon fibers, over a five-hour
period of the adsorption process at a relative
humidity of 60 % of the gas phase, the value of
dmi/my reached a value of 0.239, increasing
within 24 h to 0.310. At the same time, the initial
rate (Fig.3) was 0.384 h™!, decreasing within
5min. to 0.3241h”', within 10 min. it was
0.1972 h'!, within 30 min. it was 0.113 h™!, and at
the 5 h of the adsorption process, it was 0.007 h™".

30

An increase in the humidity of the gas phase to
100 % leads to a significant increase in the
adsorbed mass, which after 5 h of experiment was
dmi/my = 0.397, increasing within 24 h to a value
of 0.431.

The adsorption of water vapor on carbon
fibers after heat treatment also significantly
depended on the humidity of the gas phase. Thus,
at a humidity of 60 % within 5 h, the value of
dmji/mo reached a value of 0.178, and within 24 h,
it was 0.217. An increase in the humidity of the
gas phase to 100 % leads to an increase in the
adsorbed mass within 5h of the adsorption
process to a value of dmi/mo = 0.429, and within
24 h it was 0.441. At the same time, the rate of the
adsorption process (Fig. 4) at a relative humidity
of 60% in the initial period was 0.238h™',
decreasing after 5 min to 0.1590, after 10 min to
0.0879 h'!, after 30 min. it was 0.0581 h'!, and at
the end of the 5-hours adsorption process, the rate
decreased to 0.0152 h™".

It should be noted that, unlike glass ceramics,
the adsorption of CF depends significantly on the
humidity of the gas phase. In addition, the kinetic
parameters of the adsorption process of water
vapor on the starting carbon fiber powders at
60 % humidity and heat-treated CF at 100 %
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humidity are similar in values in the given time dmi/my values are close to 0.075 for both
interval: within 5 min, dmi/mo reached a value of materials.
0.032 and 0.027, respectively, and within 20 min.,
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Fig. 2. Results of TG-DTA of the starting components and BHA/glass/CF composites depending on the carbon fiber
content: a — starting BHA/glass, b — starting CF, ¢ — heat-treated CF, d — BHA/glass/10CF, e —
BHA/glass/30CF, f— BHA/glass/50CF
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Fig. 3. Water vapor adsorption curves for the starting components for preparing composites at different humidity: / — starting
BHA/glass at 60 % humidity; 2 - starting BHA/glass at 100 % humidity; 3 — heat-treated CF at 60 % humidity; 4 —
heat-treated CF at 100 % humidity; 5 — starting CF at 60 % humidity; 6 — starting CF at 100 % humidity
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Fig. 4. Adsorption rate for carbon fiber before and after heat treatment at different humidity: / — starting CF at 60 %
humidity; 2 — heat-treated CF at 60 % humidity; 3 — heat-treated CF at 100 % humidity

In the case of BHA/glass/CF composites
(Fig. 5), in the initial period of the adsorption
process, in the interval up to 5 min., the rate data
differ slightly for materials with different carbon
fiber content. In the adsorption process, the
efficient behavior of the carbon component of the
composite was observed. With an increase in the
content of the carbon component, the adsorption
process shifted to the diffusion region. Despite the
fact that the adsorption process for the
BHA/glass/50CF composite was slower than for
the BHA/glass/30CF composite, a logical
dependence of the increase in the reduced
adsorbed mass of water molecules with an
increase in the content of carbon fibers in the
composites was observed during the 24 h of the
adsorption process: dmi/mp=0.0392, 0.109, and
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0.162 for BHA/glass/10CF, BHA/glass/30CF,
and BHA/glass/50CF, respectively.

For a more accurate analysis of the influence
of composition on the water vapor adsorption
process, the summarized values of the mass
increase of starting materials (starting and heat-
treated CF, as well as BHA/glass) and
BHA/glass/CF composites at 100 % humidity are
presented in the Table. Carbon fibers are
characterized by a mass increase of 39 and 24 %
for starting and heat-treated CF, respectively,
which is 10-20 times higher than that of
BHA/glass ceramics (2 %). Moreover, the results
show that an increase in the fiber content in
composite composition leads to a mass increase
from 4 to 9 % during water vapor adsorption,
which indicates the additive effect of the
components on the adsorption process.
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Fig. 5. Water vapor adsorption curves for different BHA/glass/CF composites at 60 % humidity depending on the
content of carbon fibers: / — BHA/glass/10CF; 2 — BHA/glass/30CF; 3 — BHA/glass/S0CF
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Fig. 6. Changes in the adsorbed mass of water vapor in the desorption process (%) for a composite of
BHA/glass/S0CF composition depending on the rate of temperature rise and a decrease in the gas phase
pressure in the reaction zone to 1 mm Hg: / — temperature rise rate of 1.6°/min; 2 — desorption of water
molecules at a temperature rise rate of 1.6°/min; 3 — temperature rise rate of 5°/min; 4 — desorption of water
molecules at a temperature rise rate of 5°/min; 5 — desorption of water molecules under conditions of a gas

phase pressure of 1 mm Hg

Fig. 6 shows the desorption process of water
molecules, on the example, of the
BHA/glass/50CF composite, under conditions of
temperature increase at different rates and
vacuuming the system to 1 mm Hg. Under the
conditions of temperature increase in the regime
of 1.6°/min, the process of desorption of water
vapor molecules from 10 to 16 °C is observed,
which significantly increases in the temperature
range of 15-25 °C. In the temperature range of
25-85°C, in the above-mentioned high-speed
temperature increase regime, a linear time
dependence of the desorption process was
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manifested with its further decrease in the range
up to 110 °C within 70 min. An increase in the
rate of temperature rise in the reaction zone to
5°C/min led to an increase in the rate of the
desorption process, which was practically
completed within 20 minutes. The temperature
parameters of the progress of the desorption
process are practically identical at both
temperature conditions. The study of the kinetic
parameters of the desorption process of water
molecules at room temperature under conditions
of reducing the pressure of the gas phase in the
reaction zone to 1 mm Hg showed that the linear
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stage of the desorption process to a value close to
90 % was observed within 5 min. The desorption
process practically stopped (was less noticeable)
after 10min of recording the change in
quantitative values.

CONCLUSIONS

It has been shown that the prepared
hydroxyapatite/glass/carbon fiber biocomposites
are characterized by a complex specific porous
structure with visible carbon fibers. It has been
found that the specific surface area of the
composites is in the range of 101-537 m?/g,
which increases with increasing carbon fiber
content. Differential thermal analysis of the
starting materials and the prepared composites

confirmed that the technology used allows the
preservation of carbon fibers in the structure of
biocomposites during sintering.

The adsorption properties of biocomposites
depend on the content of carbon fibers. According
to a 24-h study of the adsorption process, it was
found that the value of the reduced adsorbed mass
of water molecules increases from 0.0392 to
0.162 with an increase in the fiber content from
10 to 50 %. It was shown that the desorption
process is a linear function of temperature and
depends on an increase in the rate of temperature
increase. Thus, the content of carbon fibers makes
it possible to regulate the adsorption properties of
hydroxyapatite/glass/carbon fibers
biocomposites.
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AxmyanvHoto npobaemor MeOuuHo20 MAmepialo3HaABCmed € CMBOPEeHHs 6a2amoyHKYIOHATbHUX Mamepiais,
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32i0H0 3 24-200unHUM 00CHIOdNCEHHAM NPOYeCy aocopOyil, )10 6CMAHOBNCHO, WO 3HAYEHHS NPUEedeHOT a0copbosanol
macu monexyn 600u 36invuyemucs 6io 0.0392 0o 0.162 3i 30inbuienusm emicmy gyeneyesux 6010koH 6i0 10 0o 50 %.
THokaszano, wo npoyec decopdyii € NIHIUHOW QYHKYIED memnepamypu ma 3a1exicums 6i0 30L1bUleHHs WeUOKOCMI
nIOBUIYEHHS MeMnepPamypu.

Knrwowuosi cnoga: ciopoxcuanamum, ckio, @yereyegi 6010KHA, aAO0COpOYisa, NUMOMA NOBEPXHs, MOpPono2is,
mepMmiuHa cmabinbHicmy
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