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Abstract: The technology of obtaining porous nanostructures is based on ecological organosilicon
materials and their uses in some spheres of human life, for example, for medical preparations, for
thermal insulation of building structures and industrial equipment, and for cleaning. The purpose
of this study was to establish correlations between various experimental parameters (shear stress,
speed pulsations, temperature, viscosity, and processing time) and the rheological characteristics of
suspensions obtained by the method of liquid-phase dispersion; it was a study of hydrodynamic
effects and the processes of heat and mass exchange in liquid systems during the liquid-phase
dispersion of hydrogel monoliths by means of discrete-pulse activation in a special rotary apparatus.
The dehydration of hydrogels was carried out by two methods: convective drying in a layer and
spraying in the coolant flow. Experiments have shown that the key parameters for obtaining stable
homogeneous suspensions are a synergistic combination of concentration factors and processing
time. To obtain adsorbents in the form of pastes with specified adsorption properties and a monolith
size of up to 300 µm, the optimal parameters were a hydrogel concentration of 70% and a processing
time in the double-recirculation mode. Xerogels obtained by convective drying are a polydisperse
mixture of strong monoliths and fragile aggregates. In contrast, xerogel monoliths obtained by spray
drying show great homogeneity in terms of dispersion and strength characteristics. The rheological
parameters of the hydrogel dispersions, which depend on the concentration and hydrodynamic
treatment modes, are the dominant factors affecting the moisture extraction during drying. This
study marks the first investigation into the resilience of porous organosilicon structures against the
influence of intense turbulence fields and mechanical stresses experienced within the rotor apparatus
during suspension production.

Keywords: eco-friendly organosilicon materials; xerogel; aerogel; rotary dispersion technology;
homogeneous suspension; rheological behavior; drying; sustainable nanostructure materials

1. Introduction

Porous structures find broad practical utility across various domains, serving as
versatile materials for insulation, energy conservation, carrier matrices for drug substances,
sorbents, catalysts, filters, membranes, sensors, heat insulating materials, and more [1–3].

The most recent comprehensive evaluations of research progress in this field are pre-
sented in a series of reviews [4–12], which encompass a diverse array of final applications,
such as those in electronics [13,14], alongside thorough theoretical analyses [15,16]. Several
of these reviews underscore the importance of environmental restoration through sustain-
able development [5], heightened focus on industrial ecology [11,12], and advancements
aimed at enhancing living standards and human health [6,8,10].

The applicability of these structures is determined by the physical and chemical at-
tributes of their surfaces and their inherent porosity. The qualitative features of porous
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materials hinge upon factors such as pore shape and size, quantitative proportions, connec-
tivity, spatial distribution, and the nuances of porous structure formation, which, in turn,
are contingent upon the chosen production method aligned with the material’s functional
objectives [17–21]. For instance, the characteristics of catalysts or adsorbents structures,
including porosity and the nature of active sites on the material’s surface, exert a pivotal
influence on catalytic or adsorptive activities. Alterations in porosity can bring about
changes in reaction rates and the functional efficiency of materials, influencing heat and
mass transfer and reagent and product diffusion, among other factors [22,23]. When the
volume of pores equals or exceeds the volume of the substance constituting the material’s
structure, the designation of nanoporous material is invoked. Depending on the manner in
which the pore space is configured, these structures are categorized as spatial frameworks
formed by spherical particles, cellular structures, monoliths with channels, or laminates [18].
In terms of pore size, structures are further classified into microporous (pore size < 2 nm),
mesoporous (pore size 2–50 nm), and macroporous (pore size > 50 nm) [24].

The prevalent techniques for synthesizing hierarchically organized porous structures,
such as hydrogels, xerogels, and aerogels, predominantly involve sol-gel technologies. The
sol-gel synthesis process is multifaceted, encompassing stages like a precursor solution
preparation, structure and pore space formation, ripening and syneresis, washing, drying,
and heat treatment to yield xerogels in powder form. The structuring of powders into
macroscopic porous monoliths is achieved through extrusion, granulation, gel-casting,
matrix-coating, convective-drying, and dry-pressing methodologies [25–29]. For the pro-
duction of suspensions containing porous particles, an intermediate state in the creation of
monolithic structures, liquid-phase dispersion and homogenization are employed. These
processes can be executed under conditions of high shear stresses, employing cavitation
effects, in bead or vibration mills [30–34]. The practical applicability of suspensions is de-
termined by their rheological properties, which need to be optimized for specific processes
of nanostructure formation [35]. In injection molding technologies, for instance, highly
concentrated suspensions with high plasticity and a yield point are utilized, whereas slip
casting typically employs Newtonian suspensions (diluted) [1]. The structural and mechan-
ical properties of suspensions during dehydration by spraying influence the morphology
and dispersion characteristics of resulting dry powders [27,36,37].

The rheological behavior of suspensions is determined by the forces of interaction
between particles and their size within the dispersed system. Repulsive forces yield a
homogeneous dispersed suspension, while attractive forces can result in an agglomerated,
viscous suspension exhibiting significant yield strength [31,32].

Critical to the formation of porous gel structures are the processes associated with
liquid removal, which occupies the space between particles and the structural elements
of the matrix framework. During dehydration in an air stream or vacuum, substantial
internal stresses are generated in the matrix framework of the gel. The removal of the
liquid phase leads to significant structural shrinkage, and porosity decreases due to surface
tension forces acting during the liquid-removal process. The degree of gel compaction
is contingent upon the balance between compression induced by surface tension and
the elasticity of the gel framework resisting compression [19,38–40]. The drying process
induces considerable stresses in the material, resulting in the occurrence of cracks and the
destruction of monolithic samples.

A comparative evaluation of two prevalent drying methods for hierarchically or-
ganized porous monoliths synthesized through sol-gel technology has elucidated that
evaporation drying exhibits comparable effectiveness to conventional supercritical drying
in terms of the material’s structural and textural properties, including specific surface
area and pore volume. The modulation of pore-space characteristics can be, to a certain
extent, accomplished by optimizing temperature and speed modes during the drying
process [37,41].

Research into the influence of various factors on the formation of the globular structure
of gels has provided the physicochemical foundation for the targeted regulation of the struc-
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ture of organic–inorganic adsorbents, specifically hydrogels of polymethylsiloxanes [38].
Consequently, an industrial sol-gel synthesis technology has been developed for Methyl-
silicic Acid Hydrogel (HGMSA). This biocorrective sorbent demonstrates the capability
to efficiently bind and expeditiously remove medium-molecular toxic substances of both
endogenous and exogenous origin, along with pathogenic microorganisms and viruses
from the human body. This effectiveness stems from its high affinity to adhere to the organic
silicon matrix. The adhesion to the sorbent leads to the destruction of bacteria, a process
that can be augmented by the presence of metal ions in the adsorbent composition [42,43].

From the preceding discussion, it can be inferred that the utilization of porous silicon-
organic sorbents and their derivatives, encompassing enteric, topical, hemosorbents, and
parenteral preparations, has facilitated the development of a diverse array of sorption mate-
rials tailored for various medical applications. These materials offer significant advantages,
including complete harmlessness, non-toxicity, high biocompatibility with human tissues,
blood, and other biological substrates, the selective sorption of medium-molecular-weight
toxic metabolites, and high adsorption capacity. This domain aligns closely with the princi-
ples of sustainable development, particularly in the context of enhancing human health and
well-being. Such advancements are especially pertinent in the current scenario of ongoing
hostilities in Ukraine, wherein numerous civilians and military personnel necessitate urgent
medical attention.

Furthermore, a scientific and technical inference drawn from the analysis of research
indicates that the attainment of high-quality porous nanostructured materials necessitates
establishing a correlation between physicochemical parameters influencing synthesis and
a spectrum of requisite structural, mechanical, and functional properties. However, this
linkage remains inadequately understood for the majority of materials.

In this study, we investigate the influence of various physical, chemical, and technolog-
ical parameters on characteristic effects and processes such as grinding, homogenization,
and the drying of substances for the creation of promising porous nanostructured materials
(suspensions and xerogels) based on silica, specifically its globule (RSiO1.5)n. A transfor-
mation in nanostructures is carried out through local (and discrete) pulsed energy inputs,
facilitated by high flow turbulence, significant shear stresses at the liquid–dispersed parti-
cle interface, and the destructive effect of alternating the pressure drop within a specially
designed rotary-type unit. Subsequent drying is achieved either by blowing through a
layer of heated air or by spray drying the flow within the dryer cyclone. The physico-
chemical properties of the resulting products and their experimental application in specific
technological processes are comprehensively investigated in a dedicated laboratory setting.

2. Research Materials and Methods

HGMSA and HGMSA, whose surfaces are modified with complexes of metal ions
(Cu2+/Zn-HGMSA), are used as a model structure [44,45]. HGMSA samples were provided
by JSC “Ecologoprotective Firm “KREOMA–PHARM” (Kyiv, Ukraine).

2.1. Methods and Equipment

Xerogel samples were prepared through a two-stage process: I—the formulation of a
uniform dispersion of hydrogel monoliths HGMSA in purified water; II—the desiccation
of the suspensions through convective drying.

Hydrodynamic processing, the purpose of which was to obtain a homogeneous sus-
pension “HGMSA-H2O” with a maximum size of monolithic particles of 300 µm, was
carried out in the recirculation mode at the experimental setup (Figure 1) [46]. The cir-
culation loop for suspension comprises reactor R1 equipped with an anchor stirrer (AS),
where initial system components are introduced. Pump P1 provides suspension transporta-
tion to the original flow type rotary-pulsation apparatus (RPA) [47,48], and for recycling,
the suspension is redirected back to R1. Throughout the investigation, P1 regulates the
flow rate, the circulation duration is monitored, and suspension temperature is measured
before/after the RPA and in the reactor.
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the discrete-pulse energy-input (DPIE) method for heterogeneous media [30,49–51]. The 

Figure 1. Experimental setup for investigating hydrodynamic effects and heat and mass trans-
fer in fluid systems: visual representation (a); structural components of the rotary-pulsation
apparatus (RPA*) (b); schematic diagram of the experimental setup (c). Circulation loop of
model media: AS*—anchor stirrer; F1—shut-off and regulating fitting; R*—reactor; RP—rotary
pump; RPA*—rotary-pulsation apparatus. Heat carrier circulation loop: CP—centrifugal pump;
EH—electric heater; F2, F3—shut-off and regulating fitting. Control and measuring unit:
ADS—analog-to-digital converter; DO—digital oscilloscope; FM—flow meter; H—hydrophone;
HA—hydrophone amplifier; P1, P2—pressure sensor; PC—personal computer; PA—preamplifier;
RC—remote control; TS1–TS5—temperature sensor. Original designs that were developed and
created in Institute of Engineering Thermophysics of the National Academy of Sciences of Ukraine.

The RPA subjects the suspension components to multifactorial influences, employ-
ing the discrete-pulse energy-input (DPIE) method for heterogeneous media [30,49–51].
The dispersion of HGMSA monoliths in water is conducted in an apparatus featuring a
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rotor–stator–rotor system of working elements. The stator–rotor space of the apparatus
generates a maximum shear field at a shear rate of 150,000 s-1, perturbed by high-frequency
hydrodynamic flow pulsations (1.2–3.6 kHz). Detailed descriptions of design features and
geometric dimensions are provided in [48].

The test was iterated a minimum of three times for each experimental series. Data
sampling and a selection of samples for subsequent processing and property analysis were
based on the adsorption activity of suspensions using Congo red dye. The baseline values
for the initial hydrogel and “HGMSA-H2O” suspensions at ratios of 7:3, 6:4, and 4:6 were
3.3, 2.9, 2.1, and 1.7 mg/g, respectively, with a deviation of ±0.2 mg/g.

Convective drying in the layer (layer thickness 30 mm) was carried out by blowing
the HGMSA layer with a drying agent (air) with Tda = 120–150 ◦C to the final moisture
content of the xerogel Wf = 1.5–2.0% (Figure 2a). The spray drying was carried out on
an experimental RC-1.3 spray dryer with a capacity of 10 kg/h in terms of evaporated
moisture equipped with a centrifugal disc sprayer with a rotation speed of 18,000 rpm
(Figure 2b) [52].
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Figure 2. Dehydration of suspensions by convective drying in layer (a) and spray drying (b): TS3–
TS4—temperature sensor.

2.2. Research Methods

The adsorption activity of the suspensions was determined in a specialized laboratory
of JSC “Ecologoprotective Firm “KREOMA-PHARM” (Ukraine) as the ability to adsorb
Congo red dye from an aqueous solution at a concentration of 1.0 mmol/L. The analysis
methodology was performed according to [44].

The moisture content of the gels was determined by the arbitrarily drying method at a
temperature of 100–115 ◦C to a constant mass.

The dispersion analysis of gel samples was evaluated by the morphometric method
according to the maximum linear size of monoliths and aggregates using a Mikmed-1
microscope (RF) with a photofixation digital microscope camera eTREK 220x and by
the sieve-analysis method using the Vibratory Sieve Shaker ANALYSETTE® type 03.502
(FRITSCH GmbH, Idar-Oberstein, Germany) with a set of wire metal sieves followed by
measuring the weight on ViBRA® AJ (Shinko Denshi Co., Ltd., Tokyo, Japan).
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The morphology of the xerogel surfaces was studied on a JSM-9490LV scanning
electron microscope (JEOL Ltd., Akishima, Japan) with a magnification factor of ×1000 to
×14,000 and an accelerating voltage of 20 kV.

The structural and sorption characteristics of the xerogels were evaluated by the
nonspecific adsorption–desorption of n-hexane on a NovaWin2 complex analyzer (Quan-
tachrome Instrument Corp., Boynton Beach, FL, USA). The algorithms to calculate the
specific surface area using the Brunauer–Emmett–Teller method and the size distribution
of the sorption pore volume using the Barrett–Joyner–Halenda method are included in the
instrument software.

The rheological behavior of the “HGMSA-H2O” system was studied on a rotational
viscometer of type “Rheotest® RN” (Rheotest Medingen GmbH, Medingen, Germany)
with a rotor/cup H1/G1 measuring pair in continuous deformation mode with a gradual
increase in shear rate in the range of 7–1073 s–1 at

.
γ = 1073 s–1, while the system was under

load for 720 s and, subsequently, at a gradual decrease in the shear rate. The exposure time
was 1 min. The study was conducted without a thermostat at a temperature of 18–23 ◦C.

Each sample underwent a minimum of three measurements. The average mathemati-
cal values, derived from these measurements, served as the foundation for constructing
graphical dependencies. Experimental data underwent mathematical and statistical analy-
sis using MS Excel and Origin software packages.

3. Results and Discussion

The initial system (HGMSA) is a multiscale “structure with internal structure” type,
and at the macro level are wet monoliths and aggregated particles up to 20 mm in size. The
structural frame of the monolith consists of a spatial grid of “cross-linked” macromolecules
(globules) 7–15 nm in size, in the pores of which there is immobilized water (Figure 3).
HGMSA, despite its high humidity (89–91%), lacks fluidity and exhibits plastic and elastic
properties [44,45].
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Figure 3. Scheme of the model structure {(RSiO1.5)×nH2O}∞: 1—globule; 2—hydration shell;
3—pore with immobilized liquid; (R is an organic radical, n is the number of water molecules).

Organic radicals are placed on the surface of the globule, resulting in hydrophobic (up
to 75%) hydrogels and, as a result of uncondensed hydroxyl groups, it is hydrophilic (up to
25%). In the dispersion medium, a hydrate shell (up to four layers of water molecules) is
formed on the surface of the globules as a result of electrostatic forces and hydrophilic bind-
ing with liquid molecules, which increases the elastic properties of monolithic dispersed
particles.

The “HGMSA-H2O” suspension is characterized by a mixed condensation–coagulation
type of structure. On the one hand, HGMSA monoliths have a condensation structure, and
coagulation contacts are also formed in water.
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Summarizing the above, the studied system is nanostructured and has three types of
interaction between dispersed HGMSA particles (atomic, coagulation, and phase).

The development of new structured porous materials and methods for their prepara-
tion requires a search for a compromise between certain parameters that determine their
functional efficiency. For the system under study, such parameters can be the dispersity of
the monoliths, the specific surface area, the size of the pores, and the size of the volume of
the adsorption space. The adsorption capacity of the gel, as the main functional indicator of
the effectiveness of sorbents, significantly depends on the size of its specific surface, which
is determined by the size of globules and the dispersion of the monoliths. In addition,
the adsorption pore volume and pore sizes determine such characteristics as the packing
density of globules and monoliths.

3.1. Effect of Concentration on the Structural–Adsorption Characteristics of Nanostructures

During hydrodynamic DPIE treatment, the suspension is subjected to a multifactorial
effect. Which of the complexes of factors will be dominant depends on the flow regimes
determined by the rheological behavior of the suspensions and the concentration of the
dispersed phase in the suspension [30,46,49].

The manipulation of hydrogel content in the suspension (refer to Table 1) was under-
taken to reduce water content while maintaining sufficient fluidity.

Table 1. The effect of DPIE treatment on structural and adsorption characteristics.

Mass
Concentration of
HGMSA in H2O

Specific Processing
Time

Average Speed of
the Temperature
Increase in the
Suspension

Preferable Final Size of
Monolithic and Aggregated
Particles (Maximum)

Structural–Adsorption Indicators

Specific Surface
Area

Sorption Pore
Volume

Effective Pore
Size Range

Effective Pore
Radius

Cm ,
%

τsp , min/kg ◦C/(kg×min) δH
(

δH
max

)
, µm Ssp , m2/g Vs , cm3/g

de f ,
nm

r1
e f max

r2
e f max

, nm

100
(original sample)

- - - 310 0.890 1.0–13.8 4.56

70
0.08 0.06 65–250 (300) 210 1.623 3.0–27.6 4.61
0.29 0.10 30–170 (250) 81.3 1.084 3.2–40.0 7.13

60
1.27 0.07 40–70 (120) 60.6 1.064 1.2–20.0 2.77/5.39
1.39 0.18 30–60 (100) 27 1.012 2.0–30.2 7.4

40
1.8 0.04 20–70 (98) 57.8 1.774 0.4–24.0 3.01/5.37
3.1 2.67 20–50 (85) 9.8 1.062 1.0–28.8 6.6

This approach aimed to establish optimal conditions for achieving a homogeneous
suspension within the recirculation circuit and in the spray-dryer plume.

During the DPIE treatment, the fluid system undergoes a transition from a free-
dispersed state to a structured configuration. This process entails the disruption of bonds
between aggregated particles within monoliths, the comminution of hydrogel monoliths,
the development of hydrate shells around them, and the establishment of novel contact
interactions between the newly formed monoliths and their spatial framework. The relative
rates of each process component dictate the duration and extent of suspension structuring,
with the hydrogel concentration influencing the strength of the framework.

The outcomes of experimental investigations are presented in the form of histograms
(Figure 4), allowing for the assessment of the impact of the hydrodynamic treatment
duration on the macro and microparameters of porous structures.
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For a non-concentrated suspension of “XGMSA-H2O” with a hydrogel concentration
of 40% (Figure 4d), a characteristic feature is the dissolution of an unstable framework
originating from small monoliths, with the coagulation interaction predominating. The
dispersion process of monoliths is concomitant with the alteration of their pore volume:
initially, particles exhibit a broad range of fine pore sizes, but over time, fine pores undergo
a ‘degeneration’ process, leading to the formation of monoliths with a more monoporous
structure, accompanied by a reduction in the boundary sorption volume of pores.

With an increase in the hydrogel concentration in suspension to 60%, the nature of the
histogram (Figure 4c) does not change, but the duration of the structure formation process
is reduced. The influence of shear flow increases, leading to an increase in the dissipation of
kinetic energy, which occurs due to the action of macroscopic viscous forces and the work
of forces through the interfacial velocity nonequilibrium. By increasing the temperature
during processing and changing its speed, it is possible to identify the transition of the
suspension to a structured state.

The hydrogel concentration limit was set at 70%, at which the suspension has short-
term fluidity properties in the recirculation circuit, which makes it possible to obtain
a suspension with large sizes of monoliths with a highly developed Ssp surface and a
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mesoporous structure (Figure 4b). In such a suspension, the contact (phase) interaction
between particles at the macro and micro levels prevails.

3.2. Peculiarities of Xerogel Formation by Convective Drying Methods

Studies of hydrogel dehydration were carried out by two methods: convective drying
in a layer and spraying in a heat carrier flow. The dehydration process was preceded by a
hydrodynamic treatment stage until a fluid homogeneous suspension was obtained.

The results on experimental studies of the production of xerogels of methylsilicic acid
xerogels (XGMSA) by convective drying in a layer with preliminary DPIE treatment of the
initial suspension with a ratio of components of the HGMSA:H2O system of 7:3 are shown
in Table 2.

Table 2. Results of experimental studies of xerogel production by convective drying in a layer with
preliminary DPIE treatment.

Sample #

DPIE Processing Parameters Adsorption and Textural Characteristics of Xerogels

Number of
Cycles

Temperature
Final Size of
Monoliths in
Suspension

Humidity
Specific
Surface Area

Boundary
Sorption Pore
Volume

Effective Pore
Radius

Pore Size
Range

Dimensions of Monoliths and
Aggregates

T, ◦C δH , µm W, % Ssp , m2/g Vs , cm3/g ref max , nm def , nm δX , µm

1
(initial
HGMSA)

- - up to 2 × 104 86 310 0.89 4.60 3–8
fragile loose-packed monoliths
1 µm ≥ 2 mm

2 1 19–20 60–290 91 210 1.62 4.61 3–28
monoliths
100–500 µm

3 10 19–28 30–156 91 32 0.45 2.81/8.89 2–40
densely packed monoliths
>300 µm—85%
100–300 µm—7.6%

The highest specific surface area Ssp was observed for xerogels that were obtained from
the original hydrogels without hydrodynamic treatment (sample #1). This sample consisted
of xerogel monoliths with a brittle structure and a polydisperse composition (under slight
mechanical loads, the monoliths are destroyed). On the basis of the composition and
structure of the obtained sample, it can be concluded that the atomic type of contact
interaction between particles predominates and the structure has a weak spatial framework.

A graphical interpretation of the data on the distribution of the sorption volume of
pores by their size is shown in Figure 5.
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The results obtained indicate that sample #1 has a mesomodal monoporous structure
with a rather narrow pore size range of 3–28 nm, which corresponds to the limit of the
sorption pore volume Vs = 0.89 cm3/g. Furthermore, the pronounced maximum on the
curve indicates the predominant pore size at the 9–10 nm level.

Studies have revealed that following one cycle of DPIE treatment, characterized by a
specific treatment time of up to 0.1 min/kg, the dispersion of HGMSA in the liquid resulted
in macro-level structural and textural transformations, while the porosity characteristics
remained essentially unchanged. On the differential curve of sample #2 (2, Figure 5),
a descending section is observed at the lower limit of the range of mesomodal pores,
suggesting the presence of micropores in the structure. The treatment induced a decrease
in the specific surface area (Ssp) by a factor of 1.5, while the pore volume (Vs) increased by
nearly a factor of 2. Such transformations can be elucidated by structural changes, giving
rise to new interparticle interactions with phase contacts, culminating in the formation of
“secondary” pores.

Elevating the DPIE treatment duration to 10 recirculation cycles yields a more homo-
geneously dispersed suspension of hydrogel in water with reduced distribution values
and particle sizes of HGMSA (sample #3). Upon the dehydration of such a suspension,
robust monoliths were obtained, exhibiting an expanded range of pore sizes up to the
upper limit of micropores and nearly reaching the lower limit of macropores (3, Figure 5).
On the curve, distinctly pronounced maxima in the pore size intervals of 5 to 7 nm and 17 to
18 nm indicate size heterogeneity in the pore space. A comparison of the structural-textural
characteristics of samples #3 and #2 reveals a substantial decrease in Ssp by 6.6 times and
vs. by 3.6 times.

Morphological examinations of xerogels demonstrate that the original sample exhibits
a uniform microrelief surface (Figure 6a), and one treatment cycle does not impact the
surface topography with open surface pores (Figure 6b), elucidating the high structural-
adsorption characteristics. Prolonged processing induces a shift in surface texture to a
macrorelief (Figure 6c). The xerogels of the monoliths from sample #3 exhibit the highest
structural and strength characteristics, owing to the compaction of the hydrogel struc-
ture with the degradation of micropores and partially of mesopores, resulting from the
prolonged impact of landslide stresses during the passage through the rotary-pulsation ap-
paratus.
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Figure 6. Surface morphology of xerogels after dispersion and drying in a layer of (a) initial HGMSA;
(b) a suspension that has undergone one cycle of DPIE treatment; and (c) a system that has passed
ten cycles of DPIE treatment.

The main parameters of the processes to obtain XGMSA by spray drying with a
preliminary DPIE treatment of the HGMSA-H2O suspension are given in Table 3.

Table 3. Process parameters for obtaining xerogels by spray drying with preliminary DIEI treatment.

Sample
#

DPIE Process Parameters Dewatering Process Parameters

Ratio of Suspension
Components

Specific Time
Average Hydrogel
Monoliths

Initial Humidity

Average Air
Temperature in the
Drying Chamber at the
Inlet/Outlet

Final Humidity
Dispersion
Characteristics of
Xerogel Monoliths

τsp , min/kg
δH ,
µm

Wp ,
%

¯
T in/

¯
Tout ,

◦C

Wf ,
%

δX ,
µm

4
HGMSA:H2O
7:3

2 60–290 93

206/87

0.5
<63—18%
63–100—56%

5
Cu2+/Zn-
HGMSA:H2O
7:2

2 60–250 92 1.2
<5–80—14%;
15–30—80%

A comparative analysis of the morphology of two xerogel samples, featuring different
ratios of components within the initial suspension (Figure 7) but obtained under identical
process parameters, provides elucidation on the results of the variance analysis. Notable
distinctions in the geometry and morphology of the monoliths are observed: sample
#5, derived from a more concentrated suspension, exhibits a more uniform and highly
dispersed composition, showcasing ellipsoidal monoliths, in contrast to sample #4. The
latter is characterized by a polydisperse composition, displaying a broad range of monolith
sizes and a less streamlined shape, while maintaining an open-pore microrelief on the
surface. In the xerogel sample from the more concentrated suspension, the surface of the
monolith nearly loses its microrelief.
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Figure 7. Morphology of xerogels obtained by spray drying with preliminary hydrodynamic treat-
ment with hydrogel–H2O ratio: (a) 7:3; (b) 7:2.

These results find explanation in the mechanism of suspension dehydration, which is
inherently dependent on the structural and mechanical properties. A more concentrated
suspension (sample #5) exhibits structural viscosity with a high yield strength, endowing
hydrogel monoliths with a robust frame structure that withstands substantial shear de-
formations in the drying chamber. The brief exposure time suggests that closed pores are
formed solely on the surface of the xerogel monolith, hindering the diffusion of moisture
within the structure. Consequently, during dehydration, the surface layer experiences
cracking, facilitating mass transfer through open pores. These production conditions result
in elevated final moisture content in the xerogel powders, ranging from 1.2 to 1.5%, nearly
three times higher than that observed for sample #4, characterized by a lower suspen-
sion yield strength. The shape of the monoliths and the polydisperse composition in this
xerogel sample imply that monoliths with a loosely packed skeleton structure undergo
disintegration during dehydration.

The xerogel monoliths obtained by sputtering have high structural-sorption param-
eters: Vs = 1.6–1.8 cm3/g, Ssp = 280–291 m2/g. The xerogel of sample #4 (Figure 8) has
a structure with a wide range of mesopore sizes of 3–44 nm with a predominant size of
5–6 nm and 14–34 nm, while the xerogel of sample #5 has a polymodal set of pores 9–60 nm.



Sustainability 2024, 16, 2673 13 of 19

Figure 8. Distribution of sorption pore volume of xerogels by size, obtained by spray drying with
preliminary hydrodynamic treatment with hydrogel–H2O ratio: 1—7:3; 2—7:2.

This sample has a more monoporous structure with a maximum in the range of
26–30 nm, but with a lower limit sorption pore volume. It should be noted that macropores
do not affect adsorption processes; however, they function as transport pores that ensure
the diffusion of adsorbing substances to the surface of thin pores.

3.3. Rheological Behaviour of Hydrogel Suspensions

An analysis of the shear flows of concentrated suspensions (70% HGMSA in wa-
ter) before and after liquid-phase dispersion (sample #2, Table 2) indicates the mani-
festation of complex rheological behavior, which is typical for structured disperse sys-
tems (Figure 9). The original suspension is polydisperse with loose aggregated particles
δH = 500–2 × 104 µm, and the other is a more ordered structure with δH = 60–290 µm.
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The nature of the flow depends on the initial state of the dispersed system: the spread
in the sizes of the hydrogel monoliths and their aggregates δH and the compactness of
the aggregates. The destruction of aggregates of monoliths, the dimensions of which are
greater than the critical δH

c , begins when
.
γ reaches the value at which tensile hydrodynamic

forces are able to break contact interactions between structured particles:

δH
c ≈

F0.5
s

.
γ

0.5 ,

where Fs—is the adhesion force between the structural particles of the aggregate, normal-
ized to its cross section.

The nonrotating flow curves in the so-called “loading”–“unloading” regimes, form-
ing open hysteresis loops, signify the nonequilibrium state of the flow (Figure 9a). The
mechanical stability of structured systems is quantified by the area enclosed within the hys-
teresis loop, and a decrease in this area denotes a restoration of mechanical stability to the
system. The suspensions exhibit notable instability to shear deformations, with the initial
suspension displaying greater mechanical stability, as indicated by its hysteresis loop area
of 99.13 × 103 Pa × s−1, compared to 135.14 × 103 Pa × s−1 for the processed suspension.

Figure 9b,c reveal the absence of sections exhibiting a Newtonian flow trend, implying
that the complete destruction of structural aggregates is not observed. As the shear rate
increases, viscosity monotonically decreases over the studied range of

.
γ by two orders

of magnitude. While the curves for both suspensions in the ‘load mode’ exhibit similar
behavior, the response of the suspensions to the removal of shear deformation differs
significantly. This distinction can be attributed to the fact that, in the initial suspension, the
shear deformation leads to a substantial reduction in the size of aggregates, resulting in
an increased contact interaction surface. For such a system, the rate of the formation of
new bonds between dispersed particles significantly surpasses the rate of the destruction
of interaction between particles, unlike in a suspension that has undergone treatment.

In Figure 10, the dependency of viscosity change on the duration of the load at a
fixed displacement rate is depicted. For the original system (1, Figure 10), the amplitude
of fluctuations in viscosity values is lower than that observed for the processed system
(2, Figure 10), indicating a tendency toward decreased fluctuations with an increasing
duration of deformation. This suggests that the latter system exhibits a flow pattern closer
to the equilibrium.
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Casson [35,51,53] are taken into account, after which experimental data were approximated
in the “load” mode in the range of shear rates 7–1080 s−1.

The obtained dependence of the approximation with an estimate of the errors between
the experimental and calculated values according to the models for the two studied struc-
tured systems are presented in Figure 11 and the parameters of the approximation models
in Table 4.
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Table 4. Rheological model approximation parameters *.

Suspension
«HGMSA–H2O»

Hershel–Buckley Model
τ=τ0+k

.
γ

n
Ostwald–de Waele Model

τ=k
.
γ

n
Casson Model

τ1/2=τ0
1/2+(K

.
γ)1/2

Equation Parameters
ε,
%

Equation Parameters
ε,
%

Equation Parameters
ε,
%

τ0, Pa k n k n τ0, Pa
K,

Pa·s

initial 175.7 6.659 0.231 6 175.7 0.024 5 185.1 0.1 × 10−2 2

after processing 169.6 23.92 0.241 22 169.6 0.084 20 197.23 0.019 8

* τ—dynamic shear stress; τ0—fluidity limit;
.
γ—shear rate; k, K, n—rheological constants; ε—standard deviation.

For the initial suspension, according to the average approximation error ε at the level
of 2–5%, the rheological models can be considered adequate. As for the treated suspension,
the Casson model is closest to the experimental data. In the range of low shear rates, the
relative error was 8%, and in the range of high and medium shear rates, 5%.

It should be noted that, for each of the shear-rate ranges, the nature of the flow of such
structured suspensions has its own characteristics. Therefore, to improve the accuracy of
predicting rheological behavior, an approximation is necessary for each of the shear-rate
intervals. In addition, it should be taken into account that the region of low shear rates is
especially sensitive.

An analysis of the suspensions deformation behavior of the studied under the action
of a periodic load in the shear-rate range of 7–1073 s−1 indicates a viscoplastic regime of
their flow with a limiting shear stress of 170–205 Pa.
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4. Conclusions
4.1. General Scientific Conclusions

The comprehensive research findings have established a foundation for the in-depth
physical modeling of heat and mass transfer, as well as hydrodynamics, within the process-
ing of organic–inorganic porous nanostructures produced through sol-gel technology.

Prolonging the duration of hydrodynamic treatment for hierarchical structures under
shear deformations leads to a notable reduction in the boundary sorption volume of pores.
This reduction is attributed to the disruption of monoporosity and the redistribution of
pore space, involving the degradation of thin pores, the formation of new phase contacts,
and the consequent emergence of “secondary” pores characterized by larger effective sizes
towards macropores. Additionally, an increase in the concentration of hydrogel monoliths
in suspensions accelerates macro-level structure-formation processes and influences the
fluidity of suspensions within technological cycles.

The application of the microrheological Casson model is suggested for the anticipation
of the rheological characteristics of dispersed systems with intricate structures, specifi-
cally in practical scenarios involving moderate shear rates within technological processes.
The research outcomes elucidated the following objectives: investigating the flow pat-
terns across low and high shear rates and facilitating the development of a generalized
rheological model.

The results of a complex of scientific and technical studies made it possible to transfer
technology for the manufacture of suspended forms of organosilicon enterosorbents; a
plant was developed that passed industrial tests.

The acquired database serves as the foundational platform for advancing technolo-
gies in the production of pharmaceuticals and adsorption and catalytic materials for the
purification of water and air from molecular pollutants. Additionally, it is instrumental
in assessing their utility as fillers for energy-efficient coatings, with specific applications
in window structures, in particular for the purpose of removing moisture from the air
between window panes or as a heat insulator between panes.

4.2. Directions of Further Research and Their Preliminary Results

We are currently focused on the development of innovative technological processes for
the creation of xerogels with antibacterial properties, specifically Methylsilicic Acid xerogels
modified with copper ions (Cu2+/Zn-XGMSA). An effective method for employing this xe-
rogel involves air disinfection and purification through inactivating aerosolized streams of
airborne pathogens, including the SARS-CoV-2 virus, and neutralizing molecular pollutants
via ozone technologies based on plasma chemical methods. To ensure the safe utilization of
ozone technologies, we employ excess ozone destruction using adsorption-catalytic filters
founded on porous xerogel matrices. Ongoing tests on an experimental setup with flow-
circulating plasma-chemical air treatment reactors aim to examine the decontamination
kinetics of sanitary-indicative microorganisms under diverse aerodynamic conditions.

This scientific direction aligns closely with the imperative of sustainable human
development, particularly in light of the profound repercussions of the pandemic, which
resulted in significant human tolls, with 765 million individuals contracting COVID-19
and 6.9 million fatalities [54], alongside a notable decline of 3.4% in the global GDP in
2020 [55]. It is envisaged that our findings pertaining to the purification and disinfection of
ventilation air within buildings will offer a meaningful contribution towards mitigating the
potential risks associated with epidemiological infections among the populace.

Our research into the thermal conductivity of aerogels underscores their efficacy
as thermal insulators. Specifically, the coefficients of thermal conductivity observed for
powdered xerogels MSA, with a moisture content (W) of 0.5%, densities ranging from
200 to 350 kg/m3, and particle sizes spanning from 20 to 120 µm, fall within the range of
0.034–0.037 W/(m·◦C). Notably, XGMSA exhibits even lower values, ranging from 0.023 to
0.028 W/(m·◦C), surpassing those of air. Furthermore, aerogels demonstrate even lower
coefficients of thermal conductivity, rendering them suitable for insulating building facades
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and industrial equipment. Preliminary investigations into the incorporation of powdered
xerogels into paints and varnishes have yielded promising results, showing enhanced heat
resistance and reduced heat loss to the environment.

Preliminary experiments involving plates constructed from nanostructured aerogels,
supplemented with low-emission coatings, corroborate their potential to significantly
enhance the energy efficiency of cutting-edge window structures [56]. Concurrently, this
approach leads to notable reductions in heat dissipation from buildings to the environment,
thereby offering a tangible contribution towards mitigating global warming stemming from
the energy sector [57]. This aligns directly with the principles of sustainable development.
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