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PREFASE

The present special issue of the journal Bulgarian
Chemical Communications (BCC) contains
selected papers from the presentations delivered at
the 2nd SEMINAR ON INVESTIGATIONS,
MODELING AND  OPTIMIZATION  OF
NANOCOMPOSITES ~ STRUCTURES.  The
Seminar was organized under the auspices of the
Institute of Chemical Engineering (IChE) at the
Bulgarian Academy of Sciences (BAS), as a leading
organization for the implementation of the Contract
Ne KII-06-H57/3/15.11.2021 with the Bulgarian
National Science Fund (BNSF) under the project:
“Optimal safety loads and geometry for layered
nanocomposites under thermo-mechanical
loading”, project leader — prof. Tatyana Petrova.
The Ist SEMINAR ON
INVESTIGATIONS, MODELING AND
OPTIMIZATION OF NANOCOMPOSITES
STRUCTURES was held on 23 April 2023 in Sofia,
in the IChE - BAS. Both seminars are held with the
financial support of BNSF, under the project
mentioned above. We hope that these seminars are
a good start for the development of new, modern
scientific topics at the IChE and that the scientific

During the Seminar, there were invited plenary and
key lectures: Prof. Wilfried Becker (Technical
University of Darmstadt, Germany), Prof. Tsviatko
Rangelov (Institute of Mathematics and Informatics
— BAS), MSc. Alexander Moravski (Sofia
University St. Kl. Ohridski), PhD, Margarita

April 2025

results reported at them, thanks to the open access
and support of the BCC journal, will be widely
disseminated.

The 2nd SEMINAR ON
INVESTIGATIONS, MODELING AND
OPTIMIZATION OF NANOCOMPOSITES

STRUCTURES, is held on 2™ April, 2025, in the
Conference hall, Hotel of BAS, 50 “Shipchenski
prohod” blvd., 1113, Sofia
(https://amoravski.github.io/Chemists-Temp-

Site/bg/SecondSeminar.htm). About 22 active
scientists from 6 institutes of BAS, 5 Bulgarian and
two foreign universities, have participated in the
Seminar by two plenary lectures, four key lectures,
and 16 poster presentations. The scientific program
was divided into sections on four different topics:
NC - experimental; NC - modeling; NC -
optimization, and NC - synthesis, structure, and
applications. The main objection to such a selection
was the consolidation of fundamental research with
attempts to apply it to the understanding of
nanocomposites design, to investigate

experimentally and theoretically the behavior and
properties of NCs, and their applications.

Georgieva (Burgas State University, Prof. A.
Zlatarov), assoc. Prof. Jenia Georgieva (Institute of
Physical Chemistry, BAS), Prof. Tatyana Petrova
(IChE-BAS). It is worth underlining the active
participation of young scientists at the 2nd Seminar,
both with oral presentations and with posters.

Guest Editors:
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Elisaveta Kirilova
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Wear resistance analysis of additively manufactured nanocomposite structures
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Numerous scientific studies describe the benefits of additive manufacturing for the purposes of prosthetic dental
medicine. The materials used in this technology must have mechanical properties close to those of the tissues they aim to
restore. The present study aims to test, under laboratory conditions, the wear resistance of additively manufactured trial
nanocomposite specimens made from CROWNTEC. The specimens were grouped according to their orientation during
printing. The surface normal vector in Group A forms an angle of 0° with the printing platform, in Group B — 30°, in
Group C - 60°, and in Group D — 90°. To conduct the laboratory study, the "Sofia" chewing simulator was used. Spheres
made of silicon nitride were selected as antagonistic elements, and distilled water was used as the liquid medium. Each
specimen underwent 50,000 chewing simulation cycles, and the results were recorded using a Mettler Toledo ME303
analytical balance. After analyzing the results, it was found that the specimens had the highest average weight in Group
B (6.526 g + 0.037 g) and the lowest in Group D (6.511 g + 0.032 g). The other two groups had an average weight of
6.515 g (£0.032 g) for Group C and 6.515 g (+0.044 g) for Group A. Wear of the material was greatest when the printed
layers were at a 30° angle to the printing platform surface and lowest when the layers were parallel to the platform.

Keywords: additive manufacturing; wear resistance; nanocomposite materials; prosthetic dental medicine.

INTRODUCTION even identical to those of the tissues they replace

Additive manufacturing is becoming [22-27), . .
increasingly applicable in all fields of dental One mechanical property of dental materials that
medicine [1-4]. This technology enables the attracts significant scientific interest is wear

resistance [28-31]. Wear resistance is the property of
a material to resist the process of abrasion. The
chewing function is a mechanical loading process
where restorative materials interact with opposing
teeth, creating friction that results in the loss of both
the material and the hard-dental tissues [19]. Wear
depends on many factors, such as surface condition,
structure homogeneity, material fatigue, load level,
and the presence of intermediaries like saliva and
food [20, 32-34].

The wear resistance of dental materials is critical
to the clinical longevity of prosthetic structures.
Abrasion of restorative materials deteriorates
aesthetics and promotes the adhesion of
microorganisms to prosthetic surfaces [35].

Ceramic materials and metal alloys are preferred
for permanent fixed structures due to their low wear
rates, whereas resin-based materials exhibit
significantly higher abrasion [23, 36-38]. The
growing interest in additive manufacturing requires
the development of new generations of materials

fabrication of 3D models through the layer-by-layer
deposition of material [5-7]. Over the past decade,
three-dimensional  printing has become an
alternative to subtractive manufacturing [8-10].

A primary priority in the treatment with
removable and fixed prosthetic structures is the
fulfillment of the medico-biological indicator
"function," contributing to the long-term health of
the patient [11-14]. 3D printing technology allows
the use of various materials, facilitating the choice
of this method for the fabrication of both removable
and fixed prosthetic constructions [15-17]. Three-
dimensional printing enables the rapid production of
complex structures, significantly shortening the
timeframes for therapeutic procedures [18].

The main requirements for materials used in
fixed prosthetics are reviewed and summarized in
numerous studies [3, 16, 19-21]. The mechanical and
physical properties of both conventional and
additive manufacturing materials should be close or
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suited for this technology. To meet the needs of fixed
prosthetics, composites reinforced with inorganic
fillers such as zirconium nanoparticles, silanized
dental glass, and ceramics are now being introduced
to the market [39].

In 2022, SAREMCO (Switzerland) introduced a
new nanocomposite material with ceramic
inclusions for additive manufacturing of permanent
fixed restorations — CROWNTEC. The material is
designed for the fabrication of permanent
restorations, such as single crowns, inlays, onlays,
and veneers. Composition-wise, it is a light-curing,
flowable methacrylic acid-based polymer [40, 41].
Due to its composition and the relevance of additive
technologies, this new generation of materials is a
justified subject of scientific interest.

The mechanical characteristics of resin-based
materials depend on several factors, such as filler
shape, filler size, hardness, and printing parameters
[39, 42]. Studies have shown that these materials are
susceptible to rapid aging. When exposed to liquid
environments like the oral cavity, resin-based
materials absorb water, leading to a degradation of
their mechanical properties by affecting the polymer
network [43].

The available scientific literature indicates that
additive manufacturing offers the possibility to
produce fixed prosthetic structures using modern
nanocomposites [18, 44]. The wear resistance of
these materials determines their clinical longevity
and  functionality [39]. The mechanical
characteristics of resinous structures applied via 3D
printers highlight the necessity for laboratory studies
in this area. Analyzing wear resistance is crucial to
determining their potential for use in fixed
prosthetics [8, 19].

AIM OF THE STUDY

The present study aims to laboratory test the wear
resistance of additively —manufactured trial
nanocomposite bodies made from CROWNTEC
material.

Null Hypothesis (Ho): The weights of the
specimens are comparable across all groups.

Alternative Hypothesis (H:): The weights of the
specimens vary significantly among the groups.

MATERIALS AND METHODS

For the study, 60 trial bodies were manufactured
from the nanocomposite material CROWNTEC
(SAREMCO, Switzerland) with incorporated
ceramics. The specimens were divided into four
groups based on their spatial orientation during
printing:

Group A: normal vector forms an angle of 0° with
the printing platform surface;

Group B: normal vector forms an angle of 30°
with the printing platform surface;

Group C: normal vector forms an angle of 60°
with the printing platform surface;

Group D: normal vector forms an angle of 90°
with the printing platform surface.

The difference in spatial orientation during
additive  manufacturing leads to structural
differences corresponding to the angles of 0°, 30°,
60°, and 90°.

The digital design and preparation for printing
were carried out using the "3D Sprint" software,
while the specimens were printed using a NextDent
5100 (NextDent, USA) 3D printer based on digital
light processing (DLP).

Laboratory tests were performed using the
"Sofia" chewing simulator, developed by Dr. I.
Chakalov [45]. Specimens were cylindrical, with an
external diameter of 25 mm and a height of 9 mm, as
per the simulator requirements. Silicon nitride
(SisN4) spheres were used as antagonists (Fig. 1),
and distilled water was the liquid medium.

[—

Figure 1. Silicon nitride spheres.

- m - - [ e 3
Figure 2. Chewing simulator "Sofia".
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The testing methodology consisted of the
antagonist descending onto the sample to simulate
initial tooth contact, followed by a sliding movement
with dynamic force variation, ending with the
antagonist detaching from the sample. Each
specimen underwent six paths, equating to 50,000
chewing cycles (Fig. 2 A and B).

Measurements were taken using the Mettler
Toledo ME303 (Mettler Toledo, Switzerland)
analytical balance to determine the sample masses
before and after the chewing simulation (Fig. 3 A
and B).

A) Before

Figure 3. Mettler Toledo ME303 analytical balance
measuring sample weights before and after the
simulation.

Statistical methods used

. Descriptive statistics

o Average — a measurement of the average
tendency;

o Mean —a measurement of the characteristic
in the middle;

o Standard deviation (SD) — a measurement
of the average dispersion;

o Lower (LCL) and Upper (UCL) — the
limits within which the actual mean of the
general population lies;

o Absolute (N) values — a measurement for
determining the number of cases;

o Minimum value and Maximum value.

. Hypothesis testing
o Parametric test for difference in "k"
number of independent samples (ANOVA
test);

o Post-hoc test to determine between which
groups of "k" number of independent
samples are significant differences;

o The independent samples t-test (also
known as the two-sample t-test) is a
parametric  statistical test used to
determine whether there is a significant
difference between the means of two
independent groups.

All hypothesis testing was conducted with a 5%
significance threshold.

Statistics were performed with IBM SPSS
Statistics 26, and graphs were generated with Excel
2010.

RESULTS

In the present study, a total of 60 test specimens
were examined, evenly distributed into four groups
(A, B, C, and D) according to the angle of the normal
vector to the surface relative to the printing platform
(angles of 0°, 30°, 60°, and 90°, respectively). The
mass of the specimens was measured in grams both
before and after the experiment in order to assess the
level of wear resistance.

The measured average mass of the specimens
prior to the experiment was 6.535 g, with a standard
deviation of +0.039 g. The lightest specimen
weighed 6.460 g, while the heaviest weighed 6.612
g. Half of the specimens were lighter than 6.534 g,
and the other half were heavier.

The measured average mass of the specimens
after the experiment was 6.517 g, with a standard
deviation of +0.036 g. The lightest specimen
weighed 6.449 g, and the heaviest weighed 6.579 g.
Half of the specimens were lighter than 6.519 g, and
the other half were heavier. (Table 1). When
examining the differences between the mean
weights of the specimens in the groups at the
beginning of the experiment, the highest mean
weight was recorded in Group B (6.563 g +0.036 g),
while the lowest mean weight was observed in
Group D (6.517 g #£0.031 g). The remaining two
groups had mean weights of 6.528 g (£0.033 g) for
Group C and 6.530 g (£0.041 g) for Group A. The
difference between the groups is graphically
represented in Figure 4.

Table 1. Summary of the statistical characteristics of the sample. Unit of measurement: (g)

Group Mean | Median | Std. deviation | Minimum | Maximum | LCL/UCL N
Before the experiment | 6.535 | 6.534 0.039 6.460 6.612 6.525/6.544 | 60
After the experiment 6.517 | 6.519 0.036 6.449 6.579 6.499/6.535 | 60




M. Dimova-Gabrovska et al.: Wear resistance analysis of additively manufactured nanocomposite structures

(2

6.700
6.650
6.600 T
6.550 | I T T
6.500 [ 1 I
6.450
6.400 6.563
6.350 6.530 6.528 6.517
6.300
6.250
6.200
| A B c D |

Figure 4. Difference in the weights of the specimens between groups at the beginning of the experiment, (g).

The significance level was determined with a test
error of 5%. The distribution of weights was
assessed using the Kolmogorov-Smirnov test, which
confirmed a normal distribution of weights within
each group (Table 2). Therefore, the differences
were analyzed using analysis of variance (ANOVA)
for comparing the means of several independent
samples.

Table 2. Results of the normality test for the weight
distribution within each group prior to the experiment.
One-Sample Kolmogorov-Smirnov Test

Group Weight Result
before (g)

A Asymp. Sig. | .200%° Normal
(2-tailed) distribution

B Asymp. Sig. | .054° Normal
(2-tailed) distribution

C Asymp. Sig. | .200%° Normal
(2-tailed) distribution

D Asymp. Sig. | .200%° Normal
(2-tailed) distribution

2 Lilliefors significance correction. ® This is a
lower bound of the true significance.

The significance level obtained from the test [p =
0.5%] is lower than the accepted risk of error of 5%.
Therefore, the alternative hypothesis is accepted,
stating that there is a statistically significant
difference in the weights of the specimens between

the groups prior to the experiment. To determine
specifically between which groups the differences
are significant, a post-hoc test was conducted using
the Least Significant Difference (LSD) test. The
results revealed that a significant difference exists
between the weight of Group B and the weights of
all other groups, while no significant differences
were found among Groups A, C, and D. This
conclusion can be stated with 95% confidence
(Table 3).

Following the statistical analysis of the data
regarding differences in mean weights between
groups after the experiment, the highest mean weight
was observed in Group B (6.526 g £0.037 g), while
the lowest mean weight was found in Group D
(6.511 g £0.032 g). The other two groups exhibited
mean weights of 6.515 g (+0.032 g) for Group C and
6.515 g (+0.044 g) for Group A. The differences
between the groups are graphically presented in
Figure 5.

Testing the weight distribution after the
experiment using the Kolmogorov-Smirnov test
indicated a normal distribution within each group
(Table 4). Therefore, the verification of differences
was conducted through analysis of variance
(ANOVA) for comparing the means of several
independent samples.

Table 3. Results from the test of differences in specimen weights between groups prior to the experiment.

Tested group Groups under test
Char. Characteristics A B C D
under test
Mean 6.530 4 6.5638 6.528 4 6.5174
Weight SD +0.041 +0.036 +0.033 +0.031
N 15 15 15 15
ANOVA test P-value p=0.005
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Figure 5. Differences in specimen weights between groups after completion of the experiment, (g).

Table 4. Results of the normality test for the
distribution of specimen weights within each group after
the experiment. One-Sample Kolmogorov-Smirnov Test

Group Weight Result
before (g)

A Asymp. Sig. | .200>° Normal
(2-tailed) distribution

B Asymp. Sig. | .071° Normal
(2-tailed) distribution

C Asymp. Sig. | .200%° Normal
(2-tailed) distribution

D Asymp. Sig. | .200%° Normal
(2-tailed) distribution

@ Lilliefors significance correction. ® This is a
lower bound of the true significance.

The significance level obtained from the test [p =
74.1%] is higher than the accepted risk of error of
5%. Therefore, the null hypothesis is accepted,
stating that there is no statistically significant
difference in the weights of the specimens between
the groups, and that any observed differences are of
a random nature. This indicates that the wear
resistance across the groups after the experiment is
identical. This conclusion can be stated with 95%
confidence (Table 5).

Additionally, the difference between the mean
weights of the specimens in the groups before and
after the experiment was determined. The greatest

difference in weight after the experiment was
observed in Group B, where, as a result of wear
resistance, a decrease of -0.038 g was recorded. The
smallest difference in weight after the experiment
was observed in Group D, with a decrease of -0.006
g due to wear resistance. In the remaining two
groups, the decreases in weight were -0.015 g for
Group A and -0.013 g for Group C. Graphically, the
differences among the groups are presented in
Figure 6.

The distribution of the weights within the groups
had already been tested using the Kolmogorov—
Smirnov test (Tables 2 and 4), which indicated a
normal distribution of weights in each group.
Therefore, the verification was performed using a T-
test for the difference between two means of two
related samples.

The significance level obtained from the tests [p
<0.001%] is lower than the accepted risk of error of
5%. Consequently, the alternative hypothesis is
accepted, stating that there is a statistically
significant difference in the direction of weight
reduction after the experiment. This indicates that
statistically significant wear occurred in each group.
This conclusion can be stated with 95% confidence
(Table 6).

Table 5. Results from the test of differences in specimen weights between groups after the experiment.

Tested group Groups under test
Char. Characteristics
under test B C D
Mean 6.5154 6.5264 6.5154 6.5114
Weight SD +0.044 +0.037 +0.032 +0.032
N 15 15 15
ANOVA test P-value p=0.741
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Figure 6. Difference in specimen weights in the groups before and after the experiment, (g).

Table 6. Results from the test of differences in specimen weights between groups prior to the experiment.

Tested group Groups under test
Char. Characteristics A B C D
under test Before | After | Before After | Before After Before | After
Mean 6.530% | 6.515% | 6.563* | 6.5268 | 6.528% | 6.5158 | 6.517* | 6.511B
Weight SD +0.041 | £0.044 | +£0.036 | +£0.037 | £0.033 | +0.032 | +£0.031 | +0.032
N 15 15 15 15 15 15 15 15
T test P-value p<0.001 p<0.001 p<0.001 p<0.001
DISCUSSION suggests that spatial orientation affects the initial

The results of the conducted study confirmed the
null hypothesis when comparing the mass between
the groups before and after the experiment.

Analysis of the specimens’ mass before and after
the chewing simulation suggests a probable
dependence on the orientation during the printing
process.

Prior to the laboratory testing, the mean mass of
the specimens in Group B was the highest (6.563 g
+0.036 g), while Group D exhibited the lowest mean
mass (6.517 g +0.031 g). Groups A and C
demonstrated intermediate values with relatively
close mean weights (6.530 g and 6.528 g,
respectively), suggesting a potential influence of the
printing angle on the specimens’ mass, possibly due
to differences in layer structure and degree of
compaction.

Following the application of the laboratory
chewing simulation, the same trend in the
distribution of group weights was observed. Group
B again showed the highest mean weight (6.526 g
+0.037 g), and Group D remained the lowest (6.511
g +0.032 g). Groups C and A continued to exhibit
closely aligned values (6.515 g), highlighting that
the initial differences in specimen mass persisted
after simulation without leading to significant
changes in the dynamics between the groups.

The differences between the groups after loading
were minimal, indicating that regardless of the initial
mass, the specimens exhibited relatively similar
behavior in terms of wear resistance. This, in turn,
10

parameters of the specimens but does not have a
substantial impact on wear resistance during
chewing simulation.

When comparing the differences in the mean
mass of the specimens within the groups before and
after the experiment, a statistically significant
difference was identified, leading to the rejection of
the null hypothesis and confirmation of the
alternative hypothesis.

Analysis of the results from the laboratory
investigation showed that the greatest average
weight loss occurred in Group B, where the post-
experimental weight difference was 0.038 g, and the
smallest in Group D — 0.006 g. For the other two
groups (A and C), the average material loss was
0.015 g and 0.013 g, respectively.

These values highlight the existence of a
relationship between the spatial orientation of the
material layers on the studied surface of the
specimens and wear resistance. Specimens from
Group B, where the normal vector to the surface
forms a 30° angle with the printing platform,
demonstrated the highest susceptibility to material
loss under mechanical loading, likely due to the
specific arrangement of layers during printing. This
could lead to lower structural stability of
constructions in the long term.

The specimens from Group D, where the normal
vector to the surface forms a 90° angle, exhibited the
lowest degree of wear. This may indicate better wear
resistance of the material when the structural layers
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are horizontally oriented relative to the printing
platform.

The discussed results support the hypothesis that
the spatial orientation of the specimens during
printing influences the material’s wear resistance.
These findings could serve as a foundation for
determining the optimal orientation in the design and
printing of structures made from the nanocomposite
material CROWNTEC. Proper spatial orientation of
the material layers in permanent fixed constructions
could contribute to the long-term success of
prosthetic treatment.

CONCLUSIONS

In conclusion, the results of the present study
clearly highlight the significant influence of the
structural orientation of the layers in additively
manufactured  specimens made  of  the
nanocomposite material CROWNTEC on the wear
resistance of their surfaces. Furthermore, the
scientific investigation demonstrated that the
printing angle affects the mass of the printed objects.

The highest degree of wear occurred when the
material layers were oriented at a 30° angle, while
the lowest wear was observed when the layers were
horizontally oriented relative to the printing
platform, where the normal vector to the surface
forms a 90° angle. This leads to the conclusion that
the specimens from Group D possess the highest
wear resistance.

The results of the present study are supported by
findings in a scientific paper published in 2022 [46],
where the CROWNTEC material demonstrated
relatively low wear values (35.5 = 30.2 um). This
aligns with the hypothesis that both the material
composition and the spatial orientation during 3D
printing play a crucial role in determining wear
resistance.

Conversely, in a more recent study by Grymak et
al. (2024) [47], CROWNTEC exhibited a higher
tendency to wear compared to other additively
manufactured materials, such as NextDent C&B
MFH, particularly under varying loads and
environmental conditions. The authors highlight the
importance of surface treatment in enhancing wear
resistance, suggesting that a combination of optimal
spatial orientation and proper surface finishing may
significantly improve the performance of prosthetic
structures made from CROWNTEC.

Additionally, a comparative study by Tiirksayar
et al. (2024) [48] reinforced the significance of
spatial orientation in additive manufacturing by
evaluating the mechanical properties of 3D printed
versus  subtractively  manufactured implant-
supported crowns. Their findings show that

additively manufactured crowns may possess
competitive, or even superior, wear resistance under
specific conditions. These results further support the
hypothesis that well-defined printing parameters are
essential in optimizing the long-term durability of
prosthetic constructions made from CROWNTEC.

The experimental data suggests that, for practical
applications, it is advisable to orient the material
layers’ parallel to the printing platform in the zones
subject to mechanical loading, in order to enhance
the wear resistance of permanent fixed
constructions.

Acknowledgement: The data presented in this study
are subject to investigation in the Research Project

Competition "Grant-2024,"  entry  number
132/29.05.2024, at the Medical University - Sofia.
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Synthesis, characterization and application aspects of barium titanate-based ceramic
samples with graphene nanostructures introduced
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The share of research work aimed at finding innovative approaches to the synthesis of new porous ceramic products
to be applied as filters for purification of waste waters, as adsorbents, heat-insulation materials and other components
with high thermal resistance, as well as biomedical and catalytic substrates has recently increased. The present paper
reports for the preparation of barium titanate-based ceramic samples containing up to 2 mass % of graphene nanostructures
(graphene nanoplatelets GnP), synthesized by the method of solid-state sintering. The methods of X-ray diffraction, FT-
IR spectroscopy, scanning electron microscopy and light microscopy were used for the characterization of the initial
blends and the titanate ceramic samples obtained from them. The results of the analyses showed that the introduced nano-
additive initiated the formation of fine-grain porous structure with grain sizes from 0.5 to 1 pm. Some basic
physicomechanical properties of the samples synthesized were determined, e.g., water absorption (WA, %), apparent
density (0gpp, 9/ c¢m3) and apparent (open) porosity (Papp» %). The apparent density was close to the theoretical one -
5.51 g/cm?3, the open porosity was 2.04 % and the minimal water absorption - 0.37 %. Some aspects of application are
proposed.

Keywords: Ceramic samples, Barium titanate, Graphene nanostructures, Porous ceramic materials, Physicomechanical

properties
INTRODUCTION

Ceramic materials based on titanium dioxide,
titanates, zirconates and compounds with similar
properties form a class of technical ceramics widely
used in radio-engineering, electronics, ultrasonic
and other application fields for preparation of
capacitors and piezoceramic components. Many
ceramic materials, obtained from titanates,
zirconates and stannates, which are characterized by
higher, very high and ultrahigh dielectric
permeability, are wused to manufacture high-
frequency and low-frequency capacitors with linear
(induced) or non-linear (spontaneous) polarization
[1]. BaTiOs, as a very important dielectric ceramic
material, was widely used for large-scale production
of capacitors due to its superior dielectric properties
and low cost [2]. Capacitors made from insulating
ceramics provide outstanding power density and fast
charge-discharge features, making them ideal
devices for pulse power applications [3]. Despite the
proven benefits, the exploration of BaTiOs-based
high-entropy ceramics is lacking. There's still much
potential to uncover in this area.

The literature review revealed that numerous
research teams are concentrating on developing
approaches for synthesizing new porous ceramic
components. These components have potential

* To whom all correspondence should be sent:
E-mail: adriana_georgieva79@yahoo.com

applications as wastewater filtration materials,
adsorbents, heat insulation materials, and high
thermal resistance parts for use in biomedical and
catalytic substrates. Besides, the introduction of
graphene and its derivatives in the ceramics provides
new possibilities for enhancing existing materials
and imparting new versatile properties, such as crack
propagation resistance, bending strength, electric
conductivity, electromagnetic and heat-conductive
properties [1, 4-8].

In this regard, the aim of the present work is to
obtain and characterize barium titanate-based
ceramic samples containing graphene
nanostructures, to  determine their main
physicomechanical properties and propose areas of
their possible application.

MATERIALS AND METHODS
Materials

Barium titanate ceramic samples containing up to
2 mass % of graphene nanostructures were prepared
by the method of solid-state sintering of
predominantly diffusion nature. In most cases, this
approach is used for the preparation of special
ceramics and it is considered to be completed to
sufficient degree when the initial materials are in the
form of highly disperse powders.

© 2025 Bulgarian Academy of Sciences, Union of Chemists in Bulgaria
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o [Initial materials and blend compositions.
The following initial materials were used for the
preparation of the barium titanate-based ceramic
samples with composition DO: highly dispersed
BaTiOs3 powder - 98 mass % (Sigma Aldrich, purity
> 99%) and graphene nanoplatelets GnP - 2 mass %
(graphene nanoplatelets, Sigma Aldrich).

e Formation and sintering of the ceramic
samples. The preparation of the ceramic blends and
the synthesis of the samples were carried out as
follows: the initial highly dispersed materials were
weighed and dry homogenized. The plasticizer used
was 4% polyvinyl alcohol. The samples were formed
by a semi-dry method on a hydraulic press under
pressure of 40 MPa. The samples were then dried at
120°C for 70 min and at 180°C for 50 min. The
temperature regime of the sintering process was: at
200°C - isothermal period of 20 min, at 300°C - 20
min, at 400°C - 20 min, at 500°C - 30 min, at 800°C
- 30 min, at 1100°C - 30 min, and 1 h isothermal
period at the highest temperature of 1300°C. After
the end of the second isothermal period, the furnace
was switched off and the samples were left to cool
freely. The aim of this method was to achieve
maximum densification of diffusion nature and

obtain porous materials with good
physicomechanical properties.
Methods

The initial powders and the barium titanate-based
ceramic obtained from them were characterized by
X-ray powder diffraction, FT-IR spectroscopy,
scanning electron microscopy and light microscopy.

e [Infrared spectroscopy. FT-IR spectra were
taken using Tensor 27 FT-IR spectrophotometer
(Bruker, Germany) in the interval 400 - 4000 cm™ at
a resolution of 1 cm™. The studies were carried out
at room temperature. The sample (0.3 mg) was
pressed into KBr (100 mg) pellet at a pressure of 2-
4 atm.

o X-ray powder analysis. The XRD pattern
was recorded using automated computer-controlled
XRD system D500 Siemens (Germany) under the
following regime: 40 kV, 30 mA, monochromatic
copper radiation.

e  Scanning electron microscopy. The SEM
analysis of the ceramic materials obtained was
carried out on a scanning electron microscope
Tabletop SEM HIROX SH-4000M, 30x - 60 000x%,
SE&BSE detector, voltage 5 kV - 30 kV, resolution
15 nm. The samples were preliminarily wired with
gold.

e Light microscopy. The Celestron 5 MP LCD
Deluxe digital light microscope was used.
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RESULTS AND DISCUSSION

The initial blends and the sintered samples were
studied by IR spectroscopy. The IR spectra obtained
were analyzed and interpreted and the main
functional groups present in the compositions of the
samples containing 2% of GnP were established.
The results of the FT-IR analysis of blend DO are
presented in tabular form in Table 1 and graphically
in Fig. 1.

Table 1. Absorption bands and functional groups
present in the composition of sintered ceramic samples
containing 2 mass % of graphene nanostructures

Samples from blend DO Bond
o 2 sintered at 1300°C
58 3447.49 C-H
=Eo 533.35 Ba-Ti-O
= 407.57 Ti-O

400 800 1200 1600 2000 2400 2800 3200 3600 4000
Wavenumber, cm

Figure 1. FT-IR spectrum of barium titanate-based
sample prepared from blend DO and sintered at 1300°C

In the spectra of the samples studied, absorption
bands were observed at ~3447.49 cm™ (Fig. 1) which
are characteristic of the C—H bond [5] and indicate
the presence of carbon containing structures. Most
probably, part of the specially introduced graphene
structures was burnt during the high-temperature
sintering, thus imparting certain porosity within the
ceramics obtained.

XRD proved the synthesis of barium titanate
ceramics with main phase BaTiOs; (Fig. 2). Its
existence was confirmed by FT-IR analysis.

4000
3000

2000

SR ITNEW

T v T y y T T J
10 20 30 40 50 60 70 80
20 CuKa

Intensity, a.u.

Figure 2. Powder X-ray diffraction pattern of blend
DO
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Figure 4. Photographs of the surface of the ceramic materials synthesized

Table 2. Basic physicomechanical properties of the
ceramic samples synthesized

Sample Ne with WA, Papp Papps
composition % g/cm3 %
DO 0.37 5.51 2.04

The SEM analysis of the ceramic samples
obtained revealed finely grained porous structure
with grain sizes from 0.5 to 1 pm. SEM images of
titanate ceramics with added 2% of graphene
nanoplatelets GnP taken at different magnifications
are shown in Fig. 3.

The surface of the ceramic samples synthesized
with added 2% of graphene GnP was studied by light
microscopy. The photographs shown in Figure 4
reveal a relatively homogeneous and finely grained
structure. It can be seen that open pores had been
formed in some places. Obviously, part of the carbon
containing material burned with the increase of the
temperature and this resulted in formation of certain
porosity in the ceramic.

Some basic physicomechanical properties of the
barium titanate-based ceramics with added graphene

nanoplatelets were determined: water absorption
(WA, %), apparent density (papp,d /cm?®) and
apparent (open) porosity (Papp, %).). The results
obtained are presented in Table 2. The apparent
density is the ratio between the mass of the material

and the volume it occupies including the pores

m kg g
Papp = 3 3
usually determined by hydrostatic weighing of
water-soaked samples. The apparent density of the

The volume of the pores is

samples synthesized was calculated by the
expression:
_Mo.Pm _ Mo.Pm k_g
Papp =, T my —m, m3

where: my — mass of the dry sample, kg; m; —
mass of the water-soaked sample, kg; m, — mass of
the water-soaked sample weighed under water, kg; V
— sample volume, m*; p,, — density of the liquid
used, kg/m’.

The apparent porosity is the ratio between the
volumes of the open pores to the volume of the
material including all the pores it contains, in %. The
apparent porosity is determined by the expression:
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Papp = WA.papp, % and the water absorption -
100 .
WA = (m, — mo).m—, where - mg is the mass of
0

the dry material, g; m;— mass of the material water
soaked at high temperature, g [1].

According to literature data, the density of
BaTiOsis 5.3 + 5.8 g/cm®[1].

The data in Table 2 show that the introduction of
a small quantity of graphene in the initial blends (2
mass %) followed by solid-state sintering gave
barium titanate-based ceramics with sufficient
density (close to the theoretical one), minimal water
absorption and some open porosity. Therefore, the
graphene structures introduced even in small
quantities play the role of pore-forming agents in the
ceramics. This observation was confirmed by the
results obtained from the analyses carried out
(infrared  spectroscopy,  scanning  electron
microscopy and light microscopy), as discussed
above.

CONCLUSIONS

As a result of the research carried out, samples of
barium titanate ceramics were synthesized using the
diffusion-type solid-state sintering method. The
samples were prepared from initial blends where a
small amount of graphene nanostructures (2 mass %)
was introduced. For the characterization of the initial
blends and the ceramics obtained from them, the
methods of X-ray phase analysis, infrared
spectroscopy, scanning electron microscopy and
light microscopy were used. The main crystalline
phases present in the ceramics synthesized were
determined by XRD. The analysis proved the
synthesis of ceramic with main phase BaTiOs. The
main functional groups present in the compositions
of the ceramic samples synthesized were identified
by FT-IR while the morphology and structure were
studied by SEM. The results of the analyses showed
that the introduced nano-additive initiated the
formation of a finely grained porous structure with
grain sizes from 0.5 to 1 pm. The surface of the
BaTiO; ceramics prepared by sintering at 1300°C
was investigated by light microscopy to find that the
samples prepared from blend DO had relatively
homogeneous and finely grained surface. Some
physicomechanical properties of the barium titanate
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ceramics synthesized were also determined. It had
sufficient density, close to the theoretical one — 5.51
g/cm’, certain open porosity — 2.04 % and minimal
water absorption — 0.37 %. The results of the studies
carried out indicate that, most probably, the
introduction of small quantities of graphene in the
initial blends, followed by high temperature
sintering resulted in burning of part of the graphene
structures and imparted some porosity to the ceramic
samples obtained.

The porous ceramic materials can be used as heat
insulation materials, filtering components, catalytic
substrates and dielectric materials in capacitors.
Given the characteristics of the synthesized barium
titanate ceramics, its dielectric permeability needs to
be determined to evaluate its potential application in
capacitor devices.

Acknowledgement: The authors wish to express
their gratitude to the Scientific Research Institute at
the University “Prof. Dr. Assen Zlatarov”- Burgas
(contract Ne HUX-498/2024) for the assistance
provided for the realization of the present study.
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This work aims to synthesize finely dispersed ceramic pigments by the solid-phase synthesis method. Two series of
pigments were obtained — from pure and waste raw materials. In the first case, pure raw materials - Al,O3; and SiO» were
used. The initial SiO, was introduced into the mixtures as amorphous SiO,.nH>O. An amorphous form of silica -
Si0,.nH,O was chosen because it is significantly more reactive than ordinary quartz sand and has a degree of particle
dispersion in the range of 2+7 pm. In the second case, Al,O3 and oxidized rice husk ash (RHA) were used, which contained
94.47 % of silica. The synthesis was carried out at temperatures of 1350 °C and 1400 °C with 1-hour isothermal period
in a Nabertherm oven. The chromophore used was Ni introduced into the mixtures as NiO. The amount of the
chromophore was 5 %. Finely dispersed pigments with a blue-green color were obtained. The synthesized pigments were
studied by a number of methods - X-ray diffraction, SEM, DSC, etc. Using the CIELab system, which gives a numerical
expression of the visual sensation of color, the basic color characteristics of the pigments were determined - color,
brightness, color hue. The pigments synthesized from pure raw materials at 1350 °C had the best indicators, respectively,
(a)=-15.2and (b) =-4.9.

Keywords: ceramic pigments, Ni-chromophore, rice husk, solid-state sintering, CIELab system

INTRODUCTION In ceramic pigments, nickel can be found in the
form of the following complexes: [NiO4] - blue
color, [NiOg] - brown color, or Ni,SiO4 - green color.
Nickel oxide NiO is resistant to the action of high
temperatures, but dissolves in ammonia and
concentrated mineral acids. Other nickel compounds
are ecasily soluble in water - Ni(NOs),.6H,O,
NiSO4.7H,0, forming green solutions [4].

Wang et al. [5] synthesized solid-phase inorganic
pigments based on Ni-doped Al,TiOs. They used a
Ni chromophore, which was added to the batch as
NiO. The resulting material has a blue-green color
due to the d-d transition of Ni** in octahedral
coordination. It turns out that with the introduction
of Ni, the Vickers microhardness values of the
composite are higher. Patrocinio et al [6]
synthesized a blue pigment based on Ni-doped
ZnyGeOs. They noted that the pigment is
characterized by low toxicity, a bright blue hue, and
excellent chemical and thermal resistance.

The present work aims to synthesize finely
dispersed ceramic pigments with a nickel
chromophore by the solid-phase synthesis method.
An innovative and ecological aspect of our work is
the fact that we have found a way to utilize
agricultural waste, such as rice husks. Millions of
tons of rice husks are generated worldwide per year.
In some of the compositions, we use rice husk ash

One of the main methods for producing ceramic
pigments with different chromophores — such as
nickel, copper, chromium, cobalt, vanadium, iron,
etc. is solid-phase synthesis [1]. Ceramic pigments
are essentially colorants, which, when applied to
various materials, give them a certain color. In this
regard, they are widely used in the silicate industry,
where they are added to glazes for coloring floor and
wall tiles (such as monoporosa), inks for decorating
ceramic and glass products, etc. When coloring
ceramic tiles, the relative production quantities with
about 10 million square meters of tiles per year are
about 20-30 tons of pigments depending on the
models that are produced. That is why the interest in
their production, as well as in the development of
new types of highly refractory pigments is very high.
In the synthesis of inorganic ceramic pigments,
nickel compounds are very often used as
chromophores.  Nickel has the following
characteristics: oxidation state 2, coordination
numbers 4 and 6 (most often), spatial coordination -
tetrahedron and octahedron [2]. In silicate systems,
the change in the coordination state of nickel varies
depending on the ratio of alkali metal oxides and
silicon dioxide. The appearance of nickel in
quadruple coordination depends on the strengths of
the Me-O single bonds in alkali metal oxides [3].

* To whom all correspondence should be sent:
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instead of amorphous SiO..nH,O. The pigments
obtained in this way are in no way inferior to those
obtained from pure raw materials. On the contrary,
in some cases, they give better colors. From an
economic point of view, the price of the produced
pigments is lower, since waste material is used.

MATERIALS AND METHODS
Materials

Al,O3 with a purity 0f 99.9 % and SiO, were used
as starting materials. Silicon dioxide was introduced
in some of the compositions as amorphous
Si0,.nH,0, and in others as rice husk ash (RHA).
The inorganic part of the raw husk consists of about
20 % Si10;, and about 5.5 % mixture of: CaO, Fe;03,
MgO, AL,Os3, Na;O, K>O, MnO; [7]. Ni was used as
a chromophore element in an amount of 5 %. Ni was
introduced with NiO. Table 1 presents the
compositions of the synthesized ceramic pigments.

Fig. 1 shows the scheme for obtaining the
pigments.

Table 1. Pigment compositions

Sample Composition Synthesis
Ne temperature, °C
M3-5 A1203 SiOz.nHzo 1350
MR3-5 | ALO; RHA 1350
P3-5 A1203 SiOz.nHzo 1400
PR3-5 | ALO; RHA 1400

The preparation of the pigments involves several
stages. First, the components are mixed and
homogenized dry. The thus prepared batches are
placed in corundum crucibles and fired in a
Nabertherm high-temperature furnace. Firing was
done at two final temperatures of 1350 °C and 1400
°C with an isothermal hold of 1 hour. This is
followed by cooling to room temperature. The
synthesized pigments are removed from the furnace
and visually inspected. The pigments are ground in
an agate mortar.

AlLO,

/ Thermal treatment
| ,1350°C, 1400C°
NiO RHA \Q}’

-

Dry

homogenization §
h
y

Figure 1. Scheme of pigment preparation

Methods

e  Color measurement. The color of the
pigments was determined spectrally on a Lovibond
tintometer RT 100 Color.

e SEM. The samples were analyzed by
scanning electron microscopy (SEM) at 10.00 kV
accelerating voltage using an IEM11 microscope,
Inovenso INC (Turkey).

e  Hot-stage microscopy (HSM). High-
temperature microscope ESS Misura HSM - 1400
ODHT, model 1600/80, Italy (IFH-BAS) was used.
The sample was heated to 1400 °C at a rate of 10 °C
min™', and the graph reflects the changes that occur
during heating.

e  X-ray diffraction. X-ray diffraction (XRD)
was performed on a Bruker D8 Advance automatic
powder X-ray diffractometer with CuKa radiation
(Ni filter) and registration by a LynxEye solid-state
detector. The X-ray spectrum was recorded in the
angular range from 5.3 to 80° 26 with a step of 0.03°
26. Qualitative phase analysis was performed using
the PDF-2(2009) database of the International
Center for Diffraction Data (ICDD). Quantitative
analysis was performed with the Topas 2 program.

e  DSC. The DSC experiments were performed
on an apparatus for complex thermal analysis (STA
449 F3 Jupiter), Netzsch, Germany, by heating to
1100 °C at a rate of 10 °C min™'.

RESULTS AND DISCUSSION
Mixtures studies

The mixtures were studied by DSC, and the
results are presented in Figs. 2 and 3. The DSC
curves of the two mixtures are quite different. This
is explained by the fact that in the batch with pure
raw materials, we have Si0,.nH,O, while in the
other batch, it is replaced by RHA. The first low-
temperature endothermic reactions (1) and (2) in
Figs. 2 and 3 in both batches can be attributed to the
separation of adsorbed water. In Fig. 3 between 400
- 500 °C, we see a large endothermic effect (3), both
in height and area. Probably, the unburnt particles in
RHA burn. Here the mass loss is the greatest. The
endothermic peak (3) in Fig. 2 in the interval 500-
550 °C is due to the dehydration of SiO,.nH,O.

O

isual estimation
of the pigments
synthesized

Analysis

of the pigments
synthesized
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The product of the endothermic processes (4)
(Figs. 2 and 3) in the temperature range 900-960 °C
is NiAlyOs4 (spinel) which is formed by a chemical
reaction between NiO and Al,Os. Javanmardi et al.
also obtained NiALOs by solid-phase synthesis at
about 900-960 °C. However, to reach these low
temperatures of synthesis they ground the raw
materials for many hours. In our work, due to the
addition of RHA to the samples, the process was
accelerated, since the impurities contained in RHA
act as mineralizers and lower the synthesis
temperature of the spinel phase [8].

We could not trace endothermic effects of other
high-temperature compounds, since the heating of
the samples in this analysis was up to 1100 °C.

Hot-stage microscopy (HSM) results of the
mixtures

Figure 4 shows the hot-stage microscopy (HSM)
results of mixtures obtained from pure raw materials
- A1203 and SiOz.l’leO.

1000°C 1200°C

. . N

1300°C 1400°C

e

Figure 4. Hot-stage microscopy (HSM) of batches
obtained from pure raw materials

1000°€ LLOTC 1200¢

AL

1300C 1400°C

el

Figure 5. Hot-stage microscopy (HSM) results of
mixtures obtained from waste RHA

From Fig. 4 it is seen that up to 1400 °C, the shape
of the samples remains constant, without visible
changes. Extremely high thermal stability of the
samples is observed. Fig. 5 shows the results of hot-
stage microscopy (HSM) of mixtures obtained from
Al,O; and RHA, as a source of SiO,.
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Figure 6. Summary results of hot-stage microscopy
for samples without (P3-5) and with rice husk (PR3-5) in
their compositions.

The results of Fig. 6 prove the stability of both
types of samples. This can be explained in the
following way - firstly because the pigments are
fired at a lower temperature (1350 °C). Secondly, a
tendency to form nickel spinel is observed, in which
AL Os binds to nickel. The remaining Al,O3 passes
into corundum. SiO», due to the inability to bind to
Al,Os to mullite, turns into cristobalite.

For comparison, Khattab et al. synthesized
mullite pigments from waste material containing
silica. They reported results similar to ours. At 1300-
1350 °C they also obtained corundum and
cristobalite as the main phases. With increasing
temperature to 1400°C, mullite is mainly formed,
while the amount of corundum and cristobalite
decreases [9].

Pigments studies

Figure 7 presents the results of the X-ray analysis.
It reveals the main phases in the synthesized ceramic
pigments, which are: corundum (Al>O3), cristobalite
(Si0;), mullite (3A1,0;.2Si0;), and nickel spinel
(NiAL,O4). Mullite is detected only in samples P3-5
and PR3-5, fired at 1400 "C. Mullite is not observed
in samples M3-5 and MR3-5.
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Figure 7. XRD of samples M3-5, MR3-5, P3-5, PR3-5

Figure 8. presents the main phases in the
synthesized samples in mass percentages.

Main phases, mass %

100%
M3-5 MR3-5 P3-5 PR3-5
B Corundum Cristobalite ®m Mullite ® NiAIl204

Figure 8. Main phases in the samples

The graph in Fig. 9 shows the crystal sizes of the
main phases in the samples.

Crystal size, nm
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2 iy . LRE
0
MR3-5 PR3-5
B Corundum ® Cristobalite Mullite ® NiAI204

Figure 9. Crystal size of samples.

Table 2. Color coordinates of samples

{> - Corundum A - Kristobalite

{} - NiAI204

The size of the crystalline phases varies from 13
nm (MR3-5) to 55 nm (PR3-5), with the average
crystal size for each phase being: corundum - 49.75
nm, cristobalite - 20.25nm, mullite - 44.5 nm and
NiALO; - 33.5 nm.

Color measurement

There are different systems for reporting and
measuring colors - MKO 1931, CIELuv, CIELab,
etc. [10, 11]. For the needs of ceramics in Europe and
the USA, the most widely used system is the CIELab
system with color coordinates:

- L* - brightness, L"=0 - black color, L*=100 -
white color;

- a" - green color (- )/ red color (+);

- b" - blue color ( - )/ yellow color ( +).

In our study, the color of the pigments was
determined spectrally with a tintometer from the
company Lovibond Tintometer RT 100 Color, with
the CIELab system.

All synthesized pigments have a beautiful blue-
green color due to the d - d transition of Ni**
octahedral coordination. The pigments synthesized
from pure raw materials at 1350 °C had the best
indicators, respectively (a) = - 15.2 and (b) = - 4.9
(Table 2).

Composition T, °C Color L* a* b *
M3-5 1350 963 | -152 | -49
MR3-5 1350 790 | -12.8 | -2.9
P3-5 1400 752 | -151 | -2.5
PR3-5 1400 76.5 | -13.6 | 4.2
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Figure 11. SEM images of samples P3-5 and PR3-5 fired at 1400°C

Scanning electron microscopy

The samples were analyzed by scanning electron
microscopy (SEM) at 10.00 kV accelerating voltage
using an IEMI1 microscope, Inovenso INC,
(Turkey). SEM analysis (Figs. 10 and 11) shows that
the particles in the pigments tend to form clusters
larger in the pigments fired at a higher temperature -
1400 °C.

CONCLUSIONS

The main phases in the synthesized ceramic
pigments were identified by X-ray diffraction
(XRD): corundum (Al;O3), cristobalite (SiO,),
mullite (3A1,05.2510;), and nickel spinel (NiAl,O4).
It is noteworthy that the main crystalline phase in all
compositions is corundum, with nickel spinel also
forming everywhere. These two phases are resistant
and stable at high temperatures, which also
determines the good properties of the synthesized
pigments. This conclusion is also confirmed by the
hot-stage analysis. The results of hot-stage
microscopy of batches obtained from pure raw
materials show that up to 1400 °C, the shape of the
samples remains constant, without visible changes.
Extremely high thermal stability of the samples is
observed. The size of the crystals in the main phases
was determined. It varies from 13 nm (MR3-5) to 55
nm (PR3-5). The color characteristics of the
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synthesized pigments were determined spectrally,
the pigment with composition M3-5 having the best
indicators: (a) = -15.2 and (b) = -4.9.

Acknowledgement: The financial support of this
work by the Bulgarian Ministry of Education and
Science, National Research Fund under contract
number KP-06-N87/14 is gratefully acknowledged.

REFERENCES

1. Ts. Ibreva, Ts. Dimitrov et al., Bulg. Chem.
Commun., 50, 31 (2018).

2. F. A. Cotton, Modern Inorganic Chemistry, Moscow,
1979 (in Russian).

3. A. Wells, Structural Inorganic Chemistry, Mir,
Moscow, 1987 (in Russian).

4. A. A. Grinberg, Introduction to the Chemistry of
Complex Compounds, Chemistry, Leningrad, 1971
(in Russian).

5. Y. Wang et al., Solid State Sci., 135, 107088 (2023).

6. K. L. Patrocinio et al., Ceramics International, 50,
31955 (2024).

7. F. Yovkova et al., Annual of Assen Zlatarov
University, XLVIII, 2603 (2019).

8. M. Javanmardi et al., Trans. Nonferrous Met. Soc.
China, 26, 2910 (2016).

9. R.M. Khattab et al., Materials Chemistry and
Physics, 281, 125880 (2022).

10. B. S. Cherepanov ef al., Glass and ceramics, 1983 (in
Russian).

11. M. Troyan, Glass and Ceramics, 1988 (in Russian).


https://www.sciencedirect.com/journal/materials-chemistry-and-physics
https://www.sciencedirect.com/journal/materials-chemistry-and-physics
https://www.sciencedirect.com/journal/materials-chemistry-and-physics/vol/281/suppl/C

Bulgarian Chemical Communications, Volume 57, Special Issue E (pp. 23-28) 2025 DOI: 10.34049/bcc.57.E.SIMONS04

Adhesive bond between dentin and CROWNTEC with different printing orientations
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In prosthetic dental medicine, the success of treatment with fixed restorations depends on numerous key factors.
Among them, achieving a strong and durable adhesive bond between the material and natural tooth tissues is of paramount
importance for the longevity and effectiveness of any restoration. The present study aims to investigate, in a laboratory
setting, the adhesive bond between the composite material CROWNTEC and the dentin of natural teeth using the RelyX
Unicem adhesive system. The test specimens were evenly distributed into three groups according to the angle of the
normal vector to the surface of the printing platform (angles of 0°, 45°, and 90°). The samples were bonded to previously
prepared dentin plates. A universal testing machine MultiTest 2.5-1 was used to conduct the tests with a shear bond
strength testing fixture. From the conducted study, we established that the highest shear bond strength was recorded in
group C - 3.000 MPa, followed by group A with a value of 2.4 MPa and group B with 2.0 MPa. In conclusion, it can be
summarized that the best adhesive bond between the material and the dentin surface forms when the material layers of
the test specimens are positioned horizontally during the printing, while the weakest adhesive bond forms when the
material layers intersect at a 45° angle.

Keywords: additive manufacturing; adhesive bond; composites; shear bond strength.

INTRODUCTION physical properties close to those of the tissues they
are meant to replace [25-28].

The specific needs of permanent restorations in
prosthetic dentistry also necessitate the development
of hybrid materials suitable for the additive
manufacturing of permanent fixed restorations [5, 8,
19, 29]. Such a material was developed in 2022 by
the company SAREMCO (Switzerland)—a light-
curing hybrid composite with embedded ceramic
particles in its composition:. CROWNTEC
(SAREMCO, Switzerland) [30, 31].

A crucial factor determining the success of any
treatment involving crowns or bridgework is the
adhesive bond between the restorative material and
the dentin of natural teeth through the use of cement
[14, 32].

The effectiveness and strength of adhesion relate
to the cement’s ability to bond the dentin surface to
the surface of the material, with the force required to
break this bond referred to as shear bond strength

refers to the essence of the process—building a 3D [25, 26, 33]. Shear bond strength is a mechanical

model through layer-by-layer addition of material parameter that measures the loads needed to deform
8, 23, 24]. or destroy materials under the action of opposing

forces. The test specimens are two objects
adhesively bonded together [25].

Technological advancements worldwide have a
direct impact on treatment protocols in dental
medicine [1-3]. Prosthetic dental medicine, a
specialty fundamentally aimed at improving both
function and aesthetics, is at the forefront of
adopting innovative technologies [4-7].

Computer-Aided Design and Computer-Aided
Manufacturing (CAD/CAM) is a technology created
in the 1970s that has been repeatedly proven for the
purposes of prosthetic dental medicine [8-12]. The
system is based on digital scanning and designing of
a virtual CAD model, followed by the construction
of actual prosthetic restorations (CAM) [13-18].
Digital modeling is also the first step in 3D printing
technology—a process increasingly used in the
fabrication of removable and fixed prosthetic
restorations [19-22]. "Additive manufacturing” is a
term frequently encountered in scientific literature to
denote this technology. The meaning of the term

Materials used for additive manufacturing of
prosthetic restorations must possess mechanical and
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A key requirement for dental cements is their
ability to create equally effective bonds both on
enamel and dentin surfaces [30]. The structure of
dentin in natural teeth varies greatly over time,
influenced by factors such as the patient’s age and
the number and size of dentinal tubules, while the
enamel surface remains homogeneous [35, 36].
Other factors affecting good adhesion between tooth
dentin and restorative materials include excessive
moisture or over-drying of the tooth after etching
with phosphoric acid [37, 38].

The bond between dental structures and adhesive
cements is achieved by the replacement of minerals
from the hard-dental tissues with monomer
molecules from dental cements [39].

Each type of material requires specific
preparation of both the dentin surface and the
material surface [33, 40-43]. Regarding resin-based
materials such as CROWNTEC (SAREMCO,
Switzerland), surface preparation usually involves
sandblasting with aluminum oxide or chemical
treatment with hydrofluoric acid followed by the
application of a silane coupling agent. Hydrofluoric
acid creates micro-retentions on the surface, thus
increasing the bonding area between the material
and the cement. This is also the standard protocol for
glass-ceramic surface treatment, although for
lithium disilicate, hydrofluoric acid application is
not recommended above 4.9% concentration [15, 17,
44, 45].

The adhesion of metal-free restorations is
achieved using composite cements, which may be
self-curing, light-curing, or dual-curing. Composite
cements form a strong chemical bond with natural
dental structures, contributing to high shear bond
strength [17, 46].

The adhesive cement 3M™ - RelyX™ U200 is
divided into two components that are mixed
immediately before use. The base paste contains
methacrylate monomers with phosphoric acid
groups, methacrylate monomers, silanized fillers,
initiator components, and stabilizers. The catalyst
paste also contains methacrylate monomers, alkaline
fillers, silanized fillers, initiator components,
stabilizers, and pigments. The cement is dual-curing,
meaning the reaction starts either under light
exposure or through the chemical reaction of the
initiator [47]. Literature data indicate that this
composite cement adheres better to tooth enamel
than to dentin [47-50].

According to the scientific literature, enamel
tissue exhibits better adhesion through various
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composite cements, while the strength of adhesive
bonding to dentin remains a challenge [30, 34, 51].

AIM

The aim of the present study is to investigate, in
a laboratory setting, the adhesive bond between test
specimens produced from the composite material
CROWNTEC (SAREMCO, Switzerland) and the
dentin of natural teeth, using the RelyX Unicem
(3M) adhesive system.

Null Hypothesis (Ho): Shear bond strength is
comparable across all specimens’ groups.

Alternative Hypothesis (H:): Shear bond strength
varies significantly among specimens’ groups.

MATERIALS AND METHODS

For the purposes of this study, 45 test specimens
were fabricated using a NextDent 5100 3D printer
(NextDent, USA), based on digital light processing
(DLP) technology, from the composite material
CROWNTEC (SAREMCO, Switzerland), which
contains ceramic fillers.

The specialized software "3D Sprint" was used
for the design of the digital prototypes.

The samples were divided into three groups
based on their spatial orientation during printing.
The normal vector to the surface formed an angle
with the printing platform surface as follows: 0° for
Group A; 45° for Group B; and 90° for Group C.

The different spatial orientations during the
production of the test specimens led to structural
differences corresponding to the angles of 0°, 45°,
and 90°.

Cylindrical test specimens were printed with
these orientations, each with dimensions of 9 mm in
diameter and 4 mm in height (Fig. 1A). After
printing, each specimen was cleaned by soaking in
96% alcohol and brushing to remove any excess
material. Final polymerization was carried out using
a UV post-curing unit, the LC-3DPrint Box
(NextDent, USA), for 30 min (Fig. 1B).

For the test procedure, dentin plates (Fig. 2) with
a thickness of 2.5 mm were prepared from natural
extracted teeth with intact crowns, using a
microtome. The dentin plates were embedded in
epoxy resin.

The bonding of the test specimens to the dentin
blocks was carried out using the composite cement
RelyX Unicem (3M) according to the following
protocol:
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A.

Figure 2. Dentin plates.

» The surface of the specimens was abraded by
sandblasting with aluminum oxide (Al.Os) particles
with a size of 110 um.

» The specimens were cleaned with alcohol and
dried.

* The dentin surface was rinsed and air-dried.

* The required amount of composite cement
was applied onto the prepared specimens.

* The specimens were initially fixed to the
dentin blocks.

* A universal testing machine for physical-
mechanical testing (MultiTest 2.5-i1) was used to
apply a weight of 50 N during fixation (Fig. 3).

» After the application of the weight to the
specimens fixed to the dentin blocks, light
polymerization was performed for 5 sec to achieve
primary curing and to remove the excess material.

» Final light polymerization was applied for 20
sec.

The shear bond strength tests were conducted
using a universal testing machine for physical-
mechanical testing (MultiTest 2.5-i) (Fig. 4). The
device consists of a monolithic construction with an
integrated lead screw drive, to which a strain gauge
load cell is attached, measuring the force applied at
one end. Depending on the attachments used, the

B.

Figure 3. Fixation by applying a weight of 50 N.

system allows testing of materials under tension,
compression, bending, and shear.

Figure 4. Shear bond strength testing using the
MultiTest 2.5-1 universal testing machine.

The attachment used for shear bond strength
testing consists of two metal plates sliding against
each other in a single plane. One plate serves as a
"frame" with a pentagon-shaped opening, while the
other, known as the "blade,”" is beveled. The test
specimens are fixed at three support points within
the stationary frame, with the plane of the cemented
bond positioned precisely at the boundary between
the "blade" and the "frame" (i.e., between the two
metal plates). The movement of the blade is pre-
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programmed; during the test, the blade encounters a
resistive force, which 1is continuously and
automatically recorded until failure of the material
occurs.

Statistical methods used

* Descriptive statistics:

o Mean (Average) — a measure of central
tendency;

o Median — a measure of the middle value;

o Standard deviation (SD) — a measure of
dispersion;

o Lower control limit (LCL) and upper control
limit (UCL) — the boundaries within which
the true mean of the population lies;

o Absolute values (N) — a measure of the
number of cases;

o Minimum and maximum values — the
smallest and largest observed
measurements.

o Hypothesis testing:
o Nonparametric test for differences among
"k" independent samples (Kruskal-Wallis
test);
o Post-hoc test to determine between which of
the "k" independent groups the significant
differences occur.
All hypothesis testing was performed with a
significance level (alpha) set at 5%.

The statistical analyses were carried out using
IBM SPSS Statistics 26, and graphical
representations were prepared with Excel 2010.

RESULTS

The present study included a total of 45 test
specimens, evenly distributed into three groups (A,
B, and C), according to the angle of the normal
vector to the surface of the printing platform (angles
of 0°, 45°, and 90°, respectively). The shear bond
strength of the specimens was measured in
megapascals (MPa).

The measured average shear bond strength of the
tested samples was 1.293 MPa, with a standard
deviation of £0.951 MPa.

The lowest recorded shear bond strength was
0.100 MPa, and the highest was 3.000 MPa, both
values observed in the specimens from Group C. In
Group A, the highest recorded value was 2.400 MPa,
while in Group B it was 2.000 MPa.

Half of the specimens had a shear bond strength
below 1.100 MPa, while the other half exhibited
higher values (Table 1).

Upon examining and comparing the shear bond
strength among the different groups of specimens,
the results showed that the highest shear bond
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strength was observed in Group C (1.840 MPa
+1.093 MPa), while the lowest was recorded in
Group B (0.780 MPa +0.718 MPa). Group A
exhibited a mean shear bond strength of 1.260 MPa,
with a standard deviation of =0.728 MPa.

Table 1. Summary of the statistical characteristics of
the sample. Unit of measurement: MPa

Shear bond

Mean 1.293

Median 1.100

Std. dev. 0.951

Min 0.100

Max 3.000

LCL/UCL 1.015/1.571

No 45

The differences between the groups are

graphically presented (Fig. 5).
MPa
3.500
3.000
2.500
2.000 1.840
1.500 1.260
1.000 0.780
0.500
0.000
A B C

Figure 5. Differences in shear bond strength between
the groups (MPa).

Table 2. Results from the test of differences in shear
bond strength between the three groups.

est group Groups under test
Char. Chars.
under test A B C
Mean | 1.260 4B | 0.7804 1.8408
Shear bond SD +0.728 +0.718 +1.093
N 15 15 15
Kruskal- -
Wallis test P-value P=0.018

The significance level obtained from the test [p =
1.8%] is lower than the accepted risk of error of 5%.
Therefore, the alternative hypothesis is accepted,
stating that there is a statistically significant
difference in the shear bond strength of the test
specimens between the groups. To determine more
specifically between which groups the differences
are significant, a post-hoc test (Least Significant
Difference test) was performed. This analysis
revealed that a significant difference exists between
the shear bond strength of Group B and Group C,
with the strength being higher in favor of the
specimens from Group C. This conclusion can be
stated with 95% confidence. The difference between
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Groups A and C is also very close to being
statistically significant, but it reaches significance
only at a 10% risk of error.

DISCUSSION

The present study clearly demonstrates a marked
dependence between the orientation of the test
specimens relative to the printing platform and their
shear bond strength. Dividing the specimens into
three groups based on the angle of the normal vector
(0°, 45°, and 90°) allowed for tracking the influence
of the printing angle on the mechanical properties of
the material.

The highest mean shear bond strength was
recorded in Group C (90°) - 1.840 MPa +1.093 MPa.
This result is likely due to the horizontal orientation
of the structural layers located at the surface bonded
to the dentin blocks. In Group B (45°), the lowest
mean shear bond strength was observed - 0.780 MPa
+0.718 MPa, which may be explained by the less
favorable arrangement of the material layers at a 45°
angle, leading to a weaker adhesive bond. Group A
(0°) demonstrated an intermediate mean shear
strength - 1.260 MPa +0.728 MPa - suggesting that
a vertical spatial orientation of the layers is the least
favorable for achieving an effective adhesive bond.

Both the lowest (0.100 MPa) and highest (3.000
MPa) individual values among all tested specimens
were recorded in Group C. This variability may be
attributed to technological factors during the
manufacturing process or the presence of
microdefects in the material’s structure.

The result of the hypothesis test (p = 1.8%) is
below the accepted significance level of 5%, which
necessitates the rejection of the null hypothesis and
acceptance of the alternative hypothesis—that is,
there is a statistically significant difference in shear
bond strength among the groups. This difference was
specifically established between Groups B and C, in
favor of Group C, indicating that specimens with
horizontally oriented layers demonstrate superior
mechanical properties, with 95% confidence.
Although a difference between Groups A and C also
exists, it would only reach statistical significance at
a risk level higher than 10%.

The results of the laboratory study regarding the
influence of this spatial orientation during printing
on the shear strength are in accordance with those
reported by Khanlar et al. [52] The results of their
study confirm that the horizontal orientation of the
layer (90°) leads to a higher shear strength, which
corresponds to the values observed in Group C at the
core of our study. In [52], lower values for shear
strength are observed at angles of 0° and 45°,
confirming our hypothesis that the structure of the

layer of the material is a key factor for the adhesive
bond.

In the review article by Liang et al. [53] regarding
the influence of parameters on printing, including
spatial orientation, the authors emphasized that
optimization of the layers is of key importance to
achieve better mechanical quality of the material,
which confirms the conclusion of the study.

CONCLUSION

The spatial orientation of the test specimens
relative to the printing platform of the 3D printer has
an influence on the mechanical properties of the
material, particularly on shear bond strength. The
results from the conducted laboratory tests support
the recommendation that, during the digital design
and fabrication of constructions made from the
CROWNTEC material (SAREMCO, Switzerland),
zones subjected to high mechanical loads should
have a horizontally oriented structural layer
arrangement.

The long-term clinical success of permanent
fixed prosthetic restorations is directly dependent on
the quality of the adhesive bond between the
restorations and the dental tissues. Effective
adhesion not only contributes to the stability and
durability of prosthetic structures but also reduces
the risk of micro-movements and the development of
secondary caries, thereby ensuring long-term oral
health for patients.
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are subject to investigation in the Research Project
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132/29.05.2024, at the Medical University - Sofia.
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Gelatin-based biofilms filled with calcium carbonate nanoparticles (NPs), synthesized from Rapana Venosa shells,
were prepared by the solvent casting technique. The content of NPs in the films ranged from 0.5 to 5.0%. The water
content, water absorption, solubility in water, tensile properties, and biodegradation were investigated and compared with
those of the control gelatin film. Results showed that the addition of 5.0% of calcium carbonate nanofiller reduces the
solubility in water and water absorption of the films by 58% and 64%, respectively. In contrast to the initial gelatin film,
the incorporation of CaCO; NPs into the materials, regardless of the amount, increases the values of the elongation at
break. The reinforcing effect of the nanofiller on the gelatin samples was manifested when 5.0% of NPs were added.
These materials have a maximum tensile strength and Young's modulus of 7.16 and 70.3 MPa, respectively. It was proven
that the NPs make the films more resistant and less susceptible to degradation after exposure to the surface of compost

soil for a period of 6 months and could be used to extend the service life of biofilms.

Keywords: calcium carbonate nanoparticles, gelatin, biofilms, solution casting, properties

INTRODUCTION

Gelatin films, as thin-layer biopolymer materials,
have attracted significant attention, especially in the
fields of food packaging, pharmaceuticals, and
biomedical engineering [1-3]. These films exhibit
advantageous properties such as biodegradability
and biocompatibility, however, pure gelatin films
have insufficient mechanical strength, high moisture
sensitivity, and limited barrier properties, which
restrict their practical applications [4]. To overcome
these limitations, researchers incorporate various
nanofillers into gelatin matrices to improve their
functional properties [5].

Nanocellulose significantly improves the
mechanical properties of the gelatin films, enhancing
their tensile strength and elasticity [6]. However, its
hydrophilic nature can lead to increased water
absorption, which is undesirable for applications
requiring moisture resistance [7]. The layered
structure of nanoclays gives them exceptional barrier
properties that significantly reduce the permeability
of biopolymer films [8]. The addition of metal and
metal oxide nanoparticles into gelatin matrices is
primarily due to their antimicrobial and UV-
blocking properties [9—11]. They effectively inhibit
microbial growth, extending the shelf life of food

* To whom all correspondence should be sent:
E-mail: dskiryakova@abv.bg

products when used in packaging applications. A
disadvantage of their use is the concern about
potential toxicity and migration into food products
[11].

Nano calcium carbonate, extracted from various
waste materials, is a sustainable option for
incorporation into gelatin matrices. Industrial by-
products such as eggshells, mussels, and limestone
waste serve as rich sources of calcium carbonate
[12-14]. The small particle size and high surface
area [13] make it an attractive option for enhancing
the mechanical properties of gelatin-based materials.
Additionally, nano calcium carbonate has been
shown to have antimicrobial properties [15], which
could further extend the shelf life of food products
when used in packaging.

The aim of the present study is to prepare,
characterize and determine the main properties of
plasticized gelatin biofilms filled with calcium
carbonate NPs. For this purpose, films combining
gelatin, calcium carbonate nanofiller in amounts
from 0.5 to 5.0% and glycerol as a plasticizer were
obtained by the solution casting method. The
properties of the biofilms were evaluated in terms of
the influence of the additive on them and compared
with those of a control film of pure gelatin.

© 2025 Bulgarian Academy of Sciences, Union of Chemists in Bulgaria
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EXPERIMENTAL
Materials

Animal gelatin powder (type A) was purchased
from the local market in Burgas, Bulgaria. Glycerol
CsHgO3 (molecular weight 92.10 g/mol, density 1.26
g/cm’®), used as a plasticizer of the films, was
purchased from Marvin Ltd, Dimitrovgrad, without
further purification. Biogenic calcium carbonate
with a particle size of ~ 40 nm, synthesized from
Rapana Venosa shells, was provided by the
Laboratory of Aquaculture and Biotechnology, Prof.
Assen Zlatarov University. Distilled water was used
as a solvent for preparing filmogenic solutions.

Film preparation

The gelatin-CaCO3 NPs -based films were
obtained by the traditional solution casting
technique. Distilled water (40 mL) was mixed with
4 g of gelatin for each film. The resulting solutions
were heated at 80°C for 15 min under stirring. 1.5 g
of glycerol plasticizer (37.5% by weight of gelatin
basis) was added, and the resulting mixtures were
stirred for additional 5 min at the same temperature.
Then 0.5, 1.0, 2.0, 3.0, and 5.0% of CaCO; NPs
(based on total gelatin in dry state) were added to the
mixtures and sonicated using a Branson 8510
ultrasonication bath for 30 min. The film-making
solutions containing the indicated amounts of the
nanofiller were placed into acrylic mould dishes
(diameter: ~130 mm), kept at room temperature for
24 h, and dried in an oven at 40°C for a day to dry
up properly. After drying, mould dishes were kept at
room temperature for 24 h. Before being
characterized, the dried films were removed from the
dishes and kept at room temperature for a week.
Specimens prepared were designated as control
gelatin (G) film, G-0.5 CaCO3, G-1.0 CaCOs, G-2.0
CaCOs, G-3.0 CaCOs, and G-5.0 CaCOs according
to the content of CaCO3 NPs in the biofilms.

Characterization of the gelatin-based biofilms

o Thickness

A micrometer thickness gauge was used to
measure each gelatin biofilm sample's thickness with
a 0.0001 mm precision. The average value of the
thickness of each film measured at five different
locations was taken as the thickness.

e  Water content

The biofilm samples were cut into 20x20 mm
pieces, and their initial weight (W,, g) was measured.
They were then dried in an oven at 70°C for 24 h and
reweighed (W: g). To calculate the water content
(WC, %), expressed as a percentage, the following
formula was used:

30

Water content (%)= [(WO -W, )/ W.1x100 (1)

o Water absorption

Initially, gelatin-biofilm samples were dried in an
oven at a temperature of 70°C for a day to get their
initial weight (W,, g). The samples were then
immersed in distilled water and kept at room
temperature for 210 min. For each measurement,
specimens were removed from the water, wiped off,
and reweighed (W, g) to a precision of 0.0001 g. The
following Eq. (2) was used to determine the water
absorption (WA, %):

Water absorption (%)= [(W, =W, )/W,1x100 (2)

o Water solubility

To calculate the water solubility (WS, %) of the
gelatin-based biofilms, 20x20 mm sizes of the
samples were dried (70°C, 24 h) and weighed (W,,
g). Then each sample was immersed in distilled
water and stored at a temperature of 224+3°C for a
period of 24 h. The residual insoluble part of the
films was removed, dried in an oven for 24 h at 70°C,
and weighed again (W:, g). Eq. (3) was used to
calculate the G-CaCO3; NPs biofilm's solubility in
water:

Water solubility (%)= [(W0 -W, )/ W, 1x100 (3)

o Tensile properties

The tensile strength, elongation at break, and
Young's modulus of control G film and G-CaCOs3
NPs biofilms were determined at room temperature
according to EN ISO 50527-1 using a universal
testing machine dynamometer INSTRON 4203,
England. The grip distance was set at 25 mm, and a
crosshead speed of 50 mm/min was applied. The
samples' thickness was measured prior to each test.

o Test for biodegradability

To assess the biodegradability of gelatin-based
films with CaCOs NPs, from each film samples with
dimensions of length 50 mm, width 4 mm, and gauge
length 25 mm were cut. Then the samples were
weighed (W,, g) and exposed to the surface of a
compost soil for a period of 6 months. The compost
soil media used had pH of 5.5 — 6.5 and electrical
conductivity of 40 mS/m. After 6 months, the
biofilms were removed from the compost soil and
cleaned before being again weighed (W; g). The
biofilms' biodegradability, or percentage weight
loss, was calculated using Eq. (4):

Weight loss (%)= [(W, =W, )/W,1x100  (4)

o Visual appearance of the films

The obtained dried control and gelatin-CaCO;
NPs-based films after removal from the mould
dishes were placed on a black base and
photographed with a phone camera. To visually
monitor the degradation of the samples before and
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after exposure in a compost soil environment, the
films were photographed again. All the photos taken,
with a resolution of 739x1600 pixels, are reported in
chronological order during the experiment in the
Results and Discussion section.

o Hardness by Shore

The Shore A hardness of the resulting gelatin-
based biofilms was determined on an apparatus
“Stendal”, Germany scale A and ASTM D-2240.

RESULTS AND DISCUSSION
Visual appearance of gelatin-CaCQO3z NPs biofilms

The films obtained by casting from aqueous
solutions of mixtures of gelatin, glycerol (37.5%),
and calcium carbonate nanoparticles have good
filmogenicity and are easily removed from the
casting moulds. They are homogeneous, with a
smooth surface and no visible bubbles or air
inclusions (see Fig. 1).

As can be seen, the control gelatin film has high
transparency and a pale yellow hue due to the
gelatin. At a low concentration of NPs (0.5%), the
dispersion of particles with a size of ~ 40 nm is good
enough to obtain transparent films. However, the
higher the amount of CaCOs NPs in the gelatin
biofilms, the lower is the transparency of the
samples. For example, the transparency of gelatin
samples from G-1.0 CaCOs is slightly affected, with
G-2.0 CaCOs being visually more opaque due to the
higher concentration of nanoparticles which are

G-2.0 CaCO;

Fig. 1. Photographs of gelatin-based films with different contents of calcium carbonate NPs

R "

G-3.0 CaCOs

white in color. The use of nano CaCOj; in higher
amounts of 3.0 and 5.0% significantly increases the
opacity of films compared to the control G film.

Thickness of gelatin-CaCQOs NPs biofilms

Detailed data on the change in the thickness of
cast gelatin films by the amount of CaCOj; nanofiller
are shown in Table 1. It is known that the thickness
of G films is affected and can be increased by
increasing the amount of NPs added to them [16, 17].
The data in the table confirm that compared to the
control G film (356 um), the thickness of the filled
G film is greater and increases from 358 um (for G-
0.5 CaCO:3) to 382 um (for G-5.0 CaCOs). A similar
increase in the thickness of gelatin-based biofilms
when using CuS or WO; nanoparticles has been
found by other authors [18, 19].

Water content, water solubility and water
absorption of gelatin-CaCO3 NPs biofilms

Although gelatin films possess sufficiently good
mechanical and barrier properties, they are sensitive
to the action of moisture. This limits their use,
especially in applications where water resistance and
water insolubility are required. Therefore, to
characterize the biofilms obtained with CaCO; NPs,
the following indicators; moisture content, water
absorption and water solubility were studied and
compared with the same for the control film without
additive.

G-0.5 CaCO;

-

G-5.0 CaCO;
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Table 1. Thickness, water content, water solubility, Shore hardness and biodegradation of gelatin-based biofilms with

calcium carbonate NPs.

Films Thickness, Water content, Water solubility, Shore Biodegradation,
pm % % hardness %
Control G film 356 0.376 5.697 74.3 8.537
G-0.5 CaCO; 358 0.353 4.672 74.7 8.402
G-1.0 CaCO; 361 0.308 4.458 74.5 8.371
G-2.0 CaCO; 366 0.285 4.354 75.0 8.142
G-3.0 CaCO; 370 0.245 3.662 74.9 6.564
G-5.0 CaCO; 382 0.212 2.402 82.0 4.990

Table 1 shows the calculated water content (WC,
%) and water solubility (WS, %) of the gelatin films.
The trend observed is that both investigated
parameters decrease after the addition of CaCO3; NPs
in amounts from 0.5 to 5.0%, the decrease in WC of
the biofilms being weaker compared to the decrease
in WS. The moisture content of the control G film is
0.376% and decreases to 0.353% and 0.353% for G-
0.5 CaCOs and G-1.0 CaCO; samples, respectively.
When using larger amounts of nano calcium
carbonate, WC varies between 0.308 — 0.212%. The
higher WC values for the control plasticized with
glycerol G film are due to its sensitivity to water, due
to its hygroscopic and hydrophilic nature [20]. The
latter is the reason for the limited application of
gelatin-based films in contact with food products
with high moisture content [17, 21]. On the other
hand, the CaCOs nanofiller is able to bind to the free
hydroxyl groups by forming bonds with gelatin
chains, which reduces their number and therefore
lowers the WC and the sensitivity of NPs-based
biofilms to water [22].

The water absorption curves of the control film
and gelatin biofilms with nano calcium carbonate
over time are illustrated in Fig. 2.

40

4 control G film

3 r —2—(.5% nanofiller
a % 1.5% nanofiller

30 | = =0-2.0% nanofiller
P ©0-3.0% nanofiller

25 8-5.0% nanofiller

Water absorption, %

0 30 60 90 120 150 180 210

Immersion time, min

Fig. 2. Water absorption curves of gelatin-based
biofilms on calcium carbonate nanofiller content
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The highest water absorption (WA, %) of 32% is
displayed by the control G film at a water immersion
time of 120 min. With longer immersion, the
plasticized gelatin film begins to dissolve in water
[23] and it becomes impossible to determine its WA.
The inclusion of nanoparticles in amounts up to
5.0% in the composition of the biofilms reduces the
water absorption of the samples compared to that of
the pure gelatin film. For example, for the control
film after 90 min, WA is 31%. With the addition of
filler, the water absorption of materials with 0.5, 1.0,
2.0, 3.0 and 5.0% CaCOs NPs decreases to 17.9,
159, 15.1, 12.7 and 11.1%, respectively. The
tendency to decrease WA with increasing NPs
concentration 1is maintained even at longer
immersion times, probably due to the excellent
barrier properties of these nanoparticles [24]. This
means that the nano CaCOs; synthesized from
Rapana Venosa shells successfully improves the
water resistance and stability of gelatin-based
biofilms in a high-humidity environment.

It was found that the addition of nanofiller also
reduces the water solubility (WS, %) of the obtained
plasticized films. Increasing the amount of CaCOs3
NPs from 0.5 to 3.0% gradually reduces WS and it is
in the range from 4.672 to 3.662% (Table 1). The
main reason for this is that CaCO3; NPs make the
structure of the G film more compact and thus limit
the access of water molecules to the matrix [22, 25]
and prevent its interaction with them [26]. That is
why the smallest WS value of 2.402% is displayed
by the G-5.0 CaCOs samples, which is almost 2.5
times lower compared to the control biofilm without
nanofiller.

Tensile properties of gelatin-CaCO3 NPs biofilms

To preserve the properties of biofilms during
their use and eventual application, they shoud have
appropriate strength and elasticity. Therefore, the
tensile properties of the obtained biofilms were
determined, namely, the tensile strength (Fig. 3), the



D. S. Kiryakova et al.: Calcium carbonate nanoparticles as a filler for gelatin-based biofilms. preparation...,

elongation at break (Fig. 4), and the modulus of
elasticity (Fig. 5).

8

7 F
6.53
E3

6 |

Tensile strength, MPa

0 0.5 1 2 3 5

Concentration of nanofiller, %

Fig. 3. Dependence of the tensile strength of gelatin-
based biofilms on calcium carbonate nanofiller content

Fig. 3 shows the dependence of the tensile
strength of gelatin films on the concentration of
CaCO; NPs added. With an increase in the
introduced calcium carbonate NPs to 2.0%, a
decrease in the strength of the biofilms is observed.
The reduced tensile strength of the films compared
to the control G film can be due to the influence of
NPs on the interactions in the gelatin matrix and the
weakening of intermolecular bonds. Above the
indicated amount, the strength slightly increases to
4.71 MPa but is still less than that of the initial
biofilm without the additive. A similar decrease in
strength  for gelatin-based films when the
concentration of incorporated ZnO NPs was
increased has also been found by Sahraee et al. [27].
The reinforcing effect of nanofiller on the gelatin
samples is realized in the G-5.0 CaCO; film. A
maximum tensile strength of 7.16 MPa was
determined for it. The probable reason for this is that
filling with 5.0% of nanoparticles reduces the
mobility of G chains and enhances the interaction
between them, resulting in an increase in the tensile
strength of biofilms at this concentration of NPs.

The opposite tendency was seen in elongation at
break of the obtained biofilms. With increasing NPs
concentration from 0.5 to 1.0%, the elongation at
break of the films (Fig. 4) increased from 124.6 for
control G film to 205.1% for G-1.0 CaCO;. When
using larger amounts of the filler, the studied
indicator decreased to 141.6% for G-5.0 CaCOs3
samples. However, all films, regardless of the
amount of added biogenic nano calcium carbonate,
showed higher values of elongation compared to the
initial gelatin film without an additive.

205.1
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175.1 B 174.8
h h

150 141.6
B2

124.6

3

100 |

Elongation at break, %

50

0 0.5 1 2 3 5

Concentration of nanofiller, %

Fig. 4. Dependence of the elongation at break of
gelatin-based biofilms on calcium carbonate nanofiller
content

An increase in elongation at break over that of
control G film by the addition of NPs was also found
by other authors [28].

Similar to the tensile strength, the dependence of
Young's modulus of biofilms on the addition of NPs
of calcium carbonate follows the same course (see
Fig. 5).
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Fig. 5. Dependence of Young’s modulus of gelatin-
based biofilms on calcium carbonate nanofiller content.

When the amount of nanofiller is lower (up to
3.0%), the modulus smoothly decreases from 35.11
to 29.5 MPa for control G film and G-3.0 CaCOs,
respectively. With a further increase in the amount
of the additive in the samples to 5.0%, its influence
becomes apparent, and the Young's modulus has a
maximum value of 70.3 MPa. The high modulus
found for cast G-5.0 CaCOs films is associated with
the higher tensile strength (Fig. 3) and hardness
(Table 1).
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Films 0 month 1* month 2" month

Control G film

G-0.5 CaCO;

G-1.0 CaCO;

G-2.0 CaCOs

G-3.0 CaCO;

G-5.0 CaCO,

3" month

4™ month ‘ 5™ month ‘ 6™ month Integrity

Fig. 6. Changes in the appearance of gelatin films before and after 6 months of exposure to compost soil surface

For all gelatin-based samples, both those without
and those with NPs the measured hardness (from 74
to 82) is in full accordance with the results observed
for the tensile strength and modulus of biofilms.
This, according to the Shore A hardness scale, places
the biofilms casted as medium hard.

Biodegradability of gelatin-CaCOs NPs biofilms

The visual change that gelatin films undergo is
one of the first signs of the degradation process [29].
Already in the first month, the samples changed their
original shape, and after the third month, the changes
in the color and appearance of the biofilms with
CaCOs NPs are obvious (see Fig. 6). With increasing
the amount of NPs from the fourth month onwards,
the opacity of the biofilms increases, especially for
those with over 1.0% nanofiller. At the 6th month of
the experiment, the films still show no signs of
disintegration, but only changes at the edges of the
samples and traces of degradation. The G-5.0 CaCOs3
film retained its shape and dimensions to a greater
extent, despite the change in color and transparency
after a period of 6 months on the surface of compost
soil. This is probably due to structural changes
occurring in the samples, which is the reason for the
decrease in biodegradability, estimated by weight
loss (Table 1). When comparing the biodegradability
of the control G film to the biodegradability of those
with the additive, it is seen that the addition of
CaCOs NPs in the films in amounts from 0.5 to 5.0%
slows down the degradation process (Table 1). The
determined weight loss of the control G film is
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8.537% after exposure to the surface of compost soil
for 6 months. The weight loss of the biofilms with a
nanofiller content of up to 2.0% is close to that of the
gelatin film without the additive — from 8.402 to
8.142%. When increasing the amount of CaCO3 NPs
to 3.0%, a slowdown in the degradation process is
observed. The G-5.0 CaCOs film undergoes the least
degradation (4.990%) after 6 months of exposure to
the surface of compost soil. It is assumed that the
inclusion of nanoparticles in the matrix stabilizes the
structure and reduces the degree of biodegradation
due to an increase in the crystallinity of the biofilms
[17]. Furthermore, the reduced water absorption of
the nano calcium carbonate materials (Fig. 2) also
hinders degradation, as the presence of water in the
gelatin films is crucial to accelerate the process. The
above is an evidence that the used additive of CaCO3
NPs in the gelatin films makes them more resistant
and less susceptible to degradation after exposure to
the surface of a compost soil for a period of 6 months
and therefore can increase the service life of
biofilms.
CONCLUSIONS

Films combining gelatin, calcium carbonate
nanofiller in amounts from 0.5 to 5.0% and glycerol
as a plasticizer were obtained by the solution casting
method, and their main properties were determined.
The results for the properties of the plasticized
gelatin biofilms filled with nanoparticles were
monitored in terms of the influence of the additive
on them and compared with those of a control film
of pure gelatin. It was found that the nano calcium
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carbonate used reduces the water solubility and
water absorption of the films, increases the thickness
and the elongation at break, and the films with 5.0%
of the filler have the best tensile strength and
modulus of elasticity. It has been proven that
calcium carbonate nanofiller successfully slows
down the biodegradation process of gelatin-based
biofilms, and after exposure to the surface of
compost soil for 6 months, they retain their integrity.
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Membrane technologies and processes present a viable technological solution to address modern industrial and
ecological challenges related to water resources. In this, the potential application of polyacrylonitrile (PAN) membranes
and PAN membranes modified with a surface-deposited Fe-Cr-Ni nano layer (Me) was explored in the ultrafiltration
process. These membranes were tested individually and in combination for the purification of industrial wastewater
resulting from the hydrodistillation of oil-bearing roses, which contained 15.80 mgEmKMnO4/ml of total organics. The
transport and separation characteristics of the membranes were analyzed based on pressure changes and their structural
morphology response. The permeability values ranged from 19 I/m2.h for the unmodified membrane to only 3.7 I/m?.h
for the metallized membrane. The process was optimized using a combined approach, where ultrafiltration was conducted
sequentially and continuously in two stages: 1. Ultrafiltration through a PAN membrane to obtain permeate (P1); 2.
Ultrafiltration of P1 using the Me-PAN membrane to obtain permeate (P2). It was found that in the two-stage
ultrafiltration process, the permeability remained the same for the first stage, but increased to 13 1/m?.h at 0.5 MPa for the
second stage. The total organics content in P2 was reduced to 1.74 mgEmKMnO4/ml, resulting in a 89% rejection and
purification of the wastewater. This not only rehabilitated the treated wastewater but also provided an opportunity for the
targeted utilization of the separated unique and valuable bio-resources present in the wastewater from the oil-bearing
roses processing.

Keywords: Ultrafiltration, metal nano layer coating, nanometalized polymer membrane, nanocomposite membrane,
industrial wastewater treatment, recovery of bio-resources

INTRODUCTION membrane, which, apart from being a key element,
is also a specific selective barrier. Conventional
membranes used in these processes are synthetic,
preferably made of polymer materials. Each of the
processes has its specific requirements towards the
membrane properties, which are permeability and
rejection [2]. As technological challenges to ensure
quality water resources increase, so does the demand
for and exploitation of UF processes and membranes
[3]. PAN membranes have proven their effectiveness
in ultrafiltration process. Moreover, they are also an
object that allows for manipulation of their
properties by means of various modification
techniques. Using such an opportunity, selective
structural control of the membranes is purposefully
achieved, with a significant effect on their
performance [4-6]. An innovative approach to PAN-
membranes modification is the fixation of a metal
coating on the active membrane surface. Various
methods of metal coating deposition can be used, the
choice depending on the properties of the host
polymer matrix, the type of metal, the preliminary
modification of the polymer surface, the mechanism

Membrane separation technology and its
capabilities have been implemented in industry on
the largest scale through the baromembrane
processes of microfiltration (MF), ultrafiltration
(UF), nanofiltration (NF) and reverse osmosis (RO).
This is due to their simplicity and accessibility,
capital profitability, ease of maintenance and
control, technological and ecological efficiency, and
the possibility to use them in hybrid processes.
Pressure-driven membrane processes are
implemented  for  separation,  purification,
concentration, and disinfection of liquid systems of
various natures and origins, and also provide an
opportunity for the rehabilitation of substances and
resources. The areas of application of these
processes are related to potable and wastewater
treatment in pharmaceutical, biotechnological, food-
processing industries, as well as in processes of
renewable energy storage and conversion [1]. What
is common to the baromembrane processes in
addition to the driving force is the semipermeable
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and conditions of applying the coating [7, 8]. Surface
morphology of the PAN membrane can be easily
controlled by the use of vacuum metallization [9].
The process consists of magnetron sputtering of a
metal (or metals) in a vacuum environment with
subsequent mechanical deposition on the chemically
activated polymer surface of the membrane.
Metallized membranes are a promising option for
achieving sustainability in water systems treatment
[10, 11]. Applied alone or in combination with other
types of membranes, they can increase the efficiency
of membrane technologies [12]. The aim of the
present work is to conduct a laboratory study of the
application of polyacrylonitrile and surface
metallized polyacrylonitrile membranes in an
ultrafiltration process for treating industrial
wastewater-obtained as a result of oil-bearing rose
hydrodistillation.

Studying the process of ultrafiltration, which uses
membranes with different properties, will clarify
their application potential for the purification of bio-
contaminated industrial wastewater and recovery of
bio-resources, as well as the peculiarities in the
particular membrane behavior and the adaptation of
the process conditions to the object under treatment
[13, 14]. The development and introduction of
sustainable technologies will allow the industry to
become more environmentally friendly by
facilitating waste materials recycling and utilization
of resources [3, 15].

EXPERIMENTAL

The PAN membrane used in the experiment had
a molecular weight cut-off (MWCO) of 25 kDa and
was formed from a polyacrylonitrile solution in
dimethyl sulfoxide (DMSO) solvent, a product of
Fluka, Germany. After filtration and deaeration, a
film was drawn from the polymer solution onto a
calendered polyester substrate attached to a glass
plate. The polyester mat brand FO-2403, produced
by Velidon Filtren, Germany, has a density of 100 +
5 g/m* and a thickness of 2 + 0.1 nm. Within 15 sec
of pouring the solution, the plate was immersed in a
lab bath of distilled water at a temperature of 25 +
1°C. Through the method of phase inversion in a
water coagulation bath non-solvent induced phase
separation (NIPS), an asymmetric membrane
structure was formed, which was then thoroughly
washed with water until the solvent was completely
removed.

Pieces of the membrane with an area of 100 cm?
were prepared for modification by depositing a
metallizing layer after preliminary activation of the
membrane surface with alkaline solutions of
SnCl,.2H,0. The metal coatings were obtained in a

vacuum installation BUP-5 (Russia), by sputtering a
flat target made of iron-chromium-nickel alloy with
dimensions @ 100 x 10 mm, at a target (M)/substrate
(N) distance L m.x = 180 mm and specific sputtering
power Np = 5.4 W/cm?. Magnetron deposition of the
iron-chromium-nickel alloy was carried out with an
initial vacuum in the working chamber Pn= 1.10
Pa, Ar working gas medium of 99.99 % purity,
working pressure in the chamber Pp = 4.10 Pa and
coating deposition time (exposure time) of 25 s.
After the deposition process was completed, the
membranes were cooled to normal temperature.

The efficiency of the membranes and membrane
processes was studied based on the parameters of
rejection and permeability. Rejection is expressed as
a retention parameter and characterizes the
separation ability. Permeability is characterized by a
parameter called flux through the membrane. The
values were calculated by the following equations:

- Rejection:

R= CZC‘—:l 100, % (1)

where C, — concentration of the retained substance
in the flow over the membrane, kg/m® Ci-
concentration of the same substance in the flow
through the membrane kg/m’;

- Permeability:

] =V/(S5.7),]/m?.h 2
where V — volume of the liquid which passed
through the membrane, I; S — membrane effective
area, m>; T — time, h.

The membrane-treated object was industrial
wastewater, a by-product of hydrodistillation of oil-
bearing rose flowers in Bulgarian rose oil
production, provided by the Institute of Roses,
Essential and Medical Cultures (EMLK), Kazanlak.
The quantitative content of total organic matter in
the hydrodistilled wastewater and in the permeate
(filtrate) was determined by the method of
permanganate oxidizability and presented as a
potassium  permanganate  equivalent (mgEm
KMnOy,) [16].

RESULTS AND DISCUSSION

UF PAN membranes are formed and used as
polymer composites. The membrane structure is
supported by a polymer substrate made of various
types of polymers. A composite asymmetric
structure is created (Fig. 1), in which the supporting
porous polymer aids in to the mechanical stability
when external pressure is applied to achieve an
ultrafiltration process.

The membrane is then further modified as a
metal-polymer nanocomposite, also incorporating a
functional metal layer of chromium-nickel alloy
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[17]. Consequently, the modified membrane gains
new properties.

surface layer

it 1 supporting substrate
J (100-200 pm)

Fig. 1. Schematic diagram of an asymmetric
composite membrane in-depth

The membrane metalized in the experiment for
25 min, and the non-modified one were individually
used in a membrane process, carried out in a
laboratory research barofiltration installation. The
filtration focused on bio-contaminated wastewater
from the rose flowers of the Rosa damascena Mill.
f. trigintipetala Dieck (R.D.) variety, with a total
organic content of 15.80 mgEm KMnOs/ml. The
permeability results, as shown in Figure 2, pertain to
the wastewater and illustrate the minimal
effectiveness of the modified membrane in this

particular approach.
20

15

Permeability, 'm?.h
=

0 0;1 [1'2 0.‘3 0i4 0.5
Pressure, MPa
Fig. 2. Hysteresis curves of permeability for a PAN
membrane and a metallized membrane for 25 min

The permeability of the two types of membranes
differs not only in the range, with the non-modified
membrane reaching up to 19 I/m’h and the
metallized one only reaching 3.7 I/m%.h, but also in
the response of the structural morphology to pressure
changes. This difference is due to the unique
characteristics of the selective layer of the metallized
membrane, which consists of many small and
similarly sized pore openings. This is supported by
AFM visualization [17] and the minimal change in
permeability values with increasing force impact
from applied pressure (Fig. 2). The expectation that
smaller sized pores would be included in the process
with each 0.1 MPa step is not confirmed. Despite the
extended metallization time, the mechanical stability
of the membrane was maintained in the processing
of a real object. We can assess this by visually
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comparing the shape and size of the hysteresis areas
(Fig. 2), which provide an indication of the material's
mechanical behavior under cyclic loading [18]. An
explanation for the unsatisfactory results is that
during  ultrafiltration, the solvent passes
preferentially through the membrane, causing an
increase in viscosity of the retentate and pre-
concentration of dissolved substances in the
boundary layer of the membrane. Consequently, the
driving force and process speed decrease, which is a
prerequisite to the formation of aggregates in the
retentate and eventually their precipitation on the
membrane surface, reducing its effective area [19].
For the process to function properly, it is necessary
to optimize the correlation between membrane
properties and fluid concentration.

Based on the results obtained, a combined
treatment approach was implemented for wastewater
to enhance the efficiency of the ultrafiltration
process and explore the potential of the metal-
polymer membrane. The process involved two
stages. The first stage included ultrafiltration of the
wastewater through the PAN-membrane. The
second stage involved subjecting the permeate from
the first stage (P1) to ultrafiltration through the
metal-polymer membrane to obtain the final
permeate (P2) for the two-stage process. It was
observed that the permeability of the metallized
membrane to P1 differed when compared to direct
filtration of wastewater through the same membrane
(Fig. 2).

The graphical representation in Figure 3
illustrates the permeability change in the two-stage
process. Permeability values are expected to increase
with increasing pressure. During the first stage,
when the PAN-membrane is used, the permeability
values remain the same. However, when the
metallized membrane is used, the permeability
values increase from 3.7 I/m“h for normal
ultrafiltration to 13 I/m%h for the two-stage
ultrafiltration at 0.5 MPa.

20

——] -1 Iststage
——125 --=---125 2nd stage

=) -

Permeability, I/'m*.h

.

0 0.‘1 U.‘I U.‘i 0I4 0.5
Pressure, MPa
Fig. 3. Hysteresis curves of the PAN membrane
permeability relative to wastewater for the 1% stage and of
the Me-PAN membrane relative to permeate P1 for the 2™
stage of a two-stage ultrafiltration process.
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In the first stage, the PAN-membrane shows the
same rejection rate as in individual ultrafiltration
(Table 1) and releases wastewater with a decrease to
8.85 mgEm KMnO4/ml of total organics.

The lower concentration of organic matter in P1
compared to the initial concentration is the reason
for the facilitation of the flow passage. This
assumption is based on the specific processes
occurring on the surface of a metal-polymer
membrane during its individual use.

Table 1. Rejection of the two-stage ultrafiltration
process relative to the total organics (mgEm KMnOs/ml)
when treating wastewater from Rosa Damascena hydro-
distillation

Membrane Stage R, % Final R, %
I 56
125 75 89

As aresult, the permeability of the metal-polymer
membrane to Pl significantly increases at all
pressure levels (as shown in Fig. 3) with a rejection
rate of 75%. The total organics content in the final
filtrate P2 after the two-stage ultrafiltration
treatment is only 1.74 mgEm KMnOg4/ml, and the
total rejection achieved is 89%.

CONCLUSIONS

The potential of applying both a PAN membrane
and a surface-modified Me-PAN membrane in an
ultrafiltration process for the purification of
industrial wastewater from oil-bearing rose
hydrodistillation was investigated.

The performance characteristics of the
membranes were determined, showing that when
used sequentially in a two-stage ultrafiltration
process and depending on the operating conditions,
the permeability of the Me-PAN membrane
increased from 3.7 I/m*.h to 13 I/m*.h.

It was demonstrated that more effective
purification of industrial wastewater is achieved in
the two-stage ultrafiltration process with the
retention of bioorganic substances up to 89%. The
total organic substance content in the purified water
decreases from 15.80 mgEm KMnOsml to 1.74
mgEm KMnOgs/ml, providing an opportunity for
their valorization through the resulting retentate.
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Digital dentistry has significantly transformed patient perceptions regarding various dental procedures by emphasizing
high precision, enhanced comfort, personalized treatment plans, and reduced treatment times. This systematic review
aims to identify and categorize the most commonly used nanocomposites in the 3D printing of provisional restorations,
based on representative results from tests such as flexural strength and elastic modulus measurements. An English-
language literature search was conducted using keywords including nanocomposites, provisionals, safe load, 3D printing,
and geometry across multiple databases: PubMed, Google Scholar, ScienceDirect, and Scopus. The selection and
categorization of relevant studies were carried out in accordance with the Preferred Reporting Items for Systematic
Reviews and Meta-Analyses (PRISMA) 2020 guidelines. A total of 231 articles were initially identified based on their
titles. Selected articles were then analyzed according to the following criteria: historical developments in dental materials;
applications of nanotechnology in dentistry; and the use of polymethyl methacrylate (PMMA) in the fabrication of
provisional and preliminary fixed restorations. In conclusion, while the full potential of nanomaterials in dentistry is still
being uncovered, ongoing advancements are expected to further enhance their properties and applications.

Keywords: nanocomposites, provisional restorations, PMMA, 3D printing, digital dentistry

INTRODUCTION Both CAD/CAM and 3D printing provide several
advantages, including shorter times for diagnosis,
planning, and restoration fabrication; seamless
integration of various tools (e.g., scanners, printers,
milling units); and enhanced patient comfort and

One of the major branches of contemporary
dentistry is digital dentistry which involves the
integration of digital technologies into routine
clinical practice. This includes tools such as intraoral .
scanners, Computer-Aided Design (CAD) and involvement [4].

Computer-Aided Manufacturing (CAM) systems Despite these advantages, digital dentistry also
three-dimensional (3D) printing, and digit ai presents challenges. These include high initial costs,

radiographic imaging [1]. Digital dentistry has the nped for frequen‘F tejchnolo.gi.c al updates, and the
significantly shifted patient perceptions of dental requirement for specialized training of personnel [4].

procedures by emphasizing high precision, increased Furtherrpore, the matenalg used in dlg.ltal workflows
comfort, case-specific customization, and expedited often (_hff.er from. those n conventional methqd 5
treatment timelines [1]. necessitating specific handling protocols and testing
CAD/CAM  technology involves milling proce.dl.lres [4]. . . : .
preformed blocks of material into desired forms such DlglFal dentlstr.y. is closely a§5001ateq with the
as veneers, crowns, bridges, and other restorations. gitzgﬁitézgloIf)fer:i\;er?nil)larriisc‘:?l{:;i;nisrjl ﬁl;:gig}ugf
This approach enables high precision in the plannin . ’ .
and far‘i)r;ication of provi%iolrjlal restorationsl,j 1argel§ Technologies such as CAD/CAM and 3D printing

due to the seamless connection between the digital are well-suited to m eet th.e 5¢ requlrements, thqugh
impression and  the restoration  design the cost of production and implementation remains a

Consequently, this minimizes processing and hmltatlor.lt. Wl.t hin ‘5[}1116 ]}?ulgapan . Sciegtltﬁc
fabrication time [2]. 3D printing represents another commuruty, Various autiaors have investigated the
vital component of digital dentistry. This technique integration of digital technologies and materials in

employs additive manufacturing to construct objects ge fabricatioln %gggovisiolnal ;esto.rations. Notably,
layer by layer, offering high precision, reduced imova et al. ( ) explored patient perspectives

material waste, and rapid production times [2, 3] on preliminary restorations [5]. Additional studies
’ T have highlighted pediatric cases where treatment
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with crowns presents unique challenges due to age-
related factors. In such situations, digital dentistry
can facilitate more efficient treatment planning and
execution, ultimately improving outcomes and
reducing patient stress [6, 7].

Dental materials used in digital workflows differ
significantly from their analog counterparts,
requiring specialized testing and performance
characteristics for each application. Composites are
among the most commonly used materials for
provisional restorations. These materials vary in
their polymerization behavior and in the exothermic
reactions they produce during curing [8]. Digital
dentistry enables the effective incorporation of
CAD/CAM technologies in the fabrication process,
offering consistent quality and reproducibility [9].

An important contemporary development in
dental materials is nanodentistry. Nanotechnology—
or molecular engineering—focuses on the design
and production of materials and structures with
particle dimensions ranging from 0.1 to 100
nanometers. Nanocomposites are created by
embedding nanoscale inorganic filler particles into
an organic or hybrid matrix, often using a coupling
agent to enhance adhesion between the matrix and
the filler phase [10, 11].

Nanocomposites have a wide range of
applications in dentistry, including caries-preventive
restorative materials, reinforced resin bases for
dentures, and provisional restorations [10, 12]. In
Bulgaria, several authors have explored the
properties of these materials. Ivanova et al.
examined the delamination tendencies at the
interface of bi-layered materials, identifying
potential weaknesses in such structures [13]. Other
research teams have analyzed the structural
characteristics and mechanical parameters of
nanocomposites, contributing to a deeper
understanding of their performance [14-20].

Polymethyl methacrylate (PMMA) is one of the
most widely used matrix materials in
nanocomposites. PMMA is a hard, thermoplastic
polymer known for its high Young’s modulus and
excellent scratch resistance [21]. Its flexural strength
exceeds that of polyethyl methacrylate, making it a
preferred choice for provisional and long-term
restorations [22].

AIM

The aim of this systematic review is to identify
and categorize the most commonly used

nanocomposites in the 3D printing of provisional
dental restorations, based on representative data
from mechanical tests such as flexural strength and
elastic modulus measurements.

MATERIALS AND METHODS

A survey was conducted in English based on
keywords such as nanocomposites, provisionals,
safe load, 3D print, and geometry, in different
articles in the following databases: PubMed, Google
Scholar, Science Direct, and Scopus. To select and
categorize the collected information followed the
Preferred Reporting Items for Systematic reviews
and Meta-Analyses (PRISMA) 2020 guidelines.

Study selection

A survey was conducted in English based on
keywords such as nanocomposites, provisionals,
safe load, and geometry, in different articles in the
following databases: PubMed, Google Scholar,
Science Direct, and Scopus. Inclusion criteria
consist of full-text articles, systematic reviews, and
meta-analyses. Abstracts, patents, and short
communications were excluded. Of 231 scientific
research articles, 103 meet the inclusion criteria and
are included in this article.

Analysis

A specific form in Microsoft Office Excel was
used to systematize the extracted data and analysis.
Duplicates were eliminated.

RESULTS

Initially, 231 articles were identified based on
their titles in the database mentioned. The articles
were published up to December 2024. Duplicate
entries were removed. 192 articles remained.
Therefore, an abstract review was made. Out of the
192 studies mentioned, 103 met the inclusion
criteria. 89 were excluded from the survey due to
insufficient data or different tests used. Figure 1
depicts the selection process using the PRISMA
flow chart as a graphical representation of the
evaluation process.

DISCUSSION
Historical review

The conceptual origins of nanotechnology can be
traced back to 1960, when physicist Richard
Feynman delivered his now-famous lecture,
“There’s Plenty of Room at the Bottom.”
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Figure 1. PRISMA flow chart.

In his visionary address, Feynman outlined a
future in which scientists could manipulate
individual atoms and molecules to create materials
with unprecedented properties and performance
[23]. Although the technical feasibility of such
manipulation was purely theoretical at the time,
Feynman is now recognized as one of the
foundational thinkers behind the atomic theories that
underpin modern nanomaterial science.

It would take several decades for these ideas to
evolve into tangible scientific progress. By the early
2000s, the rapid advancement of molecular
engineering and nanofabrication technologies had
brought many of Feynman’s predictions closer to
reality. Notably, in the year 2000, Robert A. Freitas
Jr. expanded upon Feynman's vision in an article
published in the Journal of the American Dental
Association, where he introduced the concept of
nanodentistry [24]. Freitas proposed futuristic
applications of nanotechnology in dental care, such
as the use of dental nanorobots for targeted
anesthesia, reduction of dentin hypersensitivity, and
other microscale therapeutic interventions. At the
time, these suggestions seemed far-fetched—much
like Feynman’s did in the 1960s—but they
foreshadowed innovations that are now being
actively explored or developed.
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Today, nanotechnology is recognized as a
cornerstone of innovation across multiple scientific
disciplines, including medicine and dentistry. It
plays a vital role in the design and fabrication of
nanomaterials, which are now widely used in dental
composites, coatings, drug delivery systems, and
tissue regeneration. Nanodentistry, once a
theoretical field, has grown into a distinct and
impactful area of dental research and clinical
application. = The ongoing integration of
nanotechnology into digital workflows, such as 3D
printing and CAD/CAM fabrication, further
solidifies its relevance in modern dental practice.

Nanotechnology in dentistry

In 2003, Ure et al noted that while
nanotechnology was largely regarded as a scientific
discipline, its practical applications in dentistry—
collectively termed nanodentistry—were still in
their early stages of development [25]. Since then,
the field has experienced significant growth, and
various nanostructures are now being explored and
implemented in dental applications. These include
nanoparticles (ranging in size from 0.1 to 100
nanometers), as well as nanorods, nanospheres,
nanotubes, nanofibers, dendrimers, and dendritic
copolymers [12].
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The fabrication of these nanostructures typically
follows one of two primary methods: the bottom-up
or top-down approach. The bottom-up approach
involves constructing nanoparticles from atomic or
molecular units through techniques such as
desolvation, emulsification, spray drying, and freeze
drying [26]. This method allows for precise control
over particle size, distribution, surface
characteristics, and overall purity. For example,
Mitra et al. developed a synthetic chemical process
in which molecules are assembled in a stepwise
fashion to form nanoscale filler particles suitable for
dental applications [27]. In contrast, the top-down
approach starts with bulk materials that are
subsequently broken down into nanosized particles
using mechanical or physical methods, including
etching, homogenization, milling, and
ultrasonication [28]. While this method is more
straightforward and often less expensive, it generally
results in lower control over particle size and
uniformity, and can compromise the surface
integrity and mechanical properties of the
nanoparticles [12, 29, 30].

In the context of dentistry, the bottom-up
approach is generally preferred for the synthesis of
nanocomposites due to its superior control over
morphology and enhanced mechanical and optical
properties of the final product. These characteristics
are critical in achieving high-performance materials
for restorative and prosthetic dentistry.

Beyond restorative materials, nanotechnology is
also being extensively researched for other dental
applications. For instance, nanoengineered coatings
for dental implants have shown promise in
promoting osseointegration, while nanoscale bone
graft materials are being investigated for their
potential to accelerate bone regeneration [31-33].

Restorative
dentistry
Periodo
ntics
Orthodo
ntics
Uses in Oral
dentistry medicine

Prostho

dontics Oral

surgery

Endodon
tics

Figure 2. Applications of nanotechnology in dentistry
(Shalini et al., 2020 [33]).

Furthermore, nanotechnology is playing a
transformative role in drug delivery systems,
periodontal therapy, caries prevention, and tissue

engineering. An overview of current and potential
applications of nanoengineering in dentistry is
provided in Figure 2 illustrating the breadth and
future direction of the field.

Nanocomposites in dentistry

Nanocomposites are a primary nanotechnological
application in dentistry, used for provisional
restorations and definitive restorative materials [33,
34]. They comprise nanosized inorganic fillers
dispersed in organic or inorganic matrices,
connected via coupling agents that reduce
nanocluster formation and enhance mechanical
properties [10, 11, 35].

PMMA for provisional restorations

Provisional restorations are vital for maintaining
vertical occlusion, preventing tooth migration, and
ensuring temporomandibular joint and muscular
stability during treatment [36]. Polymethyl
methacrylate (PMMA) is commonly used due to
affordability, aesthetic acceptability, ease of
manipulation, and polishability. However, PMMA
exhibits high polymerization shrinkage, causing
marginal inaccuracies that risk periodontal disease
and restoration failure [38-43]. PMMA is also
durable and widely employed in denture bases [39,
43-45]. The requirements and desired characteristics
of PMMA are summarized in Fig. 3. Balkenhol ef al.
compared self-curing PMMA (Trim) with dual-
curing composites, showing superior flexural
strength and modulus in composites over time [46].
Similarly, Barqawi et al. (2024) reported that light-
cured urethane dimethacrylate (UDMA)
outperforms chemically activated PMMA in chair
time and periodontal outcomes [47]. These findings
highlight the need to improve PMMA-based
materials, notably via nanoparticle incorporation
[48].

PMMA nanocomposites for provisional fixed
restorations

Nanocomposites enable enhanced control over
physical, mechanical, thermal, and biological
properties compared to conventional materials
lacking fillers (e.g., polymers, ceramics, metal
alloys). PMMA’s poor impact and fracture
toughness necessitate reinforcement with synthetic
or natural fillers like fibers, ceramics, and metal
particles [49, 50]. Chen et al. (2010) suggested that
increasing nanofiller concentration reduces resin
matrix content, thereby decreasing shrinkage and
improving mechanical properties [10]. Recent
improvements in PMMA-based nanocomposites
have broadened their clinical applications [51].
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Biocompatible
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Co-efficient of
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Compatible and bond
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High elastic modulus,
Chemical proportional limit and
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abrasion resistance,
fatigue and impact
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materials

Inexpensive, easy to
manipulate and repair,
easy to clean, longer
shelf life.

Figure 3. Desired characteristics of PMMA (Zafar, 2020 [45]).

Standardized tests to evaluate these materials
include:

v Flexural strength (FS) is a critical parameter
in determining the longevity of prosthodontic
appliances and their resistance to masticatory forces.
It characterizes the performance of dental materials
when subjected to bending forces. The International
Organization for Standardization (ISO) and the
American Society for Testing and Materials (ASTM
International) have established guidelines for testing
materials used in everyday dentistry. Among the
essential parameters assessed is flexural strength
[52-54]. Although alternative methods, such as
biaxial testing, have been proposed, the ISO-
approved three-point bending test remains the
standard due to its reliability and widespread
adoption [55, 56]. Table 1 summarizes findings from
various studies that explore the relationship between
nanoparticle concentration and flexural strength [55,
63—73]. Most studies indicate that increasing
nanoparticle concentration enhances flexural
strength up to an optimal threshold, beyond which a
slight decline is observed. Nevertheless, all modified
specimens demonstrate superior FS compared to
their unmodified counterparts.

This decrease at higher concentrations is likely
attributed to nanoparticle agglomeration, forming
larger clusters that reduce the material's efficiency.
Surface modification of nanoparticles—such as
silanization—can mitigate this effect by preventing
excessive agglomeration. The extent of required
surface treatment, such as silane application, is
influenced by the nanoparticles’ size and surface
area. Jasim et al. (2014) [75] concluded that a direct
correlation exists: larger surface areas demand
higher silane concentrations to ensure adequate
coverage and performance.

Gad et al. (2019) [76] conducted a systematic
review on PMMA denture base materials modified
with TiO: nanoparticles. Their findings underscore
the need for further in vivo research to validate the
44

promising mechanical and clinical properties
observed in vitro. These results align with earlier
conclusions made by Gad et al. in 2017 [77].

Coupling agents such as silanes significantly
enhance the bond between the polymer matrix and
fillers, improving overall mechanical performance.
However, some studies present differing views.
Ledo et al. (2019) [78] reported that silanization had
no statistically significant effect on the mechanical
properties of ZrO:-filled composites, although they
acknowledged improvements in flexural strength
from nanoparticle incorporation.

Lohbauer et al. (2013) [79] suggested that
limitations in mechanical properties often stem from
deficiencies within the matrix itself, which can
potentially be addressed through chemical
modification of the composite. Akova et al. (2006)
[80] investigated the impact of food-simulating
solutions on provisional materials, finding that
ethanol exposure significantly reduced flexural
strength. These results highlight the influence of the
oral environment and its dynamic conditions—such
as dietary and masticatory functions—on the
performance of provisional dental materials.

v Hardness and microhardness (MH) assess
resistance to plastic deformation, critical for clinical
wear resistance [81]. The Vickers microhardness test
is widely used, following ISO and ASTM protocols
[82, 83]. Most studies (Table 2) demonstrate that
nanoparticle incorporation improves MH [57, 58,
63, 65, 66, 70, 73, 84-87]. Akova et al.’s findings on
ethanol’s deleterious effect on hardness further
underline oral environment impacts [80].

v Fracture _ toughness  (FT) indicates
resistance to crack propagation under stress,
essential for prosthesis durability [81]. Testing
standards align with those for FS, with limited
alternative method use [54-56, 88, 89]. Table 3
compiles data showing nanoparticle-enhanced FT in
PMMA nanocomposites [66, 70, 72, 84, 90-93].
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Table 1. Studies comparing flexural strength of nanocomposites.

Author Test Materials tested Key findings
Rodrigues et al 3 - point bending test Specimens of the composites Filtek Z250™ and Flexural strength of the microfilled composite Filtek Z250™"
2008a [55] Filtek Supreme™ are light-cured. showed higher values than the one of the nanofilled composite

Filtek Supreme™ .

Hata et al 2022 [57] 3 - point bending test

PMMA-based resin with nanoporous silica filler
particles. Specimens were obtained after light-curing
in sizes 14 x4 x 2 mm.

The specimens with added nanoporous silica filler have
improved flexural strength property.

Kim et al 2002 [58] 3 - point bending test

Different direct composites with varying morphologies
of fillers were put in metal molds. Specimens were
obtained after light-curing in sizes 2 x 2 x 25 mm.

Polymerized fillers lead to the lowest mechanical properties.
Round fillers presented the highest flexural strength. However,
increasing the filler concentration does not improve the
mechanical properties.

Orsi et al 2010 [59] 3 - point load test

Different PMMA-based composites were used in the
study: Dencor, Duralay, and Trim Plus I1. Specimens
were obtained in sizes 65 x 10 x 3 mm. Sixty were
loaded with glass fibers, and sixty were used asa
control group.

The flexural strength of the specimens was not improved by
adding glass filler fibers.

Rodrigues et al 2008b
[60]

4 - point bending test

Filtek Z250"-Z2 (microhybrid) and Filtek
Supreme™-SU (nanofill) composite specimens were
compared.

The flexural strength of the specimens showed similar results -
the nanofil composite presented a slightly lower result.

Kumari et al 2024 [61] 3 - point bending test

PMMA with MgO nanoparticles with different
particle concentrations is compared to non-modified
PMMA. Specimens are in dimensions 1.3 cm
(diameter) x 9 cm (length).

Nanofilled composite specimens showed improvement in the
fracture toughness compared to the non-modified PMMA.
The highest result was presented by 5 wt%% MgO.

Saen et al 2016 [62] 3 - point bending test

4 - point bending test

Jamel et al 2023 [63] 3 - point bending test

Bis-GMA/TEGDMA (70/30 wt%/wt%) and the
corresponding nanocomposite containing 50
wt% of silanized Aerosil OX-50 silica. Nanosilica
particles were silanised with y-MPS.

PMMA non-modified and modified with glass
fibers (GF) and ZrO, nanoparticles specimens are
prepared in sizes 2 X 2 x 25 mm. The concentration
of the different groups is as follows: group 1 (0% GF
+ 0% Zr0,), group 2 (0% GF + 5% Zr0,), group 3
(1% GF + 4% Zr0,), group 4 (2% GF + 3% Zr0,),
group 5 (2.5% GF + 2.5% ZrOs), group 6 (3% GF

+ 2% Zr0,). group 7 (4% GF + 1% Zr0,), group 8
(5% GF + 0% ZrO,).

Flexural strength is generally improved in the modified
specimens. Another parameter was added in the testing technique
speeding up of the test. A critical value is presented, after which
flexural strength decreases.

Flexural strength is generally improved in the modified
specimens. The highest values are recorded in group 8 (5% GF
+ 0% ZrO.). A correlation between the increase in GF
concentration and improvement of mechanical properties is
observed.

Balos et al 2020 [64] 3 - point bending test

PMMA non-modified and modified with nanosilica
specimens are prepared in 0, 0.02, 0.05, 0.1, 0.2, 0.5,
0.7, 1, 1.5, 2, 2.5, 3, 5wt%,

Flexural strength is improved in the modified specimens, A
peak mechanical performance is presented in the 0.05 and 2
wt%. An increase in nanoparticle concentration leads to a
decrease in flexural strength. Therefore, the lowest mechanical
properties are in the non-modified and the 5 wt% group.

Alshahrani et al
2024 [65]

3 - point bending test

Auto-polymerizing acrylic resin is mixed with nano-
Si0; and nano-TiO-, with concentrations of 0, 1, 2.5
wio.

Low nano-Si0; addition shows improvement in the flexural
strength. However, the 2.5 wt% of nano-SiO, and both 1 and
2.5 wi% nano-TiO; did not improve nor deprove the
mechanical propertis.

Zidan et al 2019 [66] 3 - point bending test

PMMA modified with ZrQ, specimens are prepared
in a concentration of 0, 1.5, 3, 5. 7, 10 wt%.

An improvement in the flexural strength is presented in 1.5, 3.
and 5 wt?% groups, with a peak performance in the 3 wt%
group. By increasing the concentration of the nanoparticles
further a decrease in the mechanical property is presented.

Barapatre et al 2022 3 - point bending test

PMMA modified with 3 wt% ZrQ,. 3 wt%

The flexural strength improved in all modified specimens. The

[67] Polyetheretherketone (PEEK), or 1.5 wt% ZrO, and highest performance is shown in the hybrid group of 1.5 wt%
1.5 wt% PEEK specimens are prepared in sizes 65 x ZrQ; and 1.5 wt', PEEK
10v?25mm
Gad et al 2016 [68] 3 - point bending test Repair resin is modified with nanoparticles of ZrO, The addition of ZrO, nanoparticles improved the flexural
with 2.5, 5, 7.5 wt% concentration. strength of the repair resin. The peak performance value is
found in 7.5 wt% ZrO, .
Aietal 2016 [69] 3 - point bending test Bis-GMA/TEGDMA composite is modified with 4- A significant improvement of the flexural strength is

10 wt% of polydopamine (PDA) - coated
hydroxyapatite (HA) and added Ag nanoparticles
(HA-PDA-Ag)

presented in the modified group.

Thomaidis et al 3 - point bending test

Specimens of the composites Filtek 2250, Filtek

Filtek Z-250 is presented with the highest flexural strength

2013 [70] Ultimate, Admira and Majesty Posterior are

compared.
Kumar et al 2013 biaxial flexural Different composites are compared after 1-week Flexural strength declined in the modified nanocomposites
[71) strength dry, 1-week wet, and 13-week wet storage. The after 1-week dry storage. Higher deformation is connected to

specimens are in sizes 12 mm (diameter) and 1 mm
(thickness).

the addition of nanofiller.

Ataietal 2011 [72) 3 - point bending test

Microfilled, sintered nanosilica composite and
Filtek Supreme composite are compared. Specimens
are in sizes 2 x 2 x 25 mm and light-cured.

Both Filtek Supreme and nanosilica composite showed
mmproved flexural strength compared to the microfilled
composite.

Alhavaz et al 2017
[73]

3 - point bending test

PMMA is reinforced with untreated Zr
nanoparticles. Specimens are divided into groups of
0, 1.2.5, 5 wit% Zr nanofiller.

Flexural strength is generally improved by adding untreated
zirconia. It reaches a maximum at 2.5 wt% and a slight decline
is visible in the 5 wt% group.

Abbreviations: wt% - weight percentage; Bis-GMA - Bis-[4-(methacryloxypropoxy)-phenyl]-propane, TEGMA - triethyleneglycoldimethacrylate, y-

MPS - 3- Methacryloxypropyltrimethoxy-silane
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Table 2. Studies comparing hardness and microhardness of nanocomposites.

Author Test

Materials tested

Key findings

Vickers microhardness
tester

Hata et al 2022 [57]

PMMA-based resin with nanoporous silica filler
particles. Specimens were obtained after light-curing
in sizes 14 x4 x 2 mm.

Microhardness in the modified specimens is improved compared
to the non - modified ones.

Vickers microhardness
tester

Kim et al 2002 [58]

Different direct composites with varying morphologies
of fillers were put in metal molds. Specimens
were obtained after light-curing in sizes 5 x | mm.

Polymerized fillers lead to the lowest mechanical properties.
Round fillers presented the highest flexural strength. However,
increasing the filler concentration does not improve the
mechanical properties.

Vickers microhardness
tester

Jamel et al 2023 [63]

PMMA non-modified and modified with glass
fibers (GF) and ZrO, nanoparticles specimens are
prepared in sizes 9 (diameter) x 3 mm (thickness).
The concentration of the different groups is as
follows: group 1 (0% GF+ 0% Zr0,), group 2

(0% GF + 5% Zr0,), group 3 (1% GF + 4% Zr0,),
group 4 (2% GF + 3% Zr0,), group 5 (2.5% GF
+2.5% Zr0,), group 6 (3% GF+ 2% Zr0,), group

7 (4% GF + 1% Zr0,), group 8 (5% GF + 0% Zr0,).

Microhardness is generally improved in the modified
specimens. The highest values are recorded in group 8 (5% GF
+ 0% Zr0,). A correlation between the increase in GF
concentration and improvement of mechanical properties is
observed.

Alshahrani et al Vickers hardness
2024 [65] tester

Auto-polymerizing acrylic resin is mixed with nano-
Si0; and nano-TiO; with concentrations of 0. 1, 2.5
wtb. Specimes are molded in sizes of 10x 10x 3.4
mm.

Hardness is improved in all modified groups compared to
non-modified resin.

Zidan et al 2019 [66] Vickers microhardness

tester

PMMA modified with ZrO, specimens are prepared
in a concentration of 0, 1.5, 3, 5, 7. 10 wt%.
Specimens are divided into two groups: 0-day dried,
7-day water immersion, and 45-day water
immersion.

A direct correlation of the increase of the mechanical
properties and the concentration of nanoparticles is found in
the 0-day group. After water immersion a decrease in the
hardness is found.

Thomaidis et al Brinell hardness test

2013 [70]

Specimens of the composites Filtek 2250, Filtek
Ultimate, Admira and Majesty Posterior are
compared.

Majesty Posterior is presented with the highest Brinell
hardness.

Alhavaz et al 2017 Vickers microhardness

PMMA is reinforced with untreated Zr

Microhardness is improved by adding nanofiller

[73] tester nanoparticles. Specimens are divided into groups of reinforcement in the PMMA base material.
0, 1, 2.5, 5 wt% Zr nanofiller.

Balos et al 2014 [84] Vickers microhardness PMMA-based materials (Triplex Hot, Plyhot, Microhardness has two peaks of performance at 0.023% and

tester Biocryl) with different dispersions of nanoparticles 0.91%. Overall, all modified specimens have improved

(0.023%, 0.046%. 0.091%, 0.23%, 0.46%, 0.92%). microhardness compared to the original non-modified. The
Specimens were cut in sizes 50 x 50 x 4 mm, using authors concluded that the results are obtained due to
metalographic abrasive cutting machine and silicone nanoparticle agglomeration formation, which increases the
carbide paper. A micrometer with an accuracy of risk of cracks.
0.01 mm confirmed the sizing.

Raj et al 2018 [83] Durometer (ASTM) PMMA/ZnO composite specimens were obtained Hardness was improved in the | wt %, howevere, there was a
in sizes 60 x 10 mm. The specimens have different slight decrease in the mechanical property for the others. In
concentrations of ZnO particles: 0, 1,2, 5, 10, 15wt %.  general, 2, 5 wt% groups showed improvements, 10 wt% -

similar results to the control group and 15 wt% presented a
decrease in the hardnes compared to the control group.

Ayad et al 2008 [86] Vickers microhardness PMMA modified with ZrO, rectangular models are The results of this study show similar statistical valueas of

tester prepared in sizes 30 x 10 x 2.5 mm. microhardness for non-modified and modified specimens.

Elkhouly et al 2022 Vickers microhardness
[87] tester

PMMA reinforced nanocomposites with date seed
nanoparticles (DSNP) and TiO, nanoparticles are
compared. The fillers are divided into groups with
different concentrations of nanoparticles: 0, 0.3, 0.6,
0.9, 1.2 and 1.5 wt%.

1.2 wt’/s DSNP PMMA nanocomposite showed the highest
mechanical properties compared to the TiO, .

Abbreviations: wt% - weight percentage
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Table 3. Studies comparing fracture toughness of nanocomposites.

Author

Test

Materials tested

Key findings

Zidan et al 2019 [66]

Single-edge-notched
bending method

PMMA modified with ZrO, specimens are prepared

in a concentration of 0, 1.5, 3, 5, 7, 10 wt%.

A decrease in the fracture toughness is presented in almost all
groups is presented compared to the non-modified group. The
5 wt% group shows similar result as the control group.

Thomaidis et al
2013 [70]

Single-edge-notched
bending method

Specimens of the composites Filtek Z250, Filtek
Ultimate, Admira and Majesty Posterior are
compared.

Filtek Z-250 is presented with the highest fracture toughness.

Atai et al 2011[72]

Single-edge-notched
bending method

Microfilled, sintered nanosilica composite and
Filtek Supreme composite are compared. Specimens
are in sizes 5 x 2 x 25 mm and light-cured.

Sintered nanosilica composite showed improved fracture
toughness compared to the microfilled and Filtek Supreme
composites.

Balos et al 2014 [84]

4 - point bending test

PMMA-based materials (Triplex Hot, Plyhot,
Biocryl) with different dispersions of nanoparticles
(0.023%, 0.046%, 0.091%, 0.23%, 0.46%, 0.92%).
Specimens were cut in sizes 50 x 50 x 4 mm, using
metalographic abrasive cutting machine and silicone
carbide paper. A micrometer with an accuracy of
0.01 mm confirmed the sizing.

Fracture toughness improved with 0.023% addition of

nanosilica particles compared to the initial non - modified
material. The three different PMMA - based materials showed
simillar results. By increasing the value of nanoparticles the
fracture toughness decreases. The authors conclude that the main
reason for the results of the study is the particle agglomeration
which leads to crack formation. Alverall, all modified specimens
have improved their fracture toughness compared to the non-
modified one.

Topouzi et al 2017 [90]

3 - point bending test
(single-edge notched
method)

PMMA modified with silica nanoparticles samples
are prepared with size 3 x 6 x 25 mm with a pre-crack
perpendicular to the length and depth of 3 mm.
Silica nanoparticles are devided into non-modified
(SIL) and modified with trietoxyvinylsilane (T-SIL).

Each group consists of specimens with 0.25%, 0.50%,

0.75% and 1 wt%.

An improvement in fracture toughness is recorded in the
modified PMMA. PMMA/T-SIL with 0.25% nanoparticles
presented the highest mechanical properties.

Xu et al 2002 [91]

Single-edge-V-
notched beam
method

Seven silica powders with ratio of whiskers:silica
mass 0:1, 1:5, 1:2, 1:1, 2:1, 5:1, 1:0 are silanised. They
are mixed manually with Bis-GMA, TEGDMA and
others

An improvement in fracture toughness is recorded in the
specimens. The increase reached a constant plateau when
the whiskers:silica ratio reached 1:0. It is deduced that this
phenomenon is due to the agglomeration of whiskers. This
can lead to a need for the prevention of the entanglement
of the nanoparticles.

Protopapa et al 2011
[92]

3 - point bending test
(single-edge notched
method)

PMMA reinforced with nanodiamonds specimens
with concentrations of 0.10, 0.38, 0.50, 0.83% wt are
tested.

An improvement in fracture toughness is recorded in the
modified specimens. The highest results are shown in the
0.1 %wt group. Therefore, a lower nanodiamonds
concentration leads to higher mechanical properties of
PMMA-composites.

Alhotan et al 2021 [93]

3 - point bending test
(single-edge notched
method)

PMMA reinforced with TiO, and ZrQ:
nanoparticles, and E-glass-fibres specimens with
concentrations of 1.5, 3, 5, 7 wt % are tested. The
sizes of the specimens were 40 x 8 x 4 mm

An improvement in fracture toughness is recorded in the
modified specimens.

Abbreviations: wt% - weight percentage

v Biological characteristics. Nanocomposites
affect oral microenvironment homeostasis and must
exhibit biocompatibility, measured via cytotoxicity
tests. Higher residual monomer correlates with
increased cytotoxicity [54, 95]. Maintaining healthy
gingiva and marginal integrity is critical for
periodontal health and treatment success [96, 97].
Balos et al. observed decreased cell viability at
higher nanoparticle concentrations, indicating
potential inflammation risks [64]. Conversely,
modifications with antibacterial agents (e.g., silver
nanoparticles) can enhance antimicrobial effects
while maintaining low cytotoxicity [69]. Zhang et al.
demonstrated that silanized nano-hydroxyapatite
improves PMMA biocompatibility and
osteointegration stimulation [98, 99]. De Castro et
al. reported ion release proportional to AgVO;
concentration, suggesting controlled filler levels

reduce cytotoxicity [100]. Surface protein
adsorption modulates cellular response; nano-
hydroxyapatite doping improves surface texture and
adhesion, favoring periodontal health [99, 101].
Nanocomposites also display antimicrobial activity
against cariogenic bacteria (S. mutans, L.
acidophilus), though simultaneous cytotoxicity
evaluation remains essential [102]. Hydrophobic
glass nanofillers reduce water sorption, influencing
aesthetics and material longevity [103].

v' Digital technologies. Additive manufacturing
(3D  printing) and subtractive CAD/CAM
technologies enable rapid, precise fabrication of
provisional restorations [2]. Some 3D-printed resins
(e.g., Saremco print - CROWNTEC, Temp PRINT)
exhibit superior mechanical properties over
conventional analog materials, though variations
exist [104]. Nanoparticle reinforcement, such as
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ZrO2 doping, improves microhardness and flexural
modulus but may alter aesthetics [105-107].
Mechanical performance depends on base resin and
filler characteristics [108, 109]. Production methods
affect mechanical properties; digital light processing
(DLP) and stereolithography (SLA) yield improved
flexural strength compared to conventional or
subtractive methods [110, 111]. Build orientation
influences strength and elastic modulus, with 0°
preferred for flexural strength and 90° for elasticity
[111]. Food-simulating solutions impact 3D-printed
resin properties, necessitating further study [112].
Compared to milled CAD/CAM restorations, 3D-
printed materials often show superior wear
resistance and surface smoothness, though findings
are inconclusive overall [113-116]. Milled
restorations typically offer better marginal fit,
essential to periodontal health, which can be
optimized by adjusting layer thickness in 3D
printing [117-120].

CONCLUSIONS

Based on the comprehensive review and analysis
of the current scientific literature, several essential
conclusions can be drawn regarding the role of
PMMA-based and other nanocomposites in
contemporary  dentistry, particularly in the
fabrication of preliminary restorations.

Firstly, PMMA-based nanocomposites are
fundamental to modern dental materials science.
Their widespread application in prosthodontics,
especially in temporary restorations, is attributed to
their favorable handling properties, aesthetics, and
cost-effectiveness. However, pure PMMA presents
notable limitations, including poor mechanical
performance, high polymerization shrinkage, and
suboptimal  biological =~ compatibility. The
incorporation of nanoparticles addresses many of
these shortcomings, providing a viable pathway for
performance enhancement.

Secondly, nanoengineering has emerged as a
transformative approach in the development of
dental materials. The addition of various
nanofillers—such as  TiO., ZrO., silver,
hydroxyapatite, and glass can significantly improve
mechanical properties like flexural strength,
hardness, and fracture toughness. Furthermore,
biological behaviors such as cytocompatibility and
antibacterial activity can be tailored by modifying
the filler composition and surface characteristics.
Nevertheless, the optimization of filler concentration
and surface treatment (e.g., silanization) is critical to
avoid issues like agglomeration and increased
cytotoxicity.
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Thirdly, the exploration of nanotechnology’s full
potential in dentistry is still ongoing. While
promising results have been observed in vitro, there
remains a need for more in vivo and clinical studies
to validate the long-term effectiveness and safety of
these materials. Digital manufacturing technologies,
including CAD/CAM and 3D printing, further
expand the application of nanocomposites by
improving production accuracy, reducing clinical
chair time, and enhancing patient outcomes.

In conclusion, PMMA-based nanocomposites
represent a dynamic and evolving area of dental
materials research. Their continued development,
driven by advancements in nanoscience and digital
fabrication, holds significant potential for improving
the quality, durability, and biological performance of
provisional restorations. As new discoveries emerge,
these materials are likely to become even more
integral to personalized, efficient, and patient-
centered dental care.
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This study presents a parametric analysis of the energy release rate (ERR) in concrete nanocomposites containing
nano-SiO: (1.0%, 1.5%, and 2.0%), with a centrally located crack of varying length and orientation angle (0°, 30°, 45°),
under thermal loading. A mathematical model based on linear elastic fracture mechanics (LEFM) was developed, and
numerical simulations were performed using Wolfram Mathematica. Thermal stresses were estimated under the
assumption of fully constrained thermal expansion, where the temperature rise AT is considered as a local uniform
increase with respect to a reference state. Only the magnitude of the thermal stress is used in ERR calculations. The study
focuses on how ERR values respond to variations in crack geometry, temperature increase, and nanoparticle content.
Results indicate that ERR increases with crack length and thermal load but decreases with crack inclination angle. The
composite with 1.0% nano-SiO: generally exhibits the lowest ERR values in the tested configurations. Although fracture
toughness is not experimentally determined in this work, the findings provide a preliminary basis for evaluating the
influence of crack geometry and thermal stress on ERR, and for guiding the optimization of thermally resistant concrete
nanocomposites.

Keywords: Concrete nanocomposite, 1%, 1.5% and 2% nano-SiO., Central crack, LEFM, Numerical results, SIF and

ERR
INTRODUCTION

Concrete nanocomposites with added nano-SiO:
are advanced construction materials that exhibit
enhanced mechanical, thermal, and long-term
performance compared to ordinary concrete. They
are particularly relevant for sustainable and energy-
efficient infrastructure, contributing to reduced
resource consumption and extended service life [1].
In recent years, numerous studies have focused on
the influence of nanoparticles on the mechanical and
microstructural properties of concrete [2—8].

The addition of nano-SiO: to concrete mixtures
leads to an increase in the elastic modulus and a
decrease in the coefficient of thermal expansion,
which improves the microstructure, enhances
density, and reduces porosity, thereby increasing
mechanical strength and resistance to cracking.

Thermal loading plays a significant role in crack
formation and propagation in concrete structures.
While many studies have explored the evaluation of
SIF and ERR for various materials, there is still
insufficient data on the thermal fracture behavior of
nano-SiOz-modified concrete under idealized
thermal conditions, particularly in relation to crack
geometry and particle concentration [6, 7, 9, 10].

In this study, thermal stresses are not derived
from a real heat conduction problem but are
estimated using an idealized approach assuming a

* To whom all correspondence should be sent:
E-mail: gery@imbm.bas.bg
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uniform temperature increase AT throughout the
volume, corresponding to a fully constrained
expansion scenario. The value of AT is interpreted as
a local temperature rise with respect to a reference
state (e.g., room temperature), not as a vertical
temperature gradient. This approximation allows for
simplified evaluation of the magnitude of thermal
stress and its effect on fracture parameters without
resolving the detailed thermal field.

It is important to note that only the absolute value
of thermal stress is used in the ERR and SIF
calculations, and the influence of restraint conditions
is represented in a conservative manner.

Crack geometry, including length and inclination
angle, significantly affects stress distribution and
crack growth tendencies in nanocomposites.

Analytical and numerical methods for
determining stresses, strains, SIF, and ERR are
essential for predicting crack initiation and growth,
and for evaluating the thermal and mechanical
reliability of concrete and other nanostructured
materials [11-20].

Reference [11] is a foundational work
introducing the concept of SIF and its application to
cracks of various geometries. Reference [12]
provides key principles of fracture mechanics,
including stress concentration analysis and crack
propagation. The book [13] discusses fracture
mechanics under combined mechanical and thermal

© 2025 Bulgarian Academy of Sciences, Union of Chemists in Bulgaria
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stresses, presenting key formulations. Publications
[14] and [15] further develop analytical modelling in
this field. The handbook [16] offers detailed
formulas and examples for SIF calculation,
including the effects of temperature-induced
stresses. Reference [17] discusses different
approaches to modelling thermal-mechanical
interactions in cracked materials and computing
corresponding SIF values.

Temperature gradients across concrete structures
can generate internal thermal stresses that drive
crack initiation and growth. Understanding how
temperature influences SIF and ERR in nano-
modified concrete is essential for assessing its
structural reliability and long-term performance.

The formulation used in this study should be
viewed as a simplified analytical model aimed at
exploring parametric trends under thermal loading,
rather than a full representation of thermo-
mechanical coupling in real structures.

The aim of this study is to perform a parametric
analysis of the influence of temperature, crack
length, and orientation angle, along with different
nano-SiO: contents, on thermal stress and energy
release rate (ERR) in a concrete nanocomposite
containing a centrally located inclined crack.

PROBLEM FORMULATION

The geometric model of a concrete
nanocomposite with a central inclined crack under
monotonic thermal loading AT is presented in Figure
1.

& Ttop
E, a, AT

2L /Z—(-Q--'-
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Figure 1. Geometric model of a concrete
nanocomposite with a centrally located inclined crack
under monotonic thermal loading AT.

The nanocomposite is modelled as a rectangular
plate with width 2ZW, length 2L and a central crack
with length 2a, oriented at an angle 6 relative to the

horizontal x-axis. The x and y axes of the Oxy
coordinate system used in the model are represented
by dashed lines, with the origin positioned at the
midpoint of the crack. The x-axis spans the width
(x € [-W,W]), and the y-axis spans the height of
the plate (y € [—L, L]), with the positive y-direction
pointing upwards.

The thermal loading AT is defined as a
temperature difference between the top surface
(Ttop) and the bottom surface (Tyorrom ), 1.€., AT =

Ttop - Tbottom-

In the numerical model, this is treated as a
vertical thermal gradient, which induces internal
thermal stresses due to constrained thermal
expansion of the material.

In contrast, the analytical model interprets AT as
a local, uniform temperature rise at the crack
location, relative to a reference state (e.g., ambient
temperature). Under the assumption of fully
restrained thermal expansion, this approximation
allows for simplified estimation of the thermal stress
magnitude and its effect on fracture parameters. This
modelling approach is conservative and commonly
used for preliminary parametric analysis. The
direction of the temperature gradient is indicated in
Figure 1.

The coordinate system is centered at the midpoint
of the crack. In the case of a horizontal crack (6 =
0°), the geometry is symmetric with respect to both
axes. For inclined cracks (6 > 0°), symmetry with
respect to the x-axis is preserved, but the overall
geometry becomes asymmetric, particularly in terms
of heat transfer, which is considered in the numerical
analysis.

The orientation angle 6 is defined as the angle
between the crack line and the horizontal axis (x-
axis), measured in a counterclockwise direction. In
this configuration, 6 = 0° corresponds to a
horizontal crack perpendicular to the vertical
thermal gradient. In the present analysis, three angles
are considered: 8 = 0°, 30°, and 45°, representing
increasing crack inclination relative to the
temperature gradient direction. These configurations
are illustrated schematically in Figure 1.

BASIC EQUATIONS
Thermal stress

The thermal stress induced by the load is
determined by Hooke’s law using the following
expression:

or=E.a.AT (1)

where op denotes the thermal stress, E is the
modulus of elasticity of the concrete nanocomposite,
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a - the coefficient of linear thermal expansion, and
AT is the difference in temperatures of the top and
bottom surfaces of the concrete nanocomposite.
Equation (1) provides an approximate estimation
of the thermal stress magnitude wunder the
assumption that the entire body is fully constrained
and cannot expand. In such a case, the total strain
Eotar €quals zero, and thermal stress develops
internally due to restrained expansion. The full
expression from elasticity theory, 0= E(&torar —
a . AT), simplifies to equation (1) when &;4¢q; = 0.
In this study, only the magnitude of the thermal
stress is used in the calculations of the stress
intensity factor and energy release rate, the sign is
not considered. This assumption corresponds to an
idealized boundary condition commonly adopted in
fracture mechanics analyses of massive concrete or
ceramic structures under thermal loading. Although
such full restraint may not occur in real engineering
conditions, it provides a conservative estimate of
internal stress and is widely used for parametric
evaluation in early-stage modelling [13-16].

Stress intensity factor and energy release rate

o SIF calculation. The mathematical model for
calculating the stress near the crack tip (SIF) as a
function of the orientation angle of the central crack
6 can be described using equations from LEFM, [11-
15].

For a rectangular plate with finite dimensions
(length 2L and width 2W), containing a central crack
of length 2a and orientation angle 0 relative to the
load, the stress intensity factor K; is determined by:

K; = or.Nma.Y(a,6) ()

where a is half the length of the crack, and Y(a, 8)
is a geometric correction function that accounts for
both the relative crack size and its inclination. While
this formulation is traditionally derived for
mechanical tensile loading, it is applied here by
substituting the magnitude of the thermally induced
stress op, to allow for parametric comparison of
thermal fracture behaviour. The correction function
is expressed as:

1

——F() 3)
COS(%)

This form is constructed by analogy with
classical Mode I SIF formulations for finite-width

Y(a,0) =

plates under mechanical loading. The term

cos (%)
is used to approximate the effect of finite plate
geometry, while the angular factor cos?8 represents
the reduction in the Mode I opening component as
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the crack becomes more inclined. Although these
terms are not derived from thermal fracture theory,
they enable a simplified parametric evaluation of the
trends in thermal fracture behavior under varying
geometries. This heuristic approach offers practical
insight, but it should not be interpreted as a rigorous
solution based on thermomechanical coupling. The
angular correction factor F(6) is given by:

F(0) = cos?6 “4)

This expression is based on the projection of
normal stress components acting perpendicular to
the crack plane, and it is consistent with tensor
transformation results for inclined cracks.

This angular correction factor is introduced
heuristically in the present study and appears here
for the first time in this specific thermal fracture
context.

Equations (3) and (4) are valid only within certain
geometric limits: for small crack lengths relative to
the plate width a < W, and moderate inclination
angles 6 <75°. For a—->W or 6 - 90° the
correction function becomes singular or unphysical.
These cases are therefore excluded from the present
analysis.

By combining equations (1), (3), and (4), the final
expression for the stress intensity factor becomes:

KI = O-T. \/‘E.;na
st(m)

This allows evaluation of how crack length,
orientation, and thermal loading affect the intensity
of the local stress field near the crack tip.

Although the expression originates from tensile
loading conditions, its use here with thermal stress
serves as an approximation to analyze relative trends
in fracture behavior under idealized thermal
conditions.

It should be noted that the expression in eq. (5) is
not a direct result from classical thermal fracture
theory. Rather, it is constructed by analogy with
mechanical LEFM models, wusing heuristic
correction factors to account for finite geometry and
crack inclination. This formulation represents the
author’s contribution for enabling a simplified
parametric  analysis under thermal loading
conditions.

As the crack length increases, the SIF K; grows
approximately with a, modulated by the geometric
correction factor. Similarly, the crack orientation
reduces the effective stress component through the
cos?6 term.

The addition of nano-SiO: modifies both the
elastic modulus E and the thermal expansion
coefficient a, which directly affects the value of o7,

.cos?8 (5)
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and thus influences both the SIF K; and the energy
release rate G.

Although inclined cracks generally experience
mixed-mode loading (Modes I and II), in this study
only the Mode I SIF is considered for simplicity,
based on the assumption that the dominant
contribution to crack propagation arises from
opening mode stresses due to constrained thermal
expansion.

o ERR calculation. The energy release rate
(ERR) is a key parameter in fracture mechanics,
reflecting the energy available for crack propagation.
It represents the rate at which elastic strain energy is
released per unit crack extension and is particularly
relevant for assessing the potential for thermally
induced fracture in brittle materials such as concrete
nanocomposites.

Once the stress intensity factor K; has been
calculated, ERR can be determined using:

2

Ki
¢=4 ©)

This relation is derived under the assumption of
Mode 1 crack propagation and plane stress
conditions, which are appropriate for thin plates or
surface cracks. It provides a scalar measure of the
energy concentration at the crack tip.

In this study, the ERR is not interpreted as an
absolute criterion for crack growth, but rather as a
comparative parameter to evaluate the influence of
different input variables (crack length, orientation,
thermal load, and nano-SiO: content).

It should be noted that fracture toughness - i.e.,
the critical value of G required for crack propagation
- is not experimentally measured here. Therefore, the
ERR values are not used to directly predict failure,
but to identify parametric trends and material
configurations that reduce the energy available for
crack advancement.

This approach aligns with the theoretical
objective of the work and supports the preliminary
assessment of thermally resistant nanocomposite
design.

ANALYTICAL AND NUMERICAL SOLUTIONS

A hybrid analytical - numerical methodology was
used to calculate the thermal stress, the stress
intensity factor K;, and the energy release rate G in a
concrete nanocomposite with a centrally located
inclined crack under thermal loading.

In this context, ‘hybrid’ refers to the combination
of analytical fracture mechanics expressions with
numerically computed temperature fields. The
analytical expressions are used to calculate fracture
parameters (thermal stress, K;, and G), while the

numerical model is employed solely to evaluate the
temperature  distribution and  validate the
assumptions about local thermal loading.

Analytical expressions based on linear elastic
fracture mechanics (LEFM) were implemented in
Wolfram Mathematica using custom-developed
macros. These allow for systematic and automated
evaluation of fracture-related parameters across a
wide range of input variables, including crack length
a, orientation angles 6 , thermal gradients AT, and
material parameters E and «, corresponding to 1.0%,
1.5%, and 2.0% nano-SiO: content.

Thermal stress was calculated under the idealized
assumption of fully restrained thermal expansion,
leading to conservative estimates of internal stresses.
This approximation allows for simplified trend
analysis without solving a full thermal-mechanical
coupling problem.

The resulting values of K; and G were determined
using the corrected geometric functions and were
interpreted for comparative purposes.

In parallel, numerical simulations were carried
out to visualize the applied temperature field and to
examine the effects of crack geometry and thermal
loading on the fracture parameters.

The results were presented using 2D and 3D
parametric plots, which illustrate how ERR depends
on crack geometry, temperature variation, and
material stiffness. This method provides an efficient
and accessible tool for preliminary thermal fracture
assessment in nanocomposite materials, avoiding the
complexity of full-scale finite element modelling.

Mechanical and thermal properties of the concrete
composite

The mechanical and thermal properties of the
concrete nanocomposites with different nano-SiO-
contents used in the calculations and simulations, are
summarized in Table 1. These values are based on
experimentally validated literature data and are
assumed constant throughout the simulations [1-6].

Table 1. Mechanical and thermal properties of the
concrete nanocomposite

Elastic Coefficient
Type of concrete of thermal
nanocomposite modulus, expansion,

E [GPa] o [1/K]
with 1% nano-SiO- 40 9.5x 107
with 1.5% nano-SiO- 42 9.3x107°
with 2% nano-SiO- 43 9.2x107°

These input parameters directly affect the
computed thermal stress and thus influence the stress
intensity factor and energy release rate.
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Assumed values for the temperature AT and
geometry

The geometric configuration and thermal loading
parameters used in the simulations are summarized
in Table 2. The rectangular concrete nanocomposite
plate is assumed to have a centrally located inclined
crack, with variations in both crack geometry and
thermal input. These parameters are applied
consistently in the analytical model (for calculating
thermal stress, K; and G) and in the numerical
simulations (for evaluating the thermal field and
geometric effects).

Table 2. Geometric and thermal parameters used in
the simulations

Thermal load, AT [K] 20 =100
Plate length, 2L [m] 1
Plate width, 2W [m] 0.5
Initial crack length, 2a [m] 0.01+0.1
Orientation angle, 6 [°] 0-+45

The thermal loading AT is interpreted in two
distinct but consistent ways: In the analytical
approach, AT is considered a local uniform
temperature rise relative to a reference state (e.g.,
ambient temperature), corresponding to a fully
constrained thermal expansion scenario. In the
numerical model, it is treated as a vertical
temperature gradient applied from the top to the
bottom of the plate, representing practical thermal
loading conditions in structural elements.

These ranges ensure that the analytical formulas
remain within valid geometric bounds, avoiding

. .. . . . a
singularities in the correction functions for large "

or extreme values of 8. The selected parameter space
enables the observation of key trends in energy
release rate and fracture sensitivity under varying
thermal and geometric configurations.

The range of AT is selected to encompass typical
and elevated service conditions for concrete
structures, ensuring that the model captures
conservative thermal stress effects.

Temperature distribution at different orientation
angles. Calculation of thermal stress

Numerical macros were developed in Wolfram
Mathematica to simulate the temperature
distribution in a cracked concrete nanocomposite
with different crack orientation angles 6. In parallel,
analytical calculations of the thermal stress were
carried out using equation (1) under the assumption
of fully constrained thermal expansion.
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In the numerical model, the geometry of the
rectangular plate (length 2L and width 2W) and the
central crack (length 2a and orientation angle ) are
first defined. Material properties for the different
nanocomposites, including Young’s modulus and
thermal expansion coefficient, are taken from Table
1. The applied thermal load corresponds to a
temperature difference AT = 100 K, as specified in
Table 2.

The boundary conditions for the thermal model
are defined as follows: fixed temperatures are
applied to the top and bottom surfaces using
Dirichlet conditions: T[x,—L] = Tyortom = 400 K
and T[x,L] =Ttop =300K. This imposes a
vertical temperature gradient along the y-axis. The
lateral boundaries x = +W are thermally insulated,
represented by natural Neumann conditions (zero

heat flux): %’3}): 0, at x = +W. At the crack

surfaces (x = xa), an adiabatic condition is
assumed, meaning that the heat flux across the crack

faces is zero: %y): 0 at x = +a. The steady-

state temperature field is obtained by solving the
Laplace equation using the finite element method
0°T(x,y) . 9%T(x,y

(FEM): =524 o )= 0. The
solution of the Laplace equation was performed in
Wolfram Mathematica using its built-in finite
element method (FEM) framework. The domain was
discretized using an adaptive unstructured mesh of
second-order triangular elements (ElementOrder —
2), which provide higher accuracy for smooth
solutions such as temperature fields. The mesh was
refined near the crack zone to better capture local
temperature gradients. Dirichlet and Neumann
boundary conditions were directly imposed using the
DirichletCondition and NeumannValue functions.
The software’s built-in NDSolveValue was used to
solve the steady-state heat conduction problem.

The simulations are performed for a fixed crack
length of 2a = 0.1 m and AT = 100 K, while the
crack orientation angle is varied (6 = 0°,30°,45 °).
In contrast, the analytical thermal stress is computed
from the simplified expression or = E.a.AT,
assuming uniform temperature rise at the crack
location with respect to a reference temperature. This
approach provides an upper-bound estimate of
internal stress under fully restrained expansion.

As shown in Figure 2, when the crack orientation
is horizontal (8 = 0°), the temperature distribution
in the nanocomposite remains relatively uniform,
indicating a more balanced heat transfer and a lower
concentration of thermal stresses near the crack.

numerical
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Figure 2. Temperature distribution in a concrete
nanocomposite at different crack orientation angles: (a)
6 =0° (b)8 = 30° (c)0 = 45°

In contrast, for inclined cracks (8 > 30°), the
temperature field becomes increasingly distorted in
the vicinity of the crack. The inclination leads to
asymmetric heat flow, which creates steeper local
temperature gradients near the crack tips. These
gradients are associated with higher thermal stresses
due to restricted expansion in those regions. The
numerical model presented here is used solely to
compute the temperature field and to examine how
crack orientation affects the local thermal
distribution. It is not used to compute thermal
stresses or fracture parameters. Instead, it serves as a
visual justification for the use of a local AT
assumption in the analytical solution near the crack

zone. It should be noted that the temperature value at
the crack location (e.g., = 350 K in Figure 2)
reflects the mid-point of the linear temperature
gradient between the top (400 K) and bottom
(300 K) boundaries. This value is consistent with
the global temperature difference AT = 100 K used
in both the numerical and analytical models. In the
analytical approach, AT is interpreted as a local
uniform increase relative to a reference temperature,
enabling estimation of thermal stress through
equation (1).

The thermal stress op increases linearly with
temperature difference AT, according to eq. (1), and
is used as input for subsequent SIF and ERR
calculations. Adding a higher percentage of nano-
SiO2 to the concrete composite enhances its
mechanical and thermal properties, including
increased stiffness (elastic modulus) and improved
thermal conductivity. However, this modification
also intensifies the development of thermal stresses
within the material. At elevated temperatures, the
enhanced thermal conductivity leads to faster heat
transfer, which steepens the internal temperature
gradient. Under constrained conditions, this steeper
gradient results in greater thermally induced stresses,
especially near stress concentrators such as cracks.

Analytical and numerical solution for ERR

After obtaining the analytical solutions for the
thermal stresses, macros were generated in the
Wolfram Mathematica software to calculate both K;
and G for various crack configurations- specifically,
different crack lengths a and orientation angles 6 in
a concrete nanocomposite with different percentages
of nano-SiO..

Using the basic analytical equations, the fracture
parameters were computed for each case.
Additionally, 3D parametric plots were generated
based on the analytical formula to study the
dependence of ERR on crack length, orientation
angle, Kj, elastic modulus E, and the thermal load
AT. These simulations allowed for the systematic
assessment of how changes in temperature gradient
and material stiffness affect the energy release rate.

The results provide insight into the parametric
influence of nano-SiO: content and thermal loading
on thermal fracture behavior. Higher values of AT
and crack inclination generally resulted in increased
ERR, indicating greater risk of crack propagation
under thermal stress.

o Analytical solution for ERR. Figure 3
illustrates the dependence of the energy release rate
G on the stress intensity factor K; for a concrete
nanocomposite containing 1.0% nano-SiO.. The
values of K; and G are calculated for a fixed
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temperature difference AT = 50 K, for various crack
lengths a = 0.005 =+ 0.050 m and crack orientation
angles 6 = 0°,30°,45°.
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Figure 3. Dependence of the energy release rate G on
the stress intensity factor K; at different crack orientation
angles: (a) 8 = 0°; (b) 8 = 30°; (c) 8 = 45°

For a fixed crack orientation angle, both K; and G
increase with increasing crack length, following the
square-root dependence on a and the geometric
correction factors. Longer cracks concentrate higher
thermal stresses at the crack tip, making them more
susceptible to propagation under thermal loading.
Conversely, for a fixed crack length, increasing the
inclination angle 6 leads to a noticeable decrease in
both K; and G. The lowest values are observed at
6 = 45°, due to the reduced effective stress
component acting normal to the crack plane. This
behavior is consistent with fracture mechanics
theory, where inclined cracks experience a reduced
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driving force for Mode I opening under vertically
directed thermal stress. This inverse relationship
between crack angle and ERR highlights the
importance of crack orientation in the design of
thermally resistant nanocomposite structures.

o Numerical modelling of energy release rate at
different crack angles and lengths. Figure 4
illustrates the variation of the energy release rate G
for different crack orientation angles 8 = (0° =
45°) and crack lengths a = 0.005 + 0.05m, at a
fixed temperature difference AT = 50 K.

‘ 1500
"“""71" r

G[J/ m ]

Figure 4. Dependence of G on crack orientation angle
6 and crack length a at AT = 50 K.

The results demonstrate that at a fixed crack
angle 6, increasing the crack length a leads to a
significant rise in G. Conversely, for a fixed crack
length, increasing 6 reduces the value of G, with
minimum ERR observed at 8 = 45°. This trend is
consistent with the analytical form of the angular
correction factor F(6) = cos?6 which decreases
with higher inclination angles, reducing the
component of thermal stress acting normal to the
crack.

These findings confirm that crack geometry -
especially length and inclination - has a stronger
effect on ERR than nano-SiO- content. Nevertheless,
for composites with higher stiffness (e.g., 2.0%
nano-Si02), ERR values remain higher due to
increased thermal stress magnitudes under the same
AT.

o 3D simulation of the dependence of ERR on
SIF and the elastic modulus. With increasing nano-
SiO: content (1.5% and 2%), the elastic modulus E
of the concrete nanocomposite increases, resulting in
higher thermal stresses under the same temperature
gradient. Consequently, the stress intensity factor K;
and the energy release rate G also increase, as
illustrated in Figure 5. However, the influence of
crack orientation shows the opposite trend: for fixed
crack length, increasing the inclination angle 6 leads
to a decrease in both K; and G. This is due to the
reduction in the normal component of thermal stress
acting on the crack plane.
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Figure 5. Dependence of G on K, and E for AT =
50K.

Overall, higher nanoparticle content increases the
material's stiffness and thermal stress, promoting
crack propagation, while greater crack inclination
angles tend to stabilize the crack by lowering the
energy available for its growth.

e Numerical modelling of ERR at different
AT. At temperature differences AT > 80 K, the
concrete nanocomposite with 2% nano-SiO- exhibits
a pronounced increase in the energy release rate G,
indicating a higher susceptibility to thermally
induced crack propagation, Figure 6. This behavior
reflects the increased stiffness of the material, which
leads to higher thermal stresses under constrained
conditions. In contrast, the composite with 1% nano-
Si0. maintains the lowest values of G across the
considered range of AT, suggesting improved
resistance to thermal cracking.
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Figure 6. Dependence of G on AT and 6 for a =
0.05m

The influence of the crack inclination angle 8 is
also significant: for a fixed crack length, ERR values
decrease with increasing angle, confirming the
stabilizing effect of inclined cracks under thermal
loading. The numerical results are in good
agreement with the analytical model and support the
conclusion that both thermal load intensity and crack
geometry critically affect fracture behavior in nano-
modified concrete.

INFERENCES FROM THE OBTAINED
ANALYTICAL AND NUMERICAL RESULTS

Based on the conducted analytical and numerical
study, the following conclusions can be drawn:

e The addition of nano-SiO: affects both the
mechanical and thermal fracture behavior of
concrete nanocomposites. At 1.0% content, the
material demonstrates the lowest energy release rate
values across a wide range of crack lengths and
orientation angles, indicating improved thermal
crack resistance.

e For fixed crack orientation angles, both the
stress intensity factor K; and the energy release rate
G increase with crack length, and this growth is more
pronounced at higher elastic moduli (i.e., higher
nano-SiO: content). However, for fixed crack
lengths, increasing the crack inclination angle leads
to a significant reduction in both K; and G, with the
lowest values observed at 8 = 45°, confirming the
stabilizing effect of inclined cracks under thermal
loading.

e Numerical simulations confirm the analytical
predictions and provide detailed 2D and 3D
visualizations of how ERR varies with crack length,
angle, elastic modulus, and thermal load. The results
highlight that crack geometry has a stronger
influence on ERR than nanoparticle content under
moderate thermal gradients.

e At clevated thermal loads (AT > 80 K),
concrete with 2.0% nano-SiO: shows a sharp rise in
ERR, indicating increased brittleness and risk of
thermal crack propagation despite its higher
stiffness. This suggests a trade-off between stiffness
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enhancement and fracture resistance at higher
nanoparticle concentrations.

o For thermally and mechanically reliable
design, it is crucial to optimize the nano-SiO:
content. A 1.0% addition appears to provide a
favorable compromise, especially for structures
exposed to moderate thermal gradients and at risk of
fracture initiation due to thermal loading.

It is important to note that the study is based on a
simplified analytical model assuming fully
constrained thermal expansion and using only the
magnitude (not the sign) of thermal stress. No
experimental fracture toughness measurements were
conducted. The conclusions are therefore applicable
to preliminary design and parametric assessment
purposes and should be validated with further
experimental data.

CONCLUSION

In this study, a mathematical model based on
elastic fracture mechanics (LEFM) was developed to
determine the energy release rate (ERR) in a
concrete nanocomposite  containing  different
percentages of nano-SiO: (1%, 1.5%, and 2%) under
monotonic thermal loading. The analysis focused on
evaluating the influence of crack length and
orientation angle on thermally induced damage
processes in concrete.

Thermal stress was estimated using a simplified
analytical expression, assuming fully restrained
thermal expansion and considering only the
magnitude of the stress, without accounting for its
sign. While this approach does not yield exact stress
distributions, it provides a practical approximation
suitable for comparative parametric analysis of ERR
and SIF values.

Numerical simulations carried out in Wolfram
Mathematica enabled the evaluation of ERR across
a wide range of temperature differences and crack
configurations. The results demonstrate that ERR
increases with thermal load and crack length, but
decreases with increasing crack inclination angle,
especially beyond 30°. Among the studied
compositions, concrete with 1.0% nano-SiO:
exhibited the most favorable behavior, with the
lowest ERR across most conditions. In contrast,
higher nanoparticle contents (1.5% and 2%) were
associated with higher ERR at large crack lengths,
particularly under high temperature gradients, due to
the increased elastic modulus and resulting thermal
stresses.

The developed model provides a useful
framework for the preliminary evaluation and design
of thermally resistant concrete nanocomposites.
However, it should be noted that the analysis does
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not include experimental determination of fracture
toughness, and the results are valid within the
limitations of the adopted assumptions. Future work
will focus on validating the proposed analytical
model through comparison with experimental data
and high-fidelity numerical simulations using
commercial FEM software, to further assess the
model’s predictive capability.
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Analytical and numerical study of thermal stresses and stress intensity factors in a
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The analytical and numerical modelling of the behavior of a concrete nanocomposite under monotonically increasing
temperature is presented. The research methodology includes analytical modelling based on linear elastic fracture
mechanics (LEFM) to determine the thermal stresses and stress intensity factors (SIF) in a concrete nanocomposite with
a symmetrically located central crack, considering the influence of both crack length and the temperature. The numerical
solutions are obtained by using the specialized software product Wolfram Mathematica, including the generation of
special macros to automate the calculations of the thermal stresses and temperature distribution in uncracked and cracked
concrete composites, with or without the addition of nanoparticles. The obtained results show that for small cracks, the
difference between the SIF values of the two materials (concrete composite without/with 2% nano-SiO2) is minimal, while
for larger cracks the SIF value of the nanocomposite is significantly higher, but not too large, which preserves the relative
stability of the material. For example, at a crack length of 0.01 m, the SIF increases from 25.39 MPa-m'/? (without
nanoparticles) to 27.55 MPa-m'/? (with nano-SiQ:), illustrating enhanced crack resistance. At the same time, total thermal
stresses increase with temperature, reaching values of up to 12.8 MPa in nano-SiO: concrete compared to 10.9 MPa in
standard concrete at AT = 100 °C. The developed mathematical models provide a convenient tool for thermal and fracture
analysis, which can be applied in the design of sustainable, durable, and thermally resistant concrete structures.

Keywords: Concrete nanocomposite, nano-SiOz, central crack, SIF, analytical and numerical results, thermal stresses

INTRODUCTION
Motivation and significance of the study

Concrete is a basic construction material, but its
resistance to thermal loads is limited due to its low
tensile strength and its tendency to crack at high
temperatures [1-3]. The addition of nano-SiO:
significantly improves the mechanical and thermal
properties of concrete by reducing porosity and
increasing its thermal stability. Analytical modelling
based on linear elastic fracture mechanics (LEFM)
and numerical solutions obtained using the finite
difference method (FDM) and finite element method
(FEM) in Wolfram Mathematica software will be
useful for more accurate determination of local and
total thermal stresses and SIF values in a concrete
nanocomposite with a central crack.

Literature review

Concrete nanocomposites are an innovative class
of energy-efficient materials that are gaining
increasing popularity in the construction industry due
to their exceptional properties and environmental
benefits. They combine traditional concrete with
nanoparticles, leading to improved mechanical and

* To whom all correspondence should be sent:
E-mail: gery@imbm.bas.bg

thermal properties [4]. Nano-SiO: is one of the most
effective  nano-additives  that: change the
microstructure of concrete — it reduces porosity and
improves bonding between cement paste and
aggregates; accelerates cement hydration - leads to
faster hardening and increased strength; increases
concrete resistance to cracking - increases tensile
strength and compressive strength; improves thermal
resistance - reduces thermal expansion and increases
resistance to temperature loads [5, 6]. The greater
strength of concrete with nano-SiO: allows for the
construction of thinner and lighter structures, which
reduces the use of raw materials and leads to lower
energy consumption during construction. Concrete
nanocomposites with nano-SiO: are key materials for
sustainable construction, as on the one hand they help
reduce the carbon footprint and energy consumption,
and on the other hand they increase the durability of
buildings and structures [7-11].

During the operation of concrete structures, they
are often subjected to temperature effects that can
induce thermal stresses and accelerate the
development of cracks in them. Understanding the
influence of temperature, mechanical and thermo-
mechanical loads on stresses and strains, stress

© 2025 Bulgarian Academy of Sciences, Union of Chemists in Bulgaria
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intensity factors (SIF) and energy release rate (ERR)
are essential for assessing the durability and
reliability of concrete and other types of
nanocomposites [12-23]. The classic work [13]
investigates the stress concentration around crack tips
using fracture mechanics methods such as stress
intensity factor, energy approaches and fracture
models to predict the resistance of materials to
cracking. The works [14] and [15] analyze the stress
distribution at the base of a fixed crack using different
theoretical models for stress concentration
estimation, critically reviewing existing crack
propagation laws, and comparing different criteria for
crack growth and resistance. The work [16] presents
various analytical and numerical methods for
studying crack problems, focusing on fracture
mechanics, stresses around cracks and criteria for
their propagation. The book [17] is related to fracture
mechanics and describes the main guidelines for the
analysis of stress concentration in cracks and their
propagation. In [18] and [19], detailed formulas and
examples for calculating SIF and the influence of
various stresses, including temperature stresses, on
cracks in materials are proposed. The book [19] also
discusses the basic principles of fracture mechanics.
In several publications, research has focused on
estimating SIF and the rate of energy release for
various composite materials, but there is a lack of
sufficient data on the behavior of concrete
nanocomposites with nano-SiO2 under temperature
effects, [2, 3, 12, 20], etc.

The aim of this study is to supplement the
available literature in this area by developing a
complex analytical model that covers:

» (Calculation of thermal stresses in a concrete
composite with/without added 2% of nano-SiO: at
monotonically increasing temperature.

» Determination of stress intensity factors at
different lengths of the initial crack and at different
temperature values.

* Analysis of the influence of added
nanoparticles in concrete on the values of thermal
stress and SIF.

PROBLEM FORMULATION

The concrete nanocomposite is modelled as a
rectangular plate with width 2W, length 2L and a
central symmetric crack with length 2a, Figure 1. The
plate is subjected to a monotonically increasing
temperature with a temperature difference AT =
Thigh — Tiow» Wwhere Tpigp and Ty, are the
temperatures of the upper and lower boundaries of the
plate, respectively. The direction of the temperature
gradient is also shown, namely from the upper to the
lower surface. The center of the coordinate system
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Oxy, used in the model, is in the middle of the crack.
The x-axis is oriented horizontally (along the
thickness of the plate) and is symmetric with respect
to the crack, i.e., x € (—W,W). This axis measures
the distances to the left and right of the center of the
crack. The y -axis is oriented vertically (along the
length of the plate) and is centered so that its positive
part reaches the upper boundary, and the negative part
reaches the lower boundary of the plate, i.e., y €
(=L, L).

Fy Thignt
E, a AT
i
|
|
1
2L —— = -
23 X
v
¥ TI:m'
2W
Figure 1. Geometric model of a concrete

nanocomposite with a central crack under temperature
monotonic loading AT

The choice of such a symmetric coordinate system
facilitates analytical and numerical analysis and
allows the application of simpler models and a clear
understanding of the effects of the crack on the
temperature distribution and the associated thermal
stresses.

BASIC EQUATIONS AND ASSUMPTIONS
Thermal stress

Under monotonically increasing temperature,
thermal stress is induced in the material and is
determined by the following formula:

or=E.a.AT (1)

where E is the modulus of elasticity, a is the
coefficient of linear thermal expansion, and AT is the
total temperature difference from the upper to the
lower boundary of the concrete nanocomposite.

Equation (1) is based on the general principles of
thermal expansion theory [13-16] and provides an
“average” or global value for the thermal stress that
would develop if the entire concrete nanocomposite
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were subjected to a constant change in temperature
AT.

The local thermal stress is determined using the
temperature gradient (usually in the y direction, if the
temperature field varies mainly in that direction) and
is calculated by the formula:

oT (x,y)

) @)
This stress depends on the position of (x,y) in the

model and reflects the local rate of temperature

change.

or (x,y)=E.a.

Stress intensity factor (SIF)

When analyzing SIF in a rectangular plate with
finite dimensions (length 2L and width 2W') and with
the presence of a central crack of length 2a, the
general formula for calculating SIF is:

K, = op.Nma. f(a, W) 3)

where o7 are the thermal stresses, a is the crack
radius (or half the crack length in the case of a central
crack), W is half the plate width, and f(a, W) is a
dimensionless correction function depending on the
plate dimensions and the crack length.

For small crack lengths relative to the plate width

(% & 1), the correction function f(a,W) can be

approximated by a Taylor series expansion of the
function [18]:

wa

flaw)~1+1 (%) @

w

For values of the ratio % < 0.01, we get for the

correction function that f(a, W) = 1, which on the
one hand means that the geometric effect is
negligible, but on the other hand will help to simplify

the calculations. If % - % (the crack is almost half

the width of the plate), then f (a, W) — o, equation
(5). When the ratio % increases and becomes larger

than 0.01, expression (4) becomes less accurate and
a more precise correction function must be used [20],
and the formula should be used:

fla, W) =1/cos (%a) 3

Equations (2) and (3) are based on the classical
linear elastic fracture mechanics (LEFM) theory
developed in [17, 18]. When varying different crack
lengths a, the value of K; will vary linearly with vrra,
which means that longer cracks will also lead to
higher stress values. The addition of different
nanoparticles to the concrete will change the values
of E and a, which will also have an impact on the
thermal stresses and ultimately on the value of K;.

Basic assumptions

*  Homogeneity and isotropy: The material is
assumed to be homogeneous and isotropic.

* Linear elasticity: The material
remains within the linear elastic region.

*  One-dimensional temperature change: The
temperature change (temperature difference) AT is
assumed to vary in one direction only
(monotonically).

*  Geometric simplicity: Cracks are modelled
with simplified geometric parameters (length).

» Effect of nanoparticles: The inclusion of 2% of
nano-SiO:2 in the concrete modifies the basic material
parameters E and a.

ANALYTICAL AND NUMERICAL SOLUTIONS

behavior

Analytical modeling based on linear -elastic
fracture mechanics (LEFM) was performed and
included the generation of special macros in the
Wolfram Mathematica software for automation of
calculations of thermal stresses and SIF in a concrete
composite with or without added 2% of nano-SiOs..
The influence of temperature AT and crack length on
SIF values was analyzed. A comparative analysis of
the obtained results for SIF in a concrete composite
with and without added 2% of nano-SiO: was also
performed. Numerical simulations of thermal stresses
and temperature distribution in uncracked and
cracked concrete composite with or without added
nanoparticles in it are also presented.

Mechanical and thermal characteristics of the
concrete composite

The data in Table 1 for the mechanical and
thermal characteristics of the concrete composites
used for the calculations and simulations are taken
from experimental studies published in works [5, 6,
9.

Table 1. Mechanical and thermal characteristics of
concrete composites

Type of Elastic Coefficient of
thermal
concrete modulus, expansion
composite E [GPa] o [1/K]
Wltho}lt 28.149 10 x 10
nanoparticles
With nano- .
Si0, 30.655 9.8x 10

Assumed values of the temperature AT and geometry
of the concrete composite structural element

The geometry of the rectangular plate (of concrete
composites) with a central crack at varying values of
the temperature AT is presented in Table 2.
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Table 2. Assumed values of the temperature AT and
geometry

Thermal load,
AT [K]
Plate length,
2L [m]
Plate width,
2W [m]
Initial crack
length, 2a [m]

20 =+ 200

1

0.5

0.001-+0.1

Temperature distribution in a plate with and without
a central crack

o Calculation of local and total thermal stress:
Macros for numerical modelling using the finite
difference method (FDM) and finite element method
(FEM) of the temperature distribution in a concrete
nanocomposite with and without a central crack, and
macros for calculating the total thermal stress
(equation (1)) and 2D visualization of the local
thermal stress (equation (2)), were generated in the
Wolfram Mathematica program. The macros include:

o Defining the parameters and region of the
crack: First, the wvalues of the main material
parameters are defined and set, followed by those for
the geometry of the plate and the crack, as shown in
Table 2.

e Boundary  conditions:  The  boundary
conditions are set with fixed temperatures at the
upper and lower boundaries Ty;gp; and Tj,y, using
Dirichlet conditions: T[x,—L] = T;,,, = 300 [K]
and T|[x,L] = Tpigne = 400 [K] and with isolated
lateral boundaries (natural Neumann conditions), i.e.,

aT;i'y )= Qatx = +W. The boundary conditions for

an isolated crack (with no heat exchange between its
walls) are also set using the Dirichlet conditions, i.e.,

ar;;,y) = 0 at x = +a. This means that the heat flux

through the crack boundaries is zero (insulated
walls).

e Finite element method: For numerical
modelling, the command "NDSolveValue" is used
with the option "Method" and type "FiniteElement",
i.e., the finite element method is applied to solve the
Laplace equation. The command "ContourPlot" is
used to numerically model the temperature
distribution for the two cases - concrete
nanocomposite without and with the presence of a
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central crack with length 2a = 0.2[m], see Figure 2.
It demonstrates that in an uncracked concrete
composite, the temperature is distributed evenly,
which means that there is a lower concentration of
thermal stresses. When the composite material is
cracked, heat transfer is disrupted and high
temperature gradients appear around the edges of the
crack, which leads to an increase in local thermal
stresses.

o Calculation and visualization of thermal
stresses: The total thermal stress is calculated by
formula (1), and the local thermal stress is determined
using the temperature gradient expressed by formula
(2) for different AT = (20 + 200) [K], Figure 3. The
difference in the values of thermal stresses in a
cracked concrete composite with and without added
2% of nano-SiO: is minimal at low temperature
differences as AT < 70 [K], while at higher ones this
difference increases significantly, as shown in Figure
3. The 2D graphs were generated for the local thermal
stresses at AT = 100 [K] for both cases — concrete
nanocomposite without and with the presence of a
central crack with length 2a = 0.2[m], Figure 4. It
clearly shows that the addition of nano-SiO: to the
concrete nanocomposite improves its mechanical and
thermal properties, but also leads to an increase in
thermal stresses in the material. This means that with
temperature change, heat spreads faster, which
increases the temperature gradient in the material and
leads to higher local values of thermal stresses.

Calculation of SIF at different lengths of the central
crack at a fixed value of the temperature difference

Special program codes were generated in the
Wolfram Mathematica program to automate SIF
calculations and to quickly assess the influence of the
addition of nano-SiO: in the concrete composite (by
changing the values of E and «) and the crack length
on the values of the stress intensity factor at AT =
50 [K]. The results are presented in Table 3. It shows
that in the presence of temperature change, concrete
composites with 2% of nano-SiO: added exhibit
higher SIF values compared to ordinary concrete.
This phenomenon is observed both at higher and
lower temperature differences AT, but the effect may
manifest itself differently depending on the intensity
of the temperature gradient.
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Figure 2. Temperature distribution in (a) Uncracked and (b) Cracked concrete nanocomposite at a fixed value of AT =
100 [K].
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Figure 3. Dependence of the thermal stress on the temperature difference AT for cracked concrete composite with /
without added 2% of nano-SiO..
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Figure 4. Numerical modeling of local thermal stresses in cracked concrete composite with / without added 2% of nano-
SiOz at AT = 100 [K]

65



G. N. Nikolova: Study of thermal stresses and stress intensity factors in a concrete nanocomposite with nano-SiO: ...

Table 3. SIF calculations

K, [MPa.m'/?]
a [m] Concrete without | Concrete with 2%
nanoparticles of nano-Si0:

0.0005 0.555 0.602
0.001 0.785 0.851
0.0015 0.961 1.043
0.002 1.110 1.204
0.0025 1.241 1.347
0.003 1.360 1.476
0.0035 1.469 1.594
0.004 1.571 1.705
0.0045 1.667 1.809
0.005 1.758 1.908
0.01 2.501 2.714
0.05 6.859 7.441
0.10 25.393 27.552

As AT increases, the temperature gradient in the
material becomes steeper, which leads to larger local
thermal stresses around the crack tip.

INFERENCES FROM THE OBTAINED
ANALYTICAL AND NUMERICAL
RESULTS

The following conclusions were drawn:

e In uncracked concrete composite, the
temperature is  distributed evenly, and the
concentration of thermal stresses is small. In a
composite with a central crack, heat transfer
disturbances occur, and high temperature gradients
appear around the edges of the crack, which leads to
an increase in local thermal stresses.

e Numerical analyses using the FEM confirm
the analytical calculations by providing a better
understanding of the distribution of thermal stresses
in the area around the crack.

e The addition of nano-SiO: significantly
improves the strength and durability of concrete, but
also increases thermal stresses, especially under
conditions of rapid temperature change. This means
that when designing structures with nano-modified
concrete, the increased sensitivity to thermally
induced cracking must be considered, and
appropriate measures for thermal compensation and
temperature gradient control must be implemented.

e The high modulus of elasticity of nano-SiO-
concrete means that it exhibits greater resistance to
deformation, which further increases SIF values. As
a result, K; at high AT is larger for nanocomposite
concrete compared to ordinary concrete, meaning
that cracks are more likely to expand under high
temperature loads.
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e Adding nano-SiO: increases the strength of the
concrete, allowing it to withstand higher stresses
before cracking. A higher K; value does not mean that
the material is more easily damaged, but that it can
accumulate more stress before reaching its critical
failure value.

e Concrete with 2% of nano-SiO. accumulates
higher thermal stresses, which increases the SIF
value. However, it has significantly higher
compressive strength and elastic modulus, which
means that it can withstand higher loads before
failure. It is stronger, more resistant to thermal
expansion and mechanical stress, making it a better
choice for long-lasting and thermally resistant
structures.

CONCLUSION

In this study, an analytical and numerical
approach is presented to determine the thermal
stresses and stress intensity factors (SIFs) in a
concrete nanocomposite with a central crack
subjected to monotonically increasing temperature.
By combining thermal and mechanical models, the
influence of both crack length and addition of 2%
nano-SiO:2 on the temperature distribution, thermal
stress development, and fracture behavior of concrete
composites is evaluated. The results show that in
uncracked concrete, the temperature distribution
remains relatively uniform, resulting in lower
thermal stress concentration. In contrast, the presence
of a crack leads to localized temperature gradients
and higher thermal stresses near the crack tip.
Numerical modelling confirms that concrete
composite with 2% of nano-SiO- accumulates higher
thermal stresses due to its higher stiffness—reaching
up to 12.8 MPa compared to 10.9 MPa in standard
concrete at AT = 100 °C. Similarly, SIF values are
slightly higher in the nano-SiO. composite: for a
crack length of 0.01 m, the SIF increases from 25.39
MPa'm!/2 (without nanoparticles) to 27.55 MPa-m!/?
(with nanoparticles). Although higher SIF values
indicate increased stress intensity at the crack tip, the
improved strength and elasticity of the
nanocomposite ensure that it can sustain greater
thermal and mechanical loads before failure.

The developed Mathematica-based macros allow
for efficient simulation and analysis, contributing to
the practical design of advanced, thermally resilient
construction materials. Concrete nanocomposites
with nano-SiO: are thus a promising solution for
durable and energy-efficient structural applications.
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The present work is dedicated to microbial and catalytic degradation of synthetic dyes. Methylene blue, congo red,
methyl orange are used as model solution of dyes. A test for cytotoxicity is conducted using two bacterial strains
Pseudomonas putida 1046 and Bradyrhizobium japonicum 273. These bacterial strains show tolerance to the dyes up to
concentrations of 250 mg/1. It is proved that Bradyrhizobium japonicum 273 does not decolor the dyes, except for congo
red. Pseudomonas putida 1046 decolors methylene blue and congo red with concentration of 250 mg/1 for 42 h up to 96%
and 92%, respectively. A screening for an appropriate catalyst for dyes degradation is conducted among ZnO, TiO», ZrO,
incorporated on a matrix of activated carbon and sole activated carbon. TiO, proved to be suitable for the process.
Experiments with TiO, under different conditions are carried on. Pseudomonas putida 1046 shows tolerance in the
presence of TiO,, so experiments for simultaneous microbial and catalytic degradation of methylene blue are conducted.

Keywords: Degradation of dyes, Pseudomonas putida 1046, Bradyrhizobium japonicum 273, ZnO-, TiO-, ZrO»-

catalysts.
INTRODUCTION

In recent decades, the pollution of water bodies
by huge volumes of untreated industrial wastewater
(e.g. paper, cosmetics, textiles, plastics, etc.)
contaminated with organic dyes, is considered an
ecological crisis with a dangerous impact.
Wastewaters polluted with dyes are a major
restriction for the sustainable development of many
industries [1].

Azo dyes make up approximately 60 % of the
total dye production per year [2]. They are a class of
synthetic chemical compounds characterized by
their azo group (-N = N—) and complex aromatic
structures [3]. These groups impart vivid colors to
the dyes that create strong desires for a number of
industrial applications. Azo dyes present high
chemical stability and persistence, increasing the
challenges to their degradation. The azo dyes are
characterized and compared based on their
molecular structure and weight, water solubility,
acid dissociation constant, n-octanol-water partition
coefficient, and maximum absorbance. Congo red
(CR) is a diazo dye [4]. Methylene blue (MB) is one
of the most common cationic phenothiazine dyes.
Methyl orange (MO) is an anionic azo dye, most
commonly used for dyeing cotton, wood, and silk.
Organic dyes MB and MO have poor
biodegradability, meaning that they can remain in

* To whom all correspondence should be sent:
E-mail: nastemil @abv.bg
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natural water bodies for a long time [5-8].

The methods used for dye removal include
chemical, physical and biological processes [9, 10].
Chemical treatments involve oxidation, reduction,
and neutralization processes, while physical
methods include adsorption, coagulation, and
membrane filtration. Biological treatment, involving
a combination of microorganisms that break down
pollutants, offers a more sustainable and
environmentally friendly alternative. Various
physicochemical methods are used for treatment of
textile wastewaters, but they generate large amounts
of toxic sludges which require additional treatment
and costs. Heterogeneous photocatalysis offers
significant advantages over other methods, mainly
low energy consumption, easy operation, no
secondary pollution, and moderate reaction
conditions. Therefore, the textile industry needs a
wastewater treatment technology that removes toxic
sludge, requires less energy and remains safe for the
environment.

Various adsorbent materials have been tested for
the effective removal of methylene blue (MB)
including spent olive stones [11] and raw dolomite
[12]. Activated lignin-chitosan extruded (ALiCE)
pellets offer great potential for removing cationic
organic pollutants from rivers and streams [13].

Heterogeneous photocatalysis, using metal oxide
semiconductors as photocatalysts, offers a promising

© 2025 Bulgarian Academy of Sciences, Union of Chemists in Bulgaria
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alternative for degrading toxic organic pollutants
into harmless inorganic molecules. Metal oxide
semiconductors such as TiO> [14], ZnO [15, 16],
NiO [17, 18], CuO [19], MnOy [20, 21] and Cr20;
[22] are used as catalysts. They are promising
materials due to their electronic structure, light
absorption properties, and charge transport
characteristics [23]. They have outstanding physical,
chemical, and optical properties. They are cost-
effective and non-toxic catalysts that allow complete
mineralization. The (Mn, Ni) co-doped ZnO catalyst
is prepared using Stephania abyssinica leaf extract
[16] and is used for degradation of MB dye under
visible light. TiO»-g-C3N4  heterojunction is
employed as a photocatalyst for the sunlight-assisted
photodegradation of CR dye [18]. Nickel-doped zinc
oxide (NigosZnoosO) nanoparticles are tested as a
potential adsorbent and catalyst for the removal of
specific dyes, MO and tartrazine, from an aqueous
solution [24]. Co0304 nanocube-doped polyaniline
nanocomposites have been successfully synthesized
as an oxidant in acidic medium for efficient removal
of MO from aqueous solution [25].

Different strains are reported to degrade azo dyes
[26]. In [27] Pseudomonas mt2 degrades MO dye.
Bradyrhizobium  japonicum and Pseudomonas
putida are reported [28, 29] to degrade phenol and
cathehin that are intermediate products of dye
mineralization.

Many papers are dedicated to the decolorization
of azo dyes in fuel cells [30, 31]. The microbial fuel
cells (MFCs) combine physiochemical and

Table 1. Information about the investigated dyes

biological principles to convert chemical waste into
electric energy and detoxify pollutants. Waste
pomelo peel is used as the main raw material for
preparation of iron-nitrogen-carbon nanocomposite
as cathode catalyst for the degradation of CR in a
fuel cell [30].

The aim of the present work is to study the
catalytic and microbial degradation of MO, MB and
CR. MO and CR are chosen as models of anionic azo
dyes and MB as a cationic one. These are
preliminary investigations in order to choose an
appropriate catalyst and strain for further
development of a fuel cell for dyes decontamination.

MATERIALS AND METHODS

The biomass concentrations read as optical
densities (OD) and dye concentrations are
determined spectrophotometrically on a VWR UV-—
1600 PC spectrophotometer at a wavelength of 600
nm for the biomass, 664 nm for MB, 498 nm for CR
and 465 nm for MO. The rate of the decolorization
is calculated by the following equation:

AO o Asample
Ay

A, — absorption of the beginning solution;

Asample — absorption of the tested sample.

% decolorization = X 100, where

The experiments are conducted with dyes (Merck
KGaA) dissolved in a phosphate buffer solution.
Summarized information of the dyes is given in
Table 1.

Name of the azo dye Chemical formula Molecule structure Characteristic
ls
PP
Methylene blue (MB) Ci6HisCIN3S QN Jj Cationic azo dye
Cl-
\ G _— O i - Monoazo anionic
Methyl orange (MO) Ci4H14N3NaOsS /TN . acid dye
| N = ‘
_ by . Lo
Congo red (CR) C32H2:NgNayO6S» 1 ) A \Q/?? Diazo an;;;nc direct
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Catalysts preparation

All catalysts are incorporated on a matrix of
activated carbon. Their preparation method is a
patented technology that includes impregnation of
organic material with the corresponding precursor
salt and subsequent pyrolysis with simultaneous
activation [32]. ZnO, TiO,, ZrO, incorporated on a
matrix of activated carbon and sole activated carbon
are used in this investigation. The organic material
for the preparation of the catalysts are sunflower
husks. The catalyst showing the best performance
(namely TiO) is characterized by SEM, EDS, XRD,
surface area by BET and iodine adsorption. BET
studies are carried out employing a Quantachrome
instrument Autosorb iQ (USA) that measures the
quantity of gas adsorbed on or desorbed from a solid
surface at an equilibrium vapor pressure by a static
volumetric method. The investigations are carried
out on NOVAtouch—Quantachrome instrument
apparatus (USA) that measures adsorbed and
desorbed volumes of gas at relatively low pressure
(lower than 1). The obtained data after computer
processing are presented as isotherms of adsorption
and/or desorption from which are calculated —
specific surface area, pore volume, pore size and
pore size distribution of the powder samples. X-ray
diffraction (XRD) patterns are recorded utilizing a
Philips  diffractometer using CuKoa radiation
(A=1.54178 A, 40 kV and 30 mA) with a scanning
rate of 2o min'. The surface morphology of the
samples is investigated by scanning electron
microscopy (SEM) using a Zeiss Evo 10 microscope
(Carl Zeiss Microscopy, Oberkochen, Germany).
The images are taken in secondary electrons mode
with accelerating voltage of 25 keV, and no
additional conductive coating on the surface. The
chemical composition of the samples is studied using
the Oxford Ultim Max 40 electron dispersive
spectroscopy (EDS) probe (Oxford Instruments,
Abingdon, UK). The results are compiled with
AZtec software (version 6.1 HF4).

Catalytic decolorization

The conditions for the catalytical decolorization
are 200 ml dye solution and 0.1 g catalyst. Screening
for the most appropriate catalyst is conducted.
Different conditions are investigated as rpm, dark
and light mode, etc.

Microbial strain and cultivation conditions

The bacterial strains Pseudomonas putida
(NBIMCC 1046) and Bradyrhizobium japonicum
273, used for the decolorization assays, are obtained
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from the Bulgarian National Bank for Industrial
Microorganisms and Cell Cultures. The bacterial
strains are maintained as a frozen liquid culture
supplemented with 1:1 glycerol at — 20 °C

The strain P. putida is cultured in 500 ml flasks
with 100 ml of medium containing: peptone — 10 g/1,
meat extract — 10 g/l, NaCl — 5 g/I. The inoculum for
the experiments is developed up to ODsoo = 2 at 30
°C per shaker and 100 rpm.

B. japonicum is cultured in 500 ml flasks with
100 ml. of YMA (yeast mannitol agar) medium
containing — KoHPO4 — 0.2 g/l, MgSO4 — 0.2 g/l,
mannitol — 10 g/l, yeast extract — 0.3 g/l, NaCl —20
g/l for 7 days at 28 °C.

For the investigation for tolerance of the strains
to different dye concentrations, the cultivation is
conducted by adding 20 g/l agar to the above-
mentioned cultivation media.

Azo dyes with different concentrations (100 mg/1
— 250 mg/1) are dissolved in phosphate buffer and
sterilized trough 0.45 um filter. The tolerance of the
bacteria to azo dye is studied by the "hole method"
in a Petri dish [33]. A sterilized cork borer is used to
create the wells (8 mm in diameter). The azo dye
solutions (80 ul) with different concentrations (100
mg/1-250 mg/l) are introduced in the lateral 4 holes.
Holes in the center of the agar plate filled with sterile
phosphate buffer solution (80 ul) are used as control.
Petri dishes are incubated in a thermostat for 24 h (P.
putida) at +30 °C / or 7 days (B. japonicum) at +28
°C. The inhibition diameter is measured and the
minimum inhibitory concentration is determined.
The experiments for dye decolorization are carried
out with 10 % (v/v) inoculation of the bacterial stains
in 500 ml flasks with 200 ml of dye solution and the
components of the respective cultivation media on a
rotary shaker at 30 °C and a stirring speed of 100
rpm. Periodically samples for decolorization of the
dyes are centrifuged (10 000 rpm, 5 min) and the
absorbance of the supernatants is measured at 664
nm for MB, 498 nm for CR, 465 nm for MO.

Experiments for the tolerance of P. putida to the
TiO, catalyst are performed using two parallel
cultivations with and without catalyst. No inhibition
of the growth in the presence of TiO, is observed.
The quantity of the catalyst is the same as for the
experiments for the catalytic decolorization.

RESULTS AND DISCUSION

The results for decolorization using different
dyes and catalysts are summarized in Table 2. The
experiments are carried out with dye concentration
of 120 mg/l for 5 days without stirring at a
temperature of 25 °C. It can be seen that TiO, and
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ZnO have the best performance. In Table 3 a
comparison of TiO, and ZnO for decolorization of
MB at 25 °C for 4 days is given. The results are for
dyes dissolved in buffer and in distilled water under
stirring with different speeds and without stirring.
The results show a slight dependence of the
decolorization rate on the rotation speed and the
solvent used.

Table 2. Comparison of different catalyst

Dye
MO, % of MB, % of
Catalyst, decolorization | decolorization
surface area,
m?/g*
Zn0,
645 96.5 98.82
TiO,,
798, 98 99.95
ZI‘Oz,
503 50 43
Activated
carbon (AC), 43 39
310

*Surface area by iodine adsorption

Table 3. Comparison of TiO, and ZnO catalysts at
different conditions

Decolorization of dye
dissolved in water, %

Decolorization of dye
dissolved in phosphate
buffer, %

Without | 100 150 | Without | 100 | 150
stirring | rpm | rpm stirring | rpm | rpm
TiO2 | 94.40 98.2 | 99.96 | 97.85 95.1 | 99.6

ZnO | 91.35 922 | 98,4 99.4 93.1 | 99.5

Fig. 1 represents the decolorization rate using
TiO; and ZnO in light and dark mode. The initial
concentration of the dyes is 100 mg/l. The solution
is prepared in phosphate buffer. As it can be
expected, the decolorization is slower at dark mode.

Once again, the performance characteristic of TiO,
exceed those of ZnO.

120

100

. m I =MO, Ti02, light
80 #MB, Tio2, light
% #MO,Z10, light
MB, ZnO, light
- BMOTiO2, dark
= MBTiO2, dark
20 BMO 700, dark
BMBZ10, dark
§ |
0 ) % 120
t,h

s

C, %

Fig. 1. Comparison of the decolorization of dyes with
different catalysts and conditions

TiO, was chosen for further investigations. The
SEM images of TiO, on sunflower husks are shown
in Fig. 2.

Fig. 2. SEM images of TiO, on sunflower husks

The EDS results are shown in Fig. 3 and
summarized in Table 4.

. Masp Sum Spectrum

Fig. 3. EDS of the TiO; on sunflower husks.
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Table 4. Results of the EDS of the TiO; on sunflower husks

Map Sum Spectrum

Element Signal Type Line Wt% Wt% Sigma Atomic %
C EDS K series 70.77 0.13 81.97
o EDS K series 15.36 0.13 13.36
Mg EDS K series 0.96 0.01 0.55
Si EDS K series 0.09 0.01 0.04
P EDS K series 0.18 0.01 0.08

EDS K series 0.35 0.01 0.15
Cl EDS K series 0.11 0.01 0.04
K EDS K series 0.89 0.01 0.31
Ca EDS K series 4.06 0.02 1.41
Ti EDS K series 6.57 0.03 1.91
Fe EDS K series 0.66 0.01 0.16
Total 100.00 100.00

The surface morphology of the catalytic powder
and its chemical composition are characterized by
SEM and EDS techniques (Figs. 2, 3). The SEM
images reveal that the morphology of the powder
consists of two distinctive components — larger flat
substrates with smaller clustered particles on top and
between them. The large plate—like structures with
irregular shapes and sizes between 5-20 um form the
base of the catalytic powder. The EDS
measurements clearly show that they are made of
carbon and a closer look at higher magnifications
reveals that they serve as a substrate for the
nanocomponent of the catalyst. According to the
elemental analysis, the small uniform particles (20-
30 nm) that can be found clustered in the gaps of the
carbon plate structures are primarily made of
titanium and oxygen. This is in agreement with the
XRD analysis that showed the presence of a
tetragonal TiO, phase. The observed surface
morphology of nano sized particles on substrates
with large surface area facilitates good catalytic
properties of the synthesized material. The other
element that can be seen from the elemental maps
occupying the same volume as titanium in the
powder is calcium. According to the XRD it forms
the second distinctive phase in the catalyst,
rhombohedral CaCO;. The full chemical
composition of the powder is calculated from the
EDS results and can be viewed in Table 4. As
expected, the strongest signal is attributed to carbon
which comes from the sunflower husks. Oxygen
accounts for about 13 at. %, followed by Ti and Ca
with 1.9 and 1.4 at. %, respectively. All other
elements are registered in very small amounts in the
powder (under 0.5 at. % each) and can be attributed
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to precursor sunflower husk
inclusions.

A PANalytical Aeris diffractometer with CuKa
radiation (40 kV, 15 mA), wavelength A=1.5406 A
and 60-0 Bragg-Brentano geometry is used to
determine the phase composition. The diffractogram
is taken at room temperature, constant scan rate and
reflection angle 20 in the range 10+70° with a step
of 0.02°, 60 s. The resulting XRD pattern is
interpreted using the PDF 2-2022 database, ICDD.
The presented diffractogram reveals the phase
composition of the TiO, catalyst (Fig. 4).

impurities and

2000

TiOy cat. TiO, tetragonal ref.code 01-070-8501

1800 4 v CaCO, rhombohedral ref.code 00-086-2342
¥ Fe,0, rhombohedralref.code 00-003-0812
KNO3 rhombohedral ref.code 00-029-1024|

1600

1400

1200

1000

800

Intensity, counts

600

400

200

10 20 30 40 50 60 70
20, degrees

Fig. 4. XRD of TiO» on sunflower husks

The synthesized material exhibits low
crystallinity, with the presence of an amorphous halo
likely attributed to the use of an activated carbon
carrier (derived from sunflower husks). The most
intense peak, recorded at 20 = 24.76°, along with
additional peaks at 37.38°, 46.89° and 53.13°, is
associated with the (101), (004), (200), and (105)
crystallographic planes of the tetragonal TiO;
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structure. The peak at 20 = 29.02°, attributed to the
primary (104) reflection of the rhombohedral CaCO3
phase, together with smaller peaks at 22.63°, 30.99°,
36.06° and 39.33°—linked to the (102), (006), (110),
and (113) planes, respectively — confirm its
significant presence in the catalyst. Additionally, the
emergence of lower-intensity peaks at 20 = 54.58°
and 27.02°, corresponding to the (122) and (012)
orientations of the thombohedral Fe:03 and KNO3
phases, respectively, suggests that these two phases
are present in smaller amounts within the TiO:2
catalyst.

The adsorption and desorption isotherms of TiO2
catalyst are measured by physisorption of nitrogen
gas. The isotherms are presented in Fig. 5.

350

L]

300 —e—TiO,cat /./://o./
— : ./o/
& _e—s—S"e—
£ 250 —e=s=s——*
) //"‘"
5 200
kel
£
£ 150 1
3
< 1001
Z
©
5 50

0 . . . :
02 04 06 038 10

Relative Pressure, P/P

Fig. 5. Nitrogen adsorption/desorption isotherms on
TiO2 catalyst

The measured sorption isotherm approaches
Type I (b) according to the IUPAC classification,
with H4 type hysteresis. Reversible isotherms of this
Type are given by microporous solids. For nitrogen
adsorption at 77 K, Type I (b) isotherms are found
with materials having pore size distributions over a
broader range including wider micropores and
possibly narrow mesopores ( < ~ 2.5 nm). The H4-
type hysteresis loop is often found in micro-
mesoporous  carbons [34]. The structural
characteristics are determined from the adsorption
isotherm and are summarized in Table 5.

Table 5. Surface characteristics of TiO2

Characteristics TiO2 catalyst
Surface area (BET), 720
m?/g
Pore volume 0.502

3 ’ for pores smaller than 150
cm’/g nm (D)
Average pore 28
diameter, (4V/S), nm )
*Pore diameter (BJH 33
desorption), nm )

*The pore diameter is reported from the desorption
isotherm.

The surface area is determined by the BET
(Brunauer, Emmett, Teller) method. Multipoint BET
is defined at relative pressure in the range of p/po=
0.1 - 0.3. The pore volume is measured at a relative
pressure close to 1 (p/po = 0.99). Average pore
diameter is calculated, assuming that the pores have
a cylindrical geometry at p/po= 0.99. The measured
structural characteristics of the TiOz2 catalyst studied
show a large specific surface area and a developed
pore volume for pores with a diameter below 150
nm. The average pore diameter is 2.8 nm, close to
the diameter of the most common pores with a size
of 3.8 nm (see Fig. 6). Pore size distribution is the
distribution of pore volume with respect to pore size.
In this case, the pore diameter distribution is
calculated from the desorption branch of the
isotherm using the Barrett, Joyner, Halenda method
(BJH method, Desorption). The differential pore
diameter distribution curve for TiO2 catalyst is given
in Fig. 6. The peak is at a pore diameter of 3.8 nm.

Fig. 7 shows the tolerance of both strains to the
maximal concentration of the dyes. Up to the studied
concentrations, no inhibition zone is detected.

Fig. 8 shows the decolorization of MB and CR
for 42 h with P. putida. The initial concentration is
250 mg/1. The decolorization rate at 42 h is 92 % for
CR and 96 % for MB. B. japonicum doesn’t degrade
MB and MO. It degrades CR to 95 % for 72 h.

0.06 -

0.05 - —e—TiO, cat

cm Inmig
o o
8 R
1 1

0.02 1 )

dv(d)
e

0.01 4 e
e

—
0.00 4 hd

—
10 100

Pore Diameter, nm

Fig. 6. Differential pore diameter distribution curve of
TiOz2 catalyst

MO MB CR
o SN
P. putida i ( i i i
B. japonicum | | Oh 23

Fig. 7. Tolerance of the bacterial strains to 250 mg/I
of the dyes
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100 m Congo red (CR)
u Methylene blue (MB)

t,h

Fig. 8. Decolorization of dyes with Pseudomonas
putida 1046

Fig. 9 shows a comparison of the decolorization
rate of MB by the use of catalyst and combination of
P. putida and catalyst at two different dye
concentrations (100 mg/l and 50 mg/l). The
combination of a catalytic and a bacterial process
gives about two times faster decolorization for the
24" hour for both concentrations as compared with
the pure catalyst. For the 48™ hour the rate is also two
times higher for the higher concentration. The
decolorization rate at the 72™ hour is 93 % for the
lower concentration and 94 % for the higher in the
presence of bacteria and only 68 % for the higher
concentration with catalyst. Further investigations
are going to be carried out with different
concentrations of dye in order to estimate the
synergetic effect of catalyst and bacteria and the
concentration that can be decolorized by the
bacteria.

120

mDye_Pp_Catalyst, 50mg/1 = Dye_Pp_Catalyst, 100 mg/l

100 uDye_Catalyst, 50mg/1 Dye_Catalyst, 100 mg/1

80
60
40
20
0
0 24 48 72
h

Fig. 9. Comparison of the decolorization of MB at
different conditions with P. putida 1046 (Pp).

CONCLUSIONS

It is found that the dyes are not toxic to
Pseudomonas putida 1046 and Bradyrhizobium
Japonicum 273 up to a concentration of 250 mg/l.
Bradyrhizobium Japonicum 273 does not degrade
the studied dyes, except CR. Pseudomonas putida

C, %

t
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1046 can decolorize 250 mg/l of MB and CR for 42
h. up to 92 % and 96 % respectively.

The comparison of ZnO and TiO- as catalysts for
dye degradation shows the advantage of TiO; as a
catalyst. TiO; is not toxic to Pseudomonas putida
1046. The decolorization of MB in the presence of
TiO; and Pseudomonas putida 1046 is 90 % for 24
h while using only the catalyst it is 40-60 % for the
same time.
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The present work investigates the synthesis and properties of finely dispersed ceramic pigments from the Al,Os - SiO,
system. The synthesis of the pigments was carried out by the solid-phase sintering method. As initial materials both pure
materials and waste raw materials - waste rice husks were used. In the first case, Al,O; and SiO,.nH,O were used as a
pure initial material. The more active amorphous form of SiO,.nH,O was chosen, instead of the crystalline form of silica.
Rice husk is a waste product containing about 20 % SiO,. By burning rice husk in an oxidizing environment, the amount
of SiO; significantly increases. For the purposes of the experiment, rice husk ash (RHA) with a 94.47 % SiO, content,
was used. The synthesis was carried out at temperatures of 1350 °C and 1400 °C with a one-hour isothermal period. In
both starting compositions - from pure and waste raw materials, the amount of Cu chromophore was 5% introduced in
the form of CuO. Finely dispersed gray pigments were obtained. The pigments synthesized from the Al,Os - SiO; system
were investigated by a number of methods - X-ray diffraction, scanning electron microscopy, hot-stage microscopy,
thermogravimetric analysis, color measurement, etc. The results of the scanning microscopy showed that clusters of
particles are formed. The color of the pigments was determined spectrally on a Lovibond Tintometer RT 100 Color. The
pigments with the best color characteristics were those obtained from pure raw materials (Al,O3 and SiO,.nH,O) at 1400

°C for 1 hour - (a) =- 3.6 and (b) = 5.6.

Keywords: ceramic pigments, Cu - chromophore, rice husk, solid-state sintering, color characteristics

INTRODUCTION

Inorganic ceramic pigments are used to color
various materials, as well as to improve one or
another property of the material. The color of the
pigments is due to coloring ions such as cobalt,
copper, nickel, etc. [1, 2]. These materials must have
excellent chemical resistance [3], as well as
resistance to high temperatures [4]. In addition, the
pigments must be relatively chemically inert - they
must not easily react with their carriers. They must
be insoluble in water, organic solvents and binders
[5]- Another requirement for them is to show good
coverage, high color intensity and high refractive
index [6].

Nowadays, ceramic pigments are used to color
various ceramic materials. They are obtained by
solid-phase synthesis [7, 8] or by sol-gel technology
[9, 10]. Of particular interest, both from a scientific
and an applied ecological aspect, is the production of
ceramic pigments not only from pure but from waste
raw materials. More and more scientific studies
report on the synthesis of ceramic pigments using
industrial waste [11], biowaste [12], spent catalysts,
etc. [13].

Scientists create more stable pigments with a
higher color intensity compared to pigments from
pure SiO, [14, 15].

* To whom all correspondence should be sent:
E-mail: adriana_georgieva79@yahoo.com
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The development and production of various
ceramic pigments using agro-waste is poorly
represented. The lack of sufficient data, especially in
recent years, on the synthesis of ceramic pigments,
as well as their detailed study, makes the current
research timely and useful for filling the existing
niche.

In connection with the above, the aim of the
present study is the synthesis of ceramic pigments
from the AL,Os - SiO, system, by the solid-phase
sintering method, from pure raw materials and waste
ones, by using rice husk ash as a source of silicon
dioxide. Also, the starting batches are studied and
the characteristics of the obtained pigments are
determined.

EXPERIMENTAL
Materials and methods

e  Materials. The synthesis of finely dispersed
ceramic pigments from the Al,Os - SiO, system was
carried out by the solid-phase sintering method. Both
pure materials and waste raw materials - ash from
burnt rice husks were used as starting materials.

Two series of pigments were synthesized. In the
first case, pure starting materials were used - Al>O;
and SiO2.nH,0 (Sigma Aldrich) - compositions M2-
5 and P2-5, Table 1. The more active amorphous
form of SiO..nH>O was chosen instead of the

© 2025 Bulgarian Academy of Sciences, Union of Chemists in Bulgaria
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crystalline form of silicon dioxide. Rice husk is a
waste product, which is known to contain about 20%
of SiO,. By burning the rice husk in an oxidizing
environment, the amount of SiO, significantly
increases. For one of the purposes of the experiment
(compositions MR2-5 and PR2-5, Table 1) ash from
burnt rice husks (RHA) with a SiO, content of -
94.47 % was used. Since the color of most natural
and synthesized mineral substances is associated
with the presence in their composition of d- or f-
elements of the periodic system, in both starting
compositions (from pure and from waste raw
materials) Cu ions were selected and introduced as a
chromophore in an amount of 5 %. The copper
chromophore was introduced in the form of CuO.

Table 1. Compositions of ceramic pigments from the
Al,Os - SiO; system, synthesized from pure or waste raw
materials (rice husk ash RHA) with 5 % of Cu
chromophore.

Ne | Composition | Synthesis | SiO; introduced
temperature | in the form of:
1 M2-5 1350 °C Si0,.nH,O
2 MR2-5 1350 °C RHA
3 P2-5 1400 °C Si0,.nH,O
4 PR2-5 1400 °C RHA

The initial components were dry-mixed and
homogenized in a planetary ball mill. The synthesis
of ceramic pigments was carried out at temperatures
of 1350 °C and 1400 °C, and to ensure the
completeness of the reactions that occur during
solid-phase  sintering, at the corresponding
maximum temperature, a one-hour isothermal hold
in a Nabertherm high-temperature furnace in an air
environment was performed at the final stage of the
process. The preparation of ceramic pigments
including all procedures during the technological
process, is schematically presented in Figure 1.

.
AL,

5% Chromophore
[ SiO,.nH,0 or RHA ] [ Cuo

S 2

Dry homogenization of the starting ceramic
masses in a planetary ball mill

[ 1

Solid phase sintering at 1350°C or 1400°C with 1
hour isothermal hold

[ |

Visual of synth
pigments

m =

R h of synthesized pi gh XRD,
SEM, HSM, TG, Color measurement, etc. I

Figure 1. Scheme of the production of ceramic
pigments from pure or waste raw materials by solid-
phase sintering.

o  Methods. The initial mixtures and the
synthesized pigments were examined using the
methods of:

- X-ray structural analysis. X-ray diffraction
analysis was performed on a Bruker D8 Advance
automatic powder X-ray diffractometer with CuKa
radiation (Ni filter) and registration by a LynxEye
solid-state detector. The X-ray spectrum was
recorded in the angular range from 5.3 to 80° 20 with
a step of 0.03° 20. Qualitative phase analysis was
performed using the PDF-2 (2009) database of the
International Center for Diffraction Data (ICDD).
Quantitative analysis was performed with the Topas
2 program.

- Scanning electron microscopy (SEM). The
SEM observations were carried out on an apparatus
TESCAN, SEM/FIB LYRA 1 XMU at 30 kV
accelerating voltage. The observations were
accompanied by  energy-dispersive = X-ray
spectroscopy (EDS) carried out with a detector of
Bruker.

- Hot-stage  microscopy  (HSM)  High-
temperature microscope ESS Misura HSM - 1400
ODHT, model 1600/80, Italy (IFH-BAS) was used.
The sample was heated to 1400 °C at a rate of 10 °C
min’', and the graph reflects the changes occurring
with it during heating.

- Thermogravimetric analysis (TG).
Thermogravimetric analysis was performed on a
complex thermal analysis apparatus (STA 449 F3
Jupiter), Netzsch, Germany, by heating to 1100 °C
at a rate of 10 °C min™.

- Color measurement. The color of the
pigments was spectrally determined on a Lovibond
Tintometer RT 100 Color.

RESULTS AND DISCUSSION

Two series of finely dispersed ceramic pigments
of the ALOs - Si0O; system were synthesized by the
solid-phase sintering method at temperatures of
1350 °C and 1400 °C. In the synthesis of the first
series of pigments, pure starting materials were used
- compositions M2-5 and P2-5. In the second series,
a waste raw material was utilized - ash from rice
husks burnt in air (RHA), as a source of silica -
compositions MR2-5 and PR2-5.

The color of pigments is most often determined
by d-d electron transitions or charge transfer and
occurs only in compounds of transition elements
since their electronic structure allows such a
transition. That is why, in the syntheses carried out,
in both starting compositions (from pure and from
waste raw materials) 5% of Cu chromophore was
introduced as CuO.
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The starting batches and the ceramic pigments
obtained by us were studied and characterized using
the methods of XRD, SEM, HSM, and TG, and the
color characteristics of the pigments were spectrally
determined with a Lovibond Tintometer RT 100
Color.

Studies on initial mixtures

Fig. 2 presents the results from the hot-stage
microscopy (HSM) of a mixture obtained from pure
raw materials - Al,O3 and SiO,.nH,O.

1000°C 1200°C

. .

1300°C 1400°C

s .

Figure 2. Hot-stage microscopy (HSM) of mixtures
obtained from pure raw materials - composition P2-5.

The results indicate an extremely high thermal
stability of the studied samples, even at a
temperature of almost 1400 °C. This shows that the
synthesized pigments are highly refractory and will
not decompose during the firing of ceramic products
covered with glazes colored with the pigments
obtained by us. Therefore, the pigments could be
used in real production conditions.

1000C 1100°C

. s .

1200°C 1400°C

A

Figure 3. Hot-stage microscopy (HSM) of mixtures
obtained from Al,Os and waste RHA - composition PR2-
5.
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Fig. 3 presents the results of hot-stage
microscopy (HSM) of batches composed of Al,O3
and air-burnt rice husk ash (RHA). It can be seen that
the introduction of RHA, as a source of SiO; into the
starting compositions, also gives high-temperature
resistant batches. No spillage or shape change are
observed up to almost 1400 °C.

The starting mixtures, consisting of Al,Os; and
pure or waste raw materials, were also studied by
means of thermogravimetric analysis. The complex
thermal analysis shows that the process consists of
several main stages of mass loss. DSC and DTG
thermograms are presented in Figs. 4 and 5. Until a
stable regime is reached in the complex thermal
analysis apparatus, adsorption processes of moisture
in the dry samples prevail, due to which the mass
increases, after which the desorption process takes
priority and the mass decreases. The first two low-
temperature endothermic stages in both charges
proceed with mass loss, consisting mainly of water
physically adsorbed on the surface of the material.
The next stage is characterized by the endothermic
peak in the range of 500 - 550 °C (Fig. 4), which
corresponds to the dehydration of SiO,.nH,O. In Fig.
5 alarge endothermic effect is observed between 400
- 500 °C, both in height and area. Here the mass loss
is the greatest, which is probably a result of the
combustion of unburnt particles in the RHA.
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Figure 4. DSC/DTG thermogram of the mixtufe
obtained from pure raw materials: A,O3 and Si0,.nH,O.
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Figure 5. DSC/DTG thermogram of the batch obtained from Al>O; and waste RHA
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Figure 6. X-ray diffraction patterns of synthesized pigments in the Al,O;3 - SiO; system

Table 2. Phase composition of pigments from the Al,O3 - SiO; system, synthesized from pure or waste raw materials,
with a Cu chromophore in the amount of 5%. Mass content and crystal size

Sample Corundum mass%, | Cristobalite mass%, | Mullite mass%, | CuO mass%,
crystal size crystal size crystal size crystal size
M2-5 31%, 14%, 52%, 3%,
47nm 32nm 38nm 29nm
MR2-5 86%, - 11%, 3%,
55nm 44nm 36nm
P2-5 17%, 3%, 78%, 2%,
54nm 22nm 44nm 34nm
PR2-5 71%, - 27%, 2%,
57nm 46nm 52nm
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Studies on pigments synthesized at temperatures
of 1350 °C and 1400 °C

X-ray diffraction patterns of ceramic pigments
synthesized by the solid-phase sintering method
from pure or waste raw materials (rice husk ash
RHA) with 5% of Cu chromophore are presented in
Fig. 6. The sizes of the formed crystals vary between
22+57 nm (Table 2).

The phase composition of the studied samples
was determined from the X-ray diffraction analysis
data. It can be seen that the main phases in the
synthesized pigments are corundum (Al,Os) and
mullite (3A1,03.2Si0;), and reflexes of cristobalite
(Si07) and tenorite (CuO) are also observed. With
increasing heat treatment temperature, a tendency is
observed for the intensity of the peaks of the main
phases to increase.

The X-ray diffraction results show that during
high-temperature firing, SiO, almost completely
reacts and mullite is formed, and the high-
temperature modification of SiO, - cristobalite
(compositions M2-5 and P2-5 with pure starting
materials) is also noticeable. In pigments with the
participation of waste raw materials (rice husk ash
RHA), the predominant phase is corundum. For
better visualization, the results presented in Table 2
are also interpreted through quantitative diagrams
placed in the following figures.

Composition M2-5 - with Cu

= Corundum
" Mullite
™ Cristobalite

Tenorite

a)
Composition P2-5 - with Cu
® Corundum
= Mullite
= Cristobalite
Tenorite
b)

Figure 7. Quantitative diagrams of the X-ray phase
analysis of the compositions a)- M2-5; b) - P2-5..
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Composition MR2-5 - with Cu

# Corundum
= Mullite

w Tenorite

Composition PR2-5 - with Cu

= Corundum
= Mullite

= Tenorite

b)

Figure 8. Quantitative diagrams of the X-ray phase
analysis of the compositions — a) MR2-5 and b) - PR2-5.

Using the CIELab system which gives a
numerical expression of the visual sensation of
color, the basic color characteristics of the pigments
were determined - color, brightness, color hue.

In the CIELab system, the color coordinates are
as follows:

- L* - brightness, L*=0 - black color, L*=100 -
white color;

- a* - green color (-) / red color (+);

- b* - blue color (-) / yellow color (+).

The results of the determined color parameters of
the synthesized pigments from pure or waste raw
materials, with chromophore Cu (5 %), are presented
in Table 3.

Table 3. Color characteristics of the synthesized
pigments at temperatures of 1350 °C and 1400 °C

No | Composition a* b *
1 M2-5 -3.1 1.1
2 MR2-5 24 | 25
3 P2-5 -3.6 | 5.6
4 PR2-5 -1.8 | 3.4
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The pigments with the best color characteristics
are those obtained from pure raw materials
(composition P2-5 - Al,O3 and SiO,.nH,0) at 1400
°C for 1 hour - (a) =-3.6 and (b) = 5.6.

Fig. 9. presents a SEM micrograph of ceramic
pigments of the Al,O; - SiO; system, synthesized at
1350 °C from pure starting materials (composition
M2-5 - A1203 and SiOz.l’leO).

Figure 9. SEM image of pigments with composition
M2-5 (AxO3 and SiO,.nH»0), synthesized at 1350 °C.

SEM micrographs of pigments synthesized at
1350 °C from waste raw materials - Al,O; and RHA
(composition MR2-5), are presented in Fig. 10.

10.0[KV] SP=16.0 WD=7.6  x90

Figure 10. SEM images of pigments with composition
MR2-5 (Al,O3 and RHA), synthesized at 1350 °C

The SEM analysis shows that clusters of particles
are formed, with a size of around and below 100 nm.

The coarse shape of the particles indicates the high
degree of crystallinity of the obtained pigments.

CONCLUSION

The synthesis and properties of finely dispersed
ceramic pigments from the Al,Os - SiO, system were
studied. The synthesis of both series of pigments was
carried out by the solid-phase sintering method. In
the first case, pure starting materials were used -
AlLO; and SiO,.nH,O, and the more active -
amorphous form of SiO,.nH,O was chosen, instead
of the crystalline form of SiO,. For the preparation
of the second series of pigments, ash from burnt rice
husks with a SiO» content of - 94.47 % was used and
utilized. The syntheses were carried out at
temperatures of 1350 °C and 1400 °C with 1-hour
isothermal hold. In both starting compositions - from
pure and from waste raw materials, the amount of
chromophore was 5% Cu introduced in the form of
CuO. Finely dispersed pigments in the gray color
range were obtained.

The synthesized pigments from the Al,O; - SiO;
system were studied using a number of methods,
such as XRD, SEM, HSM, and TG. The phase
composition of the studied samples was determined
from X-ray structural analysis data. It was found that
the main phases in the synthesized pigments are
corundum and mullite, and reflections of cristobalite
and tenorite were also observed. The sizes of the
formed crystals in the samples vary between 22+57
nm. The morphology and the structure of the
obtained pigments were studied by SEM which
shows that clusters of particles with a crystalline
structure are formed. The color characteristics of the
pigments were spectrally determined with a
Lovibond Tintometer RT 100 Color. The pigments
with the best color characteristics are those obtained
from pure raw materials (Al,Os3 and Si0,.nH,0) and
baked at 1400 °C - resp. (a) =- 3.6 and (b) = 5.6.
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The present research aims to obtain epoxy composites with organoclay filler and to investigate some of their
mechanical properties. Epoxy composites were obtained at the Laboratory "OLEM" of the Institute of Mechanics-BAS
and the mechanical characteristics (Young's modulus and strength in compression) were tested on a TIRAtest 2300
machine. Epoxy composites with fillers - C20A, C30B, 1.44 P, 1.28 E, 1.31 PS showed worse mechanical properties
than neat epoxy resin. Composites with organoclay 1.34 TCN showed slightly better mechanical properties, compared
to pure epoxy resin. X-ray diffraction (XRD) measurements were performed on the organoclay epoxy composites.
Using the peak position (20) in the XRD patterns, the inter-layer spacing was calculated through Bragg’s law.

Keywords: Preparation, organoclay, epoxy resin, XRD

INTRODUCTION

Polymer-clay nanocomposites (PCNs) are a new
class of materials consisting of a polymer matrix and
nanoclay as a reinforcing filler [1, 2]. Depending on
the application, the polymer matrix can be
thermoset, thermoplastic, rubber, or co-polymers.
The first PCN, synthesized by the Toyota R & D
group in Japan in 1992, used nylon-6 as the matrix
and nanoclay as the filler, marking an important
milestone in the development of high-performance
composite materials.

One of the main reasons for the growing interest
in PCNs is the unique reinforcement potential of
layered silicate clays, which offer a high aspect ratio,
large surface area, and low cost. However, untreated
clay is naturally hydrophilic and therefore not easily
dispersed in most polymers, which are typically
hydrophobic [3]. This incompatibility often results
in poor dispersion and limited improvements in the
final material properties.

To overcome this challenge, various surface
modification techniques have been developed to
enhance clay compatibility with organic polymers.
Among these, organo-treated montmorillonite clay
has emerged as one of the most widely used
nanofillers due to its superior compatibility with
polymer matrices, high specific surface area, aspect
ratio, and improved dispersibility at the nanoscale

[4].

* To whom all correspondence should be sent:
E-mail: v.angelov@imbm.bas.bg

Montmorillonite, a nanoclay mineral belonging
to the smectite group, has a layered structure and
high cation exchange capacity, which enables ion
exchange with its environment [5]. This versatile
mineral is commonly found in bentonite deposits
formed from volcanic ash weathering, with
significant sources in the United States, China, and
Greece, among other regions [6]. Such properties
make it suitable for surface modification to enhance
compatibility with epoxy resins.

Despite the advantages of organoclays,
challenges remain in maintaining their structure
during composite preparation. For example, when
used as a nanofiller, Cloisite® 30B (C30B) often
undergoes d-spacing collapse, as demonstrated by
the shift to wider angles in the XRD basal reflection.
This collapse has been attributed to contamination
or, more often, to thermal degradation of the organic
modifier during processing [7]. Recent work has
shown that factors such as filler content, particle
size, and environmental exposure can significantly
affect the structural stability and performance of
these composites [9—11].

In this study, epoxy/organoclay composites were
prepared and systematically analyzed to address
these challenges. In particular, the work focuses on
a comparative investigation of different organoclay
fillers in epoxy resin systems — an area that is not
widely studied. By comparing the structural

© 2025 Bulgarian Academy of Sciences, Union of Chemists in Bulgaria
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characteristics and mechanical properties of
composites prepared with various organoclay
modifications, this research aims to clarify how
different treatments affect clay dispersion, interlayer
spacing, and the overall performance of the final
material. The goal of this work is to achieve
improved compressive strength through the
preparation of composites with intercalated
structures. This study aims to provide new insights
that will support the development and optimization

of high-performance epoxy/organoclay
nanocomposites.
EXPERIMENTAL
Materials

In the present study, several organoclays were
used as fillers in the epoxy resin (matrix) to produce
organoclay-epoxy composites. Clay Cloisite® 30B
(Southern Clay Products, Inc.), organically modified
with methyl tallow bis-2-hydroxyethyl quaternary
ammonium chloride (MT2EtOH); Clay Cloisite 20A
(Southern Clay Products, Inc.), containing organic
modifiers - dimethyl, dihydrogenated tallow,
quaternary ammonium; Nanoclay 1.44P containing
an organic modifier - 35-45 wt. % of dimethyl
dialkyl (C14-C18) amine; Nanoclay 1.31PS
containing 15-35 wt. % of octadecyl-amine, 0.5-5
wt. % of aminopropyltriethoxysilane; Nanoclay
[.34TCN containing 25-30 wt. % of methyl
dihydroxy-ethyl hydrogenated tallow ammonium;
and Nanoclay [.28E containing 25-30 wt. % of
trimethyl stearyl ammonium. All nanoclays are
produced by Sigma-Aldrich.

Epoxy resin prepolymer Epilox T 19-38/500
(liquid oligomer, n = 450—550 mPa.s at 25 °C) and
amine hardener Epilox H 10-30 (n =200—300 mPa.s
at 25 °C) were purchased from Leuna-Harze GmbH
(Germany) and were used as received.

Preparation method

All organoclays were dried at 80 °C for 8 h at the
start of the preparation protocol. For the preparation
of binary nanodispersions, the appropriate amount of
organoclay was added to the liquid epoxy resin
oligomer and the mixture was homogenized for 30
min by mechanical mixing at 10 000 rpm, followed
by 30 min ultrasonication treatment at 250 W. The
obtained clay/epoxy nanodispersions were then
degassed in a vacuum set. The solid binary
clay/epoxy nanocomposites were prepared from the
nanodispersions using an in-situ polymerization
method. The appropriate amount of the amine
hardener was added to the respective dispersions at
a molar ratio of epoxy resin:hardener = 100:49. The
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mixture was poured into a cylindrical mold and
cured for 24 h at room temperature followed by post-
curing at 100 °C for 4 h.

Characterization methods

The moisture content in the organoclays before
and after the drying procedure was measured using
the moisture analyzer MX-50 from A&D Company
Ltd. The moisture content is determined on a wet
basis, meaning it is calculated as the difference
between the wet sample mass and the dried sample
mass, divided by the wet sample mass, and
expressed in percentage. The X-ray diffractograms
were obtained by using Bruker D8 Advance
diffractometer with Cu Ka radiation (A = 0,15418
nm) and LynxEye detector.

The mechanical properties (Young's modulus and
compressive strength) were tested on a TIRAtest
2300 machine at the Institute of Mechanics - BAS.
The specimens with 15 mm initial diameter and 29
mm height were compressed at a velocity of 2
mm/min.

RESULTS AND DISCUSSION
Powder XRD analysis

The prepared composites were analyzed using
XRD to determine the distance between the
organoclay layers in the prepared epoxy-organoclay
composites. The inter-layer spacing increases in the
intercalated composites shown in Fig. 1b, which is
associated with improved mechanical properties of
the produced materials [12, 13].

5%

day polymer

T —
= = 75

(a) (b) ()

standard intercalated exfoliated
composite composite composite

Fig. 1. Types of composites [14]

For all organoclays, the distances between the
layers, reported by the producer, are summarized in
Table 1. These distances were compared to the
measured distances between the layers in the
prepared composite. Based on this, the type was
inferred, the increase of the inter-layer distance
indicating intercalated composite type.
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Table 1. Distance between the layers of organoclays

Samples (powder) Distance (nm)
C30B 1.81
C20A 2.32
1.44P 2.66
1.34 TCN 1.86
1.31 PS 2.18
1.28E 2.45

The moisture content in the organoclays was
reduced using a drying process to improve the
homogenization process. The drying process was
controlled by measuring the moisture content before
and after the drying.

The results shown in Table 2 indicate that all
organoclays were well dried after the drying
procedure. The thermal treatment of the organoclays
is reported to have an impact on the inter-layer
distance [8]. In the current study, the inter-layer
distance was not measured after the drying process,
but was left as a subject to a future study.

Table 2. Moisture content of organoclays

Moisture content (%)

Samples
(powder) Before After drying
drying 80°C/8h

C30B 1.4 0.1
C20A 1.4 0.1
1.44P 1.0 0.1
1.34 TCN 1.5 0.1
1.31PS 0.8 0.1
1.28 E 2.5 0.1

The X-ray diffraction patterns of epoxy
composites with the six types of organoclays are
illustrated in Fig 2.

—— ERH -C30B

7000

6000

5000

4000

Intensity

3000

2000

1000

26 (deg)

Fig. 2. XRD patterns of the obtained epoxy
composites.

Using the peak position (20) in the XRD patterns,
the inter-layer spacing was calculated through
Bragg’s law:

nA = 2dsin6

where 4 is the wavelength of the incident wave (A =
0.15418 nm), d is the spacing between the layers of
organoclay in the composites.

The inter-layer spacing values calculated from
the XRD analysis of the six composites are
summarized in Table 3. In all six composites, a
collapse of silicate layers (decrease in inter-layer
distance) was observed. This suggests that the
prepared composites are of the standard type
indicated in Fig. 1a.

Table 3. Distance between the layers of organoclays
in the epoxy composites shown in Fig. 2.

Samples (composites) 20 (deg) Distance (nm)
ERH - C30B 5.087 1.74
ERH - C20A 5.028 1.76
ERH-144P 4910 1.80
ERH - 1.34 TCN 5.894 1.50
ERH - 1.31PS 5.126 1.72
ERH-1.28 E 5.107 1.73

Mechanical properties

The comparison of the Young’s modulus of the
six composites with that of neat epoxy resin is shown
in Fig. 3.

2500

2000

1676
1576
1487 1508 1477
1500 iz s
1000
5
0

Neat 15 C30B C20A 144P 1.34TCN 131PS 1.28E

E, MPa

8

Fig. 3. Young’ modulus of neat epoxy resin and
organoclay-epoxy composites.

All the composites showed a higher dispersion of
results than the neat resin. The 1.34 TCN composite
indicated a higher elastic modulus, while 1.44 P and
1.28 E composites had lower moduli.

In Fig. 4 the compressive strength of the prepared
composites was compared to that of neat epoxy
resin. The results are similar to those for the
modulus. There was only a slight improvement in the
compressive strength of the composite 1.34 TCN.
Composites C30 B and C20 A showed similar
strength, and the rest of the composites showed a
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decrease in the compressive strength. All tested
samples showed elastic behavior up to about 2.6%
deformation, with peak compressive strength
occurring near 5% strain.

70

60

51,9
49,2 240
50
43,2 43,5
: I
0 I

Neat 15 C 308 C 20A 1.44P 1.34TCN  1.31PS 1.28E

G m
N w P
o o (=]

-
o

Fig. 4. Compressive strength of neat epoxy resin and
organoclay-epoxy composites.

CONCLUSION

In the present study, several different nanofillers
(organoclays) were investigated - C30B, C20A, 1.44
P, 1.34 TCN, 1.31 PS and 1.28 E. In all the six
synthesized nanocomposites we observed a collapse
of silicate layers (inter-layer distance has decreased).
Only the epoxy nanocomposite with 1.34 TCN
nanofiller showed slightly better mechanical
properties than neat epoxy resin. The XRD diagram
of the composite with 1.34 TCN organoclay showed
the lowest inter-layer spacing compared to the other
composites. The measurement of the impact of the
drying procedure on the inter-layer spacing in the
organoclays and its potential contribution to the
collapse of silicate layers, observed in the final
composites, is left as a subject for future study.
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A catalyst based on ZrO, incorporated into a biochar carbon matrix was synthesized. The biochar was obtained from
pyrolyzed sunflower husks. The ZrO; deposit onto carbon sunflower husks (ZCSH) was intended for usage in the
electrooxidation of sulfide ions from a model solution containing 65 mg/l of S?> and 18 g/l of NaCl. The electrocatalyst
was characterized by scanning electron microscopy, X-ray diffraction and BET. Electrodes were manufactured with
different amounts of catalyst (20 to 80 mg/cm?), binder (Teflon®) and Vulcan® XC-72. Their electrochemical properties
were studied by means of cyclic voltammetry, galvanostatic measurements and Tafel slopes. The electrodes with 40
mg/cm? of catalytic mass within the electrode exhibited a lower overvoltage following the galvanostatic measurements.

Keywords: Hydrogen sulfide, ZrO, catalyst, Fuel cells, Electrodes

INTRODUCTION

The origin of sulfides can be generally divided
into natural and anthropogenic. Natural sources
include volcanoes, hot springs, and closed deep-sea
basins (where sulfides are formed from sulfur-
containing organic matter by sulfate-reducing
bacteria). The main anthropogenic pollution with
sulfides stems from the petroleum, leather, pulp and
textile industries, sewage systems and wastewater
treatment plants [1, 2]. The conventional methods
for treatment of such effluents are sorption methods,
that can be combined with oxidation with strong
oxidants [3—7], precipitation with metals [8] or
biological oxidation [9-11]. Thermal and electrical
methods for decomposition are also developed [12,
13]. The Claus process is a classical method but it
requires high temperatures and specific catalysts
[14]. There are many catalysts and photocatalysts
that convert H,S in gaseous [10, 15-16] or dissolved
form of sulfur. It is reported that Me®" cations
(Me=Mn, Co, Ni, Fe, Cu) catalyze the process of
oxidation of H»S [17, 18]. In many cases the main
product is elemental sulfur that is undesirable both
of environmental point of view and because it
inhibits the oxidation by blocking the active sites of
the catalyst. The processes that involve adsorption
on different adsorbents in many cases use waste
organic products for deriving adsorbents. This is a
promising trend for the circular economics [19, 20]
by converting wastes to valuable products. Biochar,

* To whom all correspondence should be sent:
E-mail: nastemil@abv.bg

produced from agricultural wastes or sludge [21-24]
under limited-oxygen conditions, is rapidly
emerging as an environmental restoration material.
It is cheap, of large surface area, low cost, low
energy consumption, high cation-exchange capacity,
and stable structure [25]; it is a promising substitute
for traditional anode catalysts which are expensive
and environmentally harmful [26]. The biochar has
high oxidation reduction reaction (ORR) catalytic
activities. The latter is very important for the
efficiency of fuel cells and metal-air batteries. It
should be noted that biochar, as an electrocatalyst for
microbial fuel cells (MFC), is a relatively new field,
therefore, there is a wide scope for further
investigations and applications [27]. Fuel cells (FC)
and microbial fuel cells (MFC) are a promising new
approach for decontamination of pollutants with
simultaneous electricity generation [28, 29]. In our
previous investigations, a catalyst for sulfide
oxidation based on active carbon and ZrO;
incorporated in a matrix of biochar, is reported [30,
31]. These studies are focused on the catalyst use for
hydrogen sulfide wastewater treatment. In order to
use a catalyst in fuel cells it is necessary to study its
electrocatalytic properties and to design electrodes
with suitable electrochemical characteristics.

The aim of the present study is to manufacture
electrodes based on ZrO, over a biochar from
sunflower husks, suitable for use in a FC.

© 2025 Bulgarian Academy of Sciences, Union of Chemists in Bulgaria
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MATERIALS AND METHODS
Catalyst preparation and characterization

The preparation method of the catalyst is a
patented technology [32] that includes impregnation
of the organic material (sunflower husks) with ZrCls
(Merck, >99.5% on trace metals basis) as a precursor
salt and subsequent pyrolysis with simultaneous
activation with water vapor and the flue gases from
the pyrolysis. The process was conducted at 680 °C
with a heating rate of 13°C per min and holding for
45 min at the final temperature. The obtained
catalyst is ZrQO: incorporated into the activated
carbon matrix at a ratio of 1:3. The ZrO:
incorporated into the biochar carbon matrix (ZCSH)
was characterized by Brunauer-Emmett-Teller
analysis (BET), X-ray diffraction analysis (XRD),
and scanning electron microscopy analysis (SEM).
XRD patterns were recorded on a Philips
diffractometer using CuK_radiation (A=1.54178 A,
40 kV and 30 mA) with a scanning rate of 2 min".
The scan range size was 10-100°20 with 0.04° step
size and 2s per step. The crystallite sizes (t) were
determined by Scherer's formula: t = kA / Bcos6,
where k is shape factor (k= 0.9 for spherical crystals
with cubic symmetry), A (A) is the wavelength, 0 is
the diffraction angle of the peak, B (rad) is the line
broadening at the FWHM (full width at half
maximum) values of the peaks. BET studies were
carried out on a Quantachrome Autosorb iQ (USA)
instrument that measures the quantity of gas
adsorbed onto or desorbed from a solid surface at an
equilibrium vapor pressure by the static volumetric
method.

The analytical procedures were applied in order
to determine the morphology, surface area, pore
diameter and distribution, etc. All the properties are
important for characterization of a catalyst.

Electrode manufacturing

The electrodes were manufactured with Vulcan®
XC72 (conductive carbon black, particle size ~ 50
nm, Merck) and Teflon® (PTFE powder, free-
flowing, 1 um particle size, Merck) as a binder. All
electrodes had a geometric area of 1 cm?® and were
prepared from a mixture of catalyst, Teflon (35%)
and Vulcan XC72 (60 mg/cm?). Different electrodes
with 20 mg, 40 mg, 60 mg, 80 mg of ZrO: catalyst
and without a catalyst were obtained. The mixture
(catalyst, Teflon and Vulcan XC72) was pressed on
both sides of a current collector, which is a stainless-
steel mesh (1 cm?) at 300 °C and a pressure of 300
atm.
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Experimental equipment, conditions and
electrochemical analysis

The electrolyte solution contained sodium sulfide
(Na2S.9H20, ACS reagent, >98.0%, Merck) and
sodium chloride (NaCl, Merck). The concentration
of S* in the electrolyte was 65 mg/l and that of NaCl
- 18 g/1. These concentrations were chosen from our
previous investigation [30] as those providing the
most appropriate rate of oxidation. NaCl was added
in order to improve the conductivity of the solution
(this is the salinity of the Black Sea) [30]. The
hydrogen sulfide from Black Sea can be utilized in
fuel cells.

The 1 cm?® electrodes were studied by cyclic
voltammetry, steady-state polarization curves and
Tafel analysis. The cyclic voltammetry
measurements were done on a Solartron 1286
electrochemical  analyzer. The  polarization
characteristics were determined on a Tacussell
bipotentiostat type BI-PAD. Minimum three
measurements were made for each result to achieve
better reproducibility. Arithmetic averages are
presented in  the  graphs.  Galvanostatic
measurements were made with Solartron 1286 (Fig.
1) at room temperature and a cell volume of 50 ml.
The reference electrode was a reversible hydrogen
electrode (RHE) (Gaskatel). The counter-electrode
was platinum foil.

Solartron

counter electrode

(Pt)

1

working electrode reference electrode

(RHE)
Fig. 1. Scheme of the three-electrode cell

RESULTS AND DISCUSSION
XRD studies

The samples were examined using a Philips X-
ray diffractometer PW 1030.
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Fig. 2. XRD of the ZrO2 on sunflower husks

In the literature peaks are observed at 2 theta for
tetragonal and monoclinic zirconia, respectively
[33]. In our studies XRD peaks, as presented in Fig.
2, are manifested at 24°, 28°, 30°, 35°, 40°, 50°, 60°,
63°, corresponding to the diffraction patterns of
(111), (200), (220), (311), (222) and (400), likewise
clearly tetragonal and monoclinic zirconia are
present, matching the hexagonal wurtzite single
crystal structure with the standard ZrO2 (PDF card
#82e1245).

SEM studies

——500nm  x30000 80 keV. Voi 08 000 0F x Y —

\
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Fig. 3. SEM images of ZrO2 on sunflower husks

Scanning electron microscopy (SEM) images of
the ZrO:2 surface morphology, obtained at different
magnifications, are shown in Figure 3. The
morphology of the pure ZrO: includes rectangular
shapes of 20x500 nm. The material has an irregular
network structure with a variety of large and small
round particles, a rigorous structure with voids
interacting with the solution, together with a
hierarchy of channels aiding the processes of
molecular diffusion leading to the catalytic reactions
observed.

BET studies (surface area and pore size analysis)

Isotherms of the type shown in Figure 4 reveal
that the adsorbate-adsorbent interactions are
relatively weak. The steep vertical rise of the
isotherms near P/Po = 1 indicates the presence of

macropores in the measured samples.
200

150 L= §

100

Volume adsorbed ® STP (cm?/g)

0 0.2 0.4 0.6 0.8 1

Relative pressure P/P,

Fig. 4. BET isotherms of the ZrO2 on sunflower husks

The specific surface area was determined by the
BET method. Multipoint BET was determined at a
relative pressure in the range p/p0 = 0.1-0.3; and
single-point BET at p/p0 = 0.3. The pore volume was
read at a relative measurement pressure close to 1
(p/p0 = 0.99). The pore diameter was calculated
assuming that the pores have a cylindrical geometry,
at p/p0 = 0.99. The results are summarized in Table
1.

Table 1. BET structural characteristics of ZrO2

Characteristics Pure husk Zer onto
biochar
Surface area
(multi-point BET), 477 430
m*/g
Surface area
(single-point BET), 497 445
m?*/g
0.301 0.268
Total pore volume, f f -
om’/g or pores < or pores
142 nm (D) 160 nm (D)
Average pore
diameter, (4V/S), 25 25
nm

The presence of macro and mesopores facilitates
the catalytical process, the adsorption of the reagents
and the desorption of the products.
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Polarization curve analysis
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Fig. 5. Galvanostatic polarization curves of the
electrodes as a function of the amount of ZrO: catalyst.

Figure 5 shows the polarization curves of the
electrodes obtained for 20 mg, 40 mg, 60 mg, 80 mg
of ZrO: catalyst, and without a catalyst. The figure
shows that electrode (A) containing 40 mg of ZrO:
catalyst and 60 mg of Vulcan XC-72 has the best
electrochemical characteristics providing the lowest
overpotential. The electrode containing 60 mg of
ZrO2 catalyst and 60 mg of Vulcan XC-72 provides
a slightly higher overpotential and, hence, has
inferior characteristics.

Tafel analysis

700

650 A B
600 - 126 mV/dec

550 -

500 1 75 mV/dec

450 1

A

EmVvsRHE

400

-1 0 1
Igi

Fig. 6. Tafel slopes of electrodes containing 40 mg (A)
and 60 mg (B) of ZrO2 catalyst.

The Tafel slopes presented in Fig. 6 are of the two
electrodes (A and B), with the best electrochemical
characteristics given in the polarization curves
shown in Fig. 5. The figure (Figure 6) shows that
electrode A, containing 40 mg of ZrO: catalyst and
60 mg of Vulcan XC-72, possesses the best kinetic
parameters. The results of Tafel slopes of 75 mV and
126 mV/dec, respectively, are close to literature data
[34] for ZrO: catalyst. This improves the
understanding of the electrocatalytic mechanisms of
Z1O2 catalyst supported on sunflower husks, but also

90

paves the way for its application in efficient and
sustainable energy systems.

Cyclic voltammetry studies

It is observed that there are a pair of redox peaks
for the electrode with 40 mg/cm?. They can be found
at 108, 90, 101 and 95 mV (Figure 7). The multiple
peaks indicate the presence of electrochemical
activity of the electrode in the selected solution. The
availability of many peaks demonstrates the
occurrence of different chemical reactions. This is to
be expected, given the possibility of occurring of
multiple chemical transformations of sulfur ions.

15
10:
s ]
vl
%]

i, mA

10 A
15 A
220 A

28+ T T T 7T T T T 7
-600 -400 -200 0 200 400 600 800 1000 1200 1400 1600

E,mV

Fig. 7. Cyclic voltammogram of a ZrO: electrode,
electrolyte (65 mg/l S +18 g/l NaCl); T = 25°C

CONCLUSIONS

ZrO2 catalyst was synthesized on sunflower
husks. It was characterized by XRD that showed
tetragonal and monoclinic zirconia and hexagonal
wurtzite single crystal structure of standard ZrOs-.
The BET isotherms showed that the adsorbate-
adsorbent interactions are relatively weak. The
morphology of the pure ZrO:2 includes rectangular
shapes of 20x500 nm. The material possesses an
irregular network structure with a variety of large
and small round particles.

At low current densities (up to 5 mA / cm?) the
measured electrodes show similar characteristics. At
high current densities, the electrode containing 40
mg of ZrO: catalyst and 60 mg of Vulcan XC-72
shows the best electrochemical characteristics.
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