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Editorial

This issue of the Journal of the Serbian Chemical Society — JSCS honors the
jubilee anniversary, marking 15 years since the title Professor Emeritus of the
University of Novi Sad was first bestowed. We express our sincere gratitude to
the Editor-in-Chief and Editorial Team of JSCS for accepting the special concept
of this issue, which aims to promote research results across multiple fields, with a
particular emphasis on interdisciplinary collaboration.

The title of Professor Emeritus was established in Serbia in 2005 by the Law
on Higher Education as a distinguished honor for exceptional achievements in
academic career and contributions to affirming the home institution both nation-
ally and internationally, mirroring a long-standing practice and tradition of uni-
versities worldwide. After the adoption of the University of Novi Sad Statute and
the regulations outlining criteria and procedures, the title of Professor Emeritus
of the University of Novi Sad was inaugurated in 2008, honoring six of our col-
leagues with remarkable academic careers. Since then, it has been bestowed upon
52 esteemed professors from 11 Faculties. The inclusion of all educational-sci-
entific and artistic fields has fostered an innovative environment and catalyzed
collaboration, facilitating the exchange of experiences, strengthening interdiscip-
linary bonds and underscoring a commitment to holistic research approaches.

Following the initiative of the professors emeriti, the Association of Pro-
fessor Emeritus of the University of Novi Sad was founded in 2017 through the
decision of the Senate and the Council of the University, with its activities com-
mencing upon the election of the Presidency in 2018. In brief, its mission is
defined by the following key objectives: evaluating curricula development and
research trends at both national and international levels; promoting interdisciplin-
arity as a challenge of the modern era; facilitating the promotion and dissemin-
ation of scientific and artistic achievements within the academic and wider com-
munity; and fostering collaboration and networking between academic and other
institutions on both national and international scales.

The five years of the Association’s work are characterized by a myriad of
activities. During this time, over 20 presentations and interactive workshops, led
by distinguished national and international scientists and experts from various

Available online at: http://www.shd.org.rs/JSCS
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fields, were organized, all open to the general public. Among the presenters and
workshop moderators were many prominent members of the Serbian academic
community, alongside colleagues from the USA, China, Germany, Slovenia,
Great Britain, Portugal, Poland, Croatia, New Zealand, Italy and Canada, each
possessing exceptional reputations and international experience. Additionally, six
projects, supported by the Secretariat for Higher Education and Scientific Res-
earch of the Autonomous Province of Vojvodina, were undertaken, encompass-
ing a variety of activities aimed at addressing key contemporary academic and
research challenges and fostering institutional cooperation and networking.
Undoubtedly, the unwavering support of the Rectorate and professional services
of the University of Novi Sad and its Faculties significantly contributed to the
realization of the Association’s activities.

The publication of this special issue of the Journal of the Serbian Chemical
Society marks a significant step toward accomplishing the Association’s object-
ives. In conceptualizing its content, the experiences gained from activities aimed
at acquainting a broader audience with scientific findings across various fields
played a crucial role, further motivating the recognition of the importance of
exchanging ideas and making connections between different professions to pave
the way to pioneering new research avenues. This issue features papers spanning
natural, technical-technological, medical, and social sciences, authored by col-
leagues who have embraced an interdisciplinary approach to their research. It
constitutes a diverse compilation of scientific inquiries, firmly grounded in the
fundamental scientific fields covered by the Journal and situated within an inter-
disciplinary context, thereby contributing to transcending conventional bound-
aries in the application of research findings. This issue also promotes the con-
tinual research engagement of professor emeriti, who co-authored the papers, and
their collaboration with researchers of various backgrounds and expertise, inc-
luding young scholars. The diverse authorship, representing numerous academic
and research institutions, underscores the importance of fostering collaboration
and knowledge exchange in tackling the contemporary challenge of rapid science
and technology development.

Available online at: http://www.shd.org.rs/JSCS
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Prof. Emerita Dr. Mirjana Vojinovi¢ Miloradov and Prof. Emerita Dr. Rad-
mila Marinkovi¢-Neducin, leading members of the Presidency of the Association
of Professors Emeritus of the University of Novi Sad, have been appointed as
guest editors for this issue, which was a special honor. We thank all contributors
and young researcher supporting team for their efforts, as well as the Secretariat
for Higher Education and Scientific Research of the Autonomous Province of
Vojvodina for the financial support in realizing this issue.

Guest Editors

Prof. Emer. Dr. Mirjana Vojinovi¢ Miloradov
University of Novi Sad, Faculty of Technical Sciences

Prof. Emer. Dr. Radmila Marinkovi¢-Neducin
University of Novi Sad, Faculty of Technology

Prof. Emerita Dr. Mirjana Vojinovi¢ Miloradov initiated this issue and
played a pivotal role in shaping it with unparalleled dedication. With profound
sadness, we bid farewell as she departed at the very end of its preparation, but her
exceptional contribution will always be remembered. Being the first name on the
list of elected professors’ emeriti in 2008, her remarkable academic career,
coupled with her steadfast adherence to the highest academic and ethical stan-
dards, epitomizes the noble ideals embodied by this title.

Prof. Emer. Dr. Radmila Marinkovi¢-Neducin

Available online at: http://www.shd.org.rs/JSCS
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Comparative study between homemade and commercial
hawthorn (Crataegus spp.) extracts regarding their phenolic
profile and antioxidant activity

NEMANJA ZIVANOVIC, NATASA SIMIN*, MARIJA LESJAK, DEJAN ORCIC,
NEDA MIMICA-DUKIC and EMILIJA SVIRCEV

University of Novi Sad, Faculty of Sciences, Novi Sad, Serbia
(Received 30 November, revised 8 December 2023, accepted 23 January 2024)

Abstract: Crataegus species (hawthorn) have been commonly used in tradit-
ional medicine, especially for the treatment of congestive heart failure. Many
studies confirmed that they are rich in polyphenols, thus exhibiting strong
antioxidant activity, which contribute to the beneficial effects of hawthorn on
the cardiovascular system. In the market, there are many herbal medicinal pro-
ducts based on hawthorn, which consumption as adjuvant therapy in heart-rel-
ated issues is supported by European Medicines Agency. Since there is a global
trend of making homemade herbal preparations, this study aimed to compare
whether there is a difference in polyphenol profile and antioxidant potential
between homemade and commercial ethanol extracts of hawthorn. Polyphenol
profile was evaluated by determination of total phenolic and flavonoid cont-
ents, and by quantitative analysis of selected polyphenols by liquid chromato-
graphy—mass spectrometry/mass spectrometry. Antioxidant potential was exam-
ined by 2,2-diphenyl-1-picrylhydrazyl, ferric ion reducing antioxidant power
and lipid peroxidation inhibition assays. The results of this study suggest that
homemade ethanol extracts of hawthorn flowers, leaves and fruits are just as
good source of polyphenols and antioxidants as commercial ones, and their
utilization should be supported. Furthermore, hawthorn extracts made of leaves
and flowers are better source of bioactive polyphenols and have higher anti-
oxidant activity compared with the same of fruits, regardless of the method of
preparation.

Keywords: polyphenols; LC-MS/MS; DPPH; FRAP; lipid peroxidation.

INTRODUCTION
Crataegus spp. are commonly known as hawthorn. It is a large genus of
shrubs, belonging to the Rosaceae family, which comprises around 280 species.
Hawthorn plants grow in areas with mild climate in Europe, Asia and North

* Corresponding author. E-mail: natasa.simin@dh.uns.ac.rs
https://doi.org/10.2298/JSC231130006Z

603

Available online at: http://www.shd.org.rs/JSCS

(CC) 2024 Serbian Chemical Society.



604 ZIVANOVIC et al.

America.! In Europe and North America, the most common species are Cra-
taegus monogyna Jacq, C. laevigata Poir (syn. C. oxiacantha L.) and C.
pentagyna Waldst, while in China the most frequent species is C. pinnatifida
Bge.2

Thanks to its medicinal properties, hawthorn species, particularly its flowers,
leaves and fruits, have a long history of usage in the folk medicine of many
countries. Traditionally, hawthorn preparations have been used to treat congest-
ive heart failure, a disease defined by the inability of a weakened heart to pump
blood well and to effectively provide oxygen and nutrients to peripheral tissues.
Nowadays, numerous in vivo and in vitro studies confirmed different biological
activities of Crataegus species, including antioxidant, antimutagenic, antimic-
robial, hypolipidemic, hypoglycemic, immunostimulatory, hepatoprotective,
cardiotonic, antihypertensive, diuretic, etc., which all can be associated with its
traditionally recognized heart-protective benefits. The listed beneficial medicinal
properties of hawthorn species can be attributed to a variety of bioactive com-
pounds, including polyphenols, organic acids and amines, whose presence in
hawthorn is confirmed in previous studies.!=>

Numerous herbal medicinal products made from hawthorn, mainly for treat-
ing heart failure, are available on the worldwide market. Hawthorn flowers and
leaves can be found in various herbal preparations, such are: comminuted or
powdered herbal substance, dry or liquid extracts, tinctures or expressed juices
from fresh herbal material.® Also, different pharmaceutical forms of hawthorn
preparations, including herbal teas or solid and liquid dosage forms for oral use
are present. They may be sold as authorized prescription pharmaceuticals, over-
-the-counter (OTC) medications, authorized herbal medicinal items, dietary sup-
plements or unregulated herbal remedies. They are often registered and sold as
herbal or traditional herbal medicinal products, herbal dietary supplements or
unregulated herbal remedies. Even though the products from hawthorn flowers &
leaves have been granted a positive monograph by the European Medicines
Agency (EMA), its latest guidelines strongly recommend against employing
hawthorn preparations as monotherapy in heart failure. Instead, they should be
used as an adjuvant therapy.” Specifically, the Committee on Herbal Medicinal
Products (HMPC) of the EMA concluded that hawthorn flower and leaf prepar-
ations can be used alone to ease symptoms of transitory cardiac complaints asso-
ciated with anxiousness, such as palpitations, only once serious heart conditions
have been excluded by a medical expert. They can also be applied to alleviate
moderate symptoms of stress and to improve sleep.® In addition, due to the rich
occurrence of bioactive polyphenols, phytopreparations made of hawthorn could
also be used as antioxidants for alleviating oxidative stress.®

One of the most popular products made of hawthorn use on the market are
liquid herbal extracts, obtained from various plant parts (e.g. flower, leaf and

Available online at: http://www.shd.org.rs/JSCS
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HOMEMADE vs. COMMERCIAL HAWTHORN EXTRACTS 605

fruit) made by hydroalcoholic (methanol or ethanol) or water-based extraction.
They are known as hawthorn tinctures or drops. According to the official Euro-
pean Pharmacopoeia, these liquid extracts can be made by extraction with etha-
nol (30-70 vol. %) and are standardized to a minimum of 0.8-3.0 % of flavo-
noids, expressed as hyperoside.%>10 On the other side, in the German Pharma-
copoeia, the liquid extract (Crataegi extractum fluidum) is officinal preparation,
standardized to 0.25-0.5 % of flavonoids, calculated to hyperoside.!!

Nowadays, trend of consuming herbal extracts, such as liquid herbal ext-
racts, is growing. Namely, the global herbal extract market is forecasted to exp-
erience a compound annual growth rate (CAGR) of 6.63 % during the forecast
period 2022-2027.12 In parallel, a trend of making homemade products, includ-
ing herbal preparations, is rising. Globally, do-it-yourself (DIY) culture is dev-
eloping in many areas, due to different reasons such as: products costs rising,
consumer mistrust in the quality of ingredients used in the industrial production
processes as well as in medical approaches and health professionals, and a grow-
ing trend among consumers to turn to a more natural and simple way of life.
Also, making one’s own product can be a type of hobby that causes a feeling of
joy upon preparing something beneficial for oneself.!3:14 Bearing all the above
mentioned in mind, the aim of this study was to reveal is there a difference in
polyphenol quantitative and qualitative composition and antioxidant potential
between homemade and commercially available hawthorn (Crataegus spp.) her-
bal ethanol extracts, made from hawthorn fruits or a mixture of flowers and
leaves. The end purpose of this study was to conclude whether homemade haw-
thorn herbal ethanol extracts have sufficient quality and if their production by
individuals should be encouraged and promoted.

EXPERIMENTAL
Extract preparation

A commercially available plant material of European origin was purchased in health
food stores in Novi Sad, Serbia. The first material was a mixture of dried comminuted flowers
and leaves, while the second one was dried hawthorn fruits. Each plant material was pur-
chased from three different stores (different producers) and mixed in order to obtain compo-
site sample, which was used for extracts preparation by maceration. On 30 g of dry flowers
and leaves 150 mL of 70 % aqueous EtOH was added and maceration was performed over-
night at room temperature. Afterwards, the extract was filtered and maceration was repeated
one more time on plant leftovers following the same procedure. This extract is named home-
made flowers and leaves extract (HMFL). For the purpose of further analysis, extract was
evaporated to dryness in vacuo (35 °C), after which dry extract was dissolved in 50 % aque-
ous EtOH to the final concentrations of 200 mg/mL. The same procedure was repeated for
preparation of fruit extract, except that 10 g of dry fruits was mixed with 50 mL of 70 % aque-
ous EtOH. This extract is named homemade fruit extract (HMF).

The samples of two types of commercial extracts of Crataegus spp., produced by Insti-
tute for medicinal plants research “Dr Josif Panci¢”, were purchased in pharmacies in Novi

Available online at: http://www.shd.org.rs/JSCS
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Sad, Serbia. The first type of extract was 56 % aqueous EtOH extract of flowers and leaves
(labelled as CFL) and the second was aqueous-EtOH extract of fruits (CF). The commercial
extracts were evaporated to dryness in vacuo (35 °C) and dry extracts were dissolved in 50 %
aqueous EtOH to the final concentration of 200 mg/mL.

Chemical characterization of homemade and commercial hawthorn extracts

Chemical characterization of extracts was done by determination of total phenolic and
flavonoid contents, as well as quantitative liquid chromatography—mass spectrometry/mass
spectrometry (LC-MS/MS) analysis of 45 selected compounds. Total phenolic content was
determined according to Lesjak et al. by the Folin—Ciocalteu method.!> Results were exp-
ressed as mg of gallic acid equivalents per g of dry weight (mg GAE/g dw). Total flavonoid
content was determined according to Lesjak et al. using the colorimetric method and results
were expressed as mg of quercetin equivalents per g of dry weight (mg QE/g dw).1?

The content of quinic acid and other 44 selected phenolic compounds (14 phenolic acids,
25 flavonoids, 2 lignans and 3 coumarins) was determined by LC-MS/MS according to the
previously reported method.!® Standards of the compounds were purchased from Sigma—
—Aldrich Chem, Fluka Chemie GmbH or from ChromaDex (Santa Ana, CA, USA). Samples
and standards were analyzed using Agilent Technologies 1200 Series high-performance liquid
chromatograph coupled with Agilent Technologies 6410A Triple Quad tandem mass spectro-
meter with electrospray ion source, and controlled by Agilent Technologies MassHunter
Workstation software — Data Acquisition (ver. B.03.00). All extracts were diluted with 50 %
aqueous MeOH to the concentrations of 20 and 0.1 mg/mL. The sample (5 pL) was injected
into the system, and compounds were separated on Zorbax Eclipse XDB-C18 (50 mm x4.6
mm, 1.8 um) rapid resolution column. Data were acquired in dynamic multiple reaction
monitoring (MRM) mode, peak areas were determined using Agilent MassHunter Workstation
Software — Qualitative Analysis (ver. B.06.00). Calibration curves were plotted by OriginLabs
Origin Pro (ver. 2019b) software and used for calculation of investigated compounds
concentration in the extracts. Results are expressed as pg per g of dry weight (ug/g dw).

Determination of antioxidant potential of homemade and commercial hawthorn extracts

Antioxidant potential was evaluated by 2,2-diphenyl-1-picrylhydrazyl (DPPH) assay,
ferric reducing power assay (FRAP) and inhibition of lipid peroxidation (LP) assay. DPPH
assay was performed according to Lesjak et al. The results were expressed as /Cs, (mg/mL).13
FRAP assay was performed according to Lesjak et al. and results were expressed as mg of
ascorbic acid equivalents per g of dry weight (mg AAE/g dw).!5 The ability of extracts to
inhibit LP was determined by TBA assay according to Pinta¢ et al.!” Results were expressed
as ICsy (mg/mL).

Statistical analysis

The percent of inhibition achieved by different extract concentrations was calculated
with the following equation: 7 (%) = 100(1-4/4), where 4 was the absorbance of the inves-
tigated extracts corrected for the absorbance of the blank probe, and 4, was the absorbance of
the control. The /Cs, values were determined by plotting inhibition—concentration curves in
the OriginLabs Origin Pro (ver. 2019b) software. Results were expressed as mean + standard
deviation (SD) of three replicates. A comparison of the group means and the significant differ-
ence between the groups was verified by one-factor ANOVA followed by Tukey’s HSD post-
-hock test (p < 0.05). This was performed in Excel using the add-in Xrealstats from Real
Statistics.
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RESULTS AND DISCUSION

Chemical composition of homemade and commercially available hawthorn extracts

Phenolic profile of hawthorn extracts was determined by measuring the total
phenolic and flavonoid contents, as well as by quantitative LC-MS/MS analysis
of selected compounds.

The total phenolic content was in the range of 17.0-190 mg GAE/g dw,
while the total flavonoid content was in the range of 1.4—48.0 mg QE/g dw (Fig.
1). Flowers and leaves extracts had a significantly higher content of both total
phenolic and flavonoid contents compared with fruit extracts, while homemade
HMFL extract had the highest amount of both total phenolic and flavonoid con-
tents among all examined samples. There was no significant difference in the
contents of total phenolics and flavonoids between HMF and CF. The same con-
clusions can be made if TPC and TFC are calculated to a daily dose of the ext-
racts (60 drops = 3 mL). If HMFL extract is consumed, TPC in a daily dose is
26.8 mg GAE, while with CFL extract it is 20.1 mg GAE. In the case of TFC, the
daily intake through HMFL extract will be 6.77 mg QE, and through CFL extract
3.36 mg QE, which is twice lower. The TPC and TFC in a daily dose of fruit ext-
racts were significantly higher in HMF compared to CF (2.98 mg GAE for HMF
and 1.80 mg GAE for CF; 0.25 mg QE for HMF and 0.175 mg QE for CF).
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Fig. 1. Total phenolic (A) and flavonoid (B) contents in homemade and commercial hawthorn
extracts. HMFL - homemade flowers and leaves extract, CFL — commercial flowers and
leaves extract, HMF — homemade fruit extract, CF — commercial fruit extract.

Letters a—c denote a significant difference between samples (p < 0.05).

The results of the LC-MS/MS analysis revealed that 36, out of 45 analyzed
compounds, were present in examined hawthorn extracts (Table I). Quinic acid,
an intermediate in biosynthesis of chlorogenic acids, was the most abundant,
especially in flowers and leaves extracts. Most phenolic acids and flavonoids
were present in significantly higher amounts in flowers and leaves extracts com-
pared with extracts of fruits. Analyzed but not detected compounds were: umbel-
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liferon, o-coumaric acid, 3,4-dimethoxicinnamic acid, daidzein, genistein, mat-
airesinol, secoisolariciresinol, baicalin, epigallocatechin gallate.

TABLE 1. The content of selected phenolic compounds and quinic acid (pug/g dw) in home-
made and commercially available hawthorn extracts analyzed by LC-MS/MS; abbreviations:
HMFL — homemade flowers and leaves extract, CFL — commercial flowers and leaves extract,
HMF — homemade fruit extract, CF — commercial fruit extract. Letters a—d denote a signific-
ant difference between samples (p < 0.05)

Compound

HMFL

CFL

HMF

CF

Quinic acid

60680£6068P

75730+£75732

22450+£2245¢

23700+2370°

Hydroxybenzoic acids

p-Hydroxybenzoic acid
Gentisic acid
Protocatechuic acid
Gallic acid

Vanillic acid

Syringic acid

132.4+7.9452
3.679+0.2942
46.21+3.697°¢
2.811+0.253¢
61.23+18.372
4.557+0.911°¢

97.28+5.837°
/e
85.99+6.879b
7.338+0.6602
22.62+6.785%
4.935+0.987¢

19.26+1.1564
2.460+0.197°
63.65+5.092¢
<2.450f
43.79+13.14ab
14.89+2.978b

58.92+3.535¢
/
169.6+13.572
6.126+0.551
11.22+3.366°¢
23.75+4.7502

Hydroxycinnamic acids

Cinnamic acid
p-Coumaric acid
Caffeic acid
Ferulic acid

40.46+8.0912
16.28+1.465b¢
20.65+1.446°
7.629+0.763b

50.59+10.1192
75.52+6.796%
57.454+4.021%
12.94+1.2942

5.836+1.167°
11.64+1.048¢
4.949+0.3464
4.899+0.490°

5.937+1.187°
23.34+2.100°
11.27+0.789¢
11.08+1.1082

Sinapic acid / 0.852+0.085°  1.481+0.148> 2.363+0.2362
5-O-Caffeoylquinic acid 14020£701°  23500£1175%  159.3£7.966¢ 185.7+9.284¢
Coumarins
Esculetin 2.303+0.138°  4.087+0.2452  0.495+0.030¢ 3.599+0.216°

Scopoletin <0.600 <0.600 / /
Flavonols
Quercetin 104.6+31.38%  2452+73.562  39.26+11.78¢ 47.62+14.294
Rutin 2309:+69° 3529+106% 100.8+3.023¢ 140.8+4.224¢
Quercetin 3-O-glucoside + 130/ 6100 1104016630 1901+£114¢  2931+176¢
quercetin 3-O-galactoside
Quercitrin 8.940+0.536%  4.086+0.245>  0.525+0.031¢ 0.464+0.028¢
Isorhamnetin 3.534+0.212°  6.385+0.3832  2.039+0.122¢ 3.545+0.2134
Kaempferol 13.1540.920®  15.00+1.050*  3.418+0.239¢ 8.538+0.598b
Kaempferol 3-O-glucoside 122740868  951.7+66.62°  66.23+4.636¢ 109.5+7.665¢
Flavones
Baicalein 2.068+0.6212  2.616+0.785? / /
Amentoflavone <0.600 / / <0.600
Luteolin 8.268+£0.413%  21.31£1.066°  1.213+0.061°¢ 2.356+0.118¢
Luteolin 7-O-glucoside 190.1£5.7022  140.0£4.199°>  1.332+0.040° 2.527+0.076°
Apigenin 1.672+0.117°  8.090+0.5662 <0.075 0.146+0.010°
Apigenin 7-O-glucoside 31.94+1.597  9.866+0.493P <0.075 0.198+0.010°
Vitexin 88.77+4.438%  93.93+4.696%  5.978+0.299® 13.02+0.651°
Apiin <0.075 0.698+0.0352 <0.075 <0.075
Chrysoeriol 0.949+0.028>  8.533+0.256®  0.267+0.008° 0.926:+0.028P
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TABLE I. Continued

Compound HMFL CFL HMF CF
Flavones

Myricetin <9.750 <9.750 <9.750 <9.750
Flavanones

Naringenin 46.42+3.249°  72.42+5.0702 1.756+0.123° 3.784+0.265¢
Flavan-3-ols

Catechin 18.10+1.810? / 8.686+0.869P 8.818+0.882°

Epicatechin 342643432 1720£172>  398.8+39.88° 240.9+24.09¢

®Concentration is below the instrument’s limit of detection (LOD); feoncentration is below the limit of quan-
tification (LOQ)

The amounts of selected polyphenols quantified by LC-MS/MS calculated
to a daily dose of examined hawthorn extracts are available from authors upon
request. The amount of examined phenolic acids and flavonoids in a daily dose of
HMFL and CFL were significantly higher than the same in a daily dose of HMF
and CF.

Antioxidant activity of homemade and commercially available hawthorn extracts

The antioxidant potential of hawthorn extracts was evaluated by DPPH,
FRAP and LP assays, and the results are shown in Fig. 2.

From the results it can be seen that all samples displayed some level of anti-
oxidant activity. Flowers and leaves extracts had significantly higher antioxidant
potential compared to fruit extracts. In the FRAP assay, antioxidant activity was
in the range of 10.1-100.8 mg AAE/g dw, with the highest activity shown by
HMFL. In the DPPH assay, /Csg was in the range of 0.03—-0.41 mg/mL, with the
highest activity expressed by HMFL and CFL. Compared to the standard anti-
oxidant butylated hydroxytoluene (BHT), with /Cs( of 0.009 mg/mL!7, hawthorn
extracts were less potent quencher of DPPH radicals. All hawthorn samples inhi-
bited LP, and /C5q was in the range of 0.14—1.56 mg/mL. The highest inhibitory
activity towards LP was expressed by HMFL and CFL, while fruit extracts were
significantly less potent inhibitors. Compared to BHT, with /Cs( of 0.001 mg/mL,17
hawthorn extracts were significantly less potent inhibitors of LP. However,
HMFL and CFL, but not HMF and CF, were more potent compared to propyl
gallate (PG), with IC5 of 0.05 mg/mL.17

According to the results obtained in this study, homemade extract of flowers
and leaves of hawthorn had the highest TPC and TFC, as well as content of indi-
vidual polyphenols determined by LC-MS/MS, among all examined samples.
Furthermore, both HMFL and CFL contained higher amounts of polyphenols
than fruit extracts, which is in accordance with the findings of other researchers
mentioned below. Also, even though extracts examined in this study can be reg-
arded as rich sources of polyphenols, some other researchers reported higher con-
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tents of total phenolics and flavonoids, as well as individual polyphenols. These
differences could be a consequence of different geographical origin of the
samples, different Crataegus species and chemotypes, or different extraction pro-
cedures. In addition, to our knowledge, there was no literature data regarding
evaluation of polyphenol composition and antioxidant activity of commercial
preparations made of hawthorn, just ones prepared in the laboratory.
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Fig. 2. Antioxidant activity of homemade and commercial hawthorn extracts; A — FRAP
results, B— DPPH assay results and C — LP inhibition assay results. HMFL — homemade
flowers and leaves extract, CFL — commercial flowers and leaves extract, HMF — homemade
fruit extract and CF — commercial fruit extract. Letters a—c denote a significant difference
between samples (p < 0.05).

Namely, in the available literature, there is abundance of data regarding the
total phenolic and flavonoid contents of EtOH hawthorn extracts. Specifically, it
was reported that leaf EtOH extract of C. monogyna contains 473.4 mg GAE/g
dw of total phenols and 80.9 mg QE/g dw of total flavonoids.!3 Also, it was det-
ermined that total phenolic content in fruit extracts of different Crataegus spp.
grown in Turkey was in the range of 360-380 mg GAE/g of dried fruit, while
total flavonoid content was in the range of 13-20 mg QE/g dw.3 Furthermore, the
total phenolic content in EtOH extract made of mixture of C. monogyna and C.
oxycantha fruits grown in Serbia, was 35.4 mg GAE/g dw as published by Tadié¢
et al.!9 Zhang and collaborators determined that the total phenolic and flavonoids
contents in ethanol extract of fruits of C. pinnatifida grown in China was 65 and
63 mg GAE/g dw, respectively,20 while total phenolic content in methanol ext-
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ract of dry aerial parts (flowering tops or flowers with young leaves) was 562.9
mg GAE/g dw and in dry fruit methanol extract 128.2 mg GAE/g dw, both from
C. monogyna grown in France, as publishes by Froechlicher et al.2!

LC-MS/MS analysis in the present study has shown that ethanolic flowers
and leaves extracts, especially homemade extract, contain high amounts of chlo-
rogenic acid, rutin, quercetin 3-O-glucoside and hyperoside, kaempferol 3-O-glu-
coside and epicatechin. Amounts of these compounds were significantly lower in
fruit extracts. Also, different HPLC methods were performed for analysis of
polyphenols in hawthorn extracts in previous studies. Specifically, Bardakci et al.
detected epicatechin, vitexin, isoorientin, hyperoside, chlorogenic acid and quer-
cetin in fruit extracts of different Crataegus species.? Tadic et al. analyzed chem-
ical composition of fruit extracts using HPLC-DAD method and determined
chlorogenic acid, isoquercitrin, hyperosid and quercetin in higher concentrations,
as well as rutin and vitexin in traces.! Zhang and collaborators detected epicat-
echin and procyanidin B2 as the main components of methanolic extract of C.
pinnatifida fruits in the concentrations of 2.816 and 2.435 mg/g dw, respect-
ively,20 which is lower than epicatechin determined in HMFL, and higher then
epicatechin determined in CFL and fruit extracts from this study. Froechlicher et
al. analyzed the content of chlorogenic acid, caffeic acid, hyperoside and epicat-
echin in extracts of fresh and dried fruits and dried aerial parts. Dry flowering
tops (flowers with young leaves) extract contained the highest amounts of these
compounds, followed by extracts of fresh and dried fruits,2! which is also in
accordance with the results reported here.

Results of this study showed that flowers and leaves extracts had higher
DPPH scavenging activity compared to fruit extract, whit the HMFL extract
being the most potent among the examined extracts. Determined values in this
study are in accordance with values reported by other researchers. Namely,
DPPH radical scavenging activity of fruit hawthorn extracts of different Crat-
aegus species expressed as /Cso published by other authors was in the range of
1.2-2.4 mg/mL,3 1.41° and 0.013 mg/mL.22 Froechlicher et al. evaluated the
DPPH scavenging activity of dry aerial parts and dry fruit extracts of C. mono-
gyna. The aerial parts extract was 5 times more active than fruit extract. How-
ever, these results were published in Trolox equivalents which cannot be com-
pared with findings from this study.2! Furthermore, DPPH neutralization activity
of mixed flower and leaf and fruit ethanol extract of C. monogyna collected in
Italy, expressed as /Cso were 0.003 and 0.013 mg/mL, respectively,2? which is in
accordance with results reported in this paper for flowers and leaves extracts.
Furthermore, it was published that ethanol extract of C. azarolus leaves collected
from Lebanon expressed /Csq value for DPPH 0.050 mg/mL, which is in accord-
ance with results presented herein.23
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FRAP assay also showed that the flowers & leaves extracts had higher anti-
oxidant capacity compared to the extracts of fruits, with the HMFL being the
most potent among all examined extracts herein. Other authors also investigated
hawthorn antioxidant potential using this assay. Namely, antioxidant activity det-
ermined by FRAP assay was 531.4 and 955.8 mg AAE/L for fruits and aerial
parts extracts, respectively, prepared by traditional maceration, and 105.3 and
1630.9 mg AAE/L for fruits and aerial parts extracts, respectively, prepared by
sonicated extraction, both with ethanol, for C. monogyna collected in Ireland,24
which is in correlation with our results. Others evaluated the antioxidant activity
of fruit extracts of different Crataegus spp. and they were in the range of 0.50—
—2.83 mM FeSOy4 eq per 1 g sample, showing good antioxidant activity but less
potent than BHT which they used as a reference (4.24 mM FeSOy4 eq per 1 g of
sample).3

Shortle et al. have examined the effects of hawthorn extracts on LP and
found good inhibitory activity. The most active sample was the extract of aerial
parts prepared by sonicated maceration, followed by aerial parts and fruit extracts
obtained by traditional maceration, while the least active sample was fruit extract
obtained by sonicated maceration.24 These results are not fully comparable with
the results of this study because of different methodologies applied, but in both
studies aerial part extracts were more active than fruit extracts.

Hawthorn has been traditionally used for the treatment of heart conditions.
Leaf and flower extracts possess inotropic and chronotropic effects on the heart
and can enhance coronary blood flow. It is assumed that flavonoids present in
examined extracts, such as epicatechin, catechin, rutin, quercetin, vitexin and
hyperoside are responsible for these effects.2> Namely, flavanols, including epi-
catechin and catechin, can reduce ROS and increase the bioavailability of NO, an
important messenger for vasodilation which reduces hypertension.2¢ Further-
more, rutin has the ability to improve ejection fraction, left ventricular systolic
function and fractional shortening.2” Rutin also exhibits strong antioxidant act-
ivity, like other flavonoids, which can greatly contribute to its cardioprotective
activity.28 Rutin and quercetin protect against cardiac hypertrophy but through
different mechanisms of action. Both flavonoids modulate oxidative stress through
the inhibition of Ang II-induced NADPH oxidase, a major source of superoxide
radicals. They also act on ROS/NO axis, but only quercetin seems to act on
MAPK pathways. Quercetin inhibits ERK1/2, JNK1/2 and p38, while rutin
showed no significant inhibition toward ERK1/2 and p38.29 Likewise, vitexin
exhibits antioxidant, antitumor, antimetastatic, antimicrobial, neuroprotective,
anti-inflammatory, hypotensive and cardioprotective activities.30-31 Attenuation
of cardiac hypertrophy is achieved through the modulation of intracellular cal-
cium concentration.32 Hyperoside also exhibits cardioprotective activity. It can
increase left ventricular ejection fraction and reduce heart size. Additionally, it
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has anti-hypertensive activity, which is achieved by influencing blood vessels.33
Generally, the anti-hypertension activity of flavonoids can be exhibited through
the inhibition of ET-1, a vasoconstriction factor produced by endothelium. It has
been shown that an increase in flavonoid hydrophilicity and glycosylation can
impair their anti-hypertensive activity. Another key element for this activity is
the presence of the 4-keto group and flavonoids that do not possess it show low
activity.34

Hawthorn extracts made from flowers and leaves analyzed in this study,
especially homemade extract, are rich in flavonoids, such as epicatechin and
quercetin glycosides, and they also contain apigenin-C-glucoside (vitexin), which
altogether affirm their use in the treatment of heart conditions. The examined
extracts are also rich in other flavonoids and phenolic acids that can have other
health benefits such as antioxidant, cardioprotective, anti-atherosclerotic, anti-
-inflammatory, anti-diabetic, anticancer and others.35-39 Considering that fruit
extract contained lower amounts of these compounds, flowers and leaves extract
usage should be favored. Furthermore, the preparation of flower and leaf extract
in home conditions, using a simple extraction method with 70 % ethanol for 24 h
at room temperature, in a ratio of 1:5 (dry plant material:70 % ethanol), could be
considered as a suitable method, which may yield an extract of equal or even
higher quality in terms of the quantity of biologically active phenolic compounds
compared to commercial extracts.

CONCLUSION

Hawthorn flowers and leaves are a good source of phenolic compounds that
have cardioprotective and other beneficial effects which supports its usage in her-
bal medicinal products. Flowers and leaves extract is a richer source of beneficial
polyphenols than fruit extract. Furthermore, homemade flowers and leaves ext-
ract is richer in phenolic compounds responsible for its health-promoting effects,
compared to commercial ones, which supports preparation of hawthorn flowers
and leaves extract at home by individuals. However, safety issues (contraindic-
ations, special warnings and precautions for use and possible interactions with
other medicinal products and other forms of interactions) and duration of use
should be addressed when supporting homemade herbal preparations especially
when used in therapeutic doses!
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U3BOJI

YIIOPEOHA AHAJIM3A ®EHOJIHOT ITPO®UJIA U AHTUOKCUIAHTHE AKTUBHOCTH
JOMARHNX U KOMEPITUJATTHUX EKCTPAKATA I'JIOTA (Crataegus SPP.)

HEMAA XUBAHOBHWR, HATAIIA CUMHH, MAPWUJA JIECJAK, JEJAH OPYUR, HEIJA MUMHIIA-IYKHWR
n EMUJINJA CBUPYEB

Ynugepsuineiwi y Hosom Cagy, [Ipupogrno—matiematiuuxu paxynineiri, Hosu Cag

Bpcre popa Crataegus (rnor) ce of [aBHUHA NPUMEBYjy y TpPaJULMOHAIHOj MELU-
UMHHU, HAPOUMTO 3a JIeUelhe KOHIeCTUBHEe CpuaHe UHCybunujennuje. Pesyntata OpojHUX
HUCTpPaXKMBawba IOTBPIUIN Cy Ia Cy OBe BpCcTe dorate OWUOJNOWIKH AaKTUBHUM MOJEKY-
nuMa, nocedHo U3 Kkinace nonudeHona, Koju mocenyjy CHaKHy aHTHOKCHAAHTHY aKTHB-
HOCT, LITO JJOIPHUHOCH KapJUOMPOTEKTUBHUM ocobuHama riora. Ha cBeTCKOM TPKULITY
mory ce Hahu Odpojuu dutonpenapatu Ha Oasu raora, 4ujy ymorpedy Kao HNOMYHCKe
Tepanuje cpuyaHux obomewma nojgpxasa EBpomncka areHuuja 3a JekoBe. TepameyTcKu
edexar mpenapara IJjora yCcjlOB/bEH je HBErOBUM XEMHjCKMM CacTaBOM Ha KOjU yTHUY
OpOjHM TEHEeTCKH U eKOJIOWKH (aKkTOpU Kao U HAaUuMH npunpeme npenapara. C o63upom
Ha cBe Behy momynapHOCT mpunpeme duTonpenapara y KyhHUM yClIOBHMa, LWb OBOT
UCTpaXkuBamwa OHo je fa ce ynopenu noaudeHoJHN NTPpodHI U aHTHOKCHIATHBHA aKTUB-
HOCT KOMEpUHjaJHUX MperapaTa IJiora U mpenapara A00HjeHHUX jeIHOCTaBHUM METO-
IaMa eKCTpakuuje mpunaroheHux kyhHUM ycioBumMa. XeMujcku npodui noaudeHosna
je ompeheH MepewmeM cagpkaja YKymHUX ¢eHosna U (praBoHOUIA, KaO U KBAHTUTATHUB-
HOM aHanu3oM ojabpanHux mnonudeHona nomohy LC-MS/MS TexHuke. AHTHOKCH-
DAHTHU NoTeHUHjan je ucnutad nomohy DPPH u FRAP Tecta u MepemeM CIocodHOCTH
MHXUOHLMje MUNHAHEe nepokcunauuje. JodujeHu pesynTaTy nokKasalu Cy Aa He IOCToje
3HauajHUje pa3NuKe y cacTaBy MONH(EHONHUX jefHubeha U Yy aHTHOKCUIATUBHOj aKTUB-
HOCTH U3Melhy eTaHOTHHUX eKcTpaKTaTa LIBETOBa, JIMCTOBA U MJIOA0BA I10Ta KOjU Cy MpHU-
NpeM/bEHU jeJHOCTAaBHUM MeTOfaMa eKcTpakuuje (home-made) W KOMepUHjaTHUX
¢urtonpenapara. Haname, €TaHONIHY eKCTPaKTH JIUCTOBA U LIBETOBA IJI0Ta OMIIK cy Hora-
THju nonudeHonuMa U NoKasaad jayy aHTHOKCHUAATHBHY aKTHBHOCT y mopehemy ca
eKCTpaKTHMa IJI0A0BA, 0e3 003Mpa Ha HaYMH NMPUIIPEME.

(ITpumsbeHo 30. HoBemOpa, peBunupaHo 8. neuemdpa 2023, mpuxsaheno 23. janyapa 2024)
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Abstract: The paper investigates the effect of silver nanoparticles preparations
on the rate of burn healing and scar quality. Three preparations for burn treat-
ment were considered: one with silver sulfadiazine and two with silver nano-
particles woven into two types of dressing: one, of polyethylene and second,
carboxymethyl cellulose. The experiment was performed on pigs, due to anato-
mical and pathophysiological similarities with human skin. All three silver
preparations have antimicrobial properties with a beneficial effect on the heal-
ing of burns. Preparations with silver nanoparticles proved to be the most
effective, since they encourage very fast burn epithelialization, affect reduction
of the level of matrix metalloproteinase-9 in the environment of the burn
wound, lead to faster expression of vascular endothetial growth factor — VEGF,
cause less thickening of the epidermis and contractility, and improve tension
characteristics of the scar compared to the preparation with silver sulfadiazine.
By comparing results of healing parameters and evaluation of the scar achieved
with preparations with silver nanoparticles, it was evident that the best overall
results of local treatment were achieved with silver nanoparticles in crystalline
form. Due to quantum-mechanics, surface and chemical oxidation-reduction
(reactive oxygen species) phenomenological characteristics Ag nanoparticles in
crystalline form have unique ability to catalyze rate of healing.

Keywords: Ag nanoparticles; Ag sulfadiazine; carboxymethyl-cellulose dressing;
polyethylene dressing; skin recovery; burn healing.

INTRODUCTION

Over the last few decades wound care technologies have extensively evolved.!
For wound regeneration and wound-healing bioactive agents, such as: nanopar-
ticles, cells and molecules, which enhance the performance are applied. These
agents, incorporated into various dressings, inhibit bacterial growth and replic-
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ation, give enhanced re-epithelialization, vascularization, improve recovery of
the tissue functionality, and overall accelerate effective wound healing.

Research made on wounds show that Ag, as a bioactive chemical agent, has
an important role in healing wounds.2 Namely, thirty years ago it was found that
the poorly soluble molecules such as the anti-infective Ag sulfadiazine aided to
wound therapy. Further, it was shown that dressing with Ag sulfadiazine gives an
accelerating skin wound healing effect.3 The effect of Ag sulfadiazine in wound
healing compared to saline soaked dressing was researched.* It was found that
the healing is faster with the sulfadiazine and thus not allow the contraction of
the wound. According to the fast progress in nanotechnology and nanomedicine,
based on inclusion of unconventional materials, the idea to use the Ag nanopar-
ticles in wound treatment was developed.> However, the question was if the Ag
nanoparticles are useful for treating also high-degree burns.6 It was found that a
sandwich structure composite wound dressing with firmly anchored silver nano-
particles are appropriate for severe burn wound healing.” Ag nanoparticle exhi-
bits exceptional physical and chemical properties due to the high surface area to
volume ratio. In the close contact with cell membrane Ag nanoparticles produce
the increased concentration of reactive oxygen species and the metal ions per-
meate into the cytoplasm, thus induce quick death of bacteria. Nanocomposites
with Ag nanoparticles are promising candidates in the antibacterial fields and
wound treating even for infected skin burns.8

Kaler et al. investigated the in vivo wound healing activity of nano-silver-
based gel, formulated on the biologically synthetized silver nanoparticles.” the
gel was obtained that has high efficiency in healing, has reduced side effect and
enhanced curative activity in comparison to it counterpart (silver ions).!10 Rec-
ently, a novel hydrogel film wound dressing composed of ulvan and Ag nanopar-
ticles was developed. Ag nanoparticles are incorporated into the hydrogel film
with the aim to improve antibacterial properties and provide a potential burn
treatment. Ulvan is a polysaccharide from green algae that shows good hydrogel
film dressing characteristics. The result of the research show that the ulvan—silver
nanoparticles hydrogel films have the ability to accelerate the healing of second-
-degree burns on rats skin and are potential candidates for wound dressings.!!

Wide research on antimicrobial effect of Ag nanoparticles in polyethylene
based nanocomposites has been done.!2-15 It is shown that even small amount of
Ag nanoparticles, immobilized on the polyethylene surface, give high antibac-
terial and antiviral activities.!0

The polyethylene terephthalate membrane (obtained from plastic waste) with
Ag nano particles is suggested for a suitable wound dressings.!7 Gels prepared
from a combination of carboxymethyl cellulose and poloxamer incorporated with
tea tree oil and lavender together with Ag nanoparticles also promise to be the
convenient wound dressings.!8 The polydopmine carboxy methyl cellulose Ag
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nanaoparticles composite hydrogel coating has good antibacterial and antiad-
hesion properties, t00.!9 The sodium carboxymethyl cellulose gels containing Ag
nanoparticles improve antibacterial performance in general.20 However, the adv-
antage of one type of dressing over another remains to be investigated.

In the paper the effect of silver nanoparticles on treating burns is investig-
ated. The research is done on pigs and their skin. Three dressings on burn injury
are considered: one, with Ag-sulfadiazine, second, Ag nanoparticles in a carrier
made of polyethylene and the third, Ag in a carrier made of carboxymethyl-
-cellulose. The aim was to compare the influence of the three dressings on burn
wound and to obtain the optimal one which would substantially reduce the heal-
ing time, also reduce the risk of recurrent infections as well as costs associated.

EXPERIMENTAL
Plan of experiment

The experiment was done on 10 pigs of the age of 2 months and with weight of 20 kg.
On the skin 8 burns were created: 4 on one and 4 on the other side of the backbone. Burns are
of the same size, properly arranged and at the appropriate distance, at the same height, and
equidistant from the spinal column, in order to have approximately the same thickness of the
dermis. After shaving, the preparation of the operative field of skin was carried out by an
aerosol and not by rubbing, in order not to cause hyperemia, which can affect the depth of the
burn. The full-thickness burn wounds were created under anesthesia with the special equip-
ment. The equipment consists of a heater (with voltage of 150-230 V), a thermo regulator
(with accuracy 0.5 %) and a brass extension which is specially made with a smooth contact
surface (of dimensions 47 mmx47 mm) with an integrated PT100 probe. Contact burns, with a
surface area of 22.09 cm?, were created with a brass attachment heated to a temperature of 92
°C for 15 s with uniform pressure.

Immediately, after the injury, various dressings with Ag were used for burn treatment
and the research on effect of Ag on burn wound healing was done. For testing, the Ag was
incorporated into various compress materials in elemental or ionic form. Two considered dres-
sing materials applied in the experiment are: polyethylene and the carboxymethyl cellulose
with Ag nanoparticles. For both dressings the incorporated silver is released gradually as an
integral part of a certain material. Thus, one of them is the sandwich dressing with outside
polyethylene layers and an absorbent inner core, made of artificial silk and polyester, in which
silver in the form of nanocrystal, smaller than 20 nm, is woven (Acticoat — Smith & Nephew).
Nanocrystalline silver protects the wound from bacterial contamination, and the inner core
maintains optimal validity, which is essential for wound healing. At the other side, Ag nano-
particles are pressed into the carboxymethyl cellulose whose fibers absorb exudate, form a gel
(Aquacel Ag, Convatec) and thereby maintain a moist wound environment. The silver ions are
slowly released in this compression through hydration. These ions act as counterions in car-
boxymethyl cellulose. The third considered dressing is with sulfadiazine. In contrast to the
aforementioned ones, Ag cations are counter-ions of deprotonated sulfadiazine anion.

Four groups were formed according to the utilized dressing:

K control group  sterile saline-soaked dressing,

SSD group dressing with 1% Ag-sulfadiazine,
NP group dressing with Ag nanoparticles in crystalline form in polyethylene and
NKC group dressing with Ag nanoparticles in carboxymethyl cellulose.
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Burns of each pig were randomly treated with 4 dressings: 2 with K, 2 with SSD, 2 with
NP and 2 with NKC. It means, the total number of burns was 80 and each treatment was
applied for two times on each pig, i.e., 20 samples. The experiment lasted for 70 days at the
Scientific Institute for Veterinary Medicine in Novi Sad, Serbia. In the postoperative course,
the analgesic agent Diclofenac 50 mg was prescribed for the first ten days. The animals were
kept in individual boxes with a surface area of 5 m? to prevent possible mutual injury. The
feeding of pigs was standard. Dressing was carried out at regular intervals, using a standard-
ized procedure with the same topical agent until complete healing. Sampling was done on 1, 4,
7, 11, 14, 18, 21, 24, 28, 32, 35 and 38 day. During this time the healing of the wound was
monitored and the formed scar was analyzed using morphometric, histological, immune bio-
chemical, microbiological and clinical parameters. On the 70t day after the experiment, the
animals were sacrificed, and the skin samples were analyzed morpho-metrically, histologic-
ally and tensometrically.
Statistical procedures for data processing

For data processing the statistical package SPSS 14.0 for Windows was applied. Using
the T-test, for comparison of 2 groups of data, and the one-way analysis of variance (ANOVA),
for three or more groups of data, the average mean values were compared with the normal
distribution for certain parameters. To check the differences in the distribution frequency of
variables non-parametric tests were used. In addition, the Mann—Whithey test (for two inde-
pendent samples) and the y test are applied for comparing the frequencies of attributive feat-
ures with a normal measurement scale. For all statistical tests it is accepted that there is a sta-
tistically significant difference if the probability of the null hypothesis is less than 0.05 (p < 0.05).

RESULTS AND DISCUSSION

Results of microbiological and histological wound swabs analysis

After application of dressing on burn, the quantitative and qualitative histo-
logical and microbiological analyses were done. The presence of bacteria on cer-
tain preparations only on the surface of the wound, and not inside the tissue was
investigated. It was recorded that on the first day after the infliction of burns, the
presence of bacteria was not observed in any group. On the 4th day, only a few
individual cases of bacterial contamination were recorded in the control group.
The highest contamination was found on the eleventh day after injury in all
groups, except in the SSD group where it was on the fourteenth day. The pre-
sence of bacteria on the wound surface was in 40 % of the burns of the control
group, 13 % of the burns of the SSD group, 12 % of the burns of the NCD group
and 11 % of the burns of the NK group.

In addition, there was a significant statistical difference between the results
of the control group in relation to all other groups (¥ = 9.267, p < 0.05). In the
control group, the number of histologically positive findings was significantly
higher in all phases in which healing was monitored. When comparing the 3 rem-
aining tested groups that were treated with different Ag preparations, no signific-
ant statistical differences were observed.
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Analyzing and separating the bacteria types on the wound groups it was obs-
erved that in the group with saline-soaked dressing more types of bacteria are
evident than in other groups (see Table I). Thus, in K there are 6, in SSD and NP
there are 3 and in NKC only 2 types of bacteria. Comparing the control K group
result with other ones, significant statistical differences was noted (y? = 17.039,
p <0.01). At the other side, the differences between the NP group, the SSD and
NKC groups, in which burns were also treated with Ag-based preparations, is
very small and does not show statistical significance (2 = 1.625, p > 0.05). For
these three examined groups, the uniform diversity of bacterial strains is also a
characteristic.

TABLE I. Bacteria isolated from variously treated burn wounds

Bacteria isolated from burn wounds K SSD NP NKC
Staphylococcus sp. Coagulasa neg. + + + +
Staphylococcus saprophzticus + + + -
Enterobacter sp. + - - -
Escherichia coli + - - +
Proteus sp. + + - -
Klebsiella oxytoca + - - +
Summary of positive counts, % 55 18 20 16

Clinical parameters on local infection

In all three groups of burns that were treated with different Ag preparations
(SSD, NP, NKC), in most cases no indicators were recorded that would declare
state of the presence of local infection. The condition of these burn wounds was
characterized with a score of 1.

There was no statistically significant difference between these groups treated
with different Ag preparations. However, greater number of burn wounds in the
control K group, whose condition was characterized by a score of 2, differed
statistically significantly compared to the other groups (2 = 7.703, p < 0.05).

Results of wound surface planimetric measurement during healing

The kinetic rate of healing of a burn wound is the most authoritative way to
determine the effectiveness of the applied topical agent. Burns that were treated
with Ag nanoparticles in ionic and crystalline form (NKC and NP) had, on aver-
age, a faster onset of healing compared to the other two groups. A statistically
significant difference was observed when comparing the NP and K group and the
NP and SSD group on the fourteenth day after injury.

In Table II, the re-epithelialization rate as the function of the date is shown.
It is directly evident that there is the most significant difference in re-epithelial-
ization during the eighteenth and twenty first day. The NP group had the best
result, followed by the NKC group. A statistically significant difference was
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manifested on the eighteenth day when comparing the NP and the NKC group
with SSD and the K group. On the twenty first day, a significant difference in
epithelialization was determined only in the NP group and the NKC group com-
pared to the control K group. On the twenty fourth day the biochemical rate of re-
epithelialization was still the best in the NP group and then, NKC, SSD and the
control K group, but these differences did not have statistical significance. In the
final healing phase, the differences between the groups were also not statistically
significant. However, it is seen that 50 % of burnt is healed after 21 days, while
the 75 % of re-epithelialization is after 28 days except the group K. For all
groups the 100 % healing is in 38 days.

TABLE II. Re-epithelialization in time for all four groups

Re-epithelialization, %/day K SSD NP NKC
14 17 16 20 19
18 28 48 50 45
21 60 63 80 67
24 70 77 87 78
28 85 96 95 95
32 95 96 97 98
35 97 97 99 99
38 100 100 100 100

On the first day after inflicting injury, no expression of MMP-9 was obs-
erved. The first signs were evident on the fourth day in all groups. During the
eleventh and fourteenth days a higher presence of MMP-9 was verified in the
tissue of the burn wound in the K control, SSD and NKC groups compared to the
NP group. The differences in expression were even more pronounced on eigh-
teenth day. On the twenty fourth day a lower expression of MMP-9 was observed
in the two groups treated with Ag nanoparticles compared to the other two
groups. Finally, by monitoring of this protease from the first to twenty fourth day
of burn treatment, the increase of the total expression of MMP-9 was observed.

Measured results of the scar surface and skin properties after burn treatment

By comparing the groups, it was observed that the highest percentage of con-
traction of the scar in relation to the surface of the skin before the injury was obs-
erved in the control group, where it was 38.3 %. In the group in which Ag-sul-
fadiazine was used, it was slightly lower (37.3 %), while the lowest percentage of
contraction was recorded in the remaining two groups, in the NKC group it was
36 %, and in the NP group 35.2 %. A statistically significant difference (ANOVA,
F.3.204, p < 0.05) was found when comparing the control K group with NKC (¢ =
= 2.396, p < 0.05), as well as when comparing the control K group with the NP
group (¢ = 2.485, p < 0.05) which indicates that the topical treatment with Ag
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nanoparticles in crystalline and ionic form had an effect on the reduction of the
total contraction of the scar.

Thickness of epidermis

It was shown that the thickness of the epidermis in all examined groups was
significantly greater in relation to healthy skin samples from the same region of
the body where the cut thickness was 70 pm (¢ = 2.664, p < 0.01). A difference in
the thickness of the epidermis can be observed in the burn groups that were
treated with preparations with Ag nanoparticles compared to the control group
and the one that was treated with Ag-sulfadiazine. A statistically significant dif-
ference was observed when comparing the results of the control and NKC groups
(t=2.396, p <0.05), as well as the control and NP groups (¢ = 2.485, p < 0.05).

Thickness of dermis

The average total thickness of the dermis in the control group was 1000 pm,
980 um in the SSD group, 960 pm in the NKC group, and 950 pm in the NP
group. Hence, the average total thickness of the dermis in the studied groups was
970 um. It differed minimally, that is, it was somewhat thicker than the average
thickness of the dermis of healthy skin of the same region, which was 940 pm.
These differences did not show statistical significance. (ANOVA, F = 1.732,
p>0.05).

Tensiometry results

Tensiometric analysis was performed on the seventieth day after the injury.
It was observed that the scar tissue is on average 1.6 times weaker than intact
skin, i.e. that it reached 63.9 % of the strength of healthy skin taken from the
body region. The average ability to stretch the scarred skin when tearing was 3.7
times less compared to the intact skin, respectively, it reached only 27.3 % of the
extension length of healthy skin of the same region.

By comparing the average values of the force required to tear the tissue
between the groups, it was shown that the lowest force was reached by the con-
trol group, which was 8168 N, then the group treated with Ag-sulfadiazine 8644
N, the NP group 10330 N and the NKC group 11253 N. A statistically significant
difference between the force was established tearing in healthy skin compared to
these examined groups (ANOVA, F = 91,980, p < 0.01). In addition, a statistic-
ally significant difference (p < 0.05) was found when comparing the NKC and
also the NP group with the control K group, and also of the NKC with SSD group.

The average values of the stretching limit of the skin were the least in the
control K and SSD groups and amounted to 964 and 1070 pum respectively; while
in the remaining two groups they were significantly higher and amounted to 1185
pm in the NP group and 1210 um in the NKC group. A statistically significant
difference was found between the extension of healthy skin in relation to all
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examined groups (ANOVA, F = 2715.205, p < 0.01). A statistically significant
difference (p < 0.05) was verified when comparing the NKC group and the NP
group with the control C and SSD group.

CONCLUSIONS

The following is concluded:

1. All tested preparations with Ag in their composition had strong and
approximately equal antimicrobial properties. By comparing histological, clinical
and microbiological parameters, no statistically significant difference in antimic-
robial action was observed between the groups of burns treated with Ag-sulfadi-
azine and Ag nanoparticles in crystalline or ionic form.

2. Nanocrystalline Ag has intensive anti-inflammatory properties and affect
the reduction of MMP-9 levels in the environment of the burn wound. Burn epi-
thelisation of 50, 75 and 100 % occurred faster in the group of burns treated with
Ag nanoparticles in crystalline form than in ionic form. Ag nanoparticles in crys-
talline and ionic form showed proangiogenic properties and cause the increase of
VEGEF in burn already ten days after the injury. In addition, the reduction of the
surface area of the open wound over time was the fastest in the group of burns
treated with Ag nanoparticles in crystalline form, and then with Ag nanoparticles
in carboxymethyl-cellulose.

3. Summarizing results related to the analysis of scars, it can be concluded
that the groups in which Ag nanoparticles were used, showed the best research
results as the catalyzer: significantly less thickening of the epidermis, less con-
tractility of the scar, as well as better tension characteristics.

4. By comparing all the results of the examined parameters of healing and
evaluation of scars, it was determined that the best overall results were obtained
when using preparations with Ag nanoparticles in crystalline form. This result
can be primarily explained by the surface high impact of Ag nanoparticles on the
wound environment during healing and scar formation. Ag nanoparticles have
unique quantum-mechanics, surface (nano size/amphiphilicity) and chemical
oxidation—reduction (reactive oxygen species) properties permitting the antimic-
robial and cytotoxicity catalytic characteristics.

Future research in burn wound treatment would be directed toward imp-
roving the considered dressing with Ag nanoparticles in crystalline form by
adding substances which would have not only anti-inflammatory and anti-infect-
ive properties but also anesthetic effect. The recent research shows that the clove
0il2! may be a good candidate.
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N3BOJI
YTHULIA) HAHOUYECTULIA CPEBEPA HA JIEHEHKE U 3APACTAE OIMTEKOTHHE

MJIAJIEH JOBAHOBUR', MUPJAHA BOJUHOBHWR MUJIOPAJIOB? n JIUBUJA LIBETHRAHUH?3

'Meguyuncku paxyniewm, Ynusepsuweii y Hogom Cagy, *@axynitielti TeXHUUKUX HAYKA, YHUBEP3Uileld y
Hogom Cagy u 30buda University, Budapest, Hungary

Y pany je ucTpakuBaHO [ejioBake TPHU mpemnapara cpedpa, jemHor ca cpedpo-cyn-
(paguasvHOM M OBa ca HaHOYeCTHLama cpedpa y jOHCKOM U KPUCTaJTHOM OONHMKY, Ha
Op3uHy 3apacTame ONEKOTHHE U KBAJIUTET HACTaJOl OXKHU/bka. EKCIpEMMEHT je U3BpLIEH
Ha KOXXH CBHIA 300T aHATOMCKE W MAaTO(HU3HOJIOMKHUX CIIUYHOCTH Ca JBYICKOM KOXKOM.
HcTpaxkuBama Cy Iokas3ajga Ja CBa TpH IpemnapaTa ca cpedpom MMajy aHTUMHKDPOOHe
ocobuHe M O/IaroTBOPHO Oeyjy Ha 3apacTame ONeKOoTHHa. [IpemapaTé ca HaHOYECTH-
ama cpedpa cy ce mokasaju Kao BUCOKO epUKACHH, jep KaTaluuly Bpiao Op3y enmuTenu-
3aldjy ONEKOTHHA, YTUUy Ha CMalbemhe HMBOA MAaTPUKC MaTajJonpoTerHase-9 y oKkpy-
K€Y ONEKOTHMHCKE paHe U J0BOJE A0 OpXe eKCIpecuje BacKyJlapHOT €HAOTEIHOT
¢axropa pacra. Ilopen Tora, U3a3uBajy Mame 3anedbama enugepMa, Mawy KOHTpaOUI-
HOCT ¥ D0Jbe TeH3WOHEe KapaKTepHUCTHKe OKHJbKa Y OTHOCY Ha ITpernapar ca cpedpo-cyi-
¢apuasnHom. Komnapanujom pesyirata napamerapa 3apacTama U eBajlyaluje 0XKubKa
OCTBapeHUX IpenapaTHMa ca HaHOoYecTulama cpedpa yrepheHo je ma cy HajbossH yKyII-
HU De3ylTaTH JIOKaJHOT je4Yelha NMOCTUTHYTH HaHOYeCTHLlama cpedpa y KpUCTaJIMOH
00nMMKYy Kkao pesyiaTaT KBaHTHO MEXaHWYKHMX, (DU3UUKUX, MOBPIIMHCKHUX, a NOCEDHO
OKCHUJOPEeNyKTUBHUX (aKTUBHE KUCEOHUYHE Clellje) KapakTepUCTUKa, a TIOTOM U Y jOH-
CKOM ODJIHKY.

(ITpumsbeHo 4. HoBemOpa, peBuarpaHo 24. HoBemdpa 2023, npuxsaheHo 22. janyapa 2024)
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Abstract: This study presents comparison of our recently formulated two com-
partmental model with General fractional derivative (GFD) and Korsmeyer—
—Peppas, Makoid-Banakar and Kopcha diffusion models. We have used our
GFD model to study the release of gentamicin in poly (vinyl alcohol)/chitosan/
/gentamicin (PVA/CHI/Gent) hydrogel aimed for wound dressing in medical
treatment of deep chronical wounds. The PVA/CHI/Gent hydrogel was pre-
pared by physical cross linking of poly(vinyl alcohol)/chitosan dispersion using
freezing-thawing method, and then was swollen for 48 h in gentamicin solute-
ion, at 37 °C. Different physicochemical (FTIR, SEM), mechanical and bio-
logical (cytotoxicity, antibacterial activity) properties have been determined.
The concentration of released gentamicin was determined using a high-per-
formance liquid chromatography (HPLC) coupled with mass spectrometry
(MS). The ratio between concentration of released gentamicin and initial con-
centration of gentamicin in the hydrogel was monitored for the prolonged time
period in order to obtain gentamicin release profile. It was proven that our
novel diffusion GFD model better fitted to experimental data then other
models, and enabled the determination of diffusion coefficient precisely for the
entire time period.

Keywords: drug release; diffusion; pharmacokinetics; cytotoxicity; antibacterial
activity; mechanical properties.
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INTRODUCTION

In pharmacokinetics, a popular choice is that of compartmental models, due
to their implicit simplicity and ease of understanding in relation to the mass bal-
ance equations and assumptions for uniform distribution, homogeneous transient
times and immediate response to drug bolus administration.! Numerous works
and decades of research have tailored their applicability for optimal drug delivery
assist devices in several domains of medical applications, e.g., diabetes,? can-
cer,3# anaesthesia,”>~7 immune deficiency, leukaemia® and hormonal treatment.”
In this work we made an attempt to employ results of fractional derivative model,
recently formulated!0.1! for the study of drug release from hydrogel aimed for
deep chronic wounds. Along with being a physical barrier for bacterial colon-
ization, wound dressings often need to contain an antibacterial agent for active
infection protection, which would be released gradually to maintain wound ster-
ility.12-14 Generally, profiles of drug release from hydrogel matrices usually
exhibit quick initial release — the so-called “burst release” effect, followed by a
longer period of gradual release that eventually levels off as a plateau reaching
80-100 % release efficiency.!5-17 There are several diffusion models used for
evaluating the drug release profiles from hydrogel carriers, among which the
most widespread are Korsmeyer—Peppas,!® Makoid—Banakar,!9 Kopcha,20 as
well as the early-time approximations2!-22

The aim of this work was to synthesize and characterize poly(vinyl alcohol)/
/chitosan/gentamicin (PVA/CHI/Gent) hydrogel aimed for wound dressing and to
predict the drug release behaviour using our two compartmental diffusion GFD
model, as well as to compare GFD model with Korsmeyer—Peppas, Makoid—
—Banakar and Kopcha diffusion models.

EXPERIMENTAL
Materials

The following chemicals were utilized for preparation of PVA/CHI/Gent hydrogel: poly-
(vinyl alcohol) powder (fully hydrolysed, Mw, 70-100 kDa, Sigma Aldrich), chitosan powder
(Mw, 190-310 kDa, deacetylation degree 75-85 %, Sigma Aldrich) and gentamicin sulfate
solution (50 mg/ml in dH,O, Sigma Aldrich). All solvents used for gentamicin release mea-
surements were HPLC grade from J.T. Baker, USA, or Sigma Aldrich, gentamicin sulphate
(50 mg/ml, Sigma Aldrich). Deionized water was obtained by passing the distilled water
through a GenPure ultrapure water system (TKA, Germany). For antibacterial properties eval-
uation, monobasic (Centrohem, Serbia) and dibasic (Sigma Aldrich) potassium phosphates
were used. Cell culture suspensions for cytotoxicity tests were prepared using MTT tetra-
zolium salt, EDTA, fetal calf serum and antibiotic—antimycotic solution (Sigma Aldrich).
Synthesis of PVA/CHI/Gent hydrogel

PVA colloid dispersion was prepared by dissolving PVA powder in hot distilled water at
90 °C for 2 h, under magnetic stirring. Chitosan was dissolved in 2 vol. % CH3COOH under

constant stirring at room temperature. After cooling of PVA, the CHI dispersion was added
dropwise and the final dispersions (containing 10 wt. % PVA and 0.5 wt. % CHI) were homo-
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genized by mixing at room temperature for 2—3 h. Further, the PVA/CHI hydrogels were pre-
pared by physical cross linking of PVA/CHI dispersion using freezing—thawing method in 5
cycles. One cycle consisted of 16 h freezing at —18 °C followed by 8 h thawing at 4 °C.
Finally, the hydrogels were swollen in 5.0 mg/ml gentamicin solution at 37 °C during 48 h.

Physicochemical and mechanical characterization

Field-emission scanning electron microscopy (FE-SEM) was carried out on Mira3 XMU
FEG-SEM (Tescan, Czech Rep.), operated at 7 kV, with SE detector. Fourier-transform infra-
red spectroscopy (FTIR) was carried out using the Nicolet iS10 FTIR spectrometer (Thermo
Fisher Scientific, USA) between 4000 and 400 cm’!. Tensile test of PVA, PVA/CHI and
PVA/CHI/Gent films was performed at texture analyzer (Shimadzu, Japan) with load cell of 5
kN and test speed of 1 mm/min. The tensile strength (o1g) was determined as maximum on
stress- strain curve, while Young’s modulus of elasticity (E) was calculated as the slope of
elastic part of stress—strain curve with Trapezium X software (Shimadzu, Japan). Specimens
were prepared by cutting the films in long stripes (15x50) mm?2. All measurements were
performed in triplicates.
Gentamicin release studies

For the drug release assay, PVA/CHI/Gent hydrogel was immersed in deionized water
and kept at 37 °C. Detailed experimental procedure is provided in the Supplementary material
to this paper.
Evaluation of antibacterial properties

Antibacterial properties of PVA/CHI/Gent hydrogels were evaluated by quantitatively
monitoring changes in the viable number of bacterial cells in suspensions that allowed for the
direct contact with the material. In order to provide meaningful comparisons, tests were also
run simultanously on PVA, PVA/CHI and PVA/Gent. Two bacterial strains were used; Staph-
ylococcus aureus TL (culture collection FTM, University of Belgrade, Serbia) and Esche-
richia coli ATCC 25922 (American Type Culture Collection). Detailed experimental proce-
dure is provided in the Supplementary material.
Cytotoxicity

The 3-(4,5-dimethylthiazol-2-yl)-2,5-diphenyl tetrazolium bromide (MTT) test and dye
exclusion test (DET) were employed to evaluate the toxicity of PVA, PVA/Gent, PVA/CHI
and PVA/CHI/Gent hydrogels. Two fibroblast cell lines were used, a human (MRC-5) and a
mice (L929) cell line. The experimental procedures for preparing cell cultures, MTT and DET
tests are explained in the Supplementary material.

RESULTS AND DISCUSSION

Scanning electron microscopy (SEM)

The microphotographs of PVA/CHI (Fig. 1a) and PVA/CHI/Gent hydrogels
(Fig. 1b) revealed three-dimensional network structures with interconnected mic-
ropores evenly distributed through the hydrogels, suggesting that antibiotic has
no influence on the hydrogels structure, confirming its homogeneous distribution
through the polymer matrix.

Fourier-transform infrared spectroscopy (FTIR)

FTIR spectra for PVA/CHI and PVA/CHI/Gent hydrogels are represented in
Fig. 2.
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T - Fig. 1. SEM micrographs of PVA/CHI (a) and PVA/
/CHI/Gent (b) hydrogels.

The broad band observed at around 3260 cm™! can be assigned to the
stretching vibration of O—H participating in hydrogen bonding interactions.!7-23
In comparison to the FTIR spectra of pure PVA hydrogel (data not shown), the
shifting of this band to the lower wavenumbers indicated the interaction between
hydrogen bonded —OH groups in PVA matrix and water molecules, along with
hydrogen bond cross-linking between PVA hydroxyl groups and -NH; and -OH
groups from gentamicin and chitosan. Bands at 2935 cm~! and at around 2910
cm~! can be assigned to the asymmetric stretching of CH; and symmetric stretch-
ing of C—H of the alkyl groups,24 suggesting trans zigzag conformation of the
polymers’ hydrocarbon chains. The band at around 1650 cm~! suggested the
stretching of carbonyl bonds (C=0), most probably originated from the residue
after hydrolysis of polyvinyl acetate during PVA production.!7-24 The bands that
appear at 1415 and 1416 cm™! can be assigned to the ~OH in plane coupling with
C-H wagging in CH,.17-25 In the case of PVA/CHI hydrogel (Fig. 1a), detected
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bands at 1237 and 1326 cm™! can be assigned to the C—H wagging, while band
detected at 1376 cm! can be assigned to the -CH, wagging.25 Almost the same
bands’ position for PVA/CHI/Gent hydrogel can be observed (Fig. 2b). Bands
corresponding to symmetric stretching of C—O at 1142 cm! for both hydrogels,
pointed to crystalline sequence of PVA.26.28 Bands detected at 1086, 916 and
around 833 cm™!, can be assigned to the C—O stretching in secondary alcohols
(C—0-H),25:27 rocking of CHj vibration and C—C stretching in atactic form of
PVA,23.24 respectively. Band at around 2850 cm™!, represented the C—H stretch-
ing in chitosan structure.25
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Fig. 2. FTIR spectra of PVA/CHI (a) and PVA/CHI/Gent (b) hydrogels.
Cytotoxicity

Fig. 3a and b display the results of cytotoxicity towards MRC-5 and 1929
cells, based on the MTT test and the DET test, respectively.
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Fig. 3. Cytotoxicity of PVA, PVA/Gent, PVA/CHI and PVA/CHI/Gent hydrogels towards
MRC-5 and L929 cell lines based on (a) MTT test and (b) DET test results.

The MTT test is based on the reduction of a water-soluble monotetrazolium
salt to a violet-blue water-insoluble formazan. Only metabolically active cells are
able to reduce the MTT salt that passes through the cell membrane and the inner
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mitochondrial membrane into coloured formazan, thus providing insight into the
metabolic activity of the cell.2? Based on the material cytotoxicity scale proposed
by Sjogren et al.30 (S, cell viability >90 % — non-cytotoxic, 60-90 % — mildly
cytotoxic, 30—60 % — moderately cytotoxic, <30 % — cytotoxic), according to
which PVA, PVA/Gent, PVA/CHI and PVA/CHI/Gent could be considered as
non-toxic materials and therefore are suitable for future in vivo testing. Trypan
blue DET test is an efficient and simple method that is based on cell staining
after their mixing with the solution of a dye. PVA/CHI/Gent hydrogel with active
component did not provoke the inhibition of growth neither in the case of MRC-5
(91.11 %) nor for L929 (73.59 %), which is still within acceptable cytotoxicity
limits. Slight drop in survival rate was attributed to the antibiotic presence similar
to the recent study3! that described high concentrations of gentamicin (250-270
png/mL), that were reached during the immersion of the antibiotic containing
films, affected osteoblastic proliferation (MC3T3-E1 cells).

Antibacterial activity

The results obtained by examining the kinetics of antibacterial activity
against Escherichia coli ATCC25922 and Staphylococcus aureus TL are shown
in Fig. 4a and b, respectively. In the case of Gram-negative E. coli, PVA/Gent
and PVA/CHI/Gent hydrogels show a bactericidal effect, since the reduction of
the number of viable bacterial colonies was more than three orders of magnitude
after only 15 min of incubation. After 1 h of inoculation, a sterile environment
was achieved since there were no longer any alive E. coli cell present. For the
Gram-positive Staphylococcus aureus, the absence of any living cells was obs-
erved after only 15 min. Interestingly, chitosan in PVA/CHI hydrogel exhibited
bactericidal effect against S. aureus, because even after 15 min of incubation the
number of living cells decreased by almost three orders of magnitude, and after
1 h it was established that there were no more living cells of S. aureus present.

Although it is very well known, from the literature, that chitosan possesses
good antibacterial properties,3? it was obvious that in this case its initial concen-

E.coli i
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7 7
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T 6 b
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Fig. 4. Antibacterial activity of PVA, PVA/Gent, PVA/CHI and PVA/CHI/Gent hydrogels
against: a) Escherichia coli and b) Staphylococcus aureus.
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tration was too low to cause any effect on the tested £. coli strain. For the tested
S. aureus (Fig 4b) sudden drop in the viable cells, only 1 h of post-incubation,
agrees well with the documented33 increased antibacterial effect of chitosan in
the slightly acidic conditions.

Gentamicin release study and diffusion models

Mathematical properties as well as application of fractional derivatives of
Riemann-Liouville and Caputo type are presented in the literature.3437 Especi-
ally in Petra$38 and Carvalho,39 application of fractional calculus in biological
systems is discussed. Here we recall the central result for the two compartmental
model of drug diffusion, GFD model, presented by Miskovic-Stankovic.10-11 The
amount of released gentamicin is determined from the following formula:

X0+i°°

k
my ) =m©O) [

XO —joo d

exp(xg +ip)t / (xy +ip)

Xy tip +b X +ip +k(i+ 1

(o +ip+ )% (p+ip+h)P N 72)

dp (1)

with xg > 0. Also:
my (1) = my (0) —my (1) 2
Parameters in the model are determined by least square method, i.e., the sum

squared residuals between measured and calculated values of m; at five measured
points, Z, is minimized. Therefore, Z is given as:

5
Z(@. . 2. Ag b k)= X (my (1) = Mymeasurea (1) 3)
j=1

where m, (¢ j)are values determined from Eq. (1) and momeasured(?y) are
measured values at time instant ;.

The measured values of mass m; are divided by initial, total mass of gent-
amicin that in our experiments is m;(0) = 2.4551 mg. Thus, we define relative
mass of the gentamicin in hydrogel, ¢, and relative mass of released gentamicin
in deionized water surrounding hydrogel, ¢», as:

_m@) M) 4
a0=" o2 0=" 0 )

We determined the parameters in Eq. (1), denoted as o, B+, Ai*, b*, a*,
b*, k*) from the condition given by Eq. (2). Thus, the optimal values oz, B+, Ai*,
Ao, ax, bx, k) satisfy:

min Z(aaﬁaﬂlaﬂQaaabak):Z(a*:ﬁ*all*ab*aa*,b*:k*) (5)
(0., 4,2 ,a,b.k)
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In the minimization process we observed the restrictions that follow from the
formulation of the model:

0<a<1,0<p<1,4 =20, =20,a=0,6=0,k=0 (6)

Experiments were performed with 7] = 254.5 mm3, V, = 1000 mm3 and the
area over which diffusion takes place 4 = 2.40 cm2. Condition given by Eq. (5)
with Z given by Eq. (3) leads to a = 1, = 0.001, 1 = 8.7x10~7 s71, 1, = 6.7562
s71,a=0.000898 s, b =0.037720 570999, k= 0.005193 cm*/day.

The corresponding diffusion coefficient, D, is calculated as follows. The
shape of the hydrogel is cylinder with diameter 9 mm and the height (thickness) 4
mm. The area of the diffusion is calculated to be 4 = 2.4 cm?2. Therefore, dif-
fusion coefficient is D = k/A = 2.50x10-8 cm2 571,

The obtained data (GFD model) were compared to several theoretical
models in order to elucidate the diffusion parameters and to quantitatively com-
pare gentamicin release behavior. The models applied were Makoid-Banakar, !9
Korsmeyer—Peppas!® and Kopcha,20 described by Egs. (7)—(9), respectively.

Ct /CO = kMBt”eXp(—ct) (7)
Cl‘ /CO =katn (8)
C,/Cy=Ai"? + Bt 9)

where C; is the concentration of gentamicin released from hydrogel at time, ¢; Cy
is the initial concentration of gentamicin inside the hydrogel; kg is the Makoid—
—Banakar constant; ¢ is the Makoid—Banakar parameter; kgp is the Korsmeyer—
—Peppas constant; n — coefficient which describes release transport mechanism,
(n < 0.5 — Fickian diffusion, n > 0.5 — non-Fickian/anomalous diffusion, n =1 —
Case II transport,!8 4 and B — Kopcha’s constants which depend on the dominant
transport phenomenon during release. The models are depicted along with expe-
rimental profiles in Fig. 5 for Makoid-Banakar (Fig. 5a), Korsmeyer—Peppas
(Fig. 5b) and Kopcha (Fig. 5¢) models compared to GFD model. It should be
noted that m5(¢) in our GFD model Eq. (1) is proportional to the concentration Cy,
while m1(0) is proportional to the concentration, Cy. Gentamicin release profiles
verified the initial burst release effect of gentamicin from the hydrogel, i.e., 70 %
loaded antibiotic was released within first 48 h which could be very useful in pre-
venting biofilm formation, followed by slow release of gentamicin in a later time
period. The calculated parameters and the fit quality evaluated using minimizat-
ion of square residual, Z, for different models are listed in Table 1.

It can be observed that GFD model provided the lowest value of Z, i.e.,
notably better correlation with the experimental data in respect to the other
models. The time exponent # is an indication of the dominant diffusion mech-
anism and, as its values were less than 0.5 (Table 1), it can be concluded that the

Available online at: http://www.shd.org.rs/JSCS

(CC) 2024 Serbian Chemical Society.



DIFFUSION MODELS OF RELEASED GENTAMICIN 635

release of gentamicin from hydrogel conformed to the Fickian diffusion behavior!8
and was governed mainly by the concentration gradient of released gentamicin.
This was also proved by Kopcha model, as the absolute values of the parameter 4
were higher compared to B, indicating that the predominant driving force for the
release is the diffusion, and not the polymer matrix relaxation.40

CCo

Time, days

(a)

c/c,

Time, days (
b)

Fig. 5. Comparison between: a) Korsmeyer—Peppas
(black line) and GFD model (red line), b) Makoid—
Banakar (black line) and GFD model (red line) and c)
Time, days Kopcha (black line) and GFD model (red line); ® exp-
(©) erimental points.

In order to determine the value of diffusion coefficient of gentamicin, the
early time approximation (ETA) model was applied and compared to diffusion
coefficient calculated from GFD model. For ETA, two equations were used,
standard ETA, Eq. (10), and a modified ETA, Eq. (11), proposed by Ritger and
Peppas.2! According to Ritger and Peppas, the standard ETA is frequently mis-
used, even though it only applies to very specific cases of swelling, and for spe-
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cific geometries of thin films with very high aspect ratio (diameter divided by
thickness; a thin film will typically have aspect ratio of the order of ~100,
whereas for thick hydrogel discs it is closer to unity).22 In these equations, Cy/Cy
denotes the fraction of released gentamicin at the time ¢, D is the diffusion coef-
ficient of gentamicin during the release, 7 — the time of release, J is the hydrogel
thickness and r is the radius of the hydrogel disc:

Dt 112
t nd°
Dt Dt m Dt Dt
C,1Co =42~ =2 a2 -

r e 3 o an

2r _ Dt Dt 2n Dt
——(8—2 _ 2n(—2)3/2 _ _(_2)2)

5 mr va 3 nr

TABLE 1. Fitting parameters for different models of gentamicin release from PVA/CHI/Gent
hydrogel; GFD — GFD model; KP — Krosmeyer—Peppas model; MB — Makoid—Banakar
model; K — Kopcha model

Para- k D

meter ¢ P “ % cm*/day  cm?s’! a b z
GFD 1 0.001  8.7x1073 6.75625.193x1073 2.5042x10 8.9x1040.0377 0.02564
Para- :

meter kKP / s n V4
KP 0.4737 0.2137 0.07735
Para-

meter kMB /s n c V4
MB  0.4956 0.2736  0.01972 0.06284
Para- = g2 g z
meter

K 0.52356 —0.08643 0.04353

The ETA models represent the dependence of the fraction of released gent-
amicin on the square root of the release time (Fig. 6), while diffusion coefficient,
D, of gentamicin release was determined from the slope of initial linear part of
the experimental curve.

The value of D calculated by the standard ETA (5.53x108 cm? s71) is two
times greater than value of D calculated by modified ETA (2.57x10-8 cm? s1)
and GFD model (2.50x10~8 cm? s~1). This implied that GFD model enabled the
determination of D considering the gentamicin diffusion through the thick hydro-
gel where ratio between hydrogel diameter and thickness was about 2. Moreover,
while ETA model extends the predictability of release up to 60 % and modified
ETA up to 8090 %, GFD model predicted the gentamicin release in the entire
time period.

Available online at: http://www.shd.org.rs/JSCS

(CC) 2024 Serbian Chemical Society.



DIFFUSION MODELS OF RELEASED GENTAMICIN 637

08

0é

o
O o4
-7
O .

1] 1 2 3
. 12 1 Fig. 6. Standard ETA (blue line) and modified ETA
Time, " days (black line) models, ® experimental points.

Mechanical properties

Fig. 7 shows stress—strain curves for the PVA, PVA/CHI and PVA/CHI/
/Gent films, while tensile strength, modulus of elasticity and the strain corres-
ponding to tensile strength (maximum of curve, when geometrical weakening of
material starts), &€m, are presented in Table II.

PVA/CHI
40

30

Stress / MPa

20 PVAJCHI/Gent

. : . . . _ |, Fig. 7. Stress—strain curves from tensile
0 5 10 15 20 2 % test for PVA, PVA/CHI and PVA/CHI/
Strain / % /Gent films.

TABLE II. Tensile strength (org), Young’s modulus of elasticity (£) and tensile strain for
maximum of tensile curves (g,,)

Sample ors/MPa  SD/MPa  E/MPa  SD/MPa Em/! % SD /%
PVA 47.25 43 1886.87 147 7.27 0.49
PVA/CHI 53.43 2.9 2223.67 211 13.31 1.57
PVA/CHI/Gent 36.50 4.0 1969.73 162 2.61 0.04

It could be seen that the tensile strength of PVA/CHI film increased by 13.1 %,
Young’s modulus by 18.0 % and tensile strain, &y, by 83.1 % compared to pure
PVA film. This improvement in mechanical properties is a consequence of strong
physical interactions and establishment of hydrogen bonds between PVA and
CHI molecules.#!42 By comparing the mechanical properties of the PVA/CHI
and PVA/CHI/Gent films, a decrease by 31.7 %, in tensile strength with the
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addition of gentamicin, is observed. Young’s modulus of elasticity by 11.4 %,
while the tensile strain was even five times smaller. Also, from the shape of
tensile curves it could be seen that the addition of gentamicin leads to an increase
in the brittleness of the films.

CONCLUSION

In the course of this work we have synthesized poly(vinyl alcohol)/chito-
san/gentamicin (PVA/CHI/Gent) hydrogel, non-toxic towards MRC-5 and 1L.929
cell lines and with strong antibacterial activity against Escherichia coli and
Staphylococcus aureus. Diffusion mechanism of gentamicin release from PVA/
/CHI/Gent hydrogel was studied by comparison of novel two compartmental
models with general fractional derivative (GFD) and Korsmeyer—Peppas, Mak-
oid—Banakar and Kopcha diffusion models. GFD model fitted the experimental
gentamicin release profile better than other models and enabled the determination
of the diffusion coefficient of gentamicin in entire time period.
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U3BOJ
OUOY3MOHU MOJEJIU OTITYIUTAKA TEHTAMULIMHA U3 [TOJIU(BUHUIT
AJTKOXOJT)/XUTO3AH XUIOPOTEJTA

BECHA MUIIIKOBHUR-CTAHKOBUWR', AHA JAHKOBWR?, CBETJIAHA I'PYJUR?, UBAHA MATUR-BYJATHUR?,
BECHA PAJIOJEBUR?, MAJA BYKAIIMHOBUR-CEKYJIMR? BECHA KOJUR?, MAPUJA BOLLIUR*
u TEOJIOP M. ATAHALIKOBUR®

'Qakyninew 3a exon0Tujy U 3AWTAUTLY HUBOTIHE Cpegune, YHugep3umem Ynuon — Huxona Tecna, Llapa
Iywana 62—64, 11000 Beoipag, *Texronowxo—memanypuky Gaxyniien Yrnueepsuiueiia y beoipagy,
Kapneiujesa 4, 11000 Beoipag, >Onkonowku uncimumyim Bojsogune, Ynusepsuineiwn y Hosom Cagy, Iyiu
Ip Tongmana 4, 21204 Cpemcka Kamenuya, *HHCTUTIY T 3d THEXHOLOTUY HYKIEAPHUX U GPYTUX

MUHEPATHUX cuposund, Byneeap @panw g'Etiepea 86, 11000, Beoipag u *®axyninei exHUUKUX HAYKA,
Ynugepsuiueini y Hosom Cagy, 21000 Hosu Cag

OBa cTyznuja npexncrasma nopehemwe Haler HelaBHO GOPMYITHCAHOT NBO-KOMIApPT-
MEHTCKOT Mopena ca onmtuM (pakuunonum wussoxguma (GFD) m Kopcmejep-Ilema-
coBuM, Maxkoun—banakaposum u Komua momenuma pudysuje. KopucTunu cMmo Hall
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GFD mopen 3a npoydyaBame OTHyLITama 'eHTaMULMHA W3 IOJHU(BUHUI alKOX0JI)/XUTO-
3aH/rentamunuud (PVA/CHI/Gent) xumporena HamMemeHOT 3a TpPeTMaH AYyDOKHUX XpO-
HUYHUX paHa. PVA/CHI/Gent xupporen je mpunpemmbeH (GHU3NYKUM yMpeKaBameM
Onucnepsdje MOJU(BUHMI alKOXOJI)/XUTO3aH METOJOM 3aMp3aBaka U OOMp3aBama, a
3aTuM je OyOpen 48 h y pacTBopy reHtamunuHa, Ha 37 °C. UcnuTtuBaHa cy GpU3HYKO—
—xemujcka (FTIR, SEM), mexaHuuka 1 OMonomKa (JUTOTOKCUYHOCT, aHTUDAKTEepHUjCcKa
aKTUBHOCT) CBOjcTBa. KOHLEHTpaUHja OTMYIITEHOI reHTaMUIMHA je ompeheHa kopwuiu-
hewem Teune xpomartorpaduje Bucokux nepgopmancu (HPLC) y xomOuHauuju ca
MmaceHoM crnekTpoMeTpujoM (MS). OpHoc M3Mely KoHLeHTpauuje OTMYIITEHOI I'eHTa-
MUIIMHA U TOYEeTHEe KOHIIeHTpalHje reHTaMULUHA Yy XUAporeny je mpaheH TOKOM HyXer
BPEMEHCKOT mepuoja. JlokasaHo je na je Ham, HOBM gudysnond, GFD mopen Oome
ycxiaheH ca eKCepuMeHTaaIHUM MofaluMa Of APYTUX Mojesna U omoryhasa mpenusHo
onpehuBame koeduuujeHTa nudysuje 3a 110 BpEMEHCKHU MePUOoT.

(ITpumiseno 7. nenemdpa 2023, pepunupaHo 15. janyapa, npuxsaheno 22. janyapa 2024)
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High-performance liquid chromatography (HPLC) (Thermo Fisher
Scientific, USA) was utilized for gentamicin components separation and the
detection and quantitative analysis was done in an ion trap mass spectrometer
(MS) (LCQ Advantage, Thermo Fisher Scientific). HPLC was equipped with a
reverse-phase column (4.6 mm X 75 mm % 3.5 um) Zorbax Eclipse® XDB-C18
(Agilent Technologies, USA), in front of which a precolumn (4.6 mm x 12.5 mm
x5 um) was placed. Methanol (A), deionized water (B), and 10 % acetic acid (C)
comprised the mobile phase. The optimized HPLC and MS operating parameters
(mobile-phase gradient, analytes’ precursor ions, fragmentation reactions used
for quantification, and optimal collision energies) for the determination of
gentamicin compounds were published in our previous paper.5">

The gentamicin mass spectra were collected in the m/z range of 50-1000. As
expected, the MS spectrum revealed the three most abundant ions since
gentamicin is composed of three compounds — gentamicin Cla, C2, and Cl.
These ions were further chosen as the precursor ions for each compound. Their
most sensitive transitions were selected for quantification purposes. The
presented gentamicin concentrations represent sums of the three determined
gentamicin compounds.

* Corresponding author. E-mail: vesna@tmf.bg.ac.rs
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Evaluation of antibacterial properties

The hydrogel samples were cut up to small pieces (~ 2 x 2 mm). Thus
prepared samples were sterilized under UV light for 30 min in a laminar flow
cabinet. The bacteria culture suspensions were prepared by resuspending
overnight cultures in the phosphate buffer (the same buffer was used for the drug
release and gel swelling studies). The initial cell numbers in the suspensions were
~10° CFU ml"'. Approximately 2 g of each sample were added to the flasks with
bacterial suspensions and incubated in the shaker water bath at 37 °C and 62 rpm.
The controls were bacterial suspension in phosphate buffer, without any added
samples. The cell numbers were monitored by sampling and serial dilution of the
media aliquots after 15 min, 1 h, 3 h and 24 h of incubation. Nutrient agar base
(1.5 wt %, 55 °C) was inoculated with 100 pl of culture medium and poured in
sterile Petri dishes. The Petri dishes were incubated at 37 °C for 24 h, after which
the viable cells were counted and expressed as colony forming units per ml (CFU
ml™).

Cytotoxicity

Cell cultures. The cells were grown in Dulbecco’s modified Eagle’s medium
with 4.5% glucose, supplemented with 10% fetal calf serum and antibiotic-
antimycotic. The cells were sub-cultured twice a week and cell suspensions were
prepared with 0.1% trypsin in EDTA. All cell lines were cultured in 25 cm? flasks
at 37°C in atmosphere with 5% CO, (100% humidity). Viable cells were counted
by 0.1% trypan blue exclusion, and exponentially growing cells were used for
MTT assay. The viability of the cells used in the MTT assay was > 90%.

MTT assay. The viable cell cultures were seeded in 12-well plates with
hydrogel samples (2 g), and control wells contained only the complete media
with cells and without hydrogel samples. The incubation was conducted at 37°C
for 48 hunder air flow with 5% CO,. After incubation, the cells were separated
from the hydrogel samples by trypsinization treatment. Subsequently, 100 ul of
the media with cells were cultured in 96-well microtiter plates at 5x10° cells per
well seeding density to ensure logarithmic growth rate throughout the assay. The
microtiter plates were incubated for 48 h at 37°C. Three hours before the end of
the incubation period, MTT solution (10 pl) was added in each well. Cells were
incubated in the presence of MTT for 3 hours at 37°C, after which the medium
and MTT were removed by suction.The blanks contained only media and MTT,
without the cell cultures. The MTT test is based on the reduction of MTT dye to
an insoluble formazan product inside the viable cells mitochondria, which causes
the change of the medium color from blue to dark purple. After the media was
discarded, the remaining solid precipitates with cells and purple formazan
product were solubilized in 100 pl 0.04 M HCI isopropanol solution. After a few
minutes at room temperature, the optical density (OD) at 540/690 nm was
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measured using a Multiscan MCC340 spectrophotometer plate reader (Thermo
Labsystems). Cell viability, S, is calculated using equation
S§=1004, / A, (S1)

where Au1 Ac are absorbance of tested sample and control, respectively.

DET assay. Dye exclusion test (DET) towards two fibroblast cell lines was
carried out according to the previously published protocols.>* Viable cells were
seeded in the 12-well plates (Costar) at concentration of 1 x 10°/mL, whereas the
control wells did not contain samples, only the seeded cells. Plates were
incubated at 37 °C under air flow with 5% CO,, during the following 48 h. After
the incubation, cells were separated from samples by trypsinization method i.e.
by adding 0.1 % trypsin solution. The cell number and viability were further
evaluated by the trypan blue exclusion method using a formula

K = 100Ns/N« (S2)

where K is growth inhibition expressed as a percent of control, Ny is the total
number of cells (control) and N; is the number of cells on the tested samples.
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Abstract: The aim was to detect and correlate anticancer effects of metformin
in combinations with other repurposed drugs, already registered for other indic-
ations, which may be immediately applied and clinically investigated in onco-
logy, reducing the time and cost of research for new cancer treatments. Immu-
nohistochemistry was performed for tumors treated by dual drug combinations
containing metformin with deoxycholic acid, caffeine, itraconazole, nitrogly-
cerin, disulfiram or diclofenac. The drugs were applied in Syrian golden ham-
sters (6 animals per group) with the inoculated BHK21/C13 fibrosarcoma in
doses equivalent to usual human doses, <50 % LDs,. The anticancer effects
were assessed by: p53 (mutational status); Ki-67 and PCNA (tumor prolifer-
ation); CD34 and CD31 (neoangiogenesis); GLUT1 (glucose metabolism);
iNOS (NO metabolism); COX4, Cytochrome C and caspase 3 (apoptosis);
immunohistochemical markers. Also, biophysical characteristics of fibrosar-
coma, animal blood samples and the toxicity on main organs were analyzed.
Treatments significantly (P < 0.05) reduced mutational status, tumor prolifer-
ation, neoangiogenesis, glucose metabolism, NO metabolism and modulated
apoptosis, in correlation with tumor size, without toxicity and influence on bio-
chemical blood and hematological tests. The administration of metformin in
two-drug combination with deoxycholic acid, caffeine, itraconazole, nitrogly-
cerin, disulfiram or diclofenac may be recommended for further clinical inves-
tigations in oncology.

Keywords: tamour markers; fibrosarcoma; metformin; repurposed drugs; ham-
sters.
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INTRODUCTION

Anticancer effects of some pleiotropic low cost non-oncological, marketed
drugs, such as metformin, deoxycholic acid, caffeine, itraconazole, nitroglycerin,
disulfiram or diclofenac are reported in vitro (cell lines), but investigations in
vivo (experimental animals) and clinical investigations, especially of their certain
combinations, are not yet conducted.

The activation of NF-xB (Nuclear factor kappa-light-chain-enhancer of act-
ivated B cells) signaling has been found in many types of tumors, including
breast, colon, prostate, skin and lymphoid tumors.! NF-kB, as the master stimul-
ator of cancer development and maintenance, stimulates proliferation, angiogen-
esis and modulates apoptosis (inhibits apoptosis in cancer cell lines).

Metformin inhibited proliferation and stimulated apoptosis of various cancer
cell lines by suppression of NF-kB in lung,2 human ovarian,3 human gastric ade-
nocarcinoma? and prostate cancer cells.’

It has been shown that deoxycholic acid inhibited NF-xB activity, limited
cancer cell proliferation, invasion and induced apoptosis in vitro: in human pan-
creatic cancer cells,® gastric carcinoma cells,” lung cancer cells,3 prostate cancer
cells,® breast cancer cells,3 colon cancer cells,”10 gastric carcinoma cells!! and
hepatic carcinoma cells.12

Caffeine inhibits NF-kB and induces apoptosis in many human cancer cell
lines (lung, pancreatic, leukemia) in vitro.13:14

Itraconazole exhibits significant anticancer effects in various cancer cell
lines in vitro via inhibition of NF-kB, angiogenesis, folate, autophagy and chol-
esterol transportation.15:16 The same as metformin, itraconazole inhibits protein
synthesis, cell growth, proliferation and stimulates apoptosis.!”

Nitroglycerin liberates nitric oxide (NO) in the tissues, which modifies
tumor cell metabolism by modulating the Warburg effect in cancer therapy.!8
Similarly to metformin,!9 NO from nitroglycerin causes folate and B, defi-
ciency.20:21 Nitroglycerin inhibits NF-kB, downstream related proteins and stim-
ulates apoptosis in vitro.22

Disulfiram inhibits proliferation and stimulated apoptosis of various cell
lines in vitro by NF-kB suppression: leukemia,23 endometriotic,24 lymphoid,25
glioblastoma,2% colorectal,2” non-small cell lung28 and gastric cancer cells.2?

Diclofenac inhibits NF-kB in human and mouse hepatoma cells in vitro.3031
Diclofenac also inhibits NF-«kB activation, inhibited proliferation and stimulated
apoptosis in various tumour cells in vitro.32

The opposite functional crosstalk between NF-kB and p53 has a key role in
the pathogenesis of most tumours. p53, a tumour suppressor protein, nuclear
transcription factor described as “the guardian of the genom”, stops the formation
of tumours and prevents mutation. p53 is associated with cell cycle arrest, angio-
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genesis inhibition and apoptosis modulation (induces apoptosis in cancer cell
lines).

We screened non-oncological pleiotropic drugs (inhibitors of NF-kB) with
approved anticancer characteristics in vitro, and their combinations on experi-
mental BHK-21/C13 fibrosarcoma in hamsters and correlated indicators of tum-
our growth (tumour weight and immunohistochemical parameters expression).

Frequently used mouse models offer an attractive system for cancer therapy
research. However, there are important limitations: firstly, concerning the im-
mune mediated rejection of cancer xenograft and secondly, models that use the
immune deficient mice (in order to avoid the rejection) can produce metastases.33
Cell lines were the main component of any experimental model. BHK-21/C13
cells are able to undergo malignant transformation when they are subcutaneously
injected into hamsters.33

A model of BHK-21/C13 cell culture induced sarcoma in Syrian hamsters is
easy reproducible, tumour is solitary, big enough in short time, never produced
metastases and without influence of the host immune mechanisms. Immunolog-
ically, hamsters do not recognize BHK-21/C13 cells as tumorigenic and tumour
is enormously growing. The tumour is locally infiltrative. BHK-21/C13 cells are
tumorigenic only for hamsters (except nude mice). Only whole live cells are tum-
origenic, not DNA, or cell extracts. This model is excellent for the pharmaco-
logical examination of antitumor agents, because the tumour never produces
metastases and is not influenced by immune rejection, in contrast with some
other animal tumour models (Fig. 1).

EXPERIMENTAL
Animal model

The study was performed on Syrian golden hamsters (6 hamsters per group; males only;
age, 12—15 weeks; weight, ~80 g). The animals were obtained from the Pasteur Institute and
were maintained under standard animal housing conditions at 2542 °C and 60+2 % humidity
under a 12-h light/dark cycle. The animals had ad libitum access to food and water.

BHK-21/C13 cells were subcutaneously inoculated (1ml, 2x10° cells/ml) into the back of
all hamsters by the same researcher (Fig. 1). After the tumour inoculation, the following char-
acteristics were monitored: general condition; general clinical signs (diarrhoea, breathing dis-
orders, neurological signs); behaviour; body weight (measured daily); tumour diameter, loc-
ation and ulceration; appearance of multiple tumours.

Our study followed internationally recognized guidelines on animal welfare, as well as
local and national regulations (ARRIVE guidelines; Law on animal welfare of the Republic of
Serbia; University of Novi Sad Rules for work with experimental animals). All animals were
subjected to protocols approved by the University of Novi Sad Animal Ethics Committee
(Novi Sad, Serbia): Doc. No. EK: TI-E-2020-07; Doc. No. EK: 1-2022-01; No. 04-150/15;
Doc. No. EK: 1-2022-02; and approved by the Ministry of Agriculture, Forestry and Water
Management — Veterinary Directorate (Belgrade, Serbia): No. 323-07-09359/2020-05; No.
323-07-03995/2022-05; No. 323-07-03996/2022-05; No. 323-07-03997/2022-05.
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Fig. 1. Syrian hamster with BHK-21/C13 cell culture inoculated subcutaneously.
Large tumor on the inoculation site, without spreading on internal organs.

The treatments were initiated after the subcutaneous inoculation of 1 ml of BHK-21/C13
cell suspension (2x10° cells/ml) into the back for the development of a subcutaneous fibrosar-
coma tumour. Single metformin, deoxycholic acid, caffeine, itraconazole, nitroglycerin, disul-
firam or diclofenac and dual combinations with metformin (all from Galenika a. d.) were
applied perorally in 1-2 ml of fluid (saline), according hamster body mass, via a gastric probe,
in daily doses equivalent to usual human doses by normalization to body surface area, < 50 %
of hamster oral median lethal dose LDs, (Table I).

BHK-21/C13 cells were produced in DMEM substrate with 4.5 g/L glucose, with 10 %
foetal bovine serum (FBS), 2 mM glutamine and 1 % penicillin/streptomycin (all from Cap-
ricorn Scientific), at 37 °C, in a 5 % CO, humidified atmosphere. BHK-21/C13 cells were
subcultured twice a week once they reached a confluency of 70-80 %.

Immunohistochemistry

Immunohistochemical p53, Ki-67, PCNA, CD34, CD31, GLUTI, iNOS, COX4, cyto-
chrome C and caspase 3 staining was performed to assess tumour mutational status (p53), pro-
liferation (Ki-67, PCNA), neoangiogenesis (CD34, CD31), glucose metabolism (GLUT1), NO
metabolism (iNOS) and apoptosis (COX4, Cytochrome C, caspase 3). COX4 is a mitochon-
drial cytochrome C oxidase marker of apoptosis (overexpressed in cancer cells), cytochrome
C is a useful marker of mitochondrial and cellular damage and apoptosis in tumours and cas-
pase 3 is a crucial mediator of apoptosis (frequently activated death protease, detects endogen-
ous levels of cleaved caspase 3). In immunohistochemical staining, the following primary
antibodies were used: p53 (Thermo Fisher Scientific, Inc.; DO-7; Product # MAS-12557;
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1:100), Ki-67 (Thermo Fisher Scientific, Inc.; cat. no. RB-9043-P0, 1:300), PCNA (Thermo
Fisher Scientific, Inc.; cat. no. RB-9055-P, 1:300), CD34 (Abcam; cat. no. ab81289; 1:200),
CD31 (Abcam; cat. no. ab28364; 1:200), GLUT1 (Thermo Fisher Scientific, Inc.; cat. no. RB-
9052-P0; 1:200), iNOS (Thermo Fisher Scientific, Inc.; RB-9242-P0; 1:100), COX4 (Abcam,;
cat. no. ab185056; 1:1,000), Cytochrome C (Abcam; cat. no. ab133504; 1:200) and caspase 3
(Abcam; cat. no. ab13847; 1:200). Briefly, sections (5 pm) were deparaffinized in xylene (100
%) and rehydrated in descending ethanol series (100 % twice for 3 min; 95 % for 3 min and
70 % for 3 min). For antigen retrieval, the sections were microwaved (850 W; ~98 °C) for 20
min in Tris-EDTA buffer (10 mM Tris Base, 1 mM EDTA solution, 0.05 % Tween 20, pH
9.0), washed twice for 5 min with TBS plus 0.025 % Triton X-100 (with agitation) and
blocked by immersion in 10 % goat serum (cat. no. G6767; Sigma—Aldrich; Merck KGaA) in
TBS with 1 % BSA (cat. no. T6789; Sigma—Aldrich; Merck KGaA) for 2 h at room tempera-
ture. Primary antibodies dissolved in TBS with 1 % BSA were incubated at 4 °C overnight.
The sections were washed twice for 5 min with TBS plus 0.025 % Triton X-100 (with agitat-
ion) and incubated with 0.3 % H,O, in TBS for 15 min at room temperature. Horseradish per-
oxidase-conjugated goat polyclonal rabbit immunoglobulin G secondary antibody (cat. no.
ab6721; Abcam) dissolved in TBS with 1 % BSA was added to the sections for 2 h at room
temperature. The sections were washed three times for 5 min with TBS. For visualization, the
chromogen 3,3-diaminobenzidine tetrahydrochloride (cat. no. K3468; Liquid DAB + Substrat-
Chromogen System; Dako; Agilent Technologies, Inc.) was added and incubated for 10 min at
room temperature. The sections were washed with water for 5 min and were stained with
Mayer’s hematoxylin for 5 min at room temperature. The stained tumour slices were assessed
using Leica DMLB 100T (Leica Microsystems GmbH) microscope at 400x magnification.
Images were captured using a Leica MC190 HD camera (Leica Microsystems GmbH). Im-
munoexpression was evaluated based on the positive cells counts (stained /total number of
cells) or on the stained portions of surface area (stained surface/whole surface) in the tumour
sections (mean of 10 measurements) using UTHSCSA Image Tools for Windows version 3.00.

Blood biochemical tests and haematological analyses

2-3 ml of the total collected blood was used for standard laboratory analyses: glucose,
serum proteins, albumins haemoglobin, sedimentation, erythrocytes, leucocytes, lymphocytes,
monocytes, granulocytes, platelets, haematocrit, mean corpuscular volume, mean corpuscular
haemoglobin and mean corpuscular haemoglobin concentration, in all three experiments. The
serum, obtained from the blood samples by centrifugation at 2,000xg for 10 min, was ana-
lysed using an auto chemistry analyser (Rayto Life and Analytical Sciences Co., Ltd.). Com-
mercial tests for the determination of glucose concentration (cat. no. 21503), serum proteins
(cat. no. 11500) and albumins (cat. no. 11547; BioSystems S.A.) were used. An auto haemato-
logy analyser (Abacus Junior Vet; Diatron; Stratec SE) was used for enumeration of blood cells.
Statistical analysis

Mean +SD or +SE and correlation analysis were determined and one-way ANOVA fol-
lowed by a Student-Newman—Keuls post hoc test were performed using TIBCO Statistica
13.3.1 software (TIBCO Software, Inc.). P values less than 0.05 were regarded statistically
significant. To check significances obtained by parametric testing (comparing the means), the
two-sided Mann—Whitney U tests (comparing the medians) were additionally performed.
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RESULTS AND DISCUSSION

After inoculation of BHK-21/C13 cells, fibrosarcoma was developed in all
hamsters (Fig. 2). Animals had isolated, well-demarcated solid tumours without
any adverse effects on general health and well-being. The maximal tumour dia-
meters after sacrifice, were <3.5 cm in all experiments. The maximal tumour
burdens after sacrifice were much below 10 % of the animal body weight in all
experiments. Pathological, histopathological and toxicological analysis following
autopsy revealed no signs of toxicity on main organs (heart, lungs, stomach, int-
estine, liver, kidneys and brain), nor metastases or ascites.

TABLE 1. Weights = SD (g) and control/treatment difference P-values of extirpated hamster
fibrosarcomas treated with single drug and various combinations of metformin 500 mg/day
with another repurposed drug

Control/ Control/ Control/

Single  Single Combin- ;101 /Single 2. /Combin.

Drugs/dose, mg/kg Control

L. 2. ation P-values P-values P-values
1. Metformin/500 290 245 3.06 1.36 0.61375 0.89427 0.04501
2. Deoxycholic acid/100 +1.39 £1.28 £2.11  +0.61
1. Metformin/500 2.54 1.10 2.32 0.42 0.30021 0.78122 0.04110
2. Caffeine/100 +230 +0.77 £1.31 +0.32
1. Metformin/500 4.85 3.20 3.99 1.13 0.39604 0.55283 0.02921
2. Itraconazole/250 +3.35 +£1.65 +0.98 +041
1. Metformin/500 267 242 1.97 1.44 0.59372  0.13005 0.01542
2. Nitroglycerin/25 +1.05 +£098 +1.02  +0.75
1. Metformin/500 438 4.01 422 0.65 0.39856  0.60277 0.00013
2. Disulfiram/50 +0.50 =+0.69 +£0.99 +0.27
1. Metformin/500 3.80 3.10 2.80 0.19 0.30005 0.16483 0.00080
2. Diclofenac/60 +0.77 +0.89 =+1.16 +0.15

The experimental and control groups were statistically compared for glucose
levels, haemoglobin levels, haematocrit levels, serum proteins, sedimentation,
red and white blood cell counts, platelet number, but no significant differences
were observed among the groups in all experiments (P < 0.05).

Peroral co-treatment with dual drug combinations containing metformin with
deoxycholic acid, caffeine, itraconazole, nitroglycerin, disulfiram or diclofenac
significantly inhibited tumour growth as indicated by significant decreases in
tumour weight, compared with the control group and the single treatment groups
(Table I).

The immunohistochemical evaluation (Fig. 3) revealed significantly (P < 0.05)
decreased tumour mutational status, as demonstrated by p53; significantly (P <
< 0.05) decreased proliferation status of tumour cells, as demonstrated by Ki-67
and PCNA; significant (P < 0.05) inhibition of tumour vasculature, as demon-
strated by CD31 and CD34; significant (P < 0.05) inhibition of glucose metabol-
ism, as demonstrated by GLUT1; significant (P < 0.05) inhibition of NO meta-
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bolism, as demonstrated by iNOS staining; and significant (P < 0.05) decrease in
apoptosis intensity, as demonstrated by COX4, cytochrom C and caspase 3, in all
analysed slices of tumours from animals treated with the combinations, compared
with the control group and the single treatment groups. Furthermore, captivating
correlation were obtained between tumour weight (g) and all analysed immune-
histochemical parameters expression (Table II).

Fig. 2. Extirpated hamster fibrosarcomas placed on one-millimeter grid paper.
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Fig 3. Extirpated hamster fibrosar-
coma immunohistochemical staining
images (examples from the control
groups); illustration for used immune-
histochemical stainings (p53, Ki-67,
PCNA, CD34, CD31, GLUTI, iNOS,
COX4, cytochrome C and caspase 3).

The results (Table I) confirmed the significant (P < 0.05) synergistic antican-
cer effects of all examined drug combinations on hamster fibrosarcoma, with sig-
nificant correlation (P < 0.05) between decrease in tumour weight and immune-
histochemical staining grade (Table II), without toxicity on main organs (based
on the gross and microscopic standard pathological examination of organs, tis-
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sues and whole bodies), influence on body weight, biochemical and haematolog-
ical blood tests.

TABLE II. Correlation of tumour weight (g) and immunohistochemical expression (intensity)

Immunohistochemical Line fit plot Pearson cqrrelation P-valuex107
parameter coefficient (»)

p53 y=238.095x + 1.597 0.98511 2.1600
Ki-67 y=8.630x + 1.522 0.98501 2.1672
PCNA y=28.367x+ 1.664 0.98506 2.1622
CD34 y=1.002x + 0.576 0.96396 0.70657
CD31 y=1.326x+0.328 0.95803 0.012902
GLUTI y=0.091x + 0.050 0.95784 0.013131
iNOS »=0.080x + 0.031 0.98646 1.4477
COX4 y=10.940x + 0.278 0.96552 0.59297
Cytochrome C y=0.925x-0.221 0.97395 0.19512
Caspase 3 y=7.791x +1.782 0.94972 0.021730

Findings of significant correlation between the significantly reduced tumour
weight and immunohistochemical markers expression validate the anticancer
effects of the investigated repurposed drug combinations.

Our explanation of the positive correlation between the tumour weight and
the used immunohistochemical staining markers intensity, or more precisely, the
explanation of the treated tumour weight decrease and the correlated p53 (“the
guardian of the genom”) staining decrease (what seems contrary to the usual exp-
ectation); the reduced expression of proliferation indicators Ki-67 and PCNA (as
expected); the reduced expression of neoangiogenesis indicators CD34 and CD31
(as expected); reduced expression of glucose metabolism indicator GLUT1 (as
expected); the reduced expression of NO metabolism indicator iNOS (as exp-
ected); and the reduced expression of apoptosis indicators COX4, cytochrome C,
caspase 3 (what seems contrary to usual expectation), based on recent literature,
is as follows.

The tumour suppressor protein p53 is overexpressed in a large fraction of
human tumours, including sarcomas.34 It has been found that: 1) p53 abnormal-
ities may be an early event that contributes to the neoplastic transformation; 2)
pS53 overexpression may be related to the progression toward more aggressive
tumour forms.34 The p53 protein is frequently mutated in many human cancers.34
The mutant p53 protein has a much longer half-life than the wild-type protein
and accumulates in large amounts in the nuclei of transformed cells. In contrast,
the levels of the wild-type p53 protein are normally so low that they cannot be
detected by immunohistochemistry.34 Immunohistochemical detection of p53: 1)
strong homogeneous staining pattern (aggressive tumor); 2) rare scattered posit-
ive nuclei (treated tumour). p53 protein overexpression (mutated) was signific-
antly associated with parameters of biological aggressiveness. Mutant p53 pro-
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tein may be unable to perform the normal p53 function of suppressing cell pro-
liferation.34 p53 is the most commonly mutated gene in cancer, including soft tis-
sue sarcoma in humans.33

Ki-67 and PCNA proteins — cellular markers for proliferation, CD34 — a
marker of endothelial cells and vascular differentiation, CD31 — a useful specific
adjunctive marker for tumour vasculature endothelial differentiation (more spe-
cific and sensitive than CD34), GLUT1 — associated with glucose transport
across membranes (overexpressed in cancer), iNOS — marker of NO metabolism
in the cytoplasm, associated with the tumour progression, proliferation and angio-
genesis (overexpressed in various neoplastic processes) were in our experiments
positively correlated to tumour weight. This could be expected, since the tumour
cell proliferation, neoangiogenesis and glucose or NO metabolism intensity are
involved in the tumour biological outcomes, such as tumour weight.!

COX4, Cytochrome C and caspase 3 — markers of apoptosis, were in our
study also directly correlated with tumour weight. Disregulation of apoptosis is a
hallmark of cancer, enabling tumour cells to evade cell death and promote uncon-
trolled growth. In cancer cells increased levels of cleaved caspase 3 have been
observed, indicating ongoing apoptotic events that might be ineffective or stop-
ped by pro-survival pathways.3¢ Rate of apoptosis, as measured by both caspase
3 activation or by other methods and nucleosome release are higher in breast can-
cer than in non-malignant breast tissue.3’ This finding would appear to conflict
with the widely held belief that apoptosis is reduced in malignancy. The prolifer-
ation/apoptosis ratio, however, may be higher in carcinomas than in the corres-
ponding normal tissue.37 Tumour growth is the result of cell proliferation and
cell loss by apoptosis.38 By the comparison with non-neoplastic breast tissue,
caspase 3 appeared to be upregulated in malignant breast tissue (> 75 % of the
specimens).38 The caspase-3 protein overexpression appears to be involved in the
apoptotic pathways influenced by wild-type p53 (mutated p53).38 The caspase 3
expression correlates with poor prognostic parameters such as higher histologic
grade and high proliferation in breast carcinoma patients.39 The caspase 3 exp-
ression could be linked with malignancy progression and correlates with the mal-
ignancy of head and neck cancer in humans.*0

Repurposing approved non-oncology drugs can significantly expedite the
process of identifying effective anticancer treatments overcoming drug resistance
in cancer and improve patient outcomes in a cost-effective manner.4! A good
illustration of relevance and importance of drug repurposing for cancer treatment
are clinical investigations available up to 2024 from multiple resources (PubMed,
Google Scholar, ClinicalTrials.gov, Drug Bank database, ReDo database and the
National Institutes of Health).42 The antidiabetic agents contribute to 52 clinical
trials: metformin (37 trials/Phase I— III), pioglitazone (10 trials/Phase I and II),
desmopressin (2 trial Phase I and II), dapaglifozin (1 trial/Phase 1), epalrestat (1
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trial/Phase 1I), acarbose (1 trial/Phase II) against different cancer types (e.g., in
clinical trial Phase III: breast, colorectal, endometrial, prostate and non-small cell
lung cancer).42

CONCLUSION

The results of our experiments confirmed the significant anticancer effects of
the metformin co-treatments with deoxycholic acid, caffeine, itraconazole, nitro-
glycerin, disulfiram or diclofenac on hamster fibrosarcoma, without toxicity. The
anticancer properties of the examined two-drug combinations in hamsters, doc-
umented by significant decrease in tumour weight and immunohistochemical
staining grade, further supported by the significant correlation between the two,
with used doses equivalent to standard human doses, suggest that the effective
nontoxic oncological therapies in humans and prevention of cancer relapse using
these drug combinations may be achievable. The administration of metformin in
combination with deoxycholic acid, caffeine, itraconazole, nitroglycerin, disul-
firam or diclofenac might be an effective and safe approach in novel nontoxic
adjuvant anticancer treatment and can be recommended for further clinical inves-
tigations.
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M3BOJ

HMYHOXHUCTOXEMUICKHU IMTOKA3SATE/bU AHTUKAHLIEPCKOT JEJTIOBABA
KOMBHMHALIMJA MET®OPMHHA CA IPYTUM ITPEHAMELEHUM JIEKOM
N KOPEJTALIMJA CA BETMUMHOM TYMOPA HA ®UBPOCAPKOMY XPUKA

JOBAH K. I[IOTIOBUR!, IYILIULIA J. [TIOTIOBUR?, KOCTA J. [IOTIOBUR?, IEJAH MUJBKOBUR?,
IYLIAH JIAJIOIIEBUR?, 3AHA JOTURAHWH? u UBAH YAIIO*

!3a60g 3a papmaxonoiujy, WwoKcuKoNOIUjy U KIUHUUKY apmaxonoiujy, Meguyuncku Qaxynideid, Yrusep-
sutnem y Hosom Cagy, Hosu Cag, *Zlenapmman 3a duomeguyuncke nayxe, JIpiasnu ynugepsutew y Hogom
Iasapy, Hosu ITasap, 33asog 3a papmavujy, Meguuyuncku Gaxyniuein, Ynusepsuineir y Hosom Cagy, Hosu

Cag u *3aeog 3a xucimonoiujy u embpuonoiujy, Meguuuncku paxynimei, Ynusepsuiueis y Hogom Cagy,
Hosu Cag

Llum je Mo OTKpUBame U Kopenaldja aHTUKaHLepCckux edekata meThopMHUHA Y
KOMOMHAUWjHU ca IOPYTMM INpeHaMelheHUM JeKOBHMa, Beh pEerucTpoBaHUM 3a ApyTe
HWHIUKalHje, KOju ce MOTY OOMaX MPUMEHUTH U KIUHUYKA UCIIUTATH Y OHKOJIOTHjH, LITO
CMamyje BpeMe U TPOLIKOBE HMCTpakKMBama HOBUX Tepalldja KaHuepa. MMyHoxucToxe-
Muja je ypahena 3a Tymope sedeHe komOUHalLIMjaMa [1Ba Jieka, Koje campxe MeTOOPMHUH
Ca DeOKCHUXOJHOM KHCEINHOM, KODEeHHOM, HTPAaKOHA30/I0M, HUTPOTTHIIEPHHOM, JUCYII-
¢upamom unu guknodbeHakoM. JIEKOBH Cy NPUMEHEHU KOJi CUPHjCKHUX 3JIaTHUX Xpyaka
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(6 xuBOTHWA MO Tpynu) ca wHokynucanum BHK21/C13 cdudpocapxomom, y mosama
eKBUBAJIEHTHUM yoOuUajeHUM Jo3ama 3a ibyne, <50 % LDso. AHTHKaHLIepCKa JejcTBa Cy
npolemeHa NoMohy UMyHOXUCTOXEMHUjCKUX Mapkepa: p53 (Mytauuonu craryc); Ki-67
u PCNA (nponudepanuja tymopa); CD34 u CD31 (neoaHruorenesa); GLUT1 (merta-
domuzam riaykose); iNOS (NO metabonuszam); COX4, cytochrome C u caspase 3 (amor-
To3a). Takohe, aHanu3upane cy duodusnuke KapakTepucTuke dudpocapkoma, y3opuu
KPBU JKUBOTHHA W TOKCHYHOCT 3a I[JIaBHe opraHe. TpeTMaHu cy 3HavajHo (P < 0,05)
CMaBUId MYTAallMOHU CTaTyc, nponudepanujy Tymopa, HeoaHruoresne3y, metadonusam
raykose, mMerabonusam NO W MOZynupand amnonTosy, y KOpelaldju ca BEJIHYHHOM
TymMopa, 0e3 TOKCHYHOCTH W yTHLaja Ha OMOXeMHjcKe KPBHE U XEMAaTOJIOIIKe TEeCTOBeE.
ITpumeHa koMOUHaLH]ja OBa Jeka — MeT(GOPMHHA Ca: JEOKCUXOITHOM KHCETHHOM, Kode-
HWHOM, UTPAKOHA30JI0M, HUTPOTJIULIEPUHOM, TUCYI(PUPAMOM WIH JUKIOGEHAKOM, MOXKe
ce MPernopyyMTH 3a Jasba KIMHHUYKA UCIIUTHBAKba Y OHKOJIOTH]jH.

(ITpumsbero 3. fenemdpa, pesunupaso 13. nenembpa 2023, npuxsaheno 22. janyapa 2024)
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Abstract. Screening mammography is an imaging procedure which allows
breast cancer detection in its early stage. The Breast Imaging and Reporting
Data System (BI-RADS) determined six radiological categories for describing
lesions. The core needle biopsy (CNB) is minimally invasive procedure that
provides pathohistological samples. Via microscopic analysis, samples are cat-
egorized into five groups according to the B system for pathohistological rep-
ort. The aim of the study was to follow the spectrum of pathohistological
diagnoses; to define which BI-RADS and core categories are most commonly
expressed in certain age groups; and to determine the incidence of histological
diagnoses in different BI-RADS categories. The study included 631 patients
and data was analysed in order to localise the lesion, BI-RADS and core cat-
egory and pathohistological diagnosis. Within 631 biopsies, 33 diagnoses were
given. In each age group, the findings indicating a high risk for malignancy
were the most common (>2 %). The highest percentage of malignant categories
was found in patients over the age of 61. Final diagnoses showed a deviation
compared to the radiological categories, especially in BI-RADS4 category.
Pathohistological diagnosis is always a definite confirmation of a breast lesion
type and it has significant contribution to the evaluation of CNB quality.

Keywords: mammography; BI-RADS; histology; breast.

INTRODUCTION

Breast cancer is the second most common cause of death due to malignancy
in women worldwide. Mortality rate is estimated to be 6.6 %, with the global
incidence being 11.6 %. In East Europe, the incidence is 54.5 % and mortality
rate peaks 15.5 % in women aged 40—60 years.!-2 National guidelines for malig-
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nancy prevention in primary health services give following propositions: guide
for self-examination in women who are up to 30 years old, once-a-year clinical
examination for women older than 40 and the screening mammography for
women aged 45-69 years once in two years.3~> Screening mammography is an
imaging technique based on use of low energy X-rays, which provides the det-
ection of breast cancer in its earliest stage of growth, before the disease is clinic-
ally manifested. This procedure gives the opportunity to detect lesions smaller
than 2 cm in diameter, for both in situ and invasive carcinoma.* ¢ The advantage
of this method is its ability to detect microcalcifications which are often the only
sign of in situ carcinoma. On the other hand, the sensitivity of mammography is
85 % and only 65 % in women with high breast density. Specificity of the
method is about 90 %, however, the reproducibility is limited because of radiat-
ion that needs to be reduced to lower values.” The Breast Imaging Reporting and
Data System (BI-RADS), established by the American College of Radiology
(ACR), defined the categories of mammography results, marked as BI-RADS
0-6. BI-RADS4 category was further subcategorized into A, B and C (with 2—
—10 %; 11-50 and 51-95 % malignance probability, respectively).® In the case of
palpable lesions suspicious of malignancy during the clinical examination (categ-
ories K3, K4 and K5) or the mammography results suspicious of malignancy,
patients are suggested to undergo following methods: fine needle aspiration
biopsy (FNAB), vacuum assisted biopsy (VAB) or core needle biopsy (CNB).
These procedures are performed for the purpose of definite pathohistological
diagnosis. The percutaneous biopsy methods of non-palpable lesions could be
conducted with the navigation of imaging methods such as ultrasonography, ste-
reotaxic mammography or MRI.? The core needle biopsy is minimally invasive
procedure which allows the tissue sampling through the incision of small dia-
meter made by radiologist. The sensitivity of CNB is 97-99 %. The CNB cat-
egories are defined as B1-B5, where BS5 category is further subcategorized into:
B5a (in situ), BSb (invasive carcinoma), B5c (invasion cannot be determined)
and B5d (malignant phyllodes tumours, lymphoma, sarcoma and metastases).10

The aim of this study was to define the spectre of pathohistological diag-
noses in the Centre for Pathology and Histology in the University Clinical Centre
of Vojvodina after a radiological diagnostic procedure in a 7-year period, to
emphasize the most common BI-RADS and CNB categories in certain age
groups, and to make a preview of specific diagnoses which were preliminary def-
ined by the BI-RADS system.

EXPERIMENTAL

In a 7-year period, the cases of 631 patient were reviewed in this retrospective study. The
study was conducted in the University Clinical Centre of Vojvodina and approved by the
Research Ethics Committee of this institution. The study obtained radiology reports categ-
orized as BI-RADS 0-5, and based on age, anamnestic data and clinical examination, the pre-
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cise indications for CNB were stated. The exclusion criteria used in this study referred to pat-
ients with VAB samples, metastatic lesions and lesions without neoplastic predisposition. Tis-
sue samples were fixed by 10 % neutral formalin, then routinely paraffin-embedded and cut at
approximately 5-mm intervals, sliced to 4-um-thick sections and stained with hematoxylin
and eosin (H&E). The lesions were categorized according to the European Society of Breast
Cancer Specialists and Biopsy reporting the category system as BO (inadequate sample), Bl
(normal breast tissue), B2 (benign), B3 (uncertain malignant potential), B4 (suspicious of
malignancy) or B5 (malignant). Histologic grade (1, 2 or 3), nuclear pleomorphism (1, 2 or 3)
and mitoses per 10 high power fields (HPF) were counted and defined in cases of malignant
neoplasm. The grade of malignant lesions was determined according to the Nottingham prog-
nostic index as: Grade I = summary result 3, 4 or 5, Grade II = summary result 6 or 7 and
Grade III = summary result 8 or 9.8 The data was processed in the Microsoft Excel 2016 and
the results were presented in tables through percentages.

RESULTS AND DISCUSSION

Based on age distribution, 631 patient was divided into 6 categories with
different percentage presentation: <30 (1.11 %), 31-40 (5.86 %), 41-50 (12.20
%), 51-60 (31.22%), 61-70 (44.06%) and >70 years of age (5.55 %). The
presentation of certain BI-RADS categories in different age groups was shown in
Table I. The most common BI-RADS categories were 4a, 4b and 5. The predom-
inant categories within age groups were: <30: BI-RADS4a; 31-40: BI-RADS3;
41-50: BI-RADS4a; 51-60: BI-RADS4b; 61-70: BI-RADS4b; >70: BI-RADS4b
and 5.

TABLE I. BI-RADS categories in different age groups given as presentation in certain age
groups in %

BL-RADS Summary Group

presentation, % <30 3140 41-50  51-60 61-70 >70
0 0.95 0 0 0 0.48 0.32 0.16
1 0 0 0 0 0 0 0
2 4.28 0 0.32 0.63 0.9 1.27 0.16
3 8.87 0.16 222 1.58 2.38 2.22 0.32
4a 30.12 0.53 1.53 4.44 9.50 13.21 0.90
4b 30.59 0.21 0.9 3.01 10.14 14.47 1.85
4c 9.83 0.21 0.42 1.27 2.85 433 0.74
5 1.37 0 0.48 1.27 3.96 8.24 1.85

Table II shows the frequency of CNB categories and the presentation in
different age groups. The predominant categories within age groups were: <30:
B4; 31-40: B2; 41-50: B2; 51-60: B2; 61-70: B5; >70: B5.

Tables III and IV present all histological diagnoses after the core needle
biopsy and their percentage within BI-RADS categories which indicated the
biopsy at the first place.

The breast morphology changes from early adolescence to menopause under
the influence of sex hormones. The breast structure significantly influences the inter-
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TABLE II. Frequency of CNB categories and presentation in certain age groups given as
representation of CNB categories in specific age groups in %

CNB Representation of CNB categories Group

in summary results, % <30 3140 41-50 51-60 61-70 >70
B1 11.41 079 079 095 380 571 0.16
B2 47.86 302 380 7.13 17.12 18.07 1.74
B3 1.90 0.16 0.16 0 0.63 095 0.16
B4 0 0 0 0 0 0 0
B5 38.19 048 1.11 412 9.67 1933 3.49

TABLE III. Diagnostic specter in the preliminary determined BI-RADS categories 0, 2 and 3

BI-RADS 0 BI-RADS 2 BI-RADS 3
B1: No morphological changes B1: No morphological changes B1: No morphological changes
or cell atypia (0.48 %) or cell atypia (0.79 %) or cell atypia (1.43 %)
BS5: DCIS (0.16 %) B2: Adenosis (0.16 %) B2: Adenosis (0.48 %)
Apocrine metaplasia (0.48 %) Sclerosis and microcalcific-
Fibrosis (0.32 %) ations (0.32 %)

Fibrocystic change (0.48 %)
Fibroadenoma (1.11 %)
Gynecomastia (0.16 %)

Ductal hyperplasia (0.16 %)
Steatonecrosis (0.16 %)

B3: Uncertain malignant B5: DCIS (0.64 %)
potential (0.16 %) Invasive lobular carcinoma
(0.16 %)

Invasive carcinoma of no
special type (0.16 %)
BS5: Invasive ductal carcinoma
(0.16 %)

pretation of mammographic results and fibroglandular breast composition aggra-
vates further BI-RADS classification, thus also the indications for CNB. From
the total number of newly ill, 30 % of patients is younger than 50, and approx.-
imately 33 % are from 50 to 64 years of age.!1-13 In our regional centre, mam-
mography was most commonly performed in women from 51 to 70 years of age
(75.27 %), and the most common categories were BI-RADS4 and BI-RADSS5
(76.08 %). CNB is the method of choice in diagnosis of papillary lesions, but it is
unreliable for differentiating fibroadenoma from phyllodes tumour (B3) in cases
of fibroepithelial lesions.!3 The tissue volume obtained during CNB is smaller
than the volume obtained during VAB.!4 The number of false negative CNB
results compared to open excision biopsy (OEB) is 1.4 % for biopsies performed
with 16G and 18G needles. The biggest concordance is proven in the cases of
diagnosing lesions larger than 10 mm. The sensitivity of CNB method rises with
the size of specimen, number of calcifications and it is dependent of tumour
type.13 It is better to opt for CNB in cases of palpable lesions or those with micro-
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TABLE IV. Diagnostic specter in the preliminary determined BI-RADS categories 4 and 5

BI-RADS 4a

BI-RADS 4b BI-RADS 5

BI-RADS 4c

B1: No morphological changes or cell atypia B1: No morphological changes or cell atypia
(8.72 %) (0.16 %)
B2: Adenosis (2.85 %) B2: Adenosis (0.16 %)
Pseudoangiomatous stromal hyperplasia

(0.16 %)

Mastitis (1.43 %)
Papillomatosis (0.32 %)
Intraductal papilloma (1.27 %)
Steatonecrosis (1.11 %)
Sclerosis and microcalcifications (3.64 %)
Postradiation stromal atypia (0.16 %)
B3: Uncertain malignant potential (0.95 %) B5: LCIS (0.16 %)
Phyllodes tumor (0.32 %) Invasive ductal carcinoma (10.94 %)
Invasive lobular carcinoma (1.11 %)
Micropapillary carcinoma (0.16 %)
Mucinous carcinoma (0.16 %)
Mixed carcinoma (0.16 %)
Cribriform carcinoma (0.16 %)
Tubulolobular carcinoma (0.16 %)
Invasive carcinoma of no special type (0.48 %)
BS5: DCIS (0.95 %)
Invasive ductal carcinoma (16.48 %)
Invasive lobular carcinoma (3.01 %)
Micropapillary carcinoma (0.32 %)
Mixed carcinoma (0.32 %)
Mucinous carcinoma (0.64 %)
Metaplastic carcinoma (0.16 %)
Invasive carcinoma of no special type (0.48
%)
Neuroendocrine carcinoma (0.16 %)

calcifications. If a clinical or radiological assessment indicates cystic lesion, a
better approach is through the fine needle aspiration cytology (FNAC).1¢ In a
systematic meta-analysis from Wang ef al., the results pointed to a better sensi-
tivity of CNB than FNAC in the evaluation of suspicious breast lesions.17 Even
though FNAC is a less invasive and easily reproducible modality, the differen-
tiation of fibroadenoma and in situ carcinoma cannot be made by this method.16
The indicative radiological field for BI-RADS3 category encompasses the cir-
cumscribed palpable lesions, complicated cysts and cluster microcysts. The pre-
valence of various histological findings showed that the most commonly found
are atypical ductal hyperplasia, flat epithelial atypia, lobular neoplasia, papillary
changes and radial scarring. Histology after the excision points to the higher fre-
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quency of benign than malignant changes (74 vs. 26 %).13-16 The alternative
approach to these lesions is its removal by VAB technique, in order to avoid the
open surgical excision due to the significant number of benign lesions. B3 cat-
egory was presented in 1.59 % of all cases in our institution. Even though CNB is
less specific in differentiating phyllodes tumour from fibroepithelial changes
(69.2 %), its specificity is higher than FNAB (21.6 %). This tumour is most com-
monly described as BI-RADS4 category.!” Ultrasound is more precise in the
detection of phyllodes tumour than mammography, and due to its variations in
clinical behaviour, it is appropriate to mark it as B3 lesion.!” The occurrence of
phyllodes tumour among diagnoses in the Centre for Pathology and Histology
was 0.32 %. According to the literature, the BI-RADS3 category lesions, ident-
ified by ultrasound, present a risk of malignancy <2 %. For these lesions, a close
instrumental follow-up every 6 months, then every 6—12 months for 2 years, is
suggested in literature.!3-16 A study by Pistolese at al shows that 4.7 % of cases
underwent histological verification, and the malignancy rate was 5.7 % — higher
than expected.!8 In the 7-year study from USA on 9068 CNB samples, the fre-
quency of benign lesions was 64.2 %, of high-risk lesions 3.5 % and of malignant
lesions 32.3 %. After the surgical excision or VAB, the breast carcinoma was
confirmed in 3.2 % benign, 26.3 % high-risk and 100 % malignant lesions. In
OEB samples, the percentage of underestimated DCIS was 33.6 and 24.5 % for
high-risk lesions, such as atypical ductal hyperplasia, flat epithelial atypia and
lobular neoplasia.l The discordance between radiological and pathohistological
diagnoses in the context of benign and malignant nature of breast lesions is par-
ticularly noticeable in BI-RADS4 category. Based on our data, 59.97 % of CNB
specimens showed no morphological changes or cellular atypia, which leads us to
a wide area of biopsy indications in our institution. According to the National
Guideline of Good Clinical Practice for diagnosing and treating breast cancer, a
biopsy is not indicated in the cases of BI-RADSO0-2 category.l6 Within the ana-
lysed data, the frequency of these categories further undergoing pathohistological
analysis was 5.23 %. The course of core needle biopsy requires a good commun-
ication and the accordance between the radiologist, surgeon and pathologist. The
specialists in the field of radiology are following BI-RADS system since 2003,
which is established on the risk assessment for malignant lesions considering the
perennial comparison of numerous imaging findings.!” Even though there are
frequent discrepancies between the radiological and the pathohistological find-
ings, invasive and more expensive surgical procedure and possible complications
are generally avoided by histologically defining the benign nature of breast les-
ions. It is recommended to revise BI-RADS2 category in case of a malignant
pathohistological features — B5, in order to avoid overlooking significant breast
changes.16-19 The pathohistological diagnosis is always a definite confirmation
of a breast lesion and it has cardinal contribution to the evaluation of CNB qual-
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ity. The computer modelling of breast carcinoma represents a new trend in diag-
nosing breast lesions, which is based on mathematical functions — the artificial
neurons. The computer-aided diagnosis was presented in a 2018 study, which
showed the relation between mammographic and pathohistological phenotypes
and revealed a new model of diagnostic approach: the mammography-histology
phenotype, a binding model that allows mapping and connecting the mammo-
graphic features with the pathohistological presentation of breast lesions. The
reduced unnecessary indications for the biopsy contribution to a simpler and a
more accurate clinical decision making about the prognosis and a further clinical
approach is expected. The expectations reach the ability of identifying the sub-
cellular models of the expressed genes characteristic of cancer and non-cancer
cells, determining the factors responsible for the high-grade lesions, modelling
the time progression of first-appearing change, the better prediction of lesion
aggressiveness and the possible outcomes for patients.20 For the purpose of pros-
per in automatic, digital classification of the verified changes by H&E method,
the grand challenge on breast cancer histology images (a BACH challenge) was
set and the main goal was to classify and localize the histologically relevant cat-
egories based on a large amount of data grouped and published in a specific way.2!

CONCLUSION

The following is included:

1. The breast cancer is the most common female malignancy in both the
developing and developed world and is the primary cause of death among women
globally. The risk of breast cancer increases with age and it is assumed that the
number of older women living with breast cancer will quadruple by 2040.

2. The core needle biopsy (CNB) is the preferred pathological method for
breast cancer diagnosis, compared to the fine-needle aspiration cytology or the
surgical excision. The tissue obtained by CNB gives the information regarding
the tumour type, the grade and the expression of biomarkers, if needed.

3. Discrepancies between the radiological and the pathohistological find-
ings are frequent, but invasive and more expensive surgical procedure and pos-
sible complications can be generally avoided by the histologically defining ben-
ign nature of breast lesions.
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U3BOJI

CEOIMOI'OJHUHILE UCKYCTBO CA UIVIEHUM BUOIICUJAMA JIE3UJA JOJKE:
KOPEJIALIMJA USBMEBY UMHUIIMHI'A U XEMATOKCHUJIMH-EO3WH BOJEHUX
TMPEITAPATA

MUJIEHA LIYHBEBUR!?, YA TIONIOBUR'?, CAPA MEIIUR!, MUWIAHA ITIABbKOBHUR!? u BPAHUMUP I'YIYPUR!
"Ynusepsumem y Hosom Cagy, Meguyuncku paxyniaei, Hosu Cag, YHugep3utemicKu KIUHUUKY YeHTUAD

Bojeogune, Llentuap 3a ainionoiujy u xucionoiujy, Hosu Cag u YrusepsutlielicKy KIUHUUKY YUEHTLAD
Bojsogune, Knunuka 3a meguyurcky pexadbunuitiavyujy, Hosu Cag

Mamorpacduja npexncrasmba paguooOWIKy Npouenypy koja omoryhaBa nerexkuujy
KapuuHOMa [ojke y paHoj ¢asu. BI-RADS cucrem kinacudukanyje je jeTepMHHHCAO
MIeCT PafuoJIOUWIKHUX KaTeropuja 3a OMHUC Jie3hja MPUCYTHUX y Oojuu. UrimeHa Suomncuja
je MUHHMaJlHO WHBAa3WBHA INpoleaypa koja omoryhaBa fmodujame yszopaka 3a MHUKPO-
CKOIICKY aHaaM3y, KOjU Cy Hajfla/b€ NMOJE/bEHH Y NET Ipyna npema b cucremy xnacudux-
anuje. llum ctyauje duo je carnefame CIEKTpa NaTOXUCTOMOUIKUX JUjarHosa, fedUHU-
camwe Hajueurhe BI-RADS u b xareropuje y pasauyuTUM JOOHUM Ipynama M LeTepMH-
HHUCalbe 3aCTYIUBEHOCTH XHUCTOJOWKMX AHjarHosa y pasnuuutum BI-RADS xareropu-
jama. Ctynuja je odyxBatuna 631 mauujeHTa W MONAlU Cy aHATW3WPAHU Y OZHOCY Ha
J0KanW3aluujy nes3rje, pafuoioLIke KaTeropyuje U XMUCTONOoIIKe AUjarHo3e. Y cBakoj foo-
HOj TPYNH, Hajaa3 Be3aH 3a BUCOK PU3UK O] MaJUTHUTETa je WO Haj3acTym/beHUju (>2
%). Hajsehu npouneHaT MalurHe kaTeropyje je 61uo 3acTyIUbeH KOJ NMalUjeHTKUbA CTa-
pujux op 61 roguny. Kpajwe gujarHose mnoxasaje Cy A€BHjallMjy y OOHOCY Ha paguo-
JIOWIKY KaTeropujy, nocedHo y kareropuju BI-RADS 4. ITaToxucronomka gujarLosa je
jenvHa meUHUTHBHA NMOTBpIA THIA Je3Hje JOjke U MMa OIPOMaH JOMPUHOC y eBajy-
aluju KBalUTeTa UIJIeHUX duomcHuja.

(ITpumibeno 11. HoBempa, pepunupano 24. Hobembpa 2023, mpuxsaheno 7. mapta 2024)
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Abstract: Organic dye pollutants that are progressively used in modern chem-
ical industries, emerged as a major source of water contamination. A promising
eco-friendly and simple approach to water purification is the heterogeneous
photocatalytic process that uses various metal oxide semiconductors in the pre-
sence of light, initiating the oxidation-reduction reactions resulting in dye deg-
radation. The aim of this study was to investigate the influence of coprecipit-
ation synthesis methods on photodegradation efficiency. The ZnFe based
photocatalysts were synthesized using two different methods: low (LS) super-
saturation and high (HS) supersaturation coprecipitation and thermally act-
ivated at 100, 300, 500 and 700 °C. Structural and textural characterisation
were carried out and their efficiency in methylene blue photodegradation test
reaction was studied. LS samples treated at 100 and 300 °C exhibited very low
photodegradation efficiency (less than 10 %) when compared to HS samples
treated at the same temperatures (75 and 85 %). The efficiency of LS 500 and
LS 700 samples improved (67 and 75 %) with the increase in thermal treatment
temperature and the photodegradation efficiency difference between LS and
HS samples decreased. Such behaviour of LS and HS samples could be exp-
lained by structural and textural properties that originated from different syn-
thesis methods.

Keywords: mixed metal oxides; photocatalysis; methylene blue.

INTRODUCTION

Rapid industrial growth over past few decades had immense negative inf-
luence on water eco-systems due to the presence of organic and inorganic con-
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taminants such as synthetic dyes,!-2 antibiotics,3 pesticides,* etc. These micro-
-contaminants raised concerns due to their excessive use in various industries and
their discharge to aquatic environment. Organic and inorganic dyes have the abil-
ity to persist in the water environment for a significant amount of time, because
of their stability. Textile industry was reported to lose up to 200,000 tons of dyes
to effluents due to inefficiency of the dyeing process.> Methylene blue (MB) is
one of the organic dyes commonly used in industry and its presence in aquatic
environment proved to be toxic.%7 Methods of purification of wastewater before
its discharge in environment have been researched over the past few decades, and
some of them include adsorption, membrane filtration, oxidation, bioremediation,
ion-exchange and heterogenous photocatalysis.8® The main disadvantage of
many methods for water purification is the lack of capability to completely deg-
rade hazardous pollutants.!0 Photocatalytic purification of wastewater using
semiconductive oxides, such as TiO,, ZnO and Fe;O3, received substantial atten-
tion since it could use free and sustainable solar energy, it is simple, rapid, envi-
ronmentally friendly and leads to complete degradation of organic and inorganic
contaminants.! =14 The possible additional application of these photocatalytic
materials could be in the infrastructure design introducing added-value to porous
pavements for managing pluvial floods resulting in the reduction of water pol-
lution.!5 Layered double hydroxides (LDHs) are described as anionic clays with
layered structure, with metal cations uniformly distributed in the hydroxide
layers. Their versatility brought about significant attention in the field of photo-
catalytic degradation of dyes. Upon thermal treatment of LDHs, their layered
structure collapses, hydroxyls and interlayer water transition to gaseous phase,
triggering the formation of mixed metal oxides.!® The use of mixed metal oxides
in photocatalytic purification of wastewater became very popular field of res-
earch, due to their reported ability to degrade various dyes,!”7 pesticides,!8 anti-
biotics.3 Mixed metal oxides are promising for the application in photocatalytic
treatment of wastewater because of their favourable properties, such as strong
oxidation ability, good photocatalytic properties and coupling with semicon-
ductors.!9 For example, zinc oxide exhibited favourable photocatalytic pro-
perties, such as high stability, non-toxicity and, due to its large band gap of 3.37
eV, possible coupling with semiconductors with narrow energy band gap in order
to ameliorate its photocatalytic performance.20-21 ZnO could also be used as anti-
bacterial agent, since it has been reported to have antibacterial influence on both
Gram-positive and Gram-negative bacteria.22 Furthermore, iron and its oxides
are suitable for the photocatalytic application because of their stability, non-tox-
icity, magnetic and optical properties, abundance and low cost.23 ZnFe mixed
metal oxides obtained by thermal degradation of LDHs received much attention
due to the possibility to tailor their functional properties during the synthesis
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procedure resulting in the formation of nonstoichiometric mixed oxides with dif-
ferent additional phases, favourable for photocatalytic application. 16

Various synthesis methods have been researched, including coprecipitation,
sol—gel, hydrothermal, layer deposition and calcination of metal hydroxide pre-
cursor.2:24.26 The coprecipitation synthesis method was selected taking into con-
sideration that the synthesis path should be simple, cost-effective and environ-
mentally friendly. The motivation behind this study was to apply a simple syn-
thesis route that will enable the formation of photocatalysts with suitable pro-
perties for efficient photocatalytic application. Taking all of the above into
account, the influence of synthesis method and thermal treatment on structural,
textural and photocatalytic properties of obtained ZnFe photocatalysts was studied.

EXPERIMENTAL
Preparation of photocatalysts

Photocatalysts were synthesized using two synthesis methods: low supersaturation co-
-precipitation (LS) method at constant pH and high supersaturation (HS) coprecipitation
method. For both synthesis methods the same base solution (0.67 M Na,COs; 2.25 M NaOH)
and metal precursors were used: (Fe(NO3)3;-9H,0 and Zn(NOj3), 6H,0 dissolved in 1 M sol-
ution containing 30 mol % of Fe and 70 mol % of Zn). In the LS method, the precursor
solutions and the base solution were continuously added (4 cm? min!) at constant temperature
(40 °C) maintaining the constant pH of 9.4 in the reaction mixture (Fig. 1a). In the HS method
(Fig. 1b), the precursor solutions were quickly added to the base solution and vigorously stir-
red at constant temperature (40 °C). The precipitation products obtained from both synthesis
methods were aged (12 h), washed with distilled water until pH 7, dried (24 h; 100 °C) and
thermally treated at different temperatures (300, 500, 700 °C) for 5 h in air. The synthesized
samples were denoted as follows: ZnFe LS 100, ZnFe LS 300, ZnFe LS 500, ZnFe LS 700,
ZnFe HS 100, ZnFe HS 300, ZnFe HS 500, ZnFe HS 700.

LS HS
NaCO;, NaOH  do Zn(NO;3),.Fe(NO3); = Zn(NO;),. Fe(NO;);
=
40°C 40°C
— =l
NayCOs. NaOH
(2) (b)

Fig. 1. Schemes of experimental set-ups for: a) LS and b) HS synthesis method.
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Characterization of photocatalysts

X-ray powder diffraction (XRD) was used for the identification of crystalline phases.
XRD analysis was conducted with Rigaku MiniFlex 600 with Cu-Ka radiation (4 = 0.15406
nm; 26 range from 10 to 70°; scan rate = 0.02 s7!). The crystallite size was calculated using the
Scherrer formula:

D=k A
Bcosd
where D, nm, is the crystallite size, k is the shape function (0.9), 4, nm, is X-ray wavelength, 6
is angle of diffraction and f full width at half maximum of the most intense peak.

Textural analysis was performed by low temperature nitrogen adsorption at —196 °C
(Microtrac Belsorp Max II). The surface area was calculated using the Brunauer—Emmer—
—Teller (BET) method. The pore size distribution and the cumulative pore volume were deter-
mined by Brunauer—Joyner—Hallenda (BJH) method applied to the desorption branch of the
isotherm. The external surface area, which represented the mesopore surface area without
micropores, was calculated using the z-plot method.

(M

Photodegradation experiments

Photocatalytic tests were performed in an open cylindrical Pyrex vessel. Prior to the
irradiation, all of the mixtures (100 ml of MB solution and 50 mg of photocatalyst) were
stirred in the dark. The MB concentration was measured at defined time intervals using the
UV-Vis spectrophotometer (Cecil2000) at maximum absorption length of 664 nm. The ads-
orption/desorption equilibrium was reached after 30 min. These tests were performed in order
to ensure that photocatalytic efficiency of investigated samples was solely attributed to the
photocatalytic reaction.

When the equilibrium was established, reaction mixtures were irradiated by the light
source (Osram Ultra Vitalux 300 W lamp with the emission spectrum that simulates the solar
light placed 45 cm above the top surface of MB solution) and aliquots were analysed at def-
ined time intervals. The decrease in MB concentration was used to calculate the efficiency of
MB photodegradation:27-28

Eor =10020=¢

2

c

E. , %, is the photodegradation efficiency, ¢y, mg dm>, and ¢, mg dm, are the initial and
measured MB concentration.

Kinetics of the photocatalytic reaction

The kinetics of MB photodegradation reaction were evaluated using the pseudo-first-
-order reaction that follows the Langmuir—Hinshelwood kinetic model:2°

m[C—OJ = kappl O]

t

The MB concentration at defined time ¢ was denoted as ¢, and £y, is the apparent first order
reaction rate constant, obtained from the slope of linear function In(cy/c,) vs. time.
The half-time of the reaction, ¢;/,, was calculated as follows:
In2
hp=—— “)
app
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RESULTS AND DISCUSSION

Structural characterization

XRD diffraction peaks of all synthesized and thermally treated photocat-
alysts, presented in Fig. 2, can be correlated with the series of Bragg reflections
corresponding to the standard JCPDS. XRD patterns of ZnFe LS 100 in Fig. 2a
exhibited low intensity broad peaks characteristic for the layered structure (26
values of 13.18, 23.97, 32.72 and 59.27°) which correspond to (003), (006), (009)
and (110) planes,30 with additional low intensity broad peaks (32.6 and 36.2°)
that could be attributed to the ZnO phase. XRD analysis of the dried sample
obtained by the HS method (ZnFe HS 100) revealed the presence of sharp, int-
ense peaks of dominant (31.8, 34.4, 47.5, 56.6, 62.8°) zincite ZnO phase. Con-
sidering that the dominant phase of LS sample was typical for the layered struc-
ture, it can be concluded that the LS synthesis method triggered the formation of
ZnFe layered double hydroxide, whereas the HS method led to formation of non-
stoichiometric mixed metal oxides.

PR
o «ZnFelS 700
* *
1 * = Y . Se
| “ ZnFeLS 500

O LDH phase

¢ 7nO phase

* ZnFe,0, spinel
+ Fe,04/Fe;0,

« ZnFeHS 700

MS .
- ZuFeLS 100 MS 100

10 20 30 40 s0 a0 70 10 20 30 40 S0 60 70
20/° 26/°
() (®)

Fig. 2. XRD pattern of photocatalysts: a) LS samples and b) HS samples.

Intensity, a.u.
ensity, a.

Int

After thermal treatment of LS samples at temperatures above 300 °C (ZnFe
LS 300), the layered structure collapsed and intense, sharp peaks were detected
corresponding to the zincite ZnO phase (JCPDS File no. 79-2205). Additionally,
new, lower intensity peaks (30, 35.4, 42.8 and 52.9°) were detected in both LS
and HS samples treated at 300 °C that confirmed the formation of ZnFeyO4 spi-
nel phase (JCPDS file no. 89-1012). For samples obtained by both LS and HS
method the increase in thermal treatment temperature (500 and 700 °C) inten-
sified the crystallisation of the phases detected by the presence of sharp, more
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intense and distinctive peaks of both, dominant zincite ZnO phase and additional
ZnFe,O4 spinel phase. Additionally, in both LS and HS samples thermally
treated at 700 °C the appearance of low-intensity peak was detected at 26 value
of around 37° that could be correlated to the Fe;O3 or FezO4 phase (JCPDS file
no. 87-2334).31.32 The crystallite size calculated for the dominant phase (Table
I), also confirmed the increase of crystallite size with the rise of thermal treat-
ment temperature, considering that the temperature increase generally results in
the grain growth and consequently in greater crystallite size.!6:31.32 When com-
pared with the HS samples, LS samples exhibited similar crystal structure at
higher temperatures with lower peak intensities, indicating lower crystallinity of
LS samples. The XRD analysis results showed significant influence of synthesis
method on the crystal structure of studied samples.

TABLE I. Structural and textural parameters of analysed samples

Sample D/nm  §/m?g! d, / nm Vy/ cm3 gl Sy / m? g1
ZnFe LS 100 9.6 82 14.9 0.36 80.8
ZnFe LS 300 15.8 28.5 46.9 0.32 28
ZnFe LS 500 22.6 27 40.5 0.26 254
ZnFe LS 700 28.1 12.6 80.7 0.22 12.6
ZnFe HS 100 20.7 147 4.8 0.16 145.1
ZnFe HS 300 22.4 108 5.1 0.17 107.4
ZnFe HS 500 25.5 16.3 22.7 0.11 16
ZnFe HS 700 33.7 7.8 39.22 0.08 7.5

Textural charaterization

The results of textural analysis are given in Fig. 3 and Table I. The ads-
orption isotherms and pore size distribution of all studied samples are presented
in Fig. 3. BET surface area, S, average pore diameter, dj,, pore volume, V), and
external surface area obtained from #-plot method, Sty, are given in Table I. The
isotherms of LS samples (Fig. 3a) corresponded to type II isotherm from IUPAC
classification. This type of isotherm is characteristic for non-porous or macro-
porous adsorbents and it represented unrestricted monolayer/multilayer adsorp-
tion. Type IV isotherms correspond to HS samples (Fig. 3b) and are charac-
terized by the finite multi-layer formation that corresponds to complete filling of
capillaries in an adsorbent. The mesoporous isotherms should be classified in
more details if the hysteresis loop (where adsorption and desorption curves do
not overlay) is present. LS samples exhibited H3 hysteresis loop type, indicating
that LS samples had mesoporous structure with wedge shaped pores formed by
the loose stacking of flaky particles.33 Whereas for HS samples, hysteresis loops
correspond to combination of HI1/H3 types formed at relative pressure range of
0.4-1, concluding that present mesopores have non uniform shape.3!
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Fig. 3. Textural analysis results: a) adsorption isotherms for LS samples; b) adsorption
isotherms for HS samples; c¢) pore size distribution for LS samples; d) pore size
distribution for HS samples.

From Fig. 3c it was observed that the ZnFe LS 100 sample had a developed
pore size distribution with an intense peak at around 3 nm that is in good agree-
ment with the detected high surface area (Table I) and a wide peak at higher
values of pore diameters (40—110 nm). ZnFe LS 300 sample exhibited a broad
peak in the region of pore diameters from 30 to 100 nm. Upon the thermal treat-
ment at 500 °C, sample ZnFe LS 500 showed monomodal pore size distribution
with one intense peak at around 35 nm, whereas the sharp peak at 3 nm com-
pletely disappeared, which is in correlation with smaller measured pore vol-
ume.3! The pore size distribution of sample ZnFe LS 700 shifted towards higher
pore diameter values (> 50 nm), also in correlation to the significantly low sur-
face area (Table I).

The pore size distribution of HS samples (Fig. 3d) was similar to LS
samples, with a larger amount of smaller mesopores resulting in the much larger
surface area. With the increase in the temperature of the HS sample thermal treat-
ment, the presence of both, smaller and larger mesopores decreased, especially
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for the samples treated at 500 and 700 °C BET surface area of LS samples treated
at lower temperatures (100 and 300 °C), when compared to the corresponding HS
samples, was significantly lower since it originated from the presence of mainly
larger pores in those samples.!3 Pore size distribution and its change with tem-
perature indicated that the increase in thermal treatment temperature shifted the
pore size distribution towards higher values of pore diameters, which is in good
correlation with measured parameters (a decrease in pore volume and BET sur-
face area and an increase in average pore diameter).

The results obtained from textural analysis were also analysed by #-plot
method.34 The calculated external surface area is in good agreement with the
calculated BET surface area, since it represented the surface area only from
mesopores. These results confirmed that there were no micropores present in any
of the samples.

Photodegradation of methylene blue

The results of the MB photodegradation (Fig. 4) showed that all the HS
samples have significant photodegradation efficiency higher than the corres-
ponding LS samples. Besides that, the LS samples treated at lower temperatures
(100 and 300 °C) had very low efficiency (< 10 %). The results also indicate that
the increase in thermal treatment temperature increased the photodegradation
efficiency for samples obtained by both coprecipitation methods. Photocatalytic
behaviour could be explained by the presence of photocatalytic active phases. All
HS samples have photocatalytic active ZnO phase, whereas the samples treated at
higher temperatures (ZnFe HS 300, ZnFe HS 500 and ZnFe HS 700) also have an
additional ZnFe,O4 phase. The coupling of ZnO and ZnFe;O4 phases with
energy bands from 2.1 to 2.3 eV, enhanced the MB photodegradation in the solar
light spectrum.3! Lower photodegradation efficiency of LS samples could be

100 - 100+

—e—ZnFe LS 700
80| —=—ZnFeLS 500 804
—&—ZnFe LS 300
—a—ZnFe LS 100

c’\=607 °\=60

b (.

W S
401 40

_ —o— ZnFe HS 700
204 209 § —o— 7ZnFe HS 500

—¢—ZnFe HS 300
—— ZnFe HS 100

0 100 200 300 400 500 600 700 0 100 200 300 400 500 600 700
#/ min ¢/ min

(a) (b)
Fig. 4. Photodegradation efficiency of: a) LS photocatalysts and b) HS photocatalysts.
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attributed to the lower presence and lower crystallinity of active phases, when
compared to the corresponding HS samples, especially for the ZnFe LS 100
sample being the only sample with the LDH phase and the lowest amount of ZnO
phase. Higher photodegradation efficiency (67 and 75 %) was observed for LS
samples thermally treated at 500 and 700 °C probably due to the higher amount
of ZnFe>Oy4 spinel phase. The enhanced photodegradation efficiency of ZnFe HS
700 (96 %), when compared to the corresponding LS sample, could be assigned
to the higher amount of photocatalytic active ZnO, ZnFe,O4 phase and Fe O3
phase which could allow easier transport of photo-induced electrons from
ZnFep0y4.14 It could be concluded that the favourable textural properties without
the presence of adequate active phases did not have great impact on the photo-
catalytic behaviour.

Kinetics of photocatalytic reaction

The results of the kinetic study indicated that the experimental data obtained
from MB photodegradation experiments were best fitted with the linear fit and
followed the pseudo-first-order reaction model. The correlation coefficient was
proposed as the best criteria for selection of kinetic model. The calculated values
of the rate constant (Table II), as well as the half time of the reaction, for HS
samples treated at 500 and 700 were approximately 5 times higher than rate cons-
tant values for LS samples treated at same temperatures, which confirmed that
ZnFe HS 500 and 700 samples participated in faster reactions. The obtained
results from the kinetic study showed that MB photodegradation followed Lang-
muir—Hinshelwood kinetic model, since photodegradation reactions with single
substrate usually follow this model.33

TABLE II. Kinetic parameters of analysed samples

Sample kypp / Min't 215 /min - R2 Sample kypp / Min't 215 /min - R?
ZnFe LS 100 — - —  ZnFe HS 100 0.0084 82.5 1
ZnFe LS 300 - - —  ZnFe HS 300 0.0120 57.8 1
ZnFe LS 500 0.0022 315.1 096 ZnFe HS 500 0.0094 73.7  0.97
ZnFe LS 700 0.0017 407.7 0.95 ZnFe HS 700 0.0136 51.0 1

Since Langmuir—Hinshelwood kinetic model can be used under the follow-
ing assumptions: #) limited amount of adsorption sites on photocatalyst surface,
if) monolayer coverage, iii) reversible adsorption reaction and iv) homogenous
surface of photocatalysts; it could be concluded that the nature of active sites and
their distribution had great influence on the rate of photocatalytic reaction and the
rate of the entire process depended on the reaction carried out on the surface
active sites.29
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CONCLUSION

The mixed metal oxides obtained by low and high supersaturation co-pre-
cipitation methods were analysed and their efficiency was evaluated in MB
photodegradation reaction. Both HS and LS samples exhibited desirable photo-
catalytic properties when thermally treated at higher temperatures due to the fav-
ourable structural and textural properties. It could be concluded that the photo-
catalytic active phases and the high crystallinity detected by XRD were respon-
sible for good photocatalytic behaviour of HS samples. Furthermore, it could be
concluded that the favourable textural properties without the presence of the
adequate active phases did not have great impact on the photocatalytic behaviour.
The study revealed that the HS sample treated at 700 °C had the highest effi-
ciency in MB removal, probably due to the largest amount of active phases (ZnO,
ZnFeyO4 and FeyO3/Fe304). The reaction kinetics corresponded to the Lang-
muir—Hinshelwood pseudo-first order model. This study demonstrated that the
synthesis path had a significant influence on the photocatalytic active phase
formation and consequently on the MB photodegradation efficiency.
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U3BOJI

YTHULAJ KOITPEOHUITUTALITUOHE METOJE CUHTE3E HA EOMKACHOCT
®OTOKATAJIM3ATOPA HA BA3H ZnFe

BYPBULIA M. KAPAHOBHR'", MUJIULIA C. XATHABEB-KOCTUR', TATJAHA J. BYJIUR', MAPHJA M.
MUWJIAHOBUR!, BTAJAHA H. PAJAKOBUR-OT'tbAHOBUR? n PATMUJIA I1. MAPUHKOBUR-HENYUHH?

"Texnonowxu paxynmem Hosu Cag, Ynueep3uinein y Hosom Cagy, dynesap yapa Jlazapa 1 , 21000 Hosu
Cag, “I'pahesuncku Gaxynitei, Ynusepsuiiei y Beoipagy, Bynesap Kpana Anexcangpa 73, Beotpag u
SYnueepsuimeim y Hosom Cagy, [Ip 3opana Bunhuha 1, 21000 Hosu Cag

OpraHcku DOMYTaHTH, MOMYT 00ja, Cy BeOMa 3aCTyIlJbEHHU y CAaBPEMEHOj XEMHU]jCKO]j
HHIYCTPHUjH, 300r yera cy moctand Benuk u3Bop 3arahema. XeteporeHa doTokaTtannsa
npelcTaB/ba jefHOCTaBaH M eKOJIOLIKH N0BOJbaH Npolec npeuynirhasawka OTNagHUX BoJa.
Kao ¢oToxaTanu3aTopd KOPUCTE CE€ DPAa3JMYUTHU MOJYINPOBOAHULIM y BUAY METalHHUX
OKCHJA KOjU y MPUCYCTBY CBETIOCTH pa3rpalyjy momyTaHTe HM30OM OKCHIO-PenyKLHO-
HUX peakuuja. LJw/b OBOr MCTpa)KMBama je HUCIUTHBAKE YTHLAja KOMpeLUNHUTaLHOHe
metone Ha edukacHocT oTtopasrpanmwe. PoTokaranusaTopH Ha 6asu ZnFe cy cuHTeTH-
canu kopuctehu nBe xompeuunurauuoHe merone: metrony manor (LS) u Bemuxor (HS)
npesacuhewma U TepMUUYKHA aKTUBUPAHU Ha TeMmmepartypama on 100, 300, 500 and 700
°C. AHanusupaHe Cy BUX0BE CTPYKTypHE W TeCKTypajHe OCODMHe, Kao ¥ e(dHUKacHOCT
(oTokaTanUTUUKE pa3rpajsmbe METHUIEHCKOT IUIaBOT. LS y30pUM TEpMUUYKH TpPETHPaHU
Ha 100 u 300 °C cy mokasanu BeoMa Many eduKacHOCT pasrpangme doje (< 10 %) y
nopehewy ca HS y3pounma TpeTMpaHUM Ha HCTUM Temnepartypama (75 u 85 %). Ca
MOpacToOM TeMIlepaType TepMuuke akTuBanuje nosehana ce ebuxacuoct LS 500 u LS
700 y3opka (67 u 75 %), a pasnuka y epuxacHocty LS u HS ysopaka ce cmamuna.
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OBakBo noHaumamwe LS u HS y3opaka ce Mmoxke 00jaCHUTH pasnuKkama y TEKCTypaJlHUM U
CTPYKTYPHHUM OCODMHaMa Koje NOTHYY O] pa3IMuUTHX MeToJla CUHTe3e.
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Influence of the elasticity variation of the 3D printed PMMA
structure on the axial tooth vibration
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Abstract: Recently, 3D printing with poly methyl methacrylate (PMMA) has
been widely used in dentistry: 3D printing is a suitable method for producing
any complex three-dimensional shape, and PMMA is a material that has suit-
able properties in the oral cavity environment. That is why 3D printing is very
often used to make PMMA teeth. There is the impact between teeth during
chewing that causes shape variation and tooth vibration. As cyclic vibrations
adversely affect the durability of PMMA teeth, they must be eliminated. The
object of this work is to study the axial vibrations of a 3D printed tooth, as well
as to give recommendations for modifying the PMMA structure with the aim of
vibration damping. Tooth vibration is mathematically modeled and analytically
solved. The obtained result provides a link between the vibrational properties
and the elasticity variation of the PMMA material. The function that defines
the change in elasticity of PMMA depends on the “slow time”. (The term
“slow time” implies a product of time and a parameter that is less than one).
For a decreasing elasticity function, the vibration is of damped type: for higher
is the elasticity reduction, the faster is the vibration decay. Based on the det-
ermined elasticity function, the modification of the PMMA structure can be
realized. Authors propose the application of the obtained elasticity variation
function for programming 4D printing with modified PMMA.

Keywords: 3D printing; PMMA in dentistry; variable modulus of elasticity; axial
vibration in tooth; analytic solving method; planning of 4D printing.

INTRODUCTION

In modern dentistry, new technologies and especially new materials are the
drivers of development. One of the new techniques for making complex shaped
three-dimensional objects in dentistry, like teeth, bridges, implants, bone supple-
ments, efc., is the so-called 3D printing. It is the procedure for fabrication of a
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three-dimensional object based on the 3D CAD or digital model. During the pro-
cess of creating an object with 3D printing, under computer control, “layer by
layer” of material is applied until the final structure is formed. The advantages of
digital manufacturing is speed and efficiency. For 3D printing the so called “3D
printing materials” are applied. There is the special technology on a 3D printer
which produces the material from chemical components that enter into a chem-
ical reaction under the influence of liquid, heat, radiation, efc. In dentistry, it is
important the material to be close to those of living beings or most acceptable for
the human body. In the last ten years materials for 3D printing attract research
interest.

In general, materials applied in dentistry can be classified into 4 groups:
polymers, metals, ceramics and biomaterials.! By comparing the 4 materials it is
found that the chemical and physical properties of polymers are better than those
of ceramics and metals. Polymers have advantage due to elasticity and tensile
strength which provide high performance and durability feature and are applied
for denture bases, artificial teeth, temporary crowns, bridge and crown facings
and implants.2 Polymers are used in polymeric resins for replacing tooth
structure and missing tooth. Advantage of these resins is their ability to bond
with other resins directly to the tooth structure. According to these founding the
3D printing material is usually assumed to be of polymer type. Synthetic and
natural bio polymers are applied in 3D printing.3 The applied synthetic polymers
are: poly capro-lactone (PCL), polymethyl methacrylate (PMMA), polylactic
acid (PLA), acrylonitrile butadiene styrene (ABS), polyvinyl alcohol (PVA),
polylactic-co-glycolic acid (PLGA) and ultraviolet (UV) resins. The following
three natural biopolymers are also used: hyaluronic acid (HA), chitosan and alg-
inate. However, one of the most often used polymers in dentistry which support
long-term dental applications is the PMMA .45

Chemical construction and property definition

PMMA (IUPAC name: poly(methyl 2-methylpropenoate)) is a synthetic
polymer prepared by the free radical addition and polymerization of methyl
methacrylate (CsO,Hg) to polymethyl methacrylate (CsO,Hg),. The polymer-
ization reaction is initiated and activated by generating a free radical either chem-
ically or with energy (such as heat, light, microwaves). In the propagation stage,
the activated polymerization continues via the binding of monomers followed by
termination through shifting of the free electrons to the chain end. The majority
of PMMA are supplied as polymeric powders and monomer liquids.

The basic component of the liquid is the methyl methacrylate (MMA), the
methyl ester of methyl 2-methylpropenoate. In this colorless liquid an acceler-
ator, inhibitor, plasticizer, as cross-linking agent are added. MMA is the highest-
-volume compound among lower methacrylates used for polymer synthesis.
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Unlike acrylic acid (AA), MAA and its alkyl esters have a methyl group adjacent
to the double bond in the acyl component, hindering nucleophile addition at this
site. This nucleophile addition is correlated with decreased cytotoxicity and
genotoxicity of methacrylates compared to the acrylates. The powder consists of
acrylic or copolymer heads, an initiator (benzoyl peroxide pigments — mercury
sulfide, cadmium sulfide or dyes), opacifiers (titanium dioxide) and in addition —
dyed synthetic fibers, plasticizers, inorganic particles (glass fibers, zirconium
silicate).

To avoid any discrepancies, it is necessary to use the recommended ratio of
PMMA powder and liquid (2.5:1 or 3-3.5:1, volume ratio). In the case of a high
powder-to-liquid ratio, this means that not all of the PMMA beads will be wet,
leading to a granular texture, while a low powder-to-liquid ratio.

In 3D printing the exothermic chemical reaction starts upon mixing of the
PMMA powder and liquid, which harden either chemically (cold cure) or via
energy application in the case of heat-cured PMMA materials.® The phases of
process of PMMA polymerization are initiation, activation, propagations and
termination.

Finally, although numerous new alloplastic materials show promise, the ver-
satility and reliability of PMMA cause it to remain a popular and frequently used
material.” The main advantage of the PMMA material is its long durability, low
cost and high performance. In addition the material is non-toxic, biocompatible,
inert, and has no color change in time. Due to these characteristics PMMA is
material for temporary crowns and bridges, artificial teeth, implants, to manu-
facture surgical guides, custom trays, working casts and temporary restorations.8

Comparison of PMMA produced with 3D printing with CAD/CAM milling and
conventional procedure

In dentistry the PMMA parts are made with 3D printing, computer-aided
designing/computer-aided manufacturing (CAD/CAM) milling or with conven-
tional procedure. For comparing the mentioned methods, let us consider the
physical and mechanical properties of a PMMA provisional crown produced
using the previously mentioned three procedures.” The following mechanical
characteristics were compared: fracture strength, flexural strength, elastic
modulus, toughness, peak strain, resilience, micro-hardness, surface roughness,
wear resistance, and also the following physical properties: color change, water
sorption and solubility. It is found that the fracture strength, flexural strength,
peak stress, elastic modulus, and wear resistance are some of the mechanical
properties better for 3D printed PMMA structure compared to other two ones.
However, it was not the case for toughness, resilience, and micro-hardness. In
addition, 3D printed PMMA provisional crown had inferior physical properties.
In spite of disadvantages, the 3D printed PMMA structure was suggested to be
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used as an alternative to conventional and CAD/CAM milled materials.® Namely,
3D printing made available a number of PMMA dental models to be easily fab-
ricated, polished and repaired using the 3D printers. 3D printers reduce the pro-
duction time and allow the production of multiple 3D copies.!9 In addition, the
3D printing available the production of any shape due to the fact that three-
dimensionally printed materials are fabricated by a layering technique. Conven-
tional fabrication using PMMA with a mixture of self-polymerising powder and
liquid requires longer cure times than it is in 3D printing. However, the disadv-
antages of 3D printing PMMA require to be investigated and eliminated.'!

Mechanical and physical properties of PMMA in dentistry

Measurements done on the 3D printed PMMA parts revealed that the tensile
strength is 2.91 MPa and a modulus of elasticity of 223 MPa.12 Comparing the
values with those obtained for the same parts produced by traditional methods
show that the first are worse. It was the reason to develop methods to improve
properties of 3D printed parts in dentistry and they are as follows:

1. To improve the mechanical properties in 3D printed PMMA the thick-
ness of layers during the printing process has to be controlled: the lower the layer
thickness of printing the more layer-to-layer interfaces will be available; thus,
each layer will be polymerized in a better way, which will increase the mech-
anical properties of these materials. The materials display superior mechanical
properties if the build orientation for layers is deposited perpendicular to the dir-
ection of the applied load.

2. Improvement of mechanical properties in 3D printing is possible by infil-
tration of epoxy and smaller particles which may influence the qualities of the
final products. To obtain better dimensional accuracy and resiliency, but also
longer term application PMMA has to be mixed with some additional compo-
nents. Modifications of PMMA involving chemical or mechanical reinforcement
using supplementary materials (fibers, nanofillers, nanotubes and hybrid mat-
erials) have resulted in remarkable improvements in the mechanical (impact
strength, cyclic fatigue, flexural strength, and wear resistance), physical (thermal
conductivity, water sorption, solubility and dimensional stability), and biological
(antimicrobial activity, biocompatibility) properties.® Nanodiamonds in low con-
centrations can be added as reinforcement to improve the overall properties of
PMMA-based fixed interim prostheses.!3 The tensile strength is up to 26.6 MPa
and the modulus of elasticity is 1184 MPa. Increasing the content of nano-
diamonds the modulus of elasticity reaches its highest value of 2084 MPa.
PMMA composites printed with three different reinforcements: aluminum nit-
ride, titanium oxide and barium titanate have the tensile strength even 3200—4000
MPal4 and elastic modulus of 1075 MPa.l5
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3. After fabrication, 3D-printed materials may be subjected to post-treat-
ments, which would increase the degree of conversion and lead to lower residual
monomers and increased mechanical properties. To improve physical and mech-
anical properties such as density, elasticity and strength of material the polymer-
ization process through heat and press has to be applied. It gives the PMMA
material to be dimensionally stable but chemically unstable in the oral cavity and
is sensitive on water sorption or dehydration.® The conclusion is that the post-
treatment of PMMA for dental application is not recommended.

During chewing process each tooth is dynamically loaded with the impact
force acting along the tooth’s vertical axis. The force causes tooth deformation
which is extreme small, as the property of natural tooth material is rigid. As pre-
viously mentioned, the PMMA material, which is suggested for tooth substi-
tution, has certain elastic property differing from that of the natural tooth. During
each chewing the PMMA tooth undergoes some deformation and shape variation
which is periodically repeated. The impact force in chewing causes axial vibrat-
ion in the elastic 3D printed PMMA tooth. This vibration is unwilling as it dissip-
ate the useful chewing energy and also shortens the lifetime of the PMMA tooth.

The aim of the paper is to analyze the axial vibration of the artificial PMMA
tooth caused by impact and to define the time variable elasticity function of the
modified PMMA structure as to eliminate or reduce the vibration.

The research result is suggested to be the basis for programming of the 4D
printed modified PMMA tooth. Namely, 4D printing is the technology in which
manufacturers can produce materials with self-folding interactions.1® The 3D
printing is extended with the fourth dimension which includes the time variation
of the parameter.!” The prescribed elasticity time variable function, would be
incorporated into concept of microstructure of the 3D printed material. Although
the 4D printing procedure is equal to that in 3D process through computer-prog-
rammed deposition of material in successive layers, in the 4D printing in PMMA
the so called “smart” or “programmable” material would be included. The elas-
ticity variation in PMMA would be activated only due to action of the external
chewing force. The input from the 3D printed item would become another struc-
ture via the impact of external energy source. Thus, the 4D printing would have
the capacity to alter shape over time and to eliminate the axial vibration.

ANALYTIC PROCEDURE FOR DYNAMIC ANALYSIS OF THE 3D PRINTED PMMA
TOOTH MODEL

For dynamic analysis the 3D printing PMMA tooth is modeled as a clamped-free rod
with circle cross-section and length which is approximately equal to diameter. The impact
force, which lasts for a short time t and acts along the rod, causes axial vibration.

Model of the 3D printed PMMA tooth

Due to chewing, the force which acts on the tooth causes axial vibration. The aim of the
paper is to consider the effect of the impact force on the tooth made of PMMA material.
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The shape of the tooth is designed as a clamped-free (fixed at one end and free at the
other) short circular rod (Fig. 1). Three types of models are considered: one, of barrel type
(Fig. 1a), the second, of cylindrical type (Fig. 1b) and the third is of hollow type (Fig. 1c).

Fig. 1. Models of tooth: a) barrel type model (¢ > 0), b) constant cylindrical model (¢ = 0),
¢) concave model (¢ < 0).

For the first and third model the cross-section is varying along the rod axis and the radius
function r(x) is:

r(x):roig[sin %j (1)

where 7 is the initial radius, & <<1 is the small perturbation value, / is the length of the model,
x is the axial coordinate, sign + is for the barrel type model in Fig. 1a and sign — is for concave
model in Fig. 1c. For the cylindrical model (Fig.1b) the radius is constant and ¢ =0, i.e., ¥ = 1y
= const.

Remark. In the following text the Eq. (1) with sign + is considered.

Let us consider the equilibrium of the elementary part of the rod. The element has the
mass dm and the high is dx (Fig. 2). The element is in equilibrium if the following equation is
satisfied:

i(dma—uj+F=F+a—Fdx 2)
ot ot ox

where F is the force which acts in axial direction, u is the deflection and # is time.

E ps(x)(02u/ot?)

dx  Jax

F+(0F/ox)dx

Fig. 2. Equilibrium of an elementary section of the model.

The axial force is the product of the stress o and the cross section S:
F=Sx)o 3)
where S(x) = 72(x)1 The stress—strain rheological model is assumed to be of linear Kelvin—
—Voigt type:
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_Ea_“ i(ba_“j )
ox ot\ ox

where E is the Young’s modulus of elasticity and b is the parameter of the deformation velo-
city. Analyzing the experimentally obtained elasticity values it is obtained that it is varying
slowly in time. So, the parameter b is described as a function of “slow time” 7, i.e., b = b(7)
where T = vt and v <<1 is a small parameter. Substituting Eq. (3) with Eq. (4) into Eq. (2) it is
obtained:

d du du d du
—| pS(x)=— |==—(ES +S(x)=| b(7)=— 5
(P55t )= 2o 3 ()5 () ©

The relation (5) is the mathematical expression of the vibration model. It is a linear par-
tial differential equation with time and coordinate variable parameters. For the boundary con-

ditions:

w0 =0, 2410 =0 ©
ox
the solution of Eq. (5) is assumed in the form:
u(x,t) =T(z)sin (E) 7)
2/
Substituting Eq. (7) into Eq. (5) it is obtained:
.Y b(T) 2gin(™ oS(x), « fine
ST Sln(—)+(0)2T +—T )[S(X)( ) in( Z) 7(2—1)008(2—1)] =
®)
1 ab(t aS
i )[S( i - S (X eos 2]
p ox
Averaging the periodic functions over the length of the rod /:
I S(x)sm(—)dx I (roznsm(—) +2€0r0ns1n(—)s1n(—))dx 2r0 + §£r0
€
—J‘l(% COS(E))dx = 4€r0nacos(7)cos(5) = 35”0 %
and using Eq. (8) after some modification it follows:
4e .. T b(7) 1 9b(7) ,mx
1+—)T + ()2 (@* T +—=T)=T— 10
( 3r0) (2]) ( P )= > o (21) (10)

where @? = E/p. Using the series expansion for small parameter &/ry << 1 and neglecting the
terms higher than O((e/ry)?), the Eq. (10) is:
8 0b(7) T

a0 iy ot - .
P

where & = (n/21)*(1-(4¢/(3r¢))) and @} = &@” . The relation (11) is a second order ordinary
differential equation with slow time variable parameters. Unfortunately, to find the exact sol-
ution for Eq. (11) is impossible. The approximate method based on time variable amplitude
and phase is applied.!® For v=0 and 7= 0 the relation (11) transforms into the equation with
constant parameter:

T+ (11
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P8 p wrog (12)
P
where 5(0) = by. Solution of Eq. (12) is:
T = Aexp(—9dt)cos(£2¢ + ) (13)

where 4 and 6 are arbitrary amplitude and phase, and:

&b &b
5:—10, = ——102 14
2 Q ,/wﬁ (2p) (14)

Comparing Egs. (11) and (12) it is seen that Eq. (11) is the perturbed version of Eq. (12).
According to this conclusion the solution of Eq. (11) is assumed in the form:

T=4 exp(—j 5(7)dt)cosy (15)
and time derivative:
T =—A8exp(~[ 8(2)dt)cosy — AQexp(~[ 8(z)dt)siny (16)
where 4 = A(f), 6 = 6(¢), and:
v =2(1)+6 (17

5 )—‘glb/(f), Q)= |0 - (811’(’) (18)

Comparing the time derivative of Eq. (15) with the assumed one (see Eq. (16)) the
constraint follows as:

Acosl//—Aésinl//=0 (19)

Substituting the time derivative of Eq. (16) and the relations (15) and (16) into Eq. (11) it
yields:

—A(Scosy + 2siny) + AO(Ssiny + Losy) = Av((aé(r) 81[;)(7)) syt a.(g ET) sing)  (20)
By rewriting Egs. (19) and (20) we obtain:

A:—E(($—%ag@) y/+%sinw)/wsiny/ Q1)

64= —5((% - % ag (TT)) oSy + %sin W) Av cosy (22)

It is at this point the averaging of periodical function ¥ is introduced. The averaged
equations are:

v 00(7) 23
20 ot
g_ (85(1') _iab(z')) 24)

20 ot p ot
Integrating Eq. (23) for the initial condition 4(0) = 4, the amplitude variation is:
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Q
A—AOQ/% (25)

Substituting Eq. (25) into Eq. (24) it is:
o= v _&0b(7) (26)
4Q p ot

Finally, the averaged solution of Eq. (15) is:

= dy, |- = exp(- jgl b )dr)cos(90+j( a2 - (glb(f) 4;%%)&) @7)

where &0) = &,. After some simplification the approximate solution is:

&b &(b(z)—by)
_AO/ 2" exp( j—zp dt)cos(00+Qt+—4Qp ) (28)

Finally, in general, the vibration is:

o Q &b(7) &b(t)—by), . nmx
u=Y" Ay, /Q(T) exp(-| 12p dr)cos(6y, +Qt+W)sm(7) 29)

where 4, and 6, satisfy the initial conditions. For initial conditions:
ou(0,x)
ot

where P is the chewing force which causes the vibration, the ampliatude 4, and the first term
of Eq. (29), u,, follows as:

u(0,x)=P, (30)

) 0
A{):P(l+(5)2, tanHo =E (31)
_ O | 2 _&b(@) 1,90 gb(t)—by), . mx
=P+ (_Q) ) 20 exp( J. 2 dr)cos(tan (g) + .0t + —4.(2/) )Sm(_ZZ) (32)

Vibration in the tooth depends on the initial shape of the tooth (parameter ¢) and on the
material property (b(7) function). For the decreasing slow time function (b(7) vibration is of
damping type, Eq. (32)). The energy dissipation is faster for faster decrease of b(7). Namely,
in Eq. (32) both terms:

glb(T )

adep(j dr)

()
have the same tendency: if b(7) increases, the both terms increase and also their product.
RESULTS AND DISCUSSION

Let us assume the model, with modified PMMA material, with slow time
elasticity variation:
b
b(r)=—" (33)
1+7
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The Eq. (32) transforms into:

5. ot - 5° 1/4 ~Slv
=P+ (= 1+
up = P( (Q) X 2_52/(1”)2) (I+7) 7" x »

1,0 o 1 . m
xcos(tan”  (—) + 2t + ———)sin(—
( (.Q) 2.(21+Z') (21)
For numerical data: @ = 1.18x10% s71, by = 103 N s m2, p = 1170 kg m3,
E =223 MPa, v=0.1 s, the temporal vibration expression (28) is treated as:
2 2
-0 _ _ 1
T = Ay (0 "4 (1+7)7 cos(tan Oy 2Ly s
af —67 /(1+7) Q0 20 1+1

In Fig. 3 the axial vibrations of the upper surface of three tooth models (Fig.
1) are plotted: i« = 0 is the model with constant circular cross-section, u = 0.5 is
the parameter of barrel type (convex) model, 4 = —0.1 is of the concave model,
where ¢ = 4&3r¢. In Fig. 3 it is seen that for all three models the amplitude of
vibration has the tendency of decrease. The velocity of vibration amplitude dec-
rease is faster for the concave than for the convex model and even for that with
constant cross-section. The period of vibration is also shorter for the concave
model than for the model with constant radius and for the convex model.

T

0.0010

0.0005

-0.0005

Fig. 3. Temporal time function for various valus of parameter x: 1 = 0 (full line), x = 0.5
(dashed line), # =—0.1 (dash-dot line).

To determine the total time necessary for vibration delimination it is neces-
sary to know that the chewing rate varies in the interval 0.94-2.5 chewings/s.!°
Namely, vibration elimination has to be finished in the maximal time interval
between two chewings which is approximately 0.4 seconds. It is obvious from
the Fig. 2 that the 4D printed model, made of PMMA material with stored energy
and programmed according to Eq. (33), is able to eliminate the vibration in the
corresponding time interval.
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In Fig. 4 the influence of the modulus of elasticity £ on the vibration pro-
perties is tested. For 4 = 0 and modulus of elasticity is £ = 1190 MPa and
E = 2084 MPa the temporal function is plotted. It is obtained that the elasticity
value has the influence on the frequency of vibration, but the influence on the
amplitude vibration is not significant. For higher is the value of the modulus E,
the period of vibration is shorter.

0.0010 0.0010

0.0005 0.0005

-0.0005 -0.0005

Fig. 4. Axial vibration for various elasticity modulus: a) £ = 1190 MPa, b) E = 2084 MPa.

In Fig. 5 the influence of parameter v on vibration properties of the model
are considered. The parameter values are =0 and v = 1. It is obtained that for
higher value of parameter v the amplitude of vubration is higher, The influence
of von the period of vibration is negligible.

T T

0.0010 0.0010

0.0005 0.0005

00005 -0.0005

a) b)
Fig. 5. Temporal time function for various values of v: a) v=0,b) v=157".

In Fig. 6 the Tt diagrams for by = 103 N s m2 and by = 500 N s m2 are
plotted. It is obtained that for higher value of the parameter by the velocity of
amplitude decay is slower than for smaller parameter value. The parameter b has
the influence on the frequency of vibration.

CONCLUSIONS
It is concluded:
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Fig. 6. The T—t diagrams for avariable b, a) by =103 N s m2; by = 500 N s m™2,

1. Impact force in chewing causes axial vibration of the 3D printed PMMA
elastic tooth.

2. Vibration of the tooth depends on the tooth shape. The vibration amp-
litude and phase variation is more intensive for barrel formed tooth than for the
tooth with constant circular cross section and is the smallest for the tooth of con-
cave form. Namely, the tooth with concave form behaves like the unit in auxetic
structure. The deformation and vibration along the axial axis for this 3D printed
PMMA model is smaller than for the model with constant cross section and is
suggested to be applied in the 4D printing of the tooth,

3. Decay of axial vibration is obtained by using the PMMA modified mat-
erial with slow time variable elastic property. Damping of vibration is more int-
ensive if the elasticity of the modified PMMA material is decreasing in time.

4. The elasticity property of 3D printed PMMA tooth has the influence on
the frequency of axial vibration: the higher is the value of modulus of elasticity,
the period of vibration is shorter.

5. Based on the axial vibration time function, the elasticity variation of the
3D printed PMMA material is prescribed. In the tooth, designed with this elas-
ticity — slow time function, elimination or reduction of the axial vibration is exp-
ected.

Future research has to be oriented toward 4D printing of PMMA tooth where
a new material assembly (a combination of multiple materials, for example) has
to be created under stress that becomes “stored” within the material. This stress
can later be released, causing an overall material shape change according to elas-
ticity variation as suggested in the result of the paper. To realize tooth, with time
variable elastic function, the PMMA has to be modified to be the smart material.
It would be the programmable matter, wherein after the fabrication process, the
printed tooth reacts with force parameters within the environment and changes its
form accordingly.
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U3BOJI

YTHLAJ BAPUJAITUJE ETACTUYHOCTH 31 IITAMIIAHE [IMMA CTPYKTYPE HA
AKCHJAJTHE BUBPALIUJE 3YBA

JIUBUJA LIBETURAHUH"2, MUJBAHA TTPULIA n CAIbA BYJKOB?

"Ynusepsuiuem y Hosom Cagy, ®@axynimem exnuuxux nayxd, Hosu Cag, ’Obuda University, Budapest,
Hungary u 3Ynusepsumiemi y Hosom Cagy, Meguyuncku paxyniuem, lenapmman 3a cliomamonotujy,
Hosu Cag

Op HepaBHO, 3]] WTaMname ca MOAM METHI MeTakpunatom (PMMA) uma mHUpPOKy
NpUMEHY y CTOMAaTojoruju: 3]l mramna je mMOrogjHa MeTona 3a MPOU3BOABKY OUIIO KOT
CI0KEHOT TPOAMMEH3HMOHANHOT 0odnuka, a PMMA je marepHjan KOju HMMa NOTOJHA
CBOjCTBA Y OKPY’Kewy yCcHe urymbruHe. 300r Tora ce 3]] urramna Beoma 4eCcTo MpuMemnyje
3a uspagy PMMA 3yda. OBu 3ydu y TOKY KBaKaia [oja3e y KOHTAKT, jaB/ba ce UdMehy
BUX yIap KOju NOBOAU OO MpoMeHe odnuka U Bubpanuje 3yda. Kako pukinuuHe Budpa-
Uuje JIolle yTU4Yy Ha U3gpasbuBoCcT PMMA 3yda, oHe ce mMopajy enumuHucaTH. Lum
OBOI paja je mpoy4yaBawme akcHjasHux BuOpauuja 3]I1 mrammaHor 3yDa kKao W JaBame
mpenopyka 3a mogudukanujy ctpykrype PMMA ca uwbseM NpUrylinBaka BUOpanuja.
Bubpanuje 3yda cy MmaTeMaTHUKH MOZIENOBaHe U aHAJIUTHYKU peuieHe. [lodujeHu pesyn-
TaT fAaje Be3dy uM3mely BUOpaUMOHHUX CBOjCTaBa U BapHjauuje enacTUdYHOCTH PMMA
marepyujana. dyHkuuja koja neduHHIIe NpoMeHY enacTUYHOcTH PMMA 3aBucu of
.Cropor BpemeHa“. (M3pa3 ,cnopo BpeMe“ moapa3ymeBa NpPOUW3BOJ BPEMEHA W Mapa-
MeTpa KOju je MamH of jemas). 3a omanajyhy dbyHKIHjy enacTHYHOCTH, BUOpanuja je
NpUTYIIEeHa: IITO je HMHTEH3UBHHU]E CMambemhe elaCTUYHOCTH, TO je Dpke onajame BUOpa-
uuja. Ha ocHoBy yTBpheHe dyHKUIHje eaCTUUYHOCTH MOXKE Ce peasn3oBaTU MoAudHUKa-
udja ctpyktype PMMA. AyTopu npepanaxy npumeHy podujeHe dyHKUHje Bapujauuje
€laCTUYHOCTHU 3a mMporpamupame 4]] mrammne ca mogudrkosanum PMMA.

(Tlpumisero 18. janyapa, pesunupano 15. dedpyapa, mpuxsaheno 7. maprta 2024)
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Abstract: Sulphur hexafluoride is synthesised as a persistent and non-toxic gas
with an exceptional dielectric strength. In contemporary medium-voltage
switchgear within power distribution systems, SF¢ gas is used for the insulation
and the extinction of electric arc. The application of SF¢ has advantages in
terms of gas physicochemical characteristics and performance; the dimensions,
the cost-effectiveness, the reliability of the switchgear equipment and the dur-
ation, as well as the cost of maintenance were significantly reduced. SFy is a
known greenhouse gas, which tends to accumulate in the lungs, inducing oxy-
gen depletion and respiratory complications. The by-products of SF¢ formed
during the electric arc can be harmful and toxic. The equipment containing SF¢
is being replaced in the EU and worldwide. Using ALOHA® software the scen-
arios of leakage for SF¢ and by-products were modelled in urban areas, where
the switchgear is frequently placed. In areas where the circulation of wind is
lower (urban areas), in hazardous situations, it is not possible to depend on high
dispersion levels or minimisation of concentration and threat. The models have
shown that SF¢ poses an environmental problem and its by-products cause a
serious health hazard in the case of leakage in urban areas, rendering red threat
zones from 10 to 60 m in radius.

Keywords: greenhouse gas; switching device; persistence; toxicity; ALOHA®
software.

INTRODUCTION

In the light of predominant effects of climate change that are becoming more
evident every day, it is necessary to discuss and research the application of the
greenhouse gases (GHG) produced, used, and abused in anthropogenic processes.

* Corresponding author. E-mail: majasremacki@uns.ac.rs
https://doi.org/10.2298/JSC231203008B
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694 BOSKOVIC e al.

GHGs have a significant role in the phenomenon recognized as a plethora of
anthropogenically prompted climate change.

The substance proven to be a potent GHG chemical is sulphur hexafluoride.
Sulphur hexafluoride (sulphur (VI) fluoride — SFg), is a versatile and highly pot-
ent chemical compound with a broad range of applications. This inorganic com-
pound has a unique and stable molecular structure, made up of one sulphur atom
coupled to six fluorine atoms. SF¢ has found use in a variety of commercial and
scientific practices due to its exceptional qualities.!>2

Because of the SFg electrical insulating characteristics, sulphur hexafluoride
is a crucial component in high-voltage electrical equipment such as transformers,
circuit breakers and switchgear.3# SF¢ possesses the capacity of efficiently extin-
guishing the electrical arc, as well as non-reactivity to most common materials.

Sulphur hexafluoride also possesses prominent advantages and distinctive
properties that render it highly useful in the vast variety of industrial practices,
which make it an exceptionally versatile greenhouse gas (GHG). The key pro-
perties of SF¢ are its remarkable insulating properties, high thermal stability and
non-flammability, effectively minimizing the risks of fires during use and applic-
ations. Additionally, SF¢ exhibits electronegativity nearly three times that of air,
thus enhancing its performance significantly. One of the benefits is superior arc-
extinguishing capabilities, which enable SFg switchgear to be designed in a more
compact and robust manner. This, in turn, enables minimal maintenance, ulti-
mately making SF¢ a highly cost-effective solution for various applications. 156

Sulphur hexafluoride is also used in the manufacturing of semiconductors as
a dielectric gas; as blanketing gas in the production of electronic devices, and it
also finds applications in the medical field as a contrast agent for ultrasound
imaging and ophthalmology, particularly during retinal detachment surgery (ret-
inal ablation).l.7-8

Furthermore, SFg¢ is widely used in environmental research and communal
systems maintenance and diagnostics, as a tracer gas (flow patterns, leak detect-
ion), particularly in the research on air and atmosphere, due to its low reactivity
and long atmospheric lifetime.!

However, the prominent disadvantage of SFg lies in its environmental imp-
act, as it is a GHG with the highest global warming potential (GWP). The immi-
nent and proven impact that SFg and its by-products have on the environment and
health, prompted actions for its replacement, as it has been listed in the Kyoto
Protocol, as a potent GHG. Corresponding to the European F-gas Regulation (EC
517/2014), which aims at cutting the EU’s fluorine gas emissions to at least one-
-third by 2030, the replacement of switchgear using SF¢ as insulation gas has
already begun.!-%:10

However, in Serbia, the electro-distribution industry regards switchgear
equipment (SGE) that uses SFg as an insulating gas as the best available tech-
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nology (BAT). In Vojvodina, approximately 5 % of all switchgear devices are the
ones using SFg. However, SFg SGE has been used in this region only since 2005,
as it is characterised in this region as a BAT. Until then, devices insulation based
on air, oil, low oil, and vacuum were used, so this percentage is expected to
steadily increase over time, especially due to the automation and digitalisation of
the power distribution network. This preference can be considered controversial
and contradictory to EU practices, given the increasing trend of installing SGEs
containing SF¢.

The recent decision of the United Nations Framework Convention on Clim-
ate Change (UNFCCC), from 2022, requires the use of 100-year monitoring
values for GHGs to calculate the GWP of a chemical as a CO, equivalent.!!
According to the EPA and Intergovernmental Panel on Climate Change (IPCC),
it is the most potent GHG known to date, with the astonishing 23,5 thousand
times higher potential for global warming than an equivalent amount of CO;
(Table I).

TABLE 1. GHG properties in the atmosphere (lifetime in the atmosphere, global warming

potential and approximate concentration in air)!%!13

GHG compound t/ year GWP [ kg CO, m2 ¢/ ppm; ppb; ppt
CO, -2 1 400 ppm
CH, 12 28 1800 ppb
N,O 109 265 320 ppb
PFCs <100 11,100 <600 ppt
HFCs <15 12,400 <80 ppt
NF; 500 16,100 <1 ppt

SFg 3,200 23,500 8 ppt

9[s not provided, as it is a component of the atmosphere

The switchgear (SG) refers to the combination of electrical switches, fuses
or circuit breakers used to control, protect and isolate electrical equipment. The
switchgear controls the electrical system by switching on/off, regulating, and pro-
viding protection against abnormal conditions. SGs are used in substations, ind-
ustrial setups, buildings and other places where electrical equipment is needed. !4
There are several points of classification of switchgear, medium voltage switch-
gear (MVSG) with SFg as the insulation gas was selected for the purpose of this
research because of the physicochemical properties and environmental impacts of
SFg. In Serbia, about 5 % of all switchgear devices are the ones using SFg as
insulation gas. In the examined area MVSG equipment is in urban and living
areas, making the possibility of SFg and its by-products leakage plausible and an
important issue to investigate.

The occurrence of an electric arc is advantageous in terms of managing over-
voltage. However, when the arc is active, it generates a considerable amount of
thermal energy, leading to substantial thermal and mechanical stresses. These
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stresses may include contact burning or combustion, insulation damage, and an
elevation in internal pressure.!5

During the arc, SFg will decompose and form SFg arc plasma, while forming
many sulphur fluoride species. While arc temperature decreases, sulphur fluoride
species will recombine into SFg molecules. However, if HyO, O, and other vap-
ours (nitrogen, helium, argon, hydrogen, efc.) are present in MVSG, the product-
ion of toxic by-products of SFg is inevitable.!.%:16.17

The inhalation of large quantities of SF¢ displaces oxygen in the lungs and
can lead to asphyxiation. Furthermore, when arcs occur in switchgear, toxic by-
-products form, such as (hydrogen fluoride, sulfuryl fluoride, sulphur tetrafluor-
ide, sulphur pentafluoride, sulphur(IV) oxide, among others), which may trigger
a plethora of health problems, and in extreme cases can be life-threatening.!-12.18

Hydrogen fluoride is highly corrosive and toxic, causing severe chemical
burns and respiratory damage upon exposure. It contributes to the formation of
acid rain and has detrimental effects on aquatic life and vegetation when released
into the environment.!-19

Sulfuryl fluoride is primarily a respiratory hazard and can cause severe lung
damage and irritation to the eyes and skin. While sulfuryl fluoride is less persist-
ent in the environment, its high global warming potential makes it a concern for
climate change impacts.!-20

Sulphur tetrafluoride is extremely toxic, because the exposure to it leads to
severe respiratory tract and skin irritation. SF4 can decompose to form highly
toxic and corrosive by-products, posing risks to wildlife and ecosystems. !

There is limited information on sulphur pentafluoride, but it is expected to be
highly reactive and potentially toxic, similar to other sulphur fluorides. As with
other fluorinated compounds, SF5 could contribute to atmospheric and environ-
mental degradation if released. SF5 is particularly interesting as it can form
highly toxic disulphur decafluoride (S;F1¢) in the appropriate conditions.2!

Sulphur dioxide is a significant respiratory irritant, affecting lung function
and exacerbating respiratory diseases. It is a major air pollutant, contributing to
acid rain and causing harm to ecosystems and plant life.!22

To address these problems, efforts are being made to reduce its emission into
the atmosphere and create more ecologically friendly alternatives. Due to the pre-
viously mentioned environmental and safety issues and concerns, numerous
countries and international bodies have implemented strict controls and regul-
ations on the use, handling and disposal of SFg.

The aim of this paper is to perform the risk assessment via ALOHA® soft-
ware of the possibility of SFg and its by-products leakage from MVSG. It has
been observed that the current energy system layout in Serbia does not have any
plans in place for the evacuation of people in the event of an accidental release of
SFg and its byproducts. Additionally, there are no early warning systems that can
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detect any leakage, except for the pressure control in the chamber where SFgq is
stored. However, this can only be monitored through the network surveillance
system and not on the site of the leakage itself. This type of modelling can imp-
rove the preparation and security by enabling the creation of evacuation and min-
imization plans and improving the system as a whole.

EXPERIMENTAL

Areal Locations of Hazardous Atmospheres, ALOHA®, open-source software was used
to provide risk assessment for accidental leakage of SF¢ from MVSG in transformation sub-
stations. ALOHA® is the hazard modelling program, based on Gaussian plume, for the
Computer-Aided Management of Emergency Operations, CAMEO®, software suite, which is
used widely to plan for and respond to chemical emergencies, developed by USEPA. The
Gaussian plume-based models have the lowest resource demand and, thus, are suitable for fast
decision-making in emergencies.??

ALOHA is a computer program that helps develop plans and responses to chemical rel-
eases and prepare for emergencies. It deals with chemicals that become airborne and includes
two air dispersion models — the Gaussian model for lighter gases and the heavy gas model for
denser gases. ALOHA has a decision algorithm to choose between these models and includes
a chemical library with important data required as input for modelling scenarios. ALOHA can
help model various release scenarios, including toxic gas clouds, BLEVEs, jet fires, vapour
cloud explosions, pool fires and flammable areas. The output results include threat zones,
graphs of source strength, and specific location threats. It’s important to note that ALOHA
provides estimates, not precise results, and the accuracy of the results depends on the input
data accuracy and interpretation of the results. ALOHA has limitations, such as the inability to
estimate distances greater than 10 km, unreliability of results under very stable atmospheric
conditions or during wind speeds of less than 1 m/s, efc. However, since ALOHA has been
compared to similar models and verified against field data, it is considered reliable and is used
for the simulations conducted within this research.?3

Several different but similar programs can be used for the modelling of hazardous and
accidental situations, process hazard analysis software tool (PHAST) were compared with the
Korea off-site risk assessment supporting tool (KORA), but ALOHA is the most precise
assessment open-source tool, according to the vast number of literature sources. This was the
reason for selecting ALOHA as the most viable option for this research.?3-23

The methodology used for this research is in detail available in the literature.2*25 The
parameters for ALOHA® were selected according to the real location and position of the sub-
station located in the outdoor urban environment. The input data required for modelling, phys-
ical and chemical properties, can be found in the ALOHA® chemical library (CAMEO®
Chemicals) which comprehends hundreds of substances and solutions.

While using ALOHA® software, it’s necessary to select a chemical and source type,
specify the location and time, and input weather-related parameters including atmospheric sta-
bility class, varying terrain, cloud coverage, air temperature, humidity, speed and direction of
the wind. With the required inputs and integrated equations, ALOHA® can perform simul-
ations of various release scenarios, including toxic gas clouds, boiling liquid expanding vapor
explosions (BLEVES), jet fires, vapour cloud explosions, pool fires and areas prone to flam-
mability. The software generates output that comprises scenario-specific danger zones, threats
at locations, and graphs showing source strength. These results are displayed both graphically
and in a text summary.2>
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Methodology

To manage disaster risks in inhabited areas, the hazard and exposure parameters must be
assessed. This helps decision-makers understand the problem and develop an effective risk
management strategy. The hazard context is analysed based on the physical nature of the
accident and its impact on people and the environment. Atmospheric temperature, wind speed,
relative humidity, atmospheric stability, cloud coverage, terrain profile and urbanisation level,
substance properties and release quantity for hazard are defined as necessary variables for haz-
ard definition and modelling, as well as location and impacted population are defined as nec-
essary variables for modelling scenarios in the context of exposure.

The atmospheric parameters were fixed throughout all the modelled scenarios. The aver-
age and/or predominant conditions for selected locations were observed for environmental
parameters that apply to selected locations — air temperature (11.6 °C), wind velocity (7 m s')
and direction (north-west), terrain (urban/forest), cloud coverage (40 %), atmospheric stability
class (D), temperature inversion (no) and relative humidity (50 %).26-27

While varying the source parameters and chemicals (SF¢, HF, SO,, SF,4, SF5 and SO,F,)
the analysis was performed for parameters incorporated into the ALOHA® concerning acute
exposure guideline level (AEGL) or protective action criteria (PAC) values for outdoor stat-
ioned MVSGs (Table II).

TABLE II. The concentration of AEGL and/or PAC 1, 2 and 3 values and density in the gas-
eous state for SFq and its by-products?3-3%; ¢; — concentration of substance for AEGLI1 or
PACI, ¢, — concentration of substance for AEGL2 or PAC2, ¢3 — concentration of substance
for AEGL3 or PAC3

Parameter HF SO, SF4 SFs SO,F, SF¢
¢/ ppm 1 0.2 0.01 0.001 1 3,000
¢/ ppm 24 0.75 0.1 0.1 21 33,000
c3/ ppm 44 30 0.82 1 64 -
p/kgm3 0.69 2.62 3.78 5.38 3.72 6.5

When establishing a model, ALOHA® uses values from Table II to render a visualization
of the data for inserted parameter values as 3 threat zones (TZ) as levels of concern (LOCs) —
red, orange and yellow. The red LOC represents the worst hazard level; the orange and yellow
LOC represent the areas of decreasing hazards.

RESULTS AND DISCUSSION

After conducting an analysis involving 60 distinct scenarios using the
ALOHA® software, a crucial deduction has emerged. For 1 g of SF, there are no
threat zones generated, the first mass of SFg¢ that gets only yellow threat zones
(TZ) generated for the average conditions is 114 kg with a 17 m radius. The first
mass of SF¢ released that generates orange and yellow threat zones for the aver-
age conditions is 5 t with a 37 and 129 m radius, respectively. The release of 10 t
of SF¢ generates red, orange, and yellow threat zones of 19, 54 and 184 m in
radius, respectively. It has come to light that to pose a genuine threat to human
health and overall well-being, an approximate release of 5 to 10 metric tons of
SF¢ gas into the atmosphere is required, which is neither a realistic nor possible
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scenario. Interestingly, when we shift our focus to ambient air conditions, this
threshold drops significantly to a mere 5 kg of SFg. To put this into perspective, 5
kg is roughly half the volume of SFg typically found within a single medium
voltage switchgear (MVSGQG).

Upon the evaluation of this data, it is determined that SFg, when used as an
insulation medium, emerges not as a direct health and safety concern, but rather
as a prominent environmental issue. This concern, however, comes with a caut-
ion, that it primarily relates to situations where MVSGs are not enclosed within
confined spaces.

According to the results of 60 different scenarios in ALOHA® software, it
has been determined that to pose a danger to human health and well-being it is
necessary to release approximately 5 to 10 t of SFg gas in the air, for the ambient
air it is 5 kg of SF¢ which is approximately half the volume of SFg in one
MVSG. Therefore, evaluating the obtained data, SFg as an insulation medium is
clearly an environmental problem, not a health and safety concern when the
MVSGs are not in closed spaces.

In a typical MVSG, there is approximately 10 L of sulphur hexafluoride, and
a typical urban location usually houses about 3 to 5 devices. Considering SFg has
a density in the range from 6 to 6.5 kg m—3, this means that each litre of the gas
has a mass from 6 to 6.5 g. The insulating gas is under a pressure of 20 kPa, with
an estimated leak rate of 0.011 atm* cm3 h~l. In Table II the densities of all
observed SF¢ by-products are shown,28-30

The results of the most relevant scenarios that were modelled are shown in
Table III.

TABLE III. Results of threat zone radiuses, » / m, for modelled scenarios for each compound

c d Treat zone

ompoun Red Orange Yellow
HF 19 26 112
SO, 13 79 133
SF4 60 141 335
SFs 36 240 562
SO,F, <10 13 18

On the other hand, the by-products of the SF¢ that are formed if SFg is in
contact with a spark or direct flame render a completely different outcome with
only 1 g of substance. Grams are used in ALOHA® software as a unit of measure
to perform the risk assessment. For HF, a quantity of 1 gram (1449 cm3) of the
gas produces a red TZ (RTZ) spanning 19 m in radius, while for SO,, the same
mase (381.7 cm3) of gas results in an RTZ of 13 m in radius. In the case of SFy,
264.5 cm3 amounts to an RTZ of 60 m in radius, while the SF5, with volume of

*1 atm = 101325 Pa
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only 185.9 cm3, creates an RTZ of 36 m in radius. Lastly, for SO,F,, 1 g (268.8
cm?) creates a red threat zone of less than 10 m in radius.

The stations and substations housing MVSG filled with SFg¢ are strategically
located in urban areas, often in close proximity to densely populated areas, a com-
pelling concern emerges. This concern revolves around the potential and, in many
cases, well-justified risk of exposure in the unfortunate event of SFg and its by-
-products leakage. The urban setting amplifies the seriousness of the situation, as
any release of this insulating gas and by-products can directly impact the nearby
populace. In such circumstances, the paramount security measure in place rem-
ains the continuous monitoring of the pressure levels within the insulating system.

Fig. 1 shows a preview of the red threat zone radiuses for every SFg by-pro-
duct discussed in this research for a specific realistic layout of an urban area. The
possible source of SF¢ and its by-products is on the ground level, surrounded by
8 to 10-storey buildings (approximately 25 to 36 m). In this figure, a real location
has been observed and the obtained RTZ have been shown on the selected real
location. The spacing of the buildings and the location of streets, as well as the
playground portray the real location in one city in Serbia.
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— N\ | \
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— Playground )X

Building | | |
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Fig. 1. A preview of the generated red threat zones (RTZ) for all SF¢ by-products in the urban
area without impact of wind parameters (velocity and direction).
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This type of research is the first in the area of MVSG using SF¢ as insulation
gas and the potential risks to health and the environment in the Republic of Ser-
bia. It opens the question and inquiry into the characteristics and the implications
of SFg¢ in this specific domain.

CONCLUSION

While SFg has several benefits that have helped it become a fixture in
medium-voltage switchgear, its proven environmental effects, and risks, as well
as the risk considering population, should not be neither underestimated nor
ignored. Based on 60 scenarios in ALOHA® software, it’s found that releasing
5-10 t of SF¢ gas poses a threat to human health. In open air, just 5 kg of SF¢
(half of a typical MVSG’s volume) is enough to cause concern. This highlights
SFg as an environmental issue, but not a health and safety hazard when MVSGs
are outdoors. A typical MVSG has about 10 L of SFg in urban areas with 3-5
devices. SF¢ density ranges from 6-6.5 kg m3. It’s pressurized at 20 kPa, with a
leak rate of 0.011 cm3 h~!. In case of a spark or flame, SFg produces different
by-products of only 1 gram in quantity. The ALOHA® software uses grams for
the risk assessment. For example, 1 g of HF spans a 19 m radius RTZ, SO, a 13
m radius, SF4 a 60 m radius, SF5 a 36 m radius, and SO;F5 a <10 m radius.

The purpose of this paper is to conduct a risk assessment using the
ALOHA® software to determine the likelihood and the possible effects of SFg
and its by-products leaking from the medium-voltage switchgear. It has been obs-
erved that the current energy system layout in Serbia does not have any eva-
cuation plans in place in case of an accidental release of SF6 and its by-products.
Furthermore, there are no early warning systems to detect any leakage, except for
the pressure control in the chamber where SFg is stored. However, this can only
be monitored through the network surveillance system and not on the site of the
leakage itself.

This type of modelling can enhance the preparation and security by allowing
the development of the evacuation and the minimization plans, as well as the
improvement of the entire system.

The urban medium-voltage switchgear installations introduce a prominent
element of concern due to the potential leakage. In response to this concern, a
central security measure takes precedence: the continuous monitoring of pressure
levels within the insulating system. This responsible surveillance acts as the first
line of defence, mitigating risks associated with SFg in these urban settings, as
well as serious and compulsory responses and guidelines for conduct, protection,
and actions in the case of leaks. Consequently, a growing resolve has emerged
within the industry to explore viable alternatives to SFg. There is an increasing
determination to investigate SFg alternatives that might deliver the benefits of
SFg, while avoiding the related hazards and risks. Meanwhile, stringent regul-
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ations and routine maintenance can reduce many of the dangers connected with
its usage. The only eco-efficient SF¢ alternative that shows promise to this date,
other than air, which is already in use, is the HFO1234zeE (trans-1,3,3,3-tetraflu-
oropropene), as it has low, but more importantly, known toxicity and is not car-
cinogenic, mutagenic or reprotoxic.3! As the environmental issues of SFg pro-
perties are more prominent (GWP = 23,500), it seems promising that the new
generation of environment-friendly gas insulation, like HFO1234zeE has ext-
remely low GWP (6) and ozone depletion potential (ODP = 0).

Acknowledgement. The work was partially supported by the Ministry of Education, Sci-
ence and Technological Development through project no. 451-03-68/2020-14/200156: “Inno-
vative scientific and artistic research from the FTS (activity) domain”.

U3BO/

CYMIIOP-XEKCA®JIYOPHUI Y MOOEPHUM CPEOBEHAIIOHCKUM IMPEKUJAUYMMA:
NMPEOHOCTH, OITACHOCTH U YTULAJ HA XKUBOTHY CPEOJUHY

AJIEKCAHJIIAP BOIIIKOBHR!, MAJA CPEMAUKH!, CYHUHMIIA BJEIITHULIA?, AJIEKCAHIIPA YABUR?,
HAIIA MAPKOBUR' u BPAHHUCJIAB BOPOBALL!

"Yrueepsuiueinn y Hosom Cagy, @axyninein wexnuuxux nayxa, Tpi Jocutmeja Odpagosuha 6, 21000 Hosu
Cag, *Ynusepsumiemi Metmpononutier, daxyniteid 3a upumernery exonotujy dymypa, Moxewxa 83a, 11000
Beoipag u >®axyniiei 3a exoHoMUjy u unmerwepcku menaymeniu, DUMEK, Ieehapcka 2, 21000, Hosu Cag

Cymnop-xexkcadayopuj CUHTETHILE Ce€ Kao MOCTOjaH M HETOKCHYAH rac ca UsyseT-
HOM [JUeleKTPUYHOM YBDCTUHOM. Y CaBPEMEHHUM CpPEJHEHANOHCKUM INpeKUAaurma
CHUCTEMA 3a OUCTPUOyLHjy eneKTpuuyHe eHepruje, SFe¢ ce KOpPHUCTH 3a H30aLHjy U ra-
lmeme eJeKTpUYHOT nyka. [IpumeHa SFs MMa mpefHOCTH y morneny GHU3HYKO—XeMHUj-
CKMX KapaKTepUCTHKa U nepdopMaHCH raca; JUMeH3HjaMa, eKOHOMHUYHOCTH U Noy3ja-
HOCTU OTpeMe mpekunaya, Te y Tpajawmy W TPOLUIKOBHMMA ONp)KaBama KOjHU CYy 3HAYajHO
yMameHH. SFe je mo3HaT kao rac crakjieHe dallTe KOju MMa TEHAEHUHjy a CE aKyMmy-
nupa y miyhuma, u3asuBajyhu cMameme KOHLIEHTpPalHje KHCEOHHUKA U y3POKYyje PeCcHu-
paTopHe koMmnukanuje. Hycnpoussogu SFe MOry HacTaTH TOKOM €JEKTPUYHOT JIyKa U
MOTy OMTH IITETHH M TOKCHMYHHU. Y EY m mupom cBeta ompema koja cagpxu SFe kao
H30JIaLMOHHU rac je y mpouecy 3amene. Kopucrehu coptep ALOHA® mopmenupanu cy
CUEHapHju 3a HEKOHTPOJHCAaHO uchymrtawe 3a SFe W Hycnpopykre y ypbaHUM moj-
pyyjuMa, rge ce Hajueurhe IOCTaB/bajy Npekunayu. Y moipydyjuma rie je nUpKyianuja
BeTpa cnada (ypdaHa moppyyja) y onacHUM CUTyaldjama HHje MOTyhe OCJIOHHUTH Cce Ha
BUCOK HUBO OUCNEp3Wje WIM MHHMMHU3AlUHjy KOHLEHTpaluuje U NpeTme. Mopenu cy
noxasanu ga SFe npefcTaBba ONACHOCT 11O XKUBOTHY CPEIHHY, a BErOBU HYCIPOLYKTH U
03dwbaH xa3aph Mo 3/jpaB/bé ako Ce HEKOHTPOJIMCAHO UCHyCTe y ypdaHUM cpefuHama,
ctBapajyhu upBeHy 30Hy onacHocTH of 10 1o 60 m y moMynpedHUKy.

(ITpumssero 3. fenemdpa, pesunupaso 8. nenemdpa 2023, nmpuxsaheno 2. ¢hedpyapa 2024)
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Abstract: The paper researches water quality, supply and management system
assessment problems of the Montenegrin costal region. A significant problem
is generated by seasonal tourism, the main branch of Montenegrin costal eco-
nomy. The selected performance indicators model has been tested in the water
supply system of the city Herceg Novi, as a representative experimental system
for the Montenegrin costal area. The city Herceg Novi has 33.000 permanent
residents and around 80.000 individual consumers during the summer touristic
season. The research activities are based on the seasonal parameters defined by
the monitored performance indicators of the water supply system. The study
depicts the developed indicators performance model based on the obtained exp-
erimental monitoring data. Within the experimental analytical research per-
formance an indicator matrix was established. The coastal area of Montenegro
is experiencing over 50 % of water loss. Structure developed in the model
applies the performance indicators and results in systematic losses reduction.
The model takes into account the principle of seasonality, and the existence of
two completely different periods of the year. This type of the experimental
research with testing in situ was for the first time performed and implemented
in the costal Adriatic region of Montenegro.

Keywords: water quality; aquatic system model; model assessment.

INTRODUCTION

The management of water supply systems in Europe and developed count-
ries has been constantly improving through the last three decades. The develop-
ment has been predominately focused on the rational use of natural water resour-
ces, and water losses using different methods and mechanisms, technical and
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administrative nature. The experimental activities apply a performance indicator
matrix to the management of water supply systems, or systems in one region with
similar basic parameters, starting from natural environmental conditions, through
technical elements, to relations with other industries on which water production
and consumption depend.

Tourism industry must be taken into account when planning water supply
system in coastal regions. In water project management it is obligatory to keep in
mind that the touristic activities are a very demanding and fluctuations in the
required continuous water supply are the primary factors affecting beneficial eco-
nomic development. The lack of regular water supply to consumers can have sig-
nificant and large repercussions on the development of the tourism economy. The
primary task in the tourist environment is the continuous supply of water all 365
days of the year, considering the peaks of high consumption, which occur at least
twice a day.

The control assessment of the water supply companies in coastal regions
implies the responsibilities for overcoming complex situation between the pro-
duced and the needed quantities of water. The solution for the complex interdis-
ciplinary problem is of interest to many experts and institutions in the Mediter-
ranean region, particularly where tourism is the dominant industry. Experiences
from practice and studies in the Adriatic basin, as well as in the Mediterranean
countries, such as the coastal parts of Spain, Italy, Portugal, regions similar to
Montenegrin coast, were applied. In the “Water Management Strategy of Monte-
negro” new and modern approach to water resources management was applied,
harmonizing laws with the legislation of the European Union and ratified inter-
national conventions and declarations.! The operational aspect of the “Water
Management Strategy of Montenegro” has been set for 2035, with the main stra-
tegy to reduce losses in public water supply systems to less than 30 %. In the
Coastal Region of Montenegro, water supply systems are characterized by a high
percentage of unaccounted water losses (non-revenue water, NRW), above 50 %.
The percentage of unaccounted water is in agreement with the administrative and
technology management policy.

The matrix performance indicators have been established as the optimal
algorithm and mechanism to control the operation of the water supply system.
Performance indicators (P/) provide a set of measures to monitor and improve
water supply services to consumers (developed theory of the P/ use in water sys-
tems).24 In the last twenty years, the significant progress has been made in the
application of P/ research. Pl knowledge has been significantly expanded as the
water supply system has been implemented in Mediterranean countries.> The
system has proven that it can be adapted and used in very different contexts and
for a variety of purposes.6—?
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In the technological, economic and ecomanagement field of water supply
systems, Pl model classifies types in the sphere of losses, defines methodology
for detection and reduction in the system. In coastal regions the highlight and
emphasize is on seasonal fluctuations in available water resources and water con-
sumption.

Remarkable experiences from the Italian practice for urban areas in the case
of insufficient water or in the case of climatic arid areas (town Ferragina) are
valuable, with focus on the terms which included the loss analysis and applicable
calculation.>-? To analyse the losses in the system, it is significant to recognize
the water balance with all structural components of the system.$:10 The compo-
nents of the water balance, on the other hand, must be determined in volumetric
form before beginning any loss reduction activities. The conserving water in
local conditions usually means reducing the volume of water for one or more
purposes. The concept of “water conservation” improves quality and capitalizes
social, touristic, technological, public, economic and environmental benefits.6:8

The research aims to determine the model for adaptability and improvement
of water quality and supply systems in the coastal region, where high technical
water losses are evident. The P/ model has been tested in the coastal area of
Montenegro with six selected corresponding municipalities. The regional water
supply system of the Montenegrin coast reimburses insufficient quantities in
local water resources when required.

The experimental research is oriented on the water quality and supply system
management with increasing efficiency, reduction of the unaccounted water per-
centage, and rational use of water resources.

EXPERIMENTAL

The assessment of water supply, supplementary conditions and problems was conducted
for the coastal region of Montenegro in six municipalities: Herceg Novi, Kotor, Tivat, Budva,
Bar and Ulcinj including about 140000 permanent residents. In 2019, a total of 14.45 million
overnight stays were registered for the entire territory of Montenegro, in various types of
accommodation services, of which 85 % stayed in the coastal region. The number of tourists
and the number of overnight stays, is growing from year to year.

In the research activities, data for comparative analysis, assessment and modelling was
obtained from local water supply companies of the coastal region of Montenegro. All the data
is collected through the monthly reports and edited by “Vodacom”, a joint management enter-
prise for six water supply companies in the coast. The state Energy Regulatory Agency is in
charge of monitoring the water supply companies in Montenegro, and the data is provided by
yearly reports.!!"15 Apart from statistical data, which are published by both institutions in a
monthly or annual summary report, there are no available information and research papers
dealing with analysis of parameters, performance indicators, considering causes and conse-
quences, as well as the of specific chemical and environmental characteristics in management
system assessment.
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PI model design

The PI model was prepared for the water supply system based on the assessment of posi-
tive and negative factors in the operational phase of existing structures in the coastal region,
with two highly differentiated periods of the year. The research included the SWAT ana-
lyses.!6 The model creates approximate representation of the system and process management,
with a goal to improve the performance of the active water supply system. Modelling com-
prises the creation of the basic PIls matrix with more than 50 PIs. The decisive Pls for the
water supply systems management are covered in Table 1.

TABLE I. Performance indicators for application in the water system management

PI No. Description of the indicator

PIl Coverage of water supply service by number of connections (%)

PI3 Water production per consumer (m?3/consumer/month)

P14 Water production per connection (m3/connection/month)

PI5 Water consumption per user (m3/consumer/month)

PI6 Water consumption - households (1/s/d)

PI7 Water consumption-households (m3/consumer - households/month)

PI8 Water consumption - economy (m3/consumer/month)

P9 Percentage of reported water consumption for households in relation to the total
measured amount of water consumed (%)

PI10 Percentage of water consumption for the economy in relation to the total measured

amount of water consumed (%)

PI13 Percentage of non-revenue water in the total amount of water produced (%)

P14 Volume of non-revenue water expressed per user per day (m3/p/m)

PI15 Non-revenue water per km of network per day (m3/km/day)

PIl6 Unit electricity consumption per m? of invoiced water (kWh/m?)

PI19 Number of failures per 1000 consumers

P20 Number of failures per km of water supply network (breakdowns/km)

P21 Average duration of failures (number of hours spent/total number of failures)

The water supply system model is defined by the expert system and experience from
practice and application of the abstraction mechanism. The abstraction provides elements,
variables, parameters and characteristics crucial for achieving the objective, while all other are
neglected. The experience contributes in expanding the theoretical platform with known para-
meters by applying performance indicators. After theoretical consideration, the model should
provide directions and guidelines for improving the practical operational state of the water
supply system. The model expresses the complex and physical reality in mathematical system
quantifying calculations in order to recognize risks and uncertainties. The application of the
model minimize uncertainties and risks by replicating real circumstances and adjusting theo-
retical and practical parameters. Water supply systems are highly dynamic, variable in both
spatial and temporal parameters and constantly adjusting the extent and the scope. The only
constant in the system is volume of the tank, with the fluctuating water level, which adds
another variable in system. Network extensions on the basis of newly built pipelines are part
of the extrapolation of the network, as well as new water supply facilities. The changes in the
pipeline network are in smaller strokes, considering the time intervals of the change. The
quantities of water entering and leaving the system, number of failures, water gauges, inter-
ventions and other activities are considered as variables in the model. Selected variables
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arrange a basic parameters matrix as a structural component of the water supply system math-
ematical model. Seasonal disproportion is an imperative characteristic of the coastal region,
the starting point in performance indicators model.

The water supply system is modeled in the mathematical correlation VS = {E, V, F}
where VS is water supply system, E is a set of the most important elements of the system, V is
set of connections and F is a function of the target system. E is defined as a set of primarily
important elements consists of variables and constants in the water supply system: the length
of water supply network, number of consumers, number of water gauges, number of tourists,
quantity of produced water, quantity of consumed water, number of network failures. V is det-
ermined by set of connections of key performance indicators (PI1, PI3, PI4,..., PI21). F indi-
cates the function of the system to reduce losses, i.e., the percentage of unaccounted for water,
and to provide sufficient and necessary amount of water (in the tourist season).

Essential premise of the model is the observation of the water supply system and func-
tioning through two periods of the year (winter and summer).

Very complex and dynamic structure of the mathematical management model depicted in
Fig. 1 with two distinguished annual periods, suggests the introduction of two operational sub-
systems for winter and summer. Both subsystems introduce fundamental characteristics: the
amount of water produced and consumed, and the number of network failures and technical
water losses. System is defined by variables: the amount of produced and consumed water in
system, and the number of failures as a multiplier (), which has a value of n > 1. Summer
variables are compared to the variables of the winter functional system. Total water losses in
the system are technically lower in summer than in winter, defining the multiplier as sum-
mer/winter, n < 1. In general, the characteristic of the entire Montenegrin coast is that the
amount or volume of water produced in local resources in winter is much higher than in sum-
mer, and inversely proportional to water needs. The multiplier of produced water, for the
amount available for entering the system, is: Vwinter/Vsummer > 1.

-
/ SYSTEM

SUMMER
lI (Qy Q; N,
B, G)

—

Fig. 1. Schematic mathematical model of a water supply system.

The system performance indicators, as indicators of status and change, indicate the func-
tionality of the system, and their comparison in time frames identifies monthly and seasonal
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changes. The mathematical model was reduced on the matrix of seventeen key indicators: PI1,
PI3, PIA, PI5, PI6, PI7, PI8, P19, PI10, PI13, PI14, PI15, PI16, PI19, PI20 and PI21.
Indicators are a relation that organizes pulsing signal, pointing out what needs to be corrected
in order to improve the functionality and efficiency of the system.

Each subsystem aspires to a defined objective, and the status is analytically expressed by
PIs. The function of the model is to modify the subsystems, based on the facts, ignoring prob-
lems from the real system, which often neglect crucial information. The flow of system dyn-
amics is defined based on the real structure, from the intent to the model, and then modifying
the elements again, for the next iterative cycle, which reduces losses in the system. The
objective is transformed into a time function of reducing technical losses to an acceptable
level of up to 30 % during the summer, since everything in the tourist region is subordinated
to the summer and the supply of touristic facilities.

Technical losses in the winter are a completely different in comparison with the summer.
Winter season characteristics are too much water, not enough consumers, pressures increased
to high levels. In winter period, the operation of the maintenance teams on the network is
important for repairing failures and damage to pipelines, installation of valves to reduce pres-
sures, and discharging out of the system all unnecessary quantities before entering the distri-
bution system. It is vital to reduce the technical losses in the winter as well, as the ratio of pro-
duced and consumed water.

RESULTS AND DISCUSION

The key indicators for analysing the state of the water supply system,
defined in Table I are: PI1, PI3, PI4, up to PI20 and PI21. Pls are related to
water production and consumption, grid failures, non-revenue water and electri-
city consumption. WSM benchmarking, as a set of performance indicators, pro-
vides relevant data for the system. Table II defines the key P/ for the period
between 2015-2019 with seasonal identification, for winter, W, and summer, S,
period. Water consumption is growing yearly (P15, P16, PI7, PI8) indicating the
tourism industry and household consumption twice higher in the summer than in
the winter.

The significant seasonal deviations are evident in the Table Il showing that
seasonal observation is justified. Indicators differ from each other in almost all
elements of the water supply network functioning, in the entire water supply sys-
tem. Very differentiated indicator values are obtained: P/13, PI14 and PI15 for
unaccounted water and network losses by season (winter 81.81 and summer 71.79).

The percentages of the unaccounted water from 2015 to 2019, imply a dec-
lining trend, as 2019 is with more favourable coefficients for the winter 80.76,
and for the summer 69.06 period.

The ratio of unaccounted water summer:winter is calculated as 0.86 and is
adopted as the index of seasonal balance in unaccounted water. The correlation is
used in calculations when designing pipelines, and when adopting the relevant
diameters in the sizing of pipelines, starting from the fact that in the summer,
when consumption is higher, more water is in circulation and less pressure.
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TABLE II. Key performance indicators, observed by season for 2015-2019 for the water
supply system of Herceg Novi

PI 2015 2016 2017 2018 2019

Y S \ S \Y S \ S \Y S

P11 95.63 9576 96.04 96.04 96.16 96.16 96.21 9627 96.39 96.39
PI3 51.66 5435 4437 5632 46.73 57.02 42.08 52.17 4236 53.06
PI4 84.00 8854 72.00 9137 7228 9437 66.12 8177 6751 84.56
PI5 16.69 1527 7.58 1530 751 15.66 1038 21.05 7.83 16.25
PI6 143.02 280.47 138.16 278.30 137.51 292.83 145.23 297.18 139.65 284.65
PI7 6.56 1281 632 1258 629 1331 11.09 17.15 626 12.87
PI8 25770 48.94 24.72 5271 22.66 41.89 4293 80.66 29.97 63.82
PI9 77.89 7822 78.03 76.77 7924 78.63 78.67 76.71 7441 73.61
PO 2211 21.78 2197 2323 20.76 2137 2133 2329 2559 26.39
PI13 84.45 71.10 82.67 7326 83.80 73.06 82.05 69.77 81.50 69.06
PI14 4379 39.08 36.80 41.02 38.83 4222 60.82 4226 34.52 36.78
PI15  103.65 92.08 88.38 98.16 93.72 101.76 81.74 8540 8290 88.25
pPIl6 08 080 079 068 084 072 067 041 0.45 0.54

PII9 475 948 514 729 5.26 870 519 859 514 7.78

P20 033 066 036 0.1 037 062 039 0.61 038 0.56

P21 454 368 512 382 458 387 525 6.07 468 426

The PI Table 1I displays that the amount of water lost is significantly lower
in summer than in winter. In the experimentally tested coastal region of Monte-
negro it is evident that the development of water supply systems happens mostly
spontaneously and deteriorated over time, pipes are very damaged or remained
trapped by subsequently built facilities. Interpolations and extrapolations of the
water supply network were not accompanied by the adequate hydraulic checks of
the pipeline network parameters, which is reflected in high network pressures
(between 6 and 12 bar) and frequent cracks and occurrences of various damages
in the network.

Indicator PI3 and PI5 are the basic seasonality indicators for the water sup-
ply system. The ratio of available (produced) and required (consumed) water in
the system indicates the unused amount of water. Indicator P/13 (percentage of
non-revenue water in the total amount of water produced) is an indicator of the
lost amount of water, which did not reach the consumer, i.e., which is not
registered on water gauges. In 2015 and 2016, there were regular restrictions on
water supply, during the summer months, June—August, while this was not the
case in 2018-2020, although the amount of water available in the system was the
same. However, the difference was made by the increased degree of intervention
in the repair of network failures, increased mobility, throughout the year, contin-
uously, which was not the practice previously. P/15 has a downward trend, with
a difference from 2015-2019 of 103.65 — 82.90 = 20.75 m3 km™! per day in sum-
mer. The significant reduction is also noteworthy in winter 13.51 m3 km~! per day.
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The scheme presented in Fig. 1 provides a simplified methodology for the
application of indicators, with the greater the number of indicators included in
the analysis, the closer the results are to the real situation, and thus the easier it is
to achieve the goal of improvement.

The indicators P/19, PI20 and P21 deal with the number of network failures
per 1000 consumers, the number of failures per km of water supply network and
the average duration of fault repair. Construction works performed over the pipe-
lines are the most common reason for damage.

Indicators are not just criterion of the current state of the water supply sys-
tem, but imperative for the necessary changes in the system through management.

In the Coastal region of Montenegro, parameter of water losses in the system
are much less important in the off-season. The available amount of water in all
local water system exceeds the needs of consumers. Non-revenue water is imp-
ortant because of the electricity consumption in pressure subsystems, while the
fact of losing the amount of water is not important. The separation of indicators
by seasons demands rational needs of water production, electricity consumption,
the necessary design of water supply network with accompanying facilities:
pumping and hydrophore stations and reservoirs, different profiles, for summer
and winter period. The PIs indicate need for circular, extensive design, with two
pipelines (for winter and summer supply) as rational and beneficial solution.

CONCLUSION

The coastal area of the Montenegro is a challenging tourist region with dis-
tinct peaks in water consumption in the summer season compared to the rest of
the year. PI model matrix is assembled on the experimental data for water supply
systems (summer and winter) and includes parameters of water production and
consumption, number of grid failures, unaccounted for water losses. The WMS
benchmarking defines necessity to introduce seasonal analyses, the ratio of tour-
istic and off season, when water resources are at minimum and maximum. Since
the tourist season is not year-round, but lasts intensively in the period May—Sep-
tember, when water resources are at a minimum and consumption is at a maxi-
mum. The period is representative for analysing the system and observing the
matrix of performance indicators. The treatment of water loss issues is different
from the aspect of seasonality.

Current Montenegrin coastal region practice in water supply, neglect the
issues and significance of seasonality concept, while the P/ model through the
research indicates importance for use.

The indicators performance model assessment for water system management
in the coastal region of Montenegro was for the first time effectively performed
with the depiction of unique and effective management plan.
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N3BOJI

MMPOIEHA MOJEJIA UHIUKATOPA ITEPOOPMAHCH KBAJIMTETA U
BOJOCHABJEBAIbA Y LIPHOJ TOPHU

OJIUBEPA JOKJIECTUR!?, MUPJAHA BOJUHOBHWR MUJIOPAZIOB!, HATAILIA EJIE30BUR?,
CPBAH KOJIAKOBUR! u HEHAIl CUMEYHOBUR!

"®axyninein wexnuukux Hayka Ynusepsuiewmia y Hosom Cagy, Tpi Jocuiueja Odpagosuha 6, 21000 Hosu
Cag, *Exoboxa upojexaiu nitg, Kpama Tepuwka 3, 85340 Xepuei Hoeu, LIpra Topa u >@axyniieili TeXHUUKUX
Hayka, Ynueepsutiew y Ipuwinunu ca iipuspemenum cequuitiem y Kocosckoj Mutiposuyu,

Kwasza Munowa 7, 38220 Kocoscka Muitposuya

HcTpaxuBame Npukasyje npobieme KBajauTeTa U ylnpasbawka y CUCTEMY BOJOCHAD-
IeBama LPHOTOPCKOT NpUMoOpja. 3HadajaH NpodjieM je Ce30HCKH TypH3am, IJlaBHa rpaHa
LPHOTOPCKE MPUMOpCKe npuBpese. [IpuMewneHr Mozen HHAUKAaTOopa nepopMaHCH Tec-
THPaH je y CUCTeMy BofoCHabmeBama rpaga Xepuer Hosor, ka0 penpe3eHTaTHBHOT €KC-
NEePUMEHTAIHOT NMPUMEpPaA 3a LUpHOropcko npumopje. I'pag Xepuer Hosu uma 33.000
CTaJTHUX CTaHOBHMKA U O0KO 80.000 MHAMBUAYyaNHUX MOTpPOLIAYA TOKOM JIETHE TYpHUC-
THYKe ce30He. McTpakuBayke akKTUBHOCTH Cy 3aCHOBAHE Ha CE30HCKMM NapaMeTpuma
neduHUCaHUM NpaheHUM HHIUKAaTOpUMa Nep@opmMaHCcHu cucTeMa BojocHadneBamwa. Paj
IpUKasyje Monen MHOUKaTtopa nepdopMaHCH pa3BUjeH Ha peasHOj MaTpPULH, a TECTHU-
paH Ha mpuMepy Bogosoja y Xepuer HoBoM. ¥ OKBHUDPY €KCIEPUMEHTAJIHOr aHAJIUTHY-
KOTI' UCTPa)KMBaka KpeupaHa je MaTpulla HHAUKAaTopa nepdopMaHCU. Yciel Ce30HCKUX
Bapujauuja, denexu ce npeko 50 % ryburaka Boge y npumopjy LipHe 'ope. CTpykrypa
pasBUjeHa y Mojely IpUMemyje WUHAUKAaTope nepdOopMaHCH M pe3yiaTHpa CHCTeMart-
CKMM CMamemeM rydouraka. Mogen ce Dasvpa Ha NPUHLHUINY CE30HCKUX BapHjauuja, ABa
NOTIYHO pa3JIW4yWTa NEepUoja y roAuHU. ExcneprMeHTaqHO HUCTpakUBawme Ca TECTHU-
pameM in situ IPBHU NYT je CHPOBEEHO Y NPUMOPCKOM jagpaHckoM pernony lpue ope.

(ITpumibeHo 6. neuemdpa, pesuaupano 13. neuemdpa 2023, mpuxsaheno 2. pedpyapa 2024)
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Abstract: Striving for EU membership, the Republic of Serbia must adjust its
waste management practices to comply with EU directives, including targets to
reduce biodegradable waste disposal in landfills, as outlined in its Waste Man-
agement Program 2022-2031. Cadmium and lead, two highly toxic heavy
metals, that are present in municipal solid waste, can pose high environmental
and human health threats if not properly managed. The research evaluates how
different technologies for biodegradable waste treatment influence the trans-
formation of cadmium and lead flows through waste management systems.
Hence, two waste management scenarios were modelled and developed for the
Republic of Serbia, where the flows of cadmium and lead are monitored. The
results indicate the differences between quantities and concentrations of cad-
mium and lead emitted in environmental media, thus confirming the various
impacts of different waste technologies on achieving the vital goal of waste
management — protection of the human health and the environment. The res-
earch concludes the crucial role of the versatile approach, where the quality of
waste management outputs is highlighted.

Keywords: heavy metals; materials; quality; flow scenarios; substance flow ana-
lysis.

INTRODUCTION

The importance of the quantitative aspect has been defined — the greater the
amount of waste removed from natural habitats, the greater the benefits for both
human health and the environment.! Nevertheless to achieve effective, goal-ori-
ented waste management an equal emphasis on both quality and quantity of
waste management is fundamental.2:3 It is crucial to treat waste in a way that pro-
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tects the environment and human health, since even small amounts of hazardous
substances can have serious adverse short and long term effects.! From the waste
to resource point of view, the impurities in the circular waste management sys-
tem can significantly affect the re-use of waste as a resource. This indicates the
need for the approach that is also oriented towards understanding the vital sub-
stances through waste management systems. Hence, two waste management
scenarios were developed for the Republic of Serbia, where the flows of cad-
mium and lead are monitored.

Republic of Serbia, in its capacity as a candidate country for European
Union (EU) membership, is anticipated to adopt solid waste management stra-
tegies that align with the directives established by the EU. According to the
Waste Management Program of the Republic of Serbia for the period 20222031,
the target values for reducing the disposal of biodegradable waste at landfills are
defined.* The specific objective is to reduce the disposal of biodegradable waste
in landfills by 75 % of the total amount generated in 2008 by the year 2028. The
ultimate goal is to reach a 50 % reduction by the end of 2032 and a 35 % red-
uction by the end of 2039. The Program envisions the construction of a com-
prehensive biodegradable waste diversion infrastructure by 2037, and it is anti-
cipated that a significant period of adjustment will be necessary to ensure these
systems operate in compliance with the established standards.

The fulfilment of the goals related to reducing the quantity of biodegradable
municipal waste deposited in landfills, according to the Landfill Directive (1999/
/31/EC), does not provide insight into the quality of waste management. Hence,
given the misalignment between the objectives of the directive and waste man-
agement goals, an examination was conducted to assess the impact of waste man-
agement models in accordance with the directive. More specifically, the aim was
to comprehend how these models affect the core objective of waste management.
The key waste management goal is inter and intra disciplinary and encompass
protection of human health and the environment.>-¢ To fulfil this objective, a key
focus on individual elements is essential, as they play a pivotal role in deter-
mining environmental impacts and resource potential. In the realm of waste man-
agement, effective decision-making necessitates well-defined objectives, suitable
methodologies, and accurate data of known uncertainty. Having adequate and
sufficient information regarding waste composition is essential to monitor and
control the transformations that occur during waste treatment.” The background
knowledge is crucial, as certain substances play a significant role in determining
whether waste holds resource potential or is considered hazardous material.®

Cadmium and lead rank as the most toxic heavy metals, representing sub-
stantial threats to both human health and the environment. Prolonged cadmium
exposure can result in a spectrum of health complications, encompassing kidney
disorders, hypertension, and lung emphysema. Lead can inflict severe damage
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upon the central nervous system, activating a variety of symptoms, from irrit-
ability and cognitive impairment to the onset of encephalopathy.® Burnley has
shown that implementing an integrated waste management strategy effectively
diverts lead and cadmium from the environment using appropriate treatment
technologies.!0 Products manufactured decades or even a century ago often con-
tain legacy substances that are now considered toxic or banned, with cadmium
and lead being the most significant among them, directing their proper manage-
ment.8 Every year, a broad spectrum of new consumer products is being intro-
duced, marked by multiplex chemical compositions and they may include novel
hazardous substances not previously utilized. The role of waste management ext-
ends beyond the provision of resources derived from waste involving handling
non-useful and hazardous substances by facilitating their proper transformation
and directing them toward sustainable, long-term disposal solutions.!!:12 Ade-
quate waste management is achieved by “clean” recycling materials for sub-
stituting primary materials, inert residues suitable for safe disposal, and maintain-
ing emissions into the environment at acceptable levels.!3

The two original areas of material flow analysis (MFA) application are ana-
lysing city metabolism and analysis of pollutant pathways in regions. Over time,
MFA has been widely adopted in various fields, such as process control, waste
and wastewater treatment, agricultural nutrient management, water quality man-
agement, resource conservation and recovery and more.l4 Stanisavljevic and
Brunner developed waste management scenarios that were quantitatively assessed
using substance flow analysis.!5 Additionally, similar topics were addressed by
Astrid et al., presenting the Austrian waste management system, and Arena et al.,
applying a substance flow analysis approach in Italian areas.!6:17 This research
models two potential future waste management systems in the Republic of Serbia
and applies material flow analysis and substance flow analysis (Pb and Cd) to
indicate the impact on waste management goal (protection of human health and
the environment). Improved waste management systems were modelled in order
to monitor the future flows of heavy metals through waste management systems
and to indicate how different biowaste treatment technologies influence the ful-
filment of the most important waste management goal.

EXPERIMENTAL
Materials and methods

MFA, based on the fundamental principle of mass balance, is a systematic assessment of
material flows and stocks within a specified system, encompassing spatial and temporal
boundaries. The MFA calculations were performed using modern and sophisticated tool
STAN 2.6 software.!8 Furthermore, in addition to MFA, the term substance flow analysis
(SFA) is occasionally used.!# SFA represents a type of MFA that only applies to a specific
substance within a system and is based on the input flow of a substance, the flow of which can
be followed through system in order to define output flows. It is a comprehensive tool for
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evaluation the effectiveness of a unit treatment or entire waste management system in achiev-
ing waste management goals. Information acquired through SFA is crucial for evaluating the
flows of substances within the waste management system. SFA focuses on monitoring the
transformations that occur to wastes during their treatment, encompassing both valuable and
hazardous substances. '3

The mass-balance principle applies to systems as well as processes. In accordance with
the mass-balance principle, the total mass of inputs entering a process is equivalent to the
combined mass of outputs from that process, along with a stock term accounting for the accu-
mulation or depletion of materials within the process. It is elucidated through the following
equation:

Zki minput = Zko moutput + mstock (1

where ki — number of input flows, ko — number of output flows, s, — mass of input flows,
Moyput — Mass of output flows and m1q — mass of stocks.

The sink indicator, as elucidated by Kral et al., serves as a powerful tool for quantifying
the proportionate mass of a specific substance considered environmentally acceptable within
the framework of waste and emission flows.!! This indicator represents the ratio between the
amount of environmentally acceptable and unacceptable flows and sinks and defines the best
possible scenario outcome. The innovative concept is defined on a scale ranging from 0 %,
representing the worst-case scenario, to 100 %, denoting the best-case scenario. Kral et al.
developed and provided a detailed explanation of the sink indicator concept, laying the found-
ation for its application in environmental assessments. The sink indicator formula is expressed
as the ratio of the sum of acceptable flows to the sum of actual flows, multiplied by 100 to
represent the result as a percentage:

_100Fa
F

where A — the sink indicator (%), Fa — the sum of acceptable flows and F — the sum of actual
flows.

Calculating the sink indicator requires the following information:

o The actual flows which are determined by SFA results

o The critical flows refer to the specific levels of cadmium and lead, that are considered
to be of significant concern due to their potential impact on human health. In accordance with
legislative values for Pb and Cd for the leachate from landfills'® and for compost material,?
these critical levels are defined by legislation and represent a threshold beyond which the risks
are considered unacceptable. This is the level that regulatory authorities have determined to be
safe for human health and the environment.

e The acceptable flows correspond to the lower of the actual flows and the critical flows.

A 2

Modelling approach

The Waste Management Program of the Republic of Serbia has set target values for red-
ucing the disposal of biodegradable waste at landfills for various years, including 2028 and
2032. However, it is in 2039 that the program likely envisions achieving a substantial level of
compliance with EU standards, suggesting that a more extended period of adjustment is
needed to ensure the proper operation of waste allocation systems in accordance with EU
requirements. Consequently, the year 2039 is chosen because it represents a significant mile-
stone in the Republic of Serbia's efforts to align its solid waste management strategies with
EU directives.
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The research input data structure was defined by the analysis of the current state and the
calculated projections of municipal solid waste (MSW) amounts and the content in the Rep-
ublic of Serbia.?! A data-based prediction of municipal solid waste production for the year
2039 is estimated to be approximately 3.5 Mt. The input data for substance concentrations in
waste fractions were modified and applied according to Stanisavljevic, Astrid et al. and Arena
et al.1%17:22 Mass flows and comprehensive data on the presence of the heavy metals Pb and
Cd within different waste components are presented in Table I.

TABLE I. Mass flows and substance flows (for lead and cadmium) in the input data

Input fractions Mass flow, t year!  Cadmium flow, mg kg!  Lead flow, mg kg'!
Biodegradable waste? 1,220,000 1.05 15.05

Paper and cardboard 415,000 1.95 14

Glass 300,000 1.4 215

Metal 105,000 6.6 1437
Plastic 600,000 22.5 213

Other® 840,000 22,3 323
Total/average 3,480,000 10.2 184

3garden, kitchen and green; btextiles, leather, diapers, batteries, fine elements, etc.

Based on comprehensive information from other studies, electronic waste, batteries and
plastic are identified as primary contributors to the sources of Cd, while metals, primarily, and
electronic waste and plastics to a lesser extent, are highlighted as the primary contributors to
sources of Pb. While the concentrations of cadmium and lead in biodegradable waste are relat-
ively low, with values of 1.05 mg kg! for Cd and 15.05 mg kg'! for Pb, it’s essential to
acknowledge that these levels are not insignificant and warrant attention due to their potential
environmental impact.

Scenarios development

Waste management consists of several functional units: waste generation, collection and
transport, pre-treatment and treatment and waste disposal. The systems are limited in time and
space, where consumer goods are defined as input into the system and become waste at the
end of their life cycle. Emissions to air, water and soil after waste treatment and final disposal,
compost after treatment of the biodegradable part of waste and recycling materials are defined
as outputs of the system. A simplified graph of the scenarios by functional units is shown in
the Fig 1.

Emissions

Products

-
’7 —_— —_— »
Glass

Collectionand T e *| Pre-treatment | pesidues
transport — *| and treatment

Biodegradable waste

Glass
{Goods Waste

generation

» Waste disposal | "

Metal

v v v v ¥

Plastic Plastic

Other waste Other waste
>

Fig. 1. Simplified representation of waste management system.
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The developed waste management systems observe and compare how different ways of
treating municipal solid waste affect waste management objectives. Two scenarios are out-
lined in the following sections.

Scenario I. Generated municipal solid waste is divided into following categories: bio-
degradable waste, paper and cardboard, glass, metal, plastic and other. Households utilize a
three-bin system to separate MSW, comprising recyclable materials, wet waste and residual
waste collections. In this case, separately collected wet waste is subjected to composting treat-
ment processes, aimed at enhancing its environmental sustainability. Recyclable materials,
upon collection, are omitted from the scope of this study as they no longer represent waste,
but valuable resources for potential utilization in diverse recycling procedures. The remaining
waste stream, unallocated to either recyclables or wet waste bins, is directed towards disposal
in a sanitary landfill, indicating the management of non-recyclable and non-compostable
waste components. Residues resulting from the composting treatment procedure are also
deposited into the sanitary landfill.

Scenario II. This scenario with regard to the treatment of waste, compared to the pre-
vious scenario, primarily diverges in the treatment technology applied to wet waste. In this
scenario, separately collected wet waste undergoes anaerobic digestion with subsequent post-
composting as a distinct treatment process. Following the post-composting stage, any rem-
aining residues are consigned to a sanitary landfill. The inclusion of Scenario II serves to
emphasize the opposing approaches between composting and anaerobic digestion techno-
logies in the context of wet waste treatment.

Transfer coefficients of the selected waste treatment processes describe the partitioning
of a substance in a process and are defined for each output result. The most suitable transfer
coefficients for the modeled scenarios were synchronized and set through the literature assess-
ment. Data on the mass and substance balance for the composting process were derived from
Allesch and Brunner, information regarding the landfill was obtained from Stanisavljevic et
al., while detailed data on anaerobic digestion process are presented by Jensen et al.!3-16:23

RESULTS AND DISCUSSION

Material flow analysis and substance flow analysis were applied to the pre-
viously described scenarios. Modelled scenarios for cadmium and lead flows are
presented below in Figs. 2-5.

Values and concentrations of the observed heavy metals in various environ-
mental mediums are presented in Tables II and III.

The concentration values of cadmium and lead in the obtained compost mat-
erial were compared with the limit values of the Serbian standards.20 The Serbian
standard for compost has set the concentration values for Cd and Pb to 1.5 and
200 mg kg1, respectively. The compost reuse for Cd has shown in both scen-
arios’ higher concentrations that the given standard limitations. The Pb is in both
scenarios in compliance within standard. Due to differences in the functioning of
the composting and anaerobic digestion processes, there are differences in the
distribution of Cd and Pb into the environmental compartments. Considering
scenarios results, it is evident that Cd and Pb concentration values are lower in
the process of composting than after anaerobic digestion. Cadmium and lead con-
centration values in landfills body show similar results in both scenarios.
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Fig. 3. Lead flow for Scenario 1.

The high concentrations of heavy metals are sign of compost contamination
and indicators of the potential environmental risks. Depending on the specific
context and the levels of contamination, certain use of compost is possible for
soil stabilization, landfill cover, remediation and landscaping.

While the mass balance for the scenarios includes emissions to air, soil and
water, substance flow analysis reveals that Cd and Pb ultimately end up in com-
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post and soil/underground water only. Heavy metals such as Cd and Pb undergo
transformations, making them less mobile or volatile, thus preventing their rel-
ease into the air. Emissions into the soil are slightly higher in scenario I.
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Fig. 5. Lead flow for Scenario II.

The composting scenarios presented in this study are largely consistent with
previous studies.2425 Zarkadas et al.’s research yielded slightly superior out-
comes for heavy metals, since the collection was focused on biodegradable food
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waste. Enhancing the biodegradable waste collection process and minimizing
impurities introduced into the system can lead to improved results. Knoop et al.'s
results also demonstrated similar concentrations of cadmium and lead after the
anaerobic digestion process. 26 The study by Arena et al. presents comparable
results for mass flow analysis, with no specific information on substance concen-
trations after the anaerobic digestion process. 17

TABLE II. Values of Cd and Pb in environmental compartments expressed in kg year-!

Environmental compartments Scenario I Scenario II

Cd Pb Cd Pb
Air 0 0 0 0
Soil/underground water 4.6 67 4.4 65
Soil (compost reuse) 1300 24000 2200 37000
Landfill body 24000 340000 23000 320000

TABLE III. Concentrations of Cd and Pb in environmental compartments expressed in mg kg™!

Environmental compartments Scenario I Scenario 11

Cd Pb Cd Pb
Air 0 0 0 0
Soil/underground water 0.01 0.08 0.01 0.08
Soil (compost reuse) 3.23 59.56 4.89 79.91
Landfill body 39.88 549.67 39.05 538.75

Sink indicator
The quantification of the sink indicator yielded the results depicted in Fig. 6.
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Fig. 6. Sink indicator results expressed in percentages.
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The results for Pb indicated that in both scenarios, concentrations remained
within the limit values (100% directed to the acceptable sink), due to the high
allowable values of lead concentrations.

Analysing the modelled scenarios and Cd values within the anaerobic digest-
ion context, 30.68 % of the input material is characterized as an acceptable flow.
In the case of the composting process, 46.39 % is designated as an acceptable
flow. These findings indicate a greater proportion of the input material undergoes
a satisfactory transformation or stabilization during composting when compared
to anaerobic digestion. Unacceptable levels arise from elevated cadmium concen-
trations in compost material, with the outcomes once again underscoring superior
results achieved through the composting process.

CONCLUSION

Understanding the influence of the transformation of materials within waste
management systems and how the specific application of various technologies in
these systems can impact material transformation, directing substances to differ-
ent sinks, is essential. All transformations within the system are based on the
mass conservation law. The mass-balance principle applies to systems as well as
processes. In accordance with the mass-balance principle, the total mass of inputs
entering a process is equivalent to the combined mass of outputs from that pro-
cess, along with a stock accounting for the accumulation or depletion of materials
within the process. The material entering the system transforms into other forms
and will definitely remain, it will not disappear. According to this law, the mat-
erial entering the system undergoes transformation into different forms and is
assured to persist rather than vanish.

Fulfilling the objectives linked to decreasing the quantity of biodegradable
municipal waste disposed of in landfills, according to the Landfill Directive
(1999/31/EC), doesn’t provide insights into the impact on the main environmen-
tal compartments: atmosphere, hydrosphere and lithosphere. The emphasis is on
recognizing the significance of considering waste management goals. Thus, a
more comprehensive knowledge base for waste management development can be
established.

The emissions of hazardous heavy metals, cadmium and lead in two model-
led scenarios designed for the Republic of Serbia waste management systems
provide us with a clearer insight into the quality-level waste management goals.
There is no feasible means to reduce the amounts of Pb and Cd in waste flows.
Nevertheless, through the application of suitable technologies, these heavy
metals can be directed into appropriate final sinks to protect human health and
the environment. Designed scenarios both show increased values of Cd, while the
values of Pb are in accordance with Serbian legislative. Observation of the
obtained data for lead indicates that limit values for lead are very high, and nec-
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essity for it to be more strictly determined. Final modelled values distinguish
Scenario I as better solution concerning share of cadmium and lead in possible
waste management system. Importance of waste management system modelling
perceives the possible pollution hotspots and allows for additional treatment to be
introduced in structure, creating clean circular economy blueprint.

The results emphasize that cadmium and lead values and concentration
levels need to be perceived separately. Total values of processed waste are con-
sidered to be key factor in waste management systems. The modelled data indi-
cates that different approach should be taken into consideration, whereas concen-
tration values are to be observed. The new approach is backed with the fact that
some metals can have very adverse effect on both population health and the envi-
ronment even in small doses, especially in long term exposure. The application of
the MFA and SFA approaches has the potential to provide positive benefits for
understanding cadmium and lead contamination, thereby decreasing the toxic
hazard’s impact on human health and the environment in the future waste man-
agement systems of the Republic of Serbia. Concerning the study's limitations
and potential avenues for further research, modelling scenarios for additional
substances would be advantageous. Future research should prioritize identifying
critical and problematic substances, analysing their impact on waste management
goals. Furthermore, this study did not explore the influence of Cd and Pb on the
implications of the recycling process. Subsequent research could address this
aspect, providing a more precise assessment of substance flows associated with
the implementation of recycling technologies.

N3BOJI

AHAJIN3A TOKOBA KAIMHWJYMA U OJIOBA KAO ITOJPHIKA ITOOJALIMMA 3A
YIIPABJ/BAILE OTTIAIOM

HUKOJIMHA XK. TOLLIUR!, MAPKO 3. MYXAODUHOBUR?, MUJBAH 3. IIYIbEBUR!, UIUJA I1. ROCUR!
1 HEMAA C. CTAHUCABJ/BEBUR!

"Ynueepsuieini y Hosom Cagy, ®@axyniieill TheXHUUKUX HayKd, JIeRapTiman 3a uHMernepciiieo 3auiiuie
HUBOTUHE Cpegune U 3dwiiuiity Ha pagy, Tpi Hocuineja Odpagosuha 6, Hosu Cag u *Lafarge BOII Cpbuja
g.0.0. beouun, Tpt Beouuncke padpuxe uemeniua 1, beouun

Kao meo mpoueca Texwme ka unaHcTBy y EY, Penybnuka Cpbuja Mopa mpunarogutu
CBOje TpaKce ynpas/bawka OTIAfOM Kako OM ce yckjaajguia ca gupektuBama EY, ykipy-
yyjyhu nusseBe cMmamema oOjjarawmba OWOpa3rpaguBOr OTHaja Ha JeNoHHje, Kako je
neduHucaHo y IIporpamy ynpaspama oTnagoM. KagmMHjym U 070BO, iBa BUCOKO TOK-
CHYHA TelIKa MeTajaa KOjHU Ce Hajla3e y KOMyHaJHOM YBPCTOM OTHAaAy, MOTYy NMpeACTaB-
JbaTH BEJIMKE NPETHE M0 XUBOTHY CPEJHUHY M JBYACKO 30paBbe ako Ce ca BHUMa He
yIpaBJba NpaBuiIHO. UcTpakuBame NMpHUKa3dyje Kako paslnyuTe TEXHOJIOTHje 38 TPeTMaH
OuopasrpafguBor ornajga yTHuy Ha TpaHChOpmalHujy TOKOBa KaJMHjyma M 0/10Ba KpO3
CUCTEME ynpaskaka oTnagoM. Crora Cy pasBUjeHa M MOJeENOBaHa IBa CLEHapHja
ynpasbaka OoTnafoMm 3a Penybnuxy CpOujy, roe cy mpaheHM TOKOBH KaJMHUjymMa H
osioBa. Pe3ynraTu yka3syjy Ha pasnuke usmely KOJTMYMHA U KOHIIEHTpaLHja KagMHUjyma
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W 0JI0Ba EMHUTOBAHUX Y KHUBOTHY CpeluHy, moTBphyjyhu Tako pasmuuute yTuiaje mpu-
MEHmeHHX TEXHOJIIOTHja Ha IOCTH3ame LWbeBa yIpaBibaka OTHagoM. Kao pesynrar
HUCTPaKMBamka HCTHYE Ce HEONXONHOCT CBECTPAaHOI NPHUCTYIA, Ca HArlIackOM Ha KBa-
JIUTET W3JIa3HUX TOKOBA MPWJIMKOM yIpaBbatkha OTIAJOM.

(ITpumibeHo 6. neuembpa 2023, peBuaupaHo 3. janyapa, npuxsaheHo 7. mapta 2024)
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Abstract. The durability of concrete structures, which are designed for long-
-term use is predominantly determined by the resistance to chemical influences,
i.e., the concrete’s ability to protect the reinforcement steel. The carbonation
and the chloride ingress into concrete are the most significant causes of steel
corrosion and the potential failure of the structure. The primary goal is to
ensure that any significant damage does not occur during the structure's service
life, primarily achieved by selecting an adequate thickness of the concrete
cover. The issue is approached through calculations based on performance ana-
lyses, and the use of appropriate models for these chemical phenomena. The
paper provides a brief overview and the methodology for analysing the impact
on the durability of concrete structures in accordance with the leading internat-
ional normative documents. The emphasis is on the recent changes introduced
in second generation of European Eurocode standards. The consequences of the
analysed phenomena are presented through the results of field tests conducted
at salt factories, coke industries, and thermal power plants, and through labor-
atory tests. The tests were performed in order to develop a rapid prediction
method for the measure of chloride ingress into concrete without the stimul-
ating chloride ion migration by electricity, as an alternative to standardized tests.

Keywords: service life; deterioration, field tests; laboratory tests; Eurocodes;
depassivation.

INTRODUCTION

Concrete structures are exposed to different environment conditions and are
vulnerable to damage from corrosion. The progressing corrosion is the major
cause of deterioration of concrete structures. The durability of concrete structures
receives significant attention in many international normative documents and
recommendations. The Euro-international Committee for Concrete (fib) has pub-
lished a Design Guide,! while International Union of Laboratories and Experts in
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Construction Materials, Systems and Structures (RILEM) has published a mono-
graph.2 The theoretical foundations of durability design are presented in the
monographs by Richardson (2002)3 and Alexander et al. (2017),* while the fib’s
“Structural concrete” textbook,> in Chapter 5, describes the durability of concrete
structures. In some standards, durability is associated with the service life design
of concrete structures,® while it is treated separately in the American Concrete
Institute’s approach.”-8 European structural standards are based on a probabilistic
approach,? and for concrete structures, there are designated standards!0 for spe-
cification, performance, production and conformity.!! Like in ACI recommend-
ations, in the fib’s guide,!? the provisions for service life are separated (in the
Model Code,!3 this is outlined in clauses 7.8.2 and 7.8.3). The fundamentals ana-
lysis of concrete durability design is a subject of the paper by Folic (2009),!4
while modelling and structural assessment in durability design are considered by
Folic et al. (2010).15 The method of designing service life according to the pro-
visions of the fib Model Code MC 2010 and its implementation into ISO 16204
is analysed by Helland (2013).16 A comprehensive review of the literature on the
introduction of carbonation and chlorides into the analysis of corrosion in rein-
forced concrete structures is the subject of the study by Zhou et al. (2014).17 A
similar literature review on durability and service life, with a critical approach to
modelling, is presented in the article by Alexander et al. (2019).18 Demis et al.
(2019)19 consider the issues and perspectives of designing the durability of con-
crete structures while Helland (2022)20 describes the performance-based service
life as it is implemented in the 2021 Eurocodes. In Europe, the design for the
durability of new reinforced concrete structures is currently based on a prescript-
ive approach. However, designers must understand the basic deterioration mech-
anisms and the potential types and rates of damage development, as it is given in
next generation of European standards for different type of corrosion.2! Since
2014, EN199210 and EN206!! are under the main revision definition of exposure
class for the new generation standards system to specify durability.20-22 The new
tendencies in designing durability of concrete structures, and state of the art issues,
are subject of paper by Folic and Brujic,23 where pre-normative CEN docum-
ents,24-27 which will be adopted as the second-generation Eurocodes, are discussed.

The group of authors, Folic, Zenunovi¢ and Residbegovi¢, published art-
icles28-31 related to the investigations of carbonation and chloride corrosion, in
situ and in laboratories. Within the context of two case studies of complex ind-
ustrial structures located in an aggressive environment, the issue of durability of
concrete has been considered, the recommendations regarding structural durabil-
ity analysis are considered by the means of verification of the limit state of
depassivation and the reinforcement corrosion induced by chloride ingress, and
the models for predicting chloride ingress in concrete samples and in existing
concrete structures have been suggested.
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In this paper, the theoretical foundations related to their implementation into
the analysis of the durability of reinforced concrete structures were discussed.
The primary goal of this study is to illustrate the examples of applying fundam-
ental sciences, especially chemistry, in the practice of designing concrete struc-
tures, particularly in terms of their durability.

Carbonation and chloride ingres in standards (CODES)

In international standards, structural reliability is defined as the “ability of
structure to fulfil the specific designed requirements during the design service
life”. Degradation (mainly in structural materials), which affects the structural
durability, accumulates slowly over time and gradually leads to the deterioration
of structural performance. For the performance assessment, it is necessary to
investigate the material degradation caused by long-term effects of chemical,
physical and other factors, and their effects on structural resistance. In the case of
concrete structures, the investigation of structural durability, and its testing, pri-
marily involves the analysis of corrosion of reinforcing steel. The designers
should have a comprehensive understanding of fundamental deterioration mech-
anisms, as well as the potential types and rates of damage development (different
types of corrosion cause very different damage developments, some of which
reduce the structural safety). The parameters which influence durability are the
cement type and quality control of early age cracking, the limitation of crack
width, the environmental aggressiveness, etc. The models for the description of
the deterioration mechanisms must integrate knowledge from a wide range of
different fundamental and applied disciplines.

In deterministic design of durability, actions (S), resistance (R) and service
life are used as deterministic quantities. The design formula compares two quan-
tities for the target service life, 7,

R(ty)~S(t5)>0 (1)

In reality, S and R are time dependent functions. In the case of the service
life the principal design formula is: 7 — 7z > 0, where 7 is the service life func-
tion.

In stochastic design method the distributions of S, R and service life are
taken into account. Probability that the service life of a structure is shorter than
the target life is smaller than a certain allowable failure probability is written as:

P{failure} = P{t <1y} < Pinay )
g
The problem can be solved if the distribution of service life is known. The

design service life is: 7q = yifg, Where 74 is the design service life, while y; is the
lifetime safety factor. The service life principle may be written:
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R(ty) = S(t5) 20, 1 ~1,>0 3)

The lifetime safety factor must be calibrated with the results of stochastic
design methods and value depends on the maximum allowable failure probabil-
ity.

The resistance R(f) of a structure and the applied loads S(f) both are sto-
chastic time functions. At any time, ¢, the margin of safety M(¥) is:8

M(1)=R(®)-S(@) 4)

The function Pg(f) has the character of a distribution function. Considering
the continuous distributions, the failure probability Pf at a certain moment of
time can be determined using the convolution integral:

P (t)=[M(t)<0]= T Fr (s)fs (s)ds (5)

in which Fp(s) and fs(s) are probability distribution function of R and density
function of S, while s is the common quantity or measure of R and S. It is
important to establish a model describing action and the resistance with accept-
able reliability. Steel in concrete is protected against corrosion by passivation,
due to the alkalinity of concrete (the pH of the pore water runs up to greater than
12.5). If the pH of concrete around reinforcement drops below 9 or chloride
content exceeds a critical value, the passive film and the corrosion protection will
be lost.!

The verification of design requires definition of the limit states, and identif-
ication of the required design service life and reliability. Recently, besides the
serviceability limit state (SLS) and the ultimate limit state (ULS), some codes
introduce the condition limit state (CLS), i.e., “use of depassivation as a limit
state of durability”.!9 For the depassivation, the suggested probability for failure
is 10-1, and reliability coefficient is # = 1.3, while for ULS it is between 104 and
1079, depending on the consequences of potential failure.12

In ACI,2 the corrosion models for reinforced concrete are based on a general
deterioration model (0) that has been developed to predict the service life of
reinforcing steel (Tuutti, 1982). Time moment at the transition from the initial to
the propagation phase is introduced as a depassivation point.

Instead, in fib, a multilinear dependence of corrosion on time is introduced
for propagation (0).

The length of the initial period is controlled by the rate of the chloride ions
in concrete. The one-dimensional diffusion process follows Fick’s second low of
difusion,® here presented in a modified form, as applied in the analysis of con-
crete structures in the industrial zone of Tuzla:
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oC1) _ 9%C(x,1)

ot ¢ 812
where C is a concentration of chloride ions, and Dy is a coefficient of diffusion at
distance x from surface at time ¢. This is further discussed in ACI’s Report on

service life prediction,® theoretical background are given,!4-22 while its applic-
ation is implemented in the next generation Eurocode text.27

|

(6)

CORROSION
corrosion treshold
CRACKING of con_cre;

reacted at reinforcement

Diffusion

CO,, CF =

Fe +3 0} + H,0 - Fe(OH),

depassivation

= TIME

|

INITIATION | PROPAGATION |
T 1

\

1

| SERVICE LIFE
I

Fig. 1. Schematic of conceptual model of corrosion of steel reinforcement in concrete.

—
=

COLLAPSE
OF STRUCTURE

SPALLING

FORMATION

OF CRACKS Fig. 2. Determination of service life and
TIME limit states with respect to reinforcement

= corrosion.

DEPASSIVATION

CORROSION (DETERIORATION)

With the assumption of a constant chloride concentration on the surface, Cg,
of concrete, the typical solution to the previous expression is in the form:

X

5 \/D—t) (7

C(x,t)=Cgq(1—erf

Carbonation

The passive ferric oxide film on embedded steel may be disrupted by a red-
uction in the alkalinity (pH < 10.5) of the concrete by carbonation (CO» penetrate
in concrete) or by the presence of aggressive ions such as chlorides and sul-
phates. The chemical reaction may be described as:

Ca(OH), +CO, —22 5 CaCO; + H,0 (8)

The empirical formulae for depth of carbonation (x) may be adopted as:
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x=kt )

where £ is the factor depending on diffusivity, reserve alkalinity, carbon dioxide,
concentration, and expose condition. Some formulae modification and theoretical
verification of the square root relationship, and the application of models to
service life prediction are introduced and discussed by Richardson.3

Penetration of chlorides into concrete

Chlorides (originating from sea water or de-icing salt used in winter) may
penetrate through the pores to the interior of the concrete. The decrease in dif-
fusion coefficient is due to the effects of penetrated chlorides, from de-icing salts,
leading to an ion exchange with subsequent blocking of pores in the surface
layer. The critical chloride content, indicating the incipient danger of corrosion
and subsequent cracks and the spalling of concrete, depends on various para-
meters. In the region of cracks, carbonation and chlorides tend to penetrate faster
towards the the reinforcement than in uncracked concrete. Fick model with
apparent diffusion coefficient (Eq.(6) and Crank’s solution (Eq.(7)) are given in
the literature.3 During the 1980s, Schiessl examined the use of finite difference
models, as well as other models.3 For the corrosion of reinforcement, as a simp-
lification, two single processes may be separated: the cathodic and the anodic
process (0).

Diffusion of oxygen
through the concrete cover

|

N 26T Steel 9

7

Anodic process Cathodic process

Fig. 3. Simplified model for corrosion of reinforcement in concrete.

In June 2010 fib Technical Council approve start of activities on the
MC2020 project to undertake the provisions for the design of concrete structures
and will provide them for new and for existing structures, including promotion of
structural safety, service ability and durability (limit state of depassivation).
Empirical models for corrosion initiation due the carbonation and chloride ing-
ress are defined by fib12:16 (deemed to satisfy provision and the application of
modelling methods). Providing partial factors for carbonation assuming normal
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serviceability limit state reliability requirements. Like in EN!0, fib!3 introduces
the limit state of depassivation — the following requirement shall be fulfilled:

P{} = Ryep = P{c—x, (15 ) <0} < Ry (10)

where P{} is the probability that depassivation occurs, ¢ is the concrete cover;
xc(tsp) is the carbonation depth at time ¢gr in mm, fgy_ is the design service life in
years, while Py is the target failure probability. The variables ¢ and x¢(¢s1 ) need
to be quantified in a probabilistic approach.

The design model, the ingress of the carbonation front, may be assumed to
obey the following:

xe () =W ()k'\t (11)

where k£’ is a factor reflecting aspects like the execution, basic resistance of the
chosen concrete mix (like water-cement ratio, cement type, additions) under the
reference conditions and the influence of the basic environmental conditions (like
mean relative humidity and CO, concentration) against the ingress of carbon-
ation, and W(¥) is a weather function taking the meso-climatic conditions due to
wetting events of the concrete surface into account. For the partial safety factor
format the following limit state function shall be fulfilled:

cq — %, d(tsp) 20 (12)

where index c,d denotes the design value of the concrete cover (cpom — safety
margin), xc 4(sp) is a design value of the carbonation depth at time 7gy, in mm,
while cpom is nominal value for the concrete cover. The design value of the
carbonation depth at time fgy is calculated as follows:

Xe,d (1) = Xc o (1) 75 (13)

where x¢ ¢(fs1) is characteristic value of the carbonation depth, e.g., mean value
of the carbonation depth, and yis partial safety factor of the carbonation depth.

In Europe, design for the durability of new reinforced concrete structures is
currently based on a prescriptive approach, i.e., deemed-to-satisfy design: within
this approach a trading-off of geometrical (concrete cover to reinforcement), mat-
erial parameters (indirectly linked to the diffusion and binding characteristics)
and execution aspects (compaction and curing) is applied.

The following limit state function shall be fulfilled (see Eq. (10)):

P{} = Fyep = P{C¢t —C(c,151 ) <0} < Ry (14)

where Cgjt 1s the critical chloride content to achieve depassivation of the rein-
forcement, and C(c,ts1) is the chloride content at depth ¢ and time tgp. The
variables ¢, C¢it and C(c,tsp ) shall be quantified in a probabilistic approach.

The area of durability design is regulated by a number of normative doc-
uments applied in Europe-!! and USA,”-8 and the documents of the fib,12.13
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which are intended to represent the state-of-the-art in theory and practice. Trad-
itionally, in Europe, as well as in most others leading codes worldwide (even in
present Eurocodes related to concrete structures EN 1992-1-1 and EN 2006),
although ensuring durability is nominally based on performance-based approach,
the durability design and verification of performance follows the, so called “pre-
scriptive” or “deemed-to satisfy” (DtS) rules. In the literature?3 some selected
aspects and their theoretical background related to the European perspective on
performance-based durability design for reinforced concrete structures, which are
implemented in new, second-generation, Eurocode FprEN 1992-1-126 are men-
tioned. The exposure classes in Eurocodes refer to categories that classify the
anticipated environmental conditions to which a structure will be exposed over
its intended design life. The exposure classes are defined for the most common
environmental exposure conditions: 1) the corrosion of embedded steel induced
by carbonation (XC), when reinforced concrete is exposed to air and moisture; 2)
the corrosion of the embedded steel induced by chlorides (XD; de-icing salts
usually) or 3) chlorides from sea water (XS); 4) chemical attack (XA1 to XA3).
The environmental exposure classification has retained the same form as in
present Eurocode 2, only some of the descriptions have been modified for the
classes related to the corrosion of reinforcement. Since the selection of a specific
exposure class is a designer’s decision, in the second-generation of Eurocodes,
the definition of exposure classes has been copied from EN 20625 to the main
text.26 The exposure Resistance Classes (ERC) are used to classify concrete with
the respect to resistance against the corrosion induced by carbonation (class
XRC) and by chlorides (class XRSD) were covered only through limiting values
for mix compositions (similar to DtS approach). Briefly, the exposure resistance
classes link the minimum concrete cover required for durability, ¢min,dur, t0 €Xp-
osure class and design service life. ERC is, thus, a set/group of requirements for
concrete which are needed to resist the type of exposure associated to an expo-
sure class. The adequate durability may be assumed against the corrosion caused
by carbonation or chloride ingress, where cover to reinforcement is selected
appropriate to the exposure class, exposure resistance class and the design service
life and not less than the minimum cover for durability cyin dur-

EXPERIMENTAL INVESTIGATIONS ON SITE AND IN LABORATORY

The experimental investigations were conducted in the facilities of the Salt
Factory, Coke Industry and the Thermal Power Plant in Tuzla. By examining the
pollution of air and water in the area, the presence of chemical compounds
aggressive in contact with concrete and reinforcement, such as CO, CO,, SO,,
SOs;,..., has been determined. The comprehensive field research and laboratory
testing have been conducted in order to determine the content of chlorides and
sulphates, as well as the depth of carbonation. It has been established that the
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primary cause of the corrosion process in concrete is the presence of chloride
(consequences are shown in 0).

a)

=

Fig. 4. Effects of chloride ingress: a) cooling tower in power plant; b) salt factory; ¢) nitrogen
factory in the coke industry.

The reinforcement carbonation depth is determined by testing with 0.1 %
alcohol phenolphthalein and 0.1 % alcohol thymolphthalein. The procedure is
performed by making a cut on the concrete surface, on which the solution is
sprayed. The healthy concrete depth is shown through the violet colour of the sol-
ution. The chloride concentration is determined by applying two substances, 1 %
AgNO3 and 5 % K,CrQy4, one after another. The indication of chloride presence
is the brown colour of the substances.

The amount of chloride and sulphate in samples of concrete removed was
determined by laboratory testing. The amount of chloride was determined by fil-
tering the sample in distilled water with K,CrpO7 solution, which is subsequently
added to the standard solution of AgNO3. The amount of sulphate was deter-
mined by filtering with additions to the solution HCI and BaCl,.

In order to define a rapid method for determining the chloride penetration
profile in concrete without the initiation of chloride ions by electrical current, the
laboratory research was conducted in the laboratories of the University of Tuzla.
The chloride diffusion coefficients through the concrete surface layer exposed to
salted water with and without pressure were analysed. Three concrete mix for-
mulas were used. The samples were tested by immersing them into salty water
(bulk diffusion test — BDT) and pressuring them with salted water (pressure
penetration test — PPT). The term permeation coefficient was introduced, which
represent a difference of the transport mechanisms during BDT and PPT. The
PPT procedure was applied to define the chloride profile of sampled concrete
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from the Salt Factory. The procedure of determination of the chloride content by
depth is described in detail in the literature.29-30 The sampling was performed by
grinding samples by depth for the purpose of determining chloride concentration
and using the indicator colour to determine the chloride penetration depth. After
the chloride content in the supplied concrete samples was determined, they were
prepared for the PPT examination in the way presented in 0. The samples are
named the stepped samples.

samples
before PPT

w81 -0

samples
after PPT

i 8T-0

wiu 0g -1

SF sample

W\

} 294 mm }

Fig. 5. Stepped samples.

The goals of testing the stepped sample are simultaneous determination of
the residual capacity for the chloride absorption in the surface layers and the
determination of the chloride penetration depth in the old concrete (0). The
procedure is described in more detail in the literature.3!

TABLE 1. The pH value, chloride content, sulfate content and the depth of chloride penet-
ration

Content, % Depth of chloride
Sample pH - .
Chlorides Sulfates penetration, cm
1 11.5 0.113 0.90 1.0
2 11.0 0,098. 0.69 1.0
3 9.5 0.128 0.76 2.0
4 11.0 0.135 0.74 1.0
5 11.0 0.137 1.30 1.0
6 9.5 0.103 0.83 2.5
7 9.5 0.113 0.71 2.5
8 10.5 0.098 0.88 1.0
9 11.0 0.015 0.46 1.0
10 11.0 0.015 0.96 1.0

The investigation of concrete carbonation was conducted by the determin-
ation of the pH value of the concrete samples. Depending on the determined
values, a 0.1 % alcohol phenolphthalein indicator solution was applied for pH
8.2-9.8, and a 0.1 % alcohol thymolphthalein indicator for pH 9.3-10.5. The
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determined pH values ranged from 9.0 to 11.0. The depth of carbonation at sel-
ected locations of the deteriorated concrete ranged from 15 to 20 mm. The rates
of carbonation are the highest in the range from 50 to 70 % of relative humidity.
Above 75 % of the relative humidity the influence of water filling the pores
becomes significant. The coefficient of variation for measuring the depth of car-
bonation ¥ =30 % and the distribution function is shown in 0.

f(a), f(Xc,d)
o o
o oo
- .
~
-
~—
.

~
~— |~
P

0.4 4 .
\
0.2 / 3
’ ) N \
~ v
0 4% o RRRERREE S REEmmEES o
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= IR 8”& A B O = I KOS H 8 &SN 5H R
O O O v v - - N N « ™ ™o o < < < <t v 0 v
a, Xc,d
‘ Coverdepth YU code = = 'Carbonation depth === = Cover depth measured ‘

Fig. 6. Functions of distribution of cover concrete depth and carbonation dci:pth.28

In the Salt Factory, the predominant impact is notably from chloride, which
has penetrated the structure up to the reinforcement. By extracting the samples,
the amount of soluble chloride was determined to be between 0.14 and 0.3 %.
However, it is important to note that the chloride and sulphate content is sig-
nificantly higher in concretes where the concrete cover has been spalled due to
the reinforcement corrosion, ranging up to 2 % for chlorides and sulphates. This
high chloride content has caused significant damage and a decrease in concrete
strength of 30 % or more. In the Thermal Power Plant, the chloride content was
determined to be up to 0.15 %, and the sulphate content up to 1 %. A more
detailed presentation of the results is given in the literature.?8 The sampled con-
crete from the Salt Factory was used to create a predictive model of chloride pen-
etration using a stepwise sample (0). Here, a representation of one chloride
profile determined in the affected concrete from the Salt Factory is provided (0).
The obtained diagrams are described in detail in the literature.3!

The aim of this investigation was to determine the possibility of chloride
penetration at greater depths, where the concrete is firmer and less porous, and to
assess the remaining capacity for chloride absorption.

CONCLUSIONS

Parameters which influence the durability of a concreate are the cement type
and the quality control of early age cracking of concrete, water—cement ratio,
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2,5 *
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Fig. 7. Chloride profiles in stepped samples — location L1.

limitation of crack width, the environmental aggressiveness, etc. Even if in most
cases durability concerns the serviceability, the resistance verification during the
design of concrete structures, the inclusion of durability aspects and the deterior-
ation mechanisms are a necessity. The deterioration is a result of external envi-
ronmental exposure of a concrete, which is most often the carbonation of con-
crete and chloride corrosion of reinforcement, especially when using de-icing salt
and near marine or industrial regions.

The European approach to durability design is in continuous development.
To overcome the inconsistencies of the current European prescriptive approach, a
new durability design concept has recently been proposed — the “exposure resis-
tance classes”.2! While the exposure classes given in actual Codes!0-1! refer to
categories that classify anticipated environmental conditions, to which a structure
will be exposed over its intended service life, the exposure resistance classes
relate to the performance of concrete in such environments.

The models for describing the deterioration mechanisms have to integrate
the knowledge from a wide range of different fundamental and applied discip-
lines, especially chemistry. They need to be founded in a reliable manner and to
provide some appropriate testing options, which is essential for the design or the
assessment of structures. The assessment of the existing concrete structures,
which is important before rehabilitation, must be performed timely, by the com-
bination of in situ testing and laboratory testing of samples taken from the struc-
tures.

The further research is directed towards the investigation and assessing the
corrosion of prestressed concrete structures.
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U3BOJI

YTHUIIAJ KAPBOHU3AIIUJE U ITPOJIOPA XJIOPUOA HA TPAJHOCT BETOHCKHX
KOHCTPYKIIUJA

PAZIOMUP ®OJIUR!, DAMIR ZENUNOVIC? u 30PAH BPYJUR!

"Ynusepsutem y Hosom Cagy, ®axynitieins Wexnonowxux nayxa, Hosu Cag u “University of Tuzla, Faculty of
Mining, Geology and Civil Engineering, Tuzla, Bosnia and Herzegovina

TpajuocT HeToHCKUX KOHCTPYKUHja, Koje cy npenBruheHe 3a nyroTpajHy ynorpedy,
Ipe CBera 3aBUCH OJi OTIHOPDHOCTH Ha XEMHjCKe yTHLIaje, OJHOCHO OJfi CIIOCODHOCTH
0eToHa Ja 3alITUTH 4yelUK 3a apmarypy. KapdoHauuja u ynasak xjopuna y O€TOH cy
Haj3HayajHUjHU y3pOLM KOPO3Hje 4YeluKa W NMOTEHIHjaTHOr KBapa KOHCTpyKkuuje. IIpu-
MapHHU LU je a ce y TOKy pafgHOr BeKa KOHCTPYKIHje He mojaBe 3HauajHa ourehema,
npe cera u3bopom azexBaTHe fedmuHe DeTOHCKOT mokpuBadya. OBOM NMHUTaWky Ce MPHUC-
Tyna Kpo3 NpopayyHe 3aCHOBaHE Ha aHaiu3ama nep@opMaHcHu U Kopuirhemem oArosa-
pajyhux mMopnena 3a oBe xemHujcke deHoMeHe. Y pany je maT kpaTak nperies U METOMO-
JIoTHja 3a aHa/IU3y yTHIaja Ha TPajHOCT DETOHCKUX KOHCTPYKLHja y ckiaany ca Bogehum
MehyHapOOHHM HOPDMATHBHUM [JOKYMEHTHMa. AKILeHAaT je Ha HeZaBHUM NpOMeHama
yBeNEHHM Yy IpYry resepauujy esponckux Eurocode cranmappa. Ilociepune aHanusu-
paHUX IOjaBa NMpHUKasaHe Cy KpOo3 pe3yiTaTe TEPEeHCKUX HCIUTHBama CIPOBEJEHUX Yy
(padpukama conu, kokcape M TepMoOeJeKTpaHa, kao ¥ Kpo3 JabopaTopHjcka HUCIUTHU-
Bawa. TecToBU Cy cIpoBefieHH Jja OM ce pa3Buia MeToja Op3or npeasuhama 3a Mepewe
ynacka XJI0puja y OeTOH 0e3 CTUMy/Iucama MHUIpalidje joOHa XJIOpHULA ENEKTPUYHOM
€HEprujoM, Kao ajJTepHaTUBa CTaHAapAU30BAHUM TECTOBUMA.

(ITpumsbeHo 2. janyapa, pesupupano 15. debdpyapa, npuxsaheHo 7. mapra 2024)
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Abstract: Experiencing rapid development and growth, cities worldwide face a
surge in air pollution, primarily driven by the increased concentrations of the
particulate matter (PM) originating from various anthropogenic sources, such
as traffic, household fuel combustion, and industrial and construction activities.
Urban green spaces can naturally filter PM through physicochemical processes,
serving as effective urban planning instruments for the improvement of the air
quality. Focusing on a street in Novi Sad, the second-largest city in Serbia, this
study investigates the efficiency of vegetation in mitigating air pollution, spe-
cifically PM;, emissions from traffic and construction activities. Using the con-
temporary monitoring and modelling techniques for measuring and predicting
PM; concentrations, the focus of this research is to evaluate the efficacy of
vegetation in affecting and minimizing detected PM concentrations. The results
indicate a significant reduction in the monitored PM;, concentrations behind
the green barrier compared to the modelled concentrations near the pollution
source (on the road) for both traffic and construction-related emissions. The
paper highlights the capacity of green elements to act as natural air pollution
mitigators and suggests better integration of strategic environmental manage-
ment into urban planning to foster the development of healthier and more sus-
tainable cities, providing recommendations to facilitate this objective.

Keywords: air pollution; particulate matter (PM); mitigation; urban green spaces;
urban design.
INTRODUCTION

Developing and growing at an almost unprecedented pace, the cities world-
wide are grappling with an upsurge in air pollution, primarily attributed to the
elevated concentrations of the urban particulate matter (PM). The term refers to a
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mixture of minute liquid droplets, solid fragments, and solid cores with liquid
coatings suspended in the air and dispersed within urban environments. The par-
ticles vary in size, shape,and chemical composition and are classified based on
the diameter, with a distinction between fraction PM1g (< 10 um) and PM 5 (£
2.5 pm). Among diverse sources of PM emission in urban areas, which are
mainly related to anthropogenic activities, traffic emerges as a primary contri-
butor.1-3 According to the calculations, it is responsible for 25 % of urban ambi-
ent air pollution from PM, 5 and PM;, followed by household fuel combustion
and industrial activities.*> Additionally, traffic releases various gaseous pollut-
ants, including carbon monoxide, nitrogen oxides (NOy) and sulphur dioxide.®
Construction activities, including road construction or reconstruction, as well as
building projects, are also recognized as significant sources of air pollution in
urban environments, releasing a substantial quantity of PM into the air.”-9 Due to
their minute size, PMp and PM, 5 are inhalable and can thus induce adverse
health effects, including severe acute and chronic diseases.210 With over half of
the world’s population residing in cities (a proportion expected to increase to 68
% by 2050 according to the UN),!! urban air quality represents a paramount
health concern. Therefore, monitoring and regulating urban PM levels are crucial
for mitigating air pollution and safeguarding public health.

A large body of literature has explored the positive environmental impacts of
urban green spaces (UGS) in terms of their ability to mitigate the effects of the
ambient air pollution by naturally filtering PM, CO, NOy and SO, 12-14 UGS
thus serve as an effective urban planning tool for improving air quality, espe-
cially in urban areas with moderate to heavy traffic, while also contributing to the
regulation of temperature, humidity, and air circulation, thereby improving mic-
roclimate conditions. In addition, they can reduce the urban heat island effect and
offset greenhouse gas emissions by absorbing CO,, contributing to the efforts to
address the impacts of climate change.15:16 Owing to the array of positive imp-
acts on the urban environment they provide, which turn into benefits for public
health, UGS can be considered a public good.!7 They are regarded as one of the
most valuable urban planning solutions for enhancing the sustainability and res-
ilience of cities.

Novi Sad, the second-largest city in Serbia, was formerly recognized as the
green city due to the abundance of lush vegetation that adorned its urban land-
scape. In alignment with global urbanization trends, it has recently experienced
rapid urban development and growth, resulting in a significant increase in both
vehicular traffic and construction activities. As outlined in the city’s Strategy for
the Development of the Green Spaces System 2015-2030, the novel urban dev-
elopment patterns that favour land-use conversion for new constructions have
largely overlooked the development of UGS and diminished their share in many
city neighbourhoods and along numerous streets.!® This type of transformation
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has brought about significant environmental implications, contributing to the ele-
vated concentrations of urban PM and thus exerting a notable impact on air qual-
ity in many city neighbourhoods, especially those that underwent extensive reg-
eneration. However, in the neighbourhoods unaffected by extensive regeneration
projects, UGS were preserved, although they were often inadequately main-
tained, because of the increased traffic pollution.

The paper investigates the efficacy of UGS in mitigating air pollution in a
street in Novi Sad, focusing on PMjy emissions from two different sources —
traffic and construction activities. Employing monitoring and modelling tech-
niques, it measures and predicts PM g concentrations and assesses the capacity of
vegetation to reduce them. The monitoring involves measuring PM concentra-
tions behind the green barrier using a sensor, while modelling uses COPERT
v.5.7 software for the traffic emissions and the EPA tier 1 prediction model for
the construction-related emissions near the source (on the road). Additionally, the
paper describes the physicochemical interactions between urban PM and veget-
ation, and addresses current challenges in maintaining and developing UGS in
Novi Sad. It underscores the potential of green elements to acts as natural air pol-
lution mitigators and suggests the integration of strategic environmental manage-
ment into urban planning, in order to create healthier and more sustainable cities,
offering recommendations that would aid in achieving this goal.

Physicochemical interactions mechanisms between urban PM and vegetation

Vegetation mitigates air pollution by capturing and interacting with urban
PM through physicochemical processes. Leaves of trees and hedges act as phys-
ical barriers to PM through both adsorption and absorption mechanisms.!® Their
surface properties influence the adsorption of PM, while their microscopic struc-
tures and chemical components facilitate the absorption of soluble components
from PM into leaf tissues.20 Upon the contact with leaves, the chemical compo-
sition of urban PM undergoes transformations. The reactive oxygen species
(ROS), released by leaves during photosynthesis, may oxidize certain PM com-
ponents, altering their toxicity and reactivity, while enzymatic activities within
leaves contribute to the breaking of organic compounds present in PM.

Adsorption predominantly involves the physical adherence of particles to a
surface, whereas absorption entails their uptake into the body of the absorbing
material. Biochemical adsorption is a process in which particles adhere to a sur-
face, playing a fundamental role in the interaction between urban PM and leaves
(trichomes, cuticles and stomata are integral to this process). Trichomes, the hair-
-like structures on leaf surfaces, significantly contribute to the PM adsorption
through their unique morphology enhancing the surface, acting as physical bar-
riers, effectively trapping airborne particles and preventing their dispersion into
the atmosphere.2! Cuticles, the waxy layers covering the leaf epidermis (hydro-
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phobic barrier), and stomata, microscopic pores facilitating the gas exchange, are
also integral to the process of PM adsorption.22 The absorption process involves
the penetration of PM components through the cuticles and stomata, entering the
leaf tissues, after which they may undergo chemical transformations.23 ROS rel-
eased during photosynthesis and enzymatic activities within leaves contribute to
the PM transformations within the interaction with UGS. ROS-mediated oxid-
ation can modify the chemical structure and the toxicity of PM components, pot-
entially rendering them less harmful.24 Furthermore, the enzymatic activities
within tree leaves play a crucial role in breaking down organic compounds pre-
sent in PM. This enzymatic degradation is a crucial step in the transformation of
complex organic pollutants into potentially less harmful forms.

UGS in Novi Sad

According to the European Environment Agency (EEA) report, green infra-
structure covers 18.7 % of Novi Sad’s core area and 29.8 % of its commuting
zone, both figures falling below the average of 42 % for urban areas in 38 EEA
member and cooperating countries.2> The UGS provision, also referred to as the
UGS ratio, quantifies the total green space area within a city’s administrative
boundaries, expressed as m2 per inhabitant (inhab), and various scientific papers
and public policies commonly cite a minimum ranging between 9 and 11 m2/in-
hab.26-28 Novi Sad slightly exceeds this minimum, boasting 12 m2/inhab. The
data obtained from the newly developed GIS of green areas reveals that grass-
lands cover 30 % of the city area, while shrubs make up 14 %. The EEA report
further notes that urban tree cover, defined as the urban area “covered by tree
crowns when seen from above”, is 23 % in Novi Sad, which is lower than the
average in cities of EEA member and cooperating countries, standing at 30 %.25
UGS-related issues have also been outlined in local documents. In the UGS
SWOT analysis presented in the city’s Strategy for the Development of the Green
Spaces System 2015-2030 identified weaknesses include inadequate mainten-
ance, a lack of adequate UGS-related regulations (standards and norms), violat-
ions of planning documentation, shortages of greenery in some city neighbour-
hoods, inadequacy of certain UGS categories, and an incomplete UGS network.!8
The main threats to UGS include the risk of land use conversion that may jeop-
ardize the existing green areas and insufficient financial resources for both main-
taining existing and creating new UGS. Similarly, the city’s Sustainable Dev-
elopment Strategy identifies a lack of UGS as one of the main weaknesses in the
urban development SWOT analysis.2? The results from a 2021 survey, based on
a sample of 1,500 residents, reveal that the public is well-aware of all these
problems — 38.1 % of respondents rated UGS with a grade 3 (out of 5), while
39.1 % assigned them a grade of 1 or 2 — suggesting that the level of satisfaction
with UGS in Novi Sad is generally low.30 However, in the neighbourhoods that
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were unaffected by urban regeneration projects and land-use conversions, which
often diminished the share of UGS, the satisfaction is much higher than in the
regenerated ones.

MATERIALS AND METHODS

The examination of the impact of vegetation on mitigating air pollution in a street in
Novi Sad comprised two phases — monitoring and modelling of PM;, emissions from two dif-
ferent sources — traffic and construction activities. The monitoring focused on determining the
PM;, concentration behind the green barrier, away from the source, while the modelling pre-
dicted the concentration values at the source (on the road).

The monitoring and modeling location

The examination took place in the Novo Naselje neighbourhood, which was predomin-
antly developed in the late 1970s and during the 1980s (Figs. 1 and 2). This neighbourhood
was chosen for two reasons: 1) it stands out as one of the few city districts that largely pre-
served its green infrastructure, i.e., it remained relatively unaffected by the recent land-use
conversion trends, which brought new residential, commercial, and mixed-use developments
and typically resulted in a significant reduction of vegetation; 2) in the aforementioned public
survey, the residents of Novo Naselje expressed much higher satisfaction with the quality of
green spaces, compared to the residents of other city neighbourhoods. A segment of Jovana
Ducicéa Blvd. was chosen as the monitoring and modelling location for three reasons (Figs. 2
and 3): 1) it represents the main and busiest street of this neighbourhood, characterized by
moderate traffic, with heavy traffic peaks and frequent congestions during rush hours; 2) the
selected segment features lush vegetation along both sides; 3) it underwent comprehensive
road reconstruction that began in November 2022, enabling the measurement of both traffic
and construction activities-related PM, emissions.

> 4

" ol i -

Fig. 1. The position of Novo Naselje within Novi Sad. Source: GIS of Green Areas in Novi

Sad (https://gis.zelenilo.com/Map).
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Fig. 2. Jovana Duci¢a Blvd. within Novo Naselje and the analyzed segment. Source: GIS of
Green Areas in Novi Sad (https://gis.zelenilo.com/Map).

s < - B, * B iR :
Fig. 3. The monitoring and modeling location and its green infrastructure, with the position of
the monitoring sensor. Source: GIS of Green Areas in Novi Sad
(https://gis.zelenilo.com/Map).

The monitoring phase

The monitoring of PM; emissions was conducted in two different urban circumstances —
road reconstruction (no traffic) and rush hour (morning and afternoon — heavy traffic). The
monitoring for road reconstruction emissions was performed on the 2" and 3" of November
2022, coinciding with the road removal activities that generate higher PM;, emission levels.
The morning and afternoon rush hour emissions (07:00-09:00 and 15:00-17:00) were mea-
sured before the reconstruction began, from the 24™ to the 28™ of October 2022, capturing
baseline levels. A custom-designed PM monitoring sensor based on the optical particle
counter OPC-N2 (produced by Alphasense) was used, positioned on the building facade
(behind the green barrier) in the middle section of the street, distanced approximately 25 m
from the road (Figs. 3 and 4).
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Fig. 4. Street section of the monitoring and modeling location, with the position of the
monitoring sensor.

The modeling phase

Traffic-related PM;, emissions were modelled using COPERT v5.7 software (computer
program to calculate emissions from road transport), used in EU member states for the official
submission of road transport inventories. The spatial scale of the applied COPERT model can
range from a street to a continental level. The modelling followed the COPERT methodology
outlined in the EMEP/EEA Air Pollutant Emission Inventory Guidebook 2019 for the calcul-
ation of air pollutant emissions, which aligns with the 2006 IPCC Guidelines for National
Greenhouse Gas Inventories.3!2 The modelling using COPERT v5.7 software required spe-
cific data. According to the National Traffic Safety Strategy 2023-2030, the average age of
vehicles in Serbia is 17 years, with a petrol- and diesel-fuelled car ratio of 1:2.33 The local
meteorological data, including average wind speeds, humidity and temperatures necessary for
the modelling process, were sourced from the website of the Republic Hydrometeorological
Institute of Serbia (available at https://www.hidmet.gov.rs/), while the local traffic-related
data were collected from the Traffic Study of the City of Novi Sad.3* For PM;, emissions
from the construction activities, the calculations relied on the EPA tier 1 prediction model,
previously applied and tested in a study involving five construction sites in Novi Sad, which
included a direct comparison of modelled and sensor-measured data, confirming the high effi-
ciency of the prediction model.?> Given that the location C1 in this study was undergoing road
reconstruction, the silt content value of 35.4 pg m= has been adopted for the purpose of this
research.

The limitations of this research relate to PM, 5 concentrations, arising from insufficient
data necessary for accurate modelling.

RESULTS AND DISCUSSION

The average PM|g concentrations obtained through the monitoring and
modelling of pollutant emissions attributed to traffic and construction activities
on Jovana Duci¢a Blvd. in Novi Sad are presented in Table I.

The data reveal a substantial reduction in PMjy concentrations behind the
green barrier compared to those modelled at the source (on the road) for both
traffic and construction-related emissions. Specifically, the PM1g concentration
from traffic emissions decreased from 98.45 to 26.69 pg m—3, while the con-
centration from the construction activities exhibited a similar drop — from 145.17
to 51.36 ug m3.
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TABLE I. Average PM;, concentration values () obtained from monitoring and modeling

PM|, concentration, ug m™ Traffic Construction activities
Modelled (on the road) 98.45 145.17
Monitored (behind the green barrier) 26.69 51.36
Relative decrease (behind the green barrier), % 72.9 64.6

Considering the EPA’s PM1( breakpoints for assessing the health impact of
PM;( concentrations,3¢ the modelled values for both sources fall within the
moderate interval (55-154 pg m—>). The green barrier (monitored values) lowers
them down to the good interval (0-54 pg m=3), thereby mitigating the risk of
short or long-term health effects. Specifically, for traffic-induced emission, the
monitored value (26.69 pg m-3) falls in the middle of the good interval; however,
in the case of construction activities (51.36 pg m—3), the monitored value is close
to the upper interval limit, nearing the “unhealthy for sensitive individuals” thres-
hold. This highlights a potential health concern in relation to PM1( concentrat-
ions, originating from construction activities.

The influence of construction activities on environmental pollution can be
additionally analysed by comparing the PMjy emission intensity from two
sources. The absolute values of PM;jy concentrations, both modelled and
monitored (Table 1), indicate that construction activities need particular attention
as a significant PM 1 pollution source.

The relative decrease in PMj(y concentrations behind the green barrier is
moderately balanced (Table I), yet a more pronounced reduction is observed for
traffic, when compared to construction activities as a pollution source. This dif-
ference in the effectiveness of UGS can be attributed to the nature of the pol-
lution particles emitted from these two sources, and the mechanisms of their
interaction with the surface of leaves — suggesting that vegetation might be more
efficient in mitigating the traffic-originated particle species.

The average hourly PM g concentration values obtained through monitoring
are presented in Fig. 5 for both traffic and construction activities. The frequency
of traffic during working days is revealed, considering two distinct rush hours.
They also highlight a slowdown in construction activities between 10 and 11
AM, corresponding to the breakfast break, and suggest that particles take approx-
imately 2 h to settle after work cessation. The higher PM1( values from cons-
truction activities may be attributed to the previously documented limited use of
mitigation measures on building sites in Novi Sad.3”

The modelling of PM1( concentrations simulated air pollution at the source
(on the road), which would decrease on their path to buildings in the absence of
vegetation to perform physicochemical processes and interact with air pollutants.
The extent of that decrease would depend on meteorological factors, yet it would
be much less significant than when street greenery is present. The notable dec-
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rease in PM( concentrations observed behind the green barrier during the moni-
toring underscores the effectiveness of vegetation in mitigating urban air pollut-
ants. This reduction in both traffic and construction-related PM[( concentrations
highlights the role of the green infrastructure in alleviating the adverse effects of
the anthropogenic activities on air quality in urban environments. The intricate
physicochemical processes involving PM and leaves, namely adsorption, absorpt-
ion and chemical transformations, enable vegetation to function as natural filters,
regulating the composition of PM, reducing its toxicity, and thereby improving
air quality. It is important to emphasize that the protective role of street veget-
ation in these terms is contingent upon various factors, including street geometry
and morphology,38 traffic volume,® the type of vegetation and its distribution,!3
as well as ventilation conditions influenced by wind patterns.3°
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Fig. 5. Average hourly PM;, concentration values obtained from monitoring.

The research findings highlight the broader challenges that Novi Sad faces in
managing air pollution through urban green spaces (UGS). These results offer a
valuable tool for sustainable urban planning and environmental management in
the city, leading potential actions. Firstly, it is essential to identify the areas
within the city with elevated air pollution levels where the strategic placement of
vegetation can effectively mitigate pollutants. Secondly, there should be a prior-
ity on preserving and protecting existing vegetation, while also strategically plan-
ning for the creation of new UGS in urban regeneration projects. This approach
will help maintain or enhance air quality in targeted neighbourhoods. Addition-
ally, it is crucial to develop the UGS-related regulations that take into account
factors such as traffic volume, residential density, and other urban planning para-
meters. Furthermore, efforts should be made to explore the strategies aimed at
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optimizing traffic flow, reducing congestion, and promoting alternative transport-
ation modes to minimize traffic-related emissions.

Consideration should also be given to the implementing measures that mitig-
ate emissions during construction activities. This can be achieved by carefully
selecting parameters, methodologies and indicators for monitoring and evaluating
the effects of construction projects. Lastly, integrating the air quality monitoring
programs into the city's infrastructure, incorporating the air pollution assessments
into the city's land use planning process, and using monitoring data to inform the
future urban planning decisions are vital steps to ensure the sustainable air qual-
ity management in Novi Sad. These recommendations are also closely tied to the
the necessary measures to reduce the UGS-related issues outlined in local doc-
uments.

CONCLUSION

The research explored the effectiveness of vegetation in mitigating air pol-
lution in a street in Novi Sad, with a focus on PM( emissions from traffic and
construction activities. The research findings suggest that strategically imple-
mented green infrastructure holds the significant promise for enhancing air qual-
ity in urban environments by successfully reducing the concentration of pollut-
ants derived from anthropogenic activities. Future studies could assess the cap-
acity of different plant species related to their physicochemical interactions with
PM, in order to gain a better understanding of the physical and chemical impacts
of pollutants on plants, which is essential for assessing their long-term viability
as natural filters and air pollution mitigators. The research also highlighted the
role of UGS as “environmental defenders” and underscored the importance of
incorporating environmental management into urban planning to foster healthier
and more sustainable cities. Regarding Novi Sad, its new Master Plan adopted in
2022 envisions substantial improvements and enhancements to the city's green
infrastructure.40 In addition to Novi Sad joining EBRD Green Cities in 2019, this
signals the local government’s shift toward adopting a proactive and environ-
mentally responsible approach to addressing the current UGS-related issues,
demonstrating the city’s commitment to ensuring sustainable urban development.
Therefore, the research findings, complimented by an overview of relevant liter-
ature in the field, can be regarded as a technical support to the city administrators
and local stakeholders, which should be designed to facilitate the effective dev-
elopment and the implementation of UGS-related policy measures identified in
the city’s strategies and plans.
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U3BOA

YTHULAJ YPBAHOT 3EJIEHW/IA HA CMAIBGEILE KOHUEHTPALIMJE PM YECTHLIA:
CJIYUAJ YJIMLIE Y HOBOM CALlY

MW/bAH IIYHEBUR!, IEJAHA HENYUHH', PY)KULIA BOXXOBUR? MAJA CPEMAYKHU!, BOPHC OBPOBCKHU!
1 UPMHA CYBOTUR!

'@axynimem mexnuurux nayxa, Ynusepsuitiemn y Hosom Cagy, Tpi Hocutweja Odpagosuha 6, Hosu Cag u

2Pakyninen WexHUUKUX HAYKd, YHueep3utie y ITpuwiniunu ca dpuspemerum cequuiiem y Kocosckoj
Muwposuyu, Krwaza Munowa 7, Kocoscka Muitiposuua

Ycnepn Opsor ypdanor pa3soja M pacTa, rpajoOBH IIMPOM CBeTa Cyo4aBajy Ce ca
nopactoMm 3arahema Basjgyxa, NPBEHCTBEHO H3a3BaHUM NMoBehaHWM KOHLEeHTpaunujama
ypdaHux cycnenpoBaHux dectuua (PM), koje mOTHYy W3 Pa3NHUYUTHX AHTPOIMOTEHUX
W3BOpa, Kao LITO Cy MOTOpHU caobpahaj, rpejame POCUIHUM rOPUBOM U UHIYCTPHjCKe
U rpal)eBUHCKE aKTMBHOCTH. 3€JI€HUIO0 UMa KanauuTeT ja, nyTeM (pU3HUYKO—XEMUjCKUX
nporeca, NIPUPOAHO (PUIATPUPA CyCleHAOBaHe 4YecTHle, cayxehu kao edHKacaH HUHC-
TPpyMeHT ypbaHOr IylaHHpamwa 3a nodospliame KBanuTeTa Badgyxa. Kpos crynujy cinydaja
ynune y Hosom Cany, Ipyrom mo BenuuyuHu rpany y Cpduju, uctpaxyje ce epukacHOCT
3elleHWIa Y CMambenhy YeCcTHYHOTr 3arahema koje motuve on caodbpahaja u rpaheBUHCKUX
akTuBHOCTH. Kopuctehu meTose MOHUTODUHTA U MOJEN0Bama, y pagy Ceé Mepe U Npej-
Buhajy xoHueHTpauuje PMio yecTuna, a 3aTUM ce eBajyupa edHUKacHOCT 3eJ€HHIA Y
BUXOBOM CMamewy. Pe3ynratu ykasyjy Ha 3HAYajHO CMameme H3MEPEeHUX KOHIIeH-
Tpauuja PMio uecTuna usa 3eneHe dapujepe y mopehewmy ca MoIen0BaHMM KOHIIEH-
Tpauujama y dnusuHM n3Bopa 3arahema (Ha myty). Harnamasa ce 3Hauyaj 3eneHuna Kao
npupongHor ydmaxupaya 3arahema Basngyxa y ypbaHUM cpenuHama U Kpo3 HOpMyIH-
caHe NpeNnopyke ce 3ajake 3a 00/by MHTErpalujy CTpaTellKor ynpaBjbamba XHBOTHOM
CpensuHOM y ypbaHO NjaaHupame.

(TIpumssenro 17. janyapa, pesunupano 2. dbedpyapa, mpuxsaheno 7. mapra 2024)
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Abstract: Modern technologies continuously change humans and their relation-
ship with the environment. They can achieve a lot in the field of chemical eng-
ineering, thereby improving and enhancing the quality of human life, but on the
other hand, technologies can be used to destroy human lives. Technical and
technological culture (hereinafter referred to as TTC) is the entirety of social
achievements in the field of technical and technological sciences and their
application, as well as of the all knowledge and skills needed to understand the
achievements, use them correctly, transfer them to the younger generation and
create new values in this field. This paper will present a pilot study aimed to
examine the attitudes and beliefs of engineers, Technological (chemical eng-
ineering) and Technical faculties, regarding the development of TTC and to
determine socio-demographic factors that may influence its development. The
research was conducted in Serbia and Croatia. The results indicate that the most
important aspects of TTC are: the development of awareness of sustainable
development, the impact on environmental protection, efc. The respondents
recognized the ethical challenges we face today, the need for the education of
young engineers and the promotion of TTC in the media and professional public.

Keywords: environmental protection; ethical; attitudes; research; promotion;
education.
INTRODUCTION

Engineering practice has been present since the beginning of humankind.
The history of chemical engineering traces the historical and technological dev-
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elopment of industry.! Today’s modern technologies are not only a product of
humans but also a prerequisite for their existence; they continuously change the
mankind and their relationship to the environment.2 A chemical engineer is a
professional who researches, develops, advises and directs chemical processes at
a commercial level.3 Developing a comprehensive skill set, including technical,
professional, and technological expertise, is critical to success in an increasingly
competitive global job market.# At the turn of the millennium, there was a dis-
crepancy between the trained engineers and the engineers that society needed,
while there have been concerns about the ability of future professionals to act
socially and to cope with the current global challenges, that are becoming much
more complex and multidisciplinary.!-> The engineering education is being urged
to move towards student-centred teaching.! The competency-based curriculum
represents a major paradigm shift in the conceptualization of the university educ-
ation system. 16 Professional competencies include three dimensions: knowledge,
skills and attitudes.! To develop these skills, the global institutions have pro-
moted and adapted teaching strategies aimed at preparing students to work in
complex situations.! During the engineering education process, it is necessary to
develop students’ ability to perceive humanity and sociality, to bridge the gap
between humanitarian and technical and technological culture, and to eliminate
the traditional dehumanization of the engineering-technical education.” The chal-
lenges for chemical engineers, at local, regional, national and global levels,
require graduates to have strong training in technical skills and knowledge, but
also in soft skills, and such as communication and teamwork, critical and creative
thinking, ethics and sustainability, as well as in social responsibility.3 In 2019,
Serbia and Macedonia held training called Escape Room, aimed to promote stu-
dent engagement and motivation to master teaching content through playing,
improve the communication skills via social interaction and fun, and develop
creative, critical and logical thinking, self-regulation and a positive attitude
towards chemistry lessons.® The technological changes and the introduction of
new technological concepts lead to the emergence of completely new needs reg-
arding the behaviour and competencies of those who implement production pro-
cesses.? The introduction of technological innovations into everyday life, the
readiness to recognize new solutions, the acquisition of the ability to exploit tech-
nological products is associated with a personal, organizational, and local culture,
and should be analysed as a separate category — technical and technological cul-
ture.!0 According to Wyrwicka, technical and technological culture is a system of
permanent attitudes and efficiency, which enable the proper use of the existing
technological products in order to change the pattern in the quality of life.10 It is
expressed in relatively permanent and positive attitudes towards the phenomena
of technology (design and product), in the possession of knowledge, and above
all in the ethical behaviour and the attitude of people involved in different tech-
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nological situations.10 Technical and technological culture manifests itself in rel-
atively long-term activities and good ethical human attitudes, enabling the correct
application of the existing technologies and the development of new ethical
solutions aimed at the improvement of the efficiency of life's cooperative pro-
cesses.!! If we want to respond to the demands of future technological develop-
ment, it is important to reinvest in the concept of technical and technological
culture. It is also important for engineers, as they are the carriers of technical and
technological culture, to ask themselves questions related to the impact of tech-
niques and technology on society and the world we live in.!12 The social demands
for greener products, a reduction in greenhouse gas emissions and more sustain-
able processes have also had an irreversible impact on the chemical industry.!
The chemical engineering professionals must have the necessary skills and abil-
ities to apply numerical solutions and understand their limitations and difficulties
in approach, and also possess critical thinking, etc.! The role of engineers in the
transformation of society is very clear. Engineers, throughout history, have been
uniquely suited to provide new solutions to some of the humanity's greatest chal-
lenges.4 At present, the state of engineering has been assessed as critical, with a
focus on four areas in particular: the taking over of engineering by unconvent-
ional design; the technological takeover of engineering; an awareness of the neg-
ative consequences of engineering; and a crisis in the traditionally scientific and
engineering image of the world.!3 In this context, technical and technological
culture is a valuable aspect of modern and future education and includes the per-
sonal qualities that enable a technologically competent solution of any problems
in the field of engineering and creative solutions to social and economic issues.!3
The process of introducing technical and technological culture is sometimes very
difficult and therefore it is necessary to overcome the inertia of technocratic
thinking and a misunderstanding of the importance of the idea of developing
technical and technological culture and the personal characteristics and qualities
that are important for it.13 The european engineering education and academic
networks in Europe should open up to cooperation with academic, student, ind-
ustrial and professional partners worldwide and, in addition to lifelong learning,
expand the inclusion of non-technical skills without lowering the technical level
of the learning process and also improve the cooperation between companies and
universities in the field of education.!4 The mission of educators is to contribute
not only to building a society of “knowledge” but also a society of “wisdom”.14
This paper presents the pilot research on attitudes and beliefs about technical
and technological culture, as well as socio-demographic factors that can have an
impact on its development (gender, age, education, years of work experience,
company size, ownership structure of the company and its activity, as well as
satisfaction with the respondent’s material status). The pilot research was con-
ducted on a sample consisting of engineers from the Technical and Technological

Available online at: http://www.shd.org.rs/JSCS

(CC) 2024 Serbian Chemical Society.



760 POPOVIC et al.

Faculties (chemical engineering) in the Republic of Serbia and the Republic of
Croatia. Professors/assistants, students and employees in the industry/IT sec-
tor/NGO also participated in the research. As part of the pilot research, a quest-
ionnaire was constructed to examine attitudes and beliefs about the development
of technical and technological culture, which was created on the basis of a list of
questions, related to the perception of the development of technical and tech-
nological culture (list of survey questions, Wyrwicka), supplemented with the
indicators for popularization and the legislation of scientific and technical tech-
nological culture and the key competencies of polytechnic engineers.10,15.16

METHODOLOGY
Pattern and procedure

A total of 105 respondents participated in the research, the majority of them were male
(56.19 %), with a slightly higher number of respondents from Serbia (59.04 %) compared to
respondents from Croatia (40.96 %). In relation to the engineering profile, a larger number of
respondents were engineers of technical sciences (75.24 %) compared to engineers of techno-
logical sciences (chemical engineering) (24.76 %). The largest number of respondents were
professors/assistants at faculties (54.29 %), followed by the employees in the economy/ind-
ustry/IT/NGO (35.24 %), while the smallest number of respondents were students (10.48 %).
The majority of respondents, from both countries, attended doctoral academic studies as their
educational level (50.00 %). When it comes to differences between countries, and in the con-
text of individual socio-demographic characteristics of the respondents, differences were pre-
sent only in respect of company size. The respondents from Serbia are mostly employed in
large companies (in excess of 250 employees), while respondents from Croatia are more often
employed in medium-sized companies (from 50 to 250 employees). The complete socio-
-demographic characteristics of the sample, for the entire sample, as well as for each country
individually, have been presented in Table 1.

The data collection was carried out during September and October 2023, within the Rep-
ublic of Serbia and the Republic of Croatia. The respondents were invited to participate in the
research through various communication media (live, by phone, email, etc.) and were inf-
ormed about the goals of the research, prior to filling out the questionnaire. The participation
in the research was anonymous and the respondents needed about five minutes to answer the
questionnaire. The data collection was carried out through the Google Forms platform.

Instrument

The questionnaire for the assessment of attitudes and beliefs on technical and techno-
logical culture (hereinafter: TTC), created for the purposes of this research, includes a total of
31 questions with a 5-point Likert-type response scale (from 1 — completely disagree to 5 —
agree completely). The questionnaire items were devised in accordance with the subject of the
measuring items, applied during the previous researches (for the use of which we obtained the
author's consent), and are directly related to the research problem from this paper, as well as
the assessment of several experts from the field.!213:19 One question each was associated with
the understanding of the meaning of the term TTC, as well as the development of TTC. The
remaining questions were grouped into the sets of questions related to education on TTC (3
questions), promotion of TTC (3 questions), legal regulations related to TTC (2 questions),
different attitudes and beliefs regarding TTC (18 questions) and cultural factors (3 questions).
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TABLE I. Sociodemographic characteristics of the sample

Total Serbia Croatia

Variable Category N oy N T, N % x> DF p
Gender Male 59 56.19 30 4839 29 6744 374 1 .053
Female 46 43.81 32 51.61 14 32.56
Age (years) 2024 4 381 2 323 2 4.65 743 6 .283
25-29 11 1048 5 806 6 1395
30-34 20 19.05 10 16.13 10 23.26
35-39 12 1143 9 1452 3 6.98
40-49 38 36.19 27 4355 11 2558
50-59 15 1429 6 9.68 9 20.93
60 + 5 476 3 484 2 4.65
Education OAS 21 20.00 12 1935 9 2093 0.67 2 .714
MAS 34 3238 22 3548 12 27091
DAS 50 47.62 28 45.16 22 51.16
Professional Students 11 1048 7 1129 4 930 217 2 .337
status Prof. and Ass. prof. 57 54.29 30 4839 27 62.79
Employed in 37 3524 25 4032 12 27091
industry/IT/NGO
Engineering Technical 79 7524 47 7581 32 7442 0.02 1 .871
profile Technological 26 2476 15 24.19 11 25.58
Years of work 0-1 3 28 2 323 1 233 733 8 .501
experience 1-5 21 20.00 13 2097 8 18.60
6-10 18 17.14 9 1452 9 2093
11-15 19 18.10 15 24.19 4 9.30
16-20 17 16.19 11 1774 6 1395
21-25 13 1238 5 8.06 8 18.60
26-30 3 28 2 323 1 2.33
31-35 7 667 3 484 4 9.30
36+ 4 381 2 323 2 4.65
Company size Micro (1-10) 4 381 3 484 1 233 1459 3 .002
(number of Small (11-50) 15 1429 8 1290 7 16.28
employees) Medium (51-250) 48 45.71 20 3226 28 65.12
Large (250 +) 38 36.19 31 5000 7 16.28
Company Service 78 7429 50 80.65 28 65.12 320 1 .073
activity Production 27 2571 12 1935 15 34.88
Ownership Domestic public 70 66.67 39 6290 31 72.09 6.85 3 .077
structure Domestic private 26 24.76 14 2258 12 2791
Foreign 7 667 7 1129 0 0.00
Shared ownership 2 190 2 323 0 0.00
Satisfaction Very dissatisfied 1 095 1 161 0 0.00 3.69 4 .448
with material Dissatisfied 11 1048 7 1129 4 9.30
status Neider sat. nor 26 2476 18 29.03 8 18.60
dissat.
Satisfied 55 5238 28 45.16 27 62.79

Very satisfied 12 1143 8 1290 4 9.30
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RESULTS AND DISCUSSION

The descriptive statistical analysis was performed using the SPSS program.
The descriptive statistics and the correlations between variables have been pre-
sented in Tables II and III. Based on the value of the indicators of the shape of
the distribution (skewness and kurtosis), we concluded that the distribution of all
continuous measures were close to normal distribution. When it comes to correl-
ation coefficients, the results pointed to the conclusion that the correlations were
predominantly statistically significant, positive and of low to moderate intensity.

TABLE II. Descriptive statistical indicators; Min — minimum value; Max — maximum value;
AS — arithmetic mean; SD - standard deviation; Sk — skewness; Ku — kurtosis

Indicator Min  Max AS SD Sk Ku
Meaning of the term TTC (1) 1 5 3.89 093 -0.71 043
Development of TTC (2) 1 5 363 092 024 -040
Edukation about TTC (3) 7 15 1237 1.77 -0.56 0.03
Promotion of TTC (4) 7 15 11.57 1.64 -040 0.28
2
4

Legal regulations related to TTC (5) 10 6.38 149 -0.09 0.85
Development of awareness about TTC (6) 1 90 7532 1150 -0.85 0.44
Cultural factors (7) 6 15 11.55 231 -041 -0.44

TABLE III. Correlations between continuous measures; * p <.05; ** p < .01

Indicator 1 2 3 4 5 6 7
Meaning of the term TTC (1) 1

Development of TTC (2) 464™ 1

Edukation about TTC (3) 648" 562" 1

Promotion of TTC (4) 389" 517" 565 1

Legal regulations related to TTC (5) 384%™ 223" 299" 481" 1

Development of awareness about TTC (6) .240™ 211% 279" 342™ 123 1
Cultural factors (7) 248 070 163 .195% 089 273" 1

The association and diffterences in socio-demographic variables, with the
understanding of the meaning of the term TTC and the development of TTC,
have been presented in Table IV. The satisfaction with material status achieves a
statistically significant and positive correlation of low intensity with the question
related to the development of TTC. The respondents from Croatia, and respond-
ents/engineers of technical sciences, achieved higher scores than the respondents
from Serbia, and the respondents/engineers of technological sciences (chemical
engineering), with the respect to understanding the term TTC (Fig. 1). This data
shows us that the technological faculties (chemical engineering) in Serbia should
implement promotional activities (or education) for students, professors and emp-
loyees in the economy/IT/NGO, about technical and technological culture, and
contribute to its better understanding. The remaining correlations, as well as the
differences between the groups, are not statistically significant.
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TABLE IV. Association and differences in sociodemographic variables with the understand-
ing of the meaning of the term TTC and the development of TTC. The results from the upper
part of the table refer to the results obtained using the Pearson correlation coefficient », while
the results from the lower part of the table refer to the results obtained using #-test for inde-
pendent samples/one-way analysis of variance

Variable Meaning of the term TTC Development of TTC
r/T/F-test p 7/T/F-test p

Age, years 146 137 .026 0.791
Education —-.181 .064 —-.043 0.661
Years of work experience .160 .103 .054 0.584
Company size —.068 491 -.097 0.327
Satisfaction with material status .091 358 274 0.005
Gender 1.428 156 —0.870 .386
Company activity —0.736 463 —0.248 .805
Country -2.028 .045 —-0.853 396
Engineering profile 2.489 014 1.314 192
Professional status 0.932 397 0.603 .549
Ownership structure 1.740 .164 2.622 .055

4,50 09 o

4,00 3,74

3,50

3,50 -
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2,00

1,50

1,00 -
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Serbia Croatia Technical ‘ Technological
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Fig. 1. Differences between countries and educational profiles in the context of understanding
the meaning of the term TTC.

The association and the differences in socio-demographic variables with the
understanding of the meaning of the term TTC and the development of TTC,
especially by country and especially by engineering profile, have been presented
in Tables V and VI. When it comes to correlations, there are significant and posi-
tive correlations between the satisfaction with material status and the develop-
ment of TTC in the sub-sample of respondents from Serbia, as well as in the sub-
-sample of respondents/engineers of technological sciences (chemical engineer-
ing). This result indicates that the engineers of technological sciences (chemical
engineering) in Serbia, who are more satisfied with their material status, have a
more developed TTC in their environment. Age and work experience achieve
significant and positive correlations with the meaning of the term TTC, on the
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sub-sample of respondents/engineers of technical sciences. When it comes to the
significance of the differences between the groups, the female respondents
achieved higher scores on the understanding of TTC, on the sub-sample of res-
pondents from Croatia, while male respondents from Serbia achieved higher scores
from the companies that are jointly owned, compared to the respondents whose
companies are from other categories of ownership structure. The remaining cor-
relations and differences between groups are not statistically significant. The sig-
nificant differences between groups have been presented in Fig. 2.

TABLE V. Association and differences in sociodemographic variables with the understanding
of the meaning of the term TTC and the development of TTC, especially by country. The
results from the upper part of the table refer to the results obtained using the Pearson
correlation coefficient », while the results from the lower part of the table refer to the results
obtained using #-test for independent samples/one-way analysis of variance

Variable Meaning of the term TTC Development of TTC
Serbia Croatia Serbia Croatia
r/T/F-test p  r/T/F-test p  r/T/F-test p r/T/F-test p
Age, years 0226 .077 0.064 .683 —0.005 967 0.078  .618
Education -0.185 .149 -0.206 .185 —0.138 .285 0.086 .584
Years of work 0.209 .103  0.042 790 0.004 973 0.101 .517
experience
Company size -0.066 .608 0.058 713 -0.153 235 0.058 .712
Satisfaction with 0.088 .497  0.046  .768 311 014 0.193 214
material status
Gender 0928 357 0560 .578 0.287 775 -2.212 .033
Company activity -0.656 515 0.167 .868 —-0.671 .511 0991  .327

Professional status 1.830 .169 0.093 911 0.001 999  1.269 292
Ownership structure 2.189  .099 0.157 .694 3.104 .033 0984 327

The differences by country and engineering profile (technical and techno-
logical sciences), in the context of the remaining continuous measures, have been
presented in Table VII and Fig. 3. Between the engineering profiles, the only
statistically significant differences were identified on the dimensions education
on TTC, where the respondents who belong to technical sciences achieve sig-
nificantly higher scores than the respondents who belong to technological sci-
ences. The remaining differences are not statistically significant, neither when it
comes to the differences between countries, nor when it comes to the differences
between engineering profiles (engineers of technical sciences and engineers of
technological sciences (chemical engineering)).

When it comes to the degree of agreement between the respondents’ state-
ments related to attitudes and beliefs about what TTC refers to, the results (arith-
metic means) have been presented in Table VIII. The results have been presented
for the entire sample of respondents, subsamples by country and subsamples by
engineering profile (technical and technological). Regardless of whether it refers
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to the entire sample of respondents, or about sub-samples with the respect to
country and engineering profile, the highest degree of agreement refers to the
statements related to the development of the awareness of the environmental and
social impact of engineering and technology, the development of the awareness
of the impact of engineering and technology on sustainable development, encour-
aging the development of the awareness about the use of renewable energy
sources, encouraging the interest and forming the positive attitudes among young
people towards technique and technology, developing a responsible attitude
towards work, work tools and one’s own environment, and developing technical
and information literacy.

TABLE VI. Association and differences in sociodemographic variables with the understand-
ing of the meaning of the term TTC and the development of TTC, especially for engineering
profiles (technical and technological). The results from the upper part of the table refer to the
results obtained using the Pearson correlation coefficient », while the results from the lower
part of the table refer to the results obtained using #-test for independent samples/one-way
analysis of variance

Meaning of the term TTC Development of TTC
Variable Serbia Croatia Serbia Croatia
r/T/F-test p  r/T/F-test p  r/T/F-test p r/T/F-test p

Age, years 223 .049 0.202  .323 0.128 262 -0.253 212
Education -0.072  .531 -0.373 .061 -0.022 .847 0.082 .691
Years of work 0.221 050 0.230 258 0.169 .136 -0.206 .312
experience
Company size -0.141 216 0.030 884 -0.181 .111 0.178 .384
Satisfaction with -0.013 913 0.200  .326 0.187 .098  .528 .006
material status
Gender 0.342 733 1.209 238 -1.394 167 0.111 913
Company activity -1.284 203 1.480 .152 -1.443 155 -1.357 .187
Professional status 0.286  .752 1.638 213 0.850 431 1.766  .196
Ownership structure 1.045 .378 1.153 .294 2.144 102 0.053 .820
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Fig. 2. Differences between TTC development in relation to gender (Croatia) and ownerhip
structure (Serbia).
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TABLE VII. Differences in relation to the country and engineering profile, and in the context
of the remaining continuous measures

Item Country Engineering profile
t-Test p t-Test P

Education about TTC -1.932 0.056 2.715 0.008
Promotion of TTC —-1.638 0.104 0.118 0.907
Legal regulations related to TTC —0.614 0.541 0.895 0.373
Development of awareness about TTC 0.067 0.946 0.813 0.418
Cultural factors 0.836 0.405 —0.549 0.584
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Fig. 3. Distinguishing engineers’ profiles based on the cumulative score of three items
pertaining to the significance of education about TTC.

TABLE VIII. The degree of agreement of respondents with the statements related to attitudes
and beliefs about what TTC refers to

Technical Technological
engineers engineers
11.1. Obeying to the norms for the 3.96 4.08 3.62 405 3.84
successful performance of the
work process

No. Statement Total Serbia Croatia

11.2.  Establishment of work procedures 4.11 4.22 3.81 410 4.14
11.3. Creation of quality standards 4.16 4.27 3.85 4.08 4.28
(standardization)
11.4. Unification of the approach to ~ 3.90 3.86 4.00 394 384
technological problems
11.5. Prevention (anticipating future ~ 3.98 4.08 3.69 4.00 3.95
needs for successful work

performance)

11.6. Thriftiness (not spending more ~ 3.90 3.90 3.92 3.84  4.00
than is needed)

11.7.  Paying greater attention to work  4.13 4.19 3.96 415 4.12

efficiency (economy, rationality...)
11.8. Solidarity in the work environment 4.07 4.15 3.81 4.18 391

and cooperation (teamwork)
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TABLE VIII. Continued

Technical Technological

No. Statement Total . . Serbia Croatia
engineers  engineers
11.9. Reliability in people when 3.98 4.08 3.69 4.06 3.86
performing work tasks
11.10. Work discipline 4.01 4.04 3.92 4.02 4.00
11.11. Commitment to work 3.97 4.04 3.77 4.02 3091
(involvement in one's work)
11.12. Developing an awareness of the  4.38 4.42 4.27 432 447

environmental impact of technique
and technology (importance of
environmental protection)
11.13. Developing an awareness of the  4.42 4.47 4.27 437 449
social impact of technique and
technology (human aspect)
11.14. Developing an awareness of the ~ 4.52 4.49 4.62 448 4.58
impact of technique and
technology on the sustainable
development of society
11.15. Encouraging the development of  4.44 4.35 4.69 445 442
awareness about the use of
renewable energy sources
11.16. Encouraging interest and forming 4.45 4.37 4.69 435 4.58
an affirmative attitude, among
young people, towards technique
and technology
11.17. Developing a responsible attitude 4.33 4.29 4.46 442 421
towards work, means of work and
own environment
11.18. Developing technical and IT 4.60 4.57 4.69 4.56 4.65
literacy

Based on the research conducted in Poland, the author implies that technical
and technological culture will be more important in future business environments
and that it should be nurtured in every company, through organizational learning
and continuous improvement.10 The development of students’ professional com-
petences can be developed through the implementation of technical and techno-
logical culture at faculties.!2 The results of the research conducted in Russia indi-
cate that the introduction of content, for the formation of technical and techno-
logical culture among students, as future engineers, enables an increase in the
level of development of technical and technological cultural indicators.!3 In
addition, it ensures the integration of special, professional and technological
training that contributes to the formation of a certain technological view of the
world, and the mastery of technical and technological culture.!3 The results of
the pilot research presented in this paper, which we conducted among the eng-
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ineers of technological (chemical engineering) and technical faculties in Serbia
and Croatia, confirmed that educating young people about technical and techno-
logical culture is perceived as very important. The empirical research was con-
ducted in Hungary with the aim of examining the competencies of undergraduate
engineering informatics students.!7 Based on the obtained results, optional courses
were introduced into the curricula for engineering studies aimed at developing
their communication skills and preparing them for the globalized and competitive
labour market.!7 This research data has also highlighted the importance of team-
work and cooperation. The lack of required skills for the engineering sectors,
which reduces the scope of employment for engineering graduates, is particularly
pronounced in India where only 7 % of engineers are suitable for basic engineer-
ing jobs.!8 Based on the research results, it has been suggested that the profess-
sional skills, as well as social skills, are equally important for future engineers,
and their synergy in higher education can ensure more efficient learning and
teaching processes, and improve the quality of education.!” This is also con-
firmed by the results of our pilot research, which also stresses the development of
technical and information literacy, encouraging interest and forming positive atti-
tudes among young people towards technique and technology. An intervention
implemented, as part of an undergraduate course among chemical engineering
students at Columbia, led to an increase in the students' perceptions of the dev-
elopment of teamwork and collaborative skills.# The approach implemented in
Macedonia and Serbia, called Escape Room, based on teamwork, communic-
ation, cooperation and problem solving, contributed to the promotion of creativ-
ity, critical and logical thinking, a positive attitude towards chemistry and
encouraging student engagement and motivation.8 The project-based learning
and the use of educational projects in science are also some of the powerful tools
for the promotion, the motivation, and the inspiration of scientific and technical
and technological culture.!® The promotional activities are very important for the
development of technical and technological culture, and the results we obtained
through the pilot research indicate that technical and technological culture has
been insufficiently represented in the media, and that it should be promoted, in
particular among experts and engineers. Godin and Gingras present a multidim-
ensional model in which scientific and technical and technological culture is
defined as having two dimensions: individual and collective.!5 They discuss how
this model can be used to define the indicators of scientific and technical and
technological culture, and to understand the role of scientists in the dissemination
of scientific and technical and technological culture.!5> They also state that the
scientific and the technical and technological culture is related to the promotional
and diffusion activities aimed at the general public. Therefore, they point out that
the ability to design and present relevant policies, for the executives and the
managers in the industry, is the capacity to invest wisely in research; to evaluate
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and select new technologies and ensure adequate training of employees and the
proper maintenance of equipment.!5 The results of this research indicate the imp-
ortance of developing an awareness of the impact of technique and technology on
sustainable development, developing a responsible attitude towards work, work
tools and one's own environment, all of which is also a part of a technical and
technological culture. A constructivist approach centred on chemical engineering
students, applied to modernize the chemical engineering curriculum at the level
of the faculty, defines the so-called sensitivities, capacities and competencies
(SCC) as a set of attitudes, skills and knowledge necessary for the integral work
of an engineer.3 They were considered from two points of view: general and dis-
ciplinary training. At the disciplinary level, the historic traditional pillars of
chemical engineering have been preserved using the advantage of academic res-
earch, development and innovation (R+D-+I), an the expertise required by ind-
ustry across the university, in addition to the transversal priority areas for modern
professional chemical engineering.3 The pilot research results obtained in this
paper have presented the following views: developing an awareness of the eco-
logical and social impact of technique and technology, developing an awareness
of the impact of technique and technology on sustainable development, efc.

CONCLUSION

Technology is changing the world, and engineers are the ones who create,
design, and produce everything in our environment, and that is the reason why
their attitudes and beliefs are of importance, because of how the world will look
tomorrow depends on them. In this pilot research, we used a questionnaire des-
igned to examine the attitudes and beliefs of the engineers of technical and tech-
nological sciences (chemical engineering) about the technical and technological
culture, which we believe has been unfairly overshadowed by the innovation and
which is of great importance for the future directions of technical and techno-
logical development, and the engineers as their creators. The results obtained in
this pilot research indicate that our respondents — engineers of technological sci-
ences (chemical engineering) and technical sciences have positive attitudes
towards the statements related to technical and technological culture, but state
that they do not understand the meaning of the term technical and technological
culture, which can be the result of insufficient representation of this topic in the
media, as well as the lack of promotional activities among the general and pro-
fessional public. The greatest misunderstanding of the term technical and techno-
logical culture was expressed by the respondents of technological sciences
(chemical engineering) from Serbia, which could be significant for thinking
about the education of young people, and the organization of promotional act-
ivities at faculties and among the general public. Given that our respondents were
engineers, all interested parties should be involved in the promotion of technical
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and technological culture: from universities, government, the private sector, and
non-governmental organizations. A better understanding of the meaning of the
term technical and technological culture, of the respondents from Croatia, can be
linked to the legal regulations and the existence of laws of technical culture in
Croatia. It is interesting that, although they express a lack of understanding of the
term technical and technological culture, some significant and positive correl-
ations were achieved between the satisfaction with material status, and the dev-
elopment of technical and technological culture in the working environment on
the sub-sample of respondents from Serbia, as well as on the sub-sample of res-
pondents/engineers of technological sciences (chemical engineering). It is indi-
cated that the engineers of technological sciences (chemical engineering) in Ser-
bia, who are more satisfied with their material status, have a more developed
technical and technological culture in their environment. Based on an analysis of
the obtained data, it can be concluded that all respondents agree that young
people should be educated about technical and technological culture, that it is
important to promote it among scientists and engineers, and that the topic of tech-
nological culture should be more represented in the media, and also, the legis-
lation and the law on technical and technological culture should be adopted in
Serbia as well. We hope that these results will stimulate thinking and will be
followed by the specific actions regarding education and the promotion of the
technical and the technological culture, so that all engineers develop positive and
ethical attitudes when creating and applying techniques and technologies in the
future.

The possible limitations of this pilot research are that the research was done
only at the level of two countries, from the same region, so we think that the
research should be extended to all the countries that are mentioned in this paper,
which possess the technical and the technological culture. Therefore, the number
of respondents should be increased in order to obtain more data.

What would be important for further research is to connect with the uni-
versities from all over the world, who have devoted the attention to the education
of future engineers of technical and technological sciences, as well as to the pro-
motion of technical and technological culture among scientists, experts, eng-
ineers and the general public, and the legal regulation of technical and techno-
logical culture.
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“Innovative scientific and artistic research from the FTS (activity) domain”.
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U3BOJI
XEMHUJCKO UHXEBEPCTBO ¥ TEXHUYKO-TEXHOJIOIIKOJ KYJITYPU

JbYBULIA TTIOTIOBUR', HEMAHA CPEMYEB!, DAMIR PURKOVIC? n UJIIMJA ROCHUR!
"Qaxynmem wexnuuxux nayka Hosu Cag, Yrnueepsuiueir y Hogom Cagy, Tpi locuinieja Odpagosuha 6,

21000 Hosu Cag u *University of Rijeka, Department of Polytechnics, Sveucilisna avenija 4,
51000 Rijeka, Croatia

CaBpeMeHe TEXHOJIOTHje KOHTHUHYUPaHO MEHajy YOBEeKa U HEroB OJHOC Ca OKO-
nuHoM. OHe Mory MHOro noctuhu y od1acTu XeMHjCKOT HHXEHBEPCTBA, YUME C€ NM0DOTb-
mwaBa ¥ yHanpehyje KBaJuTeT Jby[CKOT KUBOTA, alM ca APyre CTpaHe, TEXHOIOIHje Ce
MOTYy KODUCTHTH M 33 YHUIITABaWe /bYICKUX ’KUBOTA. TeXHHUKO-TEXHOJOLIKA KYITypa
(y mamem Texcty TTK) je cBeykynHOCT IpyIITBEHUX HOCTUTHyha y odnacTu TeXHUYKO
TEXHOJIOUWIKMX HayKa M BHUXOBE NPHUMEHE, Kao W CBa 3Hama U BEIUTHHE NoTpedHe 3a
pasymeBamwe focTUrayha, BUX0BO NpaBWIHO kopuithewe, npeHoc Ha Miaahe renepaunuje
U CTBapame HOBUX BPEJHOCTH Yy 0BOj odmacTu. Y oBOM papy he dUTH npencTaBbeHO
NUIOT UCTpPakKMBame CIPOBENEHO y LW/bY UCIUTHBama CTaBOBA U YBEPEHA HHXKEHEpPa
teXHOJOWKUX (XeMHjCKO HMH)XKEHWEPCTBO) U teXHUYKUX (aKyaTeTa y HOINENy pasBoja
TTK u yrBphuBama couuo-gemorpadckux dakTopa KOju MOTYy UMATH yTHIAja Ha HeH
pa3Boj. UcTpaxusamwe je crposeseHo y Cpbuju u Xparckoj. Pesynratu ykasyjy na cy
BaxHU acnekTd TTK: pasBoj cBeCTH O OAPKUBOM pasBojy, yTUIIAj HA 3aIUTUTYy KUBOTHE
cpenuHe, UTH. UCIUTaHULM CYy NIPENO3HaIN eTUUKe M3a30Be ca KOjUMa Ce JaHac cyoda-
Bamo, notpedy 3a ysohewme TTK y campxaj obpasoBama MIagux MHKEHEpa U MIPOMO-
uujy TTK y MegujuMa ¥ CTPy4HO] jaBHOCTH.

(ITpumibeHo 9. neuembpa, pesuaupano 19. nenemdpa 2023, npuxsaheHo 22. janyapa 2024)
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Abstract: The risks climate change poses to cultural heritage have garnered inc-
reased attention in recent decades, prompting reactions from organizations such
as UNESCO and ICOMOS. While there is a consensus among heritage actors
that the climate crisis requires a departure from “business as usual”, there is no
unanimity regarding which aspects of heritage protection should remain
unchanged and which necessitate transformation, nor what level of action and
transformation is required. Such disagreements may not always be immediately
apparent, as different approaches are often mentioned within the same policy
paper or call for action. They offer different interpretations of the climate crisis
impacts, different framings of what is at stake, and different political visions
regarding the necessary steps, thus creating tensions. This paper utilizes maxi-
mum variation sampling to identify and analyse groups of approaches through
which climate change has been addressed within the cultural heritage field,
ranging from technical protection to decolonisation. It highlights the signific-
ance of grasping their political and eco-social underpinnings, crucial for foster-
ing transdisciplinary dialogues that draw upon the expertise of natural and
social sciences, engineering and humanities to alleviate tensions, jointly shape
future actions and develop sustainable solutions that respect and protect herit-
age while fostering regenerative socio-ecological relations.

Keywords: climate crisis; approaches; tensions; transdisciplinarity; underpin-
nings.

INTRODUCTION

The global climate is undergoing an unprecedented and rapid change, pri-
marily driven by anthropogenic activities that release greenhouse gases. These
gases trap heat in the Earth’s atmosphere, resulting in a warming (greenhouse)
effect and causing ice to melt, sea levels to rise, and weather extremes to inc-
rease.!-2 The climate crisis is intricately linked with numerous global challenges,

* Corresponding author. E-mail: visnja.kisic@tims.edu.rs
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extending beyond environmental dimensions to impact economic, geopolitical
and social spheres. As a result, there are growing calls for comprehensive and
transformative actions that prioritize regenerative and sustainable practices and
policies in addressing multifaceted issues linked to climate change.

The cultural heritage field has not been left out of such calls. The risks
climate change poses to heritage sites in terms of accelerated degradation or pot-
ential loss have garnered increased attention over the past two decades.3# This
heightened awareness has prompted relevant international organizations, such as
United Nations Educational, Scientific and Cultural Organization (UNESCO)
and International Council on Monuments and Sites (ICOMOS), to initiate various
efforts aimed at assessing the anticipated impacts. However, the protection of
cultural heritage from climate-related hazards still faces challenges in integrating
specially designed measures into national plans for climate change adaptation.’
For instance, a 2022 EU report titled “Strengthening Cultural Heritage Resilience
for Climate Change” highlights that only 12 EU member states include cultural
heritage in their climate change policies.®

The integration of climate change discourse into cultural heritage research,
policy, and practice has taken various forms and is becoming increasingly div-
erse. Spanning disciplines connected to social sciences, humanities and technical
sciences, the heritage field finds itself at the intersection of complementary and
conflicting research theories, methodologies and policy agendas related to
addressing the impacts of the climate crisis.”-8 Critical heritage studies have
drawn attention to tensions between humanities-based approaches to heritage
protection and those primarily grounded in technical sciences, as well as between
normative Western canons governing heritage policy and its global applications,
prompting calls for pluralizing approaches.%10

The range of responses to the climate crisis within the heritage sector is
expanding, encompassing both dominant and marginalized voices. It is evident
that the heritage field is undergoing transformation, with many changes being
driven by concerns related to climate change and its impacts. However, uncer-
tainties persist regarding how the heritage field will address the climate crisis.
Will the focus primarily be on technical adaptations to climate change? Will her-
itage simply adopt environmentally friendly practices and “go green”? Or could
climate change and its associated challenges spur a more profound re-evaluation
and transformation of our societies — consequently reshaping our understanding
of heritage and altering our relationship with the past and the future? In this
article, five group of approaches to climate change within the heritage field are
analysed and discussed, highlighting the diverse heritage politics they embody
and enact.
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METHODOLOGY

The climate crisis introduced novel approaches to heritage protection, each carrying dif-
ferent transformative implications. Despite the variety of approaches within the heritage field,
they are often perceived as part of a unified response to the crisis and the differences often
remain underexplored in heritage research, policy, and practice. The objective of this paper is
to analyse several approaches that address climate change in different manners and elucidate
their implications. The central questions posed are: What approaches can be identified within
the cultural heritage field that address the climate crisis? What themes and interpretations
regarding the connection between cultural heritage and climate change emerge from these
approaches? What are the political implications of these approaches and what visions of cul-
tural heritage and its future are either fostered or hindered by them? To illustrate the diversity
of approaches, the analysis is based on a methodology known as heterogeneous sampling or
maximum variation sampling, deliberately selecting phenomena that exhibit wide variations
from one another.!!2 Consequently, the analysis does not encompass all possible attitudes,
approaches and nuances related to the responses to climate change, but focuses on several
illustrative and diverse phenomena. The aim is to identify their central themes, shedding light
on the diversity of approaches and strategies resulting from the integration of climate change
and broader ecological discourse within the cultural heritage field. In the following section,
five distinct groups of approaches to climate change within the heritage field are identified
and analysed.

FIVE GROUPS OF APPROACHES TO FRAMING CLIMATE CHANGE WITHIN THE
CULTURAL HERITAGE FIELD

1. Protecting heritage against climate change: transformation through technical
adaptation and risk mitigation

Climate change can impact buildings in numerous ways.13:14 The increased
frequency and intensity of extreme weather events, such as hurricanes and floods,
can directly damage buildings. Rising temperatures and more frequent heatwaves
may subject building materials to thermal stress, causing deterioration. Coastal
areas experiencing sea level rise are at risk of flooding and erosion, which can
result in structural damage. Shifts in humidity levels can foster the growth of
mold and fungi, compromising the structural integrity. Altered precipitation pat-
terns may increase exposure to moisture, leading to rot and corrosion. In regions
with permafrost, warmer temperatures can induce thawing, causing ground ins-
tability and affecting foundations. These effects are particularly pronounced in
the case of historic buildings and structures. The majority of historic buildings
and structures were not designed to resist 'new' climate conditions, which makes
those with aged and fragile materials particularly vulnerable to climate change,
while various legal constraints aiming to preserve their original features often
limit the application of advanced climate adaptation techniques commonly used
for modern buildings and structures.!> According to ICOMOS, in technical
terms, “climate change will have an unprecedented impact on what is now con-
sidered to be good conservation practice. Modifications will be required, both to
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better position heritage as an asset in climate action and to address the anticipated
impacts of climate change”.16

Over the past two decades, research on the observed and projected impacts
of the climate crisis on cultural heritage has led to significant advancements in
damage quantification and risk assessment, which are crucial for making inf-
ormed decisions and implementing effective protection measures.!” A dedicated
scientific field has emerged within cultural heritage studies and practice, focusing
on the optimal ways to technically safeguard heritage amidst climate change.!8:1°
They encompass a range of measures and actions, including vulnerability and
risk assessments, implementations of risk and disaster mitigation measures, cli-
mate change adaptation strategies, as well as preparedness, response and rec-
overy actions.20:2! It is important to note that the conservation profession has
long utilized scientific techniques to monitor and assess the impact of tempera-
ture, moisture, and winds, but also earthquakes, floods and droughts on cultural
heritage sites.22

The group of approaches advocating for the protection of heritage amidst the
climate crisis through technical adaptation and risk mitigation provides valuable
guidelines for enhancing conservation practices. It prioritizes objectivity and sci-
entific grounding, focuses on the technical conditions of cultural heritage, and
utilizes technical data to comprehensively assess the impacts of climate change.
However, while these approaches recognize the reality of the climate crisis, they
tend to neglect the broader economic, political, social, cultural and systemic dim-
ensions underlying it. Instead, they often view the climate crisis solely as a threat
that requires mitigation, posing challenges to heritage conservation efforts. Con-
sequently, these approaches frequently overlook the deeper societal transform-
ations needed to effectively respond to the climate crisis, including the potential
role heritage might play in facilitating such transformations. This is where ten-
sions between humanities-based approaches to heritage protection and those pri-
marily grounded in natural sciences and engineering arise. In addition, some
voices within this group advocate for the involvement of local communities in
risk mitigation, recognizing heritage as a resource that can enhance community
resilience and rootedness in the face of climate change.?3 They also emphasize
the importance of “finding alternative ways and means of sustaining heritage sig-
nificance amidst a changing climate” and ensuring that heritage responses to cli-
mate change are “holistic” and that they “include the social, environmental and
cultural dimension of sustainability”.24

2. Re-interpreting heritage for climate action: raising public awareness and
inspiring transformation by representing ,, climate-responsible *“ past practices

Climate change science and policy often fail to provide ideas and imagin-
aries for post-carbon ways of living. This lack of imagination and alternatives is
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increasingly being addressed within the heritage field. The fundamental questions
are: What lessons can contemporary societies learn from ancient civilizations that
thrived in pre-carbon eras to enhance resilience, adaptability, and environmental
consciousness? Simultaneously, what insights can we glean from the petrocul-
tures and heritage of the anthropocene to guide us forward? For instance, Int-
erpret Europe’s (European Association for Heritage Interpretation) workshops
“Heritage Interpretation for Climate Cooling” drew attention to ‘the power of the
past’ in terms of evoking how humans lived before the fossil fuel era and explor-
ing how “heritage interpretation could be a way to engage more people with the
issues surrounding the climate chaos we are facing”.25 This exemplifies a group
of approaches that focus on the interpretative, educational, and awareness-raising
potential of heritage to help societies react to climate change. In such approaches,
prominent themes include leveraging the attachment to a place that heritage fos-
ters to galvanize climate action, utilizing cultural heritage to underscore the urg-
ency of responding to climate change, and learning about adaptation and mitig-
ation strategies from cultural heritage.26 Furthermore, these approaches stress
that “traditional knowledge, buildings, and landscapes” predating the fossil fuel
era can illuminate the path to “post-carbon living”.27

This group of approaches acknowledges a fundamental critique inherent in
the anthropocene narrative: that the industrial revolution and reliance on coal and
fossil fuels have triggered unprecedented environmental destruction and have
significantly influenced climate change.?8 However, what they often overlook are
the colonial and anthropocentric historical practices that facilitated the emer-
gence of the global “capitalist world-ecology”.29 The primary challenge faced by
these approaches is political in nature, i.e., how the narrative of climate change is
constructed and how pre-carbon societies are interpreted will shape the political
visions promoted through heritage.

3. Greening heritage: embracing transformations in line with green policies

Heritage advocates often highlight the sustainability of existing buildings,
emphasizing that “the greenest building is... one that is already built”.30 They
also stress the mitigation benefits of minimizing the introduction of new mat-
erials that contribute to additional carbon emissions during production.3! How-
ever, many practices deeply engrained in the heritage sector are now under scrut-
iny due to climate change. This includes examining the energy requirements of
heritage and museum buildings, as well as evaluating lighting, cooling and hum-
idity standards for their safeguarding. Therefore, the pressing question is how to
make heritage (and museums) “green” and transition to post-carbon modes of
functioning. The “greening” group of approaches offers a variety of strategies to
address this challenge, such as ecological footprint calculations, ongoing moni-
toring, improving energy efficiency, transitioning to green energy sources, red-
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ucing waste, promoting reuse and recycling, implementing new legal regulations,
as well as introducing principles and practices of the circular economy.

In its political underpinnings, this group of approaches aligns with green pol-
icies and assumes public funding for structural transformations, while predomin-
antly relying on market-led solutions for the implementation of renewable tech-
nologies. However, despite being labelled as green, these approaches are firmly
rooted in anthropocentric world relations.32 The danger lies in the possibility that
“green transformations” of heritage may further exacerbate existing geopolitical
and economic inequalities, including climate injustices, as green deal-type invest-
ments and transitions are primarily affordable in the wealthiest countries of the
Global North.

4. Opposing extraction and exploitation through heritage safeguarding

The discourse on climate change is increasingly intertwined with efforts to
preserve both natural and cultural heritage, aiming to prevent further extraction,
exploitation, and destruction of urban and rural areas and landscapes. However,
many “sustainable development” and “green” agendas have prioritized economic
goals over social and ecological concerns, often tolerating cultural and territorial
destruction in the pursuit of economic progress.33 In response, a group of
approaches has emerged, involving individuals and groups within the heritage
sector, as well as local communities, who view heritage safeguarding as a polit-
ical opposition to the dominant capitalist system characterized by extraction, exp-
loitation and destruction. These actors advocate for a reconsideration of
approaches to heritage amidst climate change by defending heritage on a local
level against the “development” plans of large corporations and speculative
investor-led projects. The case of Rosia Montana, a mining town nestled in the
mountains of Romania, exemplifies this group of approaches. The Rosia Mon-
tana Project, initiated in the 1990s, aimed to establish Europe’s largest open-pit
gold mine, spearheaded by a Canadian mining company. As local opposition to
the project grew, it was joined by environmental and cultural heritage organiz-
ations, leading to the framing of Rosia Montana as a mining cultural landscape.
Themes of safeguarding versus extraction and destruction, localized relations
versus globalized capital interests, community versus profit and environmental
protection versus pollution were evident in protests, media coverage and legal
battles.34 While climate change was not the central focus, concerns about biodiv-
ersity loss and territorial destruction were present. After two decades of struggle,
Rosia Montana was ultimately inscribed on the UNESCO World Heritage List.35

The approaches exemplified by Rosia Montana embrace an inclusive and
democratic vision of heritage, broadening its scope to encompass more com-
munal and localized aspects. These approaches are transformative in a critical
and oppositional manner, mobilizing local communities to safeguard their herit-
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age in the face of potential destruction. They situate climate change within the
Capitalocene discourse, opposing the narrative of the “Anthropocene era” and its
underlying logic of perpetual exploitation. However, there is a risk that some of
these approaches may be co-opted within the capitalist logic of heritage-led
regeneration, thus it is crucial to distinguish between heritage-making actions
that foster commoning and those that commodify heritage.3¢

5. Decolonizing heritage and conservation for climate action

While a significant number of policy texts and guidelines on climate action
and heritage make references to indigenous wisdom and ancestral knowledge,
there is a lack of meaningful effort to truly reconsider and reimagine the heritage
sphere from indigenous ontological and epistemic perspectives. However, there
is a distinct group of approaches aiming to revive what has been erased, marg-
inalized and colonized through promoting regenerative, interspecies practices of
care. These initiatives start from the premise that prevailing modern heritage is a
product and reflection of colonial, anthropocentric and capitalist histories and
politics. They primarily originate from indigenous communities in the Global
South, seeking to reclaim their local knowledge as part of efforts to decolonize
heritage and conservation practices.3” Unlike the aforementioned approaches that
are grounded in anthropocentric ontologies and epistemological positions, this
group addresses heritage and climate change through the lens of “Epistemologies
of the South”.38 The central focus of these approaches is the revival of indi-
genous cosmovisions grounded in interspecies care, kinship and local ancestral
practices. In this context, heritage is conceptualized as intricately tied to the terri-
tory and encompassing all spiritual and material relationships spanning generat-
ions, varying from place to place and from community to community. Examples
of these approaches, which seek to interlink biological, cultural, ancestral, terri-
torial and spiritual aspects of heritage, include the practice of “sacred agriculture”
by the Xukuru do Ororubé Indigenous people in the state of Pernambuco, Brazil,
and the establishment of the Indigenous Devenir University in the Inga territories
of the Andean Amazon, Colombia, which fosters land-based learning, ancestral
wisdom and multispecies care. These approaches frame climate change within a
call for radical eco-social transformation and decolonization. Their essence is
deeply political, insisting on rethinking heritage in conjunction with challenging
dominant global economic and social relations and structures.

CONCLUSION

In this paper, various lenses have been identified for analysing and categor-
izing the multitude of approaches to climate change within the heritage field. The
presented categorization is not exhaustive, while also concealing potential inter-
connectedness between approaches belonging to different groups. For instance,
some approaches focusing on heritage transformation through technical adapt-
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ation and risk mitigation can complement the goals of green transformation or
align with local and indigenous efforts to decolonize heritage and conservation
practices. The greening of heritage can intersect with broader questions of col-
onialism and capitalist extraction, while local and indigenous communities may
draw from the technical or greening toolbox to achieve energy autonomy. Reint-
erpreting the heritage of pre-carbon societies can involve both green transform-
ation of heritage and its examination through decolonial and anti-capitalist
lenses. These interconnections demonstrate that tensions between the approaches
to climate change within the heritage field are not necessarily inherent and sug-
gest that collaborative and holistic approaches could help alleviate them, while
also leveraging the diverse strengths of each approach.

While climate change is often depicted as an all-encompassing and uncon-
trollable crisis necessitating unprecedented actions, dominant discourses on the
subject tend to perpetuate the status quo. Notions of “humanity as a whole” and
universal “techno-optimistic” solutions prevalent in these discourses often obs-
cure important political questions. According to Swyngedouw, the emphasis on
the “Spectre of Climate Change” serves to normalize the current neoliberal order
and economic practice, thereby hindering calls for radical transformations.39
Given this context, it is plausible that the heritage field may also adopt these
dominant discourses. What remains obscured in such narratives are the issues of
climate injustices and their colonial, capitalist and anthropocentric roots. There-
fore, it becomes increasingly vital to recognize heritage studies and practices as
political and as bearing significant eco-social implications.

This article demonstrates that responses to the climate crisis within the herit-
age field are diverse. Each group of approaches is deeply rooted in specific ideas
about heritage and necessary changes, shedding light on their eco-social and pol-
itical underpinnings. A comprehensive understanding of these underpinnings is
essential for fostering transdisciplinary and inter-sectoral dialogues, drawing
upon the expertise of natural and social sciences, engineering, as well as human-
ities, to collaboratively shape future transformative actions that are responsive to
the complexities of climate change and its intersection with heritage. Ultimately,
the goal is to develop sustainable solutions that respect and protect heritage while
fostering regenerative socio-ecological relations.
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U3BOJI

KYJITYPHO HACJIEBE ITPE]] U3A30BUMA KIIMMATCKUX ITPOMEHA: O] 3AIITHUTE
IO OEKOJIOHU3ALIUJE

UPUHA CYBOTUR!, BULLIthbA KUCUR? u JEJAHA HEJYUUH!

"axynmem mexnuurux nayxa, Ynusepsuiiemi y Hosom Cagy u *@axyniieisi 3a cHopim u HCUX0N0TUjy,
EZIYKOHC Yuusep3utuein, Hosu Cag

Pusnuu xoje k1MMaTcKke MIPOMEHE NpefCcTaBsbajy 3a KyJATYpHO Haciehe usaspanu cy
BEJIMKH UHTEPEC, TOKOM NPETXOAHUX JielleHHja, U MOACTak/Ju OpraHu3alyje Kao IITO Cy
UNESCO u ICOMOS Ha peakuujy. Mako cy aktepu y odnactu KyaTypHor Haciaeha jen-
HOTJIaCHU Jia KJIMMATCKe MPOMeHe 3aXTeBajy OICTylawme of ,yoduuajeHor HauyHuHa eJo-
Bawa“, Mehy BHUMa He NOCTOjU KOHCEH3YyC OKO TOTa KOjHU aCHeKTH 3alUTUTe KyJTypHOT
Hacsneha Mory ma ce ofBHjajy mo yobuuajeHUM mpouernypama, a koje tpeda Tpancdop-
MUCATH, Kao HY OKO NMOTpedHUX HUBOA JeloBama U TpaHcopmauuja. Taksa Hecjlarawa
HUCy yBEK BUAJbMBA Ha NPBU MOIJIE] M3 pasjora IITO CE PAa3JMYUTH NPUCTYNH YECTO
NOMUBY Y OKBUPY HUCTOT JOKYMEHTA WIH MO3WBA Ha akuujy. OBU MPHUCTYNH UMajy pas-
TUYUTA TyMayema yTHUIaja KIMMATCKe KpH3e, pas3jnyuTa pasymeBama OHOra LITO je
yJIoT, Kao0 ¥ pa3jIuYuTe NONUTHYKe BH3Hje 0 TOMe Koje Kopake Tpeda mpenyser, IITO
pe3ynTupa TeH3WjaMa. Y 0BOM pazly KOPHUCTH Ce Y30pKOBake MaKCHMaJHUX BapHjaludja
na U ce uAEHTU(UKOBAIO U aHAJIU3UPAIO MeT Irpyna NPUCTyla Kpo3 Koje Cy KIMMart-
cke npomeHe obyxsaheHe y obnacTu KkynaTypHor Hacieha, of TeXHWYKe 3alUTUTE A0
IeKoJoHU3anuje. YKa3yje ce Ha 3Ha4yaj pa3yMeBamba HUXOBUX MOJTUTHUYKUX U €KO-APYI-
TBEHUX OCHOBQ, IITO je K/bYYHO 3a MOACTHLame TPAaHCAUCUUIUIMHAPHUX AHjanora Koju
Cé 0C/Iamajy Ha eKCIepTH3y NPUPOAHUX, UHKEHEPCKUX U NPYLITBEHUX HayKa U HHXKe-
BEpPUHTa Kako Ou ce ydnaxuine TeH3uje, 3ajeIHHUYKHN odnukoBasne dynyhe axiuje u xpe-
upasa OAp’KMBa pelllema koja MOIITYjy U WITUTE Haciehe.

(TIpumisero 9. hebpyapa, pepunupano 1. mapra, npuxsaheno 18. mapta 2024)
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