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Evaluation of a 3D osteosarcoma model:
Experimental studies and mathematical modelling of drug response

Marija B. Pavlovi¢?, Ivana D. Baniéevi¢', Radmila M. Jankovi
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¢2, Jasmina J. Stojkovska® and

1University of Belgrade, Faculty of Technology and Metallurgy, Belgrade, Serbia
2University of Belgrade, Faculty of Medicine, Belgrade, Serbia

Abstract
Osteosarcoma remains a significant clinical challenge, with poor outcomes in metastatic ORIGINAL SCIENTIFIC PAPER
cases and slow progress in the development of novel therapies. In this work, a previously
developed 3D osteosarcoma model, comprising bone-mimicking macroporous alginate
scaffolds with hydroxyapatite particles and a perfusion bioreactor, was evaluated as a tool
for anticancer drug testing. Murine osteosarcoma cells (K7M2-wt) were seeded onto the
scaffolds (15x10° cells per cm3) and cultured statically for 1 day. In two experimental series,
scaffolds were then exposed to doxorubicin (1 pg cm3) under perfusion for 1 or 3 days
(40 pum s superficial velocity), modelling post-resection conditions with predominantly
individual or loosely aggregated cells. In two additional series, the same treatments were
applied after 7 days of perfusion, when compact spheroids had formed, mimicking
established tumours. Histological analysis and MTT assay were used to assess cell morpho-
logy and metabolic activity. Short-term treatment had negligible effects, while prolonged
exposure significantly reduced metabolic activity of individual cells, but spheroid-like
structures exhibited increased doxorubicin resistance. To rationalize the results from the
first two series, a mathematical model was developed describing drug transport, intracellular
accumulation, cell proliferation, and cell death. The model captured the initial treatment
phase, but overestimated the effect of prolonged treatment, suggesting additional
resistance mechanisms. Overall, the results demonstrate the potential of this 3D model for
anticancer drug evaluation.
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1. INTRODUCTION

During past decades, the incidence of malignant bone tumours has shown a slight increase [1]. This is also the case
for osteosarcoma, a primary malignant bone tumour that most commonly affects adolescents and young adults during
the period of pubertal growth but also occurs in older patients [2] with an overall annual incidence of approximately 3.4
cases per million people [3]. The current way of treating osteosarcoma includes neoadjuvant chemotherapy followed
by surgical resection of primary tumour and all clinically detected metastases. After surgery, adjuvant chemotherapy is
given to eliminate any remaining cancer cells, which may persist and contribute to relapse and poor clinical outcomes.
Chemotherapy is administered in multiple cycles with chemotherapeutic drugs given over one or several consecutive
days, followed by a recovery period before the next cycle [3]. The drugs currently in use have remained largely
unchanged for 30 to 40 years and attempts to optimize standard therapy over the past 20 years have not yielded
significant improvements [4]. Therefore, there is a strong need for the development of new therapies, particularly for
patients diagnosed with metastases and those experiencing relapse. However, the validation of new drugs is a time-
consuming process, and many potential drug candidates fail in clinical trials, often due to the limitations of experimental
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preclinical models [5]. Among these, animal testing and cell cultures grown in a monolayer (two-dimensional (2D) cell
cultures) are still widely used in preclinical research and can provide valuable insights into drug response. However,
animal testing can be very costly, raises ethical concerns, and the results are not always reproducible or reliably
translatable to humans [6]. In contrast, 2D cell cultures enable rapid, simple, and highly reproducible testing; however,
they do not faithfully represent the complex in vivo environment in which osteosarcoma develops and progresses.
Three-dimensional (3D) osteosarcoma cell culture models offer an additional level of complexity and can more closely
mimic the in vivo tumour environment, including cell-cell and cell-microenvironment interactions, thereby enabling a
more comprehensive evaluation of anticancer drug efficacy [7]. For example, 3D multicellular tumour spheroids, which
are aggregates formed by cancer cells, represent a relatively simple model in which cells secrete extracellular
matrix (ECM) and exhibit behaviour similar to that observed in vivo [8]. They can be cultured under static conditions or,
for improved mass transport, in microfluidic devices and biomimetic bioreactors [9]. Furthermore, to better mimic the
tissue ECM, spheroids can be directly encapsulated within biomaterial scaffolds, or individual cells can be seeded onto
scaffolds and allowed to subsequently form aggregates. Scaffolds for osteosarcoma models aim to imitate the structure
and composition of bone tissue ECM, which consists of an organic phase (predominantly collagen) and a mineral,
inorganic phase (predominantly hydroxyapatite). Accordingly, composite scaffolds combining polymers and mineral
particles offer an attractive approach for 3D cell cultures, as demonstrated by alginate-calcium phosphate scaffolds,
which supported osteosarcoma cell growth [10]. In addition to having a suitable composition, scaffolds are typically
highly porous with interconnected pores of at least 100 um in diameter, to enable effective osteosarcoma cell adhesion
and efficient nutrient transport, thereby supporting cell survival and function [11-13]. Mass transport within such
scaffolds can be enhanced using perfusion bioreactors that provide also relevant hydrodynamic shear stresses [14,15].
It has been shown that perfusion can efficiently mimic functional features observed in vivo, promote cell aggregation
and spheroid formation, and thereby contribute to the development of a more physiologically relevant tumour model,
supporting reliable testing of anticancer compounds [16,17].

3D models are also powerful tools for quantitatively analysing experimental results through the mathematical
modelling, particularly in relating anticancer drug transport and cellular responses [18]. A comprehensive understanding
of pharmacokinetic and pharmacodynamic processes is crucial for linking drug exposure to these responses [19].
However, establishing a quantitative relationship remains challenging, as cytotoxic effects often occur with a delay and
involve complex intracellular cascades that are difficult to capture with simple models [20,21]. To address these
challenges, various modelling approaches have been proposed. Some models assume that cell death is directly related
to extracellular drug concentration, while others relate it to the area under the concentration-time curve (AUC) or use
a Hill-type dependence [19]. In contrast, Eliaz and coworkers assumed that the cytotoxic potency of a drug is a function
of the intracellular drug amount in a critical cellular compartment, rather than the drug concentration in the surrounding
medium. In this model, cell death begins after a lag phase, as observed experimentally, and the total number of viable
cells at any given time is determined by the balance between cell proliferation and drug-induced cell death [22].
However, these studies were performed in cell monolayers, while relatively few studies focus on more relevant 3D
systems integrating drug transport, intracellular accumulation, and cellular response.

The aim of the present study was to investigate the potential of a previously developed 3D osteosarcoma cell culture
model based on the use of macroporous composite alginate hydrogel with mineral particles as a cell carrier in a
perfusion bioreactor, for assessing the effects of anticancer drugs [10]. In the present work, hydroxyapatite particles
were used as a mineral phase, while doxorubicin was selected as a model drug. Specifically, the drug was applied both
to scaffolds immediately after cell seeding and to cultured cell-seeded scaffolds after spheroid-like structures had
formed. This approach allowed us to evaluate the effects of doxorubicin on individual and loosely aggregated cells
simulating the post-surgical scenario with residual cancer cells, as well as on spheroid-like structures formed during
perfusion culture, representing neoadjuvant chemotherapy conditions. Four experimental series were performed, in
which doxorubicin was used at a concentration and treatment regime relevant for clinical application (1- and 3-day
exposure). Finally, to rationalize the experimental results, an attempt was made to develop and apply a mathematical
model describing doxorubicin transport, intracellular accumulation, and cell proliferation and death within the perfused
scaffolds based on the model proposed in literature [22].
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1. MATERIALS AND METHODS

2. 1. Materials

For the preparation of macroporous scaffolds, low-viscosity sodium alginate (A3249) was purchased from AppliChem
(Germany), hydroxyapatite (HAp; particle size 2.5 um, surface area > 80 m? g?) and calcium chloride dihydrate
(CaCl2:2H20) were obtained from Sigma-Aldrich (USA), isopropanol was purchased from Zorka Pharma (Serbia), and
disodium ethylenediaminetetraacetate dihydrate (Na:-EDTA:-2H20) was supplied by HiMedia Laboratories Pvt. Ltd.
(India). High glucose Dulbecco's Modified Eagle's medium with L-glutamine (DMEM) was obtained from Biological
Industries (Israel), fetal bovine serum (FBS) from Gibco (Brazil) and penicillin/streptomycin solution from Sigma-Aldrich
(Israel). Phosphate-buffered saline (PBS), trypan blue solution and trypsin-EDTA solution were obtained from Sigma-
Aldrich (USA) and doxorubicin from Ebewe (Austria). MTT solution (3-(4,5-dimethylthiazol-2-yl)-2,5-dyphenyl
tetrazolium bromide) was purchased from Sigma (USA), dimethyl sulfoxide (DMSO) from Fisher Scientific (UK),
formaldehyde solution (35—-37%) from NRK InZenjering (Serbia) and hematoxylin-eosin (H&E) staining solution from
BioGnost (Croatia).

2. 2. Cell culture

Murine osteosarcoma cells K7M2-wt (ATCC® CRL-2836™, USA) were cultured in T-flasks in complete culture medium
(cDMEM), containing DMEM, 10% fetal bovine serum and 1% penicillin-streptomycin solution under standard conditions
(37°C, 5% CO2in a humidified atmosphere). When the confluence of about 80-90% was reached, the cells were detached
by using trypsin /EDTA solution. Briefly, the attached cells in T-flasks were washed twice with 5 cm3 PBS and treated
with 1 cm? of trypsin/EDTA solution for 5 min at 37 °C, which was then neutralized with cDMEM. The resulting cell
suspension was collected, transferred to a centrifuge tube, and centrifuged at 1200 rpm for 5 min to obtain a cell pellet.
The pellet was then resuspended and used for cell counting and preparation of the cell suspension for seeding.

2.3. Production of macroporous composite alginate scaffolds

Macroporous composite alginate scaffolds were produced according to a previously established procedure [23].
Hydroxyapatite powder (HAp) was dispersed in a 0.33 wt.% CaCl2-2H20 solution using an ultrasonic probe (750 W, 30
s). The obtained dispersion (10 wt.% HAp; 0.30 wt.% CaCl2-2H20) was mixed with 2.5 wt.% Na-alginate solution under
intensive stirring to avoid early gelation, resulting in a final mixture containing 2 wt.% Na-alginate, 2 wt.% HAp, and 0.06
wt.% CaCl2-2H20. The mixture was poured into a previously activated dialysis tubing (2.5 cm in diameter, 15 cm in
length), activated by boiling in 10 mM Na2-EDTA-2H,0 for 30 min and subsequently immersed in 3.97 wt.% CaCl2-:2H.0
solution under slow stirring for 24 h. Following replacement with a fresh solution, incubation continued for another 24
h to ensure complete gelation. The obtained composite cylinders were then rinsed with distilled water, dried, placed in
a freezing container filled with isopropanol and frozen overnight at a controlled rate down to —70 °C. The frozen samples
were lyophilized (-70 °C, 0.011 mbar, 24 h) in a freeze-dryer (Beta 2-8 LDplus, Martin Christ Gefriertrocknungsanlagen
GmbH, Germany) and then sterilized by UV irradiation for 30 min.

2. 4. Cell seeding

Prior to cell seeding, the obtained dry composite cylinders were immersed in complete cell culture medium and
incubated for 1 h. After incubation, the cylinders were cut into disc-shaped scaffolds approximately 4.5 mm thick, which
were then placed in 24 well plates, covered with 125 mm?3 of complete culture medium, each, and left in an incubator
for 3 h. After the rehydration, the dimensions of each scaffold were measured using a vernier caliper. The final scaffolds
had an average diameter of 9.0 + 0.3 mm and average thickness of 4.4 £ 0.4 mm (determined for n = 18). For cell seeding,
each scaffold was placed in a well of non-adherent 12-well plates and the cell suspension (167x10° cells per cm3) was
poured onto the upper scaffold surface (42.6 + 5.4 mm?3), so to obtain a nominal cell density of 15x10° cells per cm? of
scaffold volume. The plates were then placed in the incubator for 1 h, after which 2.5 cm® of complete medium was
added to each well to fully submerge the scaffolds. The scaffolds were then incubated at 37 °C in a humidified
atmosphere containing 5 % CO2 and cultured for 24 h to ensure initial cell adhesion and adjustment to the scaffolds.
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Cell seeding efficiency (E) was calculated as the difference between the initial number of cells in the suspension and
the number remaining in the medium 24 h after seeding, divided by the initial cell number. Cell numbers were
determined by the trypan blue exclusion method using a hemocytometer and an inverted optical microscope Olympus
CKX53 (Olympus, Japan). It should be noted that this calculation assumes negligible cell proliferation in the medium or
on the well bottom during the initial 24 h of static culture, which may not be entirely accurate. Therefore, the actual
seeding efficiencies may be somewhat higher than the calculated values.

2. 5. Perfusion bioreactor culture and doxorubicin treatment

In all experiments, following the initial 24 h static culture, perfusion cultures were established in “3D Perfuse”
perfusion bioreactor systems (Innovation Center of the Faculty of Technology and Metallurgy, University of Belgrade,
Serbia) (Figure 1a). In brief, each cell-seeded scaffold was placed in a separate bioreactor chamber formed by a piece of
silicone tubing (12 mm in diameter, 30 mm in length) and each bioreactor chamber was then connected to a separate
recirculation loop including a medium reservoir, silicone tubing for medium recirculation and gas exchange, as well as
two syringes for medium exchange. Each system was filled with 15 cm?® of cDMEM and placed in a humidified incubator
(37 °C, 5% CO2). In all experiments, the systems were continuously perfused by a multichannel peristaltic pump
(Shenzhen, China) at a flow rate of 0.27 cm3® min™ corresponding to the superficial velocity of 40 um s. Four
experimental series were performed in which doxorubicin was added to the medium in the reservoir at a concentration
of 1 pug cm3. In the first two experimental series the treatment started immediately after the systems were established
and lasted for one and three days, respectively, in order to assess the drug effects on individual and loosely aggregated
osteosarcoma cells. In the remaining studies, the cell-seeded scaffolds were cultured under continuous medium
perfusion for 7 days to allow for the spontaneous formation of spheroid-like structures, after which they were treated
with doxorubicin for one and three days. In the case of the three-day treatments, the treatment medium was completely
replaced daily with a fresh dose of doxorubicin added to the reservoir. In all experiments, untreated perfused cultures
served as controls. For each experimental group, at least two scaffolds (and in some cases three) were used in each
experiment. All experiments involving three-day treatments of individual and loosely aggregated cells, and spheroid-
like cultures were independently repeated twice.

a) b)

ideal Ug, Caz | ideal plug
flow reactor

continuous Caz
stirred-thank

[~ medium

reservoir

Vi, T1, Caz Vs, T2

—_ coil for
gas exchange

e Bl R R -—— CA1
\ Uo, Ca1

peristaltic .
pump incubator

Figure 1. Perfusion bioreactor system consisting of a bioreactor chamber, tubing for medium recirculation, a medium reservoir, and
a peristaltic pump that provides continuous medium flow: a) schematic presentation of the experimental system (modified with
permission from [24]); b) model of the system consisting of a plug flow reactor with volume V,and residence time t,, and an ideally
stirred vessel with volume V1 and residence time ti1; uo represents the volumetric flow rate through the system, while ca; and ca; are
the doxorubicin concentrations in the vessel (and at the reactor inlet) and at the reactor outlet, respectively

2. 6. Analytical methods

2.6.1. MTT assay

The MTT assay was used before and after bioreactor cultures to assess the cell metabolic activity within the scaffolds.
An MTT stock solution (5 mg cm™ in PBS) was diluted with cDMEM to a final concentration of 0.5 mg cm3. One scaffold
or a half of a scaffold was covered with 2 cm?® of MTT solution (0.5 mg cm™3) and incubated for 3.5 h at 37 °C. After
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incubation, the scaffolds were cut in small pieces, and the formed formazan crystals were dissolved in 4 to 7 cm® DMSO
using an optimized sequential procedure (sequential additions of 1 to 1.5 cm3 every 20 min). After each extraction, the
DMSO was collected separately and replaced with fresh DMSO; finally, the absorbance was measured in the combined
collected solutions at 570 nm using a UV-1800 spectrophotometer (Shimadzu, Japan), with DMSO as the blank.

2. 6. 2. Histological analyses

After removal from the bioreactor chambers, the scaffolds (either entire or halves) were immersed in 4 % pH-neutral
buffered formaldehyde (10 % formalin) for at least 24 h followed by dehydration through a graded series of ethanol solutions
(70, 96 and 100 %), clearing in xylene, and embedding in paraplast (Sakura Tissue-Tek TEC, CA, USA). The embedded scaffolds
were sectioned using a microtome (Leica Reinhart, Austria; Leica SM 2000 R, Germany) to obtain 5 um-thick cross-sections,
which were then stained with H&E [25]. Formed spheroid-like structures were analysed by scanning the cross-sections using
an Olympus DP70 camera connected to a light microscope (Olympus BX51, Japan) and evaluated for the number as well as
the size and shape using AperiolmageScope (Leica Biosystems Imaging, Inc., USA, https://www.leicabiosystems.com/digital-

pathology/manage/aperio-imagescope/) and Image) software (https://imagej.net/ij/) respectively.

2. 6. 3. Statistical analysis

Data were analysed using one-way ANOVA, followed by Welch’s two-sample t-tests for comparisons between groups
(two-tailed) using Microsoft Excel software (Microsoft Corp., USA). All quantitative data are expressed as a mean *
standard deviation. Statistical significance is accepted as p <0.05.

2. 7. Mathematical modelling of doxorubicin transport and effects on cells

A mathematical model of doxorubicin transport and accumulation in cells coupled with cell proliferation and death
was derived with the aim to quantify the effect of doxorubicin treatment on individual cells in the 3D osteosarcoma cell
culture model. The case of a 3-day doxorubicin treatment was modelled, in which the medium was replaced, and a fresh
dose of doxorubicin was added at the beginning of each day. The experimental recirculation system (Figure 1a) was
modelled as a plug flow reactor connected with an ideally stirred vessel (Figure 1b). During each pass through the
scaffold, represented by the reactor, doxorubicin is taken up by the cells, resulting in a decrease in drug concentration
in the medium. The medium then enters the vessel, where perfect mixing is assumed, before returning to the scaffold.

The scaffold is represented as a plug flow reactor with a volume corresponding to the void volume of the scaffold pores.
The doxorubicin concentration (ca) decreases along the reactor length due to cellular accumulation at a rate (-ra), yielding
Equation (1):

-dc, =-r, dr, (1)
where 12 is the reactor residence time. Accumulation of doxorubicin in cells was assumed to follow the first-order
kinetics, Equation (2) based on the experimental data in literature [22]:

—C::IL: =kc,Nq, (2)
where na is the total intracellular amount of doxorubicin accumulated in all cells, k is the uptake rate constant and Neceil
is the total number of cells. Dividing Equation (2) by the volume of the plug flow reactor (V>) yields an expression for
the accumulation rate (-ra), which can be then substituted into Equation (1) to provide a differential Equation (3):

d kN
_i — cell dz_2 (3)
& Y

Integration of Equation (3) provides the change in drug concentration during a single pass through the scaffold,
Equation (4):

'cheIIrZ
_ 72
Cpy=Cpi€ (4)

where ca1 and caz2 represent the doxorubicin concentration in the medium at the reactor inlet and the outlet, respectively.
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In the reservoir, the medium is perfectly mixed, resulting in a governing equation for the change in doxorubicin
concentration, Equation (5):
dc
(CAZ “Ch ) = d_:_171 (5)
where 11 is the residence time of medium in the reservoir (including the tubing volume). The total number of viable cells
in the scaffold depends on time (1) and is determined by the balance between the rates of cell proliferation and cell
death induced by doxorubicin accumulation described by differential Equation (6) [22]:

dn
—<L = (k,-k,nA, )d7 (6)

cell
where ks is the rate constant of cell proliferation, ku is the rate constant of cell death, and nai is the intracellular amount
of doxorubicin per cell. However, according to literature [22], a lag time of 3 hours was assumed, during which the cells
proliferate and the intracellular amount of doxorubicin increases without any apparent effect. Thus, during this period,
Equation (6) reduces to Equation (7):

dI\/cell _k d
P _ g dr 7)
Ncell

Change in the total intracellular amount of doxorubicin accumulated in all cells within a scaffold (na) over time is
calculated from the mass balance of doxorubicin in the reactor, as given by Equation (8):

(CAl €2 )Vo=dﬂ (8)
dr
where 1o is the medium flow rate. The amount of drug per cell is then obtained by dividing this value by the total number
of viable cells in the scaffold and adding it to the previously accumulated intracellular amount (naiprev), as described by
Equation (9):

dn,

nAi Ai,prev

cell

The resulting system of ordinary differential equations was solved numerically in Python using the Runge-Kutta
method [26]. The procedure started by solving Equation (5) for one pass through the reactor, lasting t2. The amount of
doxorubicin consumed during that pass was calculated by Equation (8) and the resulting internal doxorubicin amount
per cell was determined by Equation (9). The number of viable cells was then calculated using Equation (7) for the first
3 hours, and Equation (6) thereafter. Finally, the new doxorubicin concentration ca; after passing through the reservoir
was calculated using Equation (5) and the entire calculation process was repeated for each subsequent pass through
the reactor (i.e., scaffold).

3. RESULTS

In this study, a previously developed 3D osteosarcoma cell culture model based on macroporous composite
alginate/HAp scaffolds and perfusion bioreactor, was evaluated for anticancer drug testing with doxorubicin selected as a
representative drug. Similarly, to the previous study [10], osteosarcoma cells were successfully seeded onto the scaffolds
achieving a high seeding efficiency of about 86+8 %. As previously reported, after 1 day of static culture, individual cells
and loose aggregates could be observed, which further formed denser, spheroid-like structures over 7 days of cultivation
under medium perfusion. This establishes a robust model system for studying the effects of doxorubicin on both individual
cancer cells and more mature, tumour-like aggregates. Accordingly, four experimental series were performed with
doxorubicin applied at a concentration of 1 pug cm 3, a dosage commonly used in studies of its effects on osteosarcoma
cells [27-28]. The treatment regimens, lasting either 1 or 3 days, were inspired by clinically relevant protocols. In the first
two experimental series, doxorubicin was applied immediately after establishing the bioreactor culture (i.e. one day after
cell seeding and static culture) to examine its effects on individual cells. In the third and fourth series, the treatment began
after 7 days of bioreactor culture to assess the effects on spheroid-like structures.

7



M. B. PAVLOVIC et al.: EVALUATION OF A 3D OSTEOSARCOMA MODEL Hem. Ind. 80(2) 71-86 (2026)

3. 1. Effects on individual and loosely aggregated cells

In the first two experimental series doxorubicin was applied for 1 and 3 days upon the set-up of perfusion cultures,
respectively, and the resulting cultured scaffolds were examined for cell metabolic activity by the MTT assay and
morphological appearance by histological analyses. Untreated cultures served as controls in both cases. The MTT assay
showed that the cell metabolic activity in the initial scaffolds (n = 7) in both experimental series was similar, as the
absorbance values of the dissolved formazan solutions were not statistically different; therefore, these initial control
values are presented as a single average. However, absorbance values from cultured scaffolds were normalized to their
respective initial scaffolds (Figure 2).
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Figure 2. Absorbance values normalized to the corresponding values determined for initial scaffolds cultured statically for 24 h after
seeding, shown for initial scaffolds (n = 7), scaffolds treated with doxorubicin for one day (n = 3), scaffolds treated with doxorubicin
for three days (n = 5), and respective untreated control scaffolds (n = 2 and n = 4, respectively) (*indicates a statistically significant
difference between the 3-day control group and each of the other groups: 3-day treatment, 1-day treatment, and initial scaffolds)

The results shown in Figure 2 demonstrate that the 1-day treatment did not induce any adverse effect on the cell
metabolic activity. In contrast, following the 3-day treatment, the metabolic activity remained similar to that of the
initial scaffolds, while the untreated control exhibited approximately a twofold increase in metabolic activity over the
3-day perfusion culture.

Figures 3 and 4 show H&E-stained histological cross-sections of doxorubicin-treated scaffolds for 1 and 3 days,
respectively, and corresponding untreated controls. Individual cells (indicated by black stars) and loose cell aggregates
(indicated by black arrows) are clearly visible within the pores of control scaffolds as well as scaffolds treated with
doxorubicin for one day. The alginate matrix appears light purple, while hydroxyapatite particles are seen as dark-purple
spots. Histological analysis was consistent with the results obtained by the MTT assay. In specific, when comparing the
controls after 1 and 3 days of perfusion culture, apparently a higher number of denser aggregates, along with individual
cells, were observed in the latter culture (Figs 3b and 4b, respectively). A 1-day doxorubicin treatment did not induce
any visible effect, as the histological cross-sections of treated and control scaffolds appeared similar (Figure 3). In
contrast, after 3 days of treatment, individual cells could rarely be observed, with mostly relatively dense aggregates
remaining (indicated by black triangles) (Figure 4a). These results demonstrate that the 3-day treatment was effective
against cells directly exposed to the drug, whereas cells within compact spheroid structures were less affected, likely
due to the protective effects of three-dimensional cellular organization and possibly reduced drug diffusion into the
spheroid interior.
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Figure 3. Histological cross-sections of scaffolds after 1-day perfusion culture: a) treated with doxorubicin; b) control (untreated);
black stars indicate individual cells, while arrows mark regions with loosely aggregated cells (upper panels: entire cross-sections:
scale bar = 3 mm; lower panels: representative regions at higher magnification, scale bar = 200 um; H&E stain)
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Figure 4. Histological cross-sections of scaffolds after 3-day perfusion culture: a) treated with doxorubicin; b) control (untreated);
triangles indicate spheroid-like structures, black stars indicate individual cells, and arrows mark regions with loosely aggregated
cells (upper panels: entire cross-sections: scale bar=3 mm;, lower panels: representative regions at higher magnification, scale
bar=500 um; H&E stain)

3. 2. Effects on spheroid-like structures

The third and fourth experimental series aimed to evaluate the effectiveness of 1- and 3-day doxorubicin treatments
(1 ug cm3), respectively, on compact spheroid structures formed after 7 days of perfusion culture. The 1-day treatment
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did not affect either the metabolic activity or the morphological appearance of the cell spheroids, as shown by the MTT
assay and histological analysis of all samples (Supplementary material, Figures S1 and S2, respectively). These findings
indicate that this exposure time was insufficient to inhibit cell activity within spheroid structures similarly to the results
of 1-day treatment of the initial scaffolds.

In contrast, the 3-day treatment produced some effects on the cells, as indicated by the MTT assay, which showed
a slightly lower, though not statistically significant, metabolic activity in the treated samples compared to the untreated
controls (Figure 5). High standard deviations in all results should be noted.
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Figure 5. Absorbance values normalized to the initial scaffolds cultured statically for 24 h after seeding, shown for: initial scaffolds
(n = 3), scaffolds after 7 days of perfusion (n = 4), scaffolds treated with doxorubicin for 3 days following 7 days of perfusion (n = 5),
and control scaffolds cultured under perfusion for 10 days (n = 4)

Histological cross-sections of scaffolds before the doxorubicin treatment (i.e. after one day of static culture followed
by 7-day perfusion, Figure 6a) show only compact spheroid-like aggregates within the scaffolds. This indicates that,
during this cultivation period, the loosely aggregated and individual cells, clearly visible in control samples at earlier
time points (Figures 3 and 4) underwent self-organization and extracellular matrix production, resulting in formation of
dense spheroid-like structures.

Viable, compact spheroid-like structures with apparently the same morphology are also visible in scaffolds that
underwent a 3-day doxorubicin treatment, as well as in the controls cultured for 10 days under perfusion in total
(Figures 6b and 6c, respectively). However, due to the random distribution of spheroids and the variability introduced
by random sectioning planes, it was not feasible to perform thorough statistical analyses of spheroid number and size
across different groups within the scope of this study.

3. 3. Mathematical modelling of doxorubicin transport and effects on cells

To quantify the effects observed in the 3-day doxorubicin treatment of initial scaffolds a mathematical model was
derived to describe the doxorubicin transport within the recirculating perfusion bioreactor system, intracellular drug
accumulation, and the resulting change in the cell number over time. Model parameters were adopted based on the
values obtained from the present experiments and data taken from literature (Table 1). In specific, the initial doxorubicin
concentration used in the model corresponded to that applied experimentally (ca = 1.84 umol dm=3). The initial number
of cells (Ncen) was estimated as the average seeding value multiplied by the average seeding efficiency, as determined
experimentally, resulting in 3,648,375 cells per scaffold. The plug flow reactor volume (V2) was calculated as the total
pore volume in the scaffold, based on a measured porosity of approximately 40 % from scaffold cross-sections. The
reservoir volume V; corresponding to the medium volume in the system loop was calculated as a difference between
the total medium volume added to the system and the scaffold pore volume.
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Figure 6. Histological cross-sections of scaffolds: a) cultured under bioreactor conditions for 7 days; b) cultured under bioreactor
conditions for 7 days and then treated with doxorubicin for three days; (c) control (untreated) scaffold cultured under bioreactor
conditions for a total of 10 days (left panels: half cross-sections, scale bar = 3 mm; right panels: representative regions at higher
magnification, scale bar = 200 um; H&E stain)

The medium flow rate was 0.27 cm® min™. The remaining model parameters were derived or adopted from literature
data. The uptake rate constant k was calculated using Equation (3) based on experimental data reported in
literature [22] for B16F10 melanoma cells treated with doxorubicin within a concentration range that includes the value
used in the present study, 1.84 umol dm™ (Supplementary material, Figure S3). The cell death rate constant, k., was
adopted from literature as 1.04x10 (mol min)[22]. The cell proliferation rate constant, ks, was determined 3.73x10™
min! from the cell doubling time provided in the ATCC product datasheet for the K7M2-wt cell line.

Table 1. Parameters used in the mathematical model

Parameter Value
Neell 3,648,375
ca / pmol dm3 1.84
Vi/cm3 14.887
Vy/cm3 0.11286
Vo / cm3 mint 0.27

1 /min 55.14
T2/ min 0.42

k / dm3min-cell? 3.68x1012
ky / molt mint 1.04x1011
ks / mint 3.73x10%

The system of ordinary differential equation was solved as described in section 2.7. with time intervals equal to the
bioreactor residence time 12 = 0.42 min. The simulation provides time-dependent profiles of drug concentration,
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intracellular drug accumulation, and changes in the cell number over time. During the first 24 h of treatment the model
predicts a gradual decline in doxorubicin concentration in the medium due to continuous accumulation of the drug in
the cells during repeated passes through the scaffold (Figure 7a). At the same time, the intracellular amount of
doxorubicin per cell increases, reaching 1.1 fmol per cell after 180 min (Figure 7b), which is comparable to the 1.2 fmol
reported by Eliaz et al. [22] for the same initial timeframe. According to the authors and as adopted in the model, only
cell proliferation occurs during this time, resulting in a gradual increase in cell number. After this period, drug induced
cell death is included in the model; however, the overall cell population remains nearly constant during the first day of
exposure, with the model predicting an overall increase in the viable cell number of only 7 % (Figure 7c). This result is

consistent with the experimental MTT analysis results, which showed negligible differences in metabolic activity before
and after the treatment in the first experimental series (Figure 2).
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Figure 7. Predicted profiles of: a) drug concentration in the medium, b) intracellular drug accumulation and c) viable cell number
during the first day of the doxorubicin treatment

On the second day, the medium is replaced and a fresh dose of doxorubicin is added, and this procedure is then
repeated on the third day. Doxorubicin concentration profiles for all 3 days are shown in Figure 8.
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Figure 8. Predicted profiles of: a) drug concentration in the medium, b) intracellular drug accumulation and c) viable cell number
during the 3 days of doxorubicin treatment
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Each subsequent dose of doxorubicin is distributed among fewer cells, whereas the intracellular amount of
accumulated doxorubicin continues to increase. Consequently, the cell death rate increases, resulting in a progressively
faster decline in the cell population. By the end of the third day, the model predicts approximately 3.4x10° remaining
cells or approximately 9 % of the initial cell population. However, this prediction is not consistent with the experimental
results. The MTT assay demonstrated only an approximately 15 % decrease in metabolic activity after the 3-day
treatment (Figure 2), suggesting that the model overestimated the effect of doxorubicin. Histological cross-sections also
confirmed the presence of viable cells after the treatment although mostly in dense aggregates (Figure 4a).

4. DISCUSSION

The present study builds on a previously developed 3D osteosarcoma cell culture model based on macroporous
composite alginate scaffolds with mineral particles and a biomimetic perfusion bioreactor, with the modification that
the mineral component in this work consists only of hydroxyapatite [10]. As previously confirmed, this model provides
a suitable environment for bone cancer cell cultivation without negative effects on the cells, supporting cell growth and
proliferation under bone tissue-like conditions. Individual and loosely aggregated cells observed after one day of initial
static culture, progressively formed more compact, spheroid-like structures during 7 days of cultivation under
continuous medium flow (0.27 cm?® min%; superficial velocity of 40 pm s) (Figure 6). This structural evolution enables
the establishment of a robust model system for studying the effects of anticancer drugs on both individual cancer cells
and more mature, spheroid-like structures. Doxorubicin was selected as a representative chemotherapeutic and applied
at 1 ug cm3for one and three days. The results showed that the 1-day treatment was not effective for either individual
and loosely aggregated cells or compact spheroid-like structures (Figures 2 and S1). The observed lack of effect is
consistent with previous studies on 3D tumour spheroids, including U20S osteosarcoma spheroids, which showed that
metabolic activity did not significantly change across all tested doxorubicin concentrations (10, 20, 30 and 40 uM)
compared to untreated controls [8]. In those studies, significant inhibition was observed only after 3 to 5 days of
exposure. In comparison, the concentration used in the present study (~1.84 uM) is substantially lower, which may
contribute to the negligible effect observed after one day of treatment.

A 3-day drug treatment, inspired by clinically relevant exposure protocols [3] was effective in the case of individual
and loosely aggregated cells, as confirmed by the MTT assay (Figure 2), which showed reduced metabolic activity in
treated samples. In addition, histological analysis revealed that individual cells were rarely observed, with mostly
relatively dense aggregates remaining (Figure 4). The same treatment applied to compact spheroid-like structures
formed during preceding seven days of bioreactor cultivation did not induce any significant effect although treated
samples showed a slight trend toward reduced metabolic activity and a slight increase in the fraction of smaller
spheroids (Figure 5). Similar findings were reported in a study using a 3D perfused tumour spheroid model, where
5-fluorouracil treatment (1 pg cm3) for 48 and 96 h did not significantly reduce the cell number or tumour volume. In
contrast, in 2D cultures, cell number decreased by about 50 % after 48 or 96 h of exposure [16]. Also, in osteosarcoma
models using the MG-63 bone cancer cell line cultured under perfusion conditions, liposomal doxorubicin at
concentrations equivalent to the 2D ICso (~0.1 ug cm?3) exhibited minimal cytotoxic effects, even after prolonged
exposure. Cell viability remained at 100 % after 3 days of treatment and was still ~79 % after 7 days, in contrast to both
2D cultures (~55 and ~13 %, respectively) and static 3D models (~72 and ~27 %, respectively) [29]. These results
demonstrate increased drug resistance in 3D systems, particularly under perfusion, compared to 2D monolayer cultures
where the cells are directly exposed to the drug. Also, these results, together with those obtained in the present work,
highlight the time-dependent effect of drug exposure, where the delayed cytotoxic effect may be attributed to the time
required for intracellular drug accumulation, as well as to limited drug penetration into spheroid structures [8]. In
compact spheroid structures, localized regions with reduced drug transport efficiency may exist, and the outer cell layers
may consume doxorubicin before it can reach all the cells, preventing the drug from being lethal to the entire cell
population. In addition, cells located within the spheroid interior may exhibit reduced proliferative and metabolic
activity, which could further decrease their sensitivity to doxorubicin [30].
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To further understand the experimental results and provide a quantitative basis for analyzing drug response, we
developed a mathematical model adapted from literature [22] to describe doxorubicin transport, intracellular
accumulation, and changes in cell number during the 3-day treatment of individual and loosely aggregated cells in the
recirculating perfusion bioreactor system. The model proposed by Eliaz and coworkers [22], grounded in their
experimental findings, assumes that the cytotoxic effect of doxorubicin is governed by the intracellular drug amount
rather than the extracellular concentration, with the viable cell number determined by the balance between the cell
proliferation rate and the drug-induced cell death rate after a lag phase [22].

Our model adequately described the first day of treatment when the cell distribution is relatively homogeneous and
spheroid-like structures are not yet developed. The model included the delayed cytotoxic effect as a fixed lag phase, as
observed experimentally, followed by a balance between cell proliferation and death rates. This resulted in apparently
similar predicted viable cell number as that in the initially seeded samples, which was consistent with experimentally
assessed same metabolic activity in these two sample groups. Thus, the model grasped the effect of a short-term drug
exposure of individual cells. Still, it should be noted that a delayed cytotoxic effect can be incorporated into the model
using approaches other than a fixed lag phase. For example, a transit compartment model incorporates a series of
intermediate steps that allow for a more realistic description of the delay between drug exposure and effect, which may
provide greater flexibility for modelling long-term drug responses [31].

During the subsequent 2 days of treatment, intracellular doxorubicin accumulation continued to increase following
the daily replacement of the medium and addition of a fresh doxorubicin dose. The number of viable cells progressively
decreased, and although the model does not explicitly include a saturation effect or a predefined survival plateau, unlike
Hill-type or peak concentration models [19], it captured the persistence of viable cells after 3 days of treatment.
However, the model predicted a substantially stronger treatment effect than that indicated by the experimental MTT
results, which may be explained by the fact that model does not capture emergence of additional drug resistance
mechanisms, such as possible drug efflux, intracellular redistribution, saturation of drug uptake or other adaptive
cellular responses, making it challenging to establish a quantitative relationship between drug exposure and cellular
response [20,21]. As a result, intracellular drug accumulation continuously increases in all viable cells equally during
repeated dosing, leading to an overestimation of drug induced cell death. Still, the applied model offers a possibility to
directly incorporate biological constraints, such as a maximum drug capacity per cell or intrinsic resistance in certain cell
populations, to more accurately reflect observed survival plateaus. At the same time, the experimentally observed
formation of spheroid-like structures, in which cells were better protected from drug exposure, would require an
additional model term to account for the dynamics of drug diffusion and accumulation within these aggregates. These
improvements would allow a more realistic description of doxorubicin accumulation and cytotoxicity in long-term
perfusion cultures and could improve the prediction of viable cell numbers after prolonged treatments.

5. CONCLUSION

The present work successfully utilized a previously developed 3D osteosarcoma cell culture model based on
macroporous composite alginate scaffolds and biomimetic perfusion bioreactor for studies of anticancer drug effects.
Specifically, it was shown that the 3D model can be used to simulate both a post-surgery situation with residual cancer
cells and neoadjuvant chemotherapy in a simplified model of a solid tumour. Doxorubicin applied at a concentration of
1 pug cm3 for 1 and 3 days was shown to induce a delayed cytotoxic effect on individual cells, while it had minor effects
on cell-aggregates and spheroid-like structures. Only after the 3-day exposure, individual cells were rarely observed.
The mathematical model, incorporating doxorubicin transport, intracellular accumulation, and cell proliferation and
death within the perfused scaffolds, adequately described the limited response observed after 1 day of treatment but
overestimated the effect of the 3-day treatment. This work represents one of the rare attempts to adapt and utilize a
mathematical model for describing drug effects in a 3D cell culture. However, the model did not account for the
formation of cell aggregates, which may have protected cells from the drug. Incorporating this aspect could be an
important direction for future model development.
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Overall, the 3D osteosarcoma cell culture model proved to be a robust platform for further studies of anticancer
drug effects, while the developed mathematical model provides a foundation for future enhancements, including the
incorporation of more complex cellular resistance mechanisms and terms describing drug diffusion and accumulation
within spheroids.

SUPPLEMENTARY MATERIAL

Additional data are available electronically at https://www.ache-pub.org.rs/index.php/HemInd/article/view/1733,

or from the corresponding author on request.
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Evaluacija 3D modela osteosarkoma: eksperimentalna studija i
matematicko modelovanje odgovora na lek
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(Naucni rad)

Izvod Kljuéne reci: K7IM2-wt Celijska linija;
Osteosarkom i dalje predstavlja znadajan klini¢ki izazov, sa lodim ishodima u sluéaju protocni bioreaktor; alginatni nosac;
metastaza i sporim napretkom u razvoju novih terapija. U ovom radu je prethodno razvijen doksorubicin; testiranje antitumorskih
3D model osteosarkoma, koji se sastoji od makroporoznih alginatnih nosaca sa ¢esticama lekova; sferoidi

hidroksiapatita, koji oponasaju kostano tkivo, i proto¢nog bioreaktora, procenjen kao alat za
ispitivanje antitumorskih lekova. Celija misjeg osteosarkoma (K7M2-wt) zasejane su na
nosace (15x10° celija po cm?) i gajene jedan dan u stati¢nim uslovima. U dve eksperi-
mentalne serije nosaci su potom izloZeni doksorubicinu (1 pg cm™3) u protoénim uslovima
tokom 1 ili 3 dana (povrsinska brzina 40 um s™), ¢&ime su simulirani uslovi nakon resekcije
tumora, sa pretezno pojedinacnim ili slabo agregiranim celijama. U dve dodatne serije isti
tretmani primenjeni su nakon 7 dana protoc¢ne kulture, kada su se formirali kompaktni
sferoidi, ¢ime je simuliran razvijen tumor. Histoloska analiza i MTT test koriSéeni su za
procenu morfologije ¢elija i njihove metabolicke aktivnosti. Kratkotrajni tretman imao je
zanemarljiv efekat, dok je produZena izloZenost znacajno smanjila metabolicku aktivnost
pojedinacnih celija, dok su sferoidne strukture pokazale povecanu otpornost na
doksorubicin. Radi objasnjenja rezultata dobijenih u prve dve eksperimentalne serije,
razvijen je matematicki model koji opisuje transport leka, intracelularnu akumulaciju,
proliferaciju ¢elija i njihovo odumiranje. Model je uspesno opisao pocetnu fazu tretmana, ali
je precenio efekat produzene izloZenosti, ukazujué¢i na moguénost postojanja dodatnih
mehanizama rezistencije. Sveukupno, rezultati potvrduju potencijal ovog 3D modela za
ispitivanje antitumorskih lekova.
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Preparation and characterization of activated carbon obtained from
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Abstract
Wastewater from chemical, petrochemical, and metallurgical industries contains different TECHNICAL PAPER
dissolved pollutants, characterized with high toxicity. In recent decades, industrial water
treatment to remove heavy metal ions has become increasingly important due to their toxicity
and the potential risk of accumulation in the food chain. This requires the application of various
methods to reduce heavy metal ion concentrations to acceptable levels. In this respect,
adsorption processes based on different sorbents are widely used for industrial wastewater
treatment. For this investigation, apricot pits were pyrolyzed and chemically activated with
potassium hydroxide to produce activated carbon. The adsorption capacity of the resulting
material for removing Cu(ll) ions from aqueous solutions was then investigated. The results
have shown that these carbon-based adsorbents possess a high surface area and favourable
textural characteristics, making them promising candidates for the removal of copper ions from
aqueous solutions.
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1. INTRODUCTION

Water is essential for life on Earth, and access to clean water is critical for both humans and ecosystems. Water
quality depends on its physicochemical and biological parameters. Changes in parameters such as pH, temperature and
heavy metal content in can render water unsafe for human consumption [1].

The problem of water contamination today is very relevant in connection with the prolonged increase of Anthropogenic
pressure on the environment. High water pollution with toxic substances requires adoption of immediate measures to
reduce the environmental risk, otherwise the water resources of the planet will be in a catastrophic state [2].

Organic matter, nutrients, pharmaceutical and personal care products, poly- and perfluoroalkyl substances, biocides,
heavy metals, dyes, radionuclides, plastics, nanoparticles and pathogens are among the pollutants of major concern.
Heavy metal ions are among the most spread contaminants. Heavy metals and metalloids are the elements with an
atomic density greater than 4 g cm including copper (Cu), cadmium (Cd), zinc (Zn), lead (Pb), mercury (Hg), arsenic (As),
silver (Ag), chromium (Cr), iron (Fe) and platinum (Pt). These toxic metals are released daily into aqueous environment
from diverse natural and anthropogenic sources. In many regions the average concentrations of Cr, Mn, Fe, Co, Ni, As
and Cd found in surface water exceeds the permissible limits for drinking water [3-4].

Nowadays purification processes based on the adsorption methods are widely used for industrial wastewater
treatment. Activated carbons are among the most versatile adsorbents, due to their properties that meet the increasing
requirements for drinking water purity. Advances in modern technology have continually enhanced the quality and
effectiveness of activated carbons [5].

One of the main methods for producing activated carbon involves the carbonization of carbon-containing materials,
followed by chemical activation to increase the specific surface area and develop a porous texture. The main selection
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criteria for activated carbon for specific applications include texture parameters (such as specific surface area, total pore
volume, meso- and micropore volumes, and pores size distribution), the chemical nature of the surface (presence of
functional oxygen groups), granulometric composition (dispersity), and mechanical properties, among others. It has
been established that the high sorption capacity of activated carbons for metal ions in aqueous solutions is mainly due
to the presence of oxygen-containing functional groups on their surface. The applications of activated carbons are
largely determined by their specific surface area and the characteristics of their porous texture [6-7].

The aim of the present paper was to investigate the relationship between the porous texture and chemical nature
of the surface of activated carbon obtained from apricot pits, and to evaluate the sorption capacity and their suitability
for wastewater treatment, contaminated with Cu?* ions.

2. EXPERIMENTAL

2. 1. Procedure of obtaining of activated carbon

Activated carbon (AC) was obtained from apricot pits, pyrolyzed at 700 °C for 1 h (Figure 1). Then the obtained
material was milled and mixed homogeneously with activating agent KOH (Merck, p.a., Germany). Two samples with
different mass ratios AC:KOH were investigated: 1 : 1 and 1 : 2 AC : KOH, labelled as ACCA1 and ACCA2. The chemical
activation process with potassium hydroxide was carried out in a tube vacuum furnace at 500 °C for 1 hour. The samples
obtained were neutralized with an appropriate amount of 10 wt.% HCI (Valerus, p.a., Bulgaria) to remove the residual
chemicals after the activation process. The obtained samples were washed multiple times with distilled water until
neutrality. Finally, the AC samples were subjected to drying at 110 °C for 12 hours.

Ay PR
ed apricot pits and AC after carbonization

Figure 1. Carboniz

2. 2. Experimental procedures

Elemental analysis was performed using a EuroEA Analyzer, model 3000 (manufacturer, country), to determine the
elemental composition and weight, wt.% of carbon, hydrogen and nitrogen in the activated carbon samples. The oxygen
content was calculated by difference, based on these measurements.

The porous texture of the obtained AC samples was characterized by measuring nitrogen Nz adsorption isotherms
at 77 K on an automatic gas adsorption porosimeter Surfer (Thermo Scientific, United States). The specific surface area
was determined using Brunauer-Emmett-Teller (BET) method [8]. The total pore volume (Vi) was determined at a
relative pressure Pi/Po = 0.9, where Pi is the real gas pressure during the measurement, and Po is the saturated vapor
pressure of the same gas at the temperature of the experiment measurement.

Surface chemistry of the AC samples was analysed by a Fourier transform infrared (FTIR) spectrometer (Nicolet
Avatar 360 FTIR spectrometer, Germany) and registered in the region 500 to 4000 cm™. The spectra were recorded at a
spectral resolution of 2 cm™ and accumulation of 64 scans.

The iodine number of AC samples was determined by a standard test method [9] presenting the amount of iodine
absorbed (in mg) by 1 g of the material.
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The surface morphology of activated carbons was analysed using scanning electron microscopy coupled with energy-
dispersive X-ray spectroscopy (SEM-EDX) by a JEOL JSM-6390 instrument (Philips, Germany). The measurement was
done with high resolution in mode 10 kV, 0° and 0.1 mm scan spacing.

2. 3. Procedure for adsorption capacity measurement

The adsorption capacity of the activated carbons in regard to Cu?* ions was determined using the following
methodology: aqueous solution of CuS04.5H,0 (Valerus, p.a., Bulgaria) at the concentration of 5 g L'l was prepared.
Precisely determined amounts of the CuSO4x5H20 solution (10, 20, 30, 40 and 50 mL) were taken and transferred into
te flasks. Then samples, labelled as K1 to K4 were diluted with distilled water to 50 mL to obtain the corresponding
concentrations K1 to K5. The adsorption experiments were conducted using 0.2 g of activated carbon (type ACCA2) for
each flask followed by homogenization for 1 h at 25 * 2 °C. The initial pH of the copper solutions was in the range pH
4.0to 4.5, while after the adsorption the final pH value was in the range 6.0 to 6.5. The initial and residual concentrations
of Cu?* ions in the solutions were determined with UV-VIS Spectrophotometer, by using the cuprizone [10]. After the
treatment with AC, the concentration of Cu(ll) ions decreased, and nearly complete removal of the metal ions was
recorded. As a result, the pH values change from acidic to approximately neutral. All adsorption experiments were
performed in five replicates, and-reported values correspond to the average values obtained.

3. RESULTS AND DISCUSSION

3. 1. Elemental composition analysis
The results of the elemental analysis of the AC samples are presented in Table 1.

Table 1. Elemental composition of the activated carbon samples

Content, wt.%

S I

ampre Carbon Hydrogen Nitrogen Oxygen
ACCA1 95.29 2.69 <0.01 2.02
ACCA2 77.34 3.33 <0.01 19.33

The elemental composition of the obtained activated carbon is characterized by high carbon contents (~77 to
95 wt.%) and low hydrogen contents (up to 3.33 wt.%) for both ACCA1 and ACCA2 samples. There was an increase in
the oxygen content in the sample activated with a higher ratio AC:KOH. In specific, the oxygen content increased from
~2 wt.% in ACCA1 to ~19 wt.% in ACCA2 because of the activation process, confirmed by FTIR spectra, showing the
formation of significant amounts of oxygen-containing forms on the carbon surface.

3. 2. Adsorption-textural parameters determined by BET analysis
The results of the textural analysis of the AC samples are shown in Table 2.

Table 2. Specific surface area and basic textural parameters of the activated carbons

Sample Seer / m2g?t Vimicro / cm3g’? Vmezo / cm3g?t Viicro / % Vinezo [ % Vi/cm3g?
ACCA1 929 0.3626 0.1213 74.9 25.1 0.4839
ACCA2 1003 0.3882 0.1459 72.7 27.3 0.5341

The data in Table 2 show that ACCA2 is characterized by a high specific surface area (Seer = 1003 m? g'1) and total
pore volume (V: = 0.5341 cm3 g 1) compared with the results determined for the sample ACCA1 (Sser = 929 m? gt and
Vi =0.4839 cm? g'1). The nitrogen adsorption-desorption isotherms of activated carbon samples ACCA1 and ACCA2 are
presented in Figures 2 and 3.

According to the IUPAC classification, the nitrogen adsorption isotherms of the samples correspond to Type I, which is
typical of micro-mesoporous textures. The part of the isotherms of relatively low pressures (relative pressure around 0.05 to
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0.1) corresponds to micropores filling with tendency to saturation near 0.3 typical for microporous adsorbents. A higher

saturation pressure in the sample ACCA2 shows a more developed porous texture of the obtained activated carbon.
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3. 3. Fourier transform infrared spectroscopy analysis

The FTIR spectra of the obtained adsorbents ACCA1 and ACCA2 are presented in Figure 4.
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Figure 4. Fourier transform infrared spectra of 1 - ACCA1 and 2 - ACCA2 samples
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The absorption peak at 3430 cm™ can be attributed to the stretching vibration of -OH groups, which is characteristic
of hydroxyl functional groups and typically appears in the 3500 to 3700 cm™ range. The bands around 2900 cm™ are
due to aliphatic C-H structures. The peaks about 1570 and 1630 cm™ are due to stretching vibration of the C=C functional
group [11].

The absorption bands in the 1260 to 1050 cm™ region are attributed to C-O stretching vibrations of oxygen-
containing functional groups present on the carbon surface. The bands around 1400 cm™ may be associated with O-H
bending vibrations, C—H deformation, or symmetric stretching of carboxylate groups [12].

3. 4. lodine number

The iodine number is a measure of the relative activation level of carbons by adsorption of iodine from an aqueous
solution, where a higher value indicates a higher degree of activation. The lodine number determined for the sample
ACCA1 was 599.8 mg g* versus 710.1 mg g determined for the ACCA2 sample. This indicates that the sample with
higher content of activating agent should have better adsorption properties. This agrees with the increased surface area
for the sample activated with the higher content of activating agent, confirmed by the BET analyses.

3. 5. Scanning electron microscopy

The surface morphology of activated carbons was analysed using SEM-EDX technique showing similar features.
Figure 5 shows micrographs of the ACCA2 sample, which was selected for its well-developed micro- and mesoporous
structure and higher specific surface area, resulting from chemical activation with KOH, as confirmed by BET analysis.

ﬂ £ A | y
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Flgure 5 SEM images of the ACCA2 sample at different magnifications

3. 6. Adsorption capacity of the activated carbons for Cu(ll) ions in aqueous solutions

The amount of Cu(ll) ions adsorbed by ACCA2 was determined by calculating the difference between the initial ion
concentration and the concentration measured after the homogenization. The measured concentrations in the initially
prepared solutions and after the adsorption experiments are shown in Table 3.

Table 3. Measured Cu(ll) concentrations by UV-VIS analysis before and after the adsorption experiments using ACCA2

Solution Initial concentration of Cu?*, g L'! Residual concentration of Cu?*, g L'?
K1 0.933 0.737
K2 1.867 1.424
K3 2.800 1.915
K4 3.734 2.996
K5 4.667 4.371
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The UV-VIS analysis confirmed that the activated carbon type ACCA2 produced from apricot pits generally reduces
the concentration of copper ions in the investigated solutions. The highest adsorbed amounts were observed in
solutions K3 and K4, in which the Cu(ll) concentrations decreased to ~1.9 and 3.0 g L, respectively. The highest
adsorption capacity was observed for sample K3 where the adsorbed amount of copper per mass of the adsorbent was
221.2 mg g, Further increases in the initial Cu(ll) concentration did not lead to the increase in adsorption capacity,
indicating possible saturation of active adsorption sites.

4. CONCLUSIONS

The results obtained show that produced activated carbons ACCA1 and ACCA2 are with high specific surface area
and well developed micro- and mesopores structure. The sample ACCA2 activated with a higher content of the activating
agent has shown better texture parameters. In addition, chemical activation with potassium hydroxide increases the
number of hydroxyl groups, which in turn favours metal ion adsorption. Cu(ll) ion adsorption studies confirmed that the
activated carbon produced from apricot pits generally reduces the ion concentration in the investigated solutions. All
those results permit us to conclude that the generated ACs can be used effectively as adsorbents in liquid-phase
applications and water purification processes.

Acknowledgement: The study is funded by the European Union-Next GenerationEU, through the National Recovery
and Resilience Plan of the Republic of Bulgaria, project Ne BG-RRP-2.004-0002, , BiOrgaMCT".
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Priprema i karakterizacija aktivnog uglja iz kostica kajsije za uklanjanje

Cu(ll) jona iz vodenih rastvora
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2Department of Chemistry, Faculty of Electronic Engineering and Technologies, Technical University of Sofia, Sofia, Bulgaria

(Strucni rad)

Izvod

Otpadne vode iz hemijske, petrohemijske i metalurske industrije sadrze razliCite rastvorene
zagadujuce materije koje se odlikuju visokom toksi¢noséu. Tokom poslednjih decenija,
tretman industrijskih otpadnih voda u cilju uklanjanja jona teskih metala postao je od
izuzetnog znacaja zbog njihove toksi¢nosti i mogucnosti akumulacije u lancu ishrane. To
zahteva primenu razli¢itih metoda za smanjenje koncentracije jona teskih metala na
prihvatljiv nivo. U tom kontekstu, adsorpcioni procesi zasnovani na primeni razlicitih
sorbenata Siroko se koriste za precis¢avanje industrijskih otpadnih voda. U ovom
istrazivanju, kostice kajsije su podvrgnute pirolizi i hemijskoj aktivaciji kalijum-hidroksidom
radi dobijanja aktivnog uglja. Nakon toga ispitivan je adsorpcioni kapacitet dobijenog
materijala za uklanjanje Cu(ll) jona iz vodenih rastvora. Rezultati su pokazali da ovi
adsorbenti na bazi ugljenika poseduju veliku specificnu povrsinu i povoljne teksturalne
karakteristike, Sto ih Cini perspektivnim kandidatima za uklanjanje jona bakra iz vodenih
rastvora.

Kljucne reci: Adsorpcija, aktivni ugljenik,
joni bakra, obrada otpadne vode,
bezbedna potrosnja
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Extraction of aliphatic hydrocarbons and formation of new ones at
superheated steam temperatures from demineralized anthracite from
Vrika Cuka (Serbia)
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Abstract

Extraction of aliphatic hydrocarbons from demineralized coal using superheated steam is a ORIGINAL SCIENTIFIC PAPER
promising method for reducing the industrial production costs. In the present study,
extractions were performed at superheated steam temperatures without a catalyst (373 to
473 K; 2-20 h). The greatest yield of extracted organic matter was obtained during the first 2 h
(4.0 to 6.1 % of the initial sample mass). At longer times, solubility values varied, suggesting
that the release of aliphatic hydrocarbons depends on their location within different structural
domains of the organic matrix. The high maturity of the organic matter indicates that the
anthracite sample is in the metagenesis phase. Gas chromatography with flame ionization
detection showed that extraction yielded n-paraffins, primarily the energetically significant C12
to C19 homologues, comprising 50 to 61 % of extracted compounds after 20 h. Comparison
with less mature coals (lignite and brown coal) from the same area revealed a similar trend,
though, with increasing coalification, the proportion of n-paraffins decreased and terpenes
increased. Fourier transform infrared spectroscopy of the dry residue after extraction showed
that methyl groups (2972 cm™) were lost after 2 hours at all temperatures, while complete
removal of aliphatic structures, including ethyl groups (2924, 2852 and 1377 cm™), occurred
after 20 h. The detected paraffins and terpenes originated from methyl and ethyl groups
extracted from the organic matrix. Additionally, while lignite and brown coal gave nearly
identical results, lignite lacked independently bound methyl groups.

UDC 661.716:553.93(497.11)

Hem. Ind. 80(2) 95-106 (2026)

Keywords: coal, solubility, maturation, paraffins, methyl groups.

Available on-line at the Journal web address: http://www.ache.org.rs/H|

1. INTRODUCTION

The Triassic period brought significant changes to the planet's flora and fauna. For unknown reasons, at the end of
this period (around 205 million years ago), a major biological crisis occurred, resulting in mass extinction (>70 %) of plant
and animal species [1]. Geological records of this crisis on the Balkan peninsula are primarily found in Eastern Serbia
(Carpatho-Balkan region). The extinction of flora led to the accumulation of dead plant material along the shores of the
Carpathian Sea, as fluctuations in sea level (first retreating and then advancing) resulted in repeated deposition and
coverage of organic matter in this area [2-5]. From the deposited material, anthracite deposits were formed in Vrska
Cuka, Dobra and Jerma.

The Vréka Cuka mine is in eastern Serbia (the northernmost part of the Stara Planina mountain). The geology of this
area, as well as the full succession of Jurassic rock layers, has been well studied [6-9]. The coal itself is of a black-grey
colour, has a metallic-glass sheen, and, depending on its metamorphic state, can appear in graphite form. In recent
years, there has been increasing discussion about the economic feasibility of exploiting this mine and the possibility of
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its closure. Certainly, the economic development of this region is partially tied to this mine. The main issue is that this
type of coal is not widely used but is rather employed for specific industrial needs. In this regard, it is necessary to find
a new role for it in potential industrial production. This work provides a partial contribution to that effort.

The removal of aliphatic hydrocarbons from aromatic ones in geochemical studies using water extraction under
supercritical conditions is relatively well-known (many authors). To date, this technique has primarily been used for the
determination of aliphatic hydrocarbons in petroleum source rocks [10]. Besides water vapor, carbon dioxide with or
without additives is also frequently used [11-12]. Additionally, there are reverse cases of extracting aromatic
hydrocarbons from aliphatic chains [13]. Both extraction processes are part of modern industrial needs, particularly in
the industries of plastics, rubber, adhesives, etc. Beyond the classic separation of aliphatic from aromatic compounds
for industrial purposes, their separation can also be utilized for environmental purposes, where these compounds are
present as pollutants in various types of soil [14]. Previous studies on anthracite from Vr$ka Cuka have shown a high
presence of aromatic hydrocarbons [15,16] that are associated with aliphatic hydrocarbons in short chains. In the
development and practical application of this technique, industrially and economically developed countries have played
a significant role, particularly in advancing the technology of coal-to-liquid (CTL) conversion. The profitability of
synthesizing new hydrocarbons from coal depends on the type of coal (its maturation), the quantity and quality of the
fuel produced, as well as the environmental consequences of the technological process itself. The primary focus has
been taken on using low-quality coal with a lower degree of maturation. In contrast, data published on the kinetics of
CTL formation from anthracite, as well as its synthesis at lower temperatures without the use of catalysts, remain very
scarce. Accordingly, this analysis focuses on the extraction of aliphatic hydrocarbon chains at superheated water vapor
(SHWV) temperatures of 373-473 K.

There are several methods for extracting aliphatic compounds. The development of methods for recovering these
compounds from natural resources such as oil and coal is of growing interest due to their increasing industrial
applications [17]. Inexpensive methods are particularly important, as they reduce the costs of industrial production [18].
This focus on innovative extraction approaches has become especially relevant considering the continuously rising costs
of industrial manufacturing [19]. Accordingly, in the present study, emphasis was placed on the recovery of aliphatic
hydrocarbons from high calorific hard coals, such as anthracite, at different temperatures using SHWV.

2. EXPERIMENTAL

2. 1. Thermal solubility experiments

Coal samples of anthracite, brown coal and lignite were obtained from the surface coal dump. The samples were
ground in a vibratory mill with a ceramic ball, at a vibration intensity of 8 on the instrument scale 018, for 30 min (VEB
MLW Medizintechnik Leipzig, German Democratic Republic, GDR). Subsequently, the samples were dried for 12 h in a
laboratory oven at 355 K and transferred to a desiccator, where they were kept until a constant mass was achieved. The
procedure for separating inorganic fractions from kerogen in geological samples is well-established [20-22]. Coal
samples were demineralized for 72 h using an HF (22 M)-HCI (12 M) mixture at 353 K, followed by treatment with boiling
HCI (12 M) for 12 h. The obtained organic residue was thoroughly rinsed with deionized water (Fisher, HPLC grade;
<0.1 uS), ensuring that that all residual acid was removed. Removal of bitumen was performed in a Soxhlet apparatus
for 72 h at 355 K using a benzene/methanol azeotropic mixture (6:1, v/v; J.T. Baker, HPLC grade), until the solvent in the
extraction flask became clear. After that, the demineralized coal sample was dried again to remove residual solvent
(355K, 8 h).

Each of the five demineralized coal samples (2.9990, 3.0015, 3.0020, 2.9900 and 3.0005 g) was accurately weighed and
combined with 15 cm? of deionized water in a Teflon capsule (total volume 42.4 cm?; free volume 24.4 cm3). The capsules
were sealed with Teflon lids and then placed into steel reactors (Figure 1), which ensured hermetic sealing. The lids and
capsules were secured with steel screws. The reactors were placed in a muffle furnace and heated to 373, 398, 423, 448
and 473 K (Figure 2). The corresponding saturated pressure values of water at each temperature were taken from thermo-
dynamic tables based on the liquid-vapor phase equilibrium as follows: 373 K - 100 kPa, 398 K - 230 kPa, 423 K - 480 kPa,

o



A. M. JUMA et al.: EKSTRAKCIJA | DOBIJANJE ALIFATICNIH UGLJIOVODONIKA 1Z DEMINERALIZOVANOG ANTRACITA Hem. Ind. 80(2) 95-106 (2026)

448 K - 890-kPa and 473 K - 1550-kPa. These values are determined solely by temperature and represent the equilibrium
vapor pressure; they do not depend on the free volume in the reactor.
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Figure 1. Schematic representation of the reactor  Figure 2. Flow chart of extraction procedure

After each extraction phase, the samples were filtered, dried, and the residue mass was measured. Portions of the
solution and coal residue were preserved for chromatographic analysis and Fourier transform infrared (FTIR)
spectroscopy, respectively. For each extraction, the mass of solution and coal residue recovered was calculated as a
fraction of the initial sample mass. This procedure was repeated by heating the extraction residues for additional periods
of 4, 6 and 8 hours after the initial 2-hour heating; at the start of each extraction, a fresh equal amount of deionized
water was added. The total mass fraction recovered was obtained by summing the individual fractions from each
extraction step.

The heating was conducted in a muffle furnace (Carbolite, Germany), with the temperature determined with an
accuracy of £2 K. This method is similar to the process of semicoke obtaining at low temperatures, with the research
emphasis placed on the content and composition of the soluble phase. The research was carried out with 3 samples
with 20 experiments each (5 different temperatures in four different intervals).

2. 2. Analytical methods

2. 2. 1. Ultimate analysis

Ultimate analysis was performed using a Vario EL Ill C, H, N, S/O Elemental Analyzer (ElementarAnalysensysteme
GmbH, Hanau-Germany). This analysis was performed at the Faculty of Chemistry (University of Belgrade, Serbia) under
the following conditions: the combustion temperature of 1150 °C, helium as the carrier gas and a thermal conductivity
detector (TCD). The dynamic working range of the apparatus is as follows: C: 0.03 to 20.00 mg; H: 0.03 to 3.00 mg;
N: 0.03 to 2.00 mg; S: 0.03 to 6.00 mg.
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2. 2. 2. Gas chromatography-mass spectrometry and gas chromatography-flame ionization detection analysis

The same volume of each sample (1 cm?) was transferred into test tubes, mixed with 1 cm? of n-hexane (LC-MS
grade, Fisher Scientific, Germany) and vigorously shaken for 5 minutes. After shaking, the samples were allowed to stand
for approximately 1 minute until clear phase separation occurred. The upper hexane layer was transferred by glass
Pasteur pipettes directly into syringes fitted with 33 mm diameter PTFE sterile syringe filters (hexane-compatible,
0.45 um pore size). A single extraction step by n-hexane was used. Filtered hexane extracts were subjected to GC/MS
analysis performed using an Agilent Technologies 7890B gas chromatograph, equipped with a weakly polar silica
capillary column, HP-5MS (5 % diphenyl- and 95 % dimethyl-polysiloxane, 30 m x 0.25 mm, 0.25 pum film thickness;
Agilent Technologies, St. Louis, MO, USA), and coupled with an inert, selective 5977A mass detector of the same
company. The samples (5 ul) were injected in spitless mode. Helium was used as the carrier gas at a constant flow rate
of 1 ml mint. The oven temperature was programmed to rise from 353 to 583 K at a rate of 10 K min™* and then held at
583 K for 10 min. The temperatures of the MSD transfer line, ion source, and quadruple mass analyser were set at 573,
500 and 423 K, respectively. The ionization voltage was 70 eV and the mass range m/z 35 to 650. The flows of the carrier
gas (He), make up gas (N2), fuel gas (Hz2) and oxidizing gas (air) were 1, 25, 30 and 400 ml min’l, respectively. The gas
chromatography-mass spectrometry (GC/MS) and gas chromatography with flame ionization detection (GC/FID) analyses
were performed at the Faculty of Technology, University of Nis, Serbia.

GC/FID analysis was carried out under identical experimental conditions as GC/MS. The temperature of the flame-
ionization detector (FID) was set at 573 K. Data processing was performed using MSD Chem-Station (version F.01.00.1903),
MassHunter Qualitative Analysis (version B.06.00) and AMDIS (version 2.70) software [23] (Agilent Technologies, USA).
Baseline correction was carried out automatically by the software, while peak deconvolution and identification were
performed using AMDIS with default settings. Manual reintegration was applied only when required in cases of overlapping
peaks to ensure accurate peak area determination. Identification of extract constituents was based on comparison of the
compounds’ retention indices with those reported in the literature and comparison of their mass spectra with reference
spectra from the Wiley 6 [24], NIST2011 [25] and RTLPEST3 [26] libraries. Retention indices of the components from the
analysed samples were experimentally determined using a homologous series of n-alkanes from Cs-Cz20 and C21-Cao as
standards. The semi-quantitative composition (content, %) of the samples was determined by the area normalization
method, based on the automatically integrated peak areas of the GC/FID signal, without any corrections.

2. 2. 3. Fourier transform infrared spectroscopy

Fourier transform infrared (FTIR) spectroscopy analysis was performed on the initial samples and on the dry residues
after individual extraction stages. Anthracite, demineralized coal and demineralized coal residue were finely powdered
and dispersed evenly in anhydrous potassium bromide (KBr) pellets (1 mg per 150 mg KBr). The mixture was then
subjected to vacuuming and pressing under a pressure of 200 MPa to obtain the appropriate lozenges. FTIR spectra
were obtained using a Bomem MB-100 spectrometer (Hartmann and Braun, Canada) set to generate uniform spectra
(Faculty of Technology, University of Nis, Serbia). The acquisition parameters were as follows: spectral range 4000 to
400 cm?, 10 scans, and baseline treatment using interactive polynomial (CX? and DX3). Background scanning was
performed with a pellet made of anhydrous KBr.

3. RESULTS AND DISCUSSION

3. 1. Elemental analysis

Based on elemental analysis, the H/C and O/C ratios were calculated for all three coal samples analyzed (i.e. anthracite,
brown coal, and lignite) and plotted on a van-Krevelen diagram. This diagram illustrates the maturation pathway of organic
matter, distinguishing the diagenesis, catagenesis and metagenesis regions (Figure 3). Unlike anthracite from Vr$ka Cuka
(metagenesis), brown coal from Sokobanja and lignite from Kostolac are characterized by a low degree of coalification and
are still in the diagenesis stage. Based on these results and previous observations, it can be concluded that with increasing
coalification, the proportion of n-paraffins decreases, while the proportion of terpenes increases.
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Figure 3. Van-Krevelen diagram for Vrska Cuka (anthracite), Sokobanja (brown coal) and Kostolac (lignite) coals

3. 2. Thermal solubility experiments

As pointed out in the Experimental section, thermal solubility analyses of Vréka Cuka demineralized anthracite were
performed at 373, 398, 423, 448 and 473 K (Table 1). At all temperatures, the greatest extraction of organic matter
occurred within the first 2 h. After that, the extraction rate decreased over time, except in the case of the sample at
473 K, where solubility after 12 h was greater than after 6 h. This result may be due to further decomposition or
transformation of organic molecules at higher temperatures, leading to the formation of additional soluble groups. This
assumption is supported by the fact that after 12 h of extraction, there was no further decrease in the residue mass.
Therefore, in addition to the diminishing amount of material available for extraction, the results of the thermal
dissolution experiments do not show a linear trend, likely due to the dissolution and release of structurally diverse
aliphatic chains at different temperatures and time intervals.

Table 1. Thermal solubility experiments of the Vrska Cuka demineralized anthracite
Content of dissolved organic matter (relative to initial demineralized sample mass) + standard deviation, %

Time, h 373K 398 K 423K 448 K 473K
2 6.120.2 4.040.2 4.740.2 5.540.3 5.040.3

6 5.540.2 3.8+0.2 1.540.1 1.140.1 1.0:0.1

1 3.040.1 0.040.0 1.040.1 1.140.1 2.240.1
20 0.040.0 0.040.0 0.040.0 0.040.0 0.040.0
Total 14.6:0.5 7.8+0.4 6.310.4 7.740.5 8.240.5

The extraction results of this demineralized coal were compared with the extraction results of neighbouring coals of
other types under the same conditions (Kostolac lignite and Sokobanja brown coal). The comparison results are
presented in Table 2, showing that coal at a lower maturation stage exhibits better solubility.

Table 2. Comparison of thermal solubility results of the investigated demineralized coals after 2 h at different temperatures

Contentof dissolved organic matter (relative to initial demineralized sample mass) ) * standard deviation, %

Sample

373K 398K 423K 448 K 473 K
vC 6.1+0.2 4.0£0.2 4.7+0.2 5.5%0.3 5.0+0.3
KL 15.3#0.7 13.2+0.6 13.8+0.6 14.4+0.6 14.9+0.6
SB 9.840.5 9.1+0.5 9.1+0.5 9.510.5 9.7+0.5

VC- Vrika Cuka anthracite, KL - Kostolac lignite, SB - Sokobanja brown coal

3. 3. Gas chromatography with flame ionization detection analyses

Certainly, the extraction/dissolution process leads to changes in the composition of organic matter, as new com-

pounds (paraffins and olefins) are formed, as shown in Reactions (1) and (2).
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nCO + (2n+1) H2 = nH20 + CnH2n+2 (paraffins) (1)

NCO + 2nH2 = nH20 + CnHan (olefins) (2)

Figure 4 and Table 3 show the formed compounds and their contents at the initial temperature in the study (373 K) as
well as at the initial, middle and final time intervals [(a) 2 h, (b) 12 and (c) 20 h, Figure 4].

Other
50000 a .
—Db " >
1 ==k s g g g
g 8 & S S
40000 STo & Se =%
Other 55 S —8§ Pt
b —mEo &2 < —_—
9 XSER BF ze
8 s0000- EEET, 33
] u::“g 5 o &
o i Rl B Q =
= S 6 L |.» % =
=} I} T | = S g )
S 200004 28 (= |7 8 @ Z &
< =tan) _é? = = M
- 1 =t g 73]
4 Sen | 8 © O
O+ | 8 Z, .9
100004
O | ' | L | ! | L 1 ! | L 1 L 1
6 8 10 12 14 16 18 20
Time, min

Figure 4. GC/FID chromatograms of dissolved components obtained by heating the demineralized Vrska Cuka anthracite at 373 K
(a-2 h, b-12 h and c-20 h)

Table 3. Mass percentage of extracted components in the solution phase from demineralized Vrska Cuka anthracite at 373 K at
different extraction times

Content, %

No Paraffins C1»-Cig Formula RIexp RItit Method
2h 12 h 20 h
1. Tridecane Ci3Has 1298 1300 RI, MS <1 <1 <1
2. Tetradecane Ci4H30 1398 1400 RI, MS <1 <1 <1
3. Pentadecane CisHs 1498 1500 RI, MS 5 3 <1
4, Hexadecane Ci6H3a 1599 1600 RI, MS 7 8 10
5. 2-Metyl-hexadecane Ci7H36 1656 1666 RI, MS 5 5 6
6. Heptadecane C17H36 1698 1700 RI, MS 11 7 11
7. Pristane Ci9Hao 1713 1704 RI, MS 6 11 7
8. Octadecane CigHsg 1798 1800 RI, MS 8 8 9
9. Nonadecane Ci9Ha0 1898 1900 RI, MS 5 5 4
Total paraffins C;,-C19 48 48 50
n-Paraffins No.: 1-4,6,8, 9 39 38 37
Terpenoid alkane No.: 5,7 12 13 13
Other 1 1 <1
Total identified 100 100 100

RIt-Retention indices from literature [27]; RI®**: Experimentally determined retention indices using a homologous series of n-alkanes (Cs-C20 and Ca1-
Cs0) on the HP-5MS column. MS: constituent identified by mass-spectra comparison; Rl: constituent identified by retention index matching.

The total mass fraction of components after complete dissolution was determined by summing their individual mass
fractions, which were calculated as the percentage of the soluble phase shown in Table 2. At this temperature, the
proportion of newly formed paraffins (Ci2 to Cis), n-paraffins (C1.4,6,8,9) and terpenoid alkane remains relatively constant
(Table 3). Olefins were not detected in any sample. Similar but not identical trends are observed in the contents of these
compounds after 20 h of dissolution across all five temperatures (Table 4). Based on the presented results, the mass
fraction of all formed paraffins remains relatively constant up to 423 K. At temperatures between 423 and 473 K, the
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proportion of C12-Ci9 paraffins increases, while that of n-paraffins (C1.4,¢, 8, 9) decreases. The content of terpenoid alkane
decreases slightly with increasing temperature. Also, olefins were not detected. These increases and decreases are
within a range of <20 %.

Table 4. Mass percentage of extracted components in the solution phase from demineralized Vrska Cuka anthracite after 20 hours
of dissolution at different temperatures

Content, %

No Paraffins C15-Cig Formula Rlex® RI'it Method 373K 398 K 423 K 228 K A73 K
1. Tridecane Ci3Ha2s 1298 1300 RI, MS <1 <1 <1 1 2
2. Tetradecane Ci4H30 1398 1400 RI, MS <1 <1 1 1 2
3. Pentadecane CisHs; 1498 1500 RI, MS <1 3 3 4 4
4, Hexadecane CieH3s 1599 1600 RI, MS 10 9 9 10 10
5. 2-Metyl-hexadecane Ci7H36 1656 1666 RI, MS 11 10 10 11 13
6. Heptadecane Ci7H36 1698 1700 RI, MS 6 8 8 8 9
7. Pristane Ci9Ha0 1713 1704 RI, MS 9 8 8 9 9
8. Octadecane CigHss 1798 1800 RI, MS 7 7 7 7 7
9. Nonadecane Ci9Ha0 1898 1900 RI, MS 4 5 5 5 5
Total paraffins C12-Ci9 50 51 51 56 61
n-Paraffins No.: 1-4,6,8, 9 37 36 36 31 27
Terpenoid alkane No.:5,7 13 12 12 12 11
Other <1 1 1 1 1

Total identified 100 100 100 100 100

The composition of the soluble phase obtained during the extraction of Vréka Cuka anthracite was qualitatively and
quantitatively compared with those obtained from demineralized lignite from Kostolac (57 % organic matter in coal)
and brown coal from Sokobanja (64 % organic matter in coal), which are coals of lower maturity (Figure 5).
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Figure 5. GC/FID chromatograms of soluble phases after 2 h of dissolution of demineralized (a) lignite, (b) brown coal and (c) anthracite

The quantitative comparative results are presented in Table 5, where the soluble phases obtained after the first 20 h
of dissolution at 373 K were selected, as they exhibited the highest mass percentages of the formed aliphatic
compounds. It can be observed that with increasing coalification, the proportion of n-paraffins decreases, while the
proportion of terpenes increases.

Figure 6 shows the mass spectra of the most abundant components after dissolution (20 h) at 373 K in the Vrska
Cuka demineralized anthracite samples.
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Table 5. Mass percentage of extracted components in the solution phase from demineralized anthracite, lignite, and brown coal
after 20 h at 373 K

Content (%)

No Paraffins C15-Cig Formula Rlexp RIfit Method _
KL SB VvC
1. Tridecane Ci3Hag 1298 1300 RI, MS <1 <1 <1
2. Tetradecane Ci4H30 1398 1400 RI, MS <1 <1 <1
3. Pentadecane CisH3» 1498 1500 RI, MS <1 2 <1
4. Hexadecane CigH3a 1599 1600 RI, MS 25 22 10
5. 2-Metyl-hexadecane Cy7H36 1656 1666 RI, MS 27 19 11
6. Heptadecane Ci7H36 1698 1700 RI, MS 6 8 8
7. Pristane CigHao 1713 1704 RI, MS <1 2 9
8. Octadecane CigHss 1798 1800 RI, MS <1 3 7
9. Nonadecane Ci9Hao 1898 1900 RI, MS <1 2 4
Total paraffins C1,-C19 54 53 49
n-Paraffins No.: 1-4,6,8, 9 45 43 47
Terpenoid alkane No.: 5,7 1 4 13
Other <1 <1 <1
Total identified 100 100 100
KL - Kostolac lignite, SB - Sokobanja brown coal, VC - Vr§ka Cuka anthracite
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Figure 6. Mass spectra of the most abundant components after dissolution (20 h) at 373 K in the Vrska Cuka demineralized
anthracite samples: (a) hexadecane, (b) 2-methyl hexadecane, (c) heptadecane and (d) pristane

3. 4. Fourier transform infrared spectroscopy analysis

The present study of organic matter from Vréka Cuka anthracite confirms a high concentration of aromatic
hydrocarbons and a minor amount of aliphatic hydrocarbons [15,16]. After 2 hours of extraction at 473 K, methyl groups
(CH3) with an absorption peak at 2972 cm™ were extracted/removed from the organic residue (Figure 7). These methyl
groups are likely those independently bound within the macromolecular structure of the coal-derived organic matter.
In contrast, ethyl groups (CH;) in the chain (absorption peaks at 2924, 2852, and 1377 cm™) remained unchanged.
Further extraction revealed that after 20 hours, the complete removal of aliphatic compounds occurred (i.e. in addition
to CH3 groups, CH, groups also disappeared, as indicated by the absence of aliphatic structures in the 2960 to
2860 cm™ region). The peak at ~1692 cm™ is characteristic of the carbonyl (C=0) stretching vibration. This peak, along
with the peak at 1635 cm™® (attributed to conjugated C=C bonds), remained unchanged. Peaks at approximately 1585
and 1455 cm™ originate from carboxylic group -COO- [28]. Similarly, changes were not observed in these peaks or in the
peaks of aromatic structures in the 880 to 770 cm-' region.

Recently, Zheng et al. [29] investigated the low-temperature oxidation of anthracite, as well as the stability of its
aliphatic structures. The temperatures applied in their experiments (253 to 423 K), correspond to the temperatures of
SHWV used in our study over similar time intervals.

Their results demonstrated that aliphatic moieties located within the interlayer space of the organic matrix are more
stable than those situated at its periphery. In contrast to their approach, our method showed that the application of SHWV
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leads to the complete detachment of aliphatic structures from the organic residue already at 373 K. A common feature of
both approaches is the discontinuous behaviour observed in the stability of aliphatic structures within the samples.
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Figure 7. FTIR spectra of anthracite from Vréka Cuka: a) initial demineralized sample, b) residue after 2 hours of extraction and c)
residue after 20 hours of extraction at 473 K

To compare different coals, FTIR spectra of the organic matter and the organic residue remaining after 2 hours of
extraction from Sokobanja brown coal and Kostolac lignite are also presented (Figures 8 and 9, respectively).
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Figure 8. FTIR spectra of brown coal from Sokobanja: a) initial demineralized sample and b) residue after 2 hours of extraction at 473 K
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Figure 9. FTIR spectra of lignite from Kostolac: a) initial demineralized sample and b) residue after 2 hours of extraction at 473 K

In the case of the organic matter in Sokobanja brown coal, a broad band around 3400 cm™ represents physically
adsorbed water. Here, the loss of CHs groups, indicated by the disappearance of the absorption peak at 2972 cm™, likely
corresponds to methyl groups that were present as side chains or isolated substituents on the macromolecular
structure. In contrast, CH, groups in the chain (absorption peaks at 2924, 2852 and 1377 cm™) remained unchanged.
Small peaks at 1201, 1091 and 1046 cm™* originate from C-O and C-O-C bonds of alcohols, hydrogen peroxide and ethers.
These peaks disappeared after extraction, along with peaks below 1000 cm™, attributed to C=C-H. Peaks at 1694 cm™,
1585 cm™ and 1456 cm™ remained unchanged. These two coals are compared because they are from the same area,
but of different maturities.

4. CONCLUSION

Thermal solubility experiments performed in the present study show that the solubility rate of organic matter from
demineralized anthracite from Vrika Cuka (Serbia) is highest during the first two hours of extraction. FTIR analysis
reveals that during these initial 2 hours at all investigated temperatures, there is a loss of methyl groups, likely present
as side chains attached to aromatic rings in the organic matrix. In the subsequent hours of dissolution, gradual
degradation of ethyl groups occurred, leading to their complete removal after 20 hours. In lignite and brown coal
samples, ethyl groups are also gradually removed during extraction, while methyl groups are either absent or present
only in minor amounts.

The extracted solutions from demineralized anthracite from Vréka Cuka, obtained at extraction temperatures up to
423 K, show almost constant stable mass fractions of all paraffins. With further increases in the extraction temperature
up to 473 K, the proportion of C12-C19 paraffins increases, while the proportion of n-paraffins (Ci4, 6, s, 9) decreases
reciprocally. In all analyses, the extracted solutions from anthracite showed stable terpene content, whereas the
compared lignite and brown coal samples exhibited an increase in terpene levels. This difference can be attributed to
their respective stages of coalification: anthracite is highly mature (metagenesis), while brown coal and lignite are less
mature and remain in the diagenesis stage.

The results of this study demonstrate that the extraction method employed is effective for the quantitative
extraction and separation of both short- and long-chain aliphatic hydrocarbons from the coal organic matter. Analysis
of the extraction yield of aliphatic hydrocarbons enables the selection of the most suitable SHWV temperature for
guantitative extraction, depending on the intended application, and provides insight into the method’s potential uses.
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Ekstrakcija alifaticnih ugljovodonika iz demineralizovanog antracita sa

lokaliteta Vrska Cuka (Srbija) pregrejanom vodenom parom na razli¢itim

temperaturama

Amer M. Juma?, Ljubisa B. Nikoli¢!, Bratislav Z. Todorovi¢, Jelena S, Stanojevic?, |Sneiana S. Trifunovi(:2|,
Tanja Petrovi¢ Pantié¢® i Sanja M. Petrovié!

1Tehnoloski fakultet, Univerzitet u NiSu, Leskovac, Srbija
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3Geoloski zavod Srbije, Beograd, Srbija

(Naucni rad)
Izvod Kljucne reci: ugalj, rastvorljivost, sazre-
Ekstrakcija alifati¢nih ugljovodonika pregrejanom vodenom parom iz organskih ostataka vanje, parafini, metil grupe

uglja predstavlja perspektivhu metodu zbog smanjenja industrijskih troskova potrebnih za
njihovo dobijanje. U ovom radu ekstrakcija je izvedena u opsegu temperatura bez prisustva
katalizatora (373 do 473 K; 2-20 h). Najveci prinos izdvojene organske materije ostvaren je
tokom prva 2 h (4,0 do 6,1 % pocetne mase uzorka). Pri duZim vremenima, vrednosti
rastvorljivosti su varirale, Sto ukazuje da oslobadanje alifaticnih ugljovodonika zavisi od
njihovog poloZaja u razli¢itim strukturnim domenima organske matrice. Visok stepen zrelosti
organske materije ukazuje da je uzorak antracita u fazi metageneze. Gasna hromatografija
sa plameno-jonizacionom detekcijom pokazala jeda ekstrakcija do stvaranja n-parafina,
prvenstveno energetski znac¢ajnih homologa C12 do C19, koji ¢ine 50 do 61 % izdvojenih
jedinjenja nakon 20 sati. Poredenje sa manje zrelim ugljevima (lignit i mrki ugalj) iz istog
podrucja je pokazalo sliénu tendenciju, ali sa povecanjem ugljenifikacije/sazrevanja, udeo
n-parafina se smanjuje, dok se udeo terpena povecava. Infracrvena spektroskopija sa
Furijeovom transformacijom suvog ostatka nakon ekstrakcije pokazala je da su metil-grupe
(2972 cm) nestale nakon 2 sata na svim temperaturama, dok je potpuna eliminacija
alifaticnih struktura, ukljucujudi etil-grupe (2924, 2852 i 1377 cm), zabeleZzena nakon 20
sati. Detektovani parafini i terpeni poticu od metil- i etil-grupa ekstrahovanih iz organskog
ostatka uglja. Dodatno, iako su lignit i mrki ugalj dali gotovo identicne rezultate, u lignitu nisu
detektovane nezavisno vezane metil-grupe.
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Science and arts intertwined:
Defend knowledge, defend with knowledge

Bojana M. Obradovi¢

University of Belgrade, Faculty of Technology and Metallurgy, Belgrade, Serbia

Abstract

Events that combine scientific and artistic exhibitions in public spaces are rare, yet they offer BOOK AND EVENT REVIEW
a unique opportunity to present diverse perspectives on how we experience, interpret, and

express our understanding of the world. “Defend Knowledge, Defend with Knowledge,” held Hem. Ind. 80(2) 107-11 (2026)

on June 6 in Belgrade, Serbia, transformed Students’ Square into a vibrant venue featuring
interactive scientific presentations, topical discussions, and artistic showcases by members
of the University of Belgrade and the University of Arts in Belgrade, two institutions that play
a vital role in Serbia’s academic, cultural, and social life. Visitors engaged with state-of-the-
art topics in natural and technical sciences, participated in hands-on activities for children,
and attended sessions on educational fairness, emotional intelligence, and lifelong learning.
Artistic displays, including a charity bazaar, student film screenings, and musical
performances, further enriched the event’s atmosphere. More than just informing and
entertaining, the event conveyed a powerful message: universities are inextricably linked to
society, working to improve life and the environment while offering solutions to
contemporary challenges. By sharing scientific and artistic achievements in a common space,
the event fostered curiosity, dialogue, and a sense of community, highlighting the essential
role of knowledge and culture in society.

Keywords: University of Belgrade; University of Arts in Belgrade; interdisciplinary
collaboration; public engagement; societal challenges; higher education.

Available on-line at the Journal web address: http://www.ache.org.rs/H,

1. INTRODUCTION

There are few events globally that combine scientific and artistic exhibitions, despite the appeal of presenting diverse
perspectives on how we experience, interpret, and express our understanding of the world around us. While there are
a few well-known international examples of science and art festivals or galleries, most of them focus on in-depth
collaborations between scientists and artists or feature curated science-art exhibitions. The event “Defend Knowledge,
Defend with Knowledge” held on June 6 in Belgrade, Serbia, offered a different but equally valuable approach: an open,
street-level exhibition that brought together interactive scientific presentations, topical discussions, and artistic
showcases from members of the University of Belgrade and the University of Arts in Belgrade.

Both universities play a vital role in the academic, cultural, and social life of Serbia. The University of Belgrade,
established nearly 220 years ago, is the oldest and most significant academic institution in Serbia and the region. With
31 faculties and 11 research institutes spanning the social sciences, humanities, medical sciences, natural sciences, and
engineering, it is recognized as a higher education institution of national importance. The University of Belgrade ranks
among the top 1.9 % of universities worldwide according to the 2025 Global 2000 list by the Center for World University
Rankings [1] and is consistently listed among the top 500 universities globally by the Academic Ranking of World
Universities (ARWU) [2].

Equally significant is the University of Arts in Belgrade, comprising four faculties: Music, Fine Arts, Applied Arts, and
Dramatic Arts. Although founded in 1957, its roots extend to the 19%™ century, with university-level arts education
beginning in 1937 with the Academy of Fine Arts and the Music Academy, followed by the School of Applied Art in 1938.
The University of Arts has profoundly shaped the cultural and artistic landscape of Serbia and the wider region, with
many of the most eminent artists serving as educators and mentors.
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The event on June 6 represented only a glimpse of the broad impact these universities have on Serbian society and
beyond. Among the highlights, the Faculty of Biology, Faculty of Technology and Metallurgy, Faculty of Physics, Faculty
of Physical Chemistry, and the Institute of Chemistry, Technology and Metallurgy presented a diverse array of state-of-
the-art topics in natural and technical sciences relevant to modern society (Figure 1). Passersby could learn about
wastewater treatment, the transformation of various waste types into useful products and energy, novel biomaterials
and advanced 3D-printed implants for dentistry and orthopedics, the advantages and disadvantages of lithium-ion
versus sodium-ion batteries, genetic screening tests, climate change, and the use of planktonic organisms as indicators
of environmental disturbances in aquatic systems. Alongside these “serious topics,” the exhibitions featured interactive
experiments for children, who could create colorful jelly worms from alginate hydrogels, make batteries and bath
bombs, observe algal cells under a microscope, and take a quiz on scientific names for various animals. Together, these
topics and hands-on activities highlighted not only the relevance and impact of scientific research on society, but also
the joy of discovery for all ages.

ighlights from the natural and technical sciences exhibition

Figr 1.

In addition to the natural and technical sciences, the event also offered a space for reflection on the social and
humanistic dimensions of knowledge. The Faculty of Philosophy contributed interactive sessions exploring questions of
fairness in education, the role of learning in times of social change, the importance of emotional intelligence, and
perspectives on adult education (Figure 2). These thought-provoking discussions invited participants to reflect on
contemporary challenges in society and personal development from a humanistic angle.
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Figure 2. Interactive exhibition on emotional intel/ience: ’(Don’t) lay with Feelings! A Little Bit about Emotional Intelligence :)”
(“(Ne) igraj se osecanjima! Nesto malo o emocionalnoj inteligenciji :)”)

However, the aim of the event was not only to inform, educate, entertain, and engage passersby, but also to convey
a powerful message: universities are an inextricable part of society, dedicated to improving all aspects of life and the
environment and providing solutions to contemporary challenges. In this spirit, the event featured an interdisciplinary
interactive exhibition on two controversial mining projects in the Jadar and Homolje regions of Serbia. Both projects
have raised nationwide concerns about toxic pollution, habitat destruction, and water contamination. Passersby had
the opportunity to receive in-depth scientific information and engage directly with experts from the University of
Belgrade. Additionally, a panel on university autonomy brought together six panelists from both participating
universities to discuss the current status of universities in Serbia and the importance of maintaining autonomy for
society as a whole (Figure 3). The discussion offered a historical perspective and emphasized that universities serve as
early-warning systems for societal, economic, and ecological crises.
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Figure 3. Panel on university autonomy (from left to right): Prof. Dejan Sabic¢ (Faculty of Geography, UB), Prof. Katarina Popovic
(Faculty of Philosophy, UB), Prof. Dejan Pavlovic (Faculty of Political Science, UB), Prof. Katarina Jovanovi¢ (Faculty of Music, UAB),
Prof. Aleksandar Baucal (Faculty of Philosophy, UB), and Dr. Adriana Zaharijevi¢ (Institute for Philosophy and Social Theory, UB). (UB
— University of Belgrade; UAB — University of Arts in Belgrade)

Throughout the dynamic day, the scientific exhibitions and activities were interwoven with a range of artistic displays
and programs. The Faculty of Applied Arts, Faculty of Dramatic Arts, and the Faculty of Music organized a charity bazaar
featuring artistic crafts, artworks, and books by their own authors. The Faculty of Dramatic Arts also screened student
films at its booth, while the Faculty of Music presented a rich program titled “All for Music, Music for All,” which featured
student performances combining flute and electronics, as well as recitals by distinguished faculty members, including
an acclaimed opera singer and exceptional pianists (Figure 4).

Figure 4. Artistic performance of Serbian solo songs by Prof. Katarina Jovanovic¢ (soprano) and Zorka Milivojevi¢ (piano), Faculty of
Music, University of Arts in Belgrade
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Overall, at the bustling Studentski trg (Students’ Square) in front of the University of Belgrade Rectorate, the event
attracted a steady stream of passersby and brought a vibrant spark to the city’s usual Saturday rhythm. It demonstrated

the power of sharing scientific and artistic achievements in a common space, inspiring curiosity, dialogue, and a sense

of community around knowledge and creativity. In times when the value of knowledge and culture must be actively

defended, such initiatives are more important than ever. We look forward to building on this success and seeing even

more engagement at the next event in 2027!
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Susret nauke i umetnosti: Branimo znanje(m)
Bojana M. Obradovi¢

Univerzitet u Beogradu, Tehnolosko-metalurski fakultet, Beograd, Srbija

(Prikaz knjiga i dogadaja)

Izvod

Dogadaji koji prikazuju u javnom prostoru zajedno naucne i umetnicke postavke su retki, ali
nude jedinstvenu mogucnost predstavljanja razliCitih perspektiva o svetu koji nas okruzuje.
Postavka ,,Branimo znanje(m)”, odrzana 6. juna u Beogradu, pretvorila je Studentski trg u
Zivopisno mesto sa interaktivnim naucnim prezentacijama, tematskim diskusijama i
umetnickim programima u kojima su ucestvovale clanice Univerziteta u Beogradu i
Univerziteta umetnosti u Beogradu, dve institucije koje imaju klju¢nu ulogu u akademskom,
kulturnom i drustvenom Zivotu Srbije. Prolaznici su imali priliku da se upoznaju sa
savremenim temama iz prirodnih i tehnickih nauka, uc¢estvuju u interaktivnim radionicama
za decu, kao i na sesijama o pravi¢nosti obrazovanja, emocionalnoj inteligenciji i ucenju
tokom celog Zivota. Umetnicki programi, ukljuujué¢i humanitarni bazar, projekcije
studentskih filmova i muzicke nastupe, dodatno su obogatili atmosferu dogadaja. Pored
informativnih i zabavnih aktivnosti, poslata je i vazna poruka: univerziteti su neraskidivo
povezani sa drustvom i posveceni poboljsanju kvaliteta Zivota i Zivotne sredine, nudedi
reSenja za sve savremene izazove. Kroz zajednicko predstavljanje naucnih i umetnickih
dostignuca, dogadaj je podstakao radoznalost, dijalog i osecaj zajednice, naglasavajuci
kljucnu ulogu znanja i kulture u drustvu.

Kljucne reci: Univerzitet u Beogradu;
Univerzitet umetnosti u Beogradu;
interdisciplinarna saradnja; ukljucivanje
javnosti; izazovi danasnjice; visoko
obrazovanje
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MpeacraB/barbe moHorpadmje ,,Hydrodynamics and Mass Transfer of
Multiphase Reciprocating Plate Columns“

MUBaHa T. ApBeHunua

YHusep3umem y beoepady, MHcmumym 3a MeduyuHcKa ucmpaxcusarba, beoepad, Cpbuja

U300

Y KoHdepeHumjcKoj cann komnaHuje OUM Xemwuran y Jleckosuy 23. anpuna 2026. roanHe
ofpxaHa je npomoumja moHorpaduje “Hydrodynamics and Mass Transfer of Multiphase Hem. Ind.80(2) 113-115 (2026)
Reciprocating Plate Columns”, aytopa akagemuka Bnage b. Besbkosuha, npod. ap UeaHe b.
BbaHkoBuh Unnh u npod. ap dejaHa Y. Ckane. MoHorpadujy je 2025. roamHe objaBuo OrpaHak
CpncKke akagemuje HayKa M yMmeTHOCTM y Huwy.

BECTK

KrbydHe pequ: XeMMjCKO UHXKeHepCTBO, BULLEDA3HM CUCTEMM, KONIOHA Ca BUBPaALMOHOM
MeLLanmLom

LlocmynHo oH-nuHe Ha 8eb adpecu Yaconuca: http://www.ache.org.rs/Hl/

MoHorpaduja “Hydrodynamics and Mass Transfer of Multiphase Reciprocating Plate Columns” npeacTaB/ba 3HayajaH
OONPUHOC 06/1aCTM XEMUCKOT MHXKEHepCTBa M PesynTaT je BULWeAeLeHWN|CKOr HayYHOMCTPaXKMBAYKOr paga Haluux
ncTpaxkmeaua y o61acti suwedasHUX cuctema, nocebHO KosoHa ca BMbpupajyhom mewanmuom (eHra. reciprocating
plate columns). OBM KOHTaKTHX anapaTi UMajy BayKHy NPUMeEHY y BULLehA3HUM NPOLECMMA, Kao WTO Cy eKCTpaKLmje
TEYHOCT-TEYHOCT M ancopnumje rac-Te4HocT, 3aTUM y Bruonpouecrma 1 caBpeMeHnm TeXHONorMjama HTeH3ndMKaLmje

npoueca.

Cnuka 1.Aymopu u y4yecHuyu npomouyuje moHoepadguje ,,Hydrodynamics and Mass Transfer of Multiphase Reciprocating Plate
Columns”, komnaxuja ,,A4UM Xemuaan®, fleckosau, 23. anpun 2026. 200uHe
Figure 1. Authors and participants at the promotion of the monograph “Hydrodynamics and Mass Transfer of Multiphase
Reciprocating Plate Columns”, DCP Hemigal, Leskovac, 23 April 2026.

(Cnuka npeysema ca https://www.ogranaknis.sanu.ac.rs/promocija-monografijehydrodynamics-and-mass-transfer-of-multiphase-
reciprocating-plate-columns/)

AyTop 3a KopecrnoHaeHuujy: MeaHa T. pseHnua, E-mail: ivana.drvenica@imi.bg.ac.rs https://orcid.org/0000-0003-4985-1642, UHCTUTYT 33
MeaMLIMHCKA UCTPaKMBatba, YHUBep3uTeT y beorpaay, Cpbuja,
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Hem. Ind. 80(2) 113-115 (2026) W. T. APBEHULIA:MpeacTaBbatbemoHorpaduje

Krbura cuctematmyHo objeanmyje dyHAaMeHTaAHE NPUHLMNE XMAPOAMHAMUKE U MPEHOCA MAce, eKCNepPUMEHTAHE
pe3ynTate, pa3Boj MoAesa MU Kopenauuja, Kao U WMHXKeHepCKe NpUMeHe OBWX KOJIOHA Y Pas/iMynuTUM NPOLECHUM
TexHosornjama. NMocebHa BpeaHOCT MoHorpaduje ornena ce y Tome LWTO NpeacTas/ba cBeobyxsaTaH NpUKas pasBoja
jeAHe nctpaxkmeayke obnactu y Cpbuju Tokom BuLe o4, NefeceT rogMHa U HeHor AoNpuHoca passojy mehyHapoaHe
Hay4He 3ajegHuue.

ToKom npomoumje MUCTaKHYTO je Aa osa nybavKauumja npeactaB/ba gparoueHy pedepeHTHy nybankaumjy 3a
WCTparkMBade, HACTaBHWUKe, CTyAEHTE AOKTOPCKMX CTyAMja U MHXKEeHepe Koju ce H6aBe TPaHCNOPTHMM MNojaBama,
cenapauyoHNM NPoLLecuMa, peakLLMOHUM NHXKEeHepCTBOM U NPOjeKToBarbeM BuwedasHUX cuctema. AyTopum cy yKasanm
Ha 3HA4aj KOHTMHYMpaHOr pa3Boja oBe 06sacTM M NOTpeby 3a nosesuBarbeM ¢GyHAAMEHTANHUX UCTPAKMBAHA Ca
WMHAYCTPUjCKUM NpUMeHaMa.

Mpomouuja je oKynuna npeacTaBHUKE aKaJeMcKe 3ajegHuLe, HAaYyYHOUCTPAXKUBAYKMX UHCTUTYUMja U NpuBpeae,
KOjU CYy YKasa/nu Ha 3Hayaj ovyBatba W MPOMOLMje HayyHUX AOCTUrHYha CphcKe LWKO/Me XEeMWjCKOT UHMKeHepcTsa.
MNMocebHo je HarnaweHa ynora moHorpaduja Kao TpajHOr M3BOpPa 3Harba M OCHOBE 33 Ja/bW Pa3BOj HOBWX reHepaumja
UCTparkmBava.

AKagemuk Bnapga b. BesbkoBuh, jesaH on aytopa moHorpadwuje, TpeHyTHM je npeacefHuk CaBesa XeMMUjCKUX
nHKerbepa Cpbuje (CXU), a og 2007. roanHe rNaBHM je M OAFOBOPHM ypeaHUK Yaconuca Chemical Industry & Chemical
Engineering Quarterly (CI&CEQ) koju nsgaje CXWU. Npodo. ap OejaH Y. Ckana, Takohe jeaaH o4 aytopa, 6uo je npeaceHUK
CXMo0p2016. o 2025. roavHe, U rNaBHU M O4TOBOPHM YPEeAHMK Yaconumca Xemujcka uHaycTpuja (1994.-2005.) n CI&CEQ
(2005.-2007.). tbuxoB gyroroauwtbM paj MMao je M HacTaB/ba 43 MMa 3HauyajHy y/iory y pasBojy, NoBe3uBakby U
apupmaumju xemumjckor nHxerepctea y Cpbuju. Npod. ap MeaHa baHkosuh Unuh je noapydyHM ypeaHWK Yaconuca
Xemujcka MHAYCTpUja U TNaBHU M OAFOBOPHM ypeaHUK vaconuca Advanced Technologies (M3paBay: TeXHONOLIKM
dakynTeT y JleckoBuy), Kao M npeaceHuK noapyxHuue CXN y Jleckosuy.

O6jaB/buBatbem moHorpaduje “Hydrodynamics and Mass Transfer of Multiphase Reciprocating Plate Columns”,
JOKYMEHTOBAH je 6UTaH Aeo Hay4YyHor pa3soja o6nacTu BuwedasHUX cucTema v AoaaTHO noTephHeH JONPUHOC CPNCKUX
UCTParknBaya CaBpeMeHOM XEMUJCKOM MHKEHEPCTBY.
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Promotion of the monograph ,Hydrodynamics and Mass Transfer of
Multiphase Reciprocating Plate Columns”

Ivana T. Drvenica

University of Belgrade, Institute for Medical Research, Belgrade, Serbia

Abstract
The monograph “Hydrodynamics and Mass Transfer of Multiphase Reciprocating Plate NEWS
Columns”, authored by Academician Prof. Dr. Vlada B. Veljkovi¢, Prof. Dr. Ivana B. Bankovic lli¢,
and Prof. Dr. Dejan U. Skala, was promoted on April 23, 2026, in the conference hall of the
company DCP Hemigal in Leskovac. The monograph was published in 2025 by the Ni$ Branch
of the Serbian Academy of Sciences and Arts (SASA).

Keywords: chemical engineering; multiphase systems; reciprocating plate column.

The monograph “Hydrodynamics and Mass Transfer of Multiphase Reciprocating Plate Columns” represents a
significant contribution to the field of chemical engineering and is the result of decades of scientific research by Serbian
scientists in the area of multiphase systems, particularly reciprocating plate columns. These contactors have found
important applications in liquid-liquid extraction, gas—liquid contacting, bioprocesses, and modern process
intensification technologies.

The book provides a comprehensive overview of the fundamental principles of hydrodynamics and mass transfer,
experimental investigations, modelling approaches, correlations, and engineering applications of reciprocating plate
columns. A key strength of the monograph is its comprehensive account of the development of this research field in
Serbia over more than five decades and its contribution to the international scientific community.

During the promotion, it was emphasized that the monograph serves as an important reference for researchers,
academics, doctoral students, and engineers working in the fields of transport phenomena, separation processes,
reaction engineering, and multiphase system design. The authors highlighted the importance of continued development
in this area and the need to strengthen links between fundamental research and industrial applications.

The event brought together representatives of the academia, research institutions, and industry, and underscored
the importance of preserving and promoting the scientific achievements of the Serbian school of chemical engineering.
The enduring value of scientific monographs as lasting sources of knowledge and as foundations for the educating future
generations of researchers was also recognized.

Academician Prof. Dr. Vlada B. Veljkovi¢, one of the authors of the monograph, is the current President of the
Association of Chemical Engineers of Serbia (AChE) and, since 2007, has served as the Editor-in-Chief of the journal
Chemical Industry & Chemical Engineering Quarterly (CI&CEQ), which is published by AChE. Prof. Dr. Dejan U. Skala, also
one of the authors, served as President of AChE from 2016 to 2025 and as Editor-in-Chief of the journals Hemijska
industrija (1994-2005) and CI&CEQ (2005-2007). Prof. Dr. lvana Bankovi¢ lli¢ serves as Section Editor of the journal
Hemijska industrija, Editor-in-Chief of the journal Advanced Technologies (published by the Faculty of Technology in
Leskovac), and President of the AChE branch in Leskovac. Their contributions of these authors have played, and continue
to play, a significant role in the advancement, networking, and promotion of chemical engineering in Serbia.

The monograph “Hydrodynamics and Mass Transfer of Multiphase Reciprocating Plate Columns” stands as a lasting
record of key achievements in the field of multiphase systems and further affirms the significant contributions of Serbian
researchers to contemporary chemical engineering.
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