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Reishi (Ganoderma lucidum) tincture enriched with propolis or
green tea from Serbia: UHPLC-DAD-ESI-MS characterization,
mineral content and antibacterial activity

SANDRA S. KONSTANTINOVIC!*, DRAGAN Z. TROTER!, JELENA B.
ZVEZDANOVIC!, SANJA M. PETROVIC!, SA$A R. SAVIC!, BOJANA R.
DANILOVIC! and JOVAN CIRIC2

! University of Ni§, Faculty of Technology, Bulevar oslobodenja 124, 16000 Leskovac, Serbia,
and *Toplica Academy of Vocational Studies, Department of Agricultural and Food Studies,
Cirila i Metodija 1, 18400 Prokuplje, Serbia

(Received 19 June, revised 21 July, accepted 20 November 2025)

Abstract: The objective of the present study was to evaluate the differences in
chemical composition and mineral content of pure Reishi (Ganoderma lucidum)
tincture with those enriched with propolis or green tea. The chemical compos-
ition and mineral content were analyzed by UHPLC-DAD-ESI-MS and ICP-OES
methods, respectively. Among all samples, Reishi/propolis tincture contained a
significant amount of polyphenols, with the dominant contribution of flavonoids
and phenolic acids. Regarding mineral content, P, K and Na were the most abun-
dant in all tinctures. Reishi/propolis tincture also demonstrated the best antibac-
terial activity, with Proteus vulgaris and Pseudomonas aeruginosa as the most
sensitive bacteria.

Keywords: antibacterial activity; green tea; ICP-OES; propolis; reishi; UHPLC—
—DAD-ESI-MS.

INTRODUCTION

Reishi or Lingzhi (Ganoderma lucidum) is one of the most popular and highly
regarded medicinal fungi, demonstrating various biological and pharmacological
activities, e.g., anti-tumor, antimicrobial, antioxidative, anti-inflammatory, anti-hyp-
erglycemic, anti-hyperlipidemic, anti-tyrosinase and antimutagenic, as well as car-
dio-, neuro-, hepato- and renal-protective, etc.!-2 Commercial G. lucidum products
are available as powders, dietary supplements, and tea obtained from its different
parts, including mycelia, spores and fruit bodies. The main component of mush-
rooms is water (90 mass %), while proteins, fats, carbohydrates, ash, minerals and
vitamins are the remaining 10 mass % of the total content.2:3 The fruit body of this

* Corresponding author. E-mail: sakisandral2@yahoo.com
https://doi.org/10.2298/ISC250619084K
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1426 KONSTANTINOVIC et al.

fungus is a rich source of bioactive components, such as polysaccharides, triter-
penes, polyphenols, vitamins and different types of secondary metabolites (phen-
olic compounds, polyketides, terpenes, steroids and phenols), including more than
140 different lanostane-type triterpenoids.!=3 Such a versatile chemical compos-
ition explains a wide range of its pharmaceutical properties.

Combining pure Reishi tincture with other natural and biologically active
extracts can improve its biological and pharmacological activities. Propolis, a res-
inous substance collected by bees from different plants, is another natural product
considered one of the best general panaceas since ancient times.* It is a complex
mixture, and its chemical composition is qualitatively and quantitatively variable,
depending on the bee species, geographical areas and botanical source.>-¢ Among
natural compounds found in propolis, polyphenols are the most important, mainly
phenolic acids and flavonoids.4© These compounds are responsible for its numer-
ous activities, such as antimicrobial, antioxidant, anti-inflammatory, antiprolifer-
ative, antihypertensive, spasmolytic, hepatoprotective, immune-stimulant, etc.4-¢
Propolis can be found in various cosmetics, beverages, food products, and dietary
supplements. Green tea, obtained from the leaves of Camellia sinensis L., is a
widely consumed beverage worldwide. It is rich in polyphenols (particularly cat-
echins), while its extract contains lower amounts of other compounds, such as
flavonoids and phenolic acids.”

Thus, the aims of the current study were to determine and compare the chem-
ical and mineral composition of pure Reishi tincture with those enriched with pro-
polis or green tea from Serbia, as well as to evaluate their antimicrobial activity
against eight bacteria. The chemical composition and mineral content were analyzed
by UHPLC-DAD-ESI-MS and ICP-OES methods, respectively. These results
could promote further development of the Reishi production industry in Serbia and
be useful for the food, pharmaceutical, and cosmetic industries.

EXPERIMENTAL
Material

Commercial ethanolic extracts obtained by triple extraction of pure Reishi (35 %), Reishi/
/propolis (35 %), and Reishi/green tea (35 vol. %) were analyzed. A total of 100 ml of each
tincture was evaporated by rotary evaporator at 40 °C to dryness and dried at 50 °C until
reaching constant weight. The total solid matter was 4 mg-mL"! of tincture.

Chemicals and reagents

Ethanol, 96 % (Centrochem, Zemun, Serbia), and quercetin, rutin, and apigenin standards
(Sigma-Aldrich, St. Louis, USA) were used. Distilled water and aqueous NaCl solution (0.9 %)
were provided from Zorka Pharma d.o.o. (Sabac, Serbia). Dimethylsulfoxide (DMSO, > 99 %)
was purchased from Sigma—Aldrich (Munich, Germany). Solvents used in the UHPLC experi-
ments were of HPLC or LC/MS grade. Concentrated nitric acid (65 %, Merck) and distilled
water (HPLC grade, Fisher Chemical) were used for ICP-OES analysis.

Available online at: http://www.shd.org.rs/JSCS
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UHPLC-DAD-ESI-MS analysis

The chromatographic separation was performed on a Hypersil Gold C18 column (50
mmx2.1 mm, 1.9 pm) at 25 °C using a Dionex Ultimate 3000 UHPLC+ system equipped with
a diode array (DAD) detector and LCQ fleet ion trap mass spectrometer (Thermo Fisher Sci-
entific, USA). A mobile phase consisted of two solvents, 0.1 vol. % formic acid in water and
methanol, with a gradient program at 0.25 mL-min"! flow rate.® The injection volume was 1 pl.
Absorption UV/Vis spectra were recorded on a DAD-detector with a total spectral range
between 200 and 800 nm. The mass spectrometric analysis was performed using a 3D-ion trap
with electrospray ionization (ESI) in negative ion mode. The ESI source parameters were as
follows: source voltage 4.5 kV, capillary voltage 41 V, tube lens voltage 95 V, capillary tem-
perature 350 °C, nitrogen sheath and auxiliary gas flow 32 and 8 arbitrary units. MS spectra
were acquired by full range acquisition of m/z 130-1300, with a tandem mass spectrometry
analysis performed by a data-dependent scan — the collision-induced dissociation (CID) of
detected molecular ion peaks ([M—H].) with normalized collision energy set at 25 eV. The ESI
source parameters for positive ion mode also used for detection of pure Reishi tincture were
source voltage 5.0 kV, capillary voltage 49 V, tube lens voltage 100 V, capillary temperature 350
°C, and 32 and 8 units for the auxiliary and sheath gas flow, respectively, in the full range, 130—
—1200, and data-dependent scan with CID set at 25 eV of detected [M+H]", or cationized
[M+Na]" molecular ion peaks. Xcalibur software (version 2.1) was used for instrument control,
data acquisition and data analysis.

ICP-OES analysis

The quantitative analysis was carried out using inductively coupled plasma-optical emis-
sion spectrometry (ICP-OES, Arcos FHE12, Spectro, Germany), following the manufacturer’s
guidelines. All samples from the solid (Reishi, propolis and green tea powders) and liquid (tinc-
tures) materials were prepared through a wet digestion procedure with concentrated nitric acid,
as detailed in the literature.%19 Argon 5.0 (99.999 %) purity served as the carrier gas. In addition
to the analytical sample, calibration standards were prepared beforehand. The calibration sol-
ution was created using Multistandard [V — a multi-elemental standard solution from Merck,
which includes Ag, B, Cd, Co, Cr, Cu, Fe, Li, Mn, Na, Ni, Pb, Tl and Zn at concentrations of
1000 ppm. Parameters of the calibration lines for the determined elements are presented in the
Supplementary material to this paper (Table S-I).

Antimicrobial activity

The antimicrobial activity was evaluated using the following microorganisms: Staphylo-
coccus aureus (ATCC 25923), Psudomonas aeruginosa (ATTC 27853), Escherichia coli
(ATCC 25922), Klebsiella pneumoniae (ATCC 700603), Listeria monocytogenes (ATCC
19166), Proteus vulgaris (ATCC 8427), Bacillus cereus (ATCC11778) and Bacillus luteus in
haus strain. Microorganisms were from the Microbiology Laboratory, Faculty of Technology,
Leskovac. Mediums used for the growth of the microorganisms were Antibiotic agar No. 1 for
microbiology (Merck, Darmstadt, Germany) and nutrient agar (Torlak, Belgrade, Serbia) for
bacterial growth. The agar disc diffusion method was used for testing the antibacterial activity.!!
The mediums were sterilized in an autoclave at 121 °C under 110 kPa for 25 min. The suspension
was prepared with overnight culture and adjusted to 0.5 McFarland standard. The prepared suspen-
sion contained 1x108-2x108 colony-forming unit (CFU)-mL!. The inoculum of 0.1 mL of suspen-
sion was added to 10 mL of medium and poured into the Petri dishes. For screening, sterilized
filter paper disks (9 mm in diameter, Schleicher & Schuell) were placed on the surface of inocul-
ated mediums and impregnated with 50 uL of the extract sample (evaporated ethanolic extract
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1428 KONSTANTINOVIC et al.

dissolved in DMSO, concentration 100 mg-mL-"). Pure DMSO was used as a negative control.
Plates were incubated for 24 h at 37 °C and results were expressed as the diameter of inhibition
zones (IZ in mm). The presence of the IZ indicated the activity of the tested samples against the
tested microorganisms. The following commercial standardized discs with predetermined
amounts of antibiotics were used as positive controls: ciprofloxacin (5 pg), imipenem (10 pg),
penicillin (6 pg, 10 IU), trimethoprim/sulfamethoxazole (1.25/23.75 ng), clindamycin (2 pg),
ceftriaxone (30 png), gentamicin (10 pg), amoxicillin + clavulanate (20/10 pg) and cefoxitin (30
ng), all from BD Sensi-Disc, GmbH, Heidelberg. All experiments were performed in triplicate.
Statistical analysis

All results were reported as mean value + standard deviation from three measurements.
Statistical comparisons were carried out by one-way ANOVA (analysis of variance) followed
by Tukey’s multiple comparison test by software SPSS 23.0 (IBM, USA). Differences are reflected
as significant at p < 0.05.

RESULTS AND DISCUSSION

UHPLC-DAD-ESI-MS analysis

The typical UHPLC-DAD chromatograms recorded from DAD-signal at A=
=320 nm are shown in Fig. la—c.

The list of all compounds detected with their MS/UV/Vis spectral data is shown
in Tables S-1I-S-1V of the Supplementary material. For some detected compounds,
the absorption and MS/MS spectra are shown in Supplementary matrial (Figs. S-1
and S-2). Mass spectra and fragmentation patterns, the order of elution from the
chromatographic system, together with literature data,!3-28 allowed the identification
of some detected compounds.

Basic physiologically active components in G. lucidum are polysaccharides,
peptidoglycans and triterpenes.|3 Among 13 registered DAD-signals in pure
Reishi tincture (Fig. 1a, Table S-11), signal 10 was identified as 12-acetoxyganod-
eric acid F, according to [M—H]~, m/z 569, while ganoderic acid G type A ((M—H],
m/z 531 in negative mode and [M+Na]*, m/z 555 in positive mode) was assigned
to peak 12.16 Those ganoderic acids (related to triterpenoids) are the most repre-
sentative components in G. lucidum, responsible for different biological activities.
An appropriate MS/MS-fragmentation pattern in positive mode for the same com-
pound (Fig. S-1a) confirmed the suggested compound, with cationized adducts at
m/z 555 [M+Na]" and corresponding fragment ions. The corresponding UV/Vis
spectrum (Fig. S-1a) of the ganoderic acid G type A exhibits an absorption max-
imum at 258 nm.16 The triterpenoid, often present in G. lucidum, lucidone A, was
tentatively identified by confirming with Yan et al.15

The dominant class of compounds in both Reishi/propolis and Reishi/green
tea tinctures are flavonoids. Rutin (Fig. 1b, Table S-III; peak No. 11), quercetin
(Fig. 1c, Table S-1V; peak No. 9), and apigenin (Fig. 1c, Table S-IV; peak No. 14)
were identified by their standard methanolic solutions. Hydroxybenzoic acid, caf-
feic acid, p-coumaric acid, caffeic acid derivate and dihydroquercetin (Fig. lc,

Available online at: http://www.shd.org.rs/JSCS
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CHARACTERIZATION OF ENRICHED REISHI TINCTURES 1429

Table S-III; peaks No. 1, 2, 3, 4 and 5, respectively) were identified by using
MassBank Record.!® For qualitative analysis of all detected signals, mass spect-
rometry combined with collision induced dissociation of molecular ions in data-
-dependent mode MS/MS was used, together with a comparison with the corres-
ponding literature (Tables S-1II and S-IV).

1500+ a)

10004
1
2 13

Absorbance / pnAU

7/ min

Absorbance /| pnAU

7/ min

2
350000+ )
300000
250000 8
200000 12 (22+23)
150000

100000

50000
1
0
T T T T T T T T T T T T 1
0 1 2 3 4 5 6 7 8 9 10 1" 12 13
T/ mmn

Absorbance /| pAU

Fig. 1. UHPLC-DAD chromatograms of all tinctures (a — pure Reishi, b — Reishi/green tea and
¢ — Reishi/propolis) at DAD signal 44¢ = 300 nm. The corresponding peaks assignments (in
the chromatograms labeled by numbers) are listed in Tables S-I-S-III, respectively.
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1430 KONSTANTINOVIC et al.

Reishi/green tea tincture is rich in catechin, epicatechin, gallocatechin, epigal-
locatehin, and flavan-3-ols, characteristic of green tea. Gallocatechin is detected
as signal No. 2 in the UHPLC-DAD chromatogram (Fig. 1b, Table S-III) and con-
firmed by the MS/MS-fragmentation pattern in negative mode and correspondding
fragment ions (Fig. 2b). The UV/Vis spectrum of gallocatechin (Fig. S-1b) exhibits
an absorption maximum at 287 nm.18:29 Reishi/green tea tincture also contains
flavonols: kaempferol 3-O-rutinoside, kaempferol-O-glycoside, quercetin-glycoside
and its quercetin-3-O-rutinoside derivative rutin (Fig. 1b, Table S-1II; peaks No.
13, 14, 12 and 11, respectively) and flavones such as apigenin-glucosides: apigenin
6 (or 8)-C-xyloside-8(or 6)-C-glucoside (known as vicenin 1, [UPAC name 5,7-
-dihydroxy-2-(4-hydroxyphenyl)-8-[(2S,3R,4R,5S,6R)-3,4,5-trihydroxy-6-(hydroxy-
methyl)oxan-2-yl]-6-[(2S,3R,4S,5R)-3,4,5-trihydroxyoxan-2-yl Jchromen-4-one) and
apigenin 6-C-glucosyl 8-C-(2"-O-dihydroferuloyl)-glucoside (IUPAC name 5,7-
dihydroxy-2-(4-hydroxyphenyl)-6-[(2S,3R,4R,5S,6R)-3,  5-trihydroxy-6-(hydroxy-
methyl)oxan-2-yl]-8-{[2R,3R,4S,5S,6R)-2-[3-(4-hydroxy-3-methoxyphenyl)propa-
noyl]oxy-3,4,5-trihydroxy-6-(hydroxymethyl)oxan-2-yl] } chromen-4-one) (Fig. 1b,
Table S-11I; peaks No. 9 and 10, respectively). MS/MS fragmentation pattern in a
negative mode for vicenin 1 (Fig. S-1c) presents molecular ions at m/z 563, 443,
383 and 353. These neutral losses are characteristics of glucosyl and pentosyl
residues. The fragmentation signals at m/z 383 and 353 are also typical for di-C-
-glycosylflavones. UV/Vis spectra of vicenin 1 (Fig. S-1c) exhibit two absorption
maxima at 272 and 334 nm, which is in accordance with the literature.2 Quercetin-
-glycoside (Fig. 1b, Table S-III; peak No. 12) is detected as quercetin-7-O-glyco-
side, since the fragment ion at m/z 301 is rather abundant in 7-O-glycoside than in
3-O-glycoside (Fig. S-1d). Moreover, UV/Vis absorption maxima at 271 and 349
nm are in the range for this class of flavonols.2!

Reishi/propolis tincture is rich in phenolic acids. Caffeic acid was detected as
peak No. 2 in the UHPLC-DAD chromatogram (Fig. 1c, Table S-1V), while the
corresponding UV/Vis spectrum (Fig. S-2a) contains two absorption maxima at
290 and 323 nm. An appropriate MS/MS-fragmentation pattern in negative mode
(Fig. S-2a) confirmed the suggested compound with molecular ion at m/z 179
[M-H]~ and corresponding fragment ion at m/z 135.19:23 Caffeic acid derivatives
were detected by peaks No. 4, 20, 21 and 22 (Fig. 1c, Table S-1V).19.23-25.28
Reishi/propolis tincture also contains quercetin and its derivatives dihydroquer-
cetin or taxifolin, quercetin-O- rhamnoside, quercetin-3-methyl-ether and querce-
tin-3-dimethyl-ether (Fig. lc, Table S-IV; peaks No. 9, 5, 7, 11 and 19) with
molecular ion peaks found at m/z 301, 303, 447, 300 and 329, respectively. The
corresponding UV/Vis spectrum of taxifolin (Fig. S-2b) contains two absorption
maxima at 298 and 323 nm, while an appropriate MS/MS-fragmentation pattern in
negative mode (Fig. S-2b) confirmed the suggested compound.!9-25 Genistin, a
well-known isoflavone, is identified as a peak No. 8 ((M—H]~, m/z 431) (Fig. lc,
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Table S-1V). Corresponding UV/Vis spectrum (Fig. S-2¢) contains two absorption
maxima at 290 and 322 nm, typical for this compound. The product ion mass
spectrum of [M—H]~ (Fig. S-2c) shows neutral losses of the glycan residue (162
Da) and of the glycan residue +H® (163 Da) by rearrangement and cleavage,
respectively, which is expected since, structurally, genistin represents genistein 7-
-O-3D-glucoside.!9-25 Reishi/propolis tincture is also rich in dihydroflavonol pino-
banksin, its 5-methyl-ether derivative and 3-O-derivatives (acetate, butyrate, pro-
pionate and pentanoate), as well as methoxy-chrysin, luteolin-methyl-ether, galan-
gin-5-methyl-ether and isorhamnetin-3-O-rutinoside.2#:26:28 The tincture also con-
tains flavanone pinocembrin (Fig. 1c, Table S-1V; peak No. 23), a natural precursor
of pinobanksin. The corresponding UV/Vis spectrum (absorption maxima at 291
and 356 nm) and MS/MS-fragmentation pattern (Fig. S-2d) confirmed its pre-
sence.28 Peaks No. 12, 13, 18 and 26 were unidentified derivatives of phenolic
acids and flavonoids.

Mineral content
ICP-OES analysis results are presented in Table 1.
TABLE I. Concentrations of macro- and microelement in samples; column values (different

capital letters) and row values (different small letters) are significantly different (p < 0.05) by
Tukey’s multiple range test

) Solid material, ¢ / pg-g! Tincture, ¢ / mg-L"!
Mineral Reishi Greentea  Propolis Reishi  Reishi/green tea Reishi/propolis
Ag 6.45La oKb ONb oKb 0Ob oMb
B 6.05Mb  354Ge 3] 77Ha oKe 3.28 Ed oMe
Ca 00¢ 112.1B% 76043 Da oKe 00c¢ o Me
Cd 00c¢ 6.8Fa ONe¢ oKe 00c 0.025Lb
Co OOb 0.03Ka ONb OKb OOb ()Mb
Cr 447672 0.45 JKb ONe¢ oKe 00c¢ oMe
Cu 77.02 Fa 2.45He 8.49Lb 0.151f 0.837d 0.41e
Fe 1071.78 €2 22 He 26.43 10 oke 0.431Ld o Me
K 2.02 Nf 11Ee 2659.07Ba 8978 Bb 4933 Be 26.25¢€d
Li 174.6 Ea 2.2 Hb 121 Me¢ 0.17e 0.13 Md 0.1 Ke
Mg 00¢ 32040 383.12 Ea 49Ec 2.95Gd 2.05Fd
Mn 739.11Pa  o.51Ke 1528 7b oKe 0.075 Nd oMe
Na 00f 93 Cb 318.14 Fa 35.6Cd 4823 Cc 34.48 Ac
Ni 13.31 Ka 2.35Hb ONe¢ oKe 00c¢ o0 Me
Pb 45.1612 1.151¢ ONe oKe 1.451b 0.257d
Sr 00e¢ oKe 11.4Ka 0.53 He 0.73 Kb 0.5 Hd
Tl 47.18 Ha (.53 JKb ONe¢ oKe 00c¢ oMec
Zn 48.79Ga  03Kf  3613Gb 238Ge 2.35Hd 1.7Ge
Si 56572642 225Hf  3589Gb  345Fd 3.08Fe 3.85E¢
P 159476 Bb 088 LIf 8692.054A2 238.48Ac 117.58 Ad 31.15B¢
S 00f 29.25Db 124491Ca 262Dc¢ 21.88Dd 6.53 Be
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The difference in mineral content between crude samples and tinctures is
evident, not only in a qualitative but also in a quantitative manner. A total of 21
elements was determined. Tested Reishi powder is notable for its high content of
Si (5657.26 ng-g1), P (1594.76 png-g1), Fe (1071.78 pg-g1) and Mn (739.11
ng-g-1), while propolis was rich in P (8692.05 ug-g!), K (2659.07 pg-g!1), S
(124491 pg-g1) and Ca (760.43 pg-g!), followed by Mg (383.12 pug-g!) and
Na (318.14 ug g!). Among all crude samples, green tea powder contained the
least amount of minerals, with Mg as the most abundant element (320 ug-g!),
followed by significantly lower quantities of Ca (112.1 pug-g~!), Na (93 pg-g!)
and S (29.25 ng-g ). Although the mineral content of plants depends upon soil
structure, climatic conditions, and plant species, the basic elements are more or less
present in the same species. According to literature, Reishi contains minerals like
Cu, Zn, Se, K, Ca, P, Mg, and Fe.30 Propolis possesses Ca, K, Al, Cu, Mg, Fe and
Zn in the highest amounts.3! The most abundant minerals found in green tea are P,
K, Ca, Mg, Fe, Mn, Al, S, Si, followed by Zn, Cu and F.32 In all Reishi tinctures,
the most common minerals are P, K and Na, which are very important macro-
elements and have a large impact on the human body. P plays a crucial and vital
part in the creation of bones, teeth, nucleic acids, phosphoproteins, growth and the
control of different repair processes. Its role in the conversion of food into energy,
the metabolism of lipids and carbohydrates, lessening arthritis pain, and restoring
proper kidney and cardiac function is also essential.33 As two essential macroelem-
ents, K and Na are important to maintain body cellular homeostasis and metabolism,
since most metabolic processes are dependent on or affected by these electrolytes.
Also, these electrolytes maintain normal pH levels in extracellular fluid, regulate
osmotic pressure, act as cofactors for many enzymes, and are involved in oxidation—
reduction reactions.3* Compared to crude samples, in all Reishi extracts, toxic
elements, such as Cd and Pb, were not found or were present in insignificant amounts.

Antimicrobial activity

The results of the disc diffusion testing are presented in Table II. Both DMSO
and sterile water negative controls showed no inhibition effects. The inhibition
zones reveal different susceptibility of different bacteria to all tinctures.

None of the tinctures was antibacterial against K. pneumonia. While pure
green tea tincture failed to express any antibacterial activity, both the pure Reishi
and propolis tinctures demonstrated similar potential against P. aeruginosa, E. coli
and P. vulgaris. However, propolis tincture was more active against S. aureus and
was the only pure tincture deemed as antibacterial against L. monocytogenes, B.
cereus and B. [uteus. The antibacterial potential of different Reishi tinctures was
reported in earlier studies.35-36

TABLE II. Values of zones of bacterial growth inhibition (mm); column values (different
capital letters) and row values (different small letters) are significantly different (p < 0.05) by
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Tukey’s multiple range test; NI —no inhibition; NT — not tested. * According to the CLSI protocol
microorganisms can be consider resistant if the inhibition zone iz lower than 14 mm, intermediate
or susceptible-dose dependent for the zone 15—19 mm and susceptible for the zone bigger than
20 mm; bacteria: SA — S. aureus; PA — P. aeruginosa; EC — E. coli; KP — K. pneumoniae; LM
— L. monocytogenes; BC — B. cereus; BL — B. luteus; PV — P. vulgaris; tincture: R — Reishi; GT
— green tea; P — propolis; antibiotics: CPF — ciprofloxacin; TMF/SMT — trimethoprim/sul-
famethoxazole; PCL — penicillin; CDM - clindamycin; CTX — ceftriaxone; IPN — imipenem;
GTC — gentamicin; AMX/CVT — amoxicillin/ clavulanate; CFX — cefoxitin

Inhibitor SA PA EC KP LM BC BL PV
R 9%+0.6'c 12+0.5Hb 10+0.50¢  NIGd NHd NIFd NIld  15+0.5F2
GT NIKa NG NIHa NIG2 NIHa NIF2 NIl NIHa
P 17£0.6"2 1320.6H0¢ 124£0.6F¢  NIGd  16+0.562 14+0.5Eb 1240.6H¢13+0.6Cb¢

R/GT 1140.6°¢  1540.562 [241Fbe  NJIGd NIHd  1340.6E NI 1640.5EFa
R/P 2140.6G2  1740.4Fb 1540.6E¢  NIGd  2040.5B2 17+0.2Db 15+0.3C¢ 1740.5Eb
CPF 26+0.6D:Ee 40+0.542 40+0.642 31+0.8A¢ 3640.680 30+14Acd 28+1Dde 2640.6Ce

TMF/ NTKb NI NTHb NTGb NTHb NTFb  214+0.6F2  NTHD
SMT
PCL 32+1Ba  16+0.5F.Gc  NTHe 11£1Fd 1640.66¢ 13+0.5Bd 29+1Db 31+1Bab

CDM  22+0.8FGa NIl NTHe NTCe  18+0.5F> NTFe  NTlc  NTHe
CTX 28+16DPb 3240 5Ba 32+40.6B2 2240.5CDc 2740.3Cb  21+1Cc  144]1Ge 31+0.3Ba
IPN 4014 22+41Dd 2740.6Cc 26+0.6B¢  42+1Ab  2640.68¢ 461+0.642 4240.5Ab
GTC  2440.8EFabp0+0.5Ecd 24 1Dbe po+1Eed 25+0.6P2 2140.65¢.4264+0.652 1940.5Pd
AMX/  30+0.6B:C° 26+0.6Cc 12+1Fe  21+1DEd 2640.65Pc21+1.05C44440.6B2 424142
CVT

CFX  28+0.6%Dbe 26+1Cc 22+0.5Dde 2340564 20+1Ee 2240.5€de40+0.5C2 30+1Bb

Compared to the pure Reishi extract, the Reishi/green tea tincture exhibited
improved antibacterial effect, while Reishi/propolis tincture showed the highest
activity against all tested strains, especially S. aureus and L. monocytogenes.
Somewhat improved antibacterial activity of Reishi/green tea tincture compared to
the pure Reishi and pure green tea tinctures can only be explained by the possible
synergistic effect of the components present in Reishi and green tea. Specifically,
the main catechins present in green tea (epicatechin, epicatechin-3-gallate, epigal-
locatechin and epigallocatechin-3-gallate) are known antimicrobials;3” these cat-
echins are detected in prepared Reishi/green tea tincture.

Interestingly, the addition of propolis in the Reishi tincture enabled it to exp-
ress activity against L. monocytogenes, B. luteus and B. cereus. Previous studies
confirmed the antibacterial potential propolis tinctures from Serbia against L.
monocytogenes, S. aureus and E. coli.3849 Although the chemical composition of
propolis is quite complex, its source causes only minor variations regarding its
antimicrobial activity.#0 Antimicrobial activity of propolis was associated with the
presence of phenolic compounds, such as caffeic acid, quercetin, luteolin, apigenin,
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p-coumaric acid, kaempferol and pinobanksin.3? Since these phenolic components
are also present in Reishi/propolis tincture, its improvement in antibacterial capacity
is explained by both the presence of various phenolic compounds originating from
Reishi and propolis, as well as their synergistic effect.

Although the Reishi/propolis tincture exhibits moderate antibacterial activity
compared to some commercial options, its use may still be justified due to the
multiple other potential health benefits associated with its constituents. Previously
reported immunomodulatory, anti-inflammatory and antioxidant properties of both
Reishil=3 and propolis#© could contribute to overall wellness.

CONCLUSION

The chemical composition and mineral content of pure Reishi tincture and
those enriched with propolis or green tea were compared. Among all samples,
Reishi/propolis tincture contained a significant amount of polyphenols, with the
dominant contribution of flavonoids and phenolic acids. Regarding mineral con-
tent, P, K and Na were the most abundant in all tinctures. Reishi/propolis tincture
also exhibited the best antibacterial activity compared to the other extracts. Based
on reported chemical compositions and antimicrobial activities, these Reishi-based
tinctures have promising prospects as food and health supplements. The high levels
of polyphenols, flavonoids, phenolic acids and essential minerals may contribute
to antioxidant, immunomodulatory, and general wellness-promoting effects. Enrich-
ment with propolis or green tea further enhances the bioactive profile, potentially
supporting cardiovascular, metabolic, and immune health. Therefore, even if the
antibacterial activity is moderate compared to commercial products, the combined
health benefits and nutritional value make these tinctures valuable candidates for
dietary supplementation. Further studies on bioavailability, dosage and clinical
effects would help to fully realize their potential in human health applications.

SUPPLEMENTARY MATERIAL

Additional data and information are available electronically at the pages of journal web-
site: https://www.shd-pub.org.rs/index.php/JSCS/article/view/13428, or from the correspond-
ing author on request.
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H3BOJ
THUHKTYPA PEUIIUJA (Ganoderma lucidum) OBOIAREHA ITPOIIOJIMCOM HJIH
3EJIEHUM YAJEM M3 CPBUJE: UHPLC-DAD-ESI-MS KAPAKTEPU3AIIUIJA,
MUWHEPAJIHU CACTAB U AHTUBAKTEPHUJCKA AKTUBHOCT

CAHJIPA C. KOHCTAHTUHOBUR!, IPATAH 3. TPOTEP!, JEJIEHA B. 3BE3JJAHOBHR!, CAFbA M. [IETPOBUR!,

CAILIA P. CABHR!, BOJAHA P. JAHWUJIOBUR' u JOBAH RUPUR?

"Texnonowxu paxynmen, Ynusepsumen y Huuwy, Bynesap ocnodohewa 124, 16000 Jleckosay, u
“Tounuuka akagemuja clipyxosnux cimyguja, Ogcex 3a o/b0upuUspegro—ipexpambene ciyquje,
Rupuna u Metoguja 1, 18400 IIpokyiimse

Llwms oBor pafja HMo je mpoLeHa pas/ivKa Y XeMHjCKOM CacTaBy U MUHEPATHOM CafprKajy

yucre penun (Ganoderma lucidum) THHKType ca THHKTypama odoraheHUM IPOIOIUCOM HUITH
3eJleHUM 4YajeM. XeMHjCKH cacTaB U cafipKaj MUHepasla Cy aHaJIu3UpaHy PUMEHOM TeUHe XPOo-
MaTorpaduje Beoma BUCOKUX TepdopMaHCcH y KOMOHHALIUjH ca IeTEKTOPOM YMpexeHUX hoTo-
Iuoja U eleKkTpocnpej joHH3auuja-maceHoM crnektpomerpujom (UHPLC-DAD-ESI-MS) u
ONTHYKOM EMHCHOHOM CIIEKTPOMETPHjOM Ca MHAYKTUBHO crperHytom maasmom (ICP-OES),
penom. Mehy oBUM y30purMa, PEULIH/TIPONOINC THHKTypa Cafp)KU 3HaYajHy KOTHYHUHY MOJTH-
(eHona ca TOMHUHAHTHUM yZenom ¢b1aBoOHOUAA U PEHOTHUX KUCEIHHA. Y TI0TIely MUHepalTHOT
cacraBa, P, K u Na cy HajBHIlIe TPUCYTHU ¥ CBUM THHKTypama. Peuiu/mponoiauc THHKTYpa je
nokasasa U Hajoosby aHTHOAKTEPHjCKy aKTUBHOCT, ITPH YueMy cy P. vulgaris v P. aeruginosa Gune
HajoceT/buBHje dakTepuje.

10.

(TTpumisero 19. jyna, pesupupano 21. jyna, mpuxsaheno 20. Hosembpa 2025)
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TABLE S-I. Parameters of the calibration line for the determined elements

Element J./nm R/1 ROL /mg-L"!
Ag 224.641 0.99993 0.00532-12
328.068 0.99995 0.00166-12
As 189.042 0.99982 0.00255-3.6
197.262 1 0.00825-2.4
B 182.641 0.99999 0.00737-12
249.773 0.99999 0.00643-12
Ba 233.527 0.99995 0.000115-12
Bi 190.241 0.99991 0.00353-12
223.061 0.99996 0.00368-12
Ca 183.801 1 1.6-12
396.847 1 0.0126-2.41
Cd 214.438 0.99989 0.000111-2.4
Ce 418.660 0.999917 0.00118-2.4
Co 228.616 0.99980 0.000327-12
Cr 283.563 0.99998 0.000435-12
Cu 224.700 0.99999 0.000907-12
324.754 0.99999 0.000259-12
Fe 259.941 0.99995 0.00199-12
184.950 0.99992 0.000192-12
Hg 194.227 0.99994 0.000579-12
253.652 0.99986 0.00202-12
In 325.609 1 0.004-12
K 404.721 0.99996 0.156-60

* Corresponding author. E-mail: sakisandral2@yahoo.com
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Li 323.261 1 0.798-12
670.780 0.99997 0.0000574-1.2
Mg 285.213 0.99996 0.00206-12.1
Mn 257.611 0.99997 0.000105-12
Na 330.237 0.99995 0.798-12
589.592 1 0.00583-1.2
Ni 231.604 0.99994 0.000474-12
P 214914 0.99995 0.00-120
Pb 220.353 0.99998 0.00616-12
S 180.731 1 0.0029-24
Si 288.158 0.99998 0.00582-60
251.612 0.99998 0.00124-60
Tl 190.864 0.99998 0.00172-12
Zn 213.856 0.99997 0.000082-12

TABLE S-II. The compounds detected by UHPLC-DAD-MS/MS in the pure Reishi tincture

Peak tr/ Amax/nm [M-H], m/z  MS/MS fragment ion peaks, m/z  Compounds assignment Reference
No. min

1 1.11 280,350 - - - -

2 157 306 - - - -

3 228 328 [M+H]*301 2297.7 (100 %), 255 n.i. phenolic acid Robbins!

4 295 280,450 - - - -

5 338 327 [M+H]*301 #280,264,254,245,187.9 (100 %), n.i. phenolic acid Robbins!

121

6 581 304 [M+H]" 240 2217 (100 %), 199, 195 n.i. phenolic acid Robbins!

7 746 333 175 147 (100 %), 131 n.i. phenolic acid Robbins!

8 8.83 260, 366 373 329 (100 %), 305, 263, 178, 151 n.i. flavonoid Rijke et al?

9 10.10 309 401 - tent. Lucidone A Yan et al.3
[M+Na]* 425 2407, 226, 161 -

10 10.70 245 569 - 12-acetoxyganoderic ~ Chen et al.*; Ryu et

acid F al’

11 11.00 237, 315 399 370, 353 (100 %), 337, 325, 309, 159 - -
[M+Na]" 423 377 (100 %), 408, 286, 159 - -

12 11.55 258 531 - Ganoderic acid G type A Chen et al.*
[M+Na]" 555 549.8, 547, 527, 510, 497 (100 %) Ganoderic acid G or Chen et al.*

methyl lucidenate
13 11.65 - [M+Na]" 555537, 527, 508.66 (100 %), 490.62, 365, Ganoderic acid G or Chen et al*

283 methyl lucidenate

aPositive ionization mode
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TABLE S-III. The compounds detected by UHPLC-DAD-MS/MS in the Reishi/green tea

tincture
Peak frR/minAmax/nm [M-H],  MS/MS fragment ion Compounds assignment Reference
No. m/z peaks, m/z
1 0.90 - 343 191 (100 %), 169 3-0-galloyl quinic acid Wyrepkowski et al.®
0 ; 7
’ 113 287 305 261, 219, 115799’ (113070 %), 175, Gallocatechin Markowicz Bastos et al.
3 1.24 324 229 183, 161 (100 %), 143 n.i.
4 1.54 277,337 305 261,219,179 (100 %), 175, Epigallocatechin Markowicz Bastos et al.”
167,137, 125
5 1.77 275 - - n.i.
6 2.23 329 - - Phenolic acid derivative Robbins!
7 3.10 274 289 245 (100 %), 231, 203, 175, Catechin/Epicatechin MassBankRecord®;
161,137 Markowicz Bastos et al.”
8 3.55 312 457 - Epigallocatechin gallate Markowicz Bastos et al.”
9 4.69 272,334 563 473,443,383, 353 (100 %), Apigenin 6(or 8)-C-xyloside- Benayad et al.®
297 8(or 6)-C-glucoside (vicenin 1)
10 5.12 259,355 771 - Apigenin 6-C-glucosyl 8-C-(2"- Benayad et al.’
O-dihydroferuloyl)-glucoside
11 528 264,351 609 301(100 %), 271,255,228 Rutin Standard
12 545 271,349 463 343,301 (100 %), 271, 243, Quercetin-glycoside Zhao et al.'®
151
13 5.63 266,350 593 285 (100 %), 255, 241, 199, Kaempferol 3-O-rutinoside Jiang et al.!
185
14 5.80 268,312 447  285(100), 255,227, 137 Kaempferol-O-glycoside Jiang et al.''; Zhao et al.'’
15 745 333 583 539 (100 %), 469, 395, 243 n.i.
16 885 257,357 373 329(100 %), 305, 263, 192, n.i.
177, 151
17 10.12 308 401 383, 355 Lucidone A Yan et al.’
aPR100687/PR100688
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TABLE S-IV. The compounds detected by UHPLC-DAD-MS/MS in the Reishi/propolis

tincture
Peak R/ Ama/nm [M-H],, MS/MS fragment ion Compounds assignment Reference
No. min m/z peaks, m/z
1 197 311,282 137 136, 109 Hydroxybenzoic acid MassBankRecord®®
2 271 323,290 179 135 Caffeic acid MassBankRecord™; Cornard
and Lapouge
3 471 310 163 119 p-coumaric acid MassBankRecord®; Pellati et
al.t?
4 520 323,290 281 179, 161, 135 (100 %) Caffeic acid derivate -
5 547 323,298 303 285 (100 %), 177 Dihydroquercetin MassBankRecord®; Ye et
al'*
6 5.60 - 623 315, 300, 271 Isorhamnetin-3-O-rutinoside ~Fuentes-Alventosa et al."?
7 5.82 257,340 447 301 (100 %), 285,271,255 Quercetin-O-rhamnoside MassBankRecord®®
8 645 322,290 431 268 (100 %), 239, 211, Genistin Ye et al.'*
167, 153
9 6.92 257,370 301 - Quercetin Pellati et al.'?; standard
10 7.13 289,320 285 267 (100 %), 252, 239, 224 Pinobanksin-5-methyl-ether Pellati et al.®
11 7.22 350,252 315 300 Quercetin-3-methyl-ether Pellati et al.'?
12 7.33 280 315 300 n.i.
13 7.41 310,293 349 - n.i.
14 7.62 338,267 269 225,201, 197, 183, 151, Apigenin Sanchez-Rabaneda et al.'®;
149, 117 standard
15 7.81 293,330 271 253 Pinobanksin Pellati et al.®
16 8.17 267,350 299 284 (100), 255,227,179, Luteolin-methyl-ether Pellati et al."?
135
17 8.70 354,261 283 268,239 (100 %), 211 Galangin-5-methyl-ether Pellati et al.'®
18 9.04 312 449 421, 137 n.i.
19 9.38 258,358 329 314 (100), 299, 271 Quercetin-dimethyl-ether Pellati et al."3
20 9.89 325,300 247 179 (100 %), 161, 135  Caffeic acid isoprenyl ester Falcdo et al.V’
21 10.05 327,300 269 225,178,161, 134 (100 %) Caffeic acid benzyl ester Pellati et al."?
22 10.16 - 247 203,179 (100 %), 135, 121 Caffeic acid isoprenyl ester — Falcdo et al."
isomer
23 10.27 291,356 255 213 (100 %), 193, 183, Pinocembrin Falcdo et al."
151, 145
24 10.53 296 313 271,253 (100 %) Pinobanksin-3-O-acetate Falcdo et al."’
25 10.69 345,266 283 268, 239, 179 (100 %), Methoxy-chrysin Pellati et al."?
161, 135
26 11.21 325,297, 295 211 n.i.
250
27 11.45 293,320 327 271,253 (100 %) Pinobanksin-3-O-propionate Falcdo et al."’
28 12.10 292,330 341 - Pinobanksin-3-O-butyrate Pellati et al.®
29 12.54 293,330 355 271, 253 (100 %) Pinobanksin-3-O-pentanoate Pellati et al."®

aPPR100187; "KO000512; °PR100685; IBMLO1276; °PR100993
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Fig. S-1. a) Ganoderic acid G type A
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Fig. S-1. b) Gallocatechin

Extract with green tea RT:1.11-1.22 AV:6 NL:2.96
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Fig. S-1. Mass (A) and UV-Vis (B) spectra of selected compounds from chromatograms of
pure Reishi tincture (a) and Reishi/green tea tincture (b-d). a) Compound No. 12 (Fig. 1a),

assigned as ganoderic acid G type A (Table S-I); b) Compound No. 2 (Fig. 1b), assigned as
gallocatechin (Table S-1I);

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

(CC) 2025 Serbian Chemical Society.



S428 KONSTANTINOVIC et al.

Fig. S-1. c) Apigenin-xyloside-glucoside
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Fig. S-1. Continued ¢) Compound No. 9 (Fig. 1b), assigned as apigenin-xyloside-glucoside
(Table S-1I); d) Compound No. 12 (Fig. 1b), assigned as quercetin-glycoside (Table S-II).
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Fig. S-2. a) Caffeic acid
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Fig. S-2. b) Dihydroquercetin
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Fig. S-2. Mass (A) and UV-Vis (B) spectra of selected compounds from chromatogram of
Reishi/propolis tincture. a) Compound No. 2 (Fig. 1c), assigned as caffeic acid (Table S-III);
b) Compound No. 5 (Fig. 1¢), assigned as dihydroquercetin (Table S-1II);
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Fig. S-2. c¢) Genistin

Extract with propolis RT:6.44 AV: 1NL: 2.10E2
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Fig. S-2. d) Pinocembrin
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Fig. S-2. Continued ¢) Compound No. 8 (Fig. 1¢), assigned as genistin (Table S-III); d)
Compound No. 23 (Fig. 1c), assigned as pinocembrin (Table S-III).
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Abstract: Hydantoin derivatives represent a versatile class of heterocycles,
known for their pharmacological properties. Because drug efficacy often dep-
ends on the fine-tuning of weak intermolecular (non-covalent) interactions, ana-
lysis of the crystal structure of a drug molecule is important, as it enables deci-
phering its interaction profile. In this study, the crystal packing of phenytoin and
its selected derivatives were examined through dimeric motifs with different rec-
ognition modes using force-field calculations and a density functional theory
(DFT) approach. The relatively polar ethoxyacetyl group at the N3 position of
the hydantoin ring, capable of forming hydrogen bonds, enhances the contri-
bution of electrostatic and polar components to the total interaction energy. In
contrast, the long alkyl chain promotes hydrophobic contacts, leading to dis-
persion forces dominating over electrostatic interactions. The reactivity of phen-
ytoin and its derivatives were further evaluated by examining the influence of
these substituents using conceptual density functional theory (CDFT) descript-
ors. These findings demonstrate that substituents significantly affect crystal
packing and the balance of non-covalent interactions, providing valuable insights
for optimizing molecular recognition and drug—target interactions in the design
of new therapeutic agents.

Keywords: intermolecular interactions; hydantoin; electron density; phenytoin;
global reactivity descriptors.
INTRODUCTION

Derivatives of hydantoin (imidazolidine-2,4-dione) represent a versatile class
of heterocyclic compounds with important applications in pharmacology, mater-
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ials science and crystal engineering. This five-membered ring provides conform-
ational rigidity and planarity, facilitating interactions with biological targets (Fig. 1).

a)

b)
O Compound 1, X: H
HN— O Compound 2, X: CH,
oo o™ Compound 3, X: CH,COOCH,CH,
H )‘( Compound 4, X: n-C, H

10721

Fig. 1. Chemical structure of: a) the hydantoin and b) the phenytoin and its derivatives.

Both the carbonyl groups at positions 2 and 4 (electrophilic centres) and the
NH groups at positions 1 and 3 participate in hydrogen bonding, which is crucial
for interactions with biological systems. Additionally, the C5 position is a reactive
methylene site suitable for functionalization. All these features contribute to the
characteristic stability of hydantoin, while still providing sufficiently reactive cen-
tres for the development of new derivatives. These derivatives have a wide range
of applications: in bio- and medicinal chemistry due to their pharmacological
activities;! in agriculture as potential antimicrobial agents;2 in coordination chem-
istry as valuable ligands with uses in electrochemical biosensors3-# and anticor-
rosive materials. However, hydantoin derivatives are still primarily recognized
for their pharmacological activities, including antimicrobial, anticonvulsant, anti-
inflammatory, antidiabetic, anticancer, antiplatelet, anti-HIV and allosteric anta-
gonist action.!

Phenytoin (5,5-diphenylhydantoin) is a well-known anticonvulsant drug and
among the first to be developed through rational drug design.®7 It has been widely
used for decades to manage and prevent seizures, particularly tonic-clonic and
focal seizures. Disorders of the central nervous system (CNS) represent one of the
major medical challenges of the twenty-first century. Despite advances in dev-
eloping potential therapies for neuronal disorders, drug crossing of the blood—brain
barrier (BBB) remains a significant obstacle.8~10 Several factors influence the
activity of phenytoin. It selectively blocks voltage-dependent sodium channels
(NVSC) by forming hydrogen bonds, which are critical for its anticonvulsant act-
ion.11714 However, access to these channels depends on the presence of hydro-
phobic groups in the molecular structure. Such groups, particularly at the C5 pos-
ition, enable hydantoins to interact with or cross the cell membrane. High lipo-
philicity is also important, enabling molecules to cross the BBB and remain in the
brain for a longer time.!5 On the other hand, a comparison of structurally diverse
hydantoin derivatives with the same log P values has shown that the binding affi-
nities can vary significantly despite similar lipophilicity.16 It appears that the
orientation of the phenyl ring plays a critical role, with an optimal spatial arran-
gement enhancing the binding efficiency of 5-phenylhydantoins.
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The crystal structure of a drug molecule plays an important role in pharma-
cology, as it influences solubility, stability and bioavailability (e.g., different poly-
morphs may exhibit distinct absorption profiles). Moreover, the specific intermole-
cular interactions observed in the crystal structure provide valuable insights into
the binding preferences of a drug molecule toward target biomolecules.!” These
features are essential for the rational design of effective and selective drugs, as
well as for predicting pharmacokinetically relevant properties such as lipophilicity
and membrane permeability, including the ability to cross the blood—brain barrier
(BBB).

Finally, improving drug efficacy often depends on the fine-tuning of weak
non-covalent (non-bonding) interactions, including polar hydrogen bonds, hydro-
phobic H---H contacts and van der Waals forces. These relatively weak and long-
-ranged interactions have a cumulative effect that makes them crucial for mole-
cular recognition, stability and structural organization. Because accurately model-
ling these interactions remains challenging, modern computational methods that
incorporate dispersion effects have become indispensable tools in drug design and
crystal structure prediction. 1821

Based on the information and key issues outlined above, this study examines
the intermolecular interactions in dimeric motifs extracted from the crystal packing
of phenytoin and its N3-alkyl derivatives (Fig. 1). For this purpose, interaction
energies of different molecular pairs were evaluated using two approaches: a force-
-field-based method and a density functional theory (DFT) approach. Furthermore,
the influence of substituents was analysed through various descriptors, including
electronegativity, hardness, and softness, within the framework of conceptual den-
sity functional theory (CDFT).

METHODOLOGY

The studied structures were obtained from the Cambridge Structural Database (CSD).22
All calculations were carried out using Gaussian 09,23 CrystalExplorer 21.524 and Mercury.2
The interaction energies of the dimeric motifs were evaluated with the DFT-based method, at
B3LYP/6-31G(d,p) level of theory, implemented in CrystalExplorer (CE-B3LYP), while the
UNI force-field approach26-27 was also applied for a comparative analysis. Both approaches rely
on the same theoretical principle — the evaluation of intermolecular interaction energies — and
therefore provide consistent criteria for the relevant dimers. Reported molecular pairs displayed
the strongest stabilizing effects and played a representative role in describing the crystal packing
motifs. Geometry optimizations of monomeric structures (compounds 1-4) were carried out
without constraints using the B3LYP/6-31G(d,p) level of theory in the gas phase and using the
solvation model based on density (SMD) for water and dimethyl sulfoxide (DMSO), as imple-
mented in Gaussian 09. Single-point calculations at the same level of theory were subsequently
performed on the optimized geometries to obtain orbital energies in each environment. Global
reactivity descriptors were then derived according to the equations provided in the
Supplementary material to this paper.
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RESULTS AND DISCUSSION
Structure selection

Considering the factors influencing the phenytoin activity, several of its
derivatives were selected for a comparative study of preferential intermolecular
interactions in their crystal packings and their molecular reactivity. Hydrogen-
-bond formation plays a significant role in the anticonvulsant activity of phenytoin
derivatives. In contrast, hydrophobic groups at the C5 position facilitate membrane
passage, enabling the molecules to reach the active site. Therefore, in addition to
phenytoin, its derivatives were analysed in which the hydrogen atom at the N3
position was replaced with a methyl group, an ethoxycarbonylmethyl group, or a
n-decyl group (Fig. 1). This selection of substituents provided structural diversity
by introducing either a group capable of hydrogen bonding or short and long alkyl
groups suitable for hydrophobic interactions.

Considerations of intermolecular interactions

The selected structures, extracted from the Cambridge Structural Database
(CSD), crystallized in three different space groups. Compound 1, also known as
phenytoin, belongs to the orthorhombic Pn21a space group (PHYDANO1, CCDC:
1232751).28 Compound 2 and 4 crystallized in monoclinic P21/n space group
(PEPDUMO1, CCDC: 238191829 and PAJMAS, CCDC: 20129258 respectively).
Compound 3, which contains a polar ester group, is reported in triclinic, P 1 space
group (JALGEL, CCDC: 1528488).30 The most relevant dimeric motifs in the
crystal packing of the investigated compounds were identified and quantitatively
described, providing a deeper understanding of how molecules interact and organ-
ize within the crystal structure. For this purpose, the interaction energies of mole-
cular pairs were determined using two distinct approaches: a DFT-based method
(CE-B3LYP) and the UNI force-field energy framework. First, the results obtained
with the CE-B3LYP method are discussed, followed by the corresponding energy
values derived from the UNI force field.

As shown in Fig. 2 and Table S-I of the Supplementary material, the D1 and
D2 motifs of compound 1, in addition to electrostatic H--*O hydrogen bonds, also
exhibit significant repulsive interactions. In contrast, motifs D3, D4, D5 and D6
are predominantly stabilized by dispersion forces.

For compound 2, electrostatic H---O interactions provide the most significant
energy contribution in dimer D1, whereas dispersion interactions dominate in the
other dimer motifs (Fig. 3, Table S-I).

For the dimeric motif D1 of compound 3, the electrostatic term again domin-
ates, and the overall interaction energy shows a remarkable increase compared to
the corresponding dimers of the previous two compounds (Fig. 4, Table S-I). The
symmetric arrangement of the two monomers, which feature strong N-H---O hyd-
rogen bonds, significantly contributes to the stability of the dimeric motif D1. Dim-
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ers D2, D3 and D4 exhibit a pronounced contribution from dispersion energy,
accompanied by higher total interaction energies.

a) —41.50 (CE-B3LYP) —38.49 (UNI) b)-27.20(CE-B3LYP) —26.06 (UNI)

ﬁF HILAX éf‘ ‘i{?

€) —24.60 (CE-B3LYP) -5.63(UNI) d)-17.60 (CE-B3LYP) —-21.60 (UNI)

e) —16.40 (CE-B3LYP) —15.10 (UNI) f) —5.70 (CE-B3LYP) —25.32 (UNI) )‘
5

Fig. 2. Selected dimeric motifs of compound 1 with the corresponding interaction energies (in
kJ mol!) calculated using the CE-B3LYP and UNI methods. The dimers were numbered
according to the interaction energy values obtained from the CE-B3LYP approach.

The ball-and-stick style illustrates the asymmetric unit within the dimeric motif.

Finally, although the D1 motif of compound 4 features N-H---O, C(sp3)—
—H---O and C(sp?)-H:--O hydrogen bonds, dispersion interactions predominate
(Fig. 5, Table S-I). A similar trend is observed for the remaining dimeric motifs,
where the dispersion component dominates despite the presence of other types of
interactions.

The ordering of the dimer motifs according to the interaction energies cal-
culated with the UNI force field is mostly consistent with the results obtained using
the CE-B3LYP method (Table S-I). In all studied compounds, the results for the
two highest-ranked motifs are in complete agreement. Also, for compound 4, the
results from both methods correlate very well. The results presented in Table S-I
reveal that the largest changes in the ranking of dimer motifs between the two
methods occur for compounds 1 and 2. For dimer D6, the interaction energy cal-
culated using the UNI force field is significantly higher than the value obtained
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with the CE-B3LYP method. For compound 3, the UNI force field calculations
indicate a perturbation in the interaction energies of the dimeric motifs D2 and D3.

a) —53.00 (CE-B3LYP) —4277(UNI) b) —36.40 (CE-B3LYP) —39.09 (UNI)

-

“2441

) 1540 (CE-B3LYP) —1731(UNI) d) —14.80 (CE-B3LYP) ~-10.19 (UNI)

Fig. 3. Selected dimeric motifs of compound 2 with the corresponding interaction energies (in
kJ mol ') calculated using the CE-B3LYP and UNI methods. The dimers were numbered
according to the interaction energy values obtained from the CE-B3LYP approach.

The ball-and-stick style illustrates the asymmetric unit within the dimeric motif.

The differences in dimer ranking arise because UNI (force-field) and DFT
approaches estimate the relative importance of hydrogen, dispersion and electro-
static interactions differently. While DFT relies on electron density and accounts
for polarization and delocalization, often highlighting polar interactions, the UNI
method is purely geometric and tends to emphasize dispersive contacts.31-33

Reactivity profile

Conceptual density functional theory (CDFT) has evolved into a fundamental
framework within quantum chemistry for predicting molecular reactivity.34 By
relating the electron density distribution and the total electronic energy of a system,
CDFT provides a set of global and local descriptors that quantify molecular
stability, reactivity and the location of the most reactive sites. The frontier mole-
cular orbital (FMO) theory provides an additional approach for assessing mole-
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a) =74.00 (CE-B3LYP)  —53.44 (UNI) b) 4540 (CE-B3LYP) —36.79 (UNI)

€) =35.30(CE-B3LYP) —38.34 (UNI) d) -30.90 (CE-B3LYP) —35.34 (UNI)

Fig. 4. Selected dimeric motifs of compound 3 with the corresponding interaction energies (in
kJ mol!) calculated using the CE-B3LYP and UNI methods. The dimers were numbered
according to the interaction energy values obtained from the CE-B3LYP approach.The ball-
and-stick style illustrates the asymmetric unit within the dimeric motif.

a) —85.50 (CE-B3LYP) —82.32 (UNI) b) —41.30 (CE-B3LYP) —45.14 (UNI)

©) —34.60 (CE-B3LYP) —27.86 (UNI) d) —20.90 (CE-B3LYP) —24.93 (UNI)

Fig. 5. Selected dimeric motifs of compound 4 with the corresponding interaction energies (in
kJ mol!) calculated using the CE-B3LYP and UNI methods. The dimers were numbered
according to the interaction energy values obtained from the CE-B3LYP approach.

The ball-and-stick style illustrates the asymmetric unit within the dimeric motif.
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cular reactivity, selectivity, and the pathways of chemical reactions.3> The HOMO,
as the highest occupied molecular orbital, typically represents an electron-rich
region and acts as an electron donor in chemical interactions. In contrast, the
LUMO, being the lowest-energy vacant orbital, corresponds to an electron-defi-
cient region capable of accepting electrons. For this purpose, the FMO energies of
the optimized monomeric structures were calculated in simulated environments of
gas phase, water and DMSO, and subsequently used to determine the global react-
ivity descriptors (Table I), as defined by the equations provided in the Supple-
mentary material.

TABLE I. The calculated energy of FMO (Eyomo, ELumo), energy gap (AEy,,) and global
reactivity parameters — ionization potential (/P), electron affinity (EA4), chemical hardness (),
chemical potential (u), electronegativity (y) and electrophilicity index (w) in units of eV for the
studied compounds 14

Compound ExyomoELumoAE sy 1P EA n M X w
Gas phase
1 —6.67 —0.72 596 6.67 0.72 2.98 -3.70  3.70 2.29
2 —6.62 —0.66 596 6.62 0.66 2.98 -3.64  3.64 2.22
3 —6.55 —0.57 598 6.55 0.57 2.99 -3.56  3.56 2.12
4 —6.63 —0.67 596 6.63 0.67 2.98 —3.65 3.65 2.24
Water
1 —6.63 —0.79 585 6.63 0.79 2.92 -3.71 3.71 2.35
2 —6.62 —0.76 586 6.62 0.76 2.93 -3.69  3.69 2.32
3 —6.65 —0.81 584 6.65 0.81 2.92 —3.73 3.73 2.38
4 —6.63 —0.73 590 6.63 0.73 2.95 —3.68 3.68 2.30
DMSO
1 —6.54 —0.55 599 6.54 0.55 2.99 —3.55 3.55 2.10
2 —6.54 —0.54 6.00 6.54 0.54 3.00 -3.54 354 2.09
3 —6.55 —0.56 599 6.55 0.56 2.99 -3.56  3.56 2.11
4 —6.54 —0.55 599 6.54 0.55 2.99 —3.54  3.54 2.10

Based on the HOMO-LUMO energy gap (AEgy,p) values, it can be concluded
that all the studied compounds exhibit similar kinetic stability in the gas phase.
Positive ionization potentials (/P) and similar values of chemical hardness (7) also
indicate the kinetic (energetic) stability of these compounds. In compound 3, both
frontier orbital levels lie at higher energies (less negative values), which indicates
reduced overall stability. Although the values of £4, u, y and w are slightly lower
in absolute terms compared to the other molecules, compound 3 is expected to
show a modest overall increase in chemical reactivity.

The LUMO energy values decrease more noticeably (becoming more negat-
ive) in the simulated water environment, particularly for compound 3. In water, the
LUMO level is lowered while the HOMO remains nearly unchanged, and the
chemical potential (1) decreases, making the system more stable. As a result, both
electronegativity (y) and electrophilicity (w) increase, indicating a stronger ten-
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dency of the molecule to attract electrons and a higher reactivity toward nucleo-
philes. In the simulated DMSO solvent, compounds 1, 2 and 4 become energetic-
ally less stable, less electronegative and less electrophilic, due to destabilization of
the LUMO level. Therefore, its reactivity towards nucleophiles is lower in DMSO
than in the gas phase.

CONCLUSION

A comparison of the results using the two methods revealed that the relative
ranking of the dimers depends on the method used to evaluate interaction energies.
While the energy framework based on the UNI force field relies on geometric and
empirical parameters, the CE-B3LYP approach derives interaction energies dir-
ectly from the electron density, explicitly accounting for polarization and charge
redistribution. The DFT (CE-B3LYP) method is generally regarded as more accur-
ate, although it can sometimes place greater emphasis on polar interactions com-
pared to the UNI approach. Nevertheless, it is worth noting that both methods
identified the key dimers with the highest interaction energies (dimers D1 and D2),
providing similar values and consistent relative rankings for the dominant contri-
butors to crystal packing. The nature and strength of intermolecular interactions in
dimers are strongly influenced by the substituents. Compound 3, bearing a polar
ethoxyacetyl group, shows enhanced electrostatic and hydrogen bonding contri-
butions, while compound 4, with a long alkyl chain, exhibits dominant dispersion
(hydrophobic) interactions. In contrast, compounds 1 and 2 with smaller or non-
polar substituents display weaker overall interactions, primarily governed by dis-
persion forces.

Overall, all studied compounds display comparable kinetic and energetic stab-
ility in the gas phase, with compound 3 being globally more reactive. Solvent
effects are relevant for reactivity: in water, the stabilization of the LUMO enhances
electrophilicity and nucleophile affinity, particularly for compound 3, whereas in
DMSO, the destabilization of the LUMO reduces these properties.

These findings highlight the critical role of substituent type in tuning mole-
cular packing and interaction patterns in the crystal lattice, which can be utilized
for the design and optimization of interactions between new drug candidates and
their biological targets.

SUPPLEMENTARY MATERIAL

Additional data and information are available electronically at the pages of journal web-
site: https://www.shd-pub.org.rs/index.php/JSCS/article/view/13485, or from the correspond-
ing author on request.
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H3BOI

YTUUAJ EJIEKTPOCTATUYKUX U JUCITEP3SMOHHUX MHTEPAKLIMJA HA KPUCTAJIHY
CTPYKTYPY U PEAKTHUBHOCT: IPUMEP ®EHUTONHA U IbETOBUX NEPUBATA

WBAHA C. FOPBEBUR,! COIbA TPYBUILNR,! IPATAHA MUTHR,? IPATAH M. [IONIOBUR'
1 HEMAA TPUILIOBUR?

"Ynusepsumemi y Beoipagy, HHCIUTY T 30 XeMujy WeXHONOTUjy U MeTAnypiujy, HHCTRUMY T 0g HAUUO-
HAnHOT 3Haudja 3a Peiiyonuxy Cpdujy, Fbetowesa 12, 11001 Beoipag, *Yrueepsuiueini y Beoipagy, Hnosa-
YuoHu yenitap Xemujcxol paxynmenia, beoipag u *Yuusepsutmei y Beoipagy, TexHom0wK0—MeMaLy puKy
paxyniue, Kapueiujesa 4, 11120 Beoipag

JlepyBaT! XWA@HTOMHA NPEACTaB/bajy Pa3sHOBPCHY KJIACy XETEPOLMKINYHHUX jelHbena,
NI03HATa 1o CBOjUM (papMaKoIOIIKUM CBOjcTBUMA. Bynyhu na edukacHOCT jieka 4eCcTo 3aBUCH
on GuHOr mnofemasama 1adux MelyMonekyackux (HEKOBAJIEHTHHUX) MHTEpaKlUHja, mpoyda-
Bame HEroBe KPUCTaIHEe CTPYKTYPe je 3HauajHo jep oMoryhasa pasyMeBame HeroBor HHTepak-
UHjcKor mpoduia. Y 0Boj CTyIMjy UCIUTAHO je KPUCTAIHO NakoBame HeHUTONHA U 0jabpaHuX
IepyuBaTa aHaIHW30M JUMEpa M PaA3IMYUTUX HAauyMHA MOJIEKYJICKOT TPENO3HaBama, KOPHIL-
heweM nmpopavyHa 3acHOBaHMX Ha nomy cuna (force-field) u Teopuju dyHKUMOHANA TYCTHHE
(DFT). PenaTtuBHO monapHa €TOKCUKapOOHWIMETHUI-TPyNa y Mojoajy N3 XUIaHTOMHCKOT
npcTeHa, ca MoryhHomhy ycnocrasbamba BOGOHUYHUX Be3a, N0jayaBa AOIPHUHOC €JIeKTPOCTa-
THYKUX W TOJIAPHUX KOMIIOHEHTH YKYNHOj €Hepruju uHTepakuuje. CympoTHO 1’Oj, Ayradyka
aJIKWJI rpyTia MOJCTHYE YCIIOCTaBsbatbe XUIPooOHUX KOHTAKTa, YC/Iel yera JUCIIep3UOHe CUile
NI0CTajy JOMUHAHTHE Yy OJHOCY Ha eJIeKTpoCcTaTU4YKe UHTepakuuje. PeakTuBHOCT heHUTOMHA U
IETOBUX JIEpHBaTa JOAATHO je UCNHTaHa KOpUINhemeM JECKPUIITOpa KOHLENTyaaHe Teopuje
¢yukuroHana ryctuie (CDFT). Pe3ynraTu mokasyjy Ia CYNCTUTYEHTH 3HauajHO YTHUy Ha
W3rpanby KPUCTAIHOT TaKoBawka U MPUPOAY HEKOBAJIEHTHUX HHTEpaKUHja, npyxajyhu nputom
3HauajaH YBUJ 3a Pa3yMeBame MOJIEKYJICKOT IIPENO3HaBamka U HHTEPAKLMja MOJIEKYIa JIEKa ca
UWBHUM MEeCTHMa WITO Ja/be JONPHUHOCH JU3ajHApamky HOBUX TEPAIHjCKUX areHaca.

(ITpruMIbEHO 5. aBrycTa, peBUAMpaHo 22. aBrycta, npuxsaheHo 24. okrodpa 2025)

REFERENCES

1. S. Cho, S.-H. Kim, D. Shin, Eur. J. Med. Chem. 164 (2019) 517
(https://doi.org/10.1016/j.ejmech.2018.12.066)

2. W. Liu, S. Zhang, L. Xiao, Y. Wan, L. He, K. Wang, Z. Qi, X. Li, Pest Manage. Sci. 78
(2022) 1438 (https://doi.org/10.1002/ps.6761)

3. R. Rayhan, Md. S. H. Shishir, Md. A. Khaleque, Md. R. Amin, Md. R. Ali, M. A. S. Aly,
S. M. Ayon, R. Saidur, T. H. Kim, Md. A. Zaed, Md. Z. Hossain, RSC Adv. 15 (2025)
24917 (https://doi.org/10.1039/DSRA03128A)

4. K. Kaewket, K. Ngamchuea, RSC Adv. 13 (2023) 33210
(https://doi.org/10.1039/D3RA06175B)

5. E.D. Akpan, O. Dagdag, E. E. Ebenso, Coord. Chem. Rev. 489 (2023) 215207
(https://doi.org/10.1016/j.ccr.2023.215207)

6. L. L. Brunton, B. C. Knollmann, Goodman & Gilman’s Pharmacological Basis of
Therapeutics, 14th ed., L. L. Brunton, B. C. Knollmann, Eds., McGraw-Hill, New York,
2022, p. 1664 (ISBN 978-1264258079)

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

(CC) 2025 Serbian Chemical Society.



10.

11.

12.

13.

14.

15.

16.

17.

18.

19.

20.

21.

22.

23.

24.

25.

26.

27.

28.

29.

ELECTROSTATIC vs. DISPERSION IN PHENYTOIN 1449

. M. Rask-Andersen, M. Almén, H. Schiéth, Nat. Rev. Drug. Discov. 10 (2011) 579

(https://doi.org/10.1038/nrd3478)

W. Guerrab, El Jemli Meryem, A. Jihane, D. Giines, T. M. Joel, T. Jamal, I. Azeddine, A.
M’Hammed, A. Katim, R. Youssef, J. Biomol. Struct. Dyn. 40 (2021) 8765
(https://doi.org/10.1080/07391102.2021.1922096)

A. Dominguez, A. Alvarez, B. Suarez-Merino, F. Goiii-de-Cerio, Rev. Neurol. 58 (2014)
213 (https://pubmed.ncbi.nlm.nih.gov/24570360/)

H. L.Wong, X. Y. Wu, R. Bendayan, Adv. Drug Deliv. Rev. 64 (2012) 686
(https://doi.org/10.1016/j.addr.2011.10.007)

N. Trisovi¢, N. Valenti¢, G. Us¢umlié¢, Chem. Cen. J. 5 (2011) 62
(https://doi.org/10.1186/1752-153X-5-62)

J. R. Smythies, in Progress in Drug Research, G. H. Glaser, J. K. Penry, J. Kiffin, D. M.
Woodbury, Eds., Raven, New York, 1980, p. 207

N. TriSovi¢, N. Valenti¢, M. Erovi¢, T. Pakovi¢-Sekuli¢, G. Us¢umlié, I. Juranié,
Monatsh. Chem. 142 (2011) 1227 (https://doi.org/10.1007/s00706-011-0639-7)

N. TriSovi¢, T. Timi¢, J. Divljakovi¢, J. Rogan, D. Poleti, M. M. Savi¢, G. Uscumlié,
Monatsh. Chem. 143 (2012) 1451 (http://dx.doi.org/10.1007/s00706-012-0791-8)

W. M. Pardridge, Curr. Opin. Pharmacol. 6 (2006) 494
(https://doi.org/10.1016/j.coph.2006.06.001)

M. L. Brown, G. B. Brown, W. J. Brouillette, J. Med. Chem. 40 (1997) 602
(https://doi.org/10.1021/jm960692v)

P. R. Spackman, L. J. Yu, C. J. Morton, M. W. Parker, C. S. Bond, M. A. Spackman, D.
Jayatilaka, S. P. Thomas, Angew. Chem. Int. Ed. 58 (2019) 16780
(https://doi.org/10.1002/anie.201906602)

M. Stéhr, T. Van Voorhis, A. Tkatchenko, Chem. Soc. Rev. 48 (2019) 4118
(https://doi.org/10.1039/C9CS00060G)

D. Wu, D. G. Truhlar, J. Chem. Theory Comput. 17 (2021) 3967
(https://doi.org/10.1021/acs.jctc.1c00162)

C. Tantardini, A. A. L. Michalchuk, A. Samtsevich, C. Rota, A. G. Kvashnin, Sci. Rep. 10
(2020) 7816 (https://doi.org/10.1038/s41598-020-64261-4)

S. Tretiakov, A-K. Nigam, R. Pollice, Chem. Rev. 125 (2025) 5776
(https://doi.org/10.1021/acs.chemrev.4c00893)

C. R. Groom, I. J. Bruno, M. P. Lightfoota, S. C. Ward, Acta Crystallogr., B 72 (2016)
171 (https://doi.org/10.1107/S2052520616003954)

Gaussian 09 (revision D.01), Gaussian, Inc., Wallingford, CT, 2009

P. R. Spackman, M. J. Turner, J. J. McKinnon, S. K. Wolff, D. J. Grimwood, D.
Jayatilaka, M. A. Spackman, J Appl. Cryst. 54 (2021) 1006
(https://doi.org/10.1107/s1600576721002910)

C. F. Macrae, 1. Sovago, S, J. Cottrell, P. T. A. Galek, P. McCabe, E. Pidcock, M.
Platings, G. P. Shields, J. S. Stevens, M.Towler, P. A. Wood, J. Appl. Cryst. 53 (2020)
226 (https://doi.org/10.1107/S1600576719014092)

A. Gavezzotti, Acc. Chem. Res. 277 (1994) 309 (https://doi.org/10.1021/ar00046a004)

A. Gavezzotti, G. Filippini, J. Phys. Chem. 98 (1994) 4831
(https://doi.org/10.1021/j100069a010)

K. Chattopadhyay, R. A. Palmer, J. N. Lisgarten, J. Crystallogr. Spectrosc. Res. 23
(1993) 149 (https://doi.org/10.1007/BF01195449)

W. Guerrab, R. Akrad, M. Ansar, J. Taoufik, J. T. Mague, Y. Ramli, /UCrData 2 (2017)
x171534 (https://doi.org/10.1107/S2414314617015346)

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

(CC) 2025 Serbian Chemical Society.



1450 PORPEVIC et al.

30.

31.

32.

33.

34.

35.

Y. Ramli, R. Akrad, W. Guerrab, J. Taoufik, M. Ansar, J. T. Mague, [UCrData 2 (2017)
x170098 (https://doi.org/10.1107/S2414314617000980)

M. J. Turner, S. P. Thomas, M. W. Shi, D. Jayatilaka, M. A. Spackman, Chem. Comm. 51
(2015) 3735 (https://doi.org/10.1039/C4CC09074H)

M. A. Spackman, D, Jayatilaka, CrystEngComm 11 (2009) 19
(https://doi.org/10.1039/B818330A)

C. F. Mackenzie, P. R. Spackman, D. Jayatilaka, M. A. Spackman, /UCrJ 4 (2017) 575
(https://doi.org/10.1107/S205225251700848X)

P. Geerlings, F. De Proft, W. Langenaeker, Chem. Rev. 103 (2003) 1793
(https://doi.org/10.1021/cr990029p)

P. Politzer, F. Abu-Awwad, Theor. Chem. Acc. 99 (1998) 87
(https://doi.org/10.1007/s002140050307).

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

(CC) 2025 Serbian Chemical Society.



Journal of
the Serbian
Chemical Society

JSCS-info@shd.org.rs « www.shd.org.rs/JSCS
J. Serb. Chem. Soc. 90 (12) S432—-S434 (2025) Supplementary material

SUPPLEMENTARY MATERIAL TO
Tuning crystal packing and reactivity through electrostatic and
dispersion interactions: The case of phenytoin and its derivatives

IVANA S. PORDEVIC!*, SONJA GRUBISIC!, DRAGANA MITIC?, DRAGAN M.
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Table S-1. Comparation of total interaction energies (in kJ mol™) for the dimeric motif in
compound 1-4, calculated by using the DFT (CE-B3LYP) method and the UNI force field.

Method CrystalExplorer (CE-B3LYP) UNI
Eele Epol Edis Erep Emt Etot
Comp. 1
Dl -39.80 -850 —20.50 40.00 -41.50 | —38.49
D2 -37.30 —-830 —6.80 3930 -—27.20 | —26.06
D3 -9.00 —-2.00 -26.20 1490 —24.60 | —5.63
D4 -1.70 -1.40 -26.60 13.70 -17.60 | —21.60
D5 -9.00 -1.00 -26.00 26.70 —16.40 | —15.10
D6 -230 —080 —440 1.80 570 | —25.32
Comp. 2
Dl -50.70 -12.10 —-32.40 61.20 —53.00 | —42.77
D2 -11.60 -1.80 —4730 2990 -36.40 | —39.09
D3 -340 280 -18.10 9.90 -—15.40 | —-17.31
D4 -9.00 220 820 5.60 —14.80 | —10.19
D5 -430 070 -18.20 9.90 —14.70 | —15.93
D6 -1.70 —0.80 -22.30 13.00 -13.80 | —19.11
Comp. 3
Dl -91.30 -23.70 —24.10 98.70 —74.00 | —53.44
D2 -21.70 -520 —4230 29.40 -45.40 | -36.79
D3 —-9.90 —470 4190 2470 -35.30 | —38.34
D4 -9.00 —4.00 -32.50 15.80 -30.90 | —35.34
Comp. 4
Dl —-53.90 -12.60 —80.80 82.80 —85.50 | —82.32
D2 -11.70 —-1.80 —53.80 31.10 —41.30 | —45.14
D3 -6.00 —0.40 —48.40 23.00 —34.60 | —27.86
D4 -330 290 -25.00 1030 —20.90 | —24.93

* Corresponding author. E-mail: ivana.djordjevic@ihtm.bg.ac.rs
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Figure S-1. The UNI force field calculated potentials (in kJ mol™!) and a symmetry
transformation for selected dimeric motifs in studied compounds 1-4. The ball-and-stick style
illustrates the asymmetric unit within the dimeric motif. Symmetry operations generating
relevant molecular dimeric motifs: a) Identity (Translation): X, y, z; Screw axis (2-fold):
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—x,1/2+y, —z (2-fold screw axis with direction [0, 1, 0] at 0, y, 0 with screw component [0,
1/2, 0]), Glide plane: 1/2+x, y, 1/2—z (Glide plane perpendicular to [0, 0, 1] with glide
component [1/2, 0, 0]); b) Identity (Translation): X, y, z; Glide plane: 1/2+x, 1/2—y, 1/2+z
(Glide plane perpendicular to [0, 1, 0] with glide component [1/2, 0, 1/2]); Screw axis (2-
fold): 1/2—x, 1/2+y, 1/2—z (2-fold screw axis with direction [0, 1, 0] at 1/4, y, 1/4 with screw
component [0, 1/2, 0]), c¢) Inversion centre: —x, —y, —z (Inversion at [0, 0, 0]), Identity
(Translation): x, y, z, and, d) Identity (Translation): x, y, z; Glide plane: 1/2+x, 1/2—y, 1/2+z
(Glide plane perpendicular to [0, 1, 0] with glide component [1/2, 0, 1/2]); Inversion centre:
—X, <Yy, ~Z (Inversion at [0, 0, 0]); Glide plane: 1/2+x, 1/2—y, 1/2+z (Glide plane
perpendicular to [0, 1, 0] with glide component [1/2, 0, 1/2]).

The equations for calculation of the global reactivity parameters
lonization potential (IP) = — Enomo

Electron affinity (EA) = — Erumo

Chemical Hardness (n) = 1/2 (IP — EA)

Chemical potential () =—1/2(IP + EA)

Electronegativity (y) = — u

Electrophilicity index (w) = 1°/2n
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A computational study to identify the metabolites in Lippia alba
capable of inhibiting gastric cancer through BCL-2 protein
inhibition
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Abstract: In this study, a computational analysis was performed to evaluate the
therapeutic potential of 73 compounds from Lippia alba as candidates for gastric
cancer treatment. Most compounds exhibited low toxicity, except for 4-methyl-
pent-2-enolide and f-acorenol, which demonstrated significant toxic effects.
Molecular docking studies revealed that (Z)-nerolidol and 13-hydroxy-valencene
both bind to the BCL2 protein, a key regulator of apoptosis in cancer cells.
Furthermore, ADMET analysis predicted that both compounds are non-
-toxic. Molecular dynamics simulations showed that only (Z)-nerolidol main-
tained a stable interaction with domain 4 of BCL2, specifically with the critical
Lys17 residue, which is essential for BCL2’s inhibitory function. QM/MM cal-
culations confirmed the formation of hydrogen bonds between (Z)-nerolidol and
Lys17, lle14 and Ser49, with an estimated binding energy of —62.47 kJ mol!,
suggesting a stable protein-ligand complex. These findings support the potential
of (Z)-nerolidol as a lead compound for BCL2 inhibition and highlight its
promise as a novel therapeutic agent for gastric cancer.

Keywords: Lippia alba; molecular docking; molecular dynamics; ONIOM; PM6.

INTRODUCTION

Gastric cancer is a malignant disease that originates from the uncontrolled
growth of cells lining the stomach, along with the loss of their ability to undergo
apoptosis, a crucial process for eliminating abnormal cells.! This disease has a
significant impact on public health,2~4 and is the fourth most frequent type of
cancer and the second leading cause of death worldwide.? The high mortality rate
and increasing incidence of gastric cancer underscore the urgent need to improve
existing treatments.4© Current therapeutic options include radical surgery, chemo-
therapy, radiation therapy, targeted therapy and immunotherapy.*-© Although these

* Correspondence E-mail: hhuizar@uaeh.edu.mx
https://doi.org/10.2298/ISC250607059M
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approaches have demonstrated effectiveness, particularly in the early stages of the
disease, they are associated with significant limitations,”-3 including adverse
effects,~11 highlighting the need to develop more selective and less toxic ther-
apies. In this sense, an understanding of the molecular mechanisms that initiate and
drive the progression of gastric cancer may help us to improve the treatments. 12

It has been identified that the overexpression of the BCL-2 protein, associated
with resistance to apoptosis and tumor development, has emerged as a key
therapeutic target in gastric cancer treatment.!3 BCL-2 plays a fundamental role in
regulating apoptosis, and its inhibition could promote cell death in cancerous cells.
The BH3 domain of BCL-2 facilitates the formation of heterodimers with pro-
apoptotic proteins like BAX, thereby inhibiting apoptosis, while the BH4 domain
(residues 1-34) neutralizes other pro-apoptotic proteins and interacts with
apoptosis regulators such as Raf-1, c-Myc and the IP3R channel.!3 This interaction
is crucial because BCL-2 inhibits the opening of the IP3R channel, reducing the
release of Ca2* and, consequently, apoptosis mediated by this ion.!3 Additionally,
it has been suggested that the substitution of Lys17 in the BH4 domain of BCL-2
is essential for its binding and inhibition of IP3R, making Lys17 a key site for
studying BCL-2 inhibition.!3 Therefore, focusing on the BH4 domain of BCL-2
presents a novel strategy, in contrast to the traditional inhibition of the BH3
domain.!3 Some studies even suggest that removing the BH4 domain from BCL-
2 could turn it into a pro-apoptotic protein, similar to BAX.13 This finding has
driven the investigation of natural agents that may target the BH4 domain of BCL-
2 as a potential therapeutic strategy. Accordingly, several molecular-level studies
have been carried out to identify natural compounds with the potential to inhibit
BCL-2.14-18 These studies have shown that certain natural compounds can
effectively act as treatments, either independently or in combination with other
therapies, demonstrating promising results in the fight against gastric cancer.

In particular, metabolites from the plant Lippia alba have attracted attention
due to their cytotoxic properties and ability to selectively induce the death of tumor
cells.19:20 L. alba, a shrub from the Verbenaceae family, is traditionally used to
treat gastric and intestinal diseases and has sedative properties. The composition
of L. alba essential oils varies depending on the part of the plant used, the
developmental stage and geographical conditions such as soil type and climate.?!
It has been shown that the essential oils of L. alba have a cytotoxic effect,
particularly by affecting the lipid metabolism of tumor cells.!9 In addition to their
action on the BCL-2 protein, these natural compounds could become effective
therapeutic agents, either independently or in combination with other treatments. !
However, although the therapeutic potential of L. alba against gastric cancer and
its relationship with BCL-2 have been documented, the precise mechanism through
which the plant’s metabolites inhibit the protein remains unknown at the molecular
level. Therefore, identifying the specific molecular interactions of these
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compounds with BCL-2 would allow for the prediction and evaluation of their
biological activity in the therapeutic context. In this regard, the application of
ligand-receptor binding thermodynamics in drug discovery and computational
chemistry constitutes a valuable tool for addressing this challenge.22-25 Thermo-
dynamic analysis of binding offers critical insights into the forces governing the
formation of drug—target complexes.22:23 There is now broad consensus that bin-
ding thermodynamics can serve as a key criterion throughout the various stages of
ligand optimization in the development of novel therapeutic candidates.?2-25 Thus,
the present study analyzes the metabolites identified in L. alba using binding
thermodynamics criteria and computational tools such as ADMET studies,
Lipinski’s rules, molecular docking, molecular dynamics and QM/MM methods,
with the goal of identifying metabolites that may bind to the BH4 domain of the
BCL-2 protein.

METHODOLOGY

In this study, we analyzed 73 metabolites from Lippia alba,?%27 as potential inhibitors of
the BCL-2 protein. Studied metabolites were retrieved from PubChem,?8 and their IUPAC
names and molecular structures are shown in Table S-I of the Supplementary material to this
paper. The target protein, BCL-2, was obtained from the RCSB Protein Data Bank,?® with the
ID 1G5M,30 Lipinski’s rule of five’! and ADMET (absorption, distribution, metabolism,
excretion and toxicity) parameters,>? for all 73 metabolites were calculated using the
SwissADME,3? (Daina et al., 2017) and ADMETlab32 web servers, respectively. Molecular
docking studies were conducted using the SwissDock server,>* developed by the Swiss Institute
of Bioinformatics (SIB). The compounds were evaluated based on their binding affinity (AG),
and their interactions with protein residues were visualized using Chimera.>> Molecular
dynamics (MD) simulations were performed using GROMACS software.3® A quantum mech-
anics/molecular mechanics (QM/MM) study was conducted to evaluate the electronic contri-
butions to ligand-residue binding through the ONIOM methodology (our own N-layered
integrated molecular orbital and molecular mechanics).3” All quantum calculations presented in
this work were carried out using the Gaussian 09 software,38 and visualized with the GaussView
package.3° A list of the symbols used in this work is provided in Table S-II of the Supplementary
material.

RESULTS AND DISCUSSION

Analysis of metabolites according to Lipinski’s rule of five and ADMET
parameters

The calculation of Lipinski’s rule of five for the 73 metabolites evaluated
showed that 53 of them met the established criteria of the rule. However, the
remaining 20 metabolites violated the condition of log P < 4.15, suggesting pos-
sible difficulties in terms of lipophilicity and, therefore, absorption, see Table S-
-III of the Supplementary material. Furthermore, ADMET parameter simulations
were performed for all 73 metabolites using the SwissADME33 and ADMETIab32
platforms. The results indicate that, in general, the 73 compounds meet at least four
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of the five ADMET parameters, which reinforces their potential as drug can-
didates. However, it is important to mention that some metabolites showed unfav-
orable results in particular parameters. For example, 14-hydroxy-9-epi-(E)-
-caryophyllene (6) displayed an unfavorable distribution profile, which could
hinder its bioavailability in the body. On the other hand, 4-methyl-pent-2-enolide
(9) showed considerable toxicity, being potentially carcinogenic and corrosive to
the skin and eyes. A similar profile was observed for f-acoreno (15), which also
presented adverse results related to toxicity, which is a critical factor to consider
during the selection process of metabolites for drug development.

Active site prediction on 1G5M

Drug efficacy often depends on binding to specific protein sites, traditionally
identified from static structures. However, this approach overlooks protein dyn-
amics. Cryptic pockets, transient or hidden cavities revealed through conform-
ational changes, can be uncovered using molecular dynamics simulations, offering
new targets for drug development.#0 Cryptic pockets can be identified using
advanced methods such as molecular simulations, artificial intelligence or high-
-resolution experimental techniques.40 In this study, we conducted a comparative
analysis to identify binding sites in the static structure of the BCL-2 protein (PDB
ID: 1G5M) and contrasted them with cryptic pockets predicted using deep neural
networks. The active sites of the static BCL-2 structure were predicted using the
PrankWeb server (https://prankweb.cz/),4! which identified six potential binding
sites (Fig. 1a). Each of these predicted pockets exhibited varying probabilities of
ligand binding, with pocket 1 showing the highest probability (0.326), followed by
pockets 2 (0.134), 3 (0.087), 4 (0.039), 5 (0.033) and 6 (0.033). In terms of binding
affinity, pocket 1 demonstrated the highest score (6.10), followed by pockets 2
(3.52), 3 (2.79), 4 (1.94), 5 (1.81) and 6 (1.80). These scores indicate predicted
binding strength, with higher values suggesting stronger ligand interactions. This
pattern supports the hypothesis that pocket 1 is the most biologically relevant
binding site. Here, it is important to note that the BH4 domain (residues 1-34) has
some overlap with pocket 1. However, residue Lys17, located in this domain and
experimentally shown to be essential for IP3R inhibition,!3 is not included in any
of the pockets identified in the static structure. The cryptic pockets of BCL-2 were
predicted using the PocketMiner server (https://pocketminer.azurewebsites.net/),
which employs deep neural networks to predict where transient pockets may form
during molecular dynamics simulations.*0 The results are shown in Fig. 1b, where
residues highlighted in red and blue correspond to regions with high probabilities
of cryptic pocket formation. Importantly, these regions are located within the BH4
domain, indicating a potential functional role for this domain in ligand binding.
Two main subregions were identified: pocket 1a and pocket 1b. Notably, pocket
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1b overlaps with static pocket 1, while pocket 1a includes Lys17 which is an
experimentally validated key residue involved in IP3R inhibition.

b)

3 ( W)

(
-Domain BH4

>

B Y X
¢ : E
pocket6 M. % iDomain BH4
pocket 5

Fig. 1. Active sites on 1G5M (a); static structure (b) cryptic sites.

Binding analysis of L. alba metabolites with 1G5M through a molecular docking
study

Molecular docking studies were performed using the SwissDock server34
developed by SIB. This server automatically assigns docking parameters, such as
box size and affinity evaluation methods, employing a rigid-flexible docking
approach. Prior to docking, the protein structure was prepared by removing all
solvent molecules and receptor-binding chemicals to focus the docking process on
the protein’s essential interaction sites. The compounds were assessed based on
their binding affinity (AG), and their interactions with protein residues were
visualized using Chimera.35 These visualizations provide valuable insights into
how metabolites interact with the target protein, aiding in the identification of
potential inhibitors. To further explore the role of metabolite structure in inhibiting
BCL-2 for the treatment of gastric cancer, the optimal ligand/protein configuration
and binding affinities of each metabolite were evaluated. This analysis is essential
for understanding how structural variations in metabolites influence their ability to
effectively interact with BCL-2, which is critical for therapeutic development.
Furthermore, evaluating the binding affinity helps to identify metabolites with
higher therapeutic potential for BCL-2 inhibition, thereby contributing to the
development of more effective treatments for gastric cancer. AG values for the 73
compounds analyzed are presented in Fig. 2. Metabolite 9, 4-methylpent-2-eno-
lide, exhibits the strongest binding affinity with a AG of -31.13 kJ mol~!, followed
by compound 5, 13-hydroxy-valencene (AG = —30.29 kJ mol1) and compound 4,
(Z)-nerolidol (AG =-30.25 kJ mol~1). It is noteworthy that 4-methylpent-2-enolide
specifically binds to the BH4 domain of BCL-2, interacting with residue LYS17
within pocket 1a, as shown in Fig. 1a. In contrast, compound 4 binds within pocket
1, while compound 5 is also located in the BH4 domain, near pocket 1a. From a
pharmacological perspective, compound 4 has been widely reported for its anti-
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Fig. 2. AgG of binding between Lippia alba metabolites and 1G5M.

-inflammatory, antioxidant and antimicrobial properties,2%-27 making it a pro-
mising candidate for future therapeutic applications. Similarly, compound 5 exhi-
bits antioxidant and anti-inflammatory activities and interacts directly with residue
Lys17. In contrast, no known therapeutic properties have been reported for com-
pound 9. Furthermore, ADMET analysis indicates that this metabolite has
significant toxicity, being potentially carcinogenic and corrosive to skin and muc-
ous membranes, which severely limits its therapeutic potential. At the molecular
level, both compound 5 and 9 display similar interactions with Lys17, including
hydrogen bonds, n-alkyl, and n-sigma interactions, reinforcing the importance of
this residue as an active site within the BH4 domain. However, compound 4,
despite binding outside pocket 1a and within pocket 1, does so in a region that
represents the most accessible binding site in the static structure, although it
initially does not establish direct interactions with Lys17. Collectively, these find-
ings suggest that compounds 4 and 5 possess greater therapeutic potential com-
pared to compound 9, as they not only exhibit favorable binding affinity but also
interact with key regions of BCL-2 associated with functional inhibition. More-
over, compounds 4 and 5 exhibit binding energies comparable to that of baicalin
with BCL2 (-38.5 kJ mol-1), as reported in previous in silico studies, highlighting
their potential as anticancer agents. This supports their potential development as
effective BCL-2 inhibitors for future research.#2 The dissociation (K) and binding
(KB) constants were evaluated for compounds 4 ((Z)-nerolidol) and 5§ (13-hydroxy-
valencene), respectively. The dissociation constant is related to the Gibbs energy
change according to the following equation:#3:44

ARG
Ky=e RT ()
In contrast, the binding constant (Kg) is the inverse of the dissociation
constant and is calculated as:43-44
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_AgG

Kg=e RT 2
Based on the binding free energy values, which were —30.23 kJ-mol~! for (Z)-
nerolidol and —30.30 kJ-mol~! for 13-hydroxy-valencene, the K4 and Kg values
were determined. For (Z)-nerolidol, K4 was 5.11x10-¢ M and Kg was 1.96x105
M-1; whereas for 13-hydroxy-valencene, the values were 4.96x106 M and
2.02x105 M1, respectively. The negative ARG values for both compounds indi-
cate that the binding is spontaneous and thermodynamically favorable. Moreover,
the dissociation constants (Kg) in the low micromolar range suggest a moderately
high affinity between (Z)-nerolidol and 13-hydroxy-valencene and BCL2. The
slight difference observed between the two compounds suggests that 13-hydroxy-
valencene has a slightly higher affinity (lower K4 and higher Kg), which may be
attributed to minor structural variations that enhance its interaction with the active
site. These values of K4 and Kg evaluated in this work fall within the range reported

for BCL2 inhibition.30:45

Analysis of the stability of compounds 13-hydroxy-valencene and (Z)-nerolidol in
complex with 1G5M through a molecular dynamics study

To analyze the stability of compounds (Z)-nerolidol and 13-hydroxy-val-
encene binding to the BH4 domain of BCL-2 and its interaction with Lys17,
molecular dynamics (MD) simulations were performed using the GROMACS
software.36 These simulations were set up by constructing a simulation box with a
1 A margin, ensuring charge neutrality, and adding water molecules (TIP3P model)
to fill the system, which was centered within a cubic box. Initially, energy
minimization was performed to achieve the most stable conformation, ensuring a
reasonable starting structure in terms of geometry and solvent orientation. The
system was then subjected to two stages. The first one stage was performed under
an NVT ensemble, allowing the system’s temperature to stabilize at 300 K. The
second stage involved pressure equilibration under an NPT ensemble for 1 ns. The
stability of the BCL-2 complexes with (£)-nerolidol and 13-hydroxy-valencene
was evaluated throughout the 100 ns simulation. Fig. 3 shows the RMSD vs.
simulation time graphs for these compounds. In the case of BCL2-13-hydroxy-
-valencene, it was displaced from pocket la; initially, some interactions with
Lys17 at the first nanoseconds were observed; however, at the simulation pro-
ceeded, these interactions were lost, and the compound migrated to another site
different from those schematized in Fig. 1. For complex BCL2—(Z)-nerolidol, the
system exhibited an important fluctuation of approximately 0.8 nm at 7 ns, after
which it remained stable until 100 ns. At 7 ns, compound (£)-nerolidol migrates
and binds from pocket 1 to pocket 1a and remains stable to 100 ns. The interactions
of this complex are detailed in Table I, where it can be observed that there is stable
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binding with the active site Lys17 during 100 ns. These results suggest that (Z)-
nerolidol has more therapeutic possibilities than 13-hydroxy-valencene.

1.00 +

(2)-nerolidol

13-hydroxy-valencene

RMSD / nm
<)
3

0.00

0 2‘0 ‘ 4‘0 (;0 8‘0 | 100
t/ns
Fig. 3. RMSD plots from molecular dynamics simulations of the 1G5M-ligand complexes
involving compounds (Z)-nerolidol and 13-hydroxy-valencene.

TABLE I. Residues interacting with compound (Z)-nerolidol during the molecular dynamics
simulation at selected time points. Only residues within interaction distance (<4.0 A) were
included

t/ns Residues

0 His20, Tyr21, His94, Val93, Ile14, Tyr9, Lys17, Tyr18
10 His20, Val93, Ile14, Tyr9, Lys17

20 His20, Val93, Ile14, Tyr9, Lys17

30 His94, Val93, Tyr9, Lys17

40 His20, His94, Val93, Ile14, Tyr9, Lys17

50 His94, Val93, Ile14, Tyr9, Lys17, Tyrl8

60 His94, Val93, Ile14, Tyr9, Lys17

70 Tyr21, His94, Val93, Ile14, Tyr9, Lys17

80 Tyr 21, His94, Ile14, Tyr9, Lys17, Tyrl8

90 His20, His94, Val93, Ile14, Tyr9, Lys17, Tyrl8
100 His20,Tyr21,His94,Val93,Ile14,Tyr9,Lys17

Also, stable and persistent interaction, between (Z)-nerolidol and residues
Lysl7, lle14, Tyr9, Val93 and His94 throughout the molecular dynamics simul-
ations, was observed. Interactions with Lys17 and Ilel4 engage in hydrogen
bonding, while Tyr9 contributes through m-alkyl interactions. Both types of inter-
actions appear to play a critical role in maintaining the integrity of the ligand—
—protein complex.

Analysis of the molecular interactions between (Z)-nerolidol and 1G5M through
ONIOM quantum calculations

The molecular dynamics study revealed that compound (Z)-nerolidol remains
stable within pocket 1a of the BCL2 protein, forming predominant interactions
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with residues Lys17, Ile14, Tyr9, Val93 and His94. To further characterize these
interactions and understand their electronic basis, a hybrid QM/MM study was
performed. Due to the size of the protein-ligand system, which makes a full
quantum mechanical treatment computationally impractical, the ONIOM method-
ology was employed.37 This approach enables accurate modeling of the active site
region while maintaining a reasonable computational cost. In the applied ONIOM
model, both the ligand and the residues directly involved in the active site
interactions (Lys17, llel4, Tyr9, Val93 and Ser49) were included in the high-
-level quantum mechanical (QM) region, while the rest of the system was treated
using molecular mechanics (MM, Fig. 4). Here, it is important to mention that the
selection of the theoretical levels for the QM and MM regions is fundamental for
accurately calculating the properties of interest. In this context, density functional
theory (DFT) calculations, while generally more accurate than semiempirical
methods, can become computationally prohibitive when attempting to analyze
noncovalent interactions in detail, particularly in large or flexible molecular
systems such as protein—ligand complexes. In this sense, the literature reports that,
for biomolecular systems or noncovalent complexes, semiempirical methods can
provide reasonably accurate results at a fraction of the computational cost of
DFT.46 However, the deviations from experimental data are greater when using
semiempirical methods than with DFT.47 Considering the advantages of PM6 in
reproducing experimental trends at a lower computational cost compared to DFT,
in the present work the system geometry was optimized using the semiempirical
PM6 method for the quantum mechanical region,*8 and the universal force field
(UFF) for the molecular mechanics region.4® This combination of these theoretical
levels has proven suitable and accurate for describing the structural and electronic
features of novel metal-Schiff base complexes derived from allylamine, as well as
their interactions with human serum albumin, in the context of anticancer drug
discovery.>0 As a result of the geometry optimization, a network of non-
-classical hydrogen bonds and m-alkyl interactions was identified between (Z2)-
-nerolidol and several key residues within the binding site of 1G5M. Detailed
analysis revealed an intramolecular hydrogen bond of 2.3 A between the carbonyl
oxygen atom of Lys17 and a hydrogen atom belonging to a methyl group of the
(Z)-nerolidol moiety, indicative of a C—O---H-C interaction. Although such
interactions are generally weaker than classical hydrogen bonds, they can signific-
antly contribute to ligand conformational stability and binding specificity.5! A
second C-O---H-C interaction was observed between the carbonyl oxygen of
Lys17 and a hydrogen atom attached to carbon 4 of (Z)-nerolidol. Additionally,
the carbonyl oxygen of Ile14 forms a weaker hydrogen bond (O---H, 2.4 A) with
a hydrogen atom from the methyl group at position 7 of (Z)-nerolidol. This inter-
action, also classified as a C—H---O non-classical hydrogen bond, is predominantly
electrostatic in nature,3! but still plays a relevant role in orienting the ligand within
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the binding pocket. A longer and weaker intramolecular hydrogen bond was
observed between the carbonyl oxygen of Ser49 and the hydrogen atom at carbon
9 of the ligand, with a distance of 3.2 A. This interaction is also mainly
electrostatic, and while it contributes modestly to the overall binding affinity, it
still supports the spatial orientation of the ligand.>! These interactions were vis-
ualized using Discovery Studio Visualizer,52 and are depicted in Fig. S-1 of the
Supplementary material. Also, a m-alkyl interaction was identified between the
n-electron cloud of the aromatic ring of Tyr9 and the terminal methyl group of (2)-
nerolidol, with a contact distance of 3.1 A. Additional alkyl interactions were
found between the methyl group of (£)-nerolidol and Val93, with distances of 2.4
and 2.6 A, respectively. A further alkyl interaction was observed between the
methyl group of (Z)-nerolidol and His94, at a distance of 2.1 A, involving hydro-
gen atoms from the ligand’s methyl group and the imidazole ring of the residue.
The binding energy (Eg)was evaluated from these ONIOM calculations through
the following equation:

Eg= Ecomplex - (Eprotein + Eligand) (3)

The Ecomplex 18 —5.531177 hartrees, Eprotein = —5.41322 hartrees and Eljgand =

0.094161 hartrees. Thus, the Eg = —0.023796 hartrees or —62.48 kJ mol~!. This

value indicates a favorable interaction and suggests the formation of a stable

complex between BCL2 and compound 4, supporting its potential as an inhibitor.
CONCLUSION

In this study, 73 metabolites present in the plant Lippia alba were evaluated,
and were analyzed using Lipinski’s rules and ADMET properties to assess their

Fig. 4. ONIOM model applied to the BCL2—(Z)-nerolidol complex. The high-level (QM)
region includes the ligand and key residues Lys17, Ile14 and Ser49. Hydrogen bond
distances are shown in A.
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potential as drugs and their toxicity. Of these 73 compounds, molecular docking
revealed that the compounds (Z)-nerolidol and 13-hydroxy-valencene interact with
the Lys17 residue, identified as essential for binding and inhibition of IP3R in the
BH4 domain of BCL-2. The molecular dynamics study indicated that only the
compound (Z)-nerolidol maintains a stable binding with Lys17 for 100 ns. In
particular, (Z)-nerolidol showed stable and specific interactions with key residues,
which was confirmed through ONIOM calculations. These results support its
potential as a lead candidate for the development of BCL2 inhibitors and justify its
experimental evaluation in future studies.

SUPPLEMENTARY MATERIAL

Additional data and information are available electronically at the pages of journal web-
site: https://www.shd-pub.org.rs/index.php/JSCS/article/view/13413, or from the correspond-
ing author on request.
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H3BOJ

PAUYHAPCKA CTYOWUJA 3A UIEHTUOUKALINJY METABOJIUTA Y BUJbLIU Lippia alba
CIIOCOBHUX DA UHXUBUPAJY PAK XKEJTYLA ITYTEM UHXUBULIUJE
MMPOTEHUHA BCL-2

LUIS H. MENDOZA-HUIZAR

Universidad Auténoma del Estado de Hidalgo, Academic Area of Chemistry, Carretera Pachuca-Tulancingo
Km. 4.5, CP. 42184, Mineral de la Reforma, México

Y 0BOj CTyOouju cpoBefeHa je pauyHapcka aHanau3a Kako OM ce MPOLIEHHO TepaleyTCKU
noreHuyjan 73 jenumema U3 bubke Lippia alba xao noTeHUMjalHAX KaHIUIATa 3a JIeYemhe paka
xenyua. BehuHa jennmema MMa HUCKY TOKCMYHOCT, M3y3eB 4-MeTHINEHT-2-eHoluia U f-
aKopeHoJsa, KOju UMajy 3HauyajHe TOKCHYHe edekre. [JOKUHT aHa/iM3a Mokasana je na ce (Z)-
-Heponupon U 13-xuppoxcu-pasneHneH Be3yjy 3a BCL-2 mpoTenH, KJby4YHHU peryiaTop anonrose
y henujama xapumHoma. JomatHo, ADMET aHanusa je npensufena fa Cy oba jemumema
HETOKCHYHa. Mosnekycka JUHaMHUKa je okasana fia camo (Z)-Hepoauaosl ofpkaBa CTabuIHy
MHTEpakuujy ca sjoMmeHoM 4 npotenHa BCL-2, mocedHo ca KpuTHUHUM Lys17 ocTaTkoM, KOjH je
O]l CYLITHUHCKe Ba)KHOCTH 3a HHXUOMTOpPHY OyHknujy BCL-2. QM/MM npopauyHu cy
NOTBpAWIN (OpMHUpamke BONOHUUHHX Be3a u3Mely (Z)-Heponunona ¥ aMUHOKHUCETHMHCKHUX
ocraraka Lys17, Ile14 u Ser49, ca mpouiemeHOM eHeprijom Be3uBamwa of —62,47 kJ mol-1, mro
yKa3syje Ha cTabulaH NIPOTEUH—IMIaHA Komiuiekc. OBY pe3ynTaTH ykasyjy Ha noTeHuMjan (Z)-
-Heponupona kao Bogeher jenumema 3a UHXUOULIHjy BCL-2 1 UCTUYY HETOB 3Ha4aj Kao HOBOT
TEPAINeyTCKOT areHca 3a JEYEHe paKa KelyLa.

(TTpummeHo 7. jyna, pesunupatno 30. mapTa, npuxsaheno 4. arycra 2025)
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The metabolites included in this study are: 1) S-selinene, 2) (3Z)-hexenal, 3) (2)-isocitral, 4)
(Z)-nerolidol, 5) 13-hydroxy-valencene, 6) 14-hydroxy-9-epi-(E)-caryophyllene, 7) 1-methyl-
cyclohexa-1,3-diene, 8) p-menth-1-ene, 9) 4-methyl-2,3-dihydro-2H-pyran-6-one, 10) 5-meth-

ylene-2-norbornene, 11) a-humulene, 12) allo-aromadendrene epoxide, 13) a-pinene, 14)
o-terpinene, 15) f-acorenol, 16) S-caryophyllene, 17) f-chamigrene, 18) f-elemene, 19)

S-phellandrene, 20) S-pinene, 21) camphene, 22) caryophyllene oxide, 23) cis-piperitol, 24)
cis-pinocarvyl acetate, 25) cis-sabinene hydrate acetate, 26) cis-f-guaiene, 27) E-salvene, 28)
ethyl pent-4-enoate, 29) eugenol, 30) eugenol acetate, 31) exo-2-norborneol, 32) geranial, 33)

geraniol, 34) geranyl acetate, 35) geranyl butanoate, 36) geranyl isobutanoate, 37) geranyl

formate, 38) germacrene D, 39) khusimol, 40) ledol, 41) limonene, 42) limonene aldehyde,

43) linalool, 44) mesitylene, 45) methyl eugenol, 46) methyl geranate, 47) 1-methylcyclo-
hexa-1,4-diene, 48) myrcene, 49) myrcenol, 50) neoisodihydro carveol, 51) neral, 52) nerol,

53) o-cymene, 54) p-cymene, 55) santalone, 56) santolina triene, 57) terpinolene, 58) thuja-
-2,4(10)-diene, 59) trans-piperitol, 60) trans-ascaridol glycol, 61) trans-dihydrocarvone, 62)

trans-piperitone epoxide, 63) trans-verbenyl acetate, 64) trans-f-pterpineol, 65) tricyclene,

66) valencene, 67) y-cadinene, 68) y-elemene, 69) y-eudesmol, 70) y-terpinene, 71) y-terpineol,
72) o-selinene, 73) d-elemene.

Table S-1. Lippia alba metabolites studied and biological properties!-2

Common Biological
No. IUPAC Name Metabolite? name Structure rg Z%tices

Metabolite prop
(3R,4aS,8aR)-8a-methyl-5- Antifungal,
methylidene-3-prop-1-en-2- . antibacterial

yl-1,2,3,4,42,6,7,8- p-sclinene and
octahydronaphthalene antioxidants
(32)-
2 (Z)-hex-3-enal hexenal -
(0]
X G

3 (Z)—3,7-d1methy1-3,6- (2)-Isocitral Antispasmodi

octadienal c
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Common
No. IUPAC Name Metabolite? name
Metabolite

(62)-3,7,11- (2)- HO
4 trimethyldodeca-1,6,10- nerolidol
trien-3-ol
F =
(1S,4aR,78,8aS)-1,4a-
dimethyl-7-(prop-1-en-2-yl)- 13-hydroxy-
1,2,3,4,4a,5,6,7,8,8a- valencene
decahydronaphthalen-1-ol. OH

[(52)-6,10-dimethyl-2- 14-hydroxy-

Structure

6 methylidene-10- 9-epi-(E)-
bicyclo[7.2.0]undec-5- Caryophylle o
enyl]methanol ne /

1-
1-methylcyclohexa-1,3-  methylcyclo
7 .
diene hexa-1,3-
diene

ene
4-methyl- 0 0
4-methyl-2,3-dihydro-2H-  2,3-dihydro-
pyran-6-one 2H-pyran-6-
one /

O
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Common
No. IUPAC Name Metabolite? name
Metabolite
5- >
10 methylidenebicyclo[2.2.1]- Meﬂg_lene'
hept-2-ene
norbornene
(1Z,4Z,8E)-2,6,6,9-
11 tetramethylcycloundeca-  o-humulene
1,4,8-triene
(1a8,7S,7bR)-1,1,7-
trimethylspiro[2,3,4a,5,6,7,7 Allo-
12 a,7b-octahydro-1aH- Aromadendr
cyclopropa[e]azulene-4,2'-  ene epoxide
oxirane]
(1R,5R)-2,6,6-
13 trimethylbicyclo[3.1.1]Thept-  a-Pinene
2-ene
14 1-methyl-4-propan-2- o-terpinene

yleyclohexa-1,3-diene

MENDOZA-HUIZAR

Biological

Structure properties

o
gt
o
o
e

Anti-
inflammatory

Antiviral

Antioxidant,
anticancer,
genotoxic

Antioxidant
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15

16

17

18

19

IUPAC Name Metabolite®

2-[(1R,4AR,5R)-1,8-
dimethylspiro[4.5]dec-8-en-
4-yl]propan-2-ol

(4E)-4,11,11-trimethyl-8-
methylidenebicyclo[7.2.0]un
dec-4-ene

(6R)-5,5,9-trimethyl-1-
methylidenespiro[5.5]undec-
9-ene

(15,285,4R)-1-ethenyl-1-
methyl-2,4-bis(prop-1-en-2-
yl)cyclohexane

3-methylidene-6-(propan-2-
yl)cyclohex-1-ene

SUPPLEMENTARY MATERIAL S439

Common

name Biological
. Structu i
Metabolite ructure properties
B-acorenol -
HO
H
B- : Anticancer,
caryophylle antioxidant,
ne antimicrobial.
H
B- ]
chamigrene
\I T
B—elemene Anticancer
B-
Phellandren -
e
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No.

20

21

23

24

IUPAC Name Metabolite®

6,6-dimethyl-2-
methylidenebicyclo[3.1.1]-
heptane

2,2-dimethyl-3-
methylidenebicyclo[2.2.1]-
heptane

(1R,4R,6R,105)-4,12,12-
trimethyl-9-methylene-5-
oxatricyclo[8.2.0.04,6]-
dodecane

(1R,6S)-3-methyl-6-propan-
2-ylcyclohex-2-en-1-ol

18,3S,55)-6,6-dimethyl-2-
methylidenebicyclo[3.1.1]-
hept-3-yl acetate

MENDOZA-HUIZAR

Common
name
Metabolite

- mA

Structure

Camphene @

Caryophylle
ne oxide

Cis-piperitol

Cis-
Pinocarvyl
acetate

(o}

A,
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Anticancer,
analgesic.
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Common
No. IUPAC Name Metabolite? name Structure
Metabolite
[(2R,55)-2-methyl-5- Cis-
25 propan-2-yl-2- sabinene
bicyclo[3.1.0]hexanyl] hydrate
acetate acetate
(1R4R)-1,4-dimethyl-7-
26 propan-2-ylidene- Cis-B-
2,3,4,5,6,8-hexahydro-1H- guaiene
azulene \
(2E)-6-methyl-5-
27 methylenchept-2-ene E-Salvene \

S441

Biological
properties

28 Ethyl pent-4-enoate Ethyl pent- \/\)J\ _
4-enoate \
o O\

HO
29 2-methoxy-4-prop-2- Eugenol
enylphenol
\O
30 (2-methoxy-4-prop-2- Eugenol <|3

enylphenyl) acetate acetate )‘L
o
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Common

No. IUPAC Name Metabolite? name Structure B;zl(;if;l
Metabolite prop
H
OH
. Exo0-2-
31 bicyclo[2.2.1]heptan-2-ol Norborneol -
H
32 (2E)-3,7-d:1rpeth1}/ locta-2,6- Geranial Anticancer
1€na O/ / /
33 (ZE)_3’7_§.1 me;hyiocta-2,6- Geraniol Anticancer
1en-1-0 / /
HO
Antibacterial

(2E)-3,7-dimethylocta-2,6- Geranyl o
34 dien-1-yl acetate acetate )L /\/}\/\/L and
Y o F F antifungal.
(2E)-3,7-dimethylocta-2,6- Geranyl

35 i | /\M .
-1-yl
dien-1-yl butanoate butanoate /\)LO / -

(E)-3,7-dimethylocta-2,6- Z
36 dien-1-yl 2- ot n-‘/ . -
methylpropanoate sobutanoate f
=

(0]

37 (2E)-3,7-dimethylocta-2,6- Geranyl
dien-1-v1 f t fi 1 M -
ien-1-yl formate ormate P > >

(1E.6E85)-1-methyl-5- Antibacterial,
. Germacrene antifungal,
38 methylidene-8-propan-2- .
Icyclodeca-1,6-diene b anti-
yiey ’ inflammatory

>"‘/ /
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Common
No. IUPAC Name Metabolite? name

Metabolite

Structure

S443

Biological
properties

OH
[(1R,2S,55,8R)-7,7-
dimethyl-6-methylidene-2- .
tricyclo[6.2.1.0"*Jundecanyl Khusimol -, )
Jmethanol
H

1,1,4,7-tetramethyl-
2,3,4a,5,6,7,7a,7b-
octahydro-1aH-
cyclopropale]azulen-4-ol

40 Ledol

41 l-methyl-4-prop-l-en-2- . "
ylcyclohexene

3-(4-methylcyclohex-3-en-  Limonene

42 1-yl)butanal aldehyde

(3R)-3,7-dimethylocta-1,6-

43 dien-3-ol

Linalool
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Common

No. IUPAC Name Metabolite? name Structure B;zl(;if;l
Metabolite prop
44 1,3,5-trimethylbenzene Mesitylene -
_°
45 1,2-dimethoxy-4-prop-2- Methyl Anticancer
enylbenzene eugenol
o X
methyl (2E)-3,7- Methyl Q Antimicrobial
46 dimethylocta-2,6-dienoate eranate
y £ g \ \ O/ N
1-
1-methylcyclohexa-1,4-  methylcyclo
47 . -
diene hexa-1,4-
diene

43 7-methyl-ﬁ;rz;llll};leneocta- Myreene Analgesic
B \ /
49 2-methyl-76-emni3;}_1(})/111deneoct- Myreenol OH -
AN

2-methyl-5-prop-1-en-2-  Neoisodihy

>0 yleyclohexan-1-ol dro carveol
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52

53

54

55

IUPAC Name Metabolite®

(22)-3,7-dimethylocta-2,6-
dienal

(22)-3,7-dimethylocta-2,6-
dien-1-o0l

1-methyl-2-(propan-2-
yl)benzene

1-methyl-4-(propan-2-
yl)benzene

1-{2,3-
dimethyltricyclo[2.2.1.0%°]-
heptan-3-yl}ethan-1-one

SUPPLEMENTARY MATERIAL S445

Common
name
Metabolite

p-Cymene

Santalone

Biological
Structure properties

o)
X
Anticancer
AN AN
Anticancer
X AN

Antimicrobial

\q/ Antimicrobial
{ i Analgesic.
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Common

No. TUPAC Name Metabolite? name Structure B;gl(;if;l
Metabolite prop
N Anti-
56 3-ethenyl-2,5-dimethylhexa-  Santolina inflammatory,
1,4-diene triene / antioxidant y
antibacterial
1-methyl-4-(propan-2- .
37 ylidene)cyclohex-1-ene Terpinolene \ )
1-Isopropyl-4- Thuja-
58 methylenebicyclo[3.1.0]hex-  2,4(10)- -
2-ene diene
WOH
(18,65)-3-methyl-6-(propan- Trans .
9 2-yl)cyclohex-2-en-1-o0l piperitol Antifungal
. HO
2-Cyclohexene-1,4-diol, 1- Trat.ls ..
60 methyl-4-(1-methylethyl)- ascaridol Antioxidant.
Y ety glycol
OH
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SUPPLEMENTARY MATERIAL
Common Biological
No. TUPAC Name Metabolite? name Structure o e%ties
Metabolite prop
(2R,5R)- Trans-
61 2-methyl-5-prop-1-en-2-ylcy dihydrocarv Antioxidant.
clohexan-1-one one o,
(o) 7,
S
(1R,3R,6R)-6-methyl-3- Trans- < o
L o Antioxidant,
Piperitone . .
: antibacterial.
epoxide 3
Zz
H
(6]

propan-2-yl-7-
oxabicyclo[4.1.0]heptan-2-
one
H
[(1R,2S,5R)-4,6,6-trimethyl-  Trans- 2%
63  2-bicyclo[3.1.1]hept-3-enyl]  verbenyl -
acetate acetate
(0]
H
_ A(1- HO
meth }Vli\l/lleglyl T 511 xan-1- Trans-p- -
ctylvinylieycloe pterpineol

64
ol
1,7,7-
trimethyltricyclo[2.2.1.0%°]-  Tricyclene Antioxidant
heptane.

65
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Common Biological
No. IUPAC Name Metabolite? name Structure o e%ties
Metabolite prop
(3R,4aS,5R)-4a,5-dimethyl-
3-(prop-1-en-2-yl)-
66 1.2.3.4.40.5.6.7- Valencene -
octahydronaphthalene
(1S,4aR,8aR)-7-Methyl-4-
methylidene-1-(propan-2- . ..
67 y1)-1.2.3,4.40,5.6,8a- y-Cadinene Antioxidant.
octahydronaphthalene :
-
(18,25)-1-ethenyl-1-methyl-
68  4-propan-2-ylidene-2-prop-  y-Elemene Larvicide.
1-en-2-ylcyclohexane
OH
(2-[(2R,4aR)-4a,8-dimethyl- o Antioxidant,
69  2,3,4,5,6,7-hexahydro-1H-  y-eudesmol Antimicrobial
naphthalen-2-yl]propan-2-ol
Anticancer,
70 ll_énz:};ﬁ;?: lr (zE 3?;(; y-terpinene antibacterial,
yiey ’ Antifungal.
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71

72

73

SUPPLEMENTARY MATERIAL

Common
IUPAC Name Metabolite® name Structure
Metabolite
HO
1-methyl-4-propan-2- .
ylidenecyclohexan-1-ol y-terpineol \

4,8a-dimethyl-6-propan-2-
yl-2,3,7,8-tetrahydro-1H- d-selinene
naphthalene

4-ethenyl-4-methyl-1-
propan-2-yl-3-prop-1-en-2-  §-elemene
yleyclohexene

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

S449

Biological
properties

Anticancer

Anticancer

(CC) 2025 Serbian Chemical Society.



S450

MENDOZA-HUIZAR

Table S-II. Nomenclature of terms used in the manuscript

Term
BCL-2
BH3
BAX
BH4
Raf-1
c-Myc
IP3R
His20
Tyr21
His94
Val93
llel4
Tyr9
Lys17
Tyrl8
ADMET
QM/MM
IG5M
llel14
Tyr9
Val93
His94
PM6
DFT
UFF

Description
B-cell lymphoma 2
Bcl-2 Homology 3
Bcl-2-associated X protein
Bcl-2 Homology 4
Raf-1 proto-oncogene, serine/threonine kinase
cellular Myelocytomatosis oncogene
Inositol 1,4,5-trisphosphate receptor
Histidine at position 20
Tyrosine at position 21
Histidine at position 94
Valine at position 93
Isoleucine at position 14
Tyrosine at position 9
Lysine at position 17
Tyrosine at position 18
Absorption, Distribution, Metabolism, Excretion, and Toxicity
Quantum Mechanics / Molecular Mechanics,
PDB ID of BCL-2
isoleucine amino acid residue at position 14
Tyrosine residue at position 9
Valine amino acid residue at position 93
Histidine residue at position 94
Parametric Method 6
Density Functional Theory
Universal Force Field (UFF)

Table S-III. Results of Lipinski's Rule of Five Analysis for the 73 Evaluated Metabolites

Compound <500 <4.15 <10

NH or
PM MLOGP Nor O OH

<5

2,3,4,5,6,7,9,10,12,14,15,19,22,23,24,25,26

,27,28,29, 30,31,32,33,34,35,36,37,39,40, v v v v

41,42,43,45,46,47,48,49,50, 51,52,55,56,
57,58,59,60,61,62,63,64,69,70,71

1.8,11,13,15,16,17,18.20.21,38 44,53 .54.65
166,67,68,72,73 v X v v
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Abstract: Internal notation factors influence the quality of cellulose-based bio-
materials dyed with hetero bifunctional reactive dyes. Different internal notations
of materials, such as Single Jersey, Rib and Interlock affect various coloration
parameters like dye uptake, color fastness and strength. This research aims to
analyze the influence of various internal notations on color performance with
hetero bifunctional reactive dyes. It also aims to identify the varying shades and
the manufacturing internal notation factors for achieving consistent color quality
and durability across different types of cellulose-based biomaterials. Seven cel-
lulose-based biomaterials with various internal notations (Single Jersey, 1x1
Rib, 2x1 Rib, Interlock, French Terry, Single Lacoste, Pique) were analyzed,
colored with different dye uptake levels, such as light, medium and dark. The
investigation measured color strength, color parameters (L*, a*, b*, c*, h),
surface morphology, color fastness, mechanical strength, shrinkage and spirality.
Standardized testing methods and instruments were employed for quality assess-
ment. It has been observed that internal notation of materials significantly imp-
acts dye absorbency with Interlock appearing brightest (K/S value 11.5). SEM
analysis reveals surface morphology differences, affecting dye absorption.
Colorfastness varies with fabric internal notation while bursting strength differs
across fabric types.

Keywords: fabric structure; textile coloration; dyeing performance; colorfastness;
quality assessment.
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INTRODUCTION

In recent years, the knitting segment of the textile industry has experienced
rapid growth. The demand for weft-knitted garments has significantly increased in
both domestic and export markets. Moreover, knit fabrics provide outstanding
comfort qualities and have long been preferred in many kinds of clothing.!~ Since
they are produced on different machines with different knit stitches and conditions
to create different patterns and fabric types, it is expected that they have different
qualities.> Efforts are being made to enhance the comfort of knitted fabric by altering
fibers, yarn parameters (such as twist, bulk, count and finish), knitting parameters
(including courses per inch, wales per inch, loop length and fabric weight) and
post-knitting finishes (such as enzyme and chemical treatments).® The Single Jersey
(S. Jersey) knitted fabric properties especially the dimensional and physical proper-
ties are mainly influenced by the constituent fibers, yarn properties, knitting machine
variables, processing and finishing treatments.” Fabric quality refers to the various
characteristics of finished fabric, which are determined by the properties of the
yarn and the fabric’s construction. The attributes of knitted fabrics are influenced
by multiple factors, including the raw material, yarn structure, fabric internal not-
ation, processing stages and finishing techniques.8 The process adopted affects the
fabric’s properties and its overall performance. The properties that are important
for knitted fabric and maintained in the industries from the grey stage to the fin-
ished stage are GSM, dimensional stability (shrinkage and spirality), bursting
strength and fastness properties.? Tactile (hand) and appearance properties are also
very important in all classes of fabrics.

Numerous studies have examined the effects of fibers, dye types, processing
parameters and wet processing stages and sequences on knitted cotton fabric phys-
ical, dimensional and coloration properties.!0-15 However, only a limited number
of studies have focused on the influence of fabric internal notations on the physical,
dimensional and coloration properties of cotton knit dyed fabrics. The research
aims to investigate the impact of various internal notations of cellulose-based
materials (knit fabric) on the quality parameters of fabrics dyed with hetero bifunc-
tional reactive dyes by comparing the color strength at a particular wavelength for
different knit internal notations including S. Jersey, 1x1 Rib, 2x1 Rib, Interlock,
French Terry, Single Lacoste and Pique, each dyed with different shades. Addit-
ionally, the L*, a*, b*, ¢* and h* values of all fabric internal notations are com-
pared across light, medium and dark shades. Additionally, SEM analysis was con-
ducted on dyed and undyed fabric internal notations to observe and compare
morphology. Subsequently, the color fastness to washing, rubbing (both dry and
wet), light exposure, and perspiration of all samples was evaluated. Moreover, the
mechanical and dimensional stability features were assessed through various tests
such as bursting strength, shrinkage and spirality.
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EXPERIMENTAL
Materials and chemicals

Various scoured and bleached cellulose-based biomaterials with different internal notat-
ions were collected from Texeurop BD Ltd. Seven types of samples were produced in 30°” dia
machine, including plain S. Jersey, French Terry,1x1 Rib, 2x1 Rib, Interlock, S. Lacoste and
Pique. These fabrics were made from 100 % cotton yarn with an areal density of 220. The fabric
internal notation’s knitting parameters are displayed in Table I, showing internal notations of
different cellulose-based materials. The chemicals and dye stuff, sourced from Dysin Ltd., were
utilized in the coloration process without any further treatment. The reactive dyes included three
hetero bifunctional reactive dyes which are Levafix Amber CA (C.I. Reactive Orange 107),
Levafix Fast Red CA (C.I. Reactive Red 223) and Levafix Blue CA (C.I. Reactive Blue 19)
with vinyl sulphonyl and difluorochloropyrimidyl reactive groups in their molecular structure.
In addition to these dyes, various chemicals played crucial roles in the coloration process. These
included electrolyte glauber salt (Na,SO4-10H,0), alkali soda ash (Na,COs), caustic soda,
hydrogen peroxide, wetting agent, leveling agent, anti-creasing agent, acetic acid (100 %) and
soaping agent.

TABLE I. Knitting parameters of the fabric internal notations.

Fabric type GSM Yarn count M/C dia M/C gauge Stitch length
S. Jersey 220 32/1(2ply) 30" 20 3.70/3.60
Ix1 Rib 220 28/1 30" 18 2.60
2x1 Rib 220 28/1 36" 18 2.70
Interlock 220 24/1 30" 24 1.55

F. Terry 220 28/1 30" 24 2.75/1.35
S. Lacoste 220 22/1 30" 24 2.75
Pique 220 20/1 30" 24 3.05
Coloration process

The impact of coloration on fabric was assessed by applying light, medium, and dark shade
recipes using a 30 kg Fongs dyeing machine. Three separate batches were processed for each
shade. The light shade recipe included Levafix Blue CA (0.0062 %), Levafix Fast Red CA
(0.079 %), and Levafix Amber CA (0.044 %), along with standard auxiliaries such as sequestering
(05 g/1) and labelling agents, Glauber’s salt, soda ash and acetic acid at pH 11. Dye concent-
rations and process parameters were proportionally adjusted for medium and dark shades. The
medium shade recipe included Levafix Blue CA (1.04 %), Levafix Fast Red CA (1.96 %) and
Levafix Amber CA (0.24 %), along with sequestering agent (05 g/l) and labelling agent (1.0 g/l),
Glauber’s salt (60 g/1), soda ash (15 g/1) and acetic acid (1 g/l) at pH 11. The dark shade recipe
was prepared using Levafix Blue CA (2.40 %), Levafix Fast Red CA (1.96 %) and Levafix Amber
CA (1.36 %) with the same auxiliaries at higher concentrations, including Glauber’s salt (80 g/1)
and soda ash (20 g/l), maintaining the pH at 11. All recipes followed a standard dyeing proce-
dure to assess the effect of dye concentration on fabric shade depth and uniformity. Post-dyeing,
the fabrics underwent slitting, stentering and compacting, followed by quality testing to evaluate
coloration performance.

Characterization

The color strength (K/S) values were measured using a spectrophotometer (Datacolor 650,
USA) based on the Kubelka—Munk equation: K/S = (1-R)%*/2R, where R is the reflectance at the
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maximum absorption wavelength. Measurements were conducted under D65 illumination and
a 10° standard observer. Also, the CIELab parameters were measured using the same calibrated
spectrophotometer under standardized conditions. Measurements were taken with a D65 illu-
minant and a 10° observer angle. Color fastness to wash is tested according to ISO 105
C10:2006 and ISO 105 C06:2010, where specimens are washed with detergents and assessed
for color change and staining.!®!7 Rubbing fastness follows ISO 105 X-12:2001 E, with a test
using a crock meter and grey scale evaluation.!® Shade evaluation was conducted both visually
and instrumentally using a spectrophotometer for accurate color comparison. Color fastness to
perspiration was assessed according to ISO 105 E04:2008, testing in both alkaline and acidic
conditions. Staining was evaluated using the grey scale.!® The color fastness to light follows
ISO 105-B02:2000, exposing fabrics to light and comparing color changes.2? Bursting strength
is measured according to ISO 13938-2:1999, assessing fabric resistance to pressure.2! All tests
were conducted under standardized conditions using calibrated instrumentation to ensure con-
sistency and accuracy. Dimensional stability was evaluated according to ISO 6330 and ISO
5077, assessing fabric shrinkage and deformation post-washing and drying. Spirality or skew-
ness was measured following ISO 13935-2 by examining side seam distortion.2223

RESULTS AND DISCUSSION

Analysis of color strength performance

The K/S values of various fabric types across different shades were analyzed
to evaluate the color depth and reflectivity. As shown in Fig. 1, S. Lacoste exhibited
the highest K/S value in the dark shade (12.4), indicating superior color intensity.
Both 1x1 Rib and S. Lacoste fabrics demonstrated strong color depth in dark
shades, with K/S values of 12.1 and 12.4, respectively. S. Jersey showed a substantial
increase from light (0.430) to dark (11.5) shades, highlighting its enhanced dye
uptake. Pique and 2x1 Rib fabrics exhibited moderate K/S values, with Pique inc-
reasing from 0.446 to 11.4 and 2x1 Rib showing a slight decline in the dark shade
(11.25) from a light value of 0.404.

Color strength (K/S)

Pique

T merock Fig. 1. Impact of internal notation and

e F.Temy hetero bifunctional reactive dyes on
S. Lacost 1
serns fbicsmewe  color strength (K/S) of various cellul-
Shade Light S. Jersey ose-based biomaterials.
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F. Terry and Interlock displayed similar trends, though Interlock reached a
slightly higher dark shade value (11.5). Fabric types varied in color saturation, with
S. Lacoste demonstrating the most consistent and intense coloration across all shades.

Analysis of lightness, red/greenness, yellow/blueness, chroma and hue

The CIE L*, a*, b*, ¢* and h* values in Table Il provide a detailed quantitative
evaluation of the color properties across various fabric types, structures and shades.
Light shades consistently show high L* values (75-76), indicating greater
brightness, while dark shades have low L* values (24-25), reflecting higher light
absorption. This pattern holds across all fabric constructions tested. The a* and b*
values reveal tonal shifts: light shades exhibit positive a* and b* (red and yellow
hues), medium shades show stable a* with negative b* (green—blue shift) and dark
shades approach neutral values, indicating reduced chromaticity. Chroma (c*)
values are highest in light shades (17—18), moderate in medium shades (~18) and
lowest in dark shades (~1), demonstrating desaturation with decreased lightness.
Hue angle (4*) varies from red—yellow hues in light shades (35-37°) to greenish—
—blue in medium shades (303-305°), with dark shades showing inconsistent values
due to low lightness. These results highlight the significant effects of fabric struc-
ture and shade depth on color perception, with light and medium shades retaining
distinct chromatic features, unlike the nearly neutral dark shades.

TABLE II. Impact of internal notation and hetero bifunctional reactive dyes on L*, a*, b*, c*
and h*

Fabric type Shade L* a* b* c* h*
S. Jersey Light 76.23 13.20 9.44 16.23 35.56
Medium 30.76 10.80 -15.33 18.75 305.17
Dark 25.02 0.20 -0.97 0.99 281.91
F. Terry Light 75.76 13.68 10.24 17.08 36.81
Medium 33.33 10.52 —-15.37 18.62 304.39
Dark 25.27 0.41 -1.11 1.19 290.32
1x1 Rib Light 75.18 14.77 10.88 18.35 36.37
Medium 31.03 10.67 -15.30 18.65 304.88
Dark 24.18 0.35 -1.05 0.98 288.70
2x1 Rib Light 76.24 13.86 10.38 17.31 36.83
Medium 31.58 10.3 —-15.37 18.50 303.82
Dark 24.53 0.34 —0.55 0.65 301.91
Interlock Light 76.07 14.28 10.74 17.87 36.94
Medium 31.73 10.63 -15.82 19.06 303.89
Dark 24.79 0.29 -1.23 1.27 283.23
S. Lacoste Light 75.05 14.52 10.92 18.17 36.97
Medium 30.80 10.17 -15.00 18.12 304.16
Dark 23.79 0.41 —0.69 0.80 300.39
Pique Light 75.68 13.99 10.75 17.64 37.53
Medium 31.92 10.58 -15.41 18.69 304.49
Dark 24.75 0.45 —0.86 0.98 297.62
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Surface morphology analysis

The scanning electron microscope (SEM) provides an excellent technique for
examination of surface morphology and fiber—dye adhesion, of fabric. Fig. 2 show
the SEM photographs of different fabrics before and after coloration, respectively.

206V, XSO0  Soum 10,30 SEI

Fig. 2. SEM photographs of S. Jersey fabric: before (J1) and after ¢(J2) oloration; Frence
Terry fabric: before (T1) and after (T2) coloration; 1x1 Rib fabric: before(R1) and after (R2)
coloration; Lacoste fabric: before(LL1) and after (L2) coloration; Pique fabric: before (P1) and

after (P2) coloration.

Fig. 2 (J1) and (J2) illustrate the SEM images of S. Jersey fabric before and
after coloration. The post-dyeing SEM analysis indicates a darker appearance, pri-
marily due to the fabric’s smooth surface and loosely arranged fibers. The surface
exhibits relatively large porosity compared to other fabric structures, which likely
facilitates easier and deeper penetration of dye molecules. This increased porosity
may contribute to improved dye uniformity and reduced shade unevenness.24 Fig.
2 (R1) and (R2) show the surface morphology of 1x1 Rib fabric before and after
coloration. 1x1 Rib fabric has higher stretchability and elastic recovery than S.
Jersey fabric.2> Examining the image obtained from the scanning electron micro-
scope reveals that the surface is smooth, and there is no indication of presence of
fibers that are rigid and compact. There is a correlation between the size of the
porosity on a surface and the ability of the dye to adhere to that surface. As a con-
sequence, the fiber is able to absorb dye molecules, which results in the fiber taking
on a darker color.

On the other hand, Fig. 2 (L1) and (L2) show the surface morphology of
Lacoste fabric before and after coloration. Lacoste fabric shows low shrinkage and
high extensibility.26 The brighter shade observed in the SEM image of the dyed
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Lacoste fabric is attributed to the cohesiveness and compactness of its fibers. This
compact fiber structure, characterized by small and less porous surfaces, restricts
the adherence and penetration of dye molecules, resulting in lower dye absorption.
Fig. 2 (P1) and (P2) illustrate the surface morphology of Pique fabric before and
after coloration. Pique fabric exhibits notable resistance to shrinkage and excellent
resilience. SEM analysis reveals a characteristic grooved surface morphology with
visible macrofibrils oriented along the surface. The rough texture and prominent
macrofibril outlines suggest less smooth dye absorption compared to other fabrics.
Similarly, Fig. 2 (T1) and (T2) show the surface morphology of Terry fabric pre-
and post-coloration. The surface displays a mix of smooth and rough areas. The
SEM image after dyeing indicates a more vibrant shade, which is attributed to the
fabric’s compactness. Terry fabric has smaller-sized porosity compared to other
fabrics, which limits dye molecule absorption, contributing to its distinctive color-
ation.27.28

Color resistance to laundry

Table III shows that, for the same dye type, color fastness to wash (color
change) remains largely consistent across fabric types. Light shades for all fabrics
achieved high ratings of 4-5. However, increasing shade depth led to a decrease in

TABLE III. Impact of internal notation and hetero bifunctional reactive dyes on color fastness
to wash

Grey scale Shade Jerss.ey T:r'ry E:é f{:tl) Interlock Lacsc;ste Pique
Color change Light 4-5 4-5 4-5 45 4-5 4-5 4-5
Medium 4-5 4-5 45 45 4-5 4-5 4-5
Dark 4 4-5 45 45 4-5 4-5 4-5
Color staining Acetate  Light 4-5 4-5 45 45 4-5 4-5 4-5
Medium 4-5 4-5 45 45 4-5 4-5 4-5
Dark 4-5 4-5 45 45 4-5 4-5 4-5
Cotton  Light 4-5 45 45 45 4-5 4-5 4-5
Medium 34 34 34 34 34 34 34
Dark 3 2-3 4-5 3 2-3 2-3 3
Nylon  Light 4-5 4-5 4-5 45 4-5 4-5 4-5
Medium 4-5 4-5 45 45 4-5 4-5 4-5
Dark 4-5 4-5 45 45 4-5 4-5 4-5
Polyester Light 4-5 45 45 45 4-5 4-5 4-5
Medium 4-5 4-5 45 45 4-5 4-5 4-5
Dark 4-5 4-5 45 45 4-5 4-5 4-5
Acrylic  Light 4-5 4-5 45 45 4-5 4-5 4-5
Medium 4-5 4-5 45 45 4-5 4-5 4-5
Dark 4-5 4-5 45 45 4-5 4-5 4-5
Wool  Light 4-5 4-5 45 45 4-5 4-5 4-5
Medium 4-5 4-5 45 45 4-5 4-5 4-5
Dark 4-5 4-5 45 45 4-5 4-5 4-5
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wash fastness, with medium shades rated around 4 and dark shades dropping to 3—4.
No significant variation in wash fastness was observed due to fabric internal struc-
ture, indicating that dye type and shade percentage primarily influence color fast-
ness to washing.

Color fastness to wash results for various fabric internal notations (S. Jersey,
F. Terry, 1x1 Rib, 2x1 Rib, Interlock, S. Lacoste and Pique) across fibers — inc-
luding acetate, cotton, nylon, polyester, acrylic and wool — reveal notable trends in
color change and staining. All fabrics demonstrated excellent color change resist-
ance, with ratings of 45 for light and medium shades. S. Jersey showed a slight
decline to a rating of 4 for dark shades, while other fabrics maintained 45 ratings.
Regarding color staining, synthetic fibers (nylon, polyester, acrylic) and wool con-
sistently achieved high ratings (4—5) across all fabric structures and shade inten-
sities, indicating superior resistance to color transfer and enhanced durability
during washing. Cotton fabrics performed well under light and medium staining
(ratings 4-5), but showed reduced resistance under dark staining. Specifically, S.
Jersey, F. Terry, S. Lacoste and Pique exhibited lower ratings (2—3) in darker
conditions, whereas 1x1 Rib and Interlock maintained higher resistance (4-5).

Color resistance to rubbing and light

Table IV shows that for the same dye type, color fastness to rubbing (color
change) and light exposure do not significantly vary across light, medium and dark
shades. Light shade dyeing resulted in excellent dry and wet rubbing fastness
ratings (4-5) for all fabric types. For medium shades, dry rubbing ratings remained
good (4-4.5), while wet rubbing exhibited variability. Pique fabric showed the
lowest wet rubbing rating (2-3), followed by S. Lacoste (3), with 1x1 Rib, 2x1
Rib, and Interlock fabrics rated 3—4. S. Jersey and F. Terry fabrics had a wet
rubbing rating of 3. Dark shade dyeing maintained dry rubbing ratings of 4-5
across all samples, but wet rubbing ratings varied similarly to medium shades.
Fabrics with rough surfaces, such as Pique and S. Lacoste, demonstrated lower wet
rubbing fastness, likely due to surface texture effects during wet rubbing.

TABLE IV. Impact of internal notation and hetero bifunctional reactive dyes on color resistance
to rubbing and light expressed as light, medium and dark shading intensities

Fabri Dry rubbing Wet rubbing Light

abric type Light Medium Dark Light Medium Dark Light Medium Dark
S. Jersey 4-5 34 4-5 4-5 3 34 45 4-5 4-5
F. Terry 4-5 4-5 4-5 45 3 2-3 45 4-5 4-5
1x1 Rib 4-5 34 4-5 45 34 4 4 4 4
2x1 Rib 4-5 4-5 45 45 34 4 4 4 4
Interlock 4-5 4-5 4-5 4-5 34 34 45 4-5 4-5
S. Lacoste 4-5 4-5 4-5 45 3 3 4 4 4
Pique 4-5 4 4-5 4-5 2-3 2-3 4 4 4
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Table IV evaluates light fastness across various fabric types: S. Jersey (S/J),
F. Terry, 1x1 Rib, 2x1 Rib, Interlock, Single Lacoste (S. Lacoste) and Pique. S.
Jersey, F. Terry and Interlock exhibit superior light fastness (4-5), reflecting their
comfort, durability and versatility for casual and activewear. The 1x1 Rib and 2x1
Rib fabrics, rated 4, provide notable elasticity suitable for stretch applications like
cuffs and collars. S. Lacoste and Pique, also rated 4, offer breathability and dis-
tinctive texture, commonly used in polo and sportswear, though with slightly lower
performance. This analysis highlights the specific strengths of each fabric, inform-
ing their optimal use in textile manufacturing.

Color resistance to sweating

The present study evaluated the chemical resistance of multiple fabric types —
specifically S. Jersey (S. Jersey), French Terry (F. Terry), 1x1 Rib, 2x1 Rib,
Interlock, Single Lacoste (S. Lacoste) and Pique — against alkaline and acidic sol-
utions, with results summarized in Table V. All fabric samples demonstrated
consistently high resistance, receiving uniform grades of 4 to 5 across both acidic
and alkaline exposure conditions. This uniformity underscores the intrinsic chem-
ical stability and resilience of the fibers, irrespective of the differing fabric struc-
tures and knit notations. The consistently superior resistance ratings suggest that
the material properties inherent to these fabrics play a critical role in preserving
structural integrity and functional performance when subjected to variable pH
environments. Such resilience is particularly advantageous for textile applications
where exposure to chemical agents is frequent, indicating these fabrics’ robustness
and versatility in practical use scenarios. The data further reveals no significant
variance in resistance between fabric types, thereby validating their comprehensive
applicability across diverse industrial and commercial settings that demand high
chemical durability. These findings warrant further investigation into the specific
fiber compositions, manufacturing processes, and potential finishing treatments
that contribute to this notable chemical stability. Optimizing these factors could
lead to enhanced fabric performance and broaden their applicability in environ-
ments with stringent chemical exposure requirements.

TABLE V. Impact of internal notation and hetero bifunctional reactive dyes on color fastness
to sweating; L — light; M — medium; D — dark

Grey scale Shade S.Jersey F. Terry 1x1 Rib 2x1 Rib Interlock S. Lacoste Pique
Fastness to perspiration (alkaline)

Color change L 4-5 4-5 4-5 4-5 4-5 4-5 4-5
M 4-5 4-5 4-5 4-5 4-5 4-5 4-5
D 4 4-5 4-5 4-5 4-5 4-5 4-5
Color Acetate L 4-5 4-5 4-5 4-5 4-5 4-5 4-5
staining M 4-5 4-5 4-5 4-5 4-5 4-5 4-5
D 4-5 4-5 4-5 4-5 4-5 4-5 4-5
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TABLE V. Continued

Grey scale Shade S.Jersey F. Terry 1x1 Rib 2x1 Rib Interlock S.Lacoste Pique
Fastness to perspiration (alkaline)

Color Cotton L 4-5 4-5 4-5 4-5 4-5 4-5 4-5
staining M 34 34 34 34 34 34 34
D 3 2-3 4-5 3 2-3 2-3 3
Nylon L 4-5 4-5 4-5 4-5 4-5 4-5 4-5
M 4-5 4-5 4-5 4-5 4-5 4-5 4-5
D 4-5 4-5 4-5 4-5 4-5 4-5 4-5
Polyester L 4-5 4-5 4-5 4-5 4-5 4-5 4-5
M 4-5 4-5 4-5 4-5 4-5 4-5 4-5
D 4-5 4-5 4-5 4-5 4-5 4-5 4-5
Acrylic L 4-5 4-5 4-5 4-5 4-5 4-5 4-5
M 4-5 4-5 4-5 4-5 4-5 4-5 4-5
D 4-5 4-5 4-5 4-5 4-5 4-5 4-5
Wool L 4-5 4-5 4-5 4-5 4-5 4-5 4-5
M 4-5 4-5 4-5 4-5 4-5 4-5 4-5
D 4-5 4-5 4-5 4-5 4-5 4-5 4-5
Fastness to perspiration (acidic)
Color change L 4-5 4-5 4-5 4-5 4-5 4-5 4-5
M 4-5 4-5 4-5 4-5 4-5 4-5 4-5
D 4 4-5 4-5 4-5 4-5 4-5 4-5
Color Acetate L 4-5 4-5 4-5 4-5 4-5 4-5 4-5
staining M 4-5 4-5 4-5 4-5 4-5 4-5 4-5
D 4-5 4-5 4-5 4-5 4-5 4-5 4-5
Cotton L 4-5 4-5 4-5 4-5 4-5 4-5 4-5
M 34 34 34 34 34 34 34
D 3 2-3 4-5 3 2-3 2-3 3
Nylon L 4-5 4-5 4-5 4-5 4-5 4-5 4-5
M 4-5 4-5 4-5 4-5 4-5 4-5 4-5
D 4-5 4-5 4-5 4-5 4-5 4-5 4-5
Polyester L 4-5 4-5 4-5 4-5 4-5 4-5 4-5
M 4-5 4-5 4-5 4-5 4-5 4-5 4-5
D 4-5 4-5 4-5 4-5 4-5 4-5 4-5
Acrylic L 4-5 4-5 4-5 4-5 4-5 4-5 4-5
M 4-5 4-5 4-5 4-5 4-5 4-5 4-5
D 4-5 4-5 4-5 4-5 4-5 4-5 4-5
Wool L 4-5 4-5 4-5 4-5 4-5 4-5 4-5
M 4-5 4-5 4-5 4-5 4-5 4-5 4-5
D 4-5 4-5 4-5 4-5 4-5 4-5 4-5

Analysis of mechanical behavior

Fig. 3 gives an overview of bursting strength measurement in pressure (kPa)
for S. Jersey, F. Terry, 1x1 Rib, 2x1 Rib, Interlock, S. Lacoste and Pique fabric.
Fabric structural difference is very significant in bursting strength measurement.
For the same GSM S. Jersey fabric has the highest bursting strength rating fol-
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lowed by Interlock and Pique. 2x1 Rib and F. Terry are found to have the lowest
rating. For the same GSM, S. Jersey fabric has the highest bursting strength
measurement of 227.7 kPa. The pressures needed to burst the Interlock and Pique
fabrics are 214.4 and 213.3 kPa, respectively. The bursting strength of 1x1 Rib and
S. Lacoste are found to be 205.1 and 195.5 kPa, respectively. The F. Terry fabric
and 2x1 Rib fabrics show the lowest pressures which are 191.6 and 196.3 kPa,
respectively.
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Bursting strength, kPa

©
S

> Fig. 3. Impact of internal notation on bursting
Fabric type strength.

Analysis of dimensional stability

Shrinkage value also differs from one fabric internal notation to another. From
Fig. 4 for the S. Jersey fabric the lengthwise shrinkage is found to be —5 % and the
widthwise shrinkage is found to be —4 %, which is acceptable. In shrinkage testing,
values below 5 % are generally acceptable. For the F. Terry fabric, the shrinkage
in the length and width directions is found to be —6 and —5 %, respectively. The
shrinkage report of S. Lacoste and Pique fabrics is also found around the same. S.
Lacoste and Pique show lengthwise shrinkage of —4 and —5 %, respectively, and
widthwise shrinkage of —5 and —6%, respectively. For a balanced internal notation
like 1x1 Rib the shrinkage percentage of —4 and —6 % (in lengthwise and widthwise
direction). But the 2x1 Rib fabric shows the worst result among all the fabric int-
ernal notations. It is not possible to control the shrinkage percentage of 2x1 Rib
fabric. The shrinkage report for the tested 2x1 Rib fabric is found to be —7 and
—8% (lengthwise and widthwise). The report for Interlock fabric is also not so
good. It has length shrinkage of —7% and width shrinkage of —6%.

-6

Shrinkage, %

Fabric type

Fig. 4. Impact of internal notation on shrink-
BLength Wise @ Width wise age in length and width direction.
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From Fig. 5, the spirality of the S. Jersey fabric of 220 GSM is found to be
very good which is 1%. For S. Jersey derivatives like F. Terry, S. Lacoste and
Pique spirality angles are found to be different. The loop length or stitch length of
F. Terry fabric is larger than that of S. Lacoste and Pique fabric. Due to the larger
stitch length, the spirality of F. Terry fabric is found to be higher than that of S.
Lacoste and Pique fabric. Spirality of F. Terry fabric is found to be 1.54 %. The
spirality of S. Lacoste and Pique fabrics is found at 1.5 and 1.78 % respectively.
Rib and Interlock fabrics are balanced fabric internal notations. So, there are fewer
spiral angles. 1x1 Rib and 2x1 Rib fabrics have the same spirality angle which is
1 %. Interlock fabric has a spirality of 1.3 %.

Spirality

S < > g’ \\‘\v v

Fabric type Fig. 5. Impact of internal notation on spirality.

CONCLUSION

This study presents a quantitative analysis of quality parameters across various
fabric structures, including Plain Jersey, Single Jersey derivatives, Rib and Inter-
lock. The findings indicate that the quality performance of colored cellulose-based
biomaterials is significantly influenced by internal fabric structure, dye type and
shade depth. Despite having the same GSM, variations in dye absorbency were
observed due to differences in fabric construction. Visual and spectrophotometric
evaluations revealed that Interlock fabric exhibited the highest brightness, followed
by 1x1 Rib, while S. Lacoste appeared the dullest. SEM analysis confirmed that S.
Lacoste fabric has a grooved surface with prominent microfibrils and a rough tex-
ture, contributing to reduced dye absorption. Color fastness to washing (color
change) was superior in light shades across all fabric types. However, staining on
cotton varied with fabric structure. Dry rubbing fastness was consistent across
structures but varied with shade depth, whereas wet rubbing fastness was notably
affected by fabric construction. No significant differences were observed in color
fastness to light and perspiration. Bursting strength differed significantly across
fabric types, attributed to variations in stitch length and loop formation. S. Jersey
and Interlock fabrics demonstrated higher bursting strength. Shrinkage and spirality
also varied with fabric structure; S. Jersey exhibited the least shrinkage, while S.
Lacoste and Pique showed moderate results. Spirality was most favorable in 1x1
and 2x1 Rib fabrics, whereas S. Jersey showed the poorest performance in this regard.
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While this study offers valuable insights, certain limitations must be acknow-
ledged. The research did not quantify the actual dye uptake through direct mea-
surement of dye exhaustion or fixation rates. Additionally, statistical analysis, such
as standard deviations or confidence intervals, was not incorporated to assess vari-
ability across samples. Future studies are encouraged to include detailed dye
exhaustion profiles, fixation efficiency and statistical modeling to deepen under-
standing of dye—fabric interactions. Expanding the study to include alternative
fiber types and environmentally friendly dyeing methods would also support
broader applicability and sustainability assessment.

H3BOJ
YTUIAJ MHTEPHE HOTALIMJE U XETEPO-BM®YHKIITMOHAJIHUX PEAKTUBHHX BOJA
HA ITEP®OPMAHCE BOJA, MEXAHUYKY U JUMEH3UOHAJIHY CTABUJTHOCT
BHUOMATEPHJAJIA HA BA3H LIEJIYJIO3E

RUMA SARKER!, GAUTAM CHANDRA SARKER!, ARNOB DHAR PRANTA** u JOYKRISNA SAHA*

!Golden Touch Imports Inc, Dhaka-1230, Bangladesh, ?P.N. Composite Ltd, Dhaka-1212, Bangladesh, 3>ZR
Research Institute for Advanced Materials, Sherpur-2100, Bangladesh u *Department of Textile Engineering,
Mawlana Bhashani Science and Technology University, Tangail-1902, Bangladesh

DaxTOpH YHyTpalllke HOTalWje YTy Ha KBIUTET DHOMaTepHjaia Ha Dasu Lemysose 00o-
jeHux xerepo OUMYHKIIMOHATHUM PeakTUBHUM Dojama. Pasmuunre yHyTpallmhe 03Hake MaTepH-
jana, kao urro cy Single Jersey, Rib u Interlock, yrudy Ha pa3nuuuTe napameTpe 000jeHOCTH Kao
IITO Cy ITpUxBaTame Hoje, mocrojaHocT doje v uBpcToha. OBaj UCTpaXXMBAYKU paj UMa 3a LW Ja
aHa/Iu3upa yTHLAj PasTUUMTUX YHYTpAllBUX HOTaluvja Ha nepdopmaHce doja ca XeTepo-Ou-
(yHKUHMOHATHUM peakTHBHUM bOojama. Takohe HamepaBa na WieHTUDUKYje pasIuduTe HUjaHCce
U dakTope yHyTpallllhe HOTallHje 3a MOCTH3ame KOH3WCTEHTHOT KBalIUTeTa D0ja U TpPajHOCTH Y
Ppa3nuYUTUM BpcTama OromarepHjaia Ha Ha3u 1emynose. AHATU3UPAHO je cenam SromMarepujania
Ha 0asu 1enyso3e ca pa3IMYUTHM YHYTpalIlkUM HoTauujama (Single Jersey, 1x1 Rib, 2x1 Rib,
Interlock, French Terry, Single Lacoste, Pique), 060jeHHX pa3nuyuTiM HUBOMMaA yHOCA Doje, Kao
IITO Cy CBETJIO, Cpente U TaMHo. Hictpara Mepu jauuny doje, mapamerpe doje (L*, a*, b*, ¢*, h*),
HOBPIIMHCKY MOP(OIIOrHjy, OCTOjaHOCT Hoje, MeXaHWUKY YBPCTONY, CKyTI/bakbe U CIIMPATHOCT.
CraHzapIu30BaHe METOIE TecTHpawma M WHCTPYMEHTH Cy KOpHITheHH 3a NpOLeHy KBaJMTeTa.
[TpumeheHo je ma yHyTpallma HOTallMja MaTepHjaia 3HAYajHO yTUYe Ha yhujame Doje rue je
Interlock HajcBernuju (K/S BpemHoct 11,5). SEM aHanu3a je mokasasia MOBPLIMHCKE PA3JIUKE Y
Mopdosnorujy, mWTo yTudue Ha ancopnuujy doje. OTmopHocT Ooja Bapyupa y 3aBUCHOCTH OJ YHY-
TpaIlkhe HOTalHje TKAaHHHE, I0K Ce CHAara Myllamba pasiuKyje Y 3aBUCHOCTH Off BPCTe TKaHHHA.

(TTpumsbeHo 26. Maja, peBunMpaHo 3. jyna, npuxsaheno 14. jyna 2025)
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Abstract: f-wollastonite (-CaSiO3) microfibres were successfully synthesized
using a one-step, template-free hydrothermal reaction involving calcium nitrate
and sodium metasilicate in an alkaline medium. The synthesis of microfibres was
completed at 220 °C within only 240 min under an autogenous pressure of 19 bar
(1.9 MPa). This method avoids the formation of xonotlite as an intermediate
phase, eliminating the need for subsequent calcination to achieve wollastonite.
X-ray diffraction (XRD) confirmed the S-wollastonite phase, while post-cal-
cination analyses indicated enhanced crystallinity and structural characteristics.
Scanning electron microscopy (SEM) revealed a needle-like morphology and N,
adsorption-desorption analysis demonstrated a developed surface area of 26 m?
g'! with notable mesoporosity. These advantageous features facilitated the integ-
ration of f-wollastonite into the synthesis of a glass—ceramic composite, which
was characterized for its morphological, structural, textural, and in vitro bioact-
ivity properties. The composite was prepared by mixing S-wollastonite and bio-
active glass powders in a 1:4 mass ratio, followed by compaction through uni-
axial pressing and sintering at 1000 °C for various time intervals. For com-
parison, compacted pure bioactive glass samples were also sintered under iden-
tical conditions. Structural, morphological, textural and in vitro bioactivity char-
acterizations demonstrated that the incorporation of f-wollastonite led to a more
uniform and narrower pore size distribution and promoted neck formation
between particles, indicating its potential for bone regeneration applications.
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INTRODUCTION

Wollastonite is a naturally occurring mineral with the chemical formula
CaSiOj3 and two polymorphic forms; the low-temperature phase -wollastonite and
the high-temperature phase a-wollastonite (pseudowollastonite).! It is a member
of the inosilicates with a single-chain structure and physical properties that are
stable to about 1125 °C (transition temperature of f-wollastonite to a-wollastonite),?
making wollastonite important in refractory ceramics production. Due to its
needle-like morphology, thermal stability, low thermal expansion and low thermal
conductivity, there is increasing demand for wollastonite as a substitute for short-
-fibre asbestos. Another boost to the industry came from its low dielectric constant
and low dielectric loss at high frequency, making this material suitable for high
frequency insulators.3 In the production of plastics such as nylons, phenolic moul-
ding compounds, polyesters, polyurethanes and polyureas, wollastonite is used as
filler providing reinforcement, hardening, crack resistance, high brightness and
other benefits.# In ceramics, wollastonite reduces warping and cracking and acts
as a sintering aid which accelerates densification of ceramics and increases strength.
In recent years, studies have reported improvements in strengths, shrinkage resis-
tance and reduction in permeability for concrete mixes containing wollastonite as a
cement replacement.> Moreover, several studies have examined wollastonite as an
adsorbent for the removal of heavy metal ions, such as As™> and Cr*®, from water.%

Another high merit for wollastonite is its good bioactivity, biocompatibility,
degradability and favourable mechanical characteristics. Consequently, it is inc-
reasingly being used as a biomaterial suitable for orthopaedic applications including
medical material for bone substitution and dental roots. It should be emphasized
that f-wollastonite phase has better bioactivity performance than a-wollastonite.
Hence, f-wollastonite nanowires may be used as strength-enhancing additives for
the preparation of the ceramics or bioactive nano-composites with improved mech-
anical properties.3

Biomaterials are generally defined as natural or man-made materials designed
for use in the manufacturing of medical devices to replace a part or function of the
biological system in a safe, reliable, economic and physiologically acceptable way.
Although biomaterials are primarily intended for medical applications, there are
also studies in which the term “biomaterials” refers to those materials produced by
living organisms.’

According to the type of material used, biomaterials can be classified into one
of four broad categories: metals, polymers, ceramics and composites. Among
them, ceramic materials are very biocompatible and show exceptional wear resis-
tance, but they are usually stiff and brittle. In order to improve the mechanical and
textural characteristics of ceramics, new structures have to be created. Those struc-
tures may include, among others, ceramic composites with various fibres used as
reinforcement. Moreover, calcium silicate based glass ceramics possess excellent
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biocompatibility and bioactivity, and have been considered as potential candidates
for bone replacement and regeneration.®-? Controlled crystallization of calcium
silicate glass ceramics produces certain sodium calcium silicate phases, such as
NayCa;Si309 which develop improved mechanical properties and enhanced stab-
ility of biomaterial under physiological conditions.!0 Also, there is a wide group of
biomaterials developed for bone tissue engineering based on hydroxyapatite scaf-
folds.11-13

Needle-like bioceramics can be prepared by various techniques such as cop-
recipitation, sol-gel, sonochemical and hydrothermal methods. There are several
studies reporting that wollastonite fibres can be obtained by calcination of tobermorite
or xonotlite fibres as precursors above 800 °C. Hydrothermal process and hydro-
thermal microemulsion technique are also utilized to synthesize precursors for
wollastonite fibres using small droplets of microemulsion as nanoreactors for the
synthesis of nanoparticles with a low polydispersity.3-14 However, microemulsion
and soft template methods are limited by the large amount of template material
required and the use of organic solvents and surfactants, which are dangerous pol-
lutants. Autoclaving has been explored by Ismail ef al. as a safe and environment-
friendly technique for wollastonite synthesis.!> However, all these techniques produce
precursors that demand an additional sintering step to obtain -wollastonite.!5

Herein, we report the fabrication of needle-like wollastonite through a facile
one-step hydrothermal method without any additional templates. The obtained
product was employed for the bioactive composite production through a powder
sintering route using bioglass as the matrix and needle-like wollastonite as the
reinforcement. To study in detail the structure, morphology and sintering behaviour
of the wollastonite and glass-ceramic composites, X-ray diffraction (XRD), adsorp-
tion—desorption isotherms of Ny at —196 °C, scanning electron microscopy (SEM)
equipped with EDX, FTIR and Raman spectroscopy methods were applied. In vitro
bioactivity assessment of the composite and its potential as an implantable material
was examined by immersion in simulated body fluid (SBF) at 37 °C for 21 days.

EXPERIMENTAL
Wollastonite synthesis

The procedure applied for the synthesis of wollastonite is as follows. The amount of 3.54 g
Ca(NO3),-4H,0 was dissolved in 35 ml of deionised water to obtain a clear solution. In a
separate beaker, 3.18 g of Na,SiO3-5H,0 was dissolved in another 35 ml of deionised water
and then dropped into Ca(NO3), stirred solution to obtain a milky-white suspension. The sus-
pension was stirred for 30 min to ensure that the particles were well mixed and finely dispersed
into the liquid. Subsequently, 10 ml of 5 M NaOH was added and stirring was continued for 5
min. The suspension was then transferred into a stainless steel autoclave and heated at 220 °C
for 240 min at an autogenous pressure of 19 bar*, followed by cooling to room temperature
naturally. After the hydrothermal reaction, the obtained suspension was filtered and washed

*1 bar = 100 kPa
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with deionised water three times. The resultant powder was dried at 105 °C for 3 h. This syn-
thetic route is based on the following chemical reactions:

Ca(NO3)2 = Ca?t + 2NO3_ @)
Na,SiO; = 2Na* + Si0;* )
Ca(NO3)2'H20 + Na25i03-5H20 = CaSiO3‘H20 + 2NaNO3 + 5H20 (3)

Bioglass synthesis

During the synthesis, a specific melting regime of SiO,, Na,CO;, P,O5 and CaCO5; was
applied in order to obtain a composition given by the mass fraction of oxides: 45 wt. % SiO,,
24.5 wt. % CaO, 24.5 wt. % Na,O and 6.0 wt. % P,0s. The melting regime in a platinum
crucible included heating at 1000 °C for 15 min, then heating at 1100 °C for 15 min with
maintaining that temperature for the next hour. After that time, the procedure continued by heating
up to 1200 °C for 15 min and keeping that temperature for another hour. The melted mass was
poured onto a metal plate heated to 380 °C and allowed to cool. After cooling, the glass was
crushed in an agate mortar and pulverized by grinding in a ball mill. The powder was passed
through a sieve of 180 mesh.

Composite fabrication

The glass—ceramics composites were fabricated by sintering pellets (@ 15 mm), which
were previously prepared from the wollastonite and glass powder in a mass ratio of 1:4 (0.1 g +
0.4 g) by cold pressing in a laboratory hydraulic press. Components were well mixed in an
ethanol suspension through sonication. Then polyvinyl alcohol (PVA) solution was added to
achieve agglomeration of particles. The obtained precipitate was dried, powdered in an agate
mortar and pressed in a laboratory hydraulic press at 10 t. The temperature of sintering was
selected to be 1000 °C, according to our preliminary findings. The samples were heated at the
chosen temperature for 15, 30, 55 and 85 min, initially cooled down to 300 °C, and then to room
temperature. After cooling, the sintered samples were subjected to subsequent analysis. Pure
bioglass powder was sintered under the same conditions as the composite in order to compare their
physicochemical properties and to more clearly demonstrate the influence of the wollastonite
phase on the characteristics of the composite.

Characterization

The microstructures of the powder samples and composites substrates were analysed by
scanning electron microscopy (SEM) using a JEOL JXA-8500F and a Leo Gemini 1530 by
Zeiss with an Everhart-Thornley detector for collecting secondary electrons. The accelerating
voltage was 10 kV.

Structural characteristics of crystal phases were examined by X-ray diffraction, using a
STADI P instrument from STOE & Cie GmbH with a Mythen1K detector. CuKa radiation was
used at 40 kV and 40 mA. The XRD technique was used to identify the phase composition of the
bioglass, wollastonite, as well as sintered glass-ceramic composites. The diffraction data were
collected in the 26 Bragg angle range from 20 to 100°. The crystallite size of the wollastonite
was calculated by the Scherrer equation with data obtained from the XRD analyses. This equation
is given as:

K2
Pcosb

where L is the crystallite size, K is the Scherrer constant, 4 is the X-ray wavelength, § (expressed
in radians) is the width of the peak (full width at half maximum — FWHM) after correction for

L “4)
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instrumental peak broadening and theta () is the Bragg angle. The K value used in this cal-
culation is 0.94. The quantification of individual crystalline phases in the samples was carried
out based on the reference intensity ratio (RIR) method.

For textural analyses of wollastonite, Horiba SA-9601 MP BET surface area analyser and
Thermo Scientific from Surfer were used. Experimental parameters for the N, adsorption/des-
orption analysis are presented in Supplementary material to this paper.

Additional structural characterization of the wollastonite samples was performed by
Raman spectroscopy using a Raman Spectrometer Renishaw inVia 2 Raman microscope with
applying a laser source with a wavelength of 532 nm. All FTIR absorption spectra were recorded
in the wavenumber range from 400 to 4000 cm™! (transmission mode) using a Bomem spectro-
meter. The resolution used was 4 cm™! and the number of scans was 32.

In vitro bioactivity assessment of the prepared glass—ceramics

Simulated body fluid (SBF) has nearly the same ionic composition and pH value as blood
plasma. SBF is used for in vitro testing and evaluation of the bioactivity of artificial materials
by forming an apatite layer in the fluid. Additionally, it is used for the preparation of bioactive
composites that will form bone-like apatite on various substrates. For SBF preparation, 750 ml
of deionized water was poured into 1 L beaker and placed onto the heated magnetic stirrer with
the temperature being maintained at 37 °C. Defined quantities of the following chemicals of the
highest purity have been added slowly in small increments: 7.996 g NaCl, 0.35 g NaHCO;,
0.224 g KCl, 0.228 g K,HPO,4-3H,0, 0.305 g MgCl,-6H,0, 40 ml 1 M HCI, 0.278 g CaCl,,
0.071 g Na,S0Oy, 6.057 g Tris(hydroxymethyl)aminomethane (Tris) and a suitable volume of 1
M HCI for pH adjustments. Prepared solution was kept in a polyethylene bottle at 5-10 °C.

The glass—ceramic samples in the form of pellets were placed in polyethylene flasks con-
taining 50 ml of simulated body fluid (SBF) in order to estimate their bioactivity. The covered
flasks were kept at 37 °C for 21 days. Subsequently, the samples were removed from the SBF
solution, washed with distilled water and then air-dried at room temperature. The sample was
examined by an XRD analysis of the powdered glass-ceramic samples

RESULTS AND DISCUSSION
SEM

Wollastonite morphology analysed by SEM along with element mapping and
distribution of the main elements are given in Fig. 1. Needle-like wollastonite particles
with length up to 25 um and very sharp ends can be noticed in Fig. 1a and b. In
addition, it can be observed that larger particles are composed of aggregation and
stacking of smaller ones which form broom-shaped structures at the ends. Fig. 1c—
show element mapping and distribution of the main elements in the wollastonite.
EDX analysis of needles, shown in Fig. 1k, confirmed the ternary system of the
wollastonite, containing the elements silicon, calcium and oxygen. However,
sodium is also present in the structure probably due to its adsorption on the surface
from the reaction mixture during autoclaving. Peaks for C and Pt originate from
sputtered platinum and carbon which served as coating material used to coat non-
-conductive wollastonite samples for standard SEM observations.

From the SEM image of the calcined powder (Fig. 1f and g), it can be seen
that the original shapes and sizes of wollastonite were predominantly preserved,
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but a sintering process occurred giving morphologies which could be described as
needles of different sizes between 2 and 20 um in length. The edges and ends of
needles are rounded and this is probably the result of surface melting of particles
due to the presence of sodium on the surface which acts as a flux. Such behaviour
of wollastonite at the calcination temperature could be exploited well to provide
strong adhesion between wollastonite reinforcement and the glass matrix during
preparation of the composite. Fig. 1h—j show element mapping of calcined wollas-
tonite. The additional micrographs of the wollastonite at different magnifications
are provided in Supplementary material (Figs. S-1 and S-2).

@

14

Fig. 1. SEM images of needle-shaped wollastonite along with element mapping and distri-
bution of the main elements; a) and b) as-synthesized wollastonite and distribution of: ¢) Ca,
d) Si, e) O, f) and g) calcined wollastonite and distribution of: h) Ca, i) Si, j) Si, k) EDX
analysis of as-synthesized wollastonite.

XRD

X-ray diffraction patterns of the as-synthesized wollastonite and wollastonite
after its calcination at 900 °C for 2 h are shown in Fig. 2. The observed diffraction
peaks of the XRD patterns could be indexed as monoclinic wollastonite ($-CaSiO3)
with space group of P21/a (PDF 00-066-0271). The geometry of the unit cell is defined
by the following parameters: approximately @ = 1543 A, b=7.33 A, c=7.07 A and
angles o = 90.00°, = 95.31°, y = 90.00°.

The position, intensities and shape of the strong diffraction peaks for the cal-
cined sample of wollastonite coincide well to the standard values and imply that it
was better crystallized than that of as-synthesized sample. Table S-I of the Supple-
mentary material shows the positions (26) of the peaks, interplanar d-spacings, full
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width at half maximum (FWHM), background intensity and areas of the peaks
collected from the XRD pattern (Fig. 2). The effect of autoclaving and subsequent
calcination on the crystallite size and micro strain of the f-wollastonite was cal-
culated with data from the XRD analysis and also shown in Supplementary mat-
erial (Table S-I). The results indicate an increase in average crystallite size after
calcination from 46.3 to 48.6 nm, while micro strain was reduced from 0.340 to
0.234 indicating improved crystallinity and reduced internal defects. The peaks
observed at 23.2, 25.3, 26.8, 28.9, 30.0, 36.2, 39.04, 41.3, 50.9 and 53.05°
correspond to the (400), (002), (-202), (202), (-320), (412), (—422), (040), (004)
and (523) planes.

—— As-synthesized|
—— Calcined

% 4 s e 7 s s w00 Fig 2. XRD patterns of as-synthesized wollas-
20 /° tonite and calcined sample at 900 °C.

BET analysis

The N adsorption—desorption isotherm and the Barrett—Joyner—Halenda (BJH)
pore size distribution for the as-synthesized sample of wollastonite are plotted in
Fig. 3a and b, respectively. The specific surface areas as obtained by the BET
method, BJH adsorption cumulative surface area of pores, BJH total pore volume
and BJH average pore diameter are listed in Table S-1I of the Supplementary mat-
erial.

The surface area of the wollastonite ceramics was measured to be 26 m2 g1,
The single-point adsorption total pore volume for pores with a diameter less than
1.038 nm at p/p° = 0.01 was found to be 0.006 cm3 g~1. The average pore diameters
from BJH adsorption and desorption measurements were 6.1 and 6.3 nm, respect-
ively.

As can be seen in Fig. 3a, as-synthesized wollastonite sample showed an unusual
type Il isotherm pattern which is convex to the p/p° axis over its entire range. The
isotherm does not exhibit a point B, but a very narrow hysteresis loop can be obs-
erved. This indicates that the adsorbent-adsorbate interaction is weak as compared
with the adsorbate—adsorbate interactions.
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Fig. 3. a) The N» adsorption—desorption isotherm and b) BJH adsorption pore distribution of
as-synthesized wollastonite sample.

Raman spectroscopy

The Raman spectra of as-synthesized and calcined wollastonite samples over
the 100—-1200 cm™! spectral range are shown in Fig. 4. This figure shows the position
and relative intensity of the Raman bands that originate from an unoriented sample
of wollastonite. The most intense Raman bands, listed in order of increasing wave-
number at 330, 404, 580, 636, 860, 971 and 1042 cm!, align well with the
B-wollastonite (2M) phase. The low-frequency bands occurring below 500 cm!
are attributed to Ca—O stretching and Si—O bending modes. The prominent bands
around 636, 860, 971 and 1042 cm™! are associated with the Si-O—Si and O-Si—O
vibrational stretching modes in the SiOy tetrahedron.16:17 The comparative overview
of the positions of Raman bands for native and calcined wollastonite is provided
in Table S-III of the Supplementary material. The observed redshift in Raman
peaks after calcination at 900 °C is attributed to lattice relaxation, reduced internal
strain, and increased crystallite size, as confirmed by XRD analysis.

|—— As-synthesized
|—— Calcined

1000 800 600 400 200  Fig. 4. Raman spectra of as-synthesized wollastonite
Wavenumber /cm’” and wollastonite after calcination at 900 °C.

FTIR spectroscopy

The FTIR spectra were used to analyse the structures of the wollastonite, as
illustrated in Fig. 5. The most prominent bands are observed in the range from 850
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to 1200 cm~! and correspond to the vibrational modes of the asymmetric SiOy4
tetrahedron. Based on literature, the bands detected at 1087 and 1028 cm! correspond
to stretching vibrations of bridging Si—-O-Si, while those at 971 and 930 cm! are
associated with non-bridging oxygen (Si—O) bonds.!8

As-synthesized

Calcined

4000 3500 3000 2500 2000 1500 1000 500 Fig. 5. FTIR spectra of as-synthesized wollas-
Wavenumber /cm’ tonite and wollastonite calcined at 900 °C.

The presence of Si—-O—Ca non-bridging oxygen bonds was confirmed by the
FTIR spectra of the fired powder, which exhibited vibrational modes at 903 cm1.
These stretching vibrations of Si—O—Ca bonds indicate the formation of f—CaSiO3
which is consistent with the obtained XRD patterns. Furthermore, the band peaking
at 846 cm~! is associated with Si-O—Ca vibrations, while the bands at 682 and
648 cm™! reflect the symmetric stretching vibrations of Si—O-Si bonds. The bending
vibrations of Si—O-Si bonds are detected around 567 and 452 cm™!. It is important
to note that many peaks in the spectrum overlap, making it challenging to identify
specific bonds unambiguously.

The significant difference in the spectra was observed only in the 3625, 1490
and 1449 cm! peaks. The last two bands were ascribed to the carbonate group.
The bands at 3625 and 3438 cm~! were evidence of O-H stretching vibration of
the structural —OH groups and absorbed water, respectively. The band at 1637 cm™!
is associated with O—H bending vibration. Calcination of the sample caused
decomposition of carbonates and removal of structural -OH groups.19-20

Composite characterization

To highlight the influence of wollastonite on the sintering behaviour and
physicochemical properties of the composites, a comparative analysis of sintered
materials based on pure bioglass and wollastonite—bioglass composites is pre-
sented. Sintered samples of pure bioglass (BG) (Figs. S-3—S-6 of the Supplement-
ary material), obtained at the same temperature but with different sintering times,
exhibit a very broad pore size distribution, ranging from several nm up to 100 um,
indicating a diverse range of pore sizes within their structure. This characteristic
can significantly influence its adsorption properties and overall performance in
biomedical applications. The specific surface area of the material is less than 1 m?2
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g1, suggesting a relatively low surface area compared to other materials. Addit-
ionally, the pore volume (V},) is within the range of 0.036-0.055 cm3 g1 and the
highest measured porosity of the sintered bioglass is 10.7 %. (depending on sin-
tering time), indicating a limited capacity for storing fluids. The predominant min-
eral in the composition of the samples is combeite, which comprises between 96
and 100 % of the material. This percentage increases with the duration of sintering.
The SEM micrographs presented in Figs. S-3—S-6 indicate surface melting of the
material, particle coalescence through the formation of so-called necks, and the
development of globular and rounded particle morphologies.

Fig. 6a and Fig. S-7 (Supplementary material) show SEM micrograph of the
composite treated at 1000 °C for 15 min (COM 15). There are clear signs indicating
the onset of the sintering process, characterized by the formation of interparticle
contacts, commonly referred to as necks, which are established between the par-
ticles through weak cohesive forces. The chemical composition of the composite
obtained using the EDX method indicates that the amount of sodium is about 12
%, which acts herein as a flux and facilitates the consolidation of the composite
during the heat treatment. Crystallographic analysis indicates that the dominant
mineral is combeite NayCaySi3O9 (98 %), the presence of which increases the
mechanical strength of the material while maintaining its biocompatibility. Sodium
calcium silicate which is also known in the literature as a bioactive material was
also detected in the composite, with a mass fraction of several percent. The specific
surface area is less than 1 m2 g1, the porosity is 21 %, while the average pore
diameter is 4256 nm. These results confirm that the sintering process is in the initial
phase, so that there has not yet been significant densification of the material and
elimination of porosity.
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Fig. 6. SEM micrographs and pore size distributions of the composite treated at 1000 °C for:
a) 15 (COM 15), b) 30 (COM 30), ¢) 55 (COM 55) and d) 85 min (COM 85).
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Fig. 6b and Fig. S-8 (Supplementary material) show micrographs of the com-
posite surface after 30 min of sintering (COM 30). At this stage, the presence of
large, consolidated particles that were formed during the process is observed, as
well as the presence of smaller particles with an elongated morphology that
indicate that sintering has not been completed yet. Despite this, the data obtained
by nitrogen adsorption/desorption indicated that the porosity remained the same
(21%), but a decrease in the mean pore diameter was noted, which changed to 1368
nm. The mass fraction of combeite has been shown to be at the level of the previous
sample (98 %).

After calcination for 55 min (COM 55), no significant changes in the surface
morphology of the composite were recorded, as can be seen in Fig. 6¢ and Fig. S-
9 (Supplementary material). The porosity has been shown to be 19 % with the
mean pore diameter of 1956 nm. The chemical changes that occur during thermal
treatment led to the complete dominance of combeite minerals, whose mass fract-
ion turned to 99.5 %. The last sample was sintered for 85 min (COM 85), and its
surface morphology can be seen in Fig. 6d and Fig. S-10 (Supplementary material).
In the figures, elongated particles of worm-like morphology, like spaghetti, can no
longer be observed, as was the case with the previous samples. Based on mor-
phology, it can be concluded that this is the final stage of sintering. The pore vol-
ume did not change significantly, but there was an increase in the mean pore dia-
meter to a value of about 3928 nm. Therefore, during sintering and the formation
of the liquid phase at a given temperature, the smaller pores were filled, or they
joined each other into pores with a larger diameter. It should be kept in mind that
sintering did not take place under high pressure. Generally, the composites typic-
ally exhibit a higher pore volume (V) of up to 0.122 cm3 g1 and a narrower pore
size distribution compared to sintered bioglass. These properties enhance their
performance and suitability in the field of biomedical engineering.

Interaction of bioactive composite COM 30 with SBF

To test the interaction of the bioactive composite with SBF, the COM 30
sample was used, as the sintering time of 30 min had been established as optimal
for obtaining a mechanically stable material. After interaction with the solution,
some changes were observed in the XRD diffractogram. This suggests that the crystal
structure of the material remained largely unchanged, except for the appearance of
small peaks associated with hydroxyapatite formation, which were just above the
detection limits of the XRD method (Fig. S-11 of the Supplementary material).
This result aligns with findings from other studies, as the phosphate content in SBF
relative to the mass of the composite sample is minimal resulting in sparsely
distributed apatite precipitates.
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CONCLUSION

This study demonstrated a robust approach to the synthesis of f-wollastonite
microfibres through a simple, template-free hydrothermal technique, followed by
calcination at 900 °C to improve crystallinity and eliminate constitutional water. The
resultant S-wollastonite exhibited a needle-like morphology with high mesoporosity
and surface area, as confirmed by SEM, XRD and BET analyses. These charac-
teristics were favourable for enhancing the structural and bioactive properties of the
composite material.

The wollastonite microfibres were successfully employed as a constituent in
a glass-ceramic composite, which was prepared by a powder sintering method
using bioglass as the matrix. The addition of wollastonite contributed to the form-
ation of sodium-calcium-silicate phases (mostly combeite), which improved the
mechanical properties of the composite while maintaining its biocompatibility.

The calcination and sintering processes facilitated the consolidation and den-
sification of the composite, supported neck formation between particles and led to
the development of appropriate porosity suitable for the intended application. XRD
analysis confirmed the dominant S-wollastonite phase with improved crystallite size
and reduced microstrain post-calcination, contributing to the composite’s struc-
tural stability and bioactivity. Overall, the in vitro bioactivity assessment in simul-
ated body fluid highlighted the composite’s potential for its use as a bioactive
implant material, with surface changes suggesting the formation of bioactive
phases, though further studies are needed to optimize hydroxyapatite formation.

SUPPLEMENTARY MATERIAL

Additional data and information are available electronically at the pages of journal web-
site: https://www.shd-pub.org.rs/index.php/JSCS/article/view/13354, or from the correspond-
ing author on request.
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H3BOX
PA3B0OJ CTAKJIO-KEPAMUYKOT KOMITIO3UTA OJAYAHOT #BOJIACTOHUTOM
CUHTETUCAHUM XUJPOTEPMAJIHOM METOJIOM

MAPJAH PAHBEJIOBUR', CHARLES C. SORRELL?, SHARON KOPPKA?, AJIEKCAH[IPA 3APYBHIIA!,
MMUJIAH 3. MOMYHJIOBUR! u DIRK ENKE?

"Ynusepsumem y Huwiy, [Tpupogho—maimematmuuxy Gaxyniieid, ledapmman 3a xemujy, Buweipagexa 33,
18000 Huw, ?2School of Materials Science and Engineering, University of New South Wales, Sydney NSW

2052, Australia u 3Institute of Chemical Technology, University of Leipzig, Linne str. 3, 04103 Leipzig,
Germany

Muxkposnaksa S-BonactoHuTa (/CaSiOs) Ccy yCIEIHO CHMHTeTHCaHa IPUMEHOM jenHo-
CTeleHe XUapoTepMasHe peaknuje 6e3 ynotpede Temiuiejta, kopuinhewem KaalujyM-HUTpaTa
W HaTpHjyM-MeTaCHIMKaTa y alkalHoj cpefuHy. CUHTe3a je U3BefieHa Ha TeMnepaTtypH of 220
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°C 3a camo 240 min mox aytoreHum mputuckom on 19 bar. OBum moctynkom usderasa ce
¢opmupame KCOHOTIUTA Kao WHTepMenujapHe ¢ase, YUMe ce eIMMUHHULIE MOoTpeda 3a Hak-
HaJHOM Ka/llMHALMjOM y LWby Jodujawma BomacToHWTA. PenareHcka gudpaxuuja (XRD) je
TIOTBPAH/IA MPUCYCTBO (ha3e [-BONACTOHUTA, IOK Cy aHANW3e HAKOH KaJIlHHAIMje yKkas3ane Ha
nodosblIaHy KPUCTATMYHOCT U CTPYKTYpHE KapakTepucTuke. CkeHupajyha enekTpoHCKa MUK-
pockonyja (SEM) je oTkprna Mopdosoryjy y odauKy HUIKLa, a aHaln3a aficopIIivje—1ecoprl-
IHMje a30Ta je rmokasaia passHjeHy crenududHy moBpiukHy on 26 m? ¢! u u3paxeHy mesomno-
posHOcT. OBe 1MoBOBHE KapaKTepPUCTHKe OMOryhuie cy HHTerpanujy [-BOAaCTOHUTA Y CHHTE3H
CTaK/I0—KEPaMHUUYKOT KOMIIO3UTa, KOjH je NMOTOM KapaKTepHcaH Y IOorjaefy MOPQOIOLIKHX,
CTPYKTYPHHX, TEKCTypDHUX M in Vvifro DMOaKTHBHHX CBOjCTaBa. KOMIO3UT je HMPUIIPEMIbEH
MeIlIambeM MPaxoBa F-BOTACTOHUTA U OMOAKTUBHOT CTAKJIA Y MAaCEHOM OOHOCY 1:4, HAKOH yera
je ycrnepuno KOMIAKTHUpame jeMHOOCHHUM NpecoBameM M cHHTepoBame Ha 1000 °C y pasnu-
YUTHUM BpPEMEHCKMM HHTepBanuMa. Pagu mopehema, KOMIakTHe MacTWie YUCTOI DHOCTaKIa
TaKkohe Cy CUHTEpOBaHe IOJ UCTUM ycinoBUMa. CTPyKTypHa, MOpPAOIIOIIKa, TEKCTypasiHa U in
vitro OMOAKTUBHA KkapaKTepu3alkja MoKasaaa je Ja je nomaBawe [-BOJACTOHHMTA LOBEJO je HO
yjenHaueHHje U Yy)Ke paclofielie BeJUuYMHA 1opa U NOACTakIo (opMupame Be3a (BpaToBa)
nu3mehy yectuia, ykasyjyhy Ha NoTeHLIHjal KOMIIO3UTA 3a IPUMEHY y pereHepanuju KoCTHjy.

(ITpumsbeHo 26. anpuia, pesugupaHo 20. Maja, npuxsaheHo 25. aBrycra 2025)
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Table S-I. The most intense peaks in XRD spectra of wollastonite.

Position d_. FWHM Backgr. Area/  Crystallite MIC.I‘O
jo29  SPANEorn s cts*20  size/ A Soain
/A /%
22.80 3.89 0.2047  580.15 31.56 470 0.415
As- 25.36 3.51 0.1791 541.62 96.99 549 0.320
synthesized 2691 3.31 0.2303  515.87  302.02 416 0.398
sample of 28.92 3.08 0.1791  479.26  106.85 553 0.279
wollastonite 30.17 2.96 0.1535 454.61  445.23 664 0.223
36.48 2.46 0.2047  325.62 41.29 485 0.254
39.18 2.29 0.156 29571  201.59 706 0.163
41.83 2.15 0.3744 27876  280.44 216 0.500
49.63 1.83 0.156 229.65 93.21 737 0.124
53.29 1.71 0.3744  207.17 141.19 226 0.380
Position d_. FWHM Backgr. Area/  Crystallite MIC.I‘O
jo29  SPACINEorp e cts*20  size/ A SuAln
/A /%
23.19 3.83 0.1535  610.89 114.8 655 0.292
25.34 3.51 0.1535 560.4 256.45 657 0.267
Calcined 26.90 3.31 0.1791 52731 414.11 550 0.301
sample of 28.88 3.09 0.2047  485.04 238.59 475 0.325
wollasniteto 30.03 2.97 0.1535  460.53  501.07 663 0.224
36.25 2.47 0.2047 351.64 117.99 484 0.256
39.10 2.30 0.1791 313.28 138.35 567 0.203
41.28 2.18 0.1279  283.91 7891 861 0.127
49.79 1.83 0.1535  231.04 58.97 707 0.129
53.08 1.72 0.4605  208.03 195.23 219 0.393

* Corresponding author. E-mail: hemija@gmail.com
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Table S-II. Textural parameters of as-synthesized wollastonite.

S453

Sample Mass: 0.1844 g Warm Free Space: 20.24 cm?® Measured
Cold Free Space: 60.1 cm®  Equilibration Interval: 10s
Low Pressure Dose: None Sample Density: 1.0 gem?
Automatic Degas: No / /
Surface Area m?g’!
Single point surface area 25
BET Surface Area 26
BJH Adsorption cumulative surface area 30
BJH Desorption cumulative surface area 30
Pore Volume cm’g’!
Single point adsorption total pore volume 0.006
BJH Adsorption cumulative volume of pores 0.046
BJH Desorption cumulative volume 0.047
Pore Size nm
Adsorption average pore diameter (4V/A by BET): 0.9
BJH Adsorption average pore diameter (4V/A): 6.1
BJH Desorption average pore diameter (4V/A): 6.3

Table S-III. Mode assignments of the Raman-active vibrational modes of the wollastonite.

Assignment As-prepared (cm™)  Calcined (900 °C) (cm™)
Asymmetric stretching of Si-O 992 971
Symmetric stretching of Si-O / 894
Symmetric stretching of Si-O / 860
Symmetric bending vibration of Si-O-Si 648 636
Bending vibrations of O-Si-O 408 404
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SEM ANALYSES OF THE VARIOUS SAMPLES

Fig. S-1. SEM micrographs of as-prepared wollastonite at different magnifications: A) 10000
x; B) 12000 x; C) 12000 x; D) 16000 x; E) 24000 x; F) 50000 x.

Fig. S-2. SEM micrographs of calcined wollastonite at different magnifications: A) 10000 x;
B) 14000 x; C) 25000 x; D) 30000 x; E) 60000 x; F) 100000 x.
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BG 1000°C 15

Figure S-3. SEM micrographs of the sintered bioglass treated at 1000 °C for 15 minutes (BG
1000°C 15) at different magnifications: A) 1000 x; B) 4000 x; C) 7500 x.

Structural and textural parameters obtained by EDX, XRD, and BET analysis
are given below:

Porosity measurements were conducted at -195.8°C after degassing samples
at 250°C under vacuum to remove adsorbates. Data analysis was performed using
"ASiQwin" by Quantachrome Instruments.

EDX analysis:
O: 394 wt-% Si: 21.8 wt.-%
Na: 12.3 wt.-% P: 1.3 wt.-% T reer 014
Ca: 252 wt-% 12 -
0.12
XRD analysis: o T oo
Combeite: 96 wt.-% T A
Disodium calcium silicate: 4 _§ ] - 0.08
wt.-% ; 6 -006
Rwo: g R '
wp: 9 v, |
& - 0.04
Texture data: e s
BET: <l m’! o I W H ooz
Vp: 0,058 cm’g’! 5 , J‘ i3 11l , TN 000
dp: 9671 nm (average diameter) 1 10 100 1000 10000 100000
Porosity: 113 pore diameter / nm
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BG 1000°C 30

Figure S-4. SEM micrographs of the sintered bioglass treated at 1000 °C for 30 minutes (BG
1000°C 30) at different magnifications: A) 1000 x; B) 4000 x; C) 7500 x.

Structural and textural parameters obtained by EDX, XRD, and BET analysis
are given below:

EDX analysis:
O: 404 wt.-% Si: 21.0 wt.-%
Na: 15.2 wt.-% P: 2.0 wt.-% e 014
Ca: 21.5 wt-%
12 =012

XRD analysis: e 101 . Lo10 ZE
Combeite: 99.5 wt.-% ° 2
Disodium calcium silicate: <1 wt.-% 2 ] - _'D'Da é
Rwp: 11 g 5 L %

A | -2
Texture data: 3 | 0% 8
BET: <I m%g’ 2 \ oo @
Vp:  0.036 cm?g’! HH { N
dp: 1348 nm (average diameter) 0 . il . e 0.00

1 10 100 1000 10000

Porosity: 7.4 %

pore diameter / nm

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

(CC) 2025 Serbian Chemical Society.

9



SUPPLEMENTARY MATERIAL S457

BG 1000°C 55

Figure S-5. SEM micrographs of the sintered bioglass treated at 1000 °C for 55 minutes (BG
1000°C 55) at different magnifications: A) 1000 x; B) 4000 x; C) 7500 x.

Structural and textural parameters obtained by EDX, XRD, and BET analysis
are given below:

specific pore volume / ecm

EDX analysis: e 014
0: 404 wt-% Si: 21.0 wt.-% 124 [Fieo
Na: 15.2 wt.-% P: 2.0 wt.-% o ' .
Ca: 21.5wt.-% = n Lo1o
XRD analysis: 3 [
Combeite: 99.5 wt.-% e 005
Disodium calcium silicate: <1 wt.-% ; ;

Rwp: 11 g ] l oot

2| _ _ L

Texture data: 1 y "
BET: <l m?g’' 0 s 000

T ] ) T
1 10 100 1000 10000
pore diameter / nm

Vp: 0.036 cm3g™!
dp: 1348 nm (average diameter)
Porosity: 7.4 %
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BG 1000°C 85

Figure S-6. SEM micrographs of the sintered bioglass treated at 1000 °C for 85 minutes (BG
1000°C 85) at different magnifications: A) 1000 x; B) 4000 x; C) 7500 x.

Structural and textural parameters obtained by EDX, XRD, and BET analysis
are given below:

EDX analysis:
O:  44.5 wt.-% Si: 20.5 wt.-% 0.14
Na: 17.4 wt.-% P: 1.7wt-% 12 1 -
Ca: 159 wt.-% [

10 4 r e
Lot =

o

XRD analysis:
Combeite: 100 wt.-%

Disodium calcium silicate: 0 wt.-%
Rwp:11

M -0.08

- 0.06

- 0.04

relative pore volume / %
@
1

specific pore volume / cm

Texture data:

2 | \ i
BET: <I m%g’ H HH W | ,002
Vp:  0.055 cm?g’! 0 S e L W00

dp: 11104 nm (average diameter) 1 10 " o o T

Porosity: 10.7 %

pore diameter / nm
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COM 1000°C 15

Figure S-7. SEM micrographs of the composite treated at 1000 °C for 15 minutes (COM 15)
at different magnifications: A) 4000 x; B) 7500 x.

Structural and textural parameters obtained by EDX, XRD, and BET analysis
are given below:

EDX analysis:

O:  40.0 wt.-% Si: 21.8 wt.-% . . | o

Na: 12.5 wt.-% P: 1.4 wt.-% 12 I

Ca: 243 wt.-% ] Lo.12
10+ L -

XRD analysis: R N\‘ (M

Combeite: 98.5 wt.-% E *7 - s 3

Disodium calcium silicate: 1.5wt-% 2 T i §

Rwp: 10 g *7 L F0%6 o

Texture data: % ‘ _’004 “%

BET: <1 mg’ 2 I | i

Vp:  0.119 cm?g’! ] T H w_m

dp: 4256 nm (average diameter) . 10 - 100 S

T
1000 10000 100000

Porosity: 20.7 %

pore diameter / nm
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COM 1000°C 30

Figure S-8. SEM micrographs of the composite treated at 1000 °C for 30 minutes (COM 30)

at different magnifications: A) 4000 x; B) 7500 x.

Structural and textural parameters obtained by EDX, XRD, and BET analysis

are given below:

EDX analysis:
O: 452 wt-% Si: 21.1 wt.-%
Na: 14.5 wt.-% P: 13 wt-%

Ca: 17.8 wt.-%

XRD analysis:

Combeite: 98.5 wt.-%
Disodium calcium silicate: 1.5 wt.-%
Rwp:

Texture data:

BET: <l mg’

Vp:  0.122 cm?g’!

dp: 1368 nm (average diameter)
Porosity: 212 %

i

012
;010
~0.08
;0,05
;0.04

~0.02

0.00

—
10 100

URRSIL e T
1000 10000

pore diameter / nm
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Structural and textural parameters obtained by EDX, XRD, and BET analysis

are given below:

SUPPLEMENTARY MATERIAL

S461

Figure S-9. SEM micrographs of the composite treated at 1000 °C for 55 minutes (COM 55)
at different magnifications: A) 4000 x; B) 7500 x.
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COM 1000°C 85

Figure S-10. SEM micrographs of the composite treated at 1000 °C for 85 minutes (COM 85)

RANDPELOVIC ez al..

at different magnifications: A) 4000 x; B) 7500 x.

Structural and textural parameters obtained by EDX, XRD, and BET analysis

are given below:

EDX analysis:

O: 451 wt.-%
Na: 14.9 wt.-%
Ca: 17.8 wt.-%

XRD analysis:

Combeite: 99.5 wt.-%
Disodium calcium silicate: <1 wt.-%

Rwp: 11

Texture data:
BET: <l mg’

Vp:  0.108 cm3g’! 1
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P: 1.1 wt-%

relative pore volume / %
[=2]
1

e 0.14

012

-0.10

- 0.08

I 0.06

- 0.04

- 0.02

0.00

5 ,\HHHWM, i A

T
100 1000 10000

dp: 3928 nm (average diameter) BersdeEtel N

Porosity: 19.1 %

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

@

g

specific pore volume / em

(CC) 2025 Serbian Chemical Society.



SUPPLEMENTARY MATERIAL S463

500 -
400 4

300

Intensity / cps
ny
s
i

lww’uwmmw

T T T T T T T T 1
10 20 30 40 50 60 70 80 90

20/°

A

04

Figure S-11. XRD pattern of COM 30 after interaction with the SBF solution.
Pekas at 26.0°, 31.8°, and 33.1 correspond to the (002), (211), and (300) crystal
planes of hydroxyapatite.
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Abstract: Wound protection is a critical step in preventing or reducing infections,
as well as in preventing the transmission of infections between patients. Wound dres-
sings are essential medical products that cover wounds and facilitate healing. The
present study examines the possibility of using Ag nanoparticles (NPs) to impart
antibacterial activity to cotton gauze, a commonly used disposable wound dressing
material. The in situ synthesis of Ag-based NPs on cotton gauze was achieved
using extracts from Populus x euramericana (PE) and Ailanthus altissima (Mill.)
Swingle (AA) leaves. Major phytochemical compounds in the extracts were quan-
tified using HPLC. FESEM and EDS mapping analyses confirmed the presence
of Ag-based NPs across the fibre surfaces of both samples. The average size of
NPs synthesized in the presence of PE and AA extracts was 88+26 and 82423 nm,
respectively. A comparable amount of silver was found in the sample obtained
with PE (14.22+0.23 pmol/g) and in the sample synthesized using AA extract
(13.63£1.40 pmol/g). The synthesized samples achieved maximum bacterial
reduction against Gram-negative bacteria Escherichia coli and Gram-positive
Staphylococcus aureus.

Keywords: cotton gauze; Ag nanoparticles; plant extracts; green synthesis; anti-
bacterial activity.

INTRODUCTION

Skin plays an important role in protecting the body from harmful external
factors.1-2 Diabetes, diseases, accidents or burns can all damage the skin and cause
wounds, as can minor cuts and surgical procedures.3 Chronic wounds are usually
caused by infection, while acute wounds are sometimes prone to infection. Surgical
wounds are especially vulnerable and can be colonised by a variety of bacteria,
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such as Staphylococcus aureus, Pseudomonas aeruginosa, Escherichia coli,
Klebsiella spp. and Enterobacter spp.*~© These microorganisms frequently cause
wound infections that can progress to sepsis, pneumonia, or meningitis in patients.”
Hence, wound management has been a major challenge in medicine worldwide.
Wound protection is an important step in preventing or reducing infections, as well
as in preventing the transmission of infections between patients.8-9 Wound dressings
are crucial medical products that cover wounds and support healing.! Cotton-based
medical gauze is a type of sterile, disposable dressing that is commonly used to
treat wounds due to its softness, breathability, affordability, and lack of skin irritat-
ion.2:10 The primary issue with cotton gauze is that it cannot prevent or treat infections
because bacteria in humid environments can readily stick to the surface of hydro-
philic cotton fibres, enter the fibres and can create a biofilm, which acts as a reser-
voir for the growth of pathogens and poses a health risk to humans.!0 Conse-
quently, antimicrobial treatments are crucial for mitigating and preventing micro-
bial proliferation. Antimicrobial agents for antimicrobial finishing of textile mater-
ials can be classified as organic, inorganic, or natural.!! The more studied types of
antimicrobial agents include biguanides, triclosan, quaternary ammonium salts,
metallic silver, zinc oxide, triclosan, herbal extracts and certain natural and metal
complex colourants.12-16 Owing to their excellent antimicrobial activity against a
wide range of microorganisms and low cytotoxicity, silver nanoparticles (Ag NPs)
have received much interest. Among various methods that have been used for the
synthesis of Ag NPs, such as microwave-assisted reduction, salt reduction, reverse
micelles, and ultrasonic irradiation, the widely used and investigated method is the
reduction of silver nitrate in aqueous solution, using a reducing agent such as
sodium borohydride (NaBHy4) or hydrazine.!7-18 Exploitation of conventional strong
reducing agents enables the synthesis of smaller NPs, but the toxicity of such red-
ucing agents has prompted research into more environmentally friendly routes.

Green synthesis of Ag NPs includes utilising bacteria, fungi, enzymes, poly-
saccharides and plant extracts as reducing agents for metal ions.!7-18 Owing to its
natural abundance and low cost, various plants and their parts (roots, leaves, seeds,
fruits) have been extensively investigated in the synthesis of colloidal Ag NPs.19
Despite the substantial studies on the green synthesis of Ag NPs, research on the
green synthesis of these NPs on textile fibres remains limited. One possible explan-
ation might be the lack of adequate reproducibility in terms of NPs shape, size and
stability due to the variability in chemical composition (e.g., phenolic compounds
and flavonoids), which is closely tied to geographical location, weather and environ-
mental conditions. Moreover, the use of plants can be complicated because they
are seasonal. In terms of ex situ strategies for synthesizing Ag NPs, it is commonly
difficult to achieve monodisperse NPs, which are beneficial for multiple applications,
including textiles.20
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Sodium alginate and aloe vera inkjet print onto cotton fabric were used as a
sustainable reducing agent for in situ synthesis of Ag NPs.2! Antimicrobial cotton
fabric has been fabricated using whey protein isolate as both a reducing agent and
stabilizer for Ag NPs.!7 Spirulina, a microalga rich in proteins, polysaccharides,
vitamins, and phenolic could be successfully employed for antimicrobial finishing
of cotton with Ag NPs.18 Maghimaa et al. synthesized the metallic Ag NPs from
the aqueous extract of Curcuma longa L. leaf and evaluated their antimicrobial and
wound healing potential of Ag NPs-coated cotton fabric.22 It has been shown that
Black rice (Oryza sativa L.) could be used for in situ green synthesis of Ag NPs
on carboxymethyl chitosan modified cotton substrate.23 In situ phytosynthesis of
Ag NPs on cotton fabric was also performed using extracts of plant materials from
food waste (green tea leaves (Camellia sinensis (L.) Kuntze), avocado seed (Persea
americana Mill.) and pomegranate peel (Punica granatum L.) and invasive alien
species (the Japanese knotweed rhizome (Fallopia japonica Houtt.), the staghorn
sumac fruit (Rhus typhina L.), and goldenrod flowers (Solidago canadensis L.)).24
Stular et al. synthesized Ag NPs in the presence of sumac leaf extract onto poly-
siloxane modified cellulose fibres.2>

Our previous studies have revealed that extracts of Paliurus spina-christi
Mill., Juglans regia L., Humulus lupulus L. and Sambucus nigra L. could be succes-
sfully used for in situ synthesis of Ag-based NPs on cotton fabric modified with
citric acid.26 Pomegranate peel extract (P. granatum) was also utilised for the simple
in situ synthesis of Ag-based NPs on chitosan-modified viscose fibres.2’ Con-
sidering that a variety of phytochemicals found in different plant extracts may
serve as reducing, stabilizing and capping agents, our intention was to extend pre-
vious research by utilizing the extract of cultivated hybrid Populus x euramericana
(Dode) Guinier 1-214, Salicaceae (buds) and weed species Ailanthus altissima
(Mill.) Swingle, Simaroubaceae (leaves) for in situ synthesis of Ag-based NPs on
cotton gauze to impart antibacterial activity. P. euramericana is a fast-growing plant-
ation tree that is extensively exploited in the wood industry, but thin branches with
buds are regarded as waste. On the other hand, A. altissima (Tree-of-heaven) is an
invasive species that causes serious damage to the ecosystem, economy, and public
health in the United States and Europe.28 To the best of our knowledge, there is
only one paper that has addressed the exploitation of bark extract A. altissima for
the synthesis of Ag NPs.29 Furthermore, to our knowledge, no research has been
conducted on the in situ synthesis of Ag-based nanoparticles on textile substrates
using extracts derived from P. euramericana and A. altissima. Major phytochemical
compounds in the extract were quantified by HPLC. Morphological and chemical
changes on the fibre surface were assessed by FESEM and FTIR, respectively. The
total content of silver and the released amounts of Ag™ were quantified by AAS.
Antibacterial activity of cotton gauze with Ag-based NPs was tested against Gram-
negative bacteria E. coli and Gram-positive bacteria S. aureus.
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EXPERIMENTAL
Materials

Populus x euramericana (Dode) Guinier I-214, Salicaceae was provided by “Srbija sume”,
Belgrade in March 2024, while Ailanthus altissima (Mill.) Swingle, Simaroubaceae was collected
in the forest of Kosutnjak (N: 44°46'34", E: 20°25'56") in Belgrade at the beginning of June
2024. The voucher specimens were deposited and identification was performed at the Faculty
of Forestry, University of Belgrade.

Nitric acid and sodium chloride were purchased from Zorka Pharma, Serbia. Centrohem,
Serbia, provided silver nitrate. The microbial inoculum was prepared in tryptone soya broth,
agar, and yeast extract provided by Torlak, Serbia. Cotton gauze was supplied by Diva (Serbia)
and used without further purification.

Preparation of plant extracts

The plants P. euramericana (PE) and A. altissima (AA) were selected for the synthesis of
Ag-based NPs. The plant extracts were prepared as decocts by adding 6.00 g of buds or leaves
(previously milled) to 100 mL of distilled water. The vessel containing the extract was sealed
and heated to 80°C for 1 h. Prepared extracts/decocts were filtered and immediately used for
the synthesis of Ag-based NPs.

HPLC analysis of PE and AA leaves decoction

Comprehensive analyses of the tested decoctions, from the aspect of their chemical profile,
were achieved using HPLC analysis. “Fingerprinting” of the investigated samples was carried
out using a 1200 HPLC system (Agilent Technologies) equipped with a Phenomenex, HydroRP
80, 150 mmx4.6mm column using two mobile phases (phase A being 0.1 M solution of phos-
phoric acid, and phase B pure acetonitrile). The flow rate was 0.800 mL/min, with photodiode-
array (PDA) detection (UV at 260). Best peak separation was achieved using the following
combination: 2 % B (0 min); 2-10 % B (0-5 min); 10 % B (5-15 min), 10-15 % B (15-20 min)
and 15-60 % (20-45 min). For poplar buds, the slightly modified method was used, namely the
flow rate was 1.00 mL/min, with photodiode-array (PDA) detection (UV at 360 nm; for catechin
at 260 nm). Elution was performed 11 % B (0 min);11-25 % B (0-5 min); 25 % B (5-10 min),
25-40 % B (10-20 min), 40 % B (20-35 min), 45-55 % B (35-50 min) and 50-60 % B (50-60
min). Before injection, the samples of PE and AA (¢ = 24.6 and 8.6 mg/mL, respectively) were
filtered through a PTFE membrane filter. For standards gallic acid, neochlorogenic acid, chloro-
genic acid, procyanidin B1, catechin, caffeic acid, epigallocatechin gallate, p-coumaric acid,
ferulic acid, taxifolin, rutin, 3,5-di-O-caffeoylquinic acid, naringin, rosmarinic acid, #~cinnamic
acid, quercetin, pinobanksin, naringenin, pinocembrin, chrysin, syringic acid, myricitrin, ellagic
acid, isoquercetin, quercitrin, kaempferol-3-O-glucoside, apigenin-7-O-glucoside and diosmin
(Chem Faces, China) used in the investigation, the concentrations were 0.07, 0.3, 0.42, 0.14,
0.40, 0.52, 0.32, 0.50, 0.43, 0.30, 0.44, 0.39, 0.28, 0.43, 0.58, 0.21, 0.20, 0.38, 0.46, 0.47, 0.19,
0.50, 0.34, 0.52, 0.28, 0.49 and 0.38 mg/mL, respectively. The injection volume of the standard
solutions and the tested extract was 4 pL. Identification was based on overlay curves and the
retention times. After spectra matching succeeded, results were confirmed by spiking with the
respective standard to achieve a complete identification using the peak purity test. The peaks
that did not fulfil these requirements were not quantified. Quantification was performed through
external calibration with the standard.

The total phenolic content was determined by the Folin-Ciocalteu method.3° 100 mL of
methanol solution of the investigated sample (starting concentration being 5.66 and 6.97 mg/mL,
for heaven of tree and poplar, respectively) was mixed with 0.75 mL of 10-fold diluted Folin—
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—Ciocalteu reagent and allowed to stand at 22 °C for 5 min; 0.75 mL of sodium bicarbonate (60
g/L) solution was added to mixture. After 90 min at 22 °C, absorbance was measured at 725 nm.
Gallic acid (0—100 mg/L) was used for calibration of a standard curve. The calibration curve
showed the linear regression at R > 0.99, and the results are expressed as mg of gallic acid
equivalents per g dry weight (DW). Triplicate measurements were taken and data were pre-
sented as mean + standard deviation (SD).

The percentage content of tannins was calculated using the method described in the Euro-
pean Pharmacopoeia 11.0.3! Briefly, the investigated extracts were treated with the phosphormol-
ybdotungstic reagent in an alkaline medium after and without treatment with the hide powder
reagent. The absorbance was measured by UV—Vis spectrophotometer HP 8453 (Agilent Tech-
nologies, USA), at a max of 760 nm. The percentage content of tannins expressed as pyrogallol
(mass %), was calculated from the difference in absorbance of total polyphenols (4/) and poly-
phenols not adsorbed by the hide reagent (42), using the following expression:

(62.5(41 — A2) m2)/(A3xml) @9)
where m 1 represents the mass of the sample to be examined, in grams; and m2 and 42 represent

the mass, in grams and the absorbance of pyrogallol, respectively. The results represent the
mean of three determinations.

In situ synthesis of Ag-based NPs on the modified samples

One gram of cotton gauze (COG) was soaked in 30 mL of a 20 mM solution of AgNO;
for one hour. Afterwards, the sample was rinsed twice with deionised water and placed in the
freshly prepared solution of plant extract. The synthesis step was conducted at 60 °C for 1 h.
Subsequently, the samples were thoroughly rinsed with distilled water and left to dry at room
temperature. Cotton gauze containing Ag-based NPs synthesized in the presence of PE and AA
were marked as COG-Ag—PE and COG-Ag—AA, respectively. Simultaneously, COG samples
were put in PE and CC extracts at 60 °C for 1 h. After rinsing, samples were marked as COG—
—PE and COG-AA, respectively. The synthesis route is schematically presented in Fig. 1.

Cotton gauze
with Ag-based NPs

Plant

—y
extract

I

Fig. 1. Schematic presentation of green in sifu synthesis of Ag-based NPs onto cotton gauze.

FESEM analysis

The morphology of fibres with embedded Ag-based NPs, and the qualitative analysis of
the chemical composition and distribution of silver over the surface were investigated by field
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emission scanning electron microscopy equipped with an energy dispersive X-ray spectrometer
(FESEM-EDS, FEI SCIOS 2 dual beam). The samples were recorded under high vacuum with
an acceleration voltage of 7 kV. The EDS mapping acquisition time was 30 min. To define the
size and size distribution of NPs, the obtained FESEM images were analysed using the open-
-access imaging software tool ImageJ.

FTIR analysis

Fourier transform infrared (FTIR) spectra of the COG, COG-PE, COG-AA, COG-Ag-PE
and COG-Ag—AA samples were recorded in the ATR mode using a Nicolet iS5 FTIR spect-
rometer (Thermo Scientific) at 4 cm™! resolution, in the wavenumber range 5004000 cm'!.

The total amount of Ag

The total amount of Ag in the samples was measured using atomic absorption spectroscopy
(AAS). The measurements were conducted in the absorption mode at a wavelength 328.1 nm.
The COG-Ag-PE and COG-Ag—AA samples were immersed in a nitric acid solution
(H,O:HNOj; = 1:2) and subsequently analysed using AAS after 24 h.

Colour measurements

The colour coordinates of the samples, represented as CIE L*, a* and b*, were measured
utilising a Datacolour SF300 spectrophotometer under the D65 illuminant, employing the 10°
standard observer.

Antibacterial test

Antibacterial activity of the samples with Ag-based NPs was tested against Gram-negative
bacteria E. coli ATCC 25922 and Gram-positive bacteria S. aureus ATCC 25923 using the
standard test method for determination of the antimicrobial activity of immobilised antimic-
robial agents under dynamic contact conditions ASTM E 2149-01 (2001). Bacterial inoculums
were cultivated in the tryptone soya broth (3 mL) supplemented with 0.6 % yeast extracts at 37
°C and left for 18 h (late exponential stage of growth). Freshly grown bacterial cultures were
diluted in sterile physiological saline solution to obtain an inoculum with an initial number of
cells of ca. 107 CFU/mL. 50 mL of sterile physiological saline solution (pH 7.2) was inoculated
with 0.5 mL of the bacterial inoculum. One gram of the control COG, COG-Ag-PE, and COG—
—Ag—AA samples (previously sterilised in an autoclave for 15 min) were placed in the flask with
physiological saline solution and microorganisms at 37 °C and shaken for 2 and 24 h. After these
time intervals, 1 mL aliquots from the flask were taken and diluted with physiological saline
solution, and 1 mL of the solution was placed onto a tryptone soya agar supplemented with 0.6
% yeast extracts. After 24 h of incubation at 37 °C, the zero time (initial number of bacteria col-
onies), 2 and 24 h counts of viable bacteria were made.

The percentage of bacteria reduction (R, %) was calculated using the following equation:

R= 100M ®)
G
where Cy (CFU/mL — colony forming units) is the number of bacteria colonies on the control
sample (COG) and C (CFU/mL) is the number of bacteria colonies on the fabric with Ag-based
NPs.
Release study

To assess the release capability of Ag™ from the samples, 0.25 g of COG-Ag—PE and
COG—Ag—-AA were immersed in 25 mL of physiological saline solution (9 g/L NaCl) and main-
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tained at a temperature of 37 °C. The concentration of Ag* released was measured at intervals of
1, 3, 6 and 24 h using AAS at a wavelength of 328.1 nm.

AAS analysis was also conducted to assess the concentration of Ag* that were released
from COG-Ag-PE and COG-Ag-AA samples after 2 and 24 h in the physiologyically saline
solution, under the conditions utilized in the antimicrobial test

RESULTS AND DISCUSSION

Plants (leaves, flowers, seeds, stems and roots) possess a high bioreduction
potential owing to their varied reactive constituents, including polyphenols, ter-
penoids, proteins, reducing sugars, polysaccharides and amino acids. Among these,
phenols, proteins, saponins and alkaloids are recognised as the most effective red-
ucing, capping and stabilising agents,32 as they inhibit the growth and aggregation
of Ag NPs in the solution. Fig. 2 presents the HPLC spectra of the PE and AA
water extracts decoction. The chemical composition of the PE and AA decoction
is revealed in Tables I and II, respectively.

200

100)
nd.

50 %10
5 18
7 12 Pig 17 (o 2!
0
10 J0 30 40 sh min
=)
< 7 b
E
250 n.d.

200

100

50

i 0 [¥] 0 75 0 35 40 i

Fig. 2. HPLC chromatogram of: a) PE decoction recorded at 260 nm and b) AA decoction
recorded at 360 nm (the presented peak numbers correspond to compounds in Tables I and 1)
(n.d. — not detected, * — ellagic acid derivative).
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TABLE 1. Chemical composition of PE decoct (the type of the extract preparation, whose
preparation was explained in the Methodology); DW extr — dry weight of the analysed extract

Populus x euramericana (Dode) Guinier [-214,

-1

No Compound, mg g™ DW extr Salicaceae, bud decoction
1 Gallic acid 55.30+1.05
2 Neochlorogenic acid 7.46+0.38
3 Procyanidin B1 22.55+1.26
4 Catechin 6.42+0.22
5 Chlorogenic acid 4.83+0.12
6 Caftfeic acid 20.15+1.01
7 Epigallocatechin gallate 1.15+0.05
8 p-Coumaric acid 6.04+0.19
9 Ferulic acid 5.39+0.15
10 Taxifolin 9.18+0.33
11 Rutin 0.75+0.02
12 Quercitrin 0.64+0.03
13 3,5-di-O-Caffeoylquinic acid 1.98+0.09
14 Naringin 11.91+0.35
15 Rosmarinic acid 27.17+£0.71
16 ¢-Cinnamic acid 15.48+0.44
17 Quercetin 0.80+0.02
18 Pinobanksin 17.3240.63
19 Naringenin 0.76+0.02
20 Pinocembrin 5.06+£0.09
21 Chrysin 0.11+0.01
Total phenolic compounds, mg GAE/g 278.1£2.15
Tannin content, % 0.05+0.01

TABLE II. Chemical composition of AA decoct

Ailanthus altissima (Mill.) Swingle,

-1

No. Compound, mg g DW extr Simaroubaceae leaf decoction
1 Gallic acid 6.07+0.02
2 Neochlorogenic acid 6.07+£0.02
3 Chlorogenic acid 14.58+0.11
4 Syringic acid 21.17+£0.21
5 Myricitrin 1.33+0.01
6 Ellagic acid 5.84+0.03
7 Isoquercetin 6.89+0.10
8 Quercitrin 1.714£0.03
9 Kaempferol-3-O-glucoside 0.96+0.02
10 Apigenin-7-O-glucoside 0.55+0.01
11 Diosmin 0.22+0.01
Total phenolic compounds, mg GAE/g 247.15£1.05
Tannin content, % 0.17+0.01

The aqueous leaf extracts of PE and AA are rich in various biomolecules/
/phytochemicals (Fig. 2). Tables I and II show that the total phenolic content found
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in PE and AA extracts were 278.1£2.15 and 247.15+1.05 mg GAE/g, respectively.
The total tannin content was 0.05 and 0.17 % in PE and AA extracts, respectively.
The HPLC analysis revealed the predominant presence of simple phenolic com-
pounds, flavan-3-ols, flavanonols and polyphenolic acids (gallic acid, procyanidin
B1, caffeic and rosmarinic acids, Fig. 2a, Table I) in PE, while AA was rich in
chlorogenic, syringic and ellagic acids (Fig. 2b, Table II). Namely, comparing PE
and AA, the PE extract had a higher content of total phenolic compounds, repre-
sented by phenolic acids (rosmarinic, caffeic and 7-cinnamic acids) and gallic acid
and flavan-3-ols derivatives (catechin, procyanidins), while the AA extract, although
rich in phenolic constituents, was less abundant in gallic and phenolic acids (the
highest content was detected for chlorogenic and syringic acids). The flavonoids
were detected in both investigated samples. These compounds can interact with the
metal ion via the hydroxyl group and form metal NPs through the bioreduction
process.32 The presence of flavonoids and phenolic acids with hydroxyl and ketonic
groups in the extract could be responsible for the formation of metal nanoparticles.
These compounds could be adsorbed on the surface of metal nanoparticles, pos-
sibly through 7-electron interaction in the absence of other strong ligating agents.33
Namely, tautomeric transformation of flavonoids and phenolic acids from enol to
keto form is followed by the release of reactive hydrogen atoms that can reduce
Ag*to Ag0.32

The initial analysis of the synthesis process for Ag-based nanoparticles was
validated through visual confirmation of the COG sample’s colour shift from white
to dark brown (Fig. 3a). It is well documented that the biosynthesis of Ag-based
NPs produces brown-coloured solutions or solid samples.25-26.32.34 Qur recent
study revealed that the in situ synthesis of Ag-based NPs using extracts from P.
spina-christi, J. regia, H. lupulus and S. nigra resulted in the colouration of cotton
samples in various shades of brown.26 Stular et al. reported that cotton samples
coated with various concentrations of Ag NPs synthesized in the presence of sumac
leaf extracts were coloured in shades ranging from yellow to brown.25 The colour
change was quantified by determining the CIE L*a*b* coordinates (Fig. 3b).
Apparently, the colour of the samples changed considerably after the synthesis of
Ag-based NPs, resulting in darker reddish and more yellowish shades of the
samples (Fig. 3a and b).

Fig. 3c illustrates the change in the shape of the reflectance curves after
coating with plant extracts, and the biosynthesis of Ag-based NPs. The reflectance
intensity and shape of the reflectance curve of the COG altered after being treated
with plant extracts, especially in the wavelength range of 400-500 nm. An additional
decrease in reflectance intensity was observed after the in situ synthesis of Ag-
-based NPs. The shape of the reflectance curves for COG-Ag—PE and COG-Ag-—
—AA is significantly different across the entire measuring range, particularly in the
high-energy region, where a slight drop of reflectance intensity appeared. This sug-
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gests the emergence of the plasmon resonance band of Ag NPs at approximately
475 nm. Similar results were reported for cotton fabric loaded with colloidal Ag NPs.35
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Fig. 3. The photographs (a), L*a*b* coordinates (b) and reflectance spectra (c) of the samples.

In comparison to the COG—Ag—PE surface (Fig. 4), a smaller number of spher-
ical NPs was visible on the COG-Ag—AA surface (Fig. 5). Additionally, the size
distribution demonstrated the presence of smaller NPs ranging from 29 to 140 nm,
with a mean size of 82+23 nm. AAS analysis showed that the total content of silver
in the COG-Ag—AA sample was 13.63+1.40 pmol/g (1.47+0.15 mg/g). Given that
the total silver content in COG—-Ag—PE and COG—Ag—AA is comparable, the red-
uced quantity of synthesized NPs in the COG-Ag—AA sample (Fig. 5) may indi-
cate that a portion of Ag™ was merely adsorbed onto the cotton fibres. This may be
attributed to the concentration of gallic acid, recognized as an effective reducing
and stabilizing agent,3¢ which was found to be nearly nine times lower in the AA
extract compared to that in the PE extract (Tables I and II). Nevertheless, an in-
-depth investigation into the effect of gallic acid on the formation of Cu-based NPs
demonstrated that a single component in the extract cannot solely account for the
overall results; rather, it is the synergistic interaction of the various phytochemicals
present that plays a crucial role.3¢

In general, the variation in the overall quantity of Ag NPs is the consequence
of the differing total phenolic content observed in the samples (Tables I and II).
Larger amounts of silver (17-27 umol/g) on the cotton samples were accomplished
in our previous study, where P. spina-christi, J. regia, H. lupulus and S. nigra leaves
extracts were employed for in situ synthesis of Ag-based NPs.26 The observed
outcomes may be attributed to prior modifications of cotton using citric acid, which
introduces carboxyl groups that improve the material’s capacity to adsorb Ag™.
The size distribution and the overall quantity of silver obtained in this research fell
within the findings reported by Stular et al.25
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Fig. 4. FESEM micrographs, mapping and particle size distribution of COG—-Ag—PE sample.
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Fig. 5. FESEM micrographs, mapping and particle size distribution of COG-Ag—AA.

The FTIR spectra of the COG, COG-PE, COG-AA, COG-AG-PE and
COG—Ag—AA are shown in Fig. 6. The bands characteristic of cellulose are visible
in all spectra. The band located between 3500-3200 cm! is ascribed to the
hydrogen-bonded O-H stretching in cellulose. The bands centred at 2898 cm! and
1427, 1364, 1315 and 1280 cm™! are related to C—H asymmetric stretching, C—H
in-plane bending vibrations, C—H bending vibrations, C—H wagging vibrations and
C—H deformation stretch vibrations, respectively. The OH in-plane bending vib-
ration is located at 1203 cm~!. The band centred at 1640 cm~! could be related to
adsorbed water molecules. The bands at 1156,1105, 1050, 1031 correspond to
asymmetric bridge C—O—C, asymmetric in-plane ring stretching and C—O stretching,
respectively. The band at 900 cm~! originates from asymmetric out-of-phase ring
stretching at the C1-O—C4 glucosidic bond.37 FTIR spectra of gauze loaded with

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

(CC) 2025 Serbian Chemical Society.



1506 MARKOVIC ef al.

herbal extracts are similar to those of the control gauze. Keeping in mind that herbal
extracts are cellulose in origin, the overlapping of bands has occurred.

1640
2 o364
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g
é
&
—COG
COG-PE g |
COG-AA : to00
e ——COG-AgPE N
COG-Ag-AA 1050
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4000 3500 3000 2500 2000 1500 1000 500

Wavenumber, cm’!
Fig. 6. FTIR spectra of COG, COG-PE, COG-AA, COG-Ag—PE and COG-Ag—AA samples.

Table III summarises the results of antibacterial reduction of E. coli and S.
aureus after 2 and 24 h of contact with the synthesized samples. The results indicated
that COG and COG samples loaded only with plant extracts did not exhibit any
antibacterial activity towards the investigated pathogens. The in situ synthesis of
Ag-based NPs ensured a 99.9% reduction of S. aureus just after 2 h of contact with
the COG—-Ag—PE sample. This sample did not provide sufficient reduction of E.
coli after 2 h of contact. However, a significant reduction of 99.9 % was achieved
after 24 h of contact. The COG—Ag—AA sample ensured a 98.9 % reduction of S.
aureus after 2 h of contact, and maximum bacterial reduction after 24 h. The COG—
—Ag—AA sample provided a 99.9 % reduction of E. coli after 24 h of contact. Both
samples exhibited greater antibacterial activity against Gram-positive bacteria dur-
ing shorter contact times than against Gram-negative bacteria, where bacteriostatic
activity was attained. Despite differences in cell wall structure, it has been well
known that Ag NPs have similar antibacterial activity against Gram-positive and
Gram-negative bacteria.38 Apparently, a higher silver content or a longer contact
time is necessary for the complete inhibition of Gram-negative strains.

Several mechanisms for silver antibacterial activity have been postulated so
far: i) absorption of free silver ions, which disrupts DNA replication and ATP syn-
thesis; ii) production of reactive oxygen species (ROS) by Ag NPs and silver ions;
and iii) Ag NPs may also cause direct damage to the cell membrane, which could
result in the leakage of cell contents.38 In order to provide a more comprehensive
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understanding of the antibacterial effects of Ag-based NPs synthesized on cotton
gauze, the quantity of silver leached from the sample during the antibacterial eval-
uation was measured. AAS analysis revealed that 2.3340.05 and 2.55+0.04 pg/ml
of Ag" were released from the COG-Ag—AA sample after 2 and 24 h, respectively.
The COG-Ag-PE samples showed a similar trend of Ag™ release, with 2.51+0.28
and 2.54+0.01 pg/ml of Ag™ released after 2 and 24 h, respectively. The synthesis
method, colloidal concentration, NPs size and various other factors significantly
affect the minimal inhibitory concentration (MIC) of Ag NPs. The estimated MIC
values for Ag NPs against E. coli and S. aureus were observed to be in the range
of 6.75-320 and 13.5-80 pg/ml, respectively, varying according to the size of the
NPs.39 Moreover, the MIC for both microorganisms spans from 0.25 to 400 pg/ml,
depending on the synthesis method utilized.3® Some studies indicated that the MIC
of Ag NPs against E. coli varied from 5.087-8.8 ug/ml.#0 Another research revealed
that the MIC of Ag NPs against E. coli was 3.38 mg/l and for S. aureus 13.5 mg/1.41
Given that the reported MIC values are significantly higher than the concentration
of Ag* released from the tested samples, it can be concluded that in our study direct
contact with NPs plays a significant role in antibacterial action. Furthermore, the
negligible difference observed in the concentrations of Ag™ released after 2 and 24
h supports this conclusion, demonstrating that the length of contact time plays a
crucial role in the antibacterial effect.

TABLE III. Antibacterial activity (CFU/mL) of samples with Ag NPs

Bacteria

Sample E. coli S. aureus

2 h contact R/ % 24 h contact R/ % 2 hcontact R/ % 24 h contact R/ %
Inoculum 4.1x10° - 4.3x10° - 1.8x10° - 1.8x10° -
COG 8.0x10° - 3.0x10° - 2.7x10% - 2.3x10% -
COG-PE 7.7x105  3.75  2.8x10° - 3.2x10% - 1.0x10% -
COG-AA 6.9x10° 13.8  3.5x10° - 2.9x10% - 3.0x104 -
COG-Ag-PE 6.4x10°  20.0 400 99.9 0 100 0 100
COG-Ag-AA 1.6x10° 80.5 500 99.9 2.9x102 989 0 100

Cotton gauze containing Ag NPs as a potential medical textile should be in
direct contact with human skin and bodily fluids (blood or lymph). Therefore, under-
standing the properties of the NPs and their effects on the body and bodily fluids
is crucial. To simulate body fluid, a physiological saline solution was selected as a
release medium, as its salinity is close to that of blood or lymph. Fig. 7 illustrates
the amounts of Ag* released from the samples in the physiological saline solution
within 24 h. A larger amount of Ag" was released from the COG-Ag—AA sample
compared to the COG-Ag—PE sample. This supports the assumption that some
portion of Ag™ is loosely bound to the cotton fibres in the COG-Ag—AA sample.
The maximum amount of Ag* released from the COG—-Ag-PE and COG-Ag-AA
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samples in the physiological solution was 0.714+0.003 and 1.0254+0.020 pmol/g,
respectively. An analysis of the total amount of silver in the COG—-Ag—PE and
COG-Ag—AA samples, in conjunction with the maximum release of Ag* after 24 h,
revealed that approximately 95 and 92 % of the silver was retained in the samples,
respectively. These findings are comparable to cotton samples with Ag-based NPs
synthesized in the presence of Juglans regia and Humulus lupulus extracts.26

I cOG-Ag-PE
B COG-Ag-AA

Fig. 7. Release of Ag* from the samples
Time, h into physiological saline solution.

CONCLUSION

This study revealed that extracts from P. euramericana and A. altissima leaves
could be utilized for the synthesis of Ag-based NPs on cotton gauze. FESEM ana-
lysis and EDS mapping showed that spherical, mostly single Ag-based NPs were
evenly distributed across the surface of the cotton fibres. The total amount of silver
in the samples, as well as the size and shape of the NPs, depend only negligibly on
the applied plant extracts. Even though the total silver content is similar, a higher
number of nanoparticles with larger sizes was detected in the sample derived from
the P. euramericana extract, suggesting that a certain amount of silver ions was only
adsorbed onto the samples synthesized using 4. altissima (Mill.) Swingle leaves
extract. Antibacterial tests revealed time-dependent antibacterial activity. However,
the concentration of silver in all samples was sufficient to provide excellent
antibacterial activity against E. coli and S. aureus after 24 h. Release studies demon-
strated that 9295 % of the silver was retained in the samples after a 24 h exposure
to a physiological saline solution, suggesting a high level of stability in the samples.
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H3BOJ
OIOPXHMBA CUHTE3A HAHOYECTUIIA CPEEPA HA ITAMYYHOQOJ I'A3U 3A TIOBOJBIITAHA
AHTHUBAKTEPUJCKA CBOJCTBA

IIAPKA . MAPKOBUR!, BAbA b. TAIIUR?, AHA P. )KYTUR? u MAJA M. PAIETUR?
"Ynueepsuiueini y Beoipagy, HHCIAUTY T 30 HyKieapHe HayKe ,Bunua” — HHCWUTLY L 0§ HAUUOHATIHOT
3nauaja, Muxajna Iemposuha Anaca 12—14, Beoipag, Ynueep3uime y Feotpagy, UHCTuiiiym 3a
upoyuasare sexosutior ouna ,Jocud Ianuuh”, Tageywa Kowhywxa 1, 11000 Beoipag u *Yrueep3uiiein y
Beoipagy, Texrnonowxo—meimanypuku Qaxyniieid, Kapneiujesa 4, 11000 Beoipag

3aIITHTA paHa je K/bYyYHH KOpPaK Y NPeBEeHIUjH WK CMabery HHDEKIHja, Kao U MpeHoIIekha
uHdeknyja u3Mehy naudjeHaTta. 3aBoju 3a paHe Cy HEONXOOHW MENWIIMHCKU ITPOM3BOIM KOjU
NOKPHBAjy paHe U OJaKLIaBajy 3apacTame. Y OBOM pamy ce ucnuryje moryhHocT kopuurhema
HaHoyectHna cpedpa 3a obe3dehuBawme aHTHDAKTEpUjCKe AKTUBHOCTHM MaMY4HOj rasd, 4ecTo
kopuirheHOM MaTepHjaiy 3a jeTHOKpaTHY yroTpedy 3a 3aBoje 3a paHe. In situ cuHTe3a HaHO-
yecTHla Ha Dasu cpebpa Ha aMy4HOj rasy IIOCTUTHYTA je KOpUuhemeM eKcTpakaTa U3 JINCTOBa
Populus x euramericana (PE) u Ailanthus altissima (Mill.) Swingle (AA). TnmaBHa duTOXEMUjCKA
jenvimema y eKcTpakTiMa cy kBantudukoBaHa nomohy HPLC. FESEM u EDS ananusa manvpama
NOBPIIKHE TIOTBPAMIE Cy IPUCYCTBO HAaHOUECTHIIa Ha §asu cpedpa Ha MOBPLIMHH BilakaHa 0da
y3opka. ITpoceyHa BenMYMHA HAaHOYECTHL]a CUHTETU30BaHUX Y NMPUCYCTBY excrpakata PE u AA
nsHocuia je 88126 nm ongHocHo 82123 nm. CnuuaH cafgpkaj cpebpa npoHaheH je y y3opky
nodujeHoM ca ekcrpaktoM PE (14,22+0,23 pmol/g) y nopehewy ca y30pkoM CHHTETHCAaHHM
kopunrheweM excrpakra AA (13,63+1,40 pmol/g). CHHTETH30BaHU Y30pLK OCTBApPYjy MaKCH-
MaiHy penykuujy ['pam-HeratuBHux daxrepuja Escherichia coli u I'paM-TIO3UTHBHUX DakTepuja
Staphylococcus aureus.

(TIpumibero 3. jyHa, peunupano 15. jyna, npuxsahero 23. centembpa 2025)
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Pressure oxidative leaching of copper concentrate
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Abstract: This study investigated the oxidative leaching of copper concentrate
using a mixture of ferric ions and sulfuric acid solutions. We examined the
effects of various parameters, including temperature, initial sulfuric acid con-
centration and slurry filtration conditions. At lower temperatures (150 °C), the
leaching process resulted in the elemental sulfur and jarosite minerals formed in
the solid residue. In contrast, at higher temperatures (190 °C), the solid residue
contained jarosite and hematite, the most elemental sulfur-oxidizing to sulfuric
acid. Under optimal conditions, a leaching temperature of 190 °C, a concentrate-
to-leaching solvent (Fe** 5 g L-! and H,SO, 50 g L'!) ratio of 1:8, an oxygen
pressure of 1.0 MPa, and a solid phase particle size of less than 20 pm the
dissolution rate of copper reached 98 % after 3 h. When the sulfuric acid
concentration increased from 30 to 100 g L1, the amount of copper increased
from 40 to 48 g L'!. Furthermore, rapid filtering of the leaching solution without
cooling helped retain most of the iron in the solid phase, resulting in a relatively
pure solution. The solid residue was analyzed using X-ray diffraction and
scanning electron microscopy.

Keywords: hydrometallurgy; ferric ion; chalcopyrite acidic leaching.

INTRODUCTION

The largest copper production plants are the Erdenet and Oyu Tolgoi in
Mongolia. Copper products exported between 2018 and 2023, including copper
concentrate, is 8.49 million tons, and cathode copper is 66.92 thousand tons.!
Currently, cathode copper production is less than 1 % of total exports, which means
the basic research and production of deep processing and purification technologies
for copper concentrate have taken the attention of researchers in Mongolia.
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Chalcopyrite is one of the most abundant minerals, accounting for about 70 %
of the world’s copper reserves.2~4 Galena, sphalerite, pyrite, arsine, antimony
bismuth, silver and gold also occurred as associated with the minerals.4-¢ Hydro-
metallurgical processing is a more efficient and environmentally friendly techno-
logy for sulfide sulfur-containing concentrates than the pyrometallurgical method.”
Research has been increasingly conducted to separate the base metals copper and
zinc from the residual solids during the autoclave dissolution of metal-containing
sulfide concentrates, thereby transferring them to solution and separating silver
and gold as products.

Sulfuric acid is a reagent that does not decompose under the influence of
temperature, has a high boiling point, is non-volatile, is reasonably cheap, does not
interfere with subsequent production processes and is recycled in the leaching
process. The mineral chalcopyrite forms the majority of copper concentrates, with
a high melting point and low solubility. The dissolution rate could be decreased
due to the layer of elemental sulfur coat the surface of the mineral during the
leaching. Hydrometallurgical processing of sulfide-containing copper concentrates
is developing in atmospheric and pressure leaching (autoclave leaching).8-
Depending on the temperature, autoclave leaching is classified as low-temperature
(<120 °C), medium-temperature (120—180 °C) and high-temperature (>180 °C).10
Sabina Matuska et al. reported that the copper dissolution rate increased from 85
to 98 % when the oxygen pressure increased from 0.5 to 2 MPa at 140 °C within
3 hin 1 M sulfuric acidic solution.!!

The iron-containing minerals in copper concentrate are chalcopyrite and pyr-
ite. When these minerals are treated with a sulfuric acid solution at 180-200 °C,
Fe3* is formed by the dissolution of chalcopyrite and Fe2" by the dissolution of
pyrite. At the same time, the sulfide sulfur is converted to the sulfate sulfur to form
free sulfuric acid, and ferric ion hydrolysis reactions occur, as shown in the
following equations (forming jarosite and hematite):6

2FeS; + 70, + 2H70 = 2FeSO4 + 2H,SO4 (D)
4CuFeS, + 1707 + 12H»SO4 = 4CuSO4 + 10H2SO4 + 2Fe)(SO4)3 + 2H70 (2)
2FeSO4 + HySO4 + 1/205 = Fep(S04)3 + H,O 3)

The reaction for the formation of the jarosite mineral:
3Fer(SO4)3 + MpSO4 + 12H70 = 2MFe3(S04)2(OH)g + 6HSO4 4)
(M = Ag*, NH4", K, 1/2Pb2H)
The reaction for the formation of hematite mineral:
Fe>(S04)3 + 3H0 = FepO3 + 3H7SO4 %)
2FeSO4 + 1/207 + 2H»0O = FepO3 + 2H>SO4 (6)

There are results reported as mentioned above according to technology on
pressure leaching of sulfide concentrate for recovery metals.%12 However, a lack
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of research results regarding hot filtration, that is, rapid separation of the solid—
—liquid phase, is an effective factor in controlling the ferric ion content in the
leaching solution, which is transferred directly to the electrowinning process.
Ferric ions act to increase the consumption of electrical energy during electro-
winning. Rapidly separating a solution from a solid phase, i.e., during the hot
filtration process, ferric ions at high temperatures can undergo hydrolysis accord-
ing to the following equation and precipitate out of the solution in the form of
hematite:

Fe3* + 1.5H,0 = 0.5F¢,0;3 (7)

However, when the solution is cooled, the reaction reverses, causing the iron
to dissolve, and the solution becomes contaminated with ferric ions. Therefore,
when the solution is filtered rapidly without cooling, most of the iron remains in
the solid phase, and the solution has a relatively high purity.13,14

In this work, copper concentrate from the “Erdenet” mining plant in Mongolia
was used in pressure oxidative leaching at a temperature range of 150 and 190 °C.
We focused on comparing the leaching efficiency of iron and copper at various
parameters, including temperature, initial sulfuric acid concentration and slurry
filtration conditions.

EXPERIMENTAL
Sample preparation

Copper concentrate from the “Erdenet” mining plant in Mongolia was milled in a ring mill
for 5 min. Due to the small size of the concentrate, a wet sieving method was employed after
milling, as it is challenging to dry sieve material of this fineness. The milled concentrate was
sieved through a 25 pm sieve. After sieving, the concentrate was dried at 60 °C before being
analyzed and used for further experiments.

Reagents

The leaching solutions were prepared by dissolving analytical grade Fe,(SO4);, CuSOy,
and H,SO, (Xilong Scientific Co. Ltd. in China) in deionized water. For the study on the effect
of temperature, the initial concentrations of H,SO,4 and Fe3" were chosen as 50 and 5 g L1,
respectively, within a temperature range of 150-190 °C. To investigate the effect of sulfuric
acid concentration, the initial concentrations of H,SO,, Fe>* and Cu?" were chosen as 50, 5 and
30 g L', respectively, with sulfuric acid concentrations ranging from 30 to 100 g L1

Apparatus and procedure

The pressure oxidation dissolution experiments were conducted using a Hastelloy auto-
clave (model BFK-1/8, manufactured by Welhal Borui Chemical Machinery Co. Ltd., China)
equipped with a Teflon vessel. This autoclave features a PID controller, which ensures accurate
temperature control within £1 °C. Throughout the experiments, both the oxygen pressure and
temperature were carefully monitored. In each experiment, 240 ml of leaching solvent was
added to 30 g of milled copper concentrate sample with a particle size of 25 um. The leaching
process was performed at 150, 170 and 190 °C under an oxygen pressure of 1 MPa. The slurry
was agitated with an anchor impeller at 150 rpm for three hours to enhance oxygen saturation
in the leaching solution. After completing the dissolution process, the heating was turned off,
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and the autoclave was allowed to cool to 80 °C. Subsequently, the resulting slurry was filtered
to separate the solid residue from the pregnant leach solution. The solid and liquid phases were
then analyzed using scanning electron microscopy (SEM, TM-1000, Hitachi Inc., Japan), X-ray
diffraction (XRD, Diffractis 583 X-ray generator, Enraf-Nonius, the Netherlands) and
inductively coupled plasma optical emission spectrometry (ICP-OES) (PerkinElmer NexION
300Q ICP-MS, USA) for mineralogical and chemical analysis. The following equation was used
to determine the metal leaching rate:

mgrCr

eyt =100 (8)

mpCr

where mp is a mass of solid residue after leaching, g; Cy is a content of metal in solid residue,
%; mp is a mass of metal concentrate, g; Cf is a content of metal in concentrate, %.

RESULTS AND DISCUSSION

Raw material analysis

The compositional characteristics of the copper concentrate were analyzed
using SEM/EDS, XRD and ICP-OES equipment. The results from the SEM/EDS
analysis (Fig. 1) indicate that the concentrate has a relatively large particle size of
approximately 200 um. It suggests that milling is necessary for effective process
autoclave leaching. The content of the main elements and minerals in the concen-
trate was determined through ICP-OES and XRD analyses; the results are
presented in Tables I and II.

s Spectrumd
Fe
¢ Si
u
Al £ Cu
C
ahC
u u u Y T u T T T
= 2 4 6 8 10 12 14 16 18 20
ull Scale 505 cts Cursor: 0.000 eV

Fig. 1. SEM image and EDS spectra of the copper concentrate.

TABLE 1. The content of the main elements, mass %

Element
Sample -
Al Si S Fe Cu
Copper concentrate 1.46 3.6 30.05 25.8 22.65
TABLE II. The content of the minerals, mass %
S | Mineral
ample

P CuFeS, FeS, Sio, CaAlSi,Oq

Copper concentrate 47.83 23.79 17.13 11.24
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The analysis of the X-ray spectrum reveals that the concentrate is primarily
composed of three elements: Cu at 22.65 %, Fe at 25.8 % and S at 30.5 %. Fur-
thermore, the X-ray diffraction analysis identifies the main minerals shown as as
chalcopyrite (CuFeS;) at 47.83 % and pyrite (FeS;) at 23.79 %. The remaining
minerals consist of barren rock.15

Effect of temperature

The pressure oxidation dissolution experiments were conducted at 150, 170
and 190 °C, respectively, with an oxygen pressure of 1 MPa for 3 h. The results,
shown in Fig. 2, indicate that, as the temperature increased from 150 to 190 °C,
the leaching rate of copper and concentration of free sulfuric acid increased when
the leaching rate of iron decreased.

100

o5 - 60

90 - 55

] 50
80

Free acid, g I

] - 45
75

Copper and iron leaching rate, %

70 - 40

65

60 T T T T T
150 160 170 180 190

Temperature, °C

Fig. 2. The effect of temperature on copper and iron leaching (initial concentration sulfuric
acid 50 g L.

The pregnant leach solution and solid residue from the slurry were analyzed
using ICP-OES and XRD. The results are presented in Tables III and I'V.

TABLE III. The composition of both the pregnant leach solution and solid residue

Temperature The composition of the preg-  pH of the The composition of the solid

oC nant leach solution, g L°! pregnant leach residue, mass %

Cu?*  Fe* SO~ solution Cu Fe S (total)
150 19.0 31.5 123.9 0.87 4.5 16.8 39.09
170 21.2 30.5 144 0.56 3.73 18.3 30.32
190 22.5 26.7 147 0.56 1.34 24.5 24.3
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TABLE IV. Mineral composition (mass %) of solid residue after the leaching

Temperature Mineral

°C NaAlSi303 S F682 SIOZ CuFe82 [H3O+]Fe3(SO4)(OH)6
150 28.45 23.26 1636 13.64 10.75 7.69

170 22.70 18.51 12.52 19.71 12.88 5.27

190 23.45 3.17 4579 15.11 3.84 3.74

Table IV presents the results of the XRD analysis of the solid residue, indi-
cating that the mass of the undissolved solid portion contains minerals such as
quartz, albite, anorthite, chalcopyrite, pyrite and various other sulfide minerals. A
comparison of the mineral composition between the concentrate and the solid
residue after dissolution shows that elemental sulfur may be formed during the
dissolution process. The elemental sulfur of the total sulfur in the solid residue
after dissolution decreased when the dissolution temperature increased.

The SEM image illustrates that small pellets or granular particles of elemental
sulfur are predominant at low temperatures (Fig. 3).

L D45 x20k  30um

L D43 x20k 30 um

Fig. 3. SEM image of solid residue after leaching at 150 (A), 170 (B) and 190 °C (C).
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According to the SEM/EDX analysis of the solid residue at 190 °C dissolution,
elemental sulfur accounted for 3.17 % of the total sulfur. When the dissolution
temperature was increased from 150 to 190 °C, the amount of undissolved
chalcopyrite in the solid residue decreased from 10.75 to 3.84 %, and the amount
of elemental sulfur decreased and was transferred to the solution in the form of
sulfate, increasing the amount of free sulfuric acid. However, the content of the
pyrite was increased from 16.36 to 45.79 %. The dissolution of pyrite minerals
decreased with increasing temperature. The results showed that pyrite was more
insoluble than chalcopyrite due to the relative hardness of chalcopyrite and pyrite
3.5-4 and 6-6.56, respectively. Moreover, during milling, the particle size of pyrite
is bigger than that of chalcopyrite, which can be affected by reducing the specific
surface area and reducing dissolution.!3

Effect of sulfuric acid concentration and filtration condition

When the sulfuric acid concentration was increased from 30 to 100 g L-! at
the leaching temperature of 150 and 190 °C, the leaching rate of copper and iron
was compared in Figs. 4 and 5. As shown in Fig. 4, the copper ion content varied
from 40 to 43.8 g L-! when the solution was filtered with and without cooling,
which was relatively close. However, the concentration of iron ions increased from
22 to 27 g L1 and from 31.3 to 34 g L-! when the solution was filtered with and
without cooling, respectively (at 150 °C).

50
40
N
=
8
‘% 30+
o
=
Q
5]
3 20
=
g
% Hot filtration  Cooled filtration
@ 104 —c—Cutt  —=—Cut+t
—0— Fet++ —&— Fet+++
0 T T T T T T T

T
20 30 40 50 60 70 8O 90 100
Tnitial sulfuric acid, g 1"
Fig. 4. The effect of sulfuric acid concentration and filter condition on copper and iron
dissolution at 150 °C.

Fig 5 illustrates the effects of increasing sulfuric acid concentration on metal
dissolution at 190 °C. As the concentration of sulfuric acid rises from 30 to 100 g
L1, the leaching rate of copper slightly decreases while the leaching rate of iron
increases. When the solution was rapidly filtered from the autoclave while still hot,
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the concentration of copper ions ranged from 41.3 to 48 g L1, and the con-
centration of iron ions increased from 7.3 to 14 g L-1. Conversely, when the
solution was filtered after cooling, the concentration of iron ions in the solution
increased from 31.3 to 37.14 g L-1. Notably, at a sulfuric acid concentration of 50
g L1, copper dissolution peaked, resulting in an iron ion concentration of 7.5 g L~
1. These results indicate that rapidly separating the solution from the solid phase
without allowing it to cool after pressure leaching is crucial for reducing ferric ions
in the solution, as iron is precipitated as hematite during the oxidation pressure
leaching process.

Hot filtration

501 -= Cut+
B -0 Fet++
o 40
=
2
h=]
& 30
& s .
2 Cooled filtration
o == Cutt
= 20 Cu
£ 4% Fet+++
=
(=]
v

[.\

0 T T T T T T T T
20 30 40 50 60 70 80 90 100

Initial sulfuric acid, g I"!

Fig. 5. The effect of sulfuric acid concentration and filter condition on copper and iron
dissolution at 190 °C.

The X-ray diffraction patterns of the solid residue obtained from rapid fil-
tration (without cooling) at temperatures of 150 and 190 °C are presented in Fig.
6. The peaks corresponding to elemental sulfur and jarosite are generated at low
temperatures (150 °C). At 190 °C, new peaks associated with the minerals jarosite
and hematite were detected in the XRD pattern of the solid residue. The peaks of
elemental sulfur disappeared at 190 °C, which indicates that the sulfur oxidized to
sulfuric acid at high temperatures.

Fig. 7 illustrates the X-ray diffraction patterns of the solid residue formed
filtration after cooling. A general symptom was that a new peak for elemental
sulfur was identified at 26 27.78°, and the intensity of the peaks for the mineral
pyrite generally decreased. This analysis suggests that elemental sulfur formed by
the decomposition of chalcopyrite minerals transitioned from a solid to a liquid
state between 150 and 190 °C, resulting in a reduced quantity of sulfur in the hot-
filtered sample. Furthermore, during the cooling of the slurry, new elemental sulfur
formed on the surface of the solid phase, as indicated by the X-ray diffraction
results. The analysis results suggest that the amount of elemental sulfur detected
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in solid residue obtained from rapid filtration (without cooling) is expected to be
low due to the elemental sulfur formed by the decomposition of chalcopyrite
minerals must have transitioned from a solid to a liquid state at 150 and 190 °C.
However, the X-ray diffraction pattern shows that new elemental sulfur is formed
on the surface of the solid phase during the cooling of the slurry.

¢ Jarosite ® Sulfur
m Pyrite @ Chalcopyrite

n A Quartz % Anorthitc
I ¥ Tlematite
*
v i
1 v .
) | ‘J‘\‘N‘ vy 100 g I'" acid, 190 °C
BV it NV W ) AN X s
e “; S e WAL ALt o aralio ottt ot UM A o Aottt A
.

100 g 1" acid, 150°C

50 g 11 acid, 190 °C

50 g 1" acid, 150 °C

30 g 1" acid, 190 °C

30 g 1" acid, 150°C

15 20 25 30 35 40 45 50 55 60 65 70
2 Theta

Fig. 6. X-ray diffraction pattern of the solid residue formed rapid filtration (without cooling)
of an autoclave solution.

Table V presents the analysis of free sulfuric acid content in leaching solute-
ion. It was observed that the amount of free sulfuric acid in the solution increased,
while the peak for elemental sulfur was nearly absent in the solid residue at 190
°C (Fig. 6 and Table V). It suggests that the sulfide sulfur in the concentrate was
converted to sulfate. Moreover, hematite in the solid residue (190 °C) indicates
that iron sulfate, formed by the reaction, decomposed at this temperature to yield
free sulfuric acid and hematite. As shown in Fig. 7, the concentration of iron ions
in the solution after rapid filtration decreased. This reduction can be expected to
lead to the hydrolysis of iron ions in the solution, resulting in the formation of
hematite in the solid residue.’-16:17

Based on the above mentioned results, the iron content in the solution obtained
from filtration with cooling increased from 7.5 to 37.5 g L-! (Fig. 4), the intensity
of the peak corresponding to the pyrite mineral decreased, and a new peak for
hematite mineral was detected (Fig. 7). It suggests that the following reaction may
occur.18-20
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 Jarosile ® Sulfur
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Fig. 7. X-ray diffraction pattern of the solid residue formed filtration (with cooling) of an
autoclave solution.

TABLE V. Amount of free sulfuric acid in the leaching solution

H,S0, initial concentration, g L1~ Temperature, °C Filtration condition Free H,SO,, g L"!
30 150 Without cooling 28.59
With cooling 22.12
30 190 Without cooling 64.63
With cooling 40.49
50 150 Without cooling 46.78
With cooling 42.72
50 190 Without cooling 88.11
With cooling 46.99
100 150 Without cooling 62.15
With cooling 62.04
100 190 Without cooling 117.6
With cooling 92.925

Reactions in the system CuSO4 — H>SO4 — O> — H7O:
The main reaction that occurs at 150 °C:

CuFeS, + 2Fe»(S04)3 = CuSOy4 + 5FeSO4 + 280 )
2CuFeS; + 2.50, + 5H»SO4 = 2CuSO4 + Fer(S04)3 + 480 + 5H,0  (10)
2FeSO4 + HpSO4 + 1/207 = Fep(S04)3 + HO (1)

289+ 30, + 2H,0 = 2H,SO04 (12)
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Jarosite formation reaction at 150 °C:
Fe(S04)3 + 3H,0 — (H307)Fe3(804)2(OH)g (13)
The main reaction that occurs at 190 °C:
CuFeS; + 8Fe)(SO4)3 + 8H,O = CuSOy4 + 17FeSO4 + 8HSOy4 (14)

2CuFeS, + 8.50, + HySO4 = 2CuS0O4 + Fep(SO4)3 + HyO (15)
2FeSO4 + HpSO4 + 1/207 = Fep(S04)3 + HO (16)
259 + 30, + 2H,0 = 2H,S04 (17)
Hematite formation reaction at 190 °C:
2Fe5(S0O4)3 + 3H>O = FeyO3 + 3HSOy4 (18)
3Fep(S04)3 +14H,0 — 5H»SO4 + 3(H30T)Fe3(SO4)2(0H)g (19)
CONCLUSION

1. When the dissolution temperature was increased from 150 to 190 °C, the
amount of copper transferred to the solution increased from 89.27 to 97.84 %,
while the dissolution of iron decreased from 73.42 to 65.42 %. However, the
amount of elemental sulfur in the solid residue decreased from 39.09 to 24.3 %,
and the amount of iron increased.

2. When the sulfuric acid content was increased from 0.3 to 1 M, the amount
of copper transferred from the slurry to the solution increased from 40 g to 48 g L~
1. However, for iron, the content in the solution increased from 22 to 27 g L-! and
from 31.3 to 34 g L-! when the slurry was filtered without (rapidly) and with
cooling.

3. Most of the sulfur in the initial concentrate remains as elemental sulfur in
the solid residue, and the acid content in the solution decreases at low temperatures.
However, at high temperatures, elemental sulfur is oxidized to sulfate, leading to
an increase in the acid content of the solution.

4. Based on XRD analysis and experimental results, it can be concluded that
as the dissolution temperature increases, the solubility of pyrite minerals decreases.
As a result, iron ions in the solution undergo hydrolysis, forming new minerals
such as jarosite and hematite. Therefore, the amount of iron transferred to the
solution reduces while increasing the concentration of free sulfuric acid.

5. It was confirmed that the rapid separation of the solution from the solid
phase without cooling after pressure leaching is crucial for decreasing ferric ions
in the solution. If rapid filtration of the leach solution is not employed, the leaching
solution will contain a significant amount of ferric ions. This high concentration
of ferric ions creates issues in the subsequent neutralization step, as many copper
ions will adsorb onto the iron hydroxide, making the slurry excessively thick. This
thickness is a challenge in separating the solid and liquid phases during
neutralization.
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U3BOJ
OKCHUIATUBHO JIYKEE BAKAPHOI KOHLIEHTPATA 11O ITPUTHCKOM

GUNCHIN CHUNAG!, ULZIIDELGER BYAMBASUREN!, SARNAI ALTANTSETSEG!, GANCHIMEG YUNDEN!,
SUKHBAT SUKHBAATAR? u DORJGOTOV ALTANSUKH!

'Department of Chemical Engineering, School of Applied Sciences, Mongolian University of Science and

Technology, Ulaanbaatar 14191, Mongolia u *Industrial Policy Department, Ministry of Industry and
Mineral Resources, Ulaanbaatar, Mongolia

OBa cTynyja je ucTpakuBaia OKCUIATUBHO JTy)Keme DakapHOT KOHIleHTpaTa kopuirhemem
cmeiue jona reoxba(I1l) v pacTBopa CyMIopHe KUCeTHHe. FicuTanu cMo yTHLaje pasnuyuTHX
napamerapa, ykbydyjyhu TemmepaTypy, NMOYEeTHY KOHLIEHTpALMjy CYMIIOpDHE KHCEIHHE W
ycioBe dwuntpaudje cycnensdje. Ha Hmkum temnepatypama (150 °C), mpouec nyxema je
pesynTupao (opMHUpameM eleMeHTapHOT CYMIIOpa ¥ MUHepasla japo3uTa y YBPCTOM OCTaTKy.
Hacympor Tome, Ha BULlIUM Temneparypama (190 °C), uBpcTH ocCTaTak je cafpkao japo3uT U
XEMaTHUT, ITPH YyeMmy ce BehWHa eleMEeHTAapHOr CyMIIOpa OKCHUAOBAJa Y CyMIIODHY KHUCEJIHHY.
[Top onTUManHMM YCIOBMMa, Temmneparypa jayxewa of 190 °C, ogHOC KOHLEHTpata M
pactsapaua 3a yxere (Fe3* 5 ¢ L1 u H,SO, 50 g L) ox 1:8, mputucax kuceonuka on 1.0 MPa
Y BeJIMUMHA YecTHla yBpcre ¢ase Mama of 20 pm, crona pacTBapama dakpa gocruria je 98 %
HakoH Tpu carta. Kaja je koHUeHTpauuja cymropHe kucenune nosehana ca 30 Ha 100 g L,
konuuuHa Sakpa je mosehana ca 40 Ha 48 g L. Jasbe, Op30 untpupatse pacTBopa Iyxerma bes
xnahema nmomorsno je fa ce BehmHa rBoxkha 3ampku y 4BpCTOj (pasy, IUTO je pesynaTHpano
PEeJIaTUBHO YWUCTUM PAacTBOPOM. UBPCTH OCTaTak je aHaJW3upaH IMOMOhY peHAreHCKe
mudpaknuje (XRD) u ckenupajyhe enekrporcke Mmukpockomnuje (SEM).

(ITpumsbeHo 22. anpuna, peBuaupaHo 17. maja, npuxsaheno 17. jyna 2024)
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Abstract: This study examines the potential of using tri- and tetracyclic terpanes
to determine the depositional environment of sediments lacking preserved fossils
and whose biomarker distribution has been disrupted by biodegradation, weath-
ering, or other alteration processes. In the case of sediments from Jazovnik, Sna-
govo, Drina and Guéevo (Internal Dinarides), tricyclic terpanes have demonst-
rated easy applicability and strong predictive power for distinguishing deposit-
ional settings. This study analysed siliciclastic sediments exposed to prolonged
chemical weathering, influencing the distribution of hydrocarbons, and resulting
in highly abundant branched hydrocarbons and the presence of unresolved com-
plex mixtures (UCMs). The abundances and interrelationships of tri- and tetra-
cyclic terpanes (Cpg—CpyTT, Co6TT, C,4TeT) showed valuable results. The triang-
ular diagram incorporating C,o + C5,%, C,;% and C,3% has proven particularly
effective in distinguishing between swamp, fluvial-deltaic, freshwater lacustrine,
and marine-saltwater lacustrine depositional environments. Once again, this
method clearly depicts different sedimentary environments, providing valuable
insights into the geological history of the studied area.

Keywords: chemical weathering; biodegradation, organic matter; branched alkanes;
unresolved complex mixture; paleoenvironmental settings.

INTRODUCTION

Reconstructing the conditions of paleoenvironmental deposition represents
one of the most difficult challenges in organic geochemistry. Traces of changes in
paleoenvironmental settings are preserved in molecular structures incorporated
into the organic matter (OM) of sedimentary rocks, representing the ’guardians”

* Corresponding author. E-mail: sanja.stojadinovic@ihtm.bg.ac.rs
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of important information about biogeochemical transformations of OM. Therefore,
the application of specific organic-geochemical parameters based on the distri-
bution and abundance of individual classes of saturated and aromatic hydrocarbons
is one of the most widely used approaches in interpreting paleoredox conditions,
paleoclimate and paleosalinity of the environment, which is most often in connect-
ion with other scientific disciplines such as stratigraphy, sedimentology, mineralogy,
petrography, etc. However, the reconstructions of depositional environments based
on organic proxies are often ambiguous or even impossible due to the intense and
prolonged chemical weathering that affects the distribution of hydrocarbons, res-
ulting in high relative abundances of branched hydrocarbons and the presence of
unresolved complex mixtures (UCMs).1-2 Only a few proxies are available for
assessing depositional environments, and they rarely allow unambiguous inter-
pretations. Among them, the tricyclic terpanes seem to be the most useful.2

The tricyclic terpanes are the organic compounds ubiquitous in sediments and
oils spanning the geological record.!:3 Their ubiquities and ability to participate in
solving a wide range of different geochemical and geological problems. Abun-
dance, clear origin and resistance to biodegradation (robustness) allow them to
have been widely applied in geochemical analyses to determine the oil-to-oil cor-
relations,* the oil-to-source correlations,>-¢ the thermal maturity,’ as well as the
depositional environment characteristics® and the OM inputs.?~11 In the identify-
ing depositional settings, the specific tricyclic terpanes (e.g., C19 + Cyg, Co1,
Cy3TT) are key for determining of the origin of OM: Cy3 TTs are often associated
with marine environments and can indicate the presence of planktonic organic
matter,!-3 C TT is typically derived from the degradation of higher plant material,
such as terrigenous plants,” while CyoTTs are similar to Co;TT also derived from
higher plant material, but can show variations based on the maturity and depo-
sitional environment.>

With all said, the idea behind this work is to reconstruct the depositional
settings using tri- and tetracyclic terpanes in sediments of Jazovnik, Snagovo,
Drina and Gucevo (Internal Dinarides) that have participated in three sedimentary
cycles and characterise the absence of preserved fossils. For this reason, the sedi-
ments that were exposed to prolonged chemical weathering, and almost all of them
contain over 50 % SiOp,were considered in this study.

EXPERIMENTAL
Geological settings

Upper Cretaceous—Eocene carbonate and siliciclastic sediments (Fig. 1) were formed as
sedimentary cover in two Internal Dinaridic domains: Jadar-Kopaonik and Drina-Ivanjica,!213
close to the Sava zone. The Neoproterozoic-Carboniferous basement metamorphics,
predominantly belonging to green schist, facies comprise the Drina-Ivanjica domain while Jadar
unit consist of Paleozoic clastics and carbonates. These rocks are overlaid and are overlaid by
the Lower Triassic continental to shallow marine meta (clastics) and the Middle to Upper

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

(CC) 2025 Serbian Chemical Society.



TRI- AND TETRACYCLIC TERPANES AS PROXIES 1 529

Triassic shallow marine to basinal formations.!4!5 The Jadar-Kopaonik and the Drina-Ivanjica
thrust sheets are bonded by ophiolites and ophiolitic mélange of western Vardar tectonic unit or
thrust sheet.!216
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Fig. 1. Map of the investigated area, with localities that have been sampled.
Legend: 1. Jazovnik; 2. Snagovo; 3. Drina River; 4. Gu¢evo Mt.

Methods

All analysed samples were crushed using a jaw crusher, pulverised in a mill, and later
sieved through a 63 um sieve.

The Soxhlet extraction method was used to isolate the soluble organic matter (bitumen).
An azeotropic mixture of dichloromethane and methanol (88:12 volume ratio) served as the
solvent. Elemental sulphur was removed by adding copper to the mixture. Afterwards, the satur-
ated hydrocarbon fraction was isolated from bitumen using column chromatography, using the
silica gel and aluminium oxide (in a 2:1 mass ratio) as the adsorbent, while n-hexane was emp-
loyed as the eluent. Subsequently, the total saturated fraction was analysed using gas chromato-
graphy—mass spectrometry (GC-MS) in total ion chromatogram (TIC) mode. This analysis was
conducted with an Agilent 7890A gas chromatograph equipped with an HP-SMS column (30
mx0.25 mm, 0.25 pum film thickness, with helium as the carrier gas at a flow rate of 1.5
cm3/min), coupled to an Agilent 5975C mass selective detector. For a detailed analysis of alk-
anes, branched alkanes and tricyclic terpanes, the typical mass fragments were analysed: m/z
71, 127 and 191, respectively.

RESULTS AND DISCUSSION

The total ion current (7/C) chromatograms of an aliphatic fraction for most
investigated samples are characterised by the presence of an unresolved complex
mixture (UCM). The unresolved complex mixture often indicates matured organic
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matter or a significant contribution of degraded or reworked organic matter.!-3 The
TIC chromatograms of the two representative samples are shown in Fig. 2. This
distribution reflects prolonged chemical weathering to which the sediments from
Drina, Gucevo and Snagovo were exposed. The mentioned sediments passed
through three cycles of sedimentation (see Geological settings), which influence
hydrocarbon distributions, resulting in highly abundant branched hydrocarbons
and the presence of UCMs (Fig. 2).

2.1x10° 7x 10°
P6 P16
- Jazovnik Drina
<
o
Q
s
<
=]
=
=
)
<
UCM UCM
200 40 60 80 100 120 20 40 60 80 100 120
Retention time, min Retention time, min

Fig. 2. Total ion currents (TICs) of investigated samples.

Further, n-alkanes are absent or present in low abundance in most samples,
except for P1-P8 (Jazovnik). In these samples, even homologs predominate with
amaximum at n-Cjgalkane (Fig. 3). At the same time, branched alkanes, monitored
using ion m/z 127, are present in all samples. These hydrocarbons have been iden-
tified in cyanobacterial cultures,!7 as well as modern and ancient sediments asso-
ciated with cyanobacterial mat assemblages.!8-21 The highly abundant branched
alkanes in a large group of studied sediments suggest the presence of microbio-
logically reworked OM.

3x10° 18 L1x10° 5

P6 Pl6
- ’ Jazovnik * Drina
17 m/z 71 m/z 71
Ph 2‘0

S19 2122 2931

Abundance, au
>

9 14.,< ]

0 l N Mdu .Juw’b“lw‘ﬁ N LMMLJ»M

20 40 60 80 100 120 20 60 80 100 120
Retention time, min Retention time, min

=

Fig. 3. Fragmentograms of m/z 71 for n-alkanes and isoprenoids. n-Alkanes are labelled
according to their carbon number; Legend: Pr — pristane; Ph — phytane; * — 5,5-diethylalkanes.

However, the literature data indicate that tricyclic terpanes (TT) are signific-
antly more resistant to chemical changes and can be a reliable tool for determining
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the depositional environment.!-3 For example, some studies show that the differ-
ence in the distributions of tricyclic and tetracyclic terpane (TeT) ratios can help dis-
tinguish sediments and crude oils derived from different sedimentary environ-
ments.*6.9 In the aliphatic fraction, a series of tricyclic terpanes were identified,
including CyoTT, Co1TT, CopTT, Co3TT, Co4TT and CyeTT, as well as CoqTeT

GATT Jazovnik
i Jazovnik

m/z 191 P8
P7
P6
Ps
P4
P3
P2
Pl

S

0 20 40 60 80 100

mC20TT% ®WC21TT% ®WC23TT%

CaT
Snagovo
/=191 Snagovo
C,TT

C,TT P16 I
P14 | S —
P12 | ——
C,TT P11 | —
P10 | —
P9 I ——

uC20TT% ®C2I1TT% =C23TT%

Drina Drina
m/z 191 P25
P24
P23
P22
P21
P20

P19
P18
P17
0 20 40 60 80 100
uC20TT% ®C21TT% ®=C23TT%
C, TT Gucevo
Gucevo P37
m/z 191 P36
P35
P34
P33
P32
P31
P30
P29
P28
P27
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uC20TT% ®WC21TT% ®=C23TT %

Fig. 4. C1g—Cyg TT distribution in m/z 191 mass chromatograms for representative samples.
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and CygTeT. The representative chromatograms of the m/z 191 ion are shown in
Fig. 4, while the geochemical parameters based on the abundance of certain tri-
cyclic and tetracyclic terpanes are summarised in Table I. The C»3 tricyclic terpane
is typically the dominant homolog among C,o—C;3 tricyclic terpanes in Jazovnik
samples (P1-P8), where Co3TT > 50 % (Table I, Figs. 4-6). The Co3TT domin-
ation is characteristic of the marine, reducing marine carbonate setting or saline
lacustrine depositional environment.22-24 Since Jazovnik sediments are from the
Cretaceous—Paleogene boundary, it can be assumed that they were deposited in an
environment that is the remnant of a former sea or in a lake environment that often
resembles a marine sedimentation environment in its characteristics. Opposite to
the Jazovnik, most samples from Guéevo are characterised by a predominance of
Cyo and CTT (Table I, Figs. 4-6). Domination of these tricyclic terpanes is
characteristic of terrigenous input.!-25 The other examined samples from Drina and
Snagovo are formed in a mixed depositional environment between continental and
marine depositional settings (Table I, Figs. 4-6).

TABLE I. Organic geochemical parameters based on the abundance of tricyclic and tetracyclic
terpanes; Legend: TTs — tricyclic terpanes, TeTs — tetracyclic terpanes, Cyg + Cyy (%) = 100(Cyg
+ szTTS)/(CZO + C21 + C22 + C23TTS), C21 (%) = 100C21TT/(C20 + C21 + sz + C23TTS), C23
(%) = 100C23TT/(C20 + C21 + C22 + C23TTS)

Sam. Formation C23/C21TTS Czl/CQOTTS C20/C23TTS C24/C26T€TS C20+C22 (%) C21 (%) C23 (%)

Pl  Jazovnik 2.96 2.03 0.166 1.061 21.85 19.71 58.44
P2 3.72 4.22 0.064 1.082 18.55 17.25 64.20
P3 3.36 7.14 0.042 1.028 13.12 20.16 66.73
P4 3.31 3.39 0.089 0.863 17.58 19.11 63.32
P5 1.92 2.30 0.226 0.862 22.86 26.45 50.69
P6 1.80 1.16 0.477 0.591 30.96 24.62 4443
P7 1.93 2.61 0.198 1.190 21.48 26.82 51.70
P8 243 2.17 0.189 0.727 22.31 22.62 55.07
P9  Snagovo 1.55 0.73 0.885 0.667 39.78 23.58 36.64
P10 1.44 1.04 0.667 0.976 36.48 26.00 37.52
P11 1.64 1.66 0.368 0.606 28.39 27.17 4444
P12 1.48 0.84 0.807 0.480 42.14 23.33 34.54
P13 0.00 0.00 0.000 0.000 0.00 0.00  0.00
P14 1.36 1.12 0.659 0.654 34.24 2791 37.85
P15 0.00 0.00 0.000 0.000 0.00 0.00 0.00
P16 1.17 0.55 0.910 0.338 39.37 27.96 32.67
P17  Drina 1.70 1.38 0.427 0.795 29.23 26.22 44.55
P18 1.88 1.19 0.445 1.044 30.45 24.13 4542
P19 1.12 1.18 0.762 1.568 34.38 31.01 34.61
P20 1.86 1.42 0.379 1.852 28.20 25.13 46.67
P21 1.00 1.00 1.001 1.052 39.07 30.49 3043
P22 1.43 1.44 0.487 0.884 31.83 28.05 40.11
P23 291 1.51 0.228 0.805 24.11 19.42 56.47
P24 1.23 1.31 0.623 1.014 34.46 29.44 36.10
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TABLE I. Continued
Sam. Formation C23/C21TTS C21/C20TTS C20/C23TTS C24/C26TCTS C20+C22 (%) C21 (%) C23 (%)

P25 Gucevo 1.50 0.75 0.890 0.962 41.06 23.61 35.32
P26 1.32 0.59 1.287 0.874 46.24 23.13 30.63
P27 0.97 0.53 1.942 0.000 51.05 2480 24.15
P28 0.93 0.71 1.515 0.647 46.00 2791 26.09
P29 1.35 1.10 0.674 0.857 34.37 27.98 37.65
P30 1.09 0.55 1.680 0.607 51.14 23.39 2547
P31 1.63 0.86 0.712 2.400 3491 2479 40.30
P32 1.68 0.72 0.830 0.789 42.19 21.56 36.25
P33 1.27 0.78 1.006 1.522 41.31 25.83 32.86
P34 1.30 0.73 1.059 0.900 45.79 23.60 30.62
P35 1.18 0.66 1.289 0.890 45.48 25.04 29.47
P36 1.82 1.27 0.431 0.838 29.89 24.85 45.26
P37 1.32 0.92 0.826 1.371 38.45 26.58 34.97
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CuTeT/CyTT igated samples.

A recent study introduced a ternary diagram that enables the differentiation of
depositional environments of sediments based on the analysis of C19—C»y3
TTs.#11.26 In general, the rocks with abundant terrigenous organic matter input
exhibit higher concentrations of C1gTT and C,gTT, while a predominance of
Co TT characterises sediments deposited in freshwater lacustrine environments.®
A slightly modified ternary plot (CoTT +CyoTT, Co;TT and Cp3TT, Fig. 6)
suggests that Jazovnik sediments fall within zone IV, indicating a brackish/marine
depositional environment. Some Drina samples belong to the same zone, while
others are within zone III, indicating a mixed floodplain/freshwater lacustrine
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depositional environment. In contrast, the Gucevo samples fall within zone II,
indicating the fluvial-deltaic depositional settings. Besides, the most of Snagovo
samples overlap between the Zone 11l (floodplain/freshwater lacustrine environ-
ment) and the Zone IV (brackish/marine environment).

C, TT (%)
0 100

Drina
Snagovo
Gudevo

Jazovnik

Fig. 6. A triangular diagram of C20+C22TT,
C21TT and C23TT depicting distinct dep-
ositional settings. Legend: I — Swamp facies,
II — Fluvial deltaic, IIT — Floodplain/fresh-
water lacustrine, IV — Brackish/marine (mod-

0 e 56 30 40 €0 66 70 & S0 1o ified and adapted from Xiao et al., 2019c, Bao
Cy. TT (%) Cy TT (%) etal., 2023, and Xiao et al., 2024)!0.11.26

YT T T T T T T T T T T T T T T T T 7T

The distribution of tri- and tetracyclic terpanes indicates that the examined
sediments were deposited in distinct depositional environments. The sediments
from Jazovnik were formed in brackish/marine depositiional environments, while
the sediments from Gucevo were deposited under continental fluvial-deltaic
settings. On the other hand, the transitions in sedimentary conditions were
observed during the formation of the Drina and Snagovo sediments. For some
sediments, a salt enrichment within the alluvial system was noticed.

Moreover, the cross-plots of C»3/Cy1 vs. Co9/Cp3 TTs and Cy3/Cy1 vs. Cp0/Co3
TTs (Fig. 5) and the ternary diagram C19—C»y3 TTs (Fig. 6) more reliably depicted
paleoenvironmental settings under which investigated sediments were formed.

CONCLUSION

The study focused on tracking changes in hydrocarbon distributions of
siliciclastic sediments from Jazovnik, Snagovo, Drina and Gucevo (Internal Din-
arides) exposed to prolonged chemical weathering. A large group of studied sedi-
ments participated in three sedimentary cycles, containing over 50 % SiO» and are
characterized by the absence of preserved diagnostic fossils. Biodegradation,
chemical weathering and/or other alteration processes influenced the distribution
of hydrocarbons, resulting in highly abundant branched hydrocarbons and UCMs.
In such cases, tri- and tetracyclic terpanes proved susceptible to transitions in
paleoenvironmental settings since they are well-known for their resistance to the
above-mentioned processes.

The results showed that tri- and tetracyclic terpanes effectively determined the
changes in the depositional environments of examined sediments. The sediments
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from Jazovnik were formed in the brackish/marine lacustrine depositional envi-
ronments, while the sediments from Gucevo were deposited under continental
fluvial-deltaic settings. On the other hand, the transitions in sedimentary conditions
were observed during the formation of the Drina and Snagovo sediments, which
resulted from the salt enrichment within the alluvial system. The conditions were
changing between the floodplain/freshwater lacustrine and brackish/marine. Once
again, this approach clearly demonstrates the differences in depositional settings
of the Jazovnik, Snagovo, Drina and Gucevo sediments, offering some valuable
insights into the geological history of the studied area.

Acknowledgments. The study was partly financed by the Ministry of Science, Techno-
logical Development and Innovation of the Republic of Serbia (Contract numbers 451-03-
136/2025-03/200026 and 451-03-136/2025-03/200168).

U3BOJ
PEKOHCTPYKLIMJA CPEOIUHE TAJIOXKERBA EPOOOBAHUX CUJINIUKITACTUUYHHX
CEOUMEHATA UHTEPHUX TUHAPHUJIA HA OCHOBY PACITIOJEJIE U OBUWJIHOCTH TPU-
W TETPALIUKIIMYHUX TEPITAHA

UBAHA JOBAHUWR', AJIEKCAHIIPA IIIAJHOBHUR? CABA CTOJAIIMHOBUR? HUKOJIA BYPA3EP?,
BOJAH IVIABAILI-TPBUR! u BPAHUMUWP JOBAHYUYEBUR®

Teonowku 3a8og Cpbuje, Posumcka 12, 11000 Beotpag, *Ynusepsute y Feoipagy, HHCTRUTYT 30 XEMUJY,
WexHoNoTujy u memanypiujy, Fbetowesa 12, 11001 Beoipag u *Ynusepsuineit y Beoipagy, Xemujcku
paxyniuen, Ciiygenwicku wpi 12—16, 11001 Beoipag

Oga cryauja ucnutyje MoryhHoCT kopuurhema TpH- U TETPALMKINYHUX TeplaHa 3a Kapak-
TepHU3alyjy CpeNrHe TalokKema CefUMeHaTa Koju HeMajy odyBaHe GOCHIe U YHja je pacrojerna
dromapkepa HapylleHa dUOpPa3rpafkbOM WIH OPYTHM ITpPOlieCHMa. AHATHU3UPAHU Cy CUITHLIUK-
JIACTUYHU CEeNUMEHTH KOju Cy OWIHM M3/I0KeHHW ITPOAYKEHOM XEMHjCKOM U aTMocdepcKkom
IiefIoBaky Ha CTeHe, KOje je yTUIaI0 Ha pachoferny YI/boBOLOHUKA. To je pe3yaTHpano BUCOKOM
odunHowrhy pasrpaHaTHX YI7bOBOJIOHHKA M TPUCYCTBOM HepasABOjeHe KOMIIJIEKCHE CMELIE jefin-
wewa (UCM). U3 Tor passnora je penatviBHa ODWJIHOCT M pacrofena TpU- U TeTPaLMKINYHUX
tepnaHa (Cz0—C24TT, Cz6TT, C24TeT), xao pe3ucTeHTHUX droMapkepa,kopHuurheHa 3a MpoLeHy
yCoBa Tajoxemwa. TpuaHryIapHu oujarpaM Koju ykisydyje Czo + C2:%, C21% u C23% mokasao ce
nocedHo epuKaCHUM 3a pa3/iMKOBalke MOYBapHe, (iIyBHjaIHO-Ie/ITHE, CIaTKOBOJHE U MOPCKO-
-CllaHe jesepcke cpenuHe cegumeHTanvje. OBaj MPHUCTYI je jaCHO PasTpaHHUUMO JIENIO3ULIUOHE
cpenuHe cefuMeHarta M3 JasoHMka, CHarosa, [JpuHe u T'yuesa (yHyTpammy JuHapunu), mpy-
ajyhu BpesaH yBUJ| y TEOJIOIIKY HCTOPHjy IPOy4YaBaHOT Opyyja.

(TTpumsbeno 27. nenembpa 2024, pesunupano 4. dedpyapa, npuxsaheno 11. anpua 2025)
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Abstract: This study investigates how two morphologically distinct microalgae,
Chlorella vulgaris and Arthrospira platensis, at different growth phases, affect
the adsorption of ibuprofen, caffeine and diclofenac onto two powdered activ-
ated carbons (AC1 and AC2). Dechlorinated tap water (DCTW) matrix was used
with microalgae added and experiments were performed with/without pre-
chlorination and with/without filtration through 0.45 um filter to assess the inf-
luence of total and dissolved algal organic matter. Organic micropollutants
(OMPs) were analyzed using gas chromatography coupled with mass spectro-
metry. Results indicate that the effect of microalgae morphology on OMPs’ rem-
oval efficiency is different for different carbons. Species and growth phase-dep-
endent variations were observed in some cases. A. platensis in the stationary
phase in the water reduced diclofenac removal by AC2 (from 99 % to range of
44-62 %), while C. vulgaris in the exponential phase reduced it to the range of
1674 % in comparison to effectiveness of AC2 in DCTW without microalgae
(99 %). Removal of uncharged caffeine remained stable, suggesting minimal inf-
luence from algal matrices or AC variability. For negatively charged ibuprofen
and diclofenac the observed effects were more variable and not always consist-
ent, likely due to limitations in experimental methodologies.

* Corresponding author. E-mail: minja.bogunovic@dh.uns.ac.rs
https://doi.org/10.2298/JSC241229071K

1537

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

(CC) 2025 Serbian Chemical Society.



1538 KHAKIMOVA ef dl.

Keywords: adsorption; algal organic matter; drinking water treatment; ibuprofen;
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INTRODUCTION

The growing presence of organic micropollutants (OMPs) in freshwater sys-
tems poses a significant challenge to environmental sustainability and public
health.! In a recent study, over 600 chemicals (pesticides, biocides, pharma-
ceuticals) were screened across various European streams.2 This extensive study
found that in three-quarters of the sites investigated across 22 European river basin
the concentrations of these chemicals often surpassed the safety limits set to protect
freshwater ecosystems from harmful pollution.2 Some of the most frequently det-
ected compounds (> 25 % of sites) included 1,3-diphenylguanidine, sucralose, gab-
apentin-lactam, 1H-benzotriazole, candesartan, DEET, lamotrigine, oxypurinol,
melamine, caffeine and guanylurea.? Caffeine (CF) was particularly notable, with
its presence confirmed in more than 25 % of the sampling sites, with a maximum
concentration of more than 1 ug L1 at several sites.? According to the review study
by Luo et al.3 average concentrations or range of ibuprofen (IB) concentrations in
surface water were found to be 0.98, nd—8.0, nd—1417, 1.0-67, <15-414, 5.0-280,
0.3—-100 and nd—77 ng L1 for Canada, France, China, Greece, Korea, Taiwan, UK
and US, respectively, while environmental concentrations of diclofenac (DCF)
exceeding 100 ng L-! have been detected in many water bodies around the world,
including Antarctica (1,000 ng L~1).# These OMPs are extensively used and recog-
nized as anthropogenic markers within the group of pharmaceuticals and personal
care products. A typical water treatment plant uses flocculation, coagulation, filt-
ration and disinfection to remove suspended solids and microorganisms. However,
they are not specifically engineered to address the removal of micropollutants.3-
Among the various strategies employed to mitigate the impact of OMPs, adsorp-
tion techniques using powdered activated carbon, granulated activated carbon and
also including biological activated carbon have emerged as effective treatment
methods.>:7-8 The large surface area and high porosity of powdered activated car-
bon (PAC) provides numerous adsorption sites, enabling it to remove contaminants
at very low concentrations.? Also, PAC’s implementation requires minimal modi-
fications to the existing infrastructure of drinking water treatment plants, and its
dosage can be easily adjusted to accommodate variations in raw water quality.’
However, the presence of natural organic matter (NOM) in surface waters parti-
cularly dissolved organic matter (DOM) introduces significant challenges to the
adsorption capacity of PAC.10 NOM is known to negatively impact the adsorption
of organic micropollutants by, first, directly competing for adsorption sites and
secondly, because NOM molecules between 200 and 700 Da can cause blockage
of the AC pores.!1:12 Nam et al.!3 highlighted in their study on adsorption charac-
teristics of hydrophilic and hydrophobic OMPs (initial concentration of 100 ng L-1),
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including DCF and CF, that the presence of DOM in surface river water signific-
antly decreases the adsorption capacity of PAC (doses of 1, 5 and 20 mg L1),
especially for hydrophobic molecules. Based on their findings, DOM alters the
surface charge of PAC and competes with OMPs for adsorption sites on the PAC
surface. The impact of NOM is especially pronounced in surface waters, where
algal blooms form algal organic matter (AOM).!4 Total AOM includes both intra-
cellular and extracellular dissolved organic matter originating from algae. The pre-
sence of high-molecular-weight fractions (e.g., MW range 1,100-10,000 Da) in
algal-rich waters, need higher PAC doses to achieve effective removal than the
dose which is needed for lower MW range (20-1,100 Da). When present, charge
balance and interaction potential of diverse amphoteric groups in low molecular
weight NOM and proteinaceous low-aromaticity substances can cause their effect-
ive adsorbability, while high MW moieties have the tendency to block the pores of
AC.!1 While PAC can effectively adsorb hydrophobic components of AOM, it has
limited adsorption capacity for polysaccharides and proteins, which are the main
components in AOM.!5 In the 1990s, microalgae research in drinking water foc-
used on optimizing physical removal processes to prevent algal toxin release, later
shifting to disinfection by-product (DBP) formation after chlorination.!6.17 Chlor-
ination, used as disinfection method during drinking water treatment, disrupts algal
cells, releasing intracellular organic matter which reacts with chlorine to form
DBPs, which can also block active sites on PAC or alter its surface properties.!8:19
AOM is a complex DBP precursor in water treatment, with its composition, influ-
enced by algal species and environmental conditions, affecting DBP formation
potential and nature.!” However, there is a lack of information regarding the inf-
luence of pre-chlorination on AOM structure and its consequences for subsequent
activated carbon treatment steps. Similarly, how the presence of total and dissolved
AOM originating from different microalgae growth phases and species influences
OMP removal through adsorption on PAC is not fully understood. According to
Tian et al.20 AOM levels from green algae Chlorella vulgaris and Scenedesmus
obliquus during the stationary phase increased under simulated conditions mimick-
ing karst environments, with more cell metabolites being released. The stationary
phase was characterized by a decrease in amino groups and an increase in aromatic
protein-like compounds, while the exponential phase exhibited higher levels of
amino structural material. When it comes to influence of morphology onto effici-
ency of water treatment for microalgae removal, Yu et al.2! study emphasized the
significance of divalent ions in removal of algae during a two-step process inc-
luding first, preoxidation with KMnQy, followed by coagulation with polyalu-
minium chloride. It was shown that complexation of divalent ions improved the
removal of algae, and filamentous Pseudanabaena sp. was more efficiently rem-
oved compared to unicellular Chlorella sp. Ma et al.22 investigated how microalgal
morphology affects their removal efficiency in conventional coagulation—sedi-
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mentation—filtration water treatment processes, finding that smaller algae with irre-
gular shapes, such as thorns or flagellae were more difficult to remove. Laksono et
al.?3 studied ultrafiltration membrane fouling by AOM substances and found that
biopolymers, building blocks, and hydrophobic organic carbon significantly
affected membrane performance. Algae lysing notably increased fouling severity.
They also observed that microalgae cell shape and size influenced fouling: helical
cells primarily blocked membrane pores, causing strong fouling, while rectangular
and cylindrical cells caused milder, combined fouling.23 Furthermore, related to
investigating on how growth phase affect treatment efficiency, Park et al.2# found
that toxic colonial cyanobacterial species Microcystis aeruginosa at the stationary
growth phase had higher cell density and extracellular organic matter, and both the
exponential and stationary phases could be fully inactivated by chlorination during
drinking water treatment, with faster toxin degradation occurring at the stationary
phase. But based on our knowledge no research has examined how pre-chlorin-
ation in distinct growth phases influence the efficacy of PAC for OMP adsorption.
For this lab-case study, we chose unicellular Chlorella vulgaris and filamentous
Arthrospira (Spirulina) platensis in two growth phases (exponential and station-
ary) due to their distinct morphological differences and well-documented growth
characteristics. Three widely prevalent in surface waters contaminants with vary-
ing hydrophilicities represented by different distribution coefficient (log D) values
were chosen — ibuprofen (log D = 0.45), caffeine (log D = 0.28) and diclofenac
(log D=1.37).log D refers to corrected log P (octanol water partitioning coefficient)
at pH 7.4 (Table S-I of the Supplementary material to this paper).

The aim of this study is to assess how the distinct morphological differences
and growth phases of microalgae C. vulgaris and A. platensis impact the adsorption
of three different OMPs under various conditions, including the presence of total
(tAOM) and dissolved algal organic matter (AAOM) and the effects of pre-chlor-
ination. Although microalgae are present as mixed cultures in nature, we studied
them separately to isolate their individual effects. By filling this gap, we seek to
get more fundamental knowledge which might result in improved treatment strat-
egies for water containing microalgae and emerging micropollutants in the future.

EXPERIMENTAL

The experiments aimed to assess how different microalgae types (C. vulgaris and A. plat-
ensis) and growth phases (exponential and stationary) influence the adsorption efficiency of
powdered activated carbon for removing OMPs, focusing on the effects of tAOM and dAOM.
The number of algae used in the experiments ranged from 2x108 to 8x108 cells L-!. The JAOM
is the fraction remained after glass fiber filtration (GF filter 0.6 um, Macherey-Nagel, Ger-
many), and subsequent membrane filtration (MF filter 0.45 pm, Sartorious, USA). Furthermore,
effects of usually applied pre-chlorination in waterworks were investigated. 1 mg L-! Cl, was
added into the matrix containing algae for 30 min and afterwards dechlorination was performed.
In this way, it was possible to investigate how the potential change of both, chlorinated tAOM
and chlorinated dAOM structure and content affect the OMPs’ adsorption. Adsorption tests
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were performed on a shaker (KS 501-IKA, Germany) with shaking intensity of 180 rpm. Nom-
inal concentration of selected OMPs was 1.5-2 ug L'!. Applied dose (5 mg L!) of two selected
powdered activated carbons was 2 h in contact with water sample that is close to real application
rather than reaching equilibrium. The scheme of experimental methodology is shown in Fig. S-1
of the Supplementary material. Adsorption tests were performed in 1 L bottles in a way that 0.7
L of each prepared matrix spiked with OMP (nominal Co, 1.5-2 pug L'') was shaken with 5 mg L-!
of AC1 or AC2 for 2 h. Afterwards, samples are filtered through glass-fiber filter (0.6 pum, Mach-
erey-Nagel) and afterwards through 0.45 pm membrane filter (Sartorious) to remove PAC. First
300 mL of aliquot was discarded. From 400 mL collected, 250 mL was taken for further gas
chromatography/mass spectrometry (GC/MS) analysis. Analysis of the OMPs was performed
by the in-house developed GC/MS method.?*> Solid-phase extraction (60 mg, Oasis® HLB,
Waters™, USA) was used to prepare water samples for the analysis of selected OMPs. Details
of the tested OMPs sample preparation and analysis are given in the Supplementary material,
section Analytical method. Full method validation performed in DCTW is given in Supple-
mentary material, Table S-III. For this study five water matrices were used for investigation
(Fig. S-1): i) dechlorinated tap water (DCTW) without algae addition; i/) DCTW with total algal
organic matter (tAOM); iii) DCTW with dissolved algal organic matter (/AAOM)); iv) pre-chlor-
inated tAOM; v) pre-chlorinated dAOM. All the details related to materials (water matrices,
microalgae selection and cultivation, OMP stock solution preparation and PAC) used are given
in Supplementary material, section Material. All adsorption tests were performed once within
set I, and after nine months, some of them were repeated (set II). Repeatability of experiments
without microalgae addition within both batches was tested for experiment testing adsorption
on AC2 in DCTW (matrix (i), Fig. S-1), in 5 and 3 replicates, respectively. Repeatability of
experiments with microalgae addition (matrix (i), Fig. S-1) was tested once in triplicate for
stationary phase of each microalgae type. Quality control procedures of experimental method-
ology and GC/MS measurement are shown in Supplementary material, section Quality control
procedures. Dissolved organic carbon (DOC) method characterization and obtained values for
each of the tested matrices are presented in Tables S-IV and S-V of the Supplementary material.

RESULTS AND DISCUSSION

How microalgal morphology and growth phase affect the OMPs removal from
different water matrices by two activated carbons is presented in Figs. 1-3.

Ibuprofen (IB)

The removal of IB with and without the presence of different species of micro-
algae, in their different growth phases (exponential vs. stationary), in the presence
of different type of AOM (tAOM vs. dAOM), and with/without chlorination is
presented in Fig. 1 (4. platensis, Fig. 1a and c vs. C. vulgaris, Fig. 1b and d). For
the clarity of the following discussion we adopted the term “significant difference”
between two removals if the error bars do not overlap and if the closest results of
two cases which are compared, differ by more than 30 % (acceptance limit for
quality control samples of the Environmental Protection Agency (EPA), method
525.3)).26

In DCTW without algae addition the removal efficiency of IB was 4714 %
by AC1 (Fig. 1a and b, 7). In matrix containing 4. platensis in both phases of growth
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Fig. 1. Efficiency of IB removal using PACs (dose 5 mg L'!). i) DCTW without microalgae
addition (average value of five replicates); ii) non-chlorinated matrix with tAOM;

iii) non-chlorinated matrix with dAOM; iv) pre-chlorinated with tAOM; v) pre-chlorinated
with dAOM. * — No removal efficiency; Letters a—d indicate ibuprofen removal rates for 4.
platensis with AC1 (a), C. vulgaris with AC1 (b), A. platensis with AC2 (c) and C. vulgaris

with AC2 (d). Error bars show the error of the relative removal. The number of cells in
matrices containing 4. platensis in exponential and stationary phase of growth were 8x10%
and 4x108 cells L'!, respectively. For C. vulgaris these numbers in exponential and
stationary phase of growth were 2x108 and 5x108 cells L'!, respectively.

the removal efficiency ranged between 53+13 and 66+9 % (Fig. 1a, i7) showing no
significant change in comparison to DCTW without algae addition (47+14 %, Fig.
la, 7). Similarly, in the second set of experiments (Table S-VI of the Supple-
mentary material), matrix (if), which contained 4. platensis in the exponential
phase of growth, no significant difference compared to DCTW (5143 % vs. 77+6
%, respectively) was observed, indicating good repeatability after nine months. A
significant increase of removal efficiency was noticed in the presence of C. vul-
garis in exponential phase in dAOM matrix (Fig. 1b, iii) in comparison to DCTW
matrix (95+1 vs. 47 £14 %). Similarly, significant difference (48 %) in removal of
IB between non-chlorinated tAOM (removal 47+14 %) and dAOM (removal 95+1
%) in matrix containing C. vulgaris in exponential phase was also noticed (Fig. 1b,
ii and iif), indicating difference between competition mechanisms between tAOM
and dAOM matrices under given conditions. The set of repeated experiments after
nine months did not include any of these tests, so there was no additional confirm-
ation of the effect of AOM, originating from C. vulgaris in exponential phase.
Same matrix showed a slight but still not significant difference between non-chlor-
inated algae containing matrix dAOM (removal 95+1 %, Fig. 1, b, iii) and pre-
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-chlorinated algae containing matrix with dAOM (removal 63+£10 %, Fig. 1b, v)
which, if present could have indicated potential effect of pre-chlorination on com-
petitiveness of the AOM moieties. However, this finding was also not possible to
confirm for particular pair of tests since only one of the tests was repeated. In the
matrix containing C. vulgaris in the stationary phase of growth (Fig. 1b, ii, iii, iv,
v) removal of IB by ACI remained constant (from 61£11 to 66+9 %). When it
comes to the other activated carbon, AC2, similar removal efficiency of IB in
DCTW matrix without algae addition (36£17 %, Fig. 1c and d, i) in comparison
with AC1 (47+14 %) was observed. In a matrix containing 4. platensis in both
growth phases, no significant change was observed compared to DCTW without
algae addition (36+17 %), Fig. 1c, ii—v). For the same matrices containing 4. plat-
ensis in the stationary phase no significant differences were observed (removal
rates ranged between 30+19 and 41+16 %, Fig. 1c, ii—v). Likewise, in most of the
tests repeated after nine months for the same algae and growth phase, no significant
differences were found between the removals observed in set I and II (Arth-s, AC2,
Table S-VI). Only one of four tests had significant differences (Arth-s, matrix (iv),
Table S-VI). Also, tests in stationary phase did not show significant decreases of
removal in comparison to DCTW matrix without algae except the matrix (iv)
(Arth-s, AC2, Table S-VI). In the non-chlorinated tAOM matrix containing C. vul-
garis in exponential growth phase no removal was observed (Fig. 1d, ii), indicating
high potential for competition of the tAOM when compared to DCTW without
algae addition (36+17 %). However, this was not confirmed in repeated tests after
nine months when removal rate was 54+12 % (Chlor-e, matrix (i7), AC2, Table S-
-VI). Similarly, significant removal rate differences were noticed between non-
-chlorinated tAOM (Fig. 1d, matrix (if), no removal) and pre-chlorinated tAOM
(Fig. 1d, iv, 57+12 %), indicating that pre-chlorination can positively affect adsorp-
tion. However, during the second set of experiments opposite effect was observed
between non-chlorinated tAOM (54+12 %) and pre-chlorinated tAOM (no rem-
oval), indicating contradicting effect of higher potential for competition in pre-
-chlorinated samples. For matrices containing C. vulgaris in the exponential
growth phase, a slight difference was observed between pre-chlorinated tAOM
(57+12 %) compared to pre-chlorinated dAOM (14+£23 %, Fig. 1d, iv and v). Rep-
eated experiments (Table S-VI, Chlor-e, AC2, matrices (iv) and (v)) showed some-
what higher removal efficiency in pre-chlorinated dAOM matrix (28+19 %) in
comparison to pre-chlorinated tAOM matrix (no removal). For matrices containing
C. vulgaris in the stationary growth phase, the removal rates by AC2 stabilize
between 36+17 and 58+11 % (Fig. 1d, ii—v) with no significant difference. Although
differences between growth phases were observed, only for non-chlorinated tAOM
matrix containing C. vulgaris (Fig. 1d, ii) the impact of algal growth phase cannot
be conclusively confirmed. In the exponential growth phase no removal was obs-
erved while in the stationary phase an increase of 44+15 % was noticed. The
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difference in cell number between exponential and stationary phases exceeded 50
% (Fig. 1b and d), which is well above the known 20-30 % uncertainty of the
hemocytometer counting method. While these differences reflect realistic physio-
logical states of algae, they may have also contributed to observed variability in IB
removal. Therefore, due to differences in both physiological composition and
biomass quantity, the effect of growth phase cannot be reliably isolated in this case.
Repeated experiments again did not confirm such an effect showing no difference
between measurements in two phases of growth (54412 and 56+12 %, Table S-
-VI). In the second set of experiments, the difference in cell density between
growth phases was within the 2030 % measurement uncertainty, suggesting that

the growth phase did not have a meaningful effect on IB removal (3x108 and 4x108
cell L1, Table S-VI).

Caffeine (CF)

Results for CF removal across all matrices and both microalgae species are
shown in Fig. 2.

a) Caffeine removal rates, A. platensis
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Fig. 2. Efficiency of CF removal using PACs (dose 5 mg L-!); /) DCTW without microalgae
addition (average value of five replicates); ii) non-chlorinated matrix with tAOM;
iii) non-chlorinated matrix with dAOM; iv) pre-chlorinated with tAOM; v) pre-chlorinated
with dAOM. Letters a—d indicate caffeine removal rates for A. platensis with AC1 (a), C.
vulgaris with AC1 (b), 4. platensis with AC2 (c) and C. vulgaris with AC2 (d). Error bars
show the error of the relative removal. The number of cells in matrices containing 4. platensis
in exponential and stationary phase of growth were 8x108 and 4x108 cells L'!, respectively.
For C. vulgaris these numbers in exponential and stationary phase of growth were 2x108 and
5x108 cells L1, respectively.
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Caftfeine removal rates in DCTW without microalgae were 77+7 % for AC1
and 76+8 % for AC2. Removal rates remained essentially stable (from 66+11 to
90+3 % for AC1 and from 65+11 to 87+4 % for AC2) with no significant differ-
ences in removal across the matrices and conditions (Fig. 2). In the second set of
experiments removals were 93+2 and 9243 % for AC1 and AC2, respectively
(Table S-VI). Algae addition caused the change of rates in the ranges of 76+4 to
88+8 % for AC1 and 64+12 to 92+3 % for AC2. Only one sample with A. platensis
in stationary phase showed high discrepancy with a removal rate of 19+£26 %.

Diclofenac (DCF)

Results for DCF removal across all matrices and both microalgae species are
shown in Fig. 3.

a) Diclofenac removal rates, A. platensis with b) Diclofenac removal rates, C. vulgaris with
AC1 AC1
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Fig. 3. Efficiency of DCF removal using PACs (dose 5 mg L1). i) DCTW without microalgae
addition (average value of five replicates); ii) non-chlorinated matrix with tAOM;
iii) non-chlorinated matrix with dAOM; iv) pre-chlorinated with tAOM; v) pre-chlorinated
with dAOM. Letters a—d indicate caffeine removal rates for A. platensis with AC1 (a), C.
vulgaris with AC1 (b), 4. platensis with AC2 (c) and C. vulgaris with AC2 (d). Error bars
show the error of the relative removal. The number of cells in matrices containing 4. platensis
in exponential and stationary phase of growth were 8x108 and 4x108 cells L'!, respectively.
For C. vulgaris these numbers in exponential and stationary phase of growth were 2x108
and 5x108 cells L'!, respectively.

In experiments using DCTW without microalgae, removal rates for DCF were
93+2 % for AC1 and 99+0.3 % for AC2 (Fig. 3, i). A second set of experiments
after nine months (Table S-VI) showed repeatable removals of 90+£3 and 85+4 %,
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respectively. None of the factors (morphology, growth phase — even difference in
cell number between exponential and stationary phases often exceeded 50 %,
chlorination or AOM type) had a significant effect on DCF removal with AC1 for
both A. platensis and C. vulgaris, as removal rates ranged from 8245 to 99+0.5 %
(Fig. 3a) and 83+5 to 97+1 % (Fig. 3b), respectively, across all matrices. Good
repeatability of experiments was achieved after nine months, when removal values
ranged between 69+9 and 9043 % (which is in line with the acceptance limit for
quality control samples).27 All repeated matrices with AC1 showed insignificant
difference (<30 %) compared to first adsorption set (Table S-VI). In the case of
AC2 use it was shown that the stationary phase of A. platensis significantly dec-
reased DCF removal rates in all tested matrices in comparison to removal in
DCTW without algae (they are from 44+17 to 62+11 %, Fig. 3c, ii—v), but the
difference between tested matrices remains insignificant. It should be noted that
the result may have been influenced by the approximately twofold lower cell num-
ber in the stationary phase of growth, and therefore the effect of the growth phase
cannot be clear. In the repeated experiments with 4. platensis in the stationary
phase after nine months, similar results were obtained. Pre-chlorinated tAOM
(matrix (iv)) showed the highest removal drop compared to DCTW without micro-
algae (30+21 vs. 85+4 %, respectively, Table S-VI). Contrarily, for C. vulgaris,
significant differences in DCF removal range with AC2 (Fig. 3d) were observed
when microalgae were in the exponential growth phase (the removal rate dropped
sharply from 99+0.3 % in DCTW to 58412 % in non-chlorinated tAOM and 16425
% in the non-chlorinated dAOM matrix (Fig 3d, i—iii). However, this was not
clearly confirmed between the tAOM and dAOM matrix in the second set of expe-
riments after nine months (Table S-VI, matrices ii and iii showed 74+8 and 39+18
% respectively). In this case, the difference in cell number between exponential
growth phases during the first and second set was within the 2030 % measurement
uncertainty, without expectation of algal cell influence. Similarly, a significant
difference was not possible to show in the matrix containing C. vulgaris in the
exponential growth phase for AC2 removal efficiency in the pre-chlorinated
dAOM matrix (4317 %) in comparison to pre-chlorinated tAOM (removal effi-
ciency 74+8 %) (Fig. 3d, iv and v). Similar effect was obtained in the repeated
experiment (Table S-VI) as well as in the case when water matrix contained C.
vulgaris in the stationary phase between pre-chlorinated tAOM and dAOM (845
vs. 47+16 %, respectively, Fig. 3d, iv and v). Repetition for this pair of tests was
not performed.

Performance of activated carbons in matrices without algae differed to some
extent in comparison to literature findings. Thus, Westerhoff et al.27 reported
lower removals of 16 and 39 % for IB and DCF respectively (PAC dose 5 mg L1,
contact time 4 h) in surface waters spiked with 100 ng L-! OMPs, while, similarly
to our results. Nam e al.!3 observed high removal (> 90 %) of DCF from distilled
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water, while in surface water removal under the same experimental conditions (at
Co=100ng L1, PAC dose 5 mg L1, contact time 4 h), was around 80 %. Snyder
et al.28 found that 1B, CF and DCF average removal from four surface water was
15, ~70 and ~40 %, respectively, at a PAC dose of 5 mg L1 (Co = 100 ng L1,
contact time 4 h). The reasons for those differences in comparison to our study are
most likely due to the use of different matrices (DCTW vs. surface water) and a
higher OMPs initial concentration in this study (1.5-2 ug L-! vs. 100 ng L-1).
Furthermore, PAC type, dose and different contact time can also influence results.
High removal efficiency (~80 %) of hydrophilic CF (log D = 0.28) by PAC is
similar to results of Nam et a/.13 and Piel et al.29 It could be due to a strong affinity
of heterocyclic-N group in his molecular structure for the carbonaceous surfaces,
and specific sorbate—sorbent interactions.!3 Notably, the removal of IB was less
efficient compared to that of CF and DCF, indicating potential differences in
adsorption behavior based on the compounds’ molecular properties (Table S-1). In
all cases, effects depended on the type of carbon and on the type of substance which
was tested. Microalgae morphology and growth had an effect in some cases, but
their influence was more context-dependent and secondary influenced by the type
of PAC used. In general, it was observed that addition of microalgae increased the
value of DOC by more than 13 %, which corresponds to the measurement accuracy
of the method for measuring DOC (Tables S-IV and S-V). Rare significant dif-
ferences for IB removal were observed in the presence of C. vulgaris during the
exponential growth phase in the first set of single experiments for ACI1, parti-
cularly between matrices containing tAOM and those with only dAOM. In the case
of AC2, AOM had significant effects in certain instances but not clearly confirmed
in repeated experiments. The removal of CF remained stable and was not affected
by the influences of investigated matrix. The removal of DCF significantly dec-
reased in presence of algae only when AC2 is used in matrices containing 4. plat-
ensis in the stationary growth phase and in some cases when C. vulgaris was in
exponential growth phase. One can hypothesize that the opposite effects of tAOM
and dAOM obtained by filtration (increase of IB removal by ACI1 and decrease of
DCF removal by AC2 in matrix (iii) containing C. vulgaris in the exponential
growth phase), might be caused by the chemical composition of the JAOM and
characteristics of OMPs. In this phase of growth C. vulgaris, has high lipid (20-38
%) and protein (42-58 %) content.30 A. platensis, has lower lipid (5-20 %) and
higher protein (50-70 %) content.31:32 This may cause different interactions in
between dAOM and PAC adsorption sites as well as formation of complexes of
dAOM and OMPs of different characteristics. The lipid fraction of DOC may
promote IB and DCF focus through complex formation, while proteinaceous com-
pounds on AC can release amino acids, increasing competition for adsorption sites,
especially for hydrophobic OMPs like DCF (A. platensis, stationary phase, AC2).
Aromatic rings in IB and DCF also enable electron donor-acceptor complexes and
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n—7 interactions with AC functional groups, enhancing removal.33 Negatively
charged IB and DCF seem to be more affected by those matrix effects changes
than neutral caffeine. Those interactions can further change when AOM structure
is changed by pre-chlorination. According to Pivokonsky et al.!! chlorination can
lead to the reduction in adsorption due to the increased hydrophilicity and mole-
cular size changes. In this study, a slight adsorption decrease of DCF was observed,
but also a consistent increase in adsorption in the case of IB, which was not suf-
ficiently supported by the confirmatory experiments, which often yielded contra-
dictory results. Inconsistent effects in repeated experiments likely resulted from
uncertainties in matrix preparation and DOC composition, including variations in
DOC quality between sets. The second set of measurements showed good repro-
ducibility, with removal efficiency differences over 30 % in few cases, but signi-
ficant measurement uncertainties prevent confirming all effects. Impacts on charged
molecules are evident but inconsistent.

CONCLUSION

This study evaluated the impact of the morphological characteristics and
growth phases of C. vulgaris and A. platensis on the adsorption of IB, CF and DCF
from water under various conditions, including the presence of total and dissolved
algal organic matter and pre-chlorination. It was confirmed that different carbons
have different ability to compensate for matrix variability. The results confirm that
the removal efficiency of the uncharged CF remained stable across all tested con-
ditions, suggesting minimal influence from algal matrices or PAC variability. For
negatively charged IB and DCF, the observed effects were more variable. Sig-
nificant differences were observed between algal matrices and PAC types, parti-
cularly for C. vulgaris in the exponential growth phase and A. platensis in the stat-
ionary phase. These effects were not consistently reproduced, likely due to var-
iability in living systems, including changes in DOC structure and composition
causing inconsistent interactions. The findings underscore the complexity of ads-
orption in living systems, where DOC variability and PAC interactions hinder rep-
roducibility. Inconsistent effects highlight the need for further investigation into
DOC behavior and its interactions. Future studies should assess the process in real
surface waters with natural organic matter and algae, under varying environmental
and seasonal conditions, to evaluate its robustness and scalability for practical
application.

SUPPLEMENTARY MATERIAL

Additional data and information are available electronically at the pages of journal web-
site: https://www.shd-pub.org.rs/index.php/JSCS/article/view/13180, or from the correspond-
ing author on request.
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H3BOJ

YTUIIAJ] MUKPOAJITY HA YKIIABBABE OPTAHCKHUX MUKPOIIOJIYTAHATA U3 BOJE
AKTHBHHM YIJBEM Y IIPAXY

NADIIA KHAKIMOVA'!, MUbA BOTYHOBUR KOJbAJA?, JEJTMJA CAMEYHOBHWR', LUCAS LANDWEHRKAMP?,
STEFAN PANGLISCH?* u UBAHA UBAHYEB-TYMBAC?
"Ynusepsumem y Hosom Cagy, [Tpupogro—matiemamiuuxu Qpaxynitet, Jedapmuman 3a Guonotujy u exo-
notujy, Tpt Hocutmeja Odpagosuha 3, 21000 Hosu Cag, *Ynusepsuiiew y Hosom Cagy, [Ipupogro—maiie-
mamuuxy paxyniiewi, Jedapman 3a xemujy, duoxemujy u 3awiiiuiily wueotine cpegune, Tpl Jocuilieja
Obpagosuha 3, 21000 Hosu Cag, *Chair for Mechanical Process Engineering and Water Technology,
University of Duisburg-Essen, Lotharstr. 1, 47057 Duisburg, Germany, *IWW Water Centre, Moritzstrafe
26, 45476 Miilheim an der Ruhr, Germany, >DGMT German Society for Membrane Technology e.V.,
Universitdts str. 2, 45141 Essen, Germany u °Centre for Water and Environmental Research (ZWU),
Universitits str. 2, 45141 Essen, Germany

Y oBOM pafy UCIIUTaH je yTHLaj ABe BPCTe MUKPOAJITH pasnuuute Mmopdosoruje Chlorella
vulgaris u Arthrospira platensis, y pasnuuutum (pazama pacra, Ha agcopnuujy udynpodena,
KoderHa U JuKIo(eHaKa Ha 2 BPCTe aKTUBHOT yI7ba Y IIpaxy. JlexopucaHa 4eCMeHCKa Bofa
ca J00aTKOM MUKPOAJITH je kopuirheHa kao MaTpuua. TakBa MaTpHla y eKCllepUMEeHTHMA je
kopuurheHa ca npegxiaopucawmeM U duntpaurjom kpos unrep ox 0,45 pm unu He3 BHHUX, Kako
O ce MpoLEHNOo yTULIAj YKYITHE U paCTBOPEHE ajrajHe opraHcke matepuje. Onadpanu opras-
cxu mukposarahusauu (OMP) aHanu3upaHu Cy raCHOM XpoMaTorpadujom ca MacEHOM CIIEK-
TpoMeTpHujoM. Pe3synrtatu moxasyjy na je edexar mopdonoruje MUKpoanru Ha eUKacHOCT
ykiawawa OMP pa3nuyMT 3a pasluuuTe yIbeBe. Y HEKUM CllydyajeBUMa mpumeheHe cy Bapu-
jauuje 3aBUCHe o BpcTe MUKpoaird u dase pacrta. [IpucyctBo A. platensis y cTalliOHapHO]j
(hasu y BOAM CMamUIIO je yKIawawme UKIo(eHaKa akTHBHUM yIbeM 2 (ca 99 % Ha oncer of
44-62 %), pox je mpucyctBo C. vulgaris y excrioHeHIHjaaHoj a3y U3a3Bao naj Ha OIICeT Off
16-74 % y nopehemwy ca ebukacHomhy akTUBHOT yI7ba 2 Y AE€XI0PUCAHOj YECMEHCKOj BOOU De3
mukpoanry (99 %). Yknamame HeyTpanHor koderHa je cTaduiHo, ITo yKasyje Ha MUHAMalaH
yTHULIaj ajIrajHe MaTpULEe UIU TUIIAa aKTUBHOT yIJba. 3@ HETaTUBHO HAaeleKTpPUCaH UdynpodeH U
oukinodeHak, youeHH e eKTH cy OUIU TPOMEH/bUBY U He[OCIeJHH yCile]] oTpaH1uerha Y eKcIe-
PUMEHTaIHUM METOZ0JIOTHjama.

(ITpumiseno 29. neuembpa 2024, peBuaupano 9. anpuia, npuxsaheno 24. jyna 2025)
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Influence of microalgae on organic micropollutants removal
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NADIIA KHAKIMOVA!, MINJA BOGUNOVIC KOLJAJA2*, JELICA SIMEUNOVIC!,
LUCAS LANDWEHRKAMP3, STEFAN PANGLISCH?"
and IVANA IVANCEV-TUMBAS?
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Obradoviéa 1, 21000 Novi Sad, Serbia, >Chair for Mechanical Process Engineering and
Water Technology, University of Duisburg-Essen, Lotharstr. 1, 47057 Duisburg, Germany,
‘IWW Water Centre, Moritzstrafie 26, 45476 Miilheim an der Ruhr, Germany, >DGMT
German Society for Membrane Technology e.V., Universitdts str. 2, 45141 Essen, Germany,
and 5Centre for Water and Environmental Research (ZWU), Universitits str. 2, 45141 Essen,
Germany.TABLE S1. Results of ICP-OES analysis of metal content in bio-oil samples

J. Serb. Chem. Soc. 90 (12) (2025) 1537-1551

The scheme of experimental methodology is shown in Fig S-1.

OMP spike
(Co=1.5-2 pg L") . .
i) Dechlorinated tap water ————» Adsorption test (AC1 and AC2, dose 5 mg L', contact time 2h)———» GC/MS OMPs
analysis
DOC analysis
OMP spike
. (Co=1.5-2 pg L .
ii) Non-filtered sample "~ Adsorption test (AC1and AC2, ___, GC/MS OMPs
(tAOM) dose 5 mg L', contact time 2h) analysis

Dechlorinated tap water with
microalgae addition (2-8x102 cells L")

\ iii) Filtered sample  OMP spike

(GF filtration 0.6 ym (Co=1.5-2 ug L") ¢
aliocwards MESOAS ot 9 L) Adsorption le‘st (AC1and AC2 GC/MS OMPs
dAOM) dose 5 mg L', contact time 2h)

analysis
DOC analysis
Dechiorinated tap water with
microalgae (2-8x10%cells L)
IChlorination (1 mgCl, L, contact DOC analysis
time 30 min) OMP spike

(Co=1.5-2 g L")

L iv) Non-filtered sample Adsorption test (AC1 and AC2, GC/MS OMPs
Dechlorination > (pre-chlorinated tAOM) dose 5 mg L, contact time 2h) analysis
OMP spike
v) Filtered sample(Co=1.5-2 pg L)

(GF filtration 0.6 pm Adsorption test (AC1 and AC2 » GC/MS OMPs

afterwards MF<0.45 um; dose 5 mg L, contact time 2h) analysis
pre-chlorinated dAOM)

DOC analysis

Figure S-1. Work methodology.
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MATERIALS

Powdered activated carbons

Two types of commercial PAC were used for conducting all experiments.
According to manufacturer’s specifications, AC1 has an iodine number 900100
mg g, while AC2, which is obtained from carbonized coconut shell, has an iodine
number 1000-1100 mg g™’

Microalgae selection and cultivation

For this study, two microalgac were selected based on their different
morphology and talus: a) Chlorella vulgaris, a unicellular green alga, has a
spherical shape and size that varies from 2 to 10 pm, and is known for its high lipid
content (20-38 %)"? and b) Arthrospira (Spirulina) platensis with filamentous
structure and filaments length from 400-700 um,* known for its rapid growth and
high protein content (50-70 %).* * > These differences in morphology and
biochemical composition are expected to influence their interaction with
micropollutants and PAC and the efficiency of their removal in drinking water
treatment processes. The microalgae strains used in this study were obtained from
the Novi Sad culture collection of cyanobacteria and microalgae (NSCCC) at the
Department of Biology and Ecology, Faculty of Sciences, University of Novi Sad.
The strains were cultivated under photoautotrophic growth conditions for 15-21
days to reach the exponential phase, and further up to 45 days to reach the
stationary phase.

Chlorella vulgaris: Cultivated using commercial sterilized Algae Broth
(Sigma Aldrich) under 12 h light and dark cycles and T = 22-24 °C. Medium
composition is: 0.05 g L' of NH4Cl, 0.058 g L of CaClz, 0.25 g L' of KzHPO4,
0.003 g L' of FeCls, 0.513 g L' of MgS0Os, and 1 g L' of NaNOs.

Arthrospira (Spirulina) platensis: Cultivated for 45 days in sterilized
Spirulina-Ogawa-Terui (SOT) (Ogawa T, 1970) medium under 12 h light and dark
cycles and T = 22-24 °C. Medium composition is: NaHCO3 16.8 g, K;HPO4 0.5
g, NaNOs3 2.5 g, NaCl 1.0 g, MgS0O4-7H,0 0.2 g, CaCl,-2H,0 0.04 g, FeSO4- 7H,O
0.01 g, Na;EDTA-2H,0 0.08 g, trace mineral mix A5 1.0 mL.

The number of algal cells was counted using the standard direct counting
method under a microscope (Kern Optic, OBN 135, Germany) with a
hemocytometer plate and expressed as cells per L.

Organic micropollutants

For this study, investigated organic micropollutants are ibuprofen (IB),
caffeine (CF) and diclofenac sodium salt (DCF), all purity >99 %, purchased from
Sigma Aldrich. Aqueous stock solutions (~5 mg L") of substances were prepared
in distilled water by sonication for 3 h and filtration through a 0.45 pm membrane
filter (Sartorious, US). They were further diluted and used for spiking the water
matrices (i, ii, iii, iv and v, Fig.S1) to achieve nominal concentrations of OMPs
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around 1.5-2 pg L. Table SI summarizes the physico-chemical properties of the
selected compounds.

Table S-I. Chemical and physical properties of the analyzed organic micropollutants

b

Substance MW?#(g/mol) Ag}]g/zlg iD pKa;g: = Char%e;‘at pH
Ibuprofen (IB) 206.28 0.45 5.3 -1
Diclofenac (DCF) 296.1 1.37 4.15 -1
Caffeine (CF) 194.19 0.28 14 0

2PubChem 2024°; *ChemSpider, 20247; Abbreviations: MW - Molecular Weight; ACD/logD - Distribution
Coefficient at pH=7.4.

Water matrices

Tap water from Novi Sad, Serbia was used for preparation of five water
matrices:

1) Dechlorinated tap water without algae addition (DCTW); Dechlorination is
performed with solution of Na-sulphite (C=0.1 g mL™") in a way that 0.1 mL is
added per 5 mg Cl, L' of residual chlorine.® A part of DCTW was taken and spiked
with selected OMPs to obtain nominal concentrations of 1.5-2 pg L. For each
matrix enrichment, aqueous solutions of OMPs were used. For each type of
microalgae and phase of growth following type of matrices were prepared:

i1)) DCTW with total algal organic matter (tAOM); In 12 L of DCTW 80 mL
of culture (4. platensis or C. vulgaris, exponential or stationary phase of growth)
was added. After algae addition, solution was slowly mixed for 10 min at 60 rpm
and during the mixing three aliquots of 10 mL were taken and mixed as a
composite sample in a beaker, afterwards, a composite sample (30 mL) was taken
for algae abundance analysis using the standard direct counting method. This way
the constant number of algae after repeating the experiment 3 times, was proven
to be 2-8x10° cells L. Then, the whole mixture is transferred into tank filled with
90 L of DCTW and slowly mixed for 10 min at 60 rpm, after which, the abundance
analysis is performed again to reach the number of algae of 2-8x10%cells L™, in
order to simulate algal abundance characteristic for eutrophic surface water. The
solution was left undisturbed at room temperature under 12 h light and dark cycles
for 24 hours to allow algae adaptation. After this period, the sample was mixed at
60 rpm for 10 minutes before measuring the algae abundance again. A part of this
sample from the tank was used and spiked with selected OMP, in the same way as
explained for the previous matrix (i);

Before the experiments, method for measuring the algae abundance was tested
five consecutive times to demonstrate measurement consistency. The obtained
values are presented in Table SII. These tests confirmed that algal densities
consistently ranged from 1-3x10% cells L™'. In the main experiments, algal
densities varied from 2—8x108 cells L™, likely due to the use of fresh algal cultures
in each run. Nonetheless, for future studies, standardizing the initial algal density
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across all experiments could enhance methodological consistency and enable more
accurate comparisons between different experimental conditions.

Table S-II. Microalgae abundance consistency in five separate test replications.

Number of cells in separate experiments taken from the 100 L water tank after culture
addition and adaptation (cells L)

A. platensis C. vulgaris
1.0x10% 2.4x108
3.0x108 2.1x10%
2.95x108 1.9x10°
1.2x108 3.5x108
1.15x108 2.0x10°

iii) DCTW with dissolved algal organic matter (1AOM); Preparation: a part
of matrix ii) was filtered through glass-fiber filter (0.6 um, MACHEREY-NAGEL,
Germany) and afterwards through 0.45 um membrane filter (Sartorious, US), to
obtain the solutions with dAOM. After filtration matrix was spiked with selected
OMP, in the same way as explained for the matrix (i);

iv) Pre-chlorinated tAOM - a part of the matrix ii) is chlorinated with the dose
of 1 mg Cl, L™, and left for 30 min to react and afterwards dechlorinated again
based on measurement of actual concentration of chlorine in the samples, and after
that spiked with selected OMPs as previously explained, to avoid the contact of
chlorine and OMPs;

v) Pre-chlorinated dAOM - a part of the matrix ii) is chlorinated with the dose
of 1 mg Cl, L™ and left for 30 min to react and afterwards dechlorinated based on
measurement of actual concentration of chlorine in the samples. Sample is further
filtrated through glass-fiber filter (0.6 um, MACHEREY-NAGEL, Germany) and
afterwards through 0.45 um membrane filter (Sartorious, US). Upon filtration it
was spiked with selected OMPs.

ANALYTICAL METHODS
Sample preparation and GC/MS OMPs analysis

In an aliquot of the sample (250 mL), the pH value (pH=2) is adjusted using
cc of HCI (p.a >37 %, Centrochem). Sample was spiked with the 25 pL of
mecoprop internal standard working solution (PESTANAL® analytical 99.6 %
(HPLC) Sigma-Aldrich, c=1 pg L), and pre-concentrated with the Oasis® HLB
(3cc, 60 mg) SPE cartridge (Waters, Massachusetts, USA) according to the
following procedure: a) Conditioning — 3x1 mL of mixture ethyl-
acetate/methylene-chloridel:1 (EtAc — Sigma Aldrich, 99 %; DCM for pesticide
residue analysis, Chromasolv™, Honeywell), than 3x1 mL of methanol (for
pesticide residue analysis, Chromasolv™, Honeywell), and 3x1 mL of acidic
laboratory water (pH = 2); b) Sample loading (flow 5 mL min™); ¢) Sorbent drying
under vacuum for 1h and d) Elution with 3 aliquots of 1 mL EtAc/DCM (1:1) with
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20 min retention of the last solvent portion. Further, solvent was removed under
N, at room temperature. Extracts were quantitatively transferred to vials by
washing the walls of the cuvette with 0.5 mL of toluene (for pesticide residue
analysis, Chromasolv™, Honeywell). Before that, 1 pL of working solution of the
second internal standard for chromatography check, phenanthrene d-10 (¢=0.4 pg
L") is added to vial and dried under N, and afterwards derivatization was
performed using 100 pL of N-methyl-N-(trimethylsilyl) trifluoroacetamide
MSTFA (Synthesis grade, Sigma-Aldrich) at 60 °C for 1 h.”

IB, CF and DCF were measured by GC/MS (Agilent 7890B GC with 5977A
MSD). The column Agilent J&W Scientific, DB-5 MS (30 m x 0.25 mm x 0.25
um; Agilent, USA) was applied with helium as the carrier gas in constant flow
(1 mL min™). 2 uL of the extract was injected in the splitless mode at 250 °C (purge
flow 30 mL min™ at 0.75 min). Temperature program applied is 100 °C—2 min; 15
°C min™ up to 180 °C; 30 °C min™' up to 230 °C which was held 5 min and
afterwards 20 °C min' up to 270 °C which was held 3 min. Method
characterization is shown in Table SIII.

Table S-III. GC/MS method characterization

Method Instrument Bias
Target ion, Calibration repeatability, RSD, repeatability, RSD, % MDL* PQL**
OMP lifier ion % %
quatifiertio Range gz @05 atl5 at0s atl5 at05 atls
(gL (gL
IB 160,263,117 0.05-2.12 0.999 3 4 5 2 8 2 0.02  0.08
CF 194, 109, 82 0.05-2.01 0.994 2 6 2 4 0.3 6 0.03 0.091
DCF 214,242,367 0.05-1.89  0.995 10 2 2 2 3 4  0.024 0.071

"MDL- method detection level. “"PQL- practical quantitation level

Calibration was done in DCTW in triplicate and average values are presented
in Table SIII. MDL is calculated from the standard deviation (SD) of seven
replicates in DCTW spiked with 0.05 pg L' of selected OMPs.® PQL is assessed
as SDx10 which is in accordance with the rule that PQL is usually 3-5 times higher
than MDL.® Method repeatability is determined in a DCTW as the relative standard
deviation of three measurements of different extracts. Instrument repeatability is
determined as the relative standard deviation of three measurements in the same
extract. Method and instrument repeatability are satisfactory (<10 %) for all
compounds and for both concentration levels (at 0.5 and 1.5 ug L™). Biases at both
concentration levels were very satisfactory (<8 %). They are determined based on
the difference between measured calibration concentration and the expected
calibration concentration (at 0.5 and 1.5 pg L™).

For calibrations in algal matrices, linearity was confirmed in range 0.1-1.5 pg

L' (Fig. S2). To cover variations in detector sensitivity, the peak area of each
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analyte was divided by the peak area of the internal standard mecoprop (A/Ais). In

applied linear range, no significant differences of A/Ais ratios were observed for

the great majority of calibration points in DCTW and DCTW matrix containing

algae (e.g. U.S. EPA Method 525.3 allows £30% change in signal for quality

control checks at mid- and high-calibration level points, while at the minimum

level reporting £50% of change from the expected value is allowed (U.S. EPA,

2012)10)
IB CF
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Fig. S2. Calibrations in DCTW and algal matrices; a) for IB; b) for CF and c)
for DCF; DCTW- dechlorinated tap water; Spirulina NF — DCTW with 4. platensis
(Spirulina) addition (6.7x10% cells L") and OMPs without filtration; Spirulina DF
- DCTW with A. platensis (Spirulina) addition (6.7x10® cells L") and OMPs
double filtered through glass-fiber and afterwards 0.45 pm membrane filter;
CHLORELLA NF — DCTW with C. vulgaris addition (3.5x10° cells L") and
OMPs without filtration;, CHLORELLA DF - DCTW with C. vulgaris addition
(3.5x10%cells L") and OMPs filtered through a 0.45 pm membrane filter.

Thus, having the linear calibrations and assuming their validity for the samples
before and after the treatment in each adsorption experiment, simple removal
calculations were applied only from ratio of OMPs chromatographic signals and
internal standard mecoprop (IS) (Eq. 1):

R= % 100% (1)
whereas:

R denotes the relative removal of OMPs in percent

So is the ratio of the peak area of the target ion of the OMP and the peak area
of the internal standard target ion in the sample before the adsorption experiment
(Ao/Aisg, proportional to the initial concentration in the samples)

S; is the ratio of the peak area of the target ion of the OMP and the peak area
of the internal standard target ion in the sample after the adsorption experiment
(Ai/Ais;, proportional to the final concentration in the samples)

The samples of each matrix before treatment were filtered by the same
procedure (GF and afterwards by MF) as the samples after PAC treatment.

Since the values before and after the adsorption experiment are measured
independently from each other, the overall error of the relative removal can be
calculated by the variance formula'’:

Sp = \/( o )? - Ss0” + (%;_)2 - Ssi® (2)

(3550

whereas:

Sr — overall error of the relative removal R

Sso and Ssi are the measurement errors of Sp and Si- Combined uncertainty of
OMPs analysis in DCTW matrix was used for their calculation. It was assessed
based on adopted acceptance limit of 30% and the biases of recovery data up to
24% (see the sub-section QC of GC/MS measurements).
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Solution of Eq. 2 results in Eq. 3:
Si -1
Sg = J(SO_Z)Z “Ss0? + (g)z - S

DOC ANALYSIS
DOC in matrices was tracked using a TOC analyzer (liquiTOCII, Elementar,
Germany). Method characterization and the results are shown in Table SIV and

3)

SV.
Table S-1V. DOC method characterization.
Linearity (mg L) 0.56-25
MDL (mg L) 0.25
PQL (mg LY 0.56
Trueness (%) 94-101
13

Precision at I mg L'! (%)
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Table S-V. Initial DOC values in matrices in the first and second experiment set.

Impact of algae addition on DOC

Matrix IEgOCC/:I: DOC difference content in comparison to DCTW,
between two sets, % %
Iset IIset I set 11 set
DCTW blank 135 1.96 31 - -
iiArth-e 1.29 1.81 29 4 -8
iiiArth-e 1.49 - - 9 -
ivArth-e 2.23 - - 39 -
vArth-e 1.65 - - 18 -
DCTW blank - 1.50 - - -
iiChlor-e 1.64 1.77 7 - 15
iiiChlor-e 1.97 1.78 -11 - 16
ivChlor-e 1.46 1.67 13 - 10
vChlor-e¢ 1.54 193 20 - 22
DCTW blank - 1.43 - - -
iiArth-s 1.70 1.69 -1 - 15
iiiArth-s 1.99 1.81 -10 - 21
ivArth-s 1.87 1.84 -2 - 22
vArth-s 229 1.96 -17 - 27
DCTW blank - 1.84 - - -
iiChlor-s 1.58 149 -6 - -23
iiiChlor-s 1.78 1.76 -1 - -5
ivChlor-s - - - - -
vChlor-s 1.77 1.95 9 - 6

Arth — A. platensis, Chlor — C. vulgaris, e — exponential growth phase, s — stationary growth phase. ii — non-
chlorinated matrix with tAOM; iii - non-chlorinated matrix with dAOM; iv — pre-chlorinated matrix with
tAOM; v — pre-chlorinated matrix with dAOM.; - not measured
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RESULTS

Table S-VI. Comparison of the removal efficiency obtained in two set of experiments

Type of

water
matrix

Number of  Removal rates for AC1 =+ error of the Removal rates for AC2 =+ error of the relative

algae - 108 relative removal, % removal, %

Microalgae (cells L1 1B CF DCF 1B CF

DCF

Iset IIset Iset IIset Iset Ilset Iset Ilset Iset Ilset Iset IIset Iset IIset

i

il

without - - 47£14 776 T7£7 93+2 93+2 9043 36+17 69+8 T76+£8 9243 99+0.3 85+4
Arth-e 8 6 53+13 5143 83+5 81+6 99+0.5 74+8 53+13 - 84+5 - 98+1 -

Arth-s 4 5 6619 - 89+4 - 87+4 - 4116 47+14 81+6 89+4 62+11 63+11
Chlor-e 2 3 4714 - 89+4 - 88+4 - NR  54+12 86+5 88+4 58+12 7448
Chlor-s 5 4 6549 - 865 - 91+£3 - 44415 56+12 7748 9243 64+11 8445
Arth-e 8 - 54+12 - 83+6 - 89+3 - le£23 - 739 - 92+2 -

Arth-s 4 5 6619 - 88+4 - 89+3 - 33£18 34+18 74+8 75+8 50+15 57«13
Chlor-e 2 3 9541 44+15 8744 764 97+1 6949 25420 17422 T79+£7 6611 16+25 39+18
Chlor-s 5 EEES - 79+£7 - 83+5 - 50+14 53£13 86+5 88+4 6810 73+8
Arth-e 8 - 61£10 - 83+6 - 97+1 - 3717 - 79+7 - 90+3 -

Arth-s 4 5 6619 - 89+3 - 89+3 - 30£19 NR 7349 19426 44+17 30+£21
Chlor-e 2 3 70+£8 63+10 90+3 88+8 91+3 78+7 5712 NR  87+4 64+12 74+8 44+16
Chlor-s 5 4  63x10 - 85+5 - 85+4 - 5811 - 87+4 - 84+5 -

Arth-e 8 - 55+12 - 76£8 - 89+3 - 39+16 - 78+7 - 7946 -

Arth-s 4 5 60£11 - 87+4 - 82+5 - 39417 39+17 79+£7 80£7 54+14 60+12
Chlor-e 2 3 63+10 - 88+4 - 88+4 - 14423 28£19 78+7 79+7 43+17 54+14
Chlor-s 5 4 669 - 6611 - 864 - 36+17 33£18 65+11 81+6 47+16 74+8

Arth — A. platensis, Chlor — C. vulgaris, e — exponential growth phase, s — stationary growth phase. i — DCTW
without algae; ii — non-chlorinated matrix with tAOM,; iii - non-chlorinated matrix with dAOM; iv- pre-
chlorinated matrix with tAOM; v — pre-chlorinated matrix with dAOM; - not repeated in second set
experiments; NR — no removal

Based on the algal cell counts presented in Table SVI, it can be concluded that
the deviation in algal abundance between first and second of experimental runs is
not significant, as it falls within the known measurement uncertainty for algal
quantification (20-30%)'%. A significant difference was observed between growth
phases, as the difference in cell density between the exponential and stationary
phases often exceeded 50%, which is well above the known 20-30% uncertainty
of the hemocytometer counting method. While these differences reflect realistic
physiological states of algae, they may have also contributed to the observed
variability in OMP removal.
Quality control procedures (QC)

QC of experimental methodology

Adsorption test without algae - Experiment repeatability was checked by the
analysis of five independent replicates of adsorption tests for AC2 in dechlorinated
tap water (matrix (i), dose 5 mg L', 2 h contact time, Figure S1). The relative
standard deviation (RSD) of signal normalized for IS peak (A/Ais) was for IB, CF
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and DCF 17, 2 and 0.8 %, respectively. Nine months later the triplicate of the same
test gave RSD of 2 %, 1 % and 1 %, for IB, CF and DCF, respectively.

Adsorption test with algae — Repeatability was checked by three independent
adsorption tests in matrix (ii), with AC2 dose 5 mg L' and 2 h contact time (Figure
S1). Both microalgae in stationary phase (4 and 5x10° cells L) were tested. RSD
of signal normalized for IS peak (A/Ais) in case of C. vulgaris was for IB 12 %,
for CF 1 % and for DCF 0.1 %. In the case of A. platensis RSD of signal
normalized for IS peak (A/Ais) was <6 % for all OMPs.

Repeatability of adsorption tests in time - 14 experiments out of 32 were
repeated after nine months (three for AC1 and 11 for AC2). Obtained results are
shown in Table SVI. The values from the first set of adsorption test and the same
tests repeated after 9 months were compared. All tests for ACl in matrix
containing algae showed differences less than 30 % for CF and for DCF, while for
IB one showed 50 % difference, which is higher than expanded uncertainty of the
analysis (38 %). For AC2, no tests with algae for DCF showed significant
differences in removal rates, while for CF and IB, one and three tests had very low
repeatability, respectively. A possible reason for this could be the fact that the
matrices with algae are living systems and/or accuracy of preparing the solution
varies as shown before in addition to the fact that accuracy of counting method of
algal cells is between 20-30 %.'? The applied criteria for declaring significant
differences (> 30%) related to OMPs analysis is same as mentioned above.

QC of GC/MS measurements

Recovery test

An independent control standard check (OMPs ¢=0.5-0.7 pg L) as the mid-
calibration point was processed and analyzed exactly like a sample in laboratory
routine work during one year. Single, same extract was repeatedly analyzed within
one batch of measurements after each 10 samples (5-20 measurements of control
standard within a batch). In total, data for 6 such batches were available during one
year. Recoveries for all OMPs were between 78-124 %. During the analysis of the
samples from the first set of experiments, this independent control standard check
showed biases from expected values in the range 9-24 % with RSD of recovery
values in the range of 1-2 % for all OMPs. Similarly, in the case of the second set
of experiments, after nine months, biases from expected recovery values were in
the range 7-20 % with RSD for recoveries of 3-4 % for all OMPs. Similar to the
methodology provided in ISO/DIS 11352:2024" standard, Annex C4, and based
on the mentioned recovery values, combined uncertainty was calculated and
obtained as 19 % for IB, 21 % for CF and 23 % for DCF.

Extraction and derivatization were monitored by check of internal standard
mecoprop which was added into samples before extraction. For a total of 116
samples (32 experiments and 14 repeated, in total 12 batches of GC/MS analysis)
RSD of target ion peak surface was 15 %, regardless of the water matrix used. In
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the same time IS phenanthrene d-10 was used to assess the work of instrument
without sample preparation and, only reflects gas-chromatography procedure.
RSD of target ion peak surface was 19 %.
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Abstract: The first week of November 2025 saw two events in Belgrade celeb-
rating one hundred years of quantum mechanics and its impact on chemistry and
molecular science. The Centennial of Quantum Theory: Progress in Atomic and
Molecular Structure (CEQPAS) brought together researchers from across Europe
and beyond to reflect on the scientific legacy of quantum theory and to showcase
current advances in atomic and molecular spectroscopy, collision processes relevant
to plasma research, chemical bonding, quantum chemistry, and the design of
functional molecules, astrochemistry, the use of AI/ML for the analysis and gen-
eration of atomic and molecular data and wider applications of quantum science.
Immediately after CEQPAS, a new international initiative was launched: MOL-
ecular Excited State spectroscopy (MOLESs), whose primary goal is to develop
an atlas of molecular electronic structure and excited-state spectroscopy that rig-
orously integrates experiment and theory. Together, CEQPAS and MOLESs align
historical perspective with future capability, positioning Belgrade as a regional
hub for quantum-enabled molecular science.

Keywords: atomic and molecular spectroscopy; collision processes; plasma
physics; machine learning for spectroscopy; electronic structure; quantum chem-

istry.
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In 1925, quantum mechanics emerged from an intellectual rupture. Werner
Heisenberg, then a young research assistant in Gottingen, retreated to the North
Sea island of Helgoland to recover from hay fever and confront the mounting
contradictions of atomic theory.! Working late into the night with tables of spectral
lines, he set aside unobservable electron orbits and rebuilt the theory using only
measurable quantities such as transition frequencies and intensities. The result was
his quantum-theoretical reinterpretation paper.2 Heisenberg later described the
moment he realised the mathematics worked: he felt he was looking “through the
surface of atomic phenomena into a strangely beautiful interior”, became “far too
excited to sleep”, and went to the southern tip of the island where he climbed a
rock and waited for the sunrise.

Within months, Born and Jordan recast Heisenberg’s scheme into matrix
mechanics, a formalism that recovered selection rules and line strengths drawn
from spectroscopy.3 Pauli introduced the exclusion principle,4 and Uhlenbeck and
Goudsmit proposed electron spin to explain fine structure and the anomalous
Zeeman effect.? Early in 1926, Schrodinger formulated wave mechanics and derived
the hydrogen spectrum, later showing its equivalence to matrix mechanics,® while
Born provided the statistical interpretation that linked calculated amplitudes to
observed line intensities.” Throughout these developments, spectroscopy supplied
both the puzzles and the tests; it was spectroscopy that compelled quantum theory
into being.

A century after Heisenberg’s Helgoland breakthrough, the historical arc
turned toward Belgrade. In the first week of November 2025, two landmark inter-
national events were organised by two institutes of national importance: the Institute
of Physics Belgrade (IPB) and the Institute of Chemistry, Technology, and Metal-
lurgy (ICTM). IPB hosted the international conference Centennial of Quantum
Theory: Progress in Atomic and Molecular Structure (CEQPAS, Fig. 1).8 Serbian-
-based researchers were joined by colleagues from Europe, India, New Zealand
and Latin America, gathering not only to celebrate the intellectual leap of 1925 but
also to examine how that leap continues to shape modern science.

The opening lecture was delivered by Nigel Mason (University of Kent, UK),
who reconnected the historical origin of quantum mechanics to present-day scien-
tific challenges. Mason argued that spectroscopy was central to the birth of quan-
tum mechanics, having first revealed the breakdown of classical physics, and remains
the method most closely linked to quantum principles. He noted that major refor-
mulations of quantum theory have often followed advances in spectroscopy, from
early optical emission studies to modern free-electron lasers. Looking ahead, THz
spectroscopy was highlighted as the next frontier for probing intermolecular forces
and structural dynamics in soft matter.%>10 Mason also warned that progress relies
not only on instrumentation but on retaining expertise, as the field risks losing
specialised knowledge faster than it can be renewed. He underscored that spectro-
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scopic data underpin developments in quantum computing, astrophysics, environ-
mental chemistry and nanotechnology, and called for long-term stewardship through
open repositories, shared protocols and sustained training. The opening session,
which included representation from the British Embassy in Belgrade and coverage
by Radio Television of Serbia, marked the growing recognition of quantum science
as a driver of collaboration and technological progress.

Fig. 1. CEQPAS conference group photo. Credits: Dugan Panteli¢ & Bojan Zivojinovi.

What followed during CEQPAS demonstrated this idea in concrete scientific
terms, with spectroscopy and quantum theory appearing in contexts that could not
have been imagined by Heisenberg in 1925. Andjelka Kovacevi¢ adapted correlation
spectroscopy, originally developed for molecular systems, to analyse variability in
supermassive black holes using quantum neural process models,!! effectively
treating accretion discs as spectroscopic systems and enabling tests of scenarios in
which ultralight bosons form gravitationally quantised states. Larissa Lopes Caval-
cante (University of Otago, New Zealand) examined cryogenic hydrocarbon and
nitrogen-bearing ices relevant to Titan, showing through infrared spectroscopy and
vacuum-ultraviolet photolysis that the degree of molecular ordering, crystalline or
amorphous, controls both spectral signatures and photoreactivity.!2 Milan Milova-
novi¢ extended the astrochemical perspective by benchmarking the vibrational and
electronic spectra of fullerenes and their hydrogenated derivatives, identifying
computational strategies suitable for astronomical assignments. Bratislav Marin-
kovi¢ then led a guided tour of the IPB facilities, presenting the Omicron High-
-Resolution Hemispherical Analyser (OHRHA),!3 a shielded crossed-beam spect-
rometer capable of resolving electron-atom interactions with sub-0.1 eV precision,
alongside the UGRA (UGaona RAspodela, Angular Distribution) system,!4 which
measures angular-dependent differential cross sections and underpins the derivation
of integral and momentum-transfer cross sections essential for plasma, atmospheric
and environmental modelling. These contributions all pointed to the same realis-
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ation: spectroscopy is not only a tool for identifying molecular structure, but also
our means of accessing chemistry in environments that cannot be reached physic-
ally, from planetary surfaces to the vicinity of black holes.

CEQPAS then shifted from spectroscopy to collisions. David Field (Aarhus
University, Denmark) presented low-energy electron collisions in condensed
molecular films and introduced spontelectrics: spontaneously polarised thin films
where internal electric fields alter electron scattering.!> Bobby Antony (Indian
Institute of Technology Dhanbad, India) presented an overview of modern elect-
ron—molecule scattering theory,!¢ outlining how current methods address a wide
range of energies while still facing challenges for complex polyatomic and spin-
-relativistic targets, and showing how recent advances are beginning to make these
systems tractable. Pamir Nag (J. Heyrovsky Institute of Physical Chemistry, Czech
Republic) showed that dissociative electron attachment can require symmetry low-
ering for bond cleavage to occur, providing an example where allowed and forbid-
den pathways depend on transient geometry.!7 Nikola Cvetanovi¢ showed how
Stark spectroscopy serves as a non-intrusive probe of strong electric fields in low-
-temperature plasmas, using line splitting and shifts of hydrogen and helium emis-
sions to map sheath fields that develop near plasma boundaries.!8 Nikola Skoro
showed how non-thermal atmospheric-pressure plasma jets act as reactors that
generate and deliver reactive oxygen and nitrogen species into water, illustrating
how such plasmas can be harnessed for plasma-based water treatment with rel-
evance to environmental remediation, agriculture and medicine.!® The first day
concluded with public lectures by Nenad Vukmirovié, on quantum aspects of
electron transport in solar-cell materials and Slobodan Bubnjevi¢, on the early
history of quantum mechanics through key figures of the Solvay conferences.
Framed by these broader perspectives, the day’s programme reinforced that
collision processes, once central to the derivation of quantum mechanics, now
underpin applications in plasma agriculture, plasma medicine and environmental
technologies.

The second day opened with a session on physical chemistry. After briefly
linking quantum mechanics and spectroscopy to the design of functional molec-
ules, including therapeutics relevant to neglected tropical diseases,20 Felipe Fantuzzi
(University of Kent, UK) argued that many core chemical concepts, devised before
quantum mechanics, must be reformulated in a quantum language, recasting the
foundations of chemistry itself. He then demonstrated that chemical bonding is a
manifestation of quantum interference.2! Caué Souza (University of Kent, UK)
presented a new computational protocol to reproduce the laboratory vacuum-
ultraviolet absorption spectra of cryogenic ices, providing phase-sensitive bench-
marks relevant to planetary and interstellar environments.?223 Dugan Veljkovi¢
introduced strategies to reduce sensitivity in energetic materials by tuning local
electrostatic potential, 24 and the discussion highlighted opportunities for collabor-
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ation with forensic science and dual-use research areas. Astrochemistry returned
in the contribution by Heidy M. Quitian-Lara (Max Planck Institute for Extra-
terrestrial Physics, Germany), who showed how high-resolution spectroscopy and
radiation-induced fragmentation experiments, paired with quantum-chemical cal-
culations, can map the stability, reactivity and formation pathways of interstellar
molecules and interpret astronomical observations.25:26 The session concluded
with a quantum-chemical study of non-covalent sulphur interactions by Ivana Velj-
kovi¢,27 extending the -hole concept to rationalise chalcogen bonding.

The programme then turned to the conceptual foundations of quantum mech-
anics and to the emerging role of artificial intelligence (AI) and machine learning
(ML) in physical science. Nenad Simonovi¢ discussed quantum diffraction and
interference in atomic processes and showed that time-resolved superpositions of
electron wave packets generate dynamic and exchange interference, enabling
phase retrieval and the clear discrimination of competing scattering channels.28
Igor Salom revisited the Wigner’s friend paradox, challenging assumptions about
the boundary between quantum and classical descriptions of observers. Sasa Dujko
re-examined the Franck—Hertz experiment with modern diagnostics, showing that
energy exchange and electron spatial relaxation in gases are richer than the classic
picture suggests.2? Ivan Bel¢a showed that an Al system can autonomously generate
a complete spectroscopy workflow, raising the question of whether Al-generated
datasets may eventually complement or replace new experiments. Vladimir Sre¢-
kovi¢ demonstrated how small molecules shape astrophysical spectra through col-
lisions and radiation, emphasising the need for accurate cross sections, robust data-
bases and non-local thermodynamic equilibrium models, and noted that Al can
help interpolate sparse data and guide future measurements.30 Dimitrije Maleti¢
reviewed how Al and ML support modern high-energy and nuclear-physics experi-
ments, from event selection and pattern recognition to real-time decision systems.
Lastly, Vladimir M. Petrovi¢ examined the capacities and limits of current Al, argu-
ing that understanding it requires moving beyond black-box use toward transparent
mechanisms tested across both physical and virtual environments.

The conference closed with remarks by Jelena Maljkovi¢, who emphasised that
CEQPAS had showcased substantial progress, yet also revealed how much remains
to be done. Across spectroscopy, collision science, physical chemistry, astrochem-
istry and Al, a recurring message emerged: quantum mechanics is not a finished
theory, and spectroscopy remains the discipline that reveals where its limits and
opportunities lie. Many speakers highlighted the need for coordinated infrastruc-
tures, openly accessible data and sustained training to ensure that experimental and
computational knowledge does not dissipate as facilities evolve and generations
change. CEQPAS demonstrated that quantum science has become a collective,
international endeavour that links fundamental questions to applications with soci-
etal impact, from plasma medicine to environmental remediation and space missions.
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Immediately after CEQPAS, the MOLecular Excited State spectroscopy
(MOLESs)3! initiative was launched at ICTM’s historic building, where the Ser-
bian Chemical Society was founded in 1897. MOLESs seeks to create a modern
atlas of molecular excited states, taking inspiration from Melvin Robin’s Higher
Excited States of Polyatomic Molecules book series.3234 The consortium will
assemble experimental and theoretical excited-state spectra across molecular fam-
ilies, phases and spectral regions, accompanied by reproducible protocols, bench-
mark datasets and fully accessible digital resources. If CEQPAS revisited the
century that spectroscopy shaped, MOLESs prepares the century that spectroscopy
will define; where CEQPAS celebrated the discovery of quantisation, MOLESs
commits to charting the landscape of electronic structure. CEQPAS looked back
to 1925; MOLESs looks forward.

In 1925, spectroscopy forced scientists to abandon classical pictures and
create quantum mechanics. In 2025, spectroscopy again calls for collective action,
not to reinvent quantum mechanics, but to organise and share the data required to
use it. Belgrade, for one week in November, became a focal point where the legacy
of quantum theory met its future applications in chemistry and molecular sciences,
linking spectroscopy to planetary science, plasma medicine and data-driven discov-
ery. The arc from Heisenberg in Helgoland to CEQPAS and MOLES:s is conti-
nuous: spectroscopy reveals structure, quantum mechanics explains it, and the next
century of discovery will depend on the ability to preserve, organise and interpret
the spectra that have always been quantum mechanics’ most important teacher.
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H3BOJ
CTOIrOOUIIIHBUIIA KBAHTHE TEOPUJE Y BEOT'PALY: CEQPAS U MOLESs
WHHULIWUJATHUBA

FELIPE FANTUZZI', JEJIEHA B. MAJbKOBWR 2, MATHJA 3JIATAP 3, CAUE P. SOUZA', HEIDY M. QUITIAN-LARA?,
PAMIR NAG?®, BOBBY ANTONY®, BPATHCJIAB I1. MAPUHKOBUWH ? u NIGEL J. MASON’

School of Natural Sciences, University of Kent, Park Wood Rd, Canterbury CT2 7NH, UK, *Huciiuiiyia 3a
usuxy, Ynuepsuinein y Beoipagy, peipesuua 118, Beoipag, > Hnciiuiiyw 3a XeMujy, TEXHOLOTUfY U
Meinanypiujy, Ynuspsuiei y Beoipagy, Fbeiowega 12, 11000 Beoipag, *“Max Planck Institute for Extra-
terrestrial Physics, Giefenbachstrafe 1, Garching 85748, Germany, °J. Heyrovsky Institute of Physical
Chemistry, Czech Academy of Sciences, Dolejskova 2155/3, 182 23 Prague, Czech Republic, *Department of
Physics, Indian Institute of Technology (ISM), Dhanbad, 826004, Jharkhand, India u ’School of Engineering,
Mathematics and Physics, University of Kent, Park Wood Rd, Canterbury CT2 7NH, UK

ITpea Hepema HOBemOpa 2025. ronvHe y beorpapy duna je odenexeHa ofp’KaBamkeM IBa
norahaja mocseheHa CTOrOAWIIKBALN KBAaHTHE MEXaHUKE U HEHOM YTHLAjy Ha XeMHjy U MoJe-
xyincke Hayke. Kondepenuuja Centennial of Quantum Theory: Progress in Atomic and Molecular
Structure (CEQPAS) oxynuna je ucrpakuBaue u3 EBporne u cBeTa kako OU AWCKYTOBaJIX O Hay-
YHOM Haciiehy kBaHTHE TeopHje U IPeACTaBUIM aKkTyeslHa JOCTUTHyha y aTOMCKOj ¥ MOJIEKyJICKO]
CMEKTPOCKOIHjH, CyNapHUM ITPOLIECHMMA PEIeBAaHTHUM 3a (DU3UKY IUIa3Me, aHAIM3U XeMHjcKe
Be3e U IM3ajHy (PYHKIHOHATHUX MOJIEKy/Ia, aCTPOXEMHUjH, IPUMEHH BellTayke HHTETUTeHIIje U
MaIIMHCKOT yYera y aHaIM31 ¥ TeHepUCaby aTOMCKHUX U MOJIEKYJICKHX IT0JjaTaka, Kao v y LINPUM
mpuMeHaMa KkBaHTHe Hayke. Opmax mo 3aspietky CEQPAS nokpenyTa je HoBa mehyHaponHa
uHuuujatTuBa: MOLecular Excited State spectroscopy (MOLESS), 4Mju je NpUMapHH LWb Pa3Boj
aTiaca eJIeKTPOHCKE CTPYKTYPE U CMIEKTPOCKOIIHje eKCLIMTOBAaHUX CTama MoJleKysia koju he puro-
PO3HO MHTErpucaT ekcliepuMeHT U Teopyjy. 3ajenHo, CEQPAS u MOLESs nosesyjy UCTOPHjCKY
nepcrexkTuBy ca dynyhum moryhHocTiMa, mo3vnuonnpajyhu beorpas kao perdoHaaHU LieHTap
MOJIEKYJICKMX HayKa 3aCHOBaHMX Ha KBAHTHOj MEXaHHUIIH.

(TTpumibero 18. HoBemBpa, pesunrpano 20. HoBemOpa, nprxsaheHo 25. Hopemdpa 2025)
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