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Microwave-assisted synthesis of a series of 4,5-dihydro-1H-
-pyrazoles endowed with selective COX-1 inhibitory potency

MEHLIKA DILEK ALTINTOP!, HALIDE EDIP TEMEL? and AHMET OZDEMIR !*

! Department of Pharmaceutical Chemistry, Faculty of Pharmacy, Anadolu University, 26470
Eskisehir, Turkey and ?Department of Biochemistry, Faculty of Pharmacy, Anadolu
University, 26470 Eskisehir, Turkey

(Received 7 September, revised 22 November, accepted 30 December 2022)

Abstract: Considerable efforts have been directed towards the discovery of
selective cyclooxygenase isoxyme 1 (COX-1) inhibitors due to the recent work
highlighting the involvement of COX-1 in the pathogenesis of pain, neuroinf-
lammation, cancer and cardiovascular disorders. In this context, this paper aims
to describe 2-pyrazolines endowed with selective COX-1 inhibitory potency.
An efficient microwave-assisted synthetic method was applied for the prepar-
ation of a series of pyrazolines, which were tested for their COX-1 and cyclo-
oxygenase isoxyme 2 (COX-2) inhibitory effects using a colorimetric assay.
The cytotoxic properties of the most potent derivatives on NIH/3T3 fibroblast
cells were determined using MTT method. 1-(3-Fluorophenyl)-5-(3,4-methyl-
endioxyphenyl)-3-(2-thienyl)-4,5-dihydro-1H-pyrazole (2g) and 1-(3-bromo-
phenyl)-5-(3,4-methylendioxyphenyl)-3-(2-thienyl)-4,5-dihydro-1 H-pyrazole (2h)
were determined as selective COX-1 inhibitors. According to the in silico data
obtained from Schrédinger’s QikProp module, both compounds are estimated
to possess favourable oral bioavailability and drug-likeness. This work could
be a rational guideline for further modifications at different sites on 2-pyra-
zoline motif to bring out a new class of selective COX-1 inhibitors.

Keywords: pyrazoline; microwave heating; cyclooxygenase-1 inhibition.

INTRODUCTION

Prostanoids (prostaglandins (PGs), thromboxane and prostacyclin) belong to
the eicosanoid family of lipid mediators generated from arachidonic acid
(AA).12 Prostanoids play a central role in numerous physiological (e.g., gastro-
intestinal (GI) integrity) and pathological (e.g. inflammation) processes.23

Cyclooxygenase (COX) is a rate-limiting enzyme implicated in the conversion
of AA into prostanoids. There are two COX isozymes, namely the constitutive
COX-1 and the inducible COX-2.2 Both COXs possess similar structures, catalytic

* Corresponding author. E-mail: ahmeto@anadolu.edu.tr
https://doi.org/10.2298/JSC220907001 A
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3 5 6 ALTINTOP, TEMEL and OZDEMIR

features, and subcellular localizations? and yield the same product, prostaglandin
H,. However, COX isozymes differ in terms of expression, tissue distribution, and
biological tasks.* COX-1 contributes to homeostasis in most tissues (e.g., platelets,
GI tract, kidney, brain, lung, liver and spleen) where it is expressed under normal
physiological conditions for the synthesis of PGs and exerts cytoprotective action
along with the regulation of platelet activity, gastric and renal functions.®> In
general, non-steroidal anti-inflammatory drugs (NSAIDs), which inhibit both COX
isoforms, cause GI damage through COX-1 inhibition.® In order to avoid GI
toxicity, many researchers have focused on the discovery of selective COX-2
inhibitors based on the hypothesis that PGs beneficial for GI protection were
generated solely by means of COX-1 activity, whilst PGs responsible for inflam-
mation and pain were produced exclusively through COX-2 activity.%7 However,
this assumption has lost its actuality since it is understood that COX-2 is const-
itutively expressed in some tissues and COX-1-derived PGs are also involved in
inflammation and therefore COX-1 sparing is not adequate to prevent GI tox-
icity.”:8

Recent studies have revealed that COX-1 participates in the pathogenesis of
many diseases (e.g., cancer, neuroinflammation, cardiovascular diseases and
pain).*9 It is noteworthy that low-dose aspirin is beneficial in the prevention of
cardiovascular disorders through the inhibition of platelet COX-1. In addition,
mounting evidence has also shown that long-term use of aspirin reduces the risk of
some types of cancer and other diseases such as Alzheimer's disease.”

Despite all efforts devoted to the discovery of selective COX-1 inhibitors,
there is only one selective COX-1 inhibitor (mofezolac) currently prescribed as a
non-steroidal anti-inflammatory drug (NSAID) just in Japan for the management
of pain/inflammation after surgery, trauma, or tooth extraction; lumbago, cervic-
obrachial syndrome and scapulohumeral periarthritis.?>10 SC-560 and FR122047,
selective COX-1 inhibitors commonly applied as reference agents in experimen-
tal studies, could not be introduced to the market as therapeutic agents because of
their pharmacodynamic and pharmacokinetic drawbacks.%

From a chemical structural point of view, selective COX 1 inhibitors (mofe-
zolac, SC-560 and FR122047, Fig. 1) possess a five-membered heteroaromatic
central ring in common (isoxazole in mofezolac, pyrazole in SC-560, and thia-
zole in FR122047). Moreover, two aromatic rings linked to adjacent atoms of the
five-membered heteroaromatic nucleus are found to be determinant.6-9

2-Pyrazoline (4,5-dihydro-1H-pyrazole), the partially reduced form of pyra-
zole, is a privileged member of the nitrogen-containing heterocycles due to its
indispensable role in the discovery of new therapeutic drugs with improved pot-
ency and less toxicity along with favourable pharmacokinetic profiles.!1:12 2-
-Pyrazolines have been reported to possess a broad range of biological activities
(analgesic, anti-inflammatory, antitumor, antidepressant, antimicrobial, etc.)

Available on line at www.shd.org.rs/JSCS/
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MICROWAVE-ASSISTED SYNTHESIS OF 2-PYRAZOLINES 3 5 7

known for their ability to interact with pivotal biological targets involved in div-
erse biochemical pathways.!1=27 There are many pyrazoline-based marketed
agents as well as therapeutic candidates undergoing preclinical and clinical
trials.12 Some of them exert potent analgesic and anti-inflammatory action
through the inhibition of COXs. Phenazone was the first pyrazoline-based agent
used for the management of pain and inflammation. Dipyrone (metamizole, Fig.
2), was introduced to the market nearly a century ago and it is still used an
analgesic and antipyretic drug in many countries worldwide.2”
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Mofezolac SC-560 FR122047
Fig. 1. Selective COX-1 inhibitors.
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A vast number of scientific reports related to 2-pyrazolines exerting marked
COX inhibitory potency!7-27 prompted us to design a series of pyrazoline-based
selective COX-1 inhibitors. With the given aim, the microwave (MW)-assisted
synthesis of eight 2-pyrazolines was carried out expeditiously and afterwards in
vitro experiments were performed to evaluate their potency as selective COX-1
inhibitors.

EXPERIMENTAL
General procedure

The chemicals used without further purification were obtained from commercial vendors
(Sigma-Aldrich (St. Louis, MO, USA), Merck (Darmstadt, Almanya), Acros Organics (Geel,
Belgium), and Alfa Aesar (Karlsruhe, Germany). The reactions were performed in Monowave
400 MW reactor (Anton Paar, Graz, Austria) in sealed reaction vessels, power supply voltage:
AC 230 V (£10%), 50 Hz/60 Hz, installed microwave power: 850 W, power consumption:
1600 V A, operating frequency: 2455 MHz. Compressed air cooling: 5.5 to 6 bar (80 to 87
psi). The reaction conditions are optimized by changing different temperatures and time under
solvent medium. Melting points (M.p.) were detected by means of a digital melting point
apparatus (Electrothermal, Staffordshire, UK) and are uncorrected. Thin layer chromato-
graphy (TLC) was performed on TLC silica gel 60 F254 aluminium sheets (Merck, Darm-
stadt, Germany) using petroleum ether-ethyl acetate solvent systems (3:1 and 1:1). IR spectra
were recorded on a Fourier-transform IR spectrophotometer (Shimadzu, Tokyo, Japan). 'H-
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3 5 8 ALTINTOP, TEMEL and OZDEMIR

and 13C-NMR spectra were acquired using a NMR spectrometer (at 300 and 75 MHz, respect-
ively). (Bruker, Billerica, MA, USA). Chemical shifts were expressed in parts per million
(ppm). HRMS spectra were recorded on a LCMS-IT-TOF system (Shimadzu, Kyoto, Japan).
The spectral data of the compounds are given in Supplementary material to this paper.
Synthetic procedures

General procedure for the preparation of 1-(2-thienyl)-3-(3,4-methylenedioxyphenyl)-2-pro-
pen-1-one (1)

2-Acetylthiophene (0.02 mol) was reacted with piperonal (0.02 mol) in the presence of
40 % aqueous NaOH (5 mL) in absolute ethanol (30 mL) at room temperature (rt) for 24 h.
Upon the completion of the reaction, the reaction mixture was poured into crushed ice. The
precipitate was filtered, and washed with water. After drying, the product was recrystallized
from ethanol.?®
General procedure for the preparation of 1-aryl-3-(2-thienyl)-5-(3,4-methylenedioxyphenyl)-
-2-pyrazolines (2a—h)

A mixture of compound 1 (1 mmol) and arylhydrazine hydrochloride (1.5 mmol) in
absolute ethanol (8 mL) was heated to 180 °C within 15 min and kept at this temperature for
18 min under MW irradiation in a reaction vial with magnetic stirring at 500 rpm in a Mono-
wave 400 MW reactor equipped with a ruby thermometer. Upon the completion of the react-
ion, the reaction mixture was cooled to room temperature. The precipitate was collected by
filtration and dried. The product was crystallized from ethanol.

Biochemistry

Determination of COX inhibitory activity. COX inhibitor screening assay (catalog No.:
701050) was performed to determine the inhibitory activities of compounds 2a—h (at 100 uM)
towards COX-1 and COX-2 according to the manufacturer’s guideline (Cayman, Ann Arbor,
MI, USA). All measurements were performed in triplicate and the results were expressed as
mean = SD. SC-560 (at 1 pM) was used as a selective COX-1 inhibitor, whereas drug rofe-
coxib (at 10 pM) was used as a selective COX-2 inhibitor.

Cell culture and drug treatment. NIH/3T3 mouse embriyonic fibroblast cells (ATCC®
CRL-1658™) were cultured and drug treatments were performed as reported previously.?

3-[4,5-Dimethylthiazol-2-yl]-2,5-diphenyl tetrazolium bromide (MTT) test. The level of
cellular MTT (Sigma—Aldrich, St. Louis, MO, USA) reduction was quantified as explained
earlier3? with minor modifications.’

In silico pharmacokinetic studies. QikProp, an in silico absorption, distribution, meta-
bolism, elimination (ADME) module within the Maestro suite produced by Schrédinger
(Schrodinger Release 2022-2, LLC, New York, USA), was used to predict the crucial phys-
icochemical parameters of compounds 2g and 2h for the assessment of their ADME profiles.

RESULTS AND DISCUSSION
Chemistry

The preparation of 2-pyrazolines (2a—h) followed the general pathway dep-
icted in Scheme 1. The chalcone (1) was obtained via the Claisen—Schmidt con-
densation of 2-acetylthiophene with piperonal.

MW-assisted synthesis is recognized as an advantageous and eco-friendly
technique for the rapid and efficient preparation of heterocyclic compounds inc-

Available on line at www.shd.org.rs/JSCS/
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MICROWAVE-ASSISTED SYNTHESIS OF 2-PYRAZOLINES 3 5 9

luding nitrogen-containing heterocycles.31-33 The employment of this technique in
dedicated MW reactors provides efficient and controlled heating along with excel-
lent parameter control and therefore MW heating has several advantages over
conventional heating such as shortening reaction time and obtaining products with
high purity and yield.31-35 In this work, an efficient MW-assisted protocol was
applied for the preparation of compounds 2a—h. Compounds 2a—e were previously
synthesized by our research group using a conventional method.28 The comparison
between MW and conventional techniques was made by comparing yield and total
reaction time (Table I). MW technique led to a reduction in reaction time (from
480 min to 18 min) and an increase in product yields.

1 2a-h
R=4-CN, 4-F, 4-Br, 4-CH3, 4-SO,CHj3, 3-NO,, 3-F, 3-Br

Scheme 1. The synthetic route for the preparation of compounds 2a—h. Reagents and
conditions: i) piperonal, 40 % NaOH, absolute ethanol, rt, 24 h; ii) arylhydrazine
hydrochloride, absolute ethanol, MW, 180 °C, 18 min.

TABLE I. MW technique vs conventional method for the preparation of the compounds

MW Irradiation Conventional?®
Compound R Yicld, %  Time,min __ Yield, % _ Time, min
2a 4-CN 95 18 93 480
2b 4-F 82 18 76 480
2¢ 4-Br 91 18 90 480
2d 4-CH; 73 18 47 480
2e 4-SO,CH; 94 18 63 480
2f 3-NO, 84 18 - -
2g 3-F 81 18 - -
2h 3-Br 80 18 - —

?Compounds 2a—e were previously synthesized by our research team using a conventional method.”® Com-
pounds 2f, g and h are reported for the first time in this work

Available on line at www.shd.org.rs/JSCS/
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3 60 ALTINTOP, TEMEL and OZDEMIR

The structures of compounds 2a—h were confirmed by infrared (IR), nuclear
magnetic resonance (NMR, 'H and 13C) and high resolution mass spectrometry
(HRMS).

In the IR spectra of compounds 2a—h, Fig. 3, the absence of a band at
1643.55 cm! due to the C=0 stretching 28 confirmed that the formation of the 2-
pyrazoline scaffold occurred efficiently. The C=N, C=C and C-N stretching
bands appeared in the region 1612-1419 and 1396-1107 cm™!, respectively. In
the 1H-NMR spectra of compounds 2a—h, the CH, protons of the 2-pyrazoline
scaffold resonated as a pair of doublet of doublets at 3.08-3.26 ppm (C4-Hp)
(Jag=17.28 to 17.64 Hz, Jax 4.95-6.81 Hz) and 3.84-4.00 ppm (C4-Hp) (Ja
17.25-17.70 Hz, Jgx 11.91-12.06 Hz).

2a-h

Fig. 3. The ABX system of the pyrazoline
R=4-CN, 4-F, 4-Br, 4-CH3, 4-SO,CHj3, 3-NO,, 3-F, 3-Br  scaffold belonging to compounds 2a-h.

The CH proton appeared as a doublet of doublets at 5.36—5.63 ppm (Cs-Hx)
(UBx 11.85-12.06 Hz, Jox 4.95-6.81 Hz). The O—CH,—O protons gave rise to a
singlet or a doublet in the region 5.97—6.04 ppm. The 13C-NMR chemical shift
values of the carbons at 44.14-44.63 ppm (C4), 62.53-64.11 ppm (C5) and
144.46-154.85 ppm (C3) supported the 'H-NMR data confirming the formation
of the pyrazoline motif. The HRMS data of compounds 2a—h were also con-
sistent with other spectral data.

Biochemistry

A colorimetric test was conducted to assess the inhibitory effects of com-
pounds 2a—h on COX-1 and COX-2 (Table II). Among compounds 2a—h, com-
pounds 2g and h were found to selective COX-1 inhibitors as compared to SC-
-560. The inhibition of compounds 2g and h at 100 uM for COX-1 were found as
50.92+2.80 and 57.70+2.64 %, respectively as compared to SC-560 (97.36+
+2.62 % at 1 pM), a selective COX-1 inhibitor. m-Fluoro and m-bromo substi-
tuents enhanced COX-1 inhibitory potency.

The replacement of the halogen atom with the nitro group (compound 2f) led
to the loss of COX-1 inhibitory potency. However, m-nitro substitution gave rise
to selective COX-2 inhibitory activity (36.48+2.18 %). p-fluoro substitution
(compound 2b) caused the loss of inhibitory potency towards both COXs,
whereas p-bromo substitution (compound 2¢) resulted in selective COX-2 inhi-
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MICROWAVE-ASSISTED SYNTHESIS OF 2-PYRAZOLINES 3 6 1

bitory potency (26.30+£3.46 %). The inhibition of compounds 2¢ and f at 100 uM
were detected as 26.30+3.46 and 36.48+2.18 %, respectively in comparison with
rofecoxib (98.36+£1.86 % at 10 uM), which is a selective COX-2 inhibitor.
Compounds 2a, b and e did not show any inhibitory activity towards COXs.
According to the results, p-cyano, p-fluoro and p-methylsulfonyl groups led to
the loss of COX inhibitory activity.

TABLE II. The inhibitory effects of compounds 2a—h, SC-560 and rofecoxib on COXs
Inhibition, %

Compound (100 pM)

COX-1 COX-2
2a - -
2b - -
2¢ - 26.30+3.46
2d 9.65+1.56 -
2e - -
2f - 36.48+2.18
2g 50.92+2.80 -
2h 57.70+2.64 -
SC-560 (1 uM) 97.36+2.62 -
Rofecoxib (10 pM) - 98.36+1.86

Compounds 2g and h, the most potent COX-1 inhibitors in this series, were
subjected to MTT assay for the evaluation of their cytotoxicity towards NIH/3T3
(normal) cells. Both compounds did not exhibit any cytotoxicity towards NIH/
/3T3 cell line at the tested concentrations (/Csqg > 500 uM).

In silico ADME prediction. In silico approaches are frequently used to assess
pharmacokinetic profiles of drug candidates in drug development process since
ADME experiments are not only costly and time-consuming for a vast number of
chemicals, but also require a large number of animal tests and the corresponding
ethical procedures.36 In this context, a computational study for the prediction of the
pharmacokinetic features of compounds 2g and h was performed (Table III). The
predicted values for total solvent accessible surface area (SASA), van der Waals
surface area of polar nitrogen and oxygen atoms (PSA), octanol/water partition
coefficient (OPlog Po/w) and binding to human serum albumin (QPlog Khsa) values
were detected within the optimum range.

The predicted apparent Caco-2 cell permeability (OQPPCaco) values of com-
pounds 2g and 2h were found to be higher than 500 and therefore both compounds
are estimated to possess good intestinal permeability. Compounds 2g and h are also
predicted to possess 100.000% human oral absorption. Furthermore, both com-
pounds violated only one parameter of Lipinski’s and Jorgensen’s rules, making
them drug-like molecules endowed with favourable oral bioavailability.

The capability of a drug to penetrate the blood-brain barrier (BBB) is
required for its use in the treatment of central nervous system (CNS) dis-

Available on line at www.shd.org.rs/JSCS/

(CC) 2023 SCS.



3 62 ALTINTOP, TEMEL and OZDEMIR

orders.38:39 Predicted brain/blood partition coefficient (OPlog BB) was used to
estimate the BBB permeability of each compound. The QPlog BB values of both
compounds were detected within the recommended values. Moreover, Madin—
—Darby canine kidney (MDCK) cell permeability is an additional criterion which
is widely used for the assessment of BBB penetration.40:4! The estimated appar-
ent MDCK cell permeability (QPPMDCK) values of both compounds were
found to be higher than 500. Based on the in silico data, compounds 2g and h are
predicted to possess the ability to cross BBB.

TABLE III. Predicted pharmacokinetic features of compounds 2g and h

Property or descriptor Compound 2g Compound 2h  Range or recommended values
SA4S4 589.893 605.657 300.0-1000.0

PSA 32.674 32.687 7.0-200.0

OPlog Po/w 5.704 6.041 -2.0-6.5
QPPCaco 8585.887 8883.859 <25 poor, >500 great
QPlog BB 0.730 0.813 -3.0-1.2
OPPMDCK 10000.000 10000.000 <25 poor, >500 great
QOPlog Khsa 1.009 1.112 -1.5-1.5

Human oral absorption, % 100.000 100.000 >80 % is high, <25 % is poor
Rule of Five® 1 1 Maximum is 4

Rule of Three” 1 1 Maximum is 3

“Rule of Five: number of violations of Lipinski’s rule of five. The rules are: molecular weight of the compound
<500, QPlog Po/w < 5, hydrogen-bond donor atoms < 5, hydrogen-bond acceptor atoms < 10. Compounds that
provide these rules are considered as drug-like molecules; ®Rule of Three: number of violations of Jorgensen’s
rule of three. The three rules are: predicted aqueous solubility (OPlog S) > 5.7, QPPCaco > 22 nm s, primary
metabolites < 7. Compounds with fewer (and preferably no) violations of these rules are more likely to be orally
available agents®’

CONCLUSION

In this paper was described an efficient MW-assisted protocol for the
preparation of a series of pyrazolines (2a—h), which were investigated for their
inhibitory effects on COXs at 100 uM using an in vitro colorimetric assay.
According to in vitro experimental data, compounds 2g and h were determined as
selective COX-1 inhibitors in this series, as compared to SC-560. MTT test was
applied to assess their cytotoxic effects on NIH/3T3 cells. None of the com-
pounds displayed any cytotoxicity towards NIH/3T3 cell line at the tested con-
centrations. In silico ADME prediction was performed for the assessment of their
pharmacokinetic features. Compounds 2g and h are predicted to have favourable
oral bioavailability and drug-likeness. Based on this work, a new generation of
pyrazolines could be designed through the molecular modification of compounds
2g and h for the treatment of many diseases in which selective COX-1 inhibition
is required.
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SUPPLEMENTARY MATERIAL

Additional data and information are available electronically at the pages of journal
website: https://www.shd-pub.org.rs/index.php/JSCS/article/view/12058, or from the corres-
ponding author on request.

U3BOJ
MUKPOTAJIACHA CUHTE3A CEPUJE NEPUBATA 4,5-TUXUOPO-1H-ITUPA30JIA KOJU
I[TOCELYJY U3PAXEHY UHXUBUTOPHY AKTUBHOCT ITPEMA COX-1

MEHLIKA DILEK ALTINTOP', HALIDE EDIP TEMEL? u AHMET OZDEMIR'

'Department of Pharmaceutical Chemistry, Faculty of Pharmacy, Anadolu University, 26470 Eskigehir,
Turkey u “Department of Biochemistry, Faculty of Pharmacy, Anadolu University, 26470 Eskisehir, Turkey

YuumeH je 3HauajaH MOKyLIajy NpoHanaxkewy ceneKTUBHUX COX-1 MHXUOUTOpA TOKOM
CKOPHjHUX UCTpa’KHBama O 3Havajy HHXUOUTOpa u3o3uma 1 uukinooxcurerase (COX-1) y maro-
reHe3u 0osna, ymajse HeypoHa, KaHIepy, W KapAuo-BacKyJlapHUM mnopemehajuma. ¥ Tom
npasly, Yy 0BOM pajly ONMCaHH Cy JEpUBATH 2-NIMPa30IvHa KOjU IOCenyjy CloCcoOHOCT cenek-
tuBHe uHxudunje COX-1. [IpumemneHa je edbukacHa MeTola MUKpOTalacHe CUHTe3e 3a Nodu-
jame cepuje MUpa30oNMHA KOjU Cy TecTUpaHu kao uHxuouTtopu COX-1 m uHxudurtOopa H30-
KcuMa 2-nuknookcureHase (COX-2) mpuMeHOM KosopumeTpujcke Metone. LIMToTOKCcHYHA
aKTHBHOCT HajaKTUBHMjUX Jepuara je oppehena Ha NIH/3T3 henujama dubporuiacta mpu-
meHom MTT meroma. IlokasaHo je ma cy mepuBatu 1-(3-dmyopdennn)-5-(3,4-meTunenu-
oxcudenun)-3-(2-tuenun)-4,5-guxunpo-1H-nupason (2g) u 1-(3-dpomdenun)-5-(3,4-met-
uneguokcudeHun)-3-(2-tuennn)-4,5-guxunpo-1H-nupason (2h) cenexrusHn COX-1 HHXH-
Outopu. Ha ocHOBY nopataka fodujeHux in silico mpopauyHuma nomohy Schrodinger QikProp
MofyJa, IPOLEHEHO je Aa 0da jenumemha UMajy IOBOJBHY OPaaHy OMONOCTYIHOCT U NMOBOJbHE
ocoduHe 3a mpumMeHy kao Jyiek (drug-likeness). OBaj pax 61 Morao na Oyne ocHoBa 3a HCTpa-
YKUBambe Ja/buX MoouduKaija Ha Pa3THUYUTHM T03ULIHjaMa 2-THPA30JIMHCKOT je3rpa y Luby
CHHTE3€ HOBe Ki1ace cenekTuBHUX COX-1 naxuduropa.

(ITpumibero 7. centembpa, pesuarpaHno 22. Hoemdpa, mpuxsaheno 30. nenembpa 2022)
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SUPPLEMENTARY MATERIAL TO
Microwave-assisted synthesis of a series of 4,5-dihydro-1H-
-pyrazoles endowed with selective COX-1 inhibitory potency
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1-(4-Cyanophenyl)-5-(3,4-methylenedioxyphenyl)-3-(2-thienyl)-4,5-dihydro-1 H-pyrazole (2a)*3

Beige powder. M.P.: 156-158 °C. IR v, (cm™!): 3103, 3076, 2976, 2899, 2208, 1600, 1521,
1510, 1481, 1440, 1396, 1325, 1311, 1242, 1193, 1174, 1151, 1132, 1118, 1095, 1056, 1035, 993,
958, 933, 900, 860, 840, 821, 802, 734, 727, 665. 'H NMR (300 MHz, DMSO-d;) 6 / ppm: 3.26
(dd, Jog = 17.64 Hz, Jpx = 4.95 Hz, 1H, C4-Hy pyrazoline), 4.00 (dd, Jgp = 17.70 Hz, Jgx = 11.97
Hz, 1H, C4-Hpg pyrazoline), 5.63 (dd, Jgx = 11.85 Hz, Jox = 4.95 Hz, 1H, Cs-Hy pyrazoline), 6.04
(d, J=2.40 Hz, 2H), 6.78-6.81 (m, 2H), 6.93 (d, J=7.92 Hz, 1H), 7.07 (d, /= 8.82 Hz, 2H), 7.18-
7.21 (m, 1H), 7.42 (d, J = 3.57 Hz, 1H), 7.63 (d, J = 8.85 Hz, 2H), 7.74-7.76 (m, 1H). 3C NMR
(75 MHz, DMSO-dy) ¢ / ppm: 44.3 (CH,), 62.5 (CH), 99.5 (C), 101.6 (CH,), 106.4 (CH), 109.2
(CH), 113.2 (2CH), 119.4 (CH), 120.4 (C), 128.5 (CH), 129.2 (CH), 129.5 (CH), 133.8 (2CH),
135.4 (d, J = 17.26 Hz, 2C), 146.8 (C), 147.2 (C), 147.5 (C), 148.3 (C). HRMS (m/z): [M+H]*
calcd. for C,;Hy5N30,S: 374.0958. Found: 374.0964.
1-(4-Fluorophenyl)-5-(3,4-methylenedioxyphenyl)-3-(2-thienyl)-4, 5-dihydro-1H-pyrazole (2b)*

Brown powder. M.P.: 138-139 °C. IR v,,,, (cm™!): 3082, 2960, 2885, 1604, 1504, 1496,
1481, 1442, 1373, 1361, 1315, 1288, 1247, 1224, 1180, 1153, 1109, 1078, 1033, 993, 927, 910,
866, 813, 802, 746, 707, 661. '"H NMR (300 MHz, DMSO-d;) ¢ / ppm: 3.17 (dd, J,g = 17.31
Hz, Jyx=6.81 Hz, 1H, C4-H, pyrazoline), 3.93 (dd, Jgo = 17.31 Hz, Jgx = 11.94 Hz, 1H, Cy4-
Hg pyrazoline), 5.42 (dd, Jgx = 11.94 Hz, Jyx= 6.81 Hz, 1H, Cs-Hx pyrazoline), 6.04 (s, 2H),
6.83-6.86 (m, 2H), 6.94-6.97 (m, 1H), 6.98-7.00 (m, 2H), 7.05-7.11 (m, 2H), 7.14-7.17 (m, 1H),
7.31 (d, J=3.48 Hz, 1H), 7.66 (d, J= 4.98 Hz, 1H). 13C NMR (75 MHz, DMSO-d,) J / ppm:
444 (CH,), 64.1 (CH), 101.6 (CH,), 106.6 (CH), 109.1 (CH), 114.7 (d, J = 7.49 Hz, 2CH),
115.9 (d, J=22.18 Hz, 2CH), 119.7 (CH), 123.2 (C), 128.1 (d, J= 22.19 Hz, 2CH), 136.2 (d, J=
20.52 Hz, CH), 141.5 (C), 144.5 (C), 147.1 (C), 148.2 (C), 154.9 (C), 157.9 (C). HRMS (m/z2):
[M+H]* calcd. for CooH;5FN,0,S: 367.0911. Found: 367.0917.

* Corresponding author. E-mail: ahmeto@anadolu.edu.tr
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1-(4-Bromophenyl)-5-(3,4-methylenedioxyphenyl)-3-(2-thienyl)-4, 5-dihydro- 1 H-pyrazole (2¢)*
Dark beige powder. M.P.: 107-108 °C. IR v,,, (cm!): 3105, 3070, 2962, 2899, 1589,
1481, 1442, 1381, 1319, 1240, 1193, 1128, 1118, 1107, 1093, 1072, 1035, 997, 958, 937, 898,
854, 813, 802, 748, 721, 705, 690. 'H NMR (300 MHz, DMSO-dg) 6 / ppm: 3.18 (dd, Jayg=
17.43 Hz, Jox= 6.21 Hz, 1H, C4-H, pyrazoline), 3.94 (dd, Jga= 17.25 Hz, Jgx= 12.03 Hz,
1H, C4-Hg pyrazoline), 5.47 (dd, Jgx= 12.06 Hz, Jox= 5.91 Hz, 1H, Cs-Hy pyrazoline), 6.03
(s, 2H), 6.82-6.85 (m, 2H), 6.91-6.96 (m, 2H), 7.01 (d, J = 8.70 Hz, 1H), 7.15-7.21 (m, 2H),
7.32-7.38 (m, 2H), 7.68 (d, J= 5.04 Hz, 1H). 13C NMR (75 MHz, DMSO-d;) 6 / ppm: 44.3
(CH,), 63.3 (CH), 101.6 (CH,), 106.5 (CH), 109.1 (CH), 110.3 (C), 113.5 (CH), 115.3 (2CH),
119.4 (d, J= 30.54 Hz, CH), 128.1 (d, J= 28.02 Hz, CH), 129.4 (CH), 131.9 (2CH), 136.3 (d,
J=43.55 Hz, 2C), 143.6 (C), 145.1 (C), 147.1 (C), 148.2 (C). HRMS (m/z): [M+H]" calcd. for
CyoH;5sBrN,0,S: 427.0110. Found: 427.0111.
1-(4-Methylphenyl)-5-(3,4-methylenedioxyphenyl)-3-(2-thienyl)-4,5-dihydro-1H-pyrazole (2d)*
Dark brown powder. M.P.: 152-154 °C. IR vy, (cm): 3107, 3070, 2916, 2860, 1606,
1556, 1514, 1504, 1483, 1442, 1377, 1321, 1311, 1240, 1193, 1130, 1114, 1099, 1037, 995, 939,
898, 854, 817, 804, 721, 702, 665. '"H NMR (300 MHz, DMSO-d) 6 / ppm: 2.16 (s, 3H), 3.08
(dd, Jog= 17.28 Hz, Jox= 6.54 Hz, 1H, C4-H, pyrazoline), 3.84 (dd, Jgo= 17.28 Hz, Jgx= 12.06
Hz, 1H, C4-Hg pyrazoline), 5.36 (dd, Jgx= 11.97 Hz, Jyx= 6.54 Hz, 1H, Cs-Hy pyrazoline),
5.97 (s, 2H), 6.77 (s, 2H), 6.85 (d, J= 8.37 Hz, 2H), 6.95-6.98 (m, 3H), 7.07-7.10 (m, 1H), 7.21-
7.22 (m, 1H), 7.58 (d, J= 4.86 Hz, 1H). 13C NMR (75 MHz, DMSO-d,) J / ppm: 20.6 (CHz),
44.1 (CH,), 63.8 (CH), 101.5 (CH,), 106.6 (CH), 109.0 (CH), 113.7 (2CH), 119.6 (CH), 123.1
(0), 125.6 (CH), 127.8 (d, J= 19.81 Hz, CH), 128.2 (CH), 129.9 (d, J= 16.17 Hz, 2CH), 136.6
(20), 142.4 (C), 143.7 (C), 146.9 (C), 148.1 (C). HRMS (m/z): [M+H]" calcd. for Cy;H;gN,O,S:
363.1162. Found: 363.1167.
1-(4-Methylsulfonylphenyl)-5-(3,4-methylenedioxyphenyl)-3-(2-thienyl)-4, 5-dihydro- 1 H-
pyrazole (2e)*®
Yellow powder. M.P.: 170-171 °C. IR v,,, (cmr'!): 3099, 3001, 2924, 2823, 1589, 1502,
1483, 1442, 1419, 1388, 1315, 1298, 1246, 1139, 1089, 1029, 948, 921, 900, 821, 769, 717.
TH NMR (300 MHz, DMSO-dg) 6/ ppm: 3.07 (s, 3H), 3.19 (dd, Jog= 17.58 Hz, Jyx= 5.01 Hz,
1H, C4-Hp pyrazoline), 3.96 (dd, Jgpa= 17.61 Hz, Jgx= 11.91 Hz, 1H, C4-Hp pyrazoline), 5.58
(dd, Jgx= 11.88 Hz, Jox= 5.01 Hz, 1H, Cs-Hx pyrazoline), 5.99 (d, J= 1.74 Hz, 2H), 6.74-
6.79 (m, 2H), 6.88 (d, J= 7.92 Hz, 1H), 7.07 (d, J= 8.88 Hz, 2H), 7.14 (dd, J= 4.98 Hz, J=
3.69 Hz, 1H), 7.36 (d, J=3.51 Hz, 1H), 7.65-7.69 (m, 3H). 13C NMR (75 MHz, DMSO-d;) 6 /
ppm: 44.3 (CH3), 44.6 (CH,), 62.6 (CH), 101.6 (CH,), 106.4 (CH), 109.2 (CH), 112.6 (2CH),
119.4 (CH), 128.5 (CH), 129.1 (2CH), 129.4 (CH), 129.6 (CH), 135.3 (C), 135.6 (2C), 147.3
(30), 148.3 (C). HRMS (m/z): [M+H]* calcd. for Cy H gN,04S,: 427.0781. Found: 427.0781.
1-(3-Nitrophenyl)-5-(3,4-methylenedioxyphenyl)-3-(2-thienyl)-4,5-dihydro-1 H-pyrazole (2f)
Orange powder. M.P.: 179-181 °C. IR v, (cm™!): 3113, 2914, 2887, 1612, 1570, 1519,
1498, 1481, 1438, 1379, 1344, 1319, 1242, 1205, 1186, 1111, 1099, 1033, 1008, 966, 929,
887, 856, 848, 827, 804, 786, 734, 709, 663. 'H NMR (300 MHz, DMSO-d;) ¢ / ppm: 3.22
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(dd, Jap= 17.58 Hz, Jox= 5.58 Hz, 1H, C4-H4 pyrazoline), 3.96 (dd, Jga= 17.55 Hz, Jgx=
11.94 Hz, 1H, C4-Hp pyrazoline), 5.56 (dd, Jgx= 11.88 Hz, Jox= 5.70 Hz, 1H, Cs-Hx
pyrazoline), 5.99 (d, J= 2.46 Hz, 2H), 6.78-6.83 (m, 2H), 6.89 (d, J= 7.83 Hz, 1H), 7.14 (dd,
J=3.63 Hz, J=5.01 Hz, 1H), 7.25 (dd, J=8.22 Hz and J = 2.31 Hz, 1H), 7.35 (d, J=3.60 Hz,
1H), 7.43 (t, J= 8.16 Hz, 8.10 Hz, 16.26 Hz, 1H), 7.54 (dd, J= 8.04 Hz, J=2.22 Hz, 1H), 7.68
(d, J= 5.04 Hz, 1H), 7.76-7.78 (m, 1H). 3C NMR (75 MHz, DMSO-dg) J / ppm: 44.4 (CH,),
63.2 (CH), 101.6 (CH,), 106.5 (CH), 107.1 (CH), 109.2 (CH), 113.1 (CH), 119.1 (CH), 119.7
(CH), 128.4 (CH), 128.9 (CH), 129.1 (CH), 130.8 (CH), 135.5 (2C), 145.0 (C), 146.6 (C),
147.3 (C), 148.4 (C), 149.0 (C). HRMS (m/z): [M+H]" caled. for CyoH;5N30,4S: 394.0856.
Found: 394.0862.
1-(3-Fluorophenyl)-5-(3,4-methylenedioxyphenyl)-3-(2-thienyl)-4, 5-dihydro- 1 H-pyrazole (2g)

Yellow powder. M.P.: 130-131 °C. IR vy, (cm™!): 3105, 3072, 2904, 1604, 1571, 1490,
1483, 1442, 1382, 1323, 1269, 1242, 1230, 1186, 1155, 1130, 1112, 1037, 1006, 960, 939,
891, 840, 819, 802, 761, 719, 680, 669. 'H NMR (300 MHz, DMSO-ds) 6 / ppm: 3.14 (dd,
Jap= 17.46 Hz, Jox= 5.91 Hz, 1H, C4-H, pyrazoline), 3.90 (dd, Jgp= 17.46 Hz, Jgx= 12.00
Hz, 1H, C4-Hg pyrazoline), 5.44 (dd, Jgx= 11.94 Hz, Jox= 5.88 Hz, 1H, Cs-Hy pyrazoline),
5.98 (s, 2H), 6.47-6.54 (m, 1H), 6.69-6.79 (m, 4H), 6.88 (d, J= 7.68 Hz, 1H), 7.10-7.13 (m,
1H), 7.17 (d, J= 7.23 Hz, 1H), 7.29 (d, J= 3.57 Hz, 1H), 7.63 (d, J= 5.04 Hz, 1H). 13C NMR
(75 MHz, DMSO-dg) 6 / ppm: 44.3 (CH,), 63.3 (CH), 99.9 (CH), 100.3 (CH), 101.6 (CH,),
105.1 (CH), 105.4 (CH), 106.5 (CH), 109.2 (d, J= 17.66 Hz, 2CH), 119.6 (CH), 128.4 (d, J=
14.67 Hz, 2CH), 131.1 (C), 135.7 (C), 136.1 (C), 145.4 (C), 147.1 (C), 148.3 (C), 161.8 and
164.9 (C). HRMS (m/z): [M+H]" calcd. for C,oH;5sFN,0,S: 367.0911. Found: 367.0911.
1-(3-Bromophenyl)-5-(3,4-methylenedioxyphenyl)-3-(2-thienyl)-4, 5-dihydro- 1 H-pyrazole (2h)

Beige powder. M.P.: 125-126 °C. IR vy, (cm’!): 3107, 3070, 2914, 2872, 1589, 1579,
1556, 1500, 1475, 1444, 1373, 1346, 1317, 1238, 1203, 1184, 1118, 1099, 1078, 1035, 1001,
985, 933, 910, 858, 837, 817, 758, 715, 705, 675. 'H NMR (300 MHz, DMSO-d;) 6 / ppm: 3.14
(dd, Jog=17.49 Hz, Jox= 5.82 Hz, 1H, C4-H pyrazoline), 3.89 (dd, Jga= 17.52 Hz, Jgx= 12.03
Hz, 1H, C4-Hp pyrazoline), 5.45 (dd, Jgx= 11.94 Hz, Jox= 5.82 Hz, 1H, Cs-Hy pyrazoline),
5.98 (s, 2H), 6.75-6.78 (m, 2H), 6.83-6.89 (m, 3H), 7.07-7.15 (m, 3H), 7.30 (dd, /= 3.57 Hz, J=
0.93 Hz, 1H), 7.64 (dd, J= 5.04 Hz, J= 0.93 Hz, 1H). 3C NMR (75 MHz, DMSO-d) J / ppm:
44.3 (CH,), 63.1 (CH), 101.6 (CH,), 106.5 (CH), 109.1 (CH), 112.2 (CH), 115.6 (CH), 119.6
(CH), 121.4 (CH), 122.7 (C), 128.4 (d, J=7.41 Hz, 2CH), 128.6 (CH), 131.3 (CH), 135.8 (d, J=
22.81 Hz, 2C), 145.7 (d, J= 5.97 Hz, 2C), 147.1 (C), 148.3 (C). HRMS (m/z): [M+H]" calcd. for
C,0H5BrN,0,8S: 427.0110. Found: 427.0119.
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IR, '"H AND 3C NMR, HRMS SPECTRA OF COMPOUNDS 2a-h
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Figure S-1. IR spectrum of compound 2a
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Figure S-2. 'H NMR spectrum of compound 2a
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Figure S-3. 13C NMR spectrum of compound 2a
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Figure S-4. HRMS spectrum of compound 2a

Available on line at www.shd.org.rs/JSCS/

S77

(CC) 2023 SCS.



S 78 ALTINTOP, TEMEL and OZDEMIR

110

%T

L

g

8

T R R

® . | !
S S
70 2 8 g J l'
4 \m,
‘ e
A w7 ©
60 LY P [
] RN u‘
] ! 5@2 &
] g2 Il Tl
507 1°° Ljr Sk
o b
] ! iR
1 H 58Sy
40 - ¥ 3 ~|
] A B
] ) g F
] 288 E
30 gés g 3
g E]
] g
4 - ]
] =
20 &
] g
10
T L L LB LB LB L LB L LB L T
3500 3250 3000 2750 2500 2250 2000 1750 1500 1250 1000 750
MAN-2 1/cm
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Figure S-7. 13C NMR spectrum of compound 2b
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Figure S-8. HRMS spectrum of compound 2b
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Figure S-11. 13C NMR spectrum of compound 2¢
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Figure S-12. HRMS spectrum of compound 2¢
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Figure S-19. 13C NMR spectrum of compound 2e
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Figure S-20. HRMS spectrum of compound 2e
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Figure S-23. 13C NMR spectrum of compound 2f
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Figure S-24. HRMS spectrum of compound 2f
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Figure S-27. 13C NMR spectrum of compound 2g
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Figure S-28. HRMS spectrum of compound 2¢g
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Figure S-31. 13C NMR spectrum of compound 2h
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Figure S-32. HRMS spectrum of compound 2h.
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Abstract: The interactions of actinomycin D (ActD) anticancer drug with two
bile salts of different hydrophobicity (sodium cholate (NaC) and sodium deox-
ycolate (NaDC) and the influence of these bile salts aggregates on the ActD—
—DNA complex was investigated in 10 mM phosphate buffer (pH 7.4) by UV—
—Vis spectroscopy (absorption and thermal denaturation). The binding strength
of ActD to NaDC is higher than for NaC, and this difference attests stronger
hydrophobic interactions between ActD and NaDC micelles. Also, the partition
coefficient is significantly higher for NaDC micelles than for NaC micelles, in
line with larger aggregates formed by NaDC. The spectral profile of ActD
molecules in NaC and NaDC micelles, in comparison with different solvents,
implies that ActD molecule experiences a hydrophobic environment in bile
salts aggregates. Regarding the influence of NaC and NaDC aggregates on the
ActD-DNA complex, it was shown that the presence of both bile salts micelles
do not induce the deintercalation of ActD molecules from DNA duplex.

Keywords: binding constant; partition coefficient; deintercalation.

INTRODUCTION

Actinomycin D or dactinomycin (ActD), isolated from Streptomyces species,
is a well-known antibiotic that exhibits high antitumor and antibacterial activity.
ActD is used alone, or in combination with other drugs to treat many tumors,
such as Wilms and Ewing tumors, testicular cancer, sarcomas and choriocarcin-
oma.!=3 Structurally, ActD contains a 2-aminophenoxazin-3-one chromophore
and two identical cyclic pentapeptide lactones (Fig. 1).

ActD exerts its biological activity via the inhibition of transcription by bind-
ing DNA at the transcription initiation complex and via the prevention of elon-
gation of RNA chain by RNA polymerase.4

* Corresponding author. E-mail: enachemir@yahoo.com
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Fig. 1. Molecular structures of ActD, sodium cholate (NaC) and sodium deoxycholate
(NaDC).

Bile salts are naturally occurring amphiphilic molecules, synthesized from
cholesterol in the liver, deposited in the gall bladder, and then secreted into the
small intestine. Unlike conventional surfactants, bile salts have a rigid nonplanar
steroidal skeleton with a convex side of hydrophobic groups and a concave side
which is made up of hydrophilic polar groups (typically two or three hydroxyl
groups). Beside the physiological functions like solubilization and digestion of
fats and lipids, hydrolysis of triglycerides, cholesterol elimination from the
body,3-¢ bile salts aggregates play a significant role in pharmaceutical, biochem-
ical and cosmetic fields.”-8 Due to their biocompatible and biodegradable nature,
there has been a growing interest in using bile salts aggregates as drug carrier
vehicles to increase drug transport across various biological barriers such as the
blood-brain, nasal, pulmonary and intestinal membranes.® As a result of their
particular structure and the rigidity of molecules, bile salts exhibit distinct pro-
perties of aggregation in comparison with those of traditional surfactants.!0 Vari-
ous models have been proposed to explain the uncommon aggregation behaviour
of bile salts. The primary and secondary aggregate model proposed by Small et
al. is the most widely accepted one.!!-16 According to this model, in the first
step the small primary aggregates containing 2 to 10 monomers are formed
around the critical micellar concentration (CMC) by the hydrophobic interaction
between the convex hydrophobic surfaces of monomers. In the second step at
higher concentration of bile salts, the larger secondary aggregates are formed by
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the interaction of the primary aggregates via the formation of hydrogen bonds
between the hydroxyl groups.

Due to the presence of different binding sites, bile salt aggregates are inter-
esting host systems capable to bind both hydrophobic and hydrophilic guest
molecules depending on the structure and size of the guests.!7-20

Taking into account the intracellular damage caused by reactive oxygen spe-
cies or reactive radical intermediates generated by the bioreduction of the quin-
one—imine structure of ActD,2! a possible way to overcome these toxic side
effects is to use the bile salts aggregates as drug carrier systems. Bearing this in
mind and in continuation of our interest in the study of the interaction of drugs
with biomimicking assemblies (surfactant and bile salts micelles), in this work
we have investigated the interaction of ActD with two different bile salts, sodium
cholate (NaC) and sodium deoxycholate (NaDC). NaC and NaDC bile salts con-
tain the same head group (—CH,—CH,—COO™) but NaC contains one hydroxyl
group more in the hydrophilic surface making NaC more hydrophilic than NaDC.
The present paper is divided into two parts: the first part describes the interaction
of ActD with NaC and NaDC micelles, and the second part deals with the influ-
ence of these bile salts micelles on the ActD-DNA complexes. Spectral (absorpt-
ion and thermal denaturation) measurements were used to accomplish the pro-
posed aims.

EXPERIMENTAL
Materials

Actinomycin D (98 % purity, ActD), sodium cholate (99 % purity, NaC), sodium deoxy-
cholate (97 % purity, NaDC), deoxyribonucleic acid (DNA) sodium salt from calf thymus,
pyrene and other chemicals were purchased from Sigma—Aldrich and employed as received.
Experiments were performed in 10 mM phosphate buffer (pH 7.4) and deionized water (Mili-Q
water purification system) was used for the preparation of solutions. The concentration of
ActD solution was determined using its molar absorption coefficient, & = 24450 M-! cm'! at
440 nm.?2 DNA stock solution was prepared by dissolving solid DNA in 10 mM phosphate
buffer and the exact concentration of DNA solutions was determined by measuring the abs-
orbance at 260 nm and using the molar absorption coefficient & = 6600 M-! cm'!.

Apparatus and methods

Spectrophotometric measurements were made on a Jasco V-630 spectrophotometer
equipped with a Peltier-controlled ETCR-762 model accessory (Jasco Corporation, Tokyo,
Japan) using a matched pair of quartz cuvettes with a path length of 1 cm. The absorption
spectra of ActD in 10 mM phosphate buffer (pH 7.4) and in the presence of different concen-
trations of NaC and NaDC were recorded in the wavelength range of 300—600 nm.

For thermal denaturation experiments, the absorbance at 260 nm of DNA solution,
ActD-DNA complex and ActD-DNA complex in the presence of bile salts aggregates was
measured in the temperature range 20 to 95 °C with heating speed of 1 °C/min. The melting
temperature (7,,) was taken as the midpoint of the melting curve. All measurements of T,
were repeated three times and the data presented are average values.

The hyperchromicity (H) of DNA was calculated as:?3
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Ay—4
= y
L

where Ay and Ay are the absorbance of the upper baseline and the absorbance of the lower
baseline, respectively.

H=100

RESULTS AND DISCUSSION
Binding interaction of actinomycin D with NaC and NaDC micelles

Fig. 2 displays the absorption spectra of ActD in the presence of different
increasing NaC (Fig. 2a) and NaDC concentrations (Fig. 2b). In 10 mM phos-
phate buffer (pH 7.4) ActD presents a broad absorption maxima around 440 nm,
including at least three different electronic transitions: one is centred at about 372
nm is localized to a large degree on the benzenoid part of the phenoxazone chro-
mophore; the second one located at about 490 nm is predominantly centred on
the quinoid ring and the third transition occurs in the range 425445 nm is ext-
ensively delocalized across the entire chromophore.24 The incremental addition
of NaC and NaDC leads to the following spectral behaviour: for bile salts con-
centrations less than CMC, a minor influence on the absorption spectra of ActD
is noticed (data not shown), while for micellar bile salts concentrations a dec-
rease of absorbance of ActD coupled with a splitting of the absorption maxima
into two peaks and a bathochromic shift of these new absorption peaks (insets in
Fig. 2) are observed. It can be observed that the addition of bile salts yields an
isosbestic point at about 370 nm in the case of the interaction with NaC and at
about 355 nm in the case of the interaction with NaDC. These spectral changes
confirm the occurrence of interaction of ActD molecules with NaC and NaDC
bile salts, which further indicates the new complex formation between drug
molecules and bile salts. Also, the red shifts in the absorption maximum (insets
in Fig. 2a and b) imply the transfer of ActD molecules from the aqueous solution
into the bile salt assemblies with lower polarity.

The changes in the absorption maximum of ActD at 440 nm in the presence
of varying bile salts concentrations were used to calculate the binding constant
(Kp) and the partition coefficient (Ky), and the respective thermodynamic para-
meters, thus obtaining a quantitative characterization of the interaction between
ActD and bile salt micelles.

The binding constant was determined using the Benesi—Hildebrand equat-
ion:25

I 1 N 1 @)
do—A  Ky(dg—A)egs Ao~ 4
where cgg is the concentration of bile salts, Ay is the absorbance value in the

absence of bile salts, 4 is the absorbance value in the presence of bile salts and
A is the absorbance value at infinite concentration of bile salts.
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Fig. 2. Absorption spectra of ActD (17.7 uM) in 10 mM phosphate buffer (pH 7.4) with
increasing concentration of bile salts: a) NaC (0—19.29 mM), b) NaDC (0—31 mM). Insets
show the normalised absorption spectra of ActD in NaC and NaDC micelles.

The Benesi—Hildebrand plots of 1/(4¢g—A) versus 1/cgg are shown in Fig. 3a
and indicate a straight line for both bile salts which attest a 1:1 stoichiometric
complexation between ActD and bile salts. The obtained binding constant values
are listed in Table I and illustrate a stronger interaction of ActD with NaDC mic-
elles than NaC micelles. The head groups of NaDC and NaC are the same
(~COONa) but NaC contains one more hydroxyl group in its hydrophilic surface,
making NaC less hydrophobic as compared to NaDC. The hydrophobicity index
of NaDC and NaC are 0.72 and 0.13, respectively. Therefore, this difference in
the hydrophobicity of NaC and NaDC leads to their distinct binding abilities and

(a) (b)
NaC
NaC R =0.991
40 0.
R =0.995
< NaDC <
< 7] R =0.996 < 30
= = NaDC
R =0.989
204
20
T T T T T T T 1 T T T T T T T T T T T T T T T T 1
0 20 40 60 80 100 120 140 160 20 40 60 80 100 120 140 160 18C
1 -1
1/cyg I M 1/(c; + Cye- CMC) /' M

Fig. 3. a) Benesi—Hildebrand plots and b) Relation between 1/(4;—A4) and
1/(c1 + cgg — CMC) for the interaction of ActD with NaC and NaDC micelles.
R is the correlation coefficient.
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prove that the hydrophobic interactions between ActD and NaDC micelles are
much stronger compared to that between ActD and NaC micelles. The hydro-
phobic interactions between the planar aromatic chromophore of neutral ActD
and the hydrophobic surface of bile salts are the main interaction forces respon-
sible for the formation of ActD—bile salts complexes. Also, hydrogen bonds can
be formed between the carbonyl oxygen atoms of the L-threonine residues of the
pentapeptides chains of ActD and the hydroxyl groups of bile salts.

TABLE 1. Binding constant (K,), change in free energy of binding (AGY), partition coef-
ficient (K, ) and change in free energy of partition (AG,?) for the interaction of ActD with NaC
and NaDC micelles

System K£SD?* / M"! AG,?/ kJ mol! K. £SD? AG,%/kJ mol!
ActD + NaC 68+5 -10.28 7294+187 -21.67
ActD + NaDC 281+12 —13.74 37822+2147 —25.68

“Standard deviation of the mean of three determinations

The partition coefficient (Ky) was determined according to the pseudo-phase
model:26:27
1 1 Ny

= +
do—A Ay—A4 Ky (4y— 4 )(cgs +cp —CMC)

In Eq. (3), ct is the total ActD concentration and ny = 55.5 M is the molarity
of water.

The magnitude of partition coefficient (Table I) is very high for both bile
salts and this result clearly suggests that the drug molecule resides into the hydro-
phobic environment of micelles rather than the aqueous medium. The partition
coefficients value is significantly higher for NaDC micelles than NaC micelles,
suggesting a larger affinity of ActD towards the more hydrophobic environment
of NaDC. A larger degree of partitioning implies a greater number of ActD mole-
cules accommodated into the hydrophobic core of NaDC micelles. Moreover,
NaDC aggregates are known to be larger than the aggregates formed by NaC, as
a consequence of the larger hydrophobic surface area?8 which supports the higher
extent of partitioning of ActD molecules into NaDC aggregates. Both binding
constant and partition coefficient parameters indicate that neutral ActD mole-
cules are entrapped more efficiently into more hydrophobic core of NaDC aggre-
gates than that of NaC aggregates. Studies performed by Thakur et al.l7 showed
that the neutral ellipticine is entrapped in the hydrophobic pocket of micellar
aggregates of bile salts, while the cationic species are solubilized in the hydro-
philic surface. The difference in the strength of binding and the partitioning of
ActD molecules into NaC and NaDC aggregates can be explained by the differ-
ences in the micellar structures between dihydroxy and trihydroxy bile salts.
Theoretical studies indicated that NaDC aggregates have a spherical structure

)
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whereas NaC aggregates were disklike, oblate or flattened in shape and this dif-
ference is due to the various distributions in the hydrophilic moieties: for trihyd-
roxyl bile salt NaC, the three hydroxyl groups and the headgroup form a plane of
hydrophilic moieties whereas in the case of dihydroxyl bile salt NaDC, the
hydrophilic groups are lined on the edge of the monomer.28.29

From the values of K}, and Ky, change in free energy of interaction (AGy?)
and change in free energy of the transfer of drug from bulk aqueous phase to
micellar phase (AGy?) were calculated employing the following equation:

AGY=-RTIn K 4)

The negative values of AGO for both binding and partitioning of ActD to
NaC and NaDC micelles indicate the spontaneity and thermodynamic feasibility
of both processes.

In order to obtain information about the possible positioning of ActD mole-
cules into bile salts micelles we compared the absorption spectrum of the drug in
surfactant micelles with the adsorption spectra in solvents with different polar-
ities, which mimic the polarity of different parts of the micelles. Fig. 4 shows that
the absorption spectra of ActD in 10 mM phosphate buffer present a broad max-
imum around 440 nm. In NaC and NaDC micelles, the absorption maximum of
the drug is split into two peaks and these peaks are shifted to higher wavelength
with about 10—11 nm. Also, it can be observed that the shape of ActD spectrum
in solvents with different polarities is similar to the absorption spectrum in bile
salts micelles, but the cleavage of the absorption maximum is more evident and
the shift of the two newly appeared peaks towards longer wavelengths increases
as the polarity of the solvents decreases. The absorption spectrum of ActD in
NaC and NaDC micelles presents quite similar characteristics with the spectra in

—— phosphate buffel
= NaC micelles
NaDC micelles
—— ethanol
iso-propanol
acetone
methanol
tetrahydrofuran
toluene

0.4+

0.34

Absorbance

0.0

T T T T T T
350 400 450 500
Wavelength, nm

Fig. 4. Absorption spectra of ActD in different solvents and NaC and NaDC micelles.
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non-polar solvents with dielectric constants smaller than 10 (tetrahydrofuran and
toluene), thus we can say that ActD molecules are located in a hydrophobic mic-
roenvironment meaning that ActD molecules are more probable solubilized in the
hydrophobic region, rather than in the hydrophilic region of micelles.

Determination of critical micellar concentration (CMC) of bile salts using
pyrene probe

The UV spectral characteristics of pyrene in aqueous surfactant solutions are
used for the estimation of CMC of cationic, ionic and nonionic surfactants.30-31
The absorption spectrum of pyrene in 10 mM phosphate buffer shows eight
strong and weak peaks at 232, 240, 252, 260, 272, 308, 320 and 335 nm, as
depicted in Figs. 5a and 6a. As the concentration of bile salts increases, pyrene
molecules are incorporated in micelles and the absorption peaks of pyrene are
shifted towards longer wavelengths and their intensities change. Plot of the sum
of absorbances of all four major pyrene peaks (A1) against the bile salts concen-
tration is presented in Figs. 5b and 6b. The profiles show a sigmoidal increase
and fitting them to the Sigmoidal-Boltzmann equation was used for CMC eva-
luation. Also, the absorbances of each major peak were also plotted separately
and were all sigmoidal in nature. The obtained CMC values in 10 mM phosphate
buffer (pH 7.4) are 0.0154 M for NaC and 0.0056 M for NaDC, respectively.
These values are in the range of CMC values reported in literature and deter-
mined in water or in the presence of salt using other methods.32-33 The presence
of ActD leads to the decrease of the CMC of NaC and NaDC bile salts. This dec-
rease in CMC could be explained by the hydrophobic interactions between ActD

0.20 - 0.6+

(b)
—— 10 mM phosphate buffer
NaC

NaC + ActD

0.5

0.15

0.0136

0.10

Absorbance

<
B NaC
@® NaC +ActD
0.3
0.05
0.2
0.00 4
T T | T T T T
250 300 350 0.00 0.01 0.02 0.03 0.04
Wavelength, nm cNaC/ M

Fig. 5. a) Absorbance spectrum of pyrene (2.0 uM) in 10 mM phosphate buffer (pH 7.4), NaC
micelles and NaC micelles in the presence of ActD. b) Plots of At vs. concentration of NaC.
The values indicated on the graph are CMC of NaC and NaC in the presence of ActD.
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and bile salts which further strengthen the hydrophobicity of studied bile salts
and make their micellization process easier thereby lowering the CMC values.34

Absorbance

—— 10mM phosphate buffer
NaDC
NaDC + ActD

015+ 0.4 0.0056

0.10

W NabDC
@ NaDC +ActD

0.05

0.2

0.00

ZéO 3(‘)0 3;)0 0.000 0.605 0.(3:10
Wavelength, nm cNaDC/ M
Fig. 6. a) Absorbance spectrum of pyrene (2.0 uM) in 10 mM phosphate buffer (pH 7.4),

NaDC micelles and NaDC micelles in the presence of ActD. b) Plots of At vs. cnapc. The
values indicated on the graph are CMC of NaDC and NaDC in the presence of ActD.

Effect of NaC and NaDC micelles on ActD—DNA complex

Differing surfactant micelles,3>3% liposomes*0-#1 or surface active ionic

liquids#? were studied for the effective sequestration of drugs after their deinter-
calation from DNA double helix. The binding of to DNA leads to an increase of
melting temperature (77,) of DNA of about 10 °C and this high positive value
proves the intercalation binding mode of ActD to DNA. Also, the amplitude of
the melting curve, which measures the hyperchromism of the system decreases
(Fig. 7). When NaC and NaDC micelles are added to a pre-formed ActD-DNA

——DNA (a) ——DNA (b)

{ —— DNA+ActD 1 —&— DNA+ActD

. —@— (ActD-DNA)____+ NaC 5| —® (ACtD-DNA)_ +NaDC
g’ g

T
90 100 50 60 70 80 90
Temperature, °C Temperature, °C

Fig. 7. Thermal melting profile of DNA, ActD-DNA complex and ActD-DNA complex in
the presence of: a) NaC and b) NaDC micelles.
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complex, the melting temperature does not change significantly (80.56 °C for
NaC and 80.15 °C for NaDC as against 79.25 °C for ActD-DNA system), while
the hyperchromicity increases almost up to the value corresponding to DNA
alone (Table II). Also, the addition of NaC and NaDC micelles to ActD-DNA
system induce minor changes (a small increase in absorbance in the case of
NaDC micelles) in the absorption spectra (Fig. 8).

TABLE II. DNA melting temperature (7,,) and hyperchromicity (H) for DNA, ActD-DNA
complex and ActD-DNA complex in the presence of NaC and NaDC micelles

System Tm/°C H/%
DNA 69.58 23.04
ActD + DNA 79.25 15.97
ActD-DNA complex + NaC 80.56 22.94
ActD-DNA complex + NaDC 80.15 22.83
@ ActD (b) ActD

ActD+DNA
(ACtD-DNA)___+ NaC

omplex

ActD+NaC

ActD+DNA
(ActD-DNA) ___+NaDC

‘complex

37 ActD+NaDC

0.3+

0.2+ 0.2+

Absorbance
Absorbance

0.1+ 0.1

T 0.0 T T T T ul
550 600 350 400 450 500 550 600

0.0

T T T T
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Wavelength, nm Wavelength, nm

Fig. 8. Absorption spectra of ActD, ActD-DNA complex and ActD and ActD-DNA complex
in the presence of: a) NaC and b) NaDC micelles.

These results show that the presence of NaC and NaDC micelles does not
induce the deintercalation of ActD molecules from DNA duplex, probable due to
the strong binding of ActD to DNA. In comparison with these results, the pre-
sence of SDS micelles induce the dissociation of the intercalated ActD molecules
from DNA and their relocation in SDS micelles as was evidenced from spectral
and thermal denaturation experiments.39

CONCLUSIONS

The prominent changes observed in the absorption spectra (the decrease in
absorbance, the red shift) of ActD in the presence of NaC and NaDC bile salts
are clear statement of the interaction between drug molecules and bile salts, and
the encapsulation of ActD molecules into the more hydrophobic environment
provided by the bile salt aggregates. The results indicate that the binding cons-
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tants and the partition coefficients are higher for NaDC aggregates and this dif-
ference can be explained by the difference in the micellar structure as well as the
hydrophobicity of two bile salts. Regarding the position of ActD molecules into
NaC and NaDC micelles, the spectral signatures of the drug in different solvents
suggest that ActD molecule experiences the hydrophobic environment of bile
salts micelles, rather than the hydrophilic medium. Considering the influence of
NaC and NaDC micelles on the ActD-DNA complex, it was shown that the pre-
sence of both bile salts micelles does not induce the deintercalation of ActD
molecules from DNA duplex.

U3BOJ

HWHTEPAKIIUJE BE3UBAIBA JIEKA AKTUHOMHUIIMHA [ [TIPOTHUB PAKA CA
MHUIETAMA XYYHUX COJIU

ANA MARIA TOADER, IZABELLA DASCALU, ELENA IONELA NEACSU n MIRELA ENACHE

Institute of Physical Chemistry “Ilie Murgulescu”, Romanian Academy,Splaiul Independentei 202,
Bucharest 060021, Romania

HcruTrBaHa je MHTepakuyja jeka akTHHOMuUIMHA [] (ActD) mpoTHB paka ca IBe Xy4He
conu pasnuunte xuapododuoctu: Harpujym-xonat (NaC) u Harpujym-neokcuxonat (NaDC),
Kao U yTHLAj arperaTta OBUX JKyYHUX cond Ha Komruiekc uamehy ActD u JHK y 10 mM doc-
dartHom mydepy (pH 7,4), xopuctehun UV-Vis cnexTpockorncke metone (amcopnuyje u Tep-
MaJiHe JeHaTypauuje). Jaue je Besusawe ActD 3a NaDC Hero 3a NaC, mrto ykasyje Ha jaue
xuppododHe nHTepakuuje usmehy ActD u NaDC munena. Taxohe, koeduuujeHT pacnoznesne
je snauajHo Behu 3a NaDC nero 3a NaC munene, mro je y ckiany ca dopmupamem Behux
arperata NaDC. ITpodwun cniektpa monekyna ActD y NaC u NaDC muuenama, y nmopehemy ca
CTeKTPOM y Pas3IMYUTHM pacTBapauyvma, yKkasyje fa je okpyxeme ActD y Munenama y4HHUX
conu xupgpododHo. TTokasaHo je ¥ fa MUIIENE OBUX )KY4YHE COJIM HE M3asuBajy AEeHHTepKaia-
uujy monekyna ActD us JHK aBocTpykor naHua, kafa ce Hanasu y kommnekcy ActD-JHK.

(ITpumibero 2. HoBemdpa 2022, pesuaupano 17. janyapa, npuxsaheno 25. janyapa 2023)
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Abstract: Curcumin is one of the important naturally occurring compounds
having several medicinal properties such as: antiviral, antioxidant, antifibrotic,
antineoplastic as well as anti-inflammatory. SARS-CoV-2 has emerged as inf-
ectious virus, which severely infected a large number of people all over the
world. Many efforts have been made to prepare novel antiviral compound, but
it is still challenging. Naturally occurring compound, curcumin, can be used as
an alternative to antiviral compound against SARS-CoV-2. Its effect against
SARS-CoV-2 is already highlighted in the literature. But the quantitative study
of its interaction with various precursors of SARS-CoV-2 is not reported till
date. This paper reports the interaction of curcumin with angiotensin-convert-
ing enzyme?2, transmembrane serine protease 2, 3-chymotrypsin-like protease
and papain-like protease through molecular docking and quantum chemistry
calculations to achieve quantitative understanding of underlying interactions.
Here the conformational flexibility of curcumin is also highlighted, which
helps it to accommodate in the four different docking sites. The study has been
performed using calculations of geometrical parameter, atomic charge, electron
density, Laplacian of electron density, dipole moment and the energy gap
between highest occupied and lowest unoccupied molecular orbitals. The non-
-covalent interaction (NCI) analysis is performed to visualize the weak inter-
action present in the active sites. Combinedly molecular docking and detailed
quantum chemistry calculations revealed that curcumin can be adopted as a
potential multiple-target inhibitor against SARS-CoV-2.

Keywords: antiviral drug; non-covalent interaction; charge density analysis;
atom-in-molecule calculation; angiotensin-converting enzyme2; transmem-
brane serine protease 2.
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INTRODUCTION

In the last couple of years, coronavirus 2 (SARS-CoV-2) widely spread and
affected over more than 600 million population of the world and 6.5 million
people died according to world health organization (https://www.who.int/). Con-
sidering this situation world health organization already characterized it as pan-
demic in 2020. In comparison to middle east respiratory syndrome coronavirus
(MERS-CoV), SARS-CoV-2 has been found more contagious and therefore
spread fast through population.! The development of novel antivirals against
SARS-CoV-2 is a matter of great interest as well as a challenge ahead of the
scientific community. A great effort has been made to validate antiviral com-
pounds. Some naturally occurring compounds already have antiviral properties,
thus can be used as an alternative to antiviral complex compounds evolved
during the development of novel antivirals.2-3 Curcumin, a yellow pigmented
polyphenolic compound, majorly found in turmeric and used as a food additive.#
Its antiviral activity against SARS-CoV-2 along with other viral infections are
already reported in the literature.> It is an interesting naturally occurring sub-
stance, which has antioxidant, antifibrotic, antineoplastic as well as anti-inflam-
matory properties.*10

SARS-CoV-2 belongs to fusion protein containing two major subunits (S1
and S2).!! For the spread of SARS-CoV-2, angiotensin-converting enzyme2
plays a major role determining its entry through interaction with viral spike
protein.! .12 Further transmembrane serine protease 2 (TMPRSS2) cleaves the
spike protein into smaller subunits, which leads to subsequent cellular entry of
infectious viral RNA.13-16 Upon entry to the cell, two SARS-CoV-2 proteases 3-
-chymotrypsin-like protease (3CLpro, also known as main protease, Mpro) and
papain-like protease (PLpro) cleaves the proteins.!3-16 Both 3CLpro and PLpro
are essential for the release of 16 non-structural proteins (nsps) on breaking down
polyprotein.13-16 Further the replication and transcription occur to produce viral
genomes by accumulation of infectious replicase on the host membrane.!” Later
the four major proteins: the spike (S) protein, membrane (M) protein, nucleocap-
sid (N) protein, and the envelope (E) protein form and leads to the formation of
viral particle. Some viral particle of CoVs is also reported, without using full
ensemble of all four proteins, by encoding extra protein having similar or com-
pensatory ability.18-20 Till date there is no report available in the literature pro-
viding in-depth molecular level study, of interaction of curcumin along with
TMPRSS2, ACE2, PLpro and 3CLpro, to understand its ability to encounter with
SARS-CoV-2. Therefore, the study of curcumin along with precursors of SARS-
-CoV-2 has been reported here to provide necessary information, which may be
helpful to understand the applicability of curcumin in the treatment against
SARS-CoV-2.
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In the present study, not only the interaction of the curcumin with precursors
of SARS-CoV-2 but also its conformational flexibility has been monitored to get
the in-depth understanding related to the protein-ligand interaction. The study has
been performed to monitor the distribution of electron density, dipole moment,
atomic charge and atom-in-molecule (AIM) properties of curcumin in the gas
phase as well as in the active sites of four different precursors related to SARS-
-CoV-2. The non-covalent interaction (NCI) analysis is performed for the visual-
ization of weak interactions in the active sites. The NCI plot allows to study the
macromolecular system effectively.

COMPUTATIONAL DETAILS

Molecular docking is the most famous tool to monitor the interaction of ligand and
receptor.2! It provides the useful information about the binding site of the protein used by the
ligand to accommodate through various non-covalent interactions. The docking studies has
been performed using computational software. AutoDock4 together with AutoGrid4 python
programming-based tool has been used to study the molecular docking of curcumin with
TMPRSS2, ACE2, PLpro and 3CLpro.?223 The docking uses the grid driven method to pre-
pare grids around the protein and the lookup table for the simulation by calculating the energy
keeping an atom as a probe on each of the grid points. The lookup table helps the simulation
to effectively measure the binding energy of the conformers with the target protein. Further
Lamarckian genetic algorithm has been used to search the lowest binding energy conformer
associated in the local minima position close to the protein. AutoDock4 uses the semiemp-
irical method to obtain the binding energies for the suitable conformers at the docking site of
the protein in bound as well as unbound states. The study therefore provides interesting
information about the reliable docking pose prediction for ligand protein interactions. PyMOL,
LigPlot+ and Protein-ligand interaction profiler (PLIP) tools are used to draw the informative
pictures of docking studies.242° PLIP tool is also used here to identify the non-covalent
interaction of curcumin with TMPRSS2, ACE2, PLpro and 3CLpro.

The efficacy of curcumin against the SARS-CoV-2 virus has been realized by studying
the interaction of curcumin with TMPRSS2, ACE2, 3CLpro and PLpro. This interaction has
been monitored using the docking studies. For these docking studies, crystal structures of
TMPRSS2 (PDB ID: 1Z8A), ACE2 (PDB ID: 3D0G), PLpro (PDB: 3E9S), and 3CLpro (PDB
ID: 3AWO) are used. These PDBs are obtained from Protein Data Bank (https://www.rcsb.org/).2’

To understand the conformational flexibility of the curcumin, its diketone form in the gas
phase is compared with the same obtained from the active sites of TMPRSS2, ACE2, PLpro
and 3CLpro. Single point calculations are performed for curcumin obtained from active sites
of TMPRSS2, ACE2, PLpro and 3CLpro whereas optimization has been performed to obtain
the most stable geometry of curcumin in the gas phase at B3LYP/de2-TZVP level of theory.
B3LYP is Becke’s three-parameter exchange functional with the Lee—Yang—Parr correlation
functional, which provides good result with reasonable error.28 The def2-TZVP proposed by
Ahlrichs-Weigend is triple-zeta valence with polarization basis set.?? It provides better result
than 6-311G**.30:3! Fyurthermore, def2 basis sets are designed to deliver consistent accuracy
for nearly all atoms up to radon.3%-32 These calculations are performed using Turbo mole ver-
sion 7.6 ab initio quantum-chemical calculation software package.3>34 The comparison has
also been made based on the geometrical parameter, atomic charge, electron density, Lapla-
cian of electron density, dipole moment and the energy gap between highest occupied and
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lowest unoccupied molecular orbitals. NCI and AIM analysis are performed using NCI Plot
and Turbomole version 7.6 software, respectively.33-33

RESULTS AND DISCUSSION

The docking studies of curcumin have been performed with TMPRSS2,
ACE2, PLpro and 3CLpro, which are related to coronavirus 2 (SARS-CoV-2).
For these docking studies, ten rotatable bonds of curcumin are used. The lowest
binding energy docking pose of curcumin with TMPRSS2, ACE2, PLpro and
3CLpro are shown in Fig. 1.

n210(A)
Lw%:é i ‘ 4

Glu208(A),,

Lys94(s

%
v "m«?
PheB0(A) g
Ser79(§

LN
Fig. 1. Lowest binding energy docking pose of curcumin in: a) the transmembrane serine
protease 2 (TMPRSS2) PDB ID: 1Z8A, b) angiotensin-converting enzyme 2 (ACE2) PDB ID:
3DO0G, c) 3-chymotrypsin-like protease (3CLpro) PDB ID: 3AWO0 and d) papain-like
protease (PLpro) PDB ID: 3E9S.
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The lowest binding energy of curcumin with TMPRSS2, ACE2, PLpro and
3CLpro are —42.34, —28.53, —33.85 and —31.33 kJ/mol, respectively. Interest-
ingly, the most stable docking pose of curcumin has been observed with TMPRSS2.
The detailed study of the four most stable docking poses of curcumin in
TMPRSS2, ACE2, PLpro and 3CLpro has been reported in the supporting inf-
ormation. The ligand efficiency and the intermolecular energy of curcumin with
TMPRSS?2 are measured the highest, whereas the tortional free energy is found
the same for all four complexes formed after docking. At the same time, the
inhibition efficiency of curcumin with TMPRSS2 (38.37 nM) is found the lowest
compared to that with ACE2 (10.0 uM), PLpro (1.18 uM) and 3CLpro (3.22 pM).

Furthermore, the docking studies show that curcumin interacts with TMPRSS2
through both hydrogen bonding (H-bonding) and dispersion interactions. Amino
acids LYS21, TYR48, TRP111 and LEU212 of Chain A interacts through H-
-bonding and the corresponding H-bonding distance is found 4.01, 3.15, 3.72 and
3.86 A, respectively. Interestingly, the aromatic rings of amino acid TRP21 of
chain A of TMPRSS2 and curcumin interact through n—m stacking interaction
with an interplanar distance of 5.49 A, the interaction is shown in Fig. 1a. Several
other amino acids interact through hydrophobic interactions. These interactions
are shown in Fig. la. Amino acids LYS94, GLN98, TYR196, GLU208 and
TRP566 of chain A of ACE2 interact with curcumin through H-bonding and the
corresponding H-bonding distances are 3.92, 3.84, 3.79, 2.54 and 2.99 A, res-
pectively whereas other interactions have been shown in Fig. 1b. Interestingly,
GLY143, SER144 and GLU189 of chain A of PLpro and ARG66, PHE80 and
LEUR8I1 of Chain A of 3CLpro interacts with curcumin through hydrogen bond-
ing. The detailed chart of interactions in the lowest binding energy docking poses
of curcumin with TMPRSS2, ACE2, PLpro and 3CLpro is shown in the support-
ing information. The adaptive Poisson—Boltzmann solver (ABPS), which pro-
vides the Poisson—Boltzmann electrostatic calculation, are also depicted in the
Supplementary material to this paper, which shows the electrostatic interaction of
curcumin with TMPRSS2, ACE2, 3CLpro and PLpro.

Amino acids GLY 143, SER144 and GLN189 of chain A of PLpro interacts
to curcumin through H-bonding with distance of 2.90, 2.58 and 2.56 A, res-
pectively. 2D and 3D representation of docking poses of curcumin with PLpro
are shown in Fig. lc. Amino acids ARG66, PHE80O and LEUS81 of chain A of
3CLpro interacts to curcumin through H-bonding with distance of 3.43, 2.99 and
2.78 A, respectively (Fig. 1d).

Structural analysis

The optimized geometry of curcumin in the gas phase (I) at B3LYP/def2-
-TZVP level of theory and geometries of curcumin lifted from the lowest binding
energy active sites of TMPRSS2 (Ila), ACE2 (IIb), 3CLpro (Ilc) and PLpro (I1d)
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are depicted in Fig. 2, whereas the corresponding geometrical parameters are
tabulated in the Supporting material to this paper. Curcumin is an interesting
molecule connected through a long chain of multiple conjugated double bonds,
which provides structural flexibility to adjust in the active sites. Fig. 2 shows a
surprising glimpse of this structural flexibility of curcumin in various active sites.
The geometry of curcumin bends a lot in the active site of ACE2 and PLpro, in
comparison to the gas phase geometry, and acquires U-shape. Interestingly, the
study of geometrical parameters provides in-depth understanding about this.

ZI) (l1a) (Iib) (lic) (Iid)

Fig. 2. Optimized geometry (I) of curcumin in gas phase at B3LYP/def2-TZVP level of
theory. Geometries of curcumin lifted from the active site of TMPRSS2 (IIb), ACE2 (IIb),
3CLpro (IIc) and PLpro (11d).

The bond length of ring C(sp?)—~C(sp?) carbon bonds in curcumin in gas phase
(D) and the same lifted from active sites (Ila, IIb, Ilc, IId) are measured between
1.38-1.41 A, whereas the bond angles inside the rings are found between 118.3—
—121.5°. A small change is reported in the geometrical parameters inside ring.
The bond lengths of chain carbon bonds C8-C24, C36-C29, C28-C34 and
C7-C22 are found to be increased by 0.02 A in the active sites compared to that
in the gas phase. The increase in bond length is attributed to intermolecular
interaction with the amino acids in the active sites.

Interestingly, the major change is observed in the dihedral angles along the chain
length in different forms of curcumin. Dihedral angles 2C22—C34-C28—C9,
2£C34-C28-C9-C29, £C28-C9-C29-C36 and £C9-C29-C36-C24 in the form
() are measured 5.2°, —80.3°, —67.5° and —177.3°, respectively. The same in the
form (IIb) are —135.7°, 104.3°, —=39.1° and —66.7°, respectively, whereas the same
in the form (IId) are —141.1°, —93.1°, 79.3° and —5.4°, respectively. The changes
in the dihedral angles are mainly responsible for the geometrical change to U-
-shape in IIb and I1d forms, which can be observed in Fig. 2.
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Atomic charge

Mulliken population analysis (MPA) charges of curcumin in the gas phase
and that lifted from the active site of TMPRSS2 (IIb), ACE2 (IIb), 3CLpro (Ilc)
and PLpro (IId) calculated at B3LYP/def2-TZVP level of theory are reported in
Fig. 3. The corresponding plot of natural population analysis (NPA) charge along
with detailed data is reported in the Supplementary material. The study depicts
that MPA charges of hydroxyl oxygens O3 are —0.3868le, —0.39929e,
—0.39646¢, —0.40884¢ and —0.38819¢ for I, Ila, IIb, IIc and IId, respectively.
Similarly, MPA charges of hydroxyl oxygens O4 are —0.38775e, —0.38995¢,
—0.42946¢, —0.39773¢ and —0.39995¢ for I, Ila, IIb, Ilc and IId, respectively. It
shows that MPA charge of hydroxy oxygen increases on binding with amino
acids in the active site of receptor in comparison to that in the gas phase (I). Int-
erestingly, the MPA charges of hydroxyl oxygen O3 and O4 are found lower than
carbonyl oxygens, O5 and O6. At the same time the carbon atom attached to the
electronegative oxygens O3, O4, O5 and O6 are C26, C27, C28 and C29, res-
pectively, and the MPA charges of these carbons are found higher. This is pro-
minently reported in case of NPA charges (see Fig. S7 of the Supplementary
material). NPA charges for hydroxyl oxygen O3 and O4 are less than that for
carbonyl oxygen OS5 and O6 for all forms of curcumin, whereas an increase in
NPA charges is also reported for O3, O4, O5 and O6 in case of curcumin lifted
from the active sites. Overall, the comparison of atomic charges (MPA and NPA)
nicely helps to understand the interaction of curcumin with TMPRSS2, ACE2,
3CLpro and PLpro.
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Fig. 3. Mulliken population analysis (MPA) charges of curcumin in the gas phase and that
lifted from the active site of TMPRSS2 (IIb), ACE2 (IIb), 3CLpro (IIc) and PLpro (IId).
AIM analysis

Electron density ppcp (r) and Laplacian of electron density Vzpbcp (r) of cur-
cumin in the gas phase (I) and that lifted from the active site of TMPRSS2 (Ila),
ACE2 (1Ib), 3CLpro (Ilc) and PLpro (I1Id) are studied at B3LYP/def2-TZVP level
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of theory and graphically represented in Fig. 4. The corresponding detailed report
and figure have been added in the supporting information. An average of ppcp (7)
at the bond critical points (BCP) of carbon bonds in the two aromatic rings of
curcumin (I) are 0.3191/0.3190 a.u., whereas the same of curcumin in the form
IIa, IIb, Ilc and IId are 0.3213/3214, 0.3207/0.3207, 0.3215/0.3210 and 0.3219/
/0.3202 a.u., respectively. Interestingly, the ppcp (r) at ring critical points (RCPs)
of two aromatic rings of curcumin in I form are 0.0229/0.0230 a.u., whereas the
same for curcumin in Ila, IIc, IIc and IId are 0.0233/0.0232, 0.0231/0.0232,
0.0231/0.0232 and 0.0233/0.0231 a.u., respectively. It shows that the electron
densities at the curcumin in the forms Ila, IIb, Ilc and IId increase in comparison
to that in gas phase, i.e., isolated form (I) due to interaction with amino acids
present in the docking site.
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Fig. 4. Plots of: a) electron density py,, () and b) Laplacian of electron density Vzpbcp () of
curcumin in the gas phase and the same lifted from the active site of TMPRSS2 (Ila),
ACE2 (IIb), 3CLpro (IIc) and PLpro (IId).

The ppcp (1) of alcoholic bonds O3-H46 and O4-H47 are measured 0.3555/
/0.3555 a.u. in form (I), whereas that are in curcumin in the form Ila, IIb, Ilc and
IId are 0.3523/0.3520, 0.3525/0.3507, 0.3510/0.3516 and 0.3514/0.3521 a.u., res-
pectively. A jump in ppcp () of ketonic bond C28-0O5 and C29-06 are measured
0.4143/0.415 a.u. in form (I), whereas the same in curcumin lifted from the form
IIa, IIb, IIc and IId are 0.4078/0.4075, 0.4078/0.4076, 0.4077/0.4068 and 0.4082/
/0.4087 a.u., respectively. Thus, the pyep (r) of alcoholic and ketonic bonds of
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curcumin decreases in the active site compared to that in gas phase by 0.003 and
0.007 a.u. The H-bonding interaction is found responsible for this difference.

Sametime Vzpbcp (r) for the hydroxyl groups of curcumin in the forms Ila,
IIb, Ilc and IId are higher than that in the gas phase (I). The difference is attri-
buted to H-bonding interaction. The comparison of ppp () and Vzpbcp (r) of the
ketonic groups (C29-06 and C28-05) in the four different forms of curcumin
defines its interaction with amino acids in the docking site.

HOMO-LUMO band gap and dipole moment measurements

The geometries of curcumin in gas phase are optimized at B3LYP/def2-
-TZVP level of theory while single point calculations are performed for Ila, IIb,
IIc and IId at same level of theory. HOMO energy gives the impression of ion-
ization potential relating the ability to donate an electron while LUMO energy
directly correlates with electron affinity relating the ability to accept an electron.
Thus HOMO-LUMO energy gap provides the information about the molecular
stability. As HOMO-LUMO energy gap for a molecule decreases the polariz-
ability and the reactivity of the molecule increases. The HOMO-LUMO calcul-
ations are performed and reported 3.699 eV in the gas phase, whereas the same
obtained for Ila, IIb, Ilc and IId are 4.367, 4.392, 3.714 and 4.058 eV, respect-
ively. The band gap is found lowest at the gas phase and the band gap for Ilc is
measured close to gas phase but high value of band gap is measured for Ila and IIb.

Dipole moments (u) has also calculated for all the forms of curcumin at
B3LYP/def2-TZVP level of theory and reported in the supporting information.
The dipole moment of curcumin in the gas phase (I) is calculated 3.26 D*,
whereas dipole moments of Ila, IIb, Ilc and IId are 7.022, 4.147, 4.429 and 6.8 D,
respectively. The dipole moments of Ila, IIb, IIc and IId are greater than that of I,
which is attributed to intermolecular interaction as well as charge distribution
present close to curcumin in the active sites. Interestingly, the dipole moment of
IIa is found higher than that of IIb, IIc and IId. Interestingly, the binding energy
for the most preferable docking pose of curcumin with TMPRSS2 (—42.34
kJ/mol) is found lower than that in case of ACE2, PLpro and 3CLpro.

Non-covalent interaction (NCI) plot

NCI plot is helpful to understand the various non-covalent interactions pre-
sent in the macromolecule. Yang and coworkers implemented reduced density
gradient (RDG=|Vp|/2(3n2)1/ 3p#/3) to measure the parameters related to the non-
-covalent interactions in NCI plot.35 Therefore, NCI plot is used to monitor the
interaction of curcumin in the active site of TMPRSS2, ACE2, PLpro and
3CLpro. The lowest binding energy docking sites are chosen for this purpose.
The closest interaction within 3.5 A was selected using Pymol software. The

*1 D=23.34x103Cm
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selected residues from TMPRSS2, ACE2, PLpro and 3CLpro along with curcu-
min are used for NCI plot. Fig. 5 shows the NCI plot and underlying interactions
for curcumin with the TMPRSS2, ACE2, PLpro and 3CLpro.
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: 'sigh()’lz‘)pla;u.

s/{a.u.

sfau.

Fig. 5. RDG plot of NCI analysis for docking poses of curcumin with TMPRSS2, ACE2,
3CLpro and PLpro are plotted (a, c, e and g, respectively) along corresponding isosurface
extractions of RDG plots of NCI analysis (b, d, f and h, respectively).
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The coloring scheme used to discuss the isosurfaces is as follows. The blue
colour indicates the strong attractive interaction. The green color indicates the
interactions having intermediate strength such as H-bonding, m—m and van der
Waals interactions (vdW). The red colour represents the repulsive forces. A mix-
ture of green and blue has been mostly seen in the NCI plot, which also repre-
sents electrostatic as well as dispersion interactions. Fig. 5 (a, ¢, e and f) depict
RDG plots of NCI analysis of docking poses of curcumin with TMPRSS2,
ACE2, PLpro and 3CLpro. These plots show mostly blue and green colours indi-
cating that the main contribution to the binding strength is originated from H-
-bonding and vdW interactions. The same is also confirmed through PLIP ana-
lysis.26 The extended plots are separately shown in the supporting information
for clear visibility.

Fig. 5b shows the isosurface extraction of NCI analysis showing H-bonding
interaction between C=0 and O—H groups of curcumin with O—H group of tyro-
sine and N-H group of leucine, respectively. At the same time curcumin also
interacts with TRP20, TRP79, TRP111 and TYR209 through hydrogen bounding
interaction in the active site of TMPRSS2P. The study support the interactions
shown in Fig. 1. Fig. 5¢ and d shows the NCI plot and its isosurface extractions
of the intermolecular interactions between curcumin and amino acids present in
the active site of ACE2. Fig. 5f shows that the C=0 group of curcumin interacts
with N-H groups of LEU81 and PHESO of chain A. Thus, NCI plots provided in-
-depth understanding of intermolecular interaction present between ligand and
receptor.

CONCLUSIONS

The study of curcumin interactions with transmembrane serine protease 2
(TMPRSS2), angiotensin-converting enzyme 2 (ACE2), 3-chymotrypsin-like
protease (3CLpro) and papain-like protease (PLpro) are performed using mole-
cular docking and detailed quantum chemistry calculation. Quantum chemistry
calculation provides in-depth quantitative information regarding the underlying
interactions. Curcumin has multiple single bonds providing it freedom to adjust
into the lowest binding energy pockets after geometrical rearrangements. The
study of curcumin in the active sites has been performed through calculation of
geometrical parameters, atomic charges, electron density, Laplacian of electron
density, dipole moments, energy gap between highest occupied and lowest
unoccupied molecular orbitals as well as NCI analysis. The study revealed that
curcumin can act as a potential multiple-target inhibitor against SARS-CoV-2.

SUPPLEMENTARY MATERIAL

Additional data and information are available electronically at the pages of journal
website: https://www.shd-pub.org.rs/index.php/JSCS/article/view/12081, or from the corres-
ponding author on request.
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U3BOJ
KYPKYMHUH KAO ITOTEHIKWJAJTHU MHXUBEUTOP BUIIECTPYKHX META ITPOTHUB
SARS-COV-2 HHOEKIHUIE: OETAJBHO ITPOYUABAILE HHTEPAKIIUJE KOPUITREILEM
KBAHTHO-XEMUJCKUX U3PAYYHABAA

SUMIT KUMAR
Department of Chemistry, Magadh University, Bodh Gaya-824234, Bihar, India

KypkyMuH je jemHO of 3HaYajHUX NMPUPOJHHUX jelHmema ca 0CODMHaMa Kao LITO CY:
AHTUBHUPYCHE, aHTHOKCHAAHTHe U npotuBynanHe. SARS-CoV-2 ce nojaBuo kao 3apa3Hu BUPYC
KOju 030M/bHO yrpoXkaBa BelIMKe IpyINe CTaHOBHUILITBA y CBETY. buio je Bulle nokyuiaja fa ce
HalpaBe HOBA aHTUBUPYCHA jeIHIbeHa, ali TO je 0CTA0 M3a30B Yak M HaKOH 030M/BHUX UCTpa-
KMBamwa. ITpUpoHY TPOU3BOJ, KYPKYMUH, MOXE C€ KOPUCTUTH Kao alTepHaTHBa aHTUBUDYC-
HUM jepumemuma 3a SARS-CoV-2. Iheroso zejctso nporus SARS-CoV-2 Beh je ucrakuyTo y
nutepartypH. Jo JaHac HeMa pajfioBa O KBaHTUTATMBHOM IpOy4yaBamwy HEroBe MHTepakuuje ca
pasnmuuutuM mpekypcopuma SARS-CoV-2. OBaj uiaHaK CaomuiTaBa 0 WHTEPAKUHjH KYypKYy-
MMHa Ca aHTHOTEH3UH-KOHBEpTyjyhUM eH3MMOM 2, TpaHCMEMOPAHCKOM CEPUH NPOTeas3oM 2,
Ha 3-XMMOTPHUIICHH-HA/IUK IIPOTEa30M U Ha NalauH-HaIUK IpOTeasoM, oMohy MOeKynicKor
TOKHMHTA U KBAaHTHO-XEMHjCKUX M3pauyHaBaia, a OU MOCTUINIM KBAHTUTAaTHUBHO Pa3yMeBame
OCHOBa MHTepakuuja. OBJe je HOCTUTHYTO Jja U KOH(POpMaLUoHa QIeKCUOUITHOCT KypKYMHUHA
Oyne pacseT/beHa, LITO IIOMake Jja Ta Ce CMECTH Y YETUPH pasIMyUTa MecTa 3a JOKOBame.
Cryouja je u3BemeHa KopHIIhemeM H3pauyyHaBaka TEOMETPHjCKUX IMapameTapa, aTOMCHX
HaeJIeKTpUCama, IYCTUHE eJ1eKTPOoHa, JIamiacijaHa enekTpoHCKe IyCTHHE, JUIIOJHOT MOMEHTA
U eHepreTcKor npolena u3mely HajBulle NOMyHEHE U HAjHIKE He3ay3eTe MOJIEKYICKe OpOu-
Tane. YpaheHa je aHanusa He-koBaneHTHUX uHTepakuyja (NCI) ga Ou ce Bu3yanusosaie cnade
MHTepaKlUje IPUCYTHE Y aKTUBHUM MecTHMa. KoMOMHOBame MOJIEKYJICKOT JOKUHIA U JIETalb-
HUX KBAaHTHO-XEMHjCKUX H3pauyHaBama MOKa3dyje Ha KypKyMHH Moxxe OuTH mnpuxsaheH kao
MOTeHIWjaIHU HHXUOUTOP BULIECTPYKUX MeTa MpoTuB SARS-CoV-2.

(TIpumiseno 21. centemdpa, pesuaupano 21. Hopembpa, mpuxsaheno 9. senemdpa 2022)
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Figure S-1. Adaptive Poisson-Boltzmann Solver (ABPS) plots of the lowest binding energy
docking site for the electrostatic interaction of curcumin with (a) TMPRSS2, (b) ACE2, (¢)

3CLpro and (d) PLpro.
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Figure S-2. The four most preferred docking poses of curcumin in the transmembrane serine
protease 2 (TMPRSS2) PDB ID: 1Z8A.
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Figure S-3. The four most preferred docking poses of curcumin in the angiotensin-converting
enzyme 2 (ACE2) PDB ID: 3D0G.
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Figure S-4. The four most preferred docking poses of curcumin in the 3-chymotrypsin-like
protease (3CLpro) PDB ID: 3AWO0.
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Figure S-5. The four most preferred docking poses of curcumin in the papain-like protease
(PLpro) PDB ID: 3E9S.
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Figure S-6. Bond critical points (BCP) and ring critical points (RCPs) for curcumin in the gas
phase obtained from AIM analysis at B3LYP/def2-TZVP level of theory.
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Figure S-7. Natural population analysis (NPA) charges of curcumin in the gas phase and that
lifted from the active site of TMPRSS2 (IIb), ACE2 (IIb), 3CLpro (IIc) and PLpro (IId).
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Table S-I. Estimated free energy of binding along with its subsidiary components and
estimated inhibition constants for the four most preferred docking sites of curcumin in the
transmembrane serine protease 2 (TMPRSS2) PDB ID: 1Z8A.

Receptor Conformer 01 Conformer 02 Conformer 03 Conformer 04
Binding energy, kJ/mol -42.34 -42.09 -41.97 -41.92
Inhibition constant, nM 38.37 42.32 44.57 45.47
Total intermolecular energy, kJ/mol -54.43 -54.56 -54.43 -54.39
Total internal energy, kJ/mol -8.74 -6.40 -5.52 -6.32
Torsional free energy, kJ/mol 12.47 12.47 12.47 12.47
Unbound system's energy, kJ/mol -8.74 -6.40 -5.52 -6.32
Cluster RMSD, A 0.00 1.29 0.00 0.79
Reference RMSD, A 24.81 23.14 23.80 23.34

Table S-II. Estimated free energy of binding along with its subsidiary components and
estimated inhibition constants for the four most preferred docking sites of curcumin in the
angiotensin-converting enzyme 2 (ACE2) PDB ID: 3D0G.

Receptor Conformer 01 Conformer 02 Conformer 03 Conformer 04

Binding energy, kJ/mol -28.53 -27.24 -26.65 -25.65
Inhibition constant, uM 10.00 16.87 21.43 32.23

Total intermolecular energy, kJ/mol -41.00 -39.71 -39.12 -38.12
Total internal energy, kJ/mol -10.08 -10.88 -8.37 -9.00
Torsional free energy, kJ/mol 12.47 12.47 12.47 12.47
Unbound system's energy, kJ/mol -10.08 -10.88 -8.37 -9.00
Cluster RMSD, A 0.00 0.00 0.00 0.00

Reference RMSD, A 102.60 127.25 104.15 104.66

Table S-III. Estimated free energy of binding along with its subsidiary components and
estimated inhibition constants for the four most preferred docking sites of curcumin in the 3-
chymotrypsin-like protease (3CLpro) PDB ID: 3AWO0

Receptor Conformer 01 Conformer 02 Conformer 03 Conformer 04

Binding energy, kJ/mol -33.85 -32.05 -30.12 -29.71
Inhibition constant, uM 1.18 241 5.27 6.21

Total intermolecular energy, kJ/mol -46.32 -44.56 -42.59 -42.22
Total internal energy, kJ/mol -9.16 -9.50 -6.53 -9.62
Torsional free energy, kJ/mol 12.47 12.47 12.47 12.47
Unbound system's energy, kJ/mol -9.16 -9.50 -6.53 -9.62
Cluster RMSD, A 0.00 1.73 1.65 1.95

Reference RMSD, A 42.05 42.92 42.20 41.44

Available on line at www.shd.org.rs/JSCS/

(CC) 2023 SCS.



SUPPLEMENTARY MATERIAL S 9 9

Table S-IV. Estimated free energy of binding along with its subsidiary components and
estimated inhibition constants for the four most preferred docking sites of curcumin in the
papain-like protease (PLpro) PDB ID: 3E9S.

Receptor Conformer 01 Conformer 02 Conformer 03 Conformer 04
Binding energy, kJ/mol -31.33 -30.33 -29.71 -27.36
Inhibition constant, uM 3.22 4.84 6.26 16.02
Total intermolecular energy, kJ/mol -43.81 -42.84 -42.17 -39.87
Total internal energy, kJ/mol -10.92 -10.71 -9.41 -8.62
Torsional free energy, kJ/mol 12.47 12.47 12.47 12.47
Unbound system's energy, kJ/mol -10.92 -10.71 -9.41 -8.62
Cluster RMSD, A 0.00 0.00 0.00 0.00
Reference RMSD, A 31.12 30.86 29.67 43.00

Table S-V. List of interactions present in the lowest binding energy active site of curcumin
with TMPRSS2 (PDB ID: 1Z8A), ACE2 (PDB ID: 3D0G), 3CLpro (PDB ID: 3AW0) and
PLpro (PDB ID: 3E9S). These interactions are obtained from PLIP analysis

Receptor Residues number Residue Curcumin Distance, A Angle, ° Types
21A LYS 02 4.01 133 H-bond
48A TYR 05 3.15 109  H-bond

TMPRSS2P I11A TRP 01 3.72 112 H-bond
212A LEU 04 3.86 126  H-bond

20A TRP - 5.49 - n-stack

94A LYS 03 3.92 143 H-bond

98A GLN 0Ol 3.84 135 H-bond

ACE2 196A TYR 02 3.79 120 H-bond
208A GLU 04 2.54 126 H-bond

566A TRP 05 2.99 162 H-bond

143A GLY 04 2.9 122 H-bond

PLpro 144A SER 04 2.58 122 H-bond
144A SER 04 2.81 146  H-bond

189A GLN 06 2.56 162  H-bond

66A ARG 01 3.43 116  H-bond

3CLpro 80A PHE 05 2.99 115  H-bond
81A LEU 05 2.78 168  H-bond
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Table S-VI. Coordinate of the curcumin in the gas phase optimized at def2-TZVP level of
theory

o 14.5117 -6.7691 16.0957
o 20.4987 -6.8693 28.2342
o 15.7944 -8.9503 15.3302
o 19.3112 -4.6659 29.1076
o 18.3812 -2.2935 20.5274
o 21.0747 -5.7176 20.9155
C 17.8078 -6.1900 17.7049
C 20.1320 -4.9955 25.0412
C 20.3892 -3.5407 20.1988
H 20.8293 -2.6088 20.5558
H 20.8837 -3.8494 19.2796
C 16.4706 -5.9625 17.3217
H 15.9673 -5.0634 17.6452
C 20.4781 -6.0331 25.9287
H 20.9616 -6.9160 25.5335
C 15.8034 -6.8770 16.5336
C 20.2089 -5.9300 27.2810
C 18.4350 -7.3600 17.2656
H 19.4610 -7.5502 17.5553
C 19.5054 -3.8566 25.5628
H 19.2215 -3.0457 24.9060
C 18.5578 -5.2635 18.5379
H 19.5838 -5.5629 18.7249
C 20.4412 -5.1645 23.6322
H 20.8962 -6.1125 23.3567
C 16.4525 -8.0535 16.1029
C 19.5803 -4.7771 27.7844
C 18.9021 -3.2475 19.9717
C 20.6134 -4.6378 21.2432
C 17.7663 -8.2846 16.4738
H 18.2508 -9.1912 16.1360
C 19.2332 -3.7501 26.9168
H 18.7475 -2.8728 27.3237
C 18.1124 -4.1254 19.1037
H 17.0884 -3.7908 18.9807
C 20.2382 -4.2962 22.6251
H 19.7949 -3.3212 22.7849
C 13.7576 -5.6251 16.4727
H 12.7751 -5.7499 16.0238
H 14.2176 -4.7084 16.0937
H 13.6566 -5.5615 17.5596
C 21.1405 -8.0712 27.8315
H 21.2731 -8.6603 28.7359
H 22.1172 -7.8654 27.3846
H 20.5237 -8.6284 27.1210
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14.8986
19.6223

-8.6158
-5.4710

15.1794
29.5460

Table S-VII. Coordinate of the curcumin lifted from the active site of transmembrane
protease 2 (TMPRSS2) PDB ID: 1Z8A

esgerfigoasfasaNolaaioR-NoN:Nol:"NoNoNoNoNo:"NoR"NoR:"No--NoNoNoR:-Nol::NoR::J:-NoNoNoNoNoRoNoNo N

17.5840
23.1110
15.7480
23.0290
15.2930
16.3560
15.9100
20.1520
17.4680
18.0140
18.2130
16.7810
17.5070
21.1520
21.1790
16.7290
22.1250
14.9890
14.3030
20.0970
19.2930
15.9640
15.8380
19.1240
19.0380
15.8070
22.0840
16.2050
17.2700
14.9370
14.2080
21.0700
21.0380
16.1550
16.2760
18.2860
18.3480
18.8180
19.5180
18.6130
19.3470
22.9350
23.7420
21.9570

Available on line at www.shd.org.rs/JSCS/

-6.0610
-6.7400
-8.1100
-4.5390
-2.7810
-5.2890
-6.1260
-5.0140
-3.7490
-2.7930
-4.2860
-5.7550
-4.9400
-5.9640
-6.8350
-6.4230
-5.8080
-7.1450
-7.4260
-3.9110
-3.1650
-5.4210
-6.0210
-5.1780
-6.1660
-7.4510
-4.7040
-3.4860
-4.4870
-7.8130
-8.6270
-3.7550
-2.8820
-4.1020
-3.4680
-4.2130
-3.2090
-6.7710
-6.4750
-7.8650
-6.7180
-7.7430
-8.5060
-8.2550

14.7080
26.5750
14.3190
28.2700
21.1560
23.0120
17.9410
25.3410
21.5280
21.7060
20.8960
16.9280
17.0880
25.4640
24.7880
15.7050
26.4520
17.7620
18.5790
26.1790
26.0660
19.2340
20.1510
24.2990
23.8160
15.5100
27.3030
20.7330
22.8380
16.5380
16.3840
27.1670
27.8400
19.3730
18.4790
23.8960
24.3490
14.6200
13.8040
14.5540
15.6000
27.5740
27.6750
27.4180

S101
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H 22.7580 -7.2570 28.5620
H 16.3880 -7.7030 13.7110
H 23.6110 -5.3180 28.2800

Table S-VIII. Coordinate of the curcumin lifted from the active site of angiotensin-converting
enzyme 2 (ACE2) PDB ID: 3D0G.

0 42.8250 -16.3020 95.6150
0 50.0770 -15.7900 95.8640
0 40.8640 -16.5800 93.6670
0 48.2690 -17.2730 94.3620
0 44.9740 -9.1740 93.7350
0 47.6670 -8.9640 96.8100
C 43.1640 -13.1510 93.8230
C 47.2450 -13.5070 95.7220
C 45.4010 -9.3750 96.0980
H 44.8310 -9.8140 96.9500
H 45.2330 -8.2890 96.2880
C 43.3860 -14.1540 94.7530
H 44.1660 -14.0370 95.5240
C 48.4970 -14.0160 96.0240
H 49.2100 -13.4230 96.6200
C 42.6110 -15.3130 94.7030
C 48.8470 -15.2860 95.5670
C 42.1910 -13.2740 92.8450
H 42.0300 -12.4650 92.1130
C 46.3320 -14.2340 94.9740
H 45.3390 -13.8120 94.7430
C 43.9830 -11.9260 93.8750
H 44.7220 -11.7690 93.0710
C 46.8750 -12.1650 96.2040
H 46.1990 -12.1010 97.0740
C 41.6270 -15.4530 93.7240
C 47.9400 -16.0300 94.8130
C 44.7630 -9.7780 94.7830
C 46.8750 -9.7050 96.2330
C 41.4160 -14.4340 92.7960
H 40.6370 -14.5440 92.0230
C 46.6820 -15.5040 94.5160
H 45.9650 -16.0920 93.9190
C 43.8930 -10.9900 94.8300
H 43.1720 -11.1160 95.6550
C 47.3010 -11.0160 95.6610
H 47.9710 -11.0400 94.7850
C 43.7440 -17.3310 95.2530
H 43.9190 -18.1410 95.9990
H 44.7190 -16.8740 94.9650
H 43.4330 -17.7820 94.2820
C 50.8690 -15.0590 96.7990
H 51.8760 -15.4720 97.0420
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H 50.2910 -14.9110 97.7410
H 50.9730 -14.0040 96.4530
H 41.1590 -17.1860 94.3670
H 49.0740 -17.2110 93.8210

Table S-IX. Coordinate of the curcumin lifted from the active site of 3-chymotrypsin-like
protease (3CLpro) PDB ID: 3AW0

o -28.1110 -35.0320 5.3490
o -18.9650 -41.3030 2.1840
o -26.3900 -32.8820 5.7220
o -19.2640 -43.4760 0.4770
o -24.5710 -40.5870 8.9140
o -25.7900 -40.3060 4.7770
C -25.2220 -36.6910 6.8200
C -22.5060 -42.0400 2.5990
C -25.2360 -41.5120 6.7900
H -24.5480 -42.3530 7.0400
H -26.2200 -42.0250 6.8970
C -26.4790 -36.5040 6.2660
H -27.1580 -37.3610 6.1210
C -21.2750 -41.4240 2.7510
H -21.1630 -40.5620 3.4300
C -26.8760 -35.2200 5.8940
C -20.1780 -41.9050 2.0360
C -24.3530 -35.6300 7.0120
H -23.3570 -35.7990 7.4540
C -22.6720 -43.1240 1.7520
H -23.6600 -43.6020 1.6440
C -24.8010 -38.0480 7.2130
H -23.7220 -38.2310 7.3500
C -23.6650 -41.5320 3.3540
H -24.4750 -41.0460 2.7840
C -26.0120 -34.1410 6.0810
C -20.3280 -42.9950 1.1790
C -25.1080 -40.4100 7.8240
C -25.0280 -41.0800 5.3520
C -24.7510 -34.3450 6.6400
H -24.0680 -33.4910 6.7880
C -21.5750 -43.6040 1.0370
H -21.6930 -44.4660 0.3590
C -25.6380 -39.0750 7.4160
H -26.7240 -38.9330 7.2810
C -23.8060 -41.6180 4.6840
H -23.0140 -42.0900 5.2890
C -28.3040 -35.4820 4.0100
H -29.3140 -35.3280 3.5640
H -28.0250 -36.5590 3.9360
H -27.5320 -35.0230 3.3490
C -18.6590 -40.2320 1.2930
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H -17.6660 -39.7390 1.4140
H -19.4640 -39.4630 1.3460
H -18.7750 -40.5800 0.2400
H -27.3610 -32.8560 5.6720
H -18.4710 -42.9660 0.7150

Table S-X. Coordinate of the curcumin lifted from the active site of papain-like protease
(PLpro) PDB ID: 3E9S

o -1.0210 30.1960 14.9090
o -4.1630 32.2480 14.0690
o 1.2650 29.3220 16.2260
o -4.0660 32.8400 11.3550
o -5.8730 24.7800 16.2730
o -8.5190 25.6350 13.7490
C -2.0800 26.9030 16.0450
C -5.2980 29.1040 12.6250
C -6.1760 25.0910 13.9020
H -5.4210 25.1480 13.0830
H -6.4780 24.0210 13.8170
C -2.1170 28.1500 15.4420
H -3.0280 28.4910 14.9210
C -4.9360 30.0520 13.5680
H -4.9750 29.8110 14.6440
C -0.9890 28.9690 15.5010
C -4.5210 31.3150 13.1440
C -0.9490 26.4530 16.7040
H -0.9390 25.4570 17.1780
C -5.2550 29.3840 11.2680
H -5.5460 28.6160 10.5310
C -3.2710 26.0360 15.9830
H -3.2750 25.1250 16.6050
C -5.7370 27.7720 13.0720
H -4.9620 27.0620 13.4050
C 0.1580 28.5300 16.1610
C -4.4720 31.6110 11.7820
C -5.5100 25.3390 15.2420
C -7.3550 25.9900 13.5860
C 0.1790 27.2730 16.7630
H 1.0860 26.9270 17.2860
C -4.8400 30.6470 10.8440
H -4.8030 30.8830 9.7670
C -4.3490 26.2770 15.2240
H -4.3780 27.1740 14.5820
C -7.0130 27.3610 13.1030
H -7.8150 28.0400 12.7690
C -1.4140 31.2990 15.7230
H -1.4400 32.3030 15.2390
H -0.7670 31.3410 16.6300
H -2.4050 31.0840 16.1860
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C -4.4920 31.9720 15.4300
H -4.1990 32.7360 16.1870
H -4.0720 30.9810 15.7200
H -5.5850 31.7660 15.5140
H 1.0130 30.2220 15.9550
H -3.8470 33.3870 12.1280

Table S-XI. Geometrical parameters of curcumin in the gas phase and the same lifted from the
active sites of TMPRSS?2 (IIa), ACE2 (IIb), 3CLpro (Ilc) and PLpro (I1d).

Group 1 Ila 1b Ilc 1Id
Aromatic ring 1 Bond distance, A
C7-C18 1.39830 1.3852 1.3850 1.3848 1.3842
C18-C30 1.38888 1.3954 1.3959 1.3957 1.3958
C30-C26 1.38457 1.3945 1.3943 1.3944 1.3939
C26-Cl6 1.41102 1.3946 1.3951 1.3949 1.3942
Cl16-C12 1.37934 1.3945 1.3951 1.3945 1.3952
Cl12-C7 1.40950 1.3865 1.3857 1.3863 1.3856
Aromatic ring 2 Bond distance, A
C8-C20 1.40064 1.3863 1.3862 1.3856 1.3863
C20-C32 1.38519 1.3954 1.3947 1.3946 1.3954
C32-C27 1.38895 1.3955 1.3955 1.395 1.3945
C27-C17 1.40583 1.3945 1.3945 1.3947 1.3947
C17-C14 1.38268 1.3954 1.3944 1.395 1.3954
C14-C8 1.40856 1.3848 1.3848 1.3849 1.3853
Aromatic ring 1 Bond angles, °
C7-C18-C30 121.3 119.4 119.3 119.3 119.3
C18-C30-C26 119.9 119.9 120.0 120.0 120.0
C30-C26-C16 119.6 120.1 120.0 120.1 120.1
C26-C16-C12 120.3 120.0 120.0 120.0 120.0
Cl16-C12-C7 120.5 119.3 119.2 119.3 119.2
C12-C7-C18 118.4 121.3 121.5 121.4 121.4
Aromatic ring 2 Angles Bond angles, °
C8-C20-C32 121.0 119.3 119.3 119.2 119.3
C20-C32-C27 120.3 120.0 120.0 120.1 120.0
C32-C27-C17 119.6 120.0 120.0 120.0 120.1
C27-C17-C14 119.9 120.0 120.0 120.0 120.0
C17-C14-C8 120.9 119.3 119.4 119.3 119.4
C14-C8-C20 118.3 121.4 121.4 121.4 121.3
Chain Dihedral angles, °
C7-C22-C34-C28 178.0 -179.5 -179.5 -179.5 -179.5
C22-C34-C28-C9 5.2 73.8 -135.7 -111.7 -141.1
C34-C28-C9-C29 -80.3 -119.1 104.3 36.9 -93.1
C28-C9-C29-C36 -67.5 -152.4 -39.1 112.5 79.3
C9-C29-C36-C24 -177.3 -113.4 -66.7 166.2 -5.4
C29-C36-C24-C8 -179.9 -179.5 -179.5 -179.5 -179.5
Chain Bond distance, A
C8-C24 1.45239 1.47290 1.47316 1.47356 1.47199
C24-C36 1.34514 1.34010 1.34035 1.34022 1.34092
C36-C29 1.47211 1.49221 1.49244 1.49297 1.49328
C29-C9 1.53123 1.51656 1.51651 1.51583 1.51595
C9-C28 1.53265 1.51538 1.51614 1.51656 1.51679
C28-C34 1.46552 1.49384 1.49267 1.49318 1.49268
C34-C22 1.34677 1.33999 1.34023 1.34034 1.34024
C22-C7 1.45423 1.47370 1.47448 1.47416 1.47445
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C29-06 1.21908 1.22836 1.22853 1.22896 1.22780
C28-05 1.22076 1.22788 1.22786 1.22792 1.22769
C27-04 1.35491 1.36211 1.36260 1.36245 1.36294
C17-02 1.36925 1.36233 1.36260 1.36223 1.36172
C26-03 1.35440 1.36244 1.36218 1.36266 1.36270
C16-01 1.36817 1.36238 1.36223 1.36294 1.36272

Table S-XII. Detailed summary of Mulliken population analysis (MPA) and natural
population analysis (NPA) charges of curcumin in gas phase (I) and curcumin lifted from the
active site of (b) transmembrane serine protease 2 (TMPRSS2) PDB ID: 1Z8A (Ila), (c)
angiotensin-converting enzyme 2 (ACE2) PDB ID: 3D0OG (IIb), (d) 3-chymotrypsin-like
protease (3CLpro) PDB ID: 3AWO (Ilc) and (e) papain-like protease (PLpro) PDB ID: 3E9S
(IId). The calculation is performed at B3LYP/def2-TZVP level of theory.

Curcumin 1 1 Ila Ila 1Ib 1Ib 1Ic Ilc 1Id IId

Sequence  Atom

MPA,e NPA,e MPA,e NPA,e MPA,e NPA,e MPA,e NPA,e MPA,e NPA,¢e
Number Symbol

1 o -0.34563 -0.48409 -0.35051 -0.50581 -0.34798 -0.50634 -0.35644 -0.50833 -0.33756 -0.50172
2 [0} -0.34552 -0.48398 -0.34018 -0.50261 -0.2836 -0.45772 -0.35045 -0.50514 -0.34102 -0.48199
3 o -0.38681 -0.63191 -0.39929 -0.64285 -0.39646 -0.64221 -0.40884 -0.64768 -0.38819 -0.63608
4 o -0.38775 -0.63212 -0.38995 -0.64007 -0.42946 -0.66471 -0.39773 -0.6432 -0.39995 -0.64037
5 [0} -0.31345 -0.54325 -0.28097 -0.49423 -0.29018 -0.51148 -0.27884 -0.50347 -0.28818 -0.50889
6 o -0.33479  -0.559  -0.30249 -0.51179 -0.27549 -0.49379 -0.33061 -0.53663 -0.283 -0.49625
7 C 0.13326  -0.1051  0.24018 -0.10286 0.22315 -0.11405 0.23682 -0.10156 0.24939 -0.11455
8 C 0.23511 -0.10494 0.26268 -0.10899 0.06402 -0.08182 0.19978 -0.113  0.09404 -0.10695
9 C -0.14137 -0.57914 -0.23387 -0.59987 -0.20352 -0.60048 -0.21577 -0.59736 -0.14111 -0.59554
10 H 0.1165 0.24062 0.13782 0.24843 0.12723 0.23957 0.12073 0.23431 0.13364  0.225
11 H 0.12212  0.22952  0.13569 0.24653  0.1383  0.25891 0.13711 0.26319 0.12805 0.25944
12 C -0.33067 -0.24997 -0.28759 -0.20999 -0.28569 -0.23003 -0.25196 -0.20657 -0.19996 -0.19958
13 H 0.12873 0.21338 0.11896 0.21897 0.15095 0.23174 0.1225 0.21922 0.10724 0.21413
14 C -0.3196 -0.24068 -0.30899 -0.19752 -0.29467 -0.26476 -0.28309 -0.21102 -0.33625 -0.26737
15 H 0.13047 0.21368 0.11406 0.21986 0.11399 0.22101 0.12789 0.22514  0.1555  0.21427
16 C 0.34123  0.22379 0.26257 0.20379  0.22971 0.20741 0.24608 0.21316 0.20376 0.21147
17 C 0.32459 0.21373  0.26533  0.2041  0.29276 0.24351 0.27688 0.20609 0.35394 0.22617
18 C -0.17153 -0.16122 -0.19352 -0.17354 -0.19417 -0.17784 -0.20341 -0.17568 -0.17304 -0.16262
19 H 0.11884 0.21364 0.11744 0.21723 0.11913 0.21952 0.10688 0.2125 0.11549 0.21723
20 C -0.18438 -0.16599 -0.14899 -0.16894 -0.15615 -0.21804 -0.16854 -0.18008 -0.1893 -0.19542
21 H 0.11428 0.21231 0.10164 0.20996 0.24189 0.22004 0.11612 0.21656 0.11467 0.21891
22 C -0.06459 -0.1032  -0.18668 -0.15483 -0.16767 -0.10785 -0.17416 -0.14112 -0.20351 -0.0909
23 H 0.13719  0.21665 0.13677 0.21552 0.13531  0.2197  0.10102 0.20383  0.12365 0.21794
24 C -0.11913 -0.07977 -0.16874 -0.13451 -0.22839 -0.14582 -0.12144 -0.06783 -0.08674 -0.11201
25 H 0.11747 0.21388 0.11177 0.20656 0.12025 0.19909 0.14488 0.22229 0.12859 0.19898
26 C 0.18269 0.27931  0.1669  0.24971 0.15455 0.25076 0.16694 0.25042 0.17703 0.25822
27 C 0.17419  0.27689 0.16268 0.25325 0.21694 0.22745 0.15689  0.2507  0.16409 0.24794
28 C 0.15692 0.52655 0.25821 0.56067  0.273 0.5418 0.14805 0.55414 0.19004 0.53778
29 C 0.20286 0.53703  0.20127 0.55782 0.18926 0.55985 0.30592 0.53452 0.19593 0.52913
30 C -0.20365 -0.25309 -0.20859 -0.23992 -0.19409 -0.23775 -0.19799 -0.24143 -0.21829 -0.24124
31 H 0.11323  0.22326 0.11442 0.22325 0.11736  0.22427 0.11248  0.222  0.11899 0.22579
32 C -0.18847 -0.24377 -0.22177 -0.23601 -0.25726 -0.22518 -0.19986 -0.23754 -0.19101 -0.23078
33 H 0.11533  0.22317 0.11721 0.22387 0.11222  0.21626 0.11599 0.22396 0.11858 0.22702
34 C -0.14545 -0.30723 -0.14817 -0.29466 -0.17835  -0.3  -0.03469 -0.28283 -0.14413 -0.32849
35 H 0.08325 0.20485 0.12793  0.22155 0.1276  0.21434  0.1064  0.2181  0.09229 0.19591
36 C -0.23364 -0.32978 -0.10318 -0.29563 -0.11374 -0.2844 -0.23287 -0.31913 -0.17246 -0.28048
37 H 0.13062 021134 0.11573  0.2124 0.13883 0.23168 0.12708 0.21135 0.12622 0.22473
38 C -0.20067 -0.24674 -0.18784 -0.25576 -0.15926 -0.25625 -0.1702 -0.25155 -0.16392 -0.25306
39 H 0.13627 0.19673 0.13876 0.20143 0.13864 0.20353  0.13291 0.19903  0.1404  0.20649
40 H 0.12737 0.17574 0.11664 0.16248 0.07241 0.17893 0.12261 0.17241 0.11142 0.15256
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41 H 0.12904 0.17617 0.11514 0.17056 0.11663  0.1567  0.11249 0.16767 0.08497 0.16837
42 C -0.20035 -0.24622 -0.19482 -0.25703 -0.19847 -0.25598 -0.19225 -0.25542 -0.23597 -0.25451
43 H 0.13558 0.19621 0.14146 0.20359 0.14336  0.20698 0.14039 0.20256 0.15155 0.20683
44 H 0.12839 0.17516 0.12184 0.17401 0.12611 0.17248 0.12153 0.17156 0.12053  0.16569
45 H 0.12841  0.1752  0.10756  0.15653 0.12195 0.16789 0.1168 0.16266 0.14804 0.18028
46 H 0.3268  0.49129 0.32349 0.48239  0.3237  0.48365 0.32285 0.4853  0.32344 0.48294
47 H 0.32671 0.49106 0.32198 0.48298 0.32533 0.47945 0.32314  0.4839  0.32212 0.48556

Table S-XIII. Detailed summary of electron density, py, (r) and Laplacian of electron density,
Vzpbcp(r) of curcumin in gas phase (I) and curcumin lifted from the active site of (b)
transmembrane serine protease 2 (TMPRSS2) PDB ID: 1Z8A (Ila), (c) angiotensin-converting
enzyme 2 (ACE2) PDB ID: 3D0G (IIb), (d) 3-chymotrypsin-like protease (3CLpro) PDB ID:
3AWO0 (Ilc) and (e) papain-like protease (PLpro) PDB ID: 3E9S (IId). The calculation is
performed at B3-LYP/def2-TZVP level of theory

Curcumin 1 Ila 1Ib Ilc 1Id
Bond @ Vs prey @, Va0 prey @ Vpra(0)s poen (0 Vopuap(0)s poen (0 Vprey(0),
a.u. a.u. a.u. a.u. a.u. a.u. a.u. a.u. a.u. a.u.
01-C38 0.2511 -0.5045 0.2519 -0.5639 0.2509 -0.5516 0.2509 -0.5504 0.2519 -0.5608
02-C17 0.2872 -0.5830 0.2914 -0.5827 0.2915 -0.5761 0.2915 -0.5833 0.2897 -0.5296
02-C42 0.2515 -0.5078 0.2521 -0.5655 0.2510 -0.5435 0.2515 -0.5601 0.2497 -0.5301
03-C26 0.3003 -0.6409 0.2947 -0.6446 0.2952 -0.6502 0.2950 -0.6562 0.2952 -0.6576
03-H46 0.3555 -2.4420 0.3523 -2.3750 0.3525 -2.3810 0.3510 -2.3690 0.3514 -2.3630
04-H47 0.3555 -2.4410 0.3520 -2.3710 0.3507 -2.3370 0.3516 -2.3720 0.3521 -2.3810
06-C29 0.4150 -0.2481 0.4075 -0.3306 0.4076 -0.3334 0.4068 -0.3333 0.4087 -0.3393
C7-C12 03076 -0.8863 0.3220 -0.9593 0.3211 -0.9469 0.3227 -0.9647 0.3235 -0.9724
C7-C18 03169 -0.9326 0.3243 -0.9754 0.3227 -0.9619 0.3248 -0.9793 0.3257 -0.9864
C7-C22 0.2854 -0.8065 0.2755 -0.7637 0.2761 -0.7736 0.2749 -0.7571 0.2750 -0.7554
C8-C14 03090 -0.8925 0.3241 -0.9733 0.3223 -0.9571 0.3220 -0.9558 0.3212 -0.9497
C8-C20 0.3147 -0.9232 0.3239 -0.9745 0.3217 -0.9530 0.3226 -0.9628 0.3214 -0.9514
C8-C24 0.2865 -0.8135 0.2756 -0.7598 0.2769 -0.7812 0.2771 -0.7794 0.2775 -0.7815
C9-C28 0.2481 -0.6202 0.2597 -0.6867 0.2589 -0.6802 0.2556 -0.6600 0.2560 -0.6624
C9-C29 0.2497 -0.6283 0.2568 -0.6674 0.2562 -0.6641 0.2591 -0.6804 0.2559 -0.6619
C9-H10 0.2804 -0.9676 0.2637 -0.8617 0.2631 -0.8554 0.2676 -0.8849 0.2659 -0.8670
C9-HI1 0.2829 -0.9839 0.2648 -0.8686 0.2658 -0.8792 0.2613 -0.8491 0.2669 -0.8860
CI12-H13 0.2882 -1.0260 0.2743 -0.9451 0.2787 -0.9638 0.2750 -0.9485 0.2749 -0.9459
C14-C17 03249 -0.9672 0.3201 -0.9461 0.3204 -0.9498 0.3203 -0.9482 0.3189 -0.9362
C14-H15 0.2872 -1.0210 0.2744 -0.9471 0.2762 -0.9490 0.2748 -0.9497 0.2749 -0.9381
C16-C12 0.3266 -0.9719 0.3205 -0.9471 0.3198 -0.9438 0.3206 -0.9449 0.3198 -0.9400
C16-C26 03168 -0.9510 0.3246 -0.9791 0.3243 -0.9758 0.3246 -0.9816 0.3253 -0.9875
C16-O1 0.2879 -0.5817 0.2909 -0.5741 0.2918 -0.5893 0.2913 -0.5904 0.2917 -0.5967
C17-C27 03194 -0.9619 0.3247 -0.9787 0.3244 -0.9857 0.3246 -0.9779 0.3238 -0.9810
CI18-C30 0.3201 -0.9487 0.3161 -0.9223 0.3155 -0.9191 0.3160 -0.9220 0.3161 -0.9233
CI8-H19 0.2879 -1.0310 0.2754 -0.9532 0.2757 -0.9553 0.2752 -0.9509 0.2756 -0.9547
C20-C32 0.3220 -0.9551 0.3158 -0.9179 0.3158 -0.9224 0.3163 -0.9236 0.3159 -0.9242
C20-H21 0.2889 -1.0370 0.2761 -0.9544 0.2800 -0.9646 0.2755 -0.9533 0.2750 -0.9497
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Curcumin 1 1la 1Ib 1lc 11d
Bond Poep (1), Vzpbcv(r)s Poep (1), Vzpbcv(r)s Poep (1), Vzpbcv(r)a Prep (1), Vzpbcrv(r)s Poep (1), Vz/’bcn(r)9
a.u. a.u. a.u. a.u. a.u. a.u. a.u. a.u. a.u. a.u.
C22-C34 0.3463 -1.0660 0.3472 -1.0420 0.3489 -1.0600 0.3474 -1.0470 0.3501 -1.0770
C22-H23 0.2899 -1.0460 0.2762 -0.9562 0.2764 -0.9596 0.2758 -0.9524 0.2776 -0.9694
C24-C25 0.2883 -1.0360 0.2762 -0.9565 0.2742 -0.9388 0.2772 -0.9677 0.2818 -0.9713
C24-C36 0.3473 -1.0710 0.3482 -1.0560 0.3467 -1.0350 0.3507 -1.0810 0.3498 -1.0700
C26-C30 0.3267 -0.9919 0.3203 -0.9586 0.3206 -0.9601 0.3205 -0.9583 0.3209 -0.9619
C27-C32 0.3242 -0.9815 0.3200 -0.9594 0.3196 -0.9440 0.3201 -0.9576 0.3197 -0.9510
C27-04 0.3000 -0.6394 0.2948 -0.6432 0.2953 -0.6663 0.2948 -0.6489 0.2948 -0.6559
C28-05 0.4143 -0.2675 0.4078 -0.3170 0.4078 -0.3187 0.4077 -0.3235 0.4082 -0.3262
(C29-C36 0.2806 -0.7786 0.2721 -0.7501 0.2731 -0.7611 0.2706 -0.7328 0.2708 -0.7366
C30-H31 0.2870 -1.0260 0.2742 -0.9451 0.2746 -0.9477 0.2741 -0.9441 0.2749 -0.9502
C32-H33 0.2872 -1.0280 0.2748 -0.9495 0.2751 -0.9472 0.2745 -0.9475 0.2745 -0.9483
C34-C28 0.2841 -0.7991 0.2723 -0.7556 0.2722 -0.7478 0.2717 -0.7469 0.2703 -0.7293
C34-H35 0.2859 -1.0120 0.2720 -0.9279 0.2733 -0.9361 0.2722 -0.9279 0.2772 -0.9367
C36-H37 0.2871 -1.0200 0.2721 -0.9254 0.2729 -0.9386 0.2748 -0.9445 0.2756 -0.9575
C38-H39 0.2899 -1.0470 0.2714 -0.9331 0.2714 -0.9326 0.2715 -0.9334 0.2719 -0.9362
C38-H40 0.2853 -1.0100 0.2721 -0.9180 0.2745 -0.9301 0.2728 -0.9238 0.2714 -09115
C38-H41 0.2853 -1.0100 0.2724 -0.9217 0.2717 -09135 0.2722 -0.9195 0.2745 -0.9279
C42-H43 0.2898 -1.0460 0.2715 -0.9338 0.2715 -0.9343 0.2714 -0.9332 0.2718 -0.9352
C42-H44 0.2851 -1.0090 0.2726 -0.9228 0.2723 -0.9195 0.2727 -0.9231 0.2745 -0.9259
C42-H45 0.2852 -1.0090 0.2718 -0.9148 0.2729 -0.9206 0.2721 -0.9179 0.2725 -0.9213

Table S-XIV. HUMO-LUMO band gap and dipole moments of curcumin in the gas phase and
that lifted from the active site of TMPRSS2 (IIa), ACE2 (IIb), 3CLpro (Ilc) and PLpro (I1d)

Structure I Ila 1Ib Ilc 11d
HOMO-LUMO band gap, eV 3.699 4.367 4.392 3.714 4.058
Uy, D -0.632 2.574 0.317 0.328 1.725
Uy, D -1.058 -1.003 -1.547 -0.036 2.033
Uy D 0.355 -0.044 0.412 -1.711 0.218

4, D 3.26 7.022 4.147 4.429 6.8

i, yand u, are the dipole moments in x, y, and z-directions whereas u represents the resultant dipole moment
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Abstract: The effect of modification of J-FeOOH with niobium, applied to
dehydration reaction of xylose, was evaluated by experimental and theoretical
methods. The experimental data confirmed, namely the characteristic peaks in
the X-ray diffractometer analysis, that the materials were obtained. Inductively
coupled plasma mass spectrometry analysis defined the percentage of Nb as 0
for pure 6-FeOOH and 9.5 wt. % (J-FeOOH/Nb) for doped. In relation to
obtaining furfural, the doped material presents a conversion improvement of
290 % when compared to pure catalyst. Theoretical calculations were useful in
understanding the preferential route of the mechanisms proposed by the
obtained potential energy values. To understand the preferred routes, the most
favorable position of xylose in relation to J-FeOOH was initially calculated.
From this, the conditions favoring furfural formation were calculated based on
the routes of the proposed mechanisms and the energy values indicated that the
furfural formation is more likely to happen on the doped material.

Keywords: feroxyhyte; xylose; furfural; niobium.

INTRODUCTION

The fossil raw materials dependency can be problematic in the long term,
because of scarcity perspective.l In this context, the study of renewable raw
materials may solve the scarcity issues, also decreases the environmental impacts
as the emission of greenhouse gases and the contamination of effluents.2-3

Herewith, the vegetable residues generated from agriculture are considered
as a renewable material; however, they are used as energy source, through com-
bustion. Nowadays, new forms to increase the added values of these products are
being studied using lignin, pentoses and hexoses in the material. %> For example,
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furfural is produced from pentoses processing, to be more specific, from xylose.
This compound owns numerous applications, as a fungicide, an extracting agent
of aromatic compounds for lubricating oils and as diesel.® Besides that, furfural
would be the basis to produce important compounds as furfuryl alcohol, furan,
furoic acid, levulinic acid and tetrahydrofuran.”

Currently, homogeneous catalysts are mostly used for the furfural production
since these materials own corrosive and dangerous characteristics that damage
the production reactors. Associate with this, there is a difficulty of reuse and need
for extra steps to catalyst separation, making the process more expensive.$?

Herewith, the study and research of heterogeneous catalysts to the reaction
are encouraged. The iron oxides and oxyhydroxides are of great interest since
they have natural abundance, chemical stability, corrosion resistance, own attract-
ive physicochemical properties, are easy to obtain and low cost. !0

Among the iron oxides and oxyhydroxides, feroxyhyte (0-FeOOH) stands
out due to important catalyst characteristics as: ease of obtaining, high surface
area, large amount of hydroxyl groups on its surface, and bifunctional catalytic
activity. In fact, the superficial groups Fe—OH and its conjugated base Fe—O- act
as Bronsted acid and base, respectively,!! however, the 5-FeOOH has low acid
character. Thus, the catalyst modification with other metals may be an alternative
to improve these properties.

The modifications of ferric catalyst with niobium are substantially present in
the literature, evidencing the modification effectiveness and thus, the study of
J-FeOOH modified with Nb becomes relevant.12-14 The catalyst modification
may increase the catalytic efficiency and material stability. Understanding behavior
of these materials as a catalyst is crucial to keep the reaction yield to desirable
levels.

The purpose of this work was to evaluate pure and Nb modified J-FeOOH,
as a catalyst, applied to xylose dehydration reaction to furfural employing theo-
retical and experimental methods.

EXPERIMENTAL

General procedure for synthesis of pure and doped material. -FeOOH nanoparticles
were obtained according to the modified procedure described in the literature.!>1® The method
consists mainly of precipitation of an alcoholic solution of Fe** with NaOH followed by an
oxidation with H,O,, leading directly to the product. The sample was set as Nb 0 wt. %. The
Nb doped J-FeOOH nanoparticles were similarly obtained, however an alcoholic solution of
NbCls was added before the precipitation step with NaOH, so the final material would have
10 % in Nb mass. The sample was set as Nb 10 wt. %.

The present iron and niobium in the material were determined by the inductively coupled
plasma mass spectrometry technique (ICP-MS) monitoring the 37Fe and *Nb isotopes. An
ELAN DRC 1II (Perkin Elmer Life and Analytical Sciences, USA) equipment was used. The
spectrometry was conducted using platinum sampled and Skimmer cones, both from Perkin
Elmer, and argon 99.999 % (White Martins, Sao Paulo, Brazil). The surface areas were deter-
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mined by Brunauer, Emmett and Taller (BET) technique by N, adsorption/desorption proce-
dure of 22 points in a gas sorption analyzer AUTOSORB Quantachrome. Crystalline phases
were got using a X-ray diffractometer (XRD), Rigaku Geigerflex model, equipped with a gra-
phite diffracted bean monochromator. Silicon was used as external standard; the scan was
made in the interval 10-80° (26) with CuKa [radiation (a = 0.154056 nm).

The xylose dehydration reaction to furfural was investigated using a stainless-steel tub-
ular reactor of 15 mL keeping the temperature controlled at 140 °C in a glycerol bath thermo-
stat (Marconi model MA159/30Glic). 10 mg of catalyst and 10 mL of xylose 20 g L"! solution
were added to the reactor. After the pre-stipulated reaction intervals of 15, 30 and 60 min, the
process was immediately interrupted by cooling the reactor in an ice bath. Then, the reaction
medium was subjected to centrifugation (FANEM excels II model) by 15 min (250 rpm) and
the catalyst was recovered by the supernatant collection.

The quantification of xylose and furfural in the liquid phase, after the reaction was
carried out, was performed by HPLC (Agilent, model 1260 infinity II). The chromatography
system was equipped with an Aminex HPX-87H column (300x7.8 mm?, Bio-Rad) maintained
at 55 °C by an oven with forced air circulation, a refractive index detector for detection of
xylose, and an ultraviolet—visible (UV—Vis) detector set at 274 nm for detection of 2-furfural-
dehyde. An aqueous sulfuric acid (5 mmol L) solution was used as the eluent at a constant
flow rate of 0.6 mL min!.

The conversion and formation of products from xylose were quantified, using an external
calibration curve acquired by the injection of the pure product with known concentrations.
Xylose conversion (X,) was calculated as:

Final xylose content, mol

X = - (M
Initial xylose content, mol

In order to better understand the role of J-FeOOH pure and Nb doped applied to the
xylose conversion, a theorical study was made, evaluating the adsorption sites of xylose and
the different mechanism reactions.

All calculations are made in Gaussian09 software.!” The system total energy was calcul-
ated using the hybrid method of our own n-layered integrated molecular orbital and molecular
mechanics (ONIOM).!8:19 The region treated as high level was calculated by the density func-
tional theory (DFT) using 6-31G basis set for carbon, oxygen and hydrogen atoms2%-23 and for
iron?* and niobium atoms,?’ the LanL2DZ basis set was chosen. Generalized gradient approx-
imation Perdew—Burke—Ernzerhof (GGA-PBE)?® was chosen to describe the exchange and
correlation term as a function of spin density. The region treated as low level was calculated
by molecular mechanical using universal force field (UFF).

For our calculations, we have used a cluster model based on structure previously built
and optimized by Lacerda ef al.,2” in which, the Nb 0 wt. % was done as described by Drits et
al.,28 using DFT under periodic boundary conditions, the functional for the exchange and cor-
relation term was the GGA-PBE,2¢ and the projector augmented-wave method, PAW?°, was
used with a cutting energy equal to 500 eV. The Nb 10 wt. % structure was made at the same
conditions, but due to the similarity in the size of the Fe and Nb atoms, the doping was per-
formed by substitute Fe atoms by Nb atoms of the upper layer of the surface, to produce the
material with approximately 10 wt. % (6-FeOOH/Nb). The substitutions were made in order
to leave the dopants equally distributed in surface.

The surface model for both catalysts was generated using a 3x3x2 super cell on the (001)
plane, totalizing 288 atoms, in which 72 are iron atoms (6 atoms of Fe were replaced by Nb
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atoms in Nb 10 wt. %). The size of surfaces cluster models is sufficient to see the interactions
between xylose and 6-FeOOH in QM/MM methods.30-31

The xylose has three reaction sites that possibly lead to furfural3 (marked red in Fig. 1),
and, considering these sites, three arbitrary positions for each reaction site were elaborated,
totalizing nine different spatial positions. For the input files, VESTA software was used, as it
is presented in the Supplementary material to this paper.

(0}

HO OH

HO OH Fig. 1. Xylose reaction sites to furfural.

To evaluate the materials as catalysts, initially we made an adsorption study, combining
the different xylose spatial positions and surfaces of Nb 0 and 10 wt. %. For this, the distances
between xylose and surfaces ranged from 0.17 to 0.35 nm, with intervals of 0.01 nm, and then
we evaluated the most stable combinations of xylose/surfaces. For thermodynamic study the
positions and distances, with the minimum energy for each reaction site, were considered.

The xylose dehydration reaction to furfural was thermodynamically studied, optimizing
the reaction intermediaries in the presence of Nb 0 and 10 wt. %. The reaction mechanisms
used have been proposed in the previous experimental work.32 The adsorbed/released energy
of each step was obtained by applying the equation.

AE 1) = (EoNiOM/intermediary(n) — M EONIOM/H20) — EoNIOM/xylose 2

In which AE(,) is the relative energy to the intermediary formation, n is the identification

of the associated intermediary, m is the number of free water molecules present in the system,

Eoniomm,o 18 the energy of free water molecule and Egniomxylose 18 the Xylose potential
energy on the catalyst.

RESULTS AND DISCUSSION

ICP-MS technique was used to quantify niobium as the catalyst. Thus, it
was determined that the materials Nb 0 and 10 wt. % have 0.00 and 9.50 wt. % of
Nb, respectively. On the other hand, the amount of iron present decreased from
63.4 in Nb 0 to 55.1 % in Nb 10 wt. %, respectively. The adsorption N»
isotherms for both catalysts are IV type, showing interparticle mesoporosity. The
total pore volume of Nb 0 and 10 wt. % was 0.27 and 0.16 cm3 g1, respectively.
The estimated specific surface area of Nb 0 and 10 wt. % were 99 and 73 m2 g1,
respectively, according to the literature (20-300 m2 g1).33

The X-ray patterns of synthesized compounds are presented in Fig. 2. In
both diffractograms feroxyhyte were identified, based on its own characteristics
reflection planes, according to the Joint Committee on Powder Diffraction Stan-
dards — JCPDS card 13-87. The planes are (100), (101), (102) and (110). In the
interval from 26 25 to 35°, some shoulders can be observed, and they are
assigned to ultrafine iron oxides present in all 6-FeOOH phases.34 The amor-
phous contribution rises the Nb incorporation to the material, as seen on Nb 10
wt. % diffractogram.
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sllmadad” Wi i AN
L s (S VA"
(li"ﬁ‘ Nb 10 wt.%
[

26/° Fig. 2. XRD diffratograms for Nb 0 and 10 wt. %.

To the reflection plane (001), the ratio of relative area from amorphous/
/reflection contribution of J-FeOOH was estimated at 0.93 and 1.81 for Nb 0 and
10 wt. %, respectively. This fact suggests that the increase from amorphous
contribution might be related to a small amount of Nb>" oxyhydroxides formed
during the synthesis (JCPDS No 31-928). Both catalysts had particles formed in
size 15 nm.

The pure and Nb doped feroxyhyte performances as catalysts were evaluated
using the xylose dehydration reaction to furfural as most likely reaction. After
one hour of reaction conversion results were obtained as presented in Fig. 3. For
Nb 0 wt. % catalyst the conversion rate was about 2.0 %, while for Nb 10 wt. %
the conversion was about 7.8 %. Although the conversion rates were relatively
low, the catalyst Nb modification presents a conversion improvement of 290 %
when compared to pure catalyst. Niobium and its oxides possess Brensted and
Lewis acidity so their higher acidity, when compared to iron oxides, favor hetero-
geneous catalytic reactions.!3 However, for a superior investigation of the stu-
died material as a catalyst to this reaction, a theoretical approach may contribute
to its comprehension.

—{J— Without catalyst A
—O—Nb 0 wt.%
6 ——A—Nb 10 wt.%
X
<
=
2 4
14
% o
] / /
0 A} a ]
T T T T T ) ) o
0 15 30 45 60 Fig. 3. Xylose conversion kinetic at 140
Time, min °C using water as solvent.
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In order to understand the reaction mechanism, the ONIOM approach
(DFT/UFF) was chosen. With this is possible to see the local structure and better
evaluate the regions of interest at low computational demand. Similar structures
have shown satisfactory results with this approach.12.35

Regarding the computational analysis, Nb 0 and 10 wt. % models were built
for a more detailed investigation of xylose dehydration reaction to furfural. To
inquire J-FeOOH catalytic properties the plane (001) was chosen, Fig. 4, corres-
ponding to the one of the most stable catalyst geometry, according to Lacerda.2’

Fig. 4. Nb 0 wt. % system model. The Fe, O and H atoms are pointed out.

The Nb isomorphic substitution in feroxyhyte crystal is due to the similarity
in the size of the Fe and Nb atoms. Furthermore, Silva et al.,36 evidenced that the
presence of Nb stabilizes the iron oxides structure. There is also the remote pos-
sibility of niobium oxide formation on the catalyst surface,!4 but for comput-
ational studies only the atoms substitution was considered in super cell building,
as shown in Fig. 5.

a) b)

‘ c ) -
0 ..o‘ o .’
-0: .0 '0‘ .0. -

'.o-ﬁ

Nb

‘ .
0.

L.,

Fig. 5. Nb 10 wt. % system model. The Fe, Nb, O and H atoms are pomted out and Nb atoms
are marked black.

The first step to a better understanding dehydration reaction is to know how
the catalyst surface interacts with xylose by adsorption tests. Xylose has 3 pos-
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sible reaction sites that lead to furfural conversion, Fig. 6, each site leads to a
different route reaction, namely routes 1, 2 and 3.

O - pyranose protonation

» Rouel T 1-OH protonation
.
H o) /’\\
Routc 2
H
oH ol
oH
on

Route 3} 2-OH protonation

.

Fig. 6. Possible xylose reaction sites for dehydration reaction to furfural.

Three arbitrary positions for each reaction site were elaborated for adsorp-
tion tests (as seen in supplementary material), namely position I, II or III for
routes 1, 2 or 3. Combining the possibilities, in total there are 9 different systems
for each catalyst.

Fig. 7 shows the best positions and distances chosen after the study of differ-
ent spatial positions and distances between the catalyst and the sugar. For a sup-
erior presentation of the results, potential energy values for distances less than
0.25 nm were omitted, once they were too high. Comparing the results among
pure and doped catalyst the resemblance on preference of xylose above feroxy-
hyte is remarkable. Besides that, the distances are the same or minimally distinct.
Fig. 8 shows the most stable positions of xylose on the catalyst for routes 1; 2
and 3, respectively. Table I summarizes all these results.

6 4 4
) —=—Pos.1-P ) b —=—DPos. 1-P ) —=—Pos.1-P
20 Pos.1-D 13 Pos.I1-D 8 Pos.1-D
% 4 4 —&—Pos. II-P | & —A—Pos. II-P | § —&—Pos.II- P
= —v—Pos.I-D | §, | —v—Pos.I-D | §, | —y—Pos.II-D
=] ——Pos.II-P| & ——Pos.II-P| & ——Pos. I - P
§ 2 4 Pos. III-D b Pos. III-D 2 Pos. III-D
g o a

o o | =
o 2 — ; =
£o] o Tyet — | o BRIEESN—S | 20 —
= T T T T = T T T T T =
ol ~ 2 T T T T T
~ 0.24 0.26 0.28 0.30 0.32 0.34 0.36 0.24 0.26 0.28 030 0.32 0.34 0.36 0.24 0.26 0.28 0.30 0.32 0.34 0.36
Distance, nm Distance, nm Distance, nm

Fig. 7. Calculated potential energy curve for xylose adsorption favoring route: a) 1, b) 2 and
c) 3 at different positions. P and D refer to Nb 0 and 10 wt. %, respectively.

The three mechanisms for xylose dehydration to furfural, supported by exp-
erimental evidence,32 are proposed as an acyclic mechanism by the ring opening
and two cyclic mechanisms. The difference between them is in the oxygen atom
that will be protonated: the ring oxygen (O-pyranose), the hydroxyl oxygen in
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position 1 (1-OH) or the hydroxyl oxygen in position 2 (2-OH) respectively to
the routes 1, 2 and 3, Fig. 8.

a) ’ i b) )
E!"L FaYa®
v.\\ . v
¢
DD LD

RO N ANTANT AN INT N
DLIOLIO DL IO 0 D)L
S S S ST

BN
s 0505000050008+
S S A S S A R S S S AP

Fig. 8. a), b) and c) refer to routes 1, 2 and 3, respectively. The pointed atom refers to the
oxygen belonging to the ring.

TABLE I. Summary of selected positions and distances

Route 1 Route 2 Route 3
Parameter Nb content, wt. %
0 10 0 10 0 10
Position 111 III 1I 11 11 111
Distance, nm 0.27 0.27 0.28 0.28 0.32 0.30

Route 1, Fig. 9a, would occur with the xylose carbonic chain opening result-
ing in the intermediates reaction formation.

The process finishes with furfural production and three water molecules loss.
Routes 2 and 3, Fig. 9b and c, respectively, would occur without breaking of the
xylose carbonic chain. The reaction would happen upon three water molecules
loss until the furfural formation.37

To thermodynamic analysis, reactants, reaction intermediaries and products
from xylose dehydration to furfural were optimized, respecting the preferred pos-
itions previously determined, for the respective reaction routes described. Fig.
10a shows the relative results of the reaction mechanism thermodynamic analysis
in the presence of Nb 0 wt. % catalyst.

The theoretical results do not show the favoring of furfural formation using
the pure catalyst, agreeing with experimental results. To xylose protonation in all
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routes, an average energy about 77.82 kJ/mol is necessary. By the reaction mech-
anism to the three routes, is possible to observe that only in the 2C intermediary
formation an expressive decrease on the system energy occurs, equivalent to
AE = -355.14 klJ/mol, but shortly thereafter there is the energy of adsorption in
the other reaction steps.
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Fig. 9. a) Acyclic reaction mechanism from the O-pyranose protonation, route 1; b) cyclic
reaction mechanism from the 1-OH protonation, route 2; ¢) cyclic reaction mechanism from
the 2-OH protonation, route 3.
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Fig. 10. Relative energy values between reaction steps by: a) Nb 0 and b) 10 wt. % catalyst.

Analyzing the furfural formation in the last step of each route, there is no
significant energy difference compared to the other steps, showing that the form-
ation of the product is unlikely. However, the results for Nb 10 wt. % presented
in Fig. 10b demonstrate the favoring of furfural production, especially the route
3. For xylose protonation to occur, a 25.10 kJ/mol energy difference is required.
Considering B formation, all routes correspond to an exothermic reaction and
observing the values to routes 1, 2 and 3 of AE —25.15, —321.46 and —248.32
kJ/mol, respectively, the last two values being high.

Routes 1 and 2 have the furfural production AE of —322.80 kJ/mol, although
route 2 is the least likely to happen since between the intermediaries B and D
there is a difference of 351.92 kJ/mol. In energetic terms, route 3 is the one ther-
modynamically favorable, because after xylose protonation the reaction runs an
exothermic path until a minimal energetic level through a release of 418.40
kJ/mol.

It is important to keep in mind that iron oxyhydroxides exist in equilibrium
with its conjugated basis, but the low acid character of iron compounds limits its
use as a catalyst for dehydration reaction:38

FeOOHs) + HyO(1) S FeOO(a3q) + H+(aq) 3)

The modification of iron oxides with niobium might rise the catalytic act-
ivity and stability as related by Oliveira and collaborators!? using computational
and experimental studies for iron oxide o phase. Studies conducted by Lacerda?’
had shown that the bond distance between hydrogen and oxygen on feroxyhyte
surface to pure and doped systems is slightly distinct. In case of pure catalyst the
distance is of 0.097 nm, but for the doped is 0.098 nm and this favor the H"
release, implying the Bronsted acidity rise.

According to Pholjaroen,3? there is evidence that the xylose dehydration
reaction to furfural, using a heterogeneous catalyst, may be favored by one active
site, especially the cyclic routes. The Lewis acid sites favor the first conversion
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step from xylose to xylulose by isomerization, whereas the Bronsted active sites
favor the following dehydration steps.40 Fig. 11 presents a scheme.
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Fig. 11. Xylose Isomerization and dehydratation to furfural.

Niobium and its oxides feature Bronsted and Lewis acidity,!3-14:41 that jus-
tifies the superior conversion rate of xylose to furfural for the experimental
results and a greater thermodynamic stability presented by the calculations.

CONCLUSION

Synthesis and characterization of pure 6-FeOOH (Nb 0 wt. %) and doped
(Nb 10 wt. %) nanoparticles had proved satisfactory. The doping went close to
theoretical value (Nb 9.50 wt. %) and the surface areas are in the literature range.

By conversion rate results, the Nb doped material proved to be more effici-
ent than the pure catalyst, showing a xylose conversion rise of 290 %.

Furthermore, the computational studies indicated that thermodynamic favor
use of Nb doped catalyst, related to the pure, when applied to the xylose dehyd-
ration reaction to furfural. Hence, route 3 is the most likely reaction route.

The Nb atoms incorporation to J-FeOOH raises the -OOH groups Brensted
acidity, because it facilitates the H" release, and the Lewis acid sites formation.
Thus, the use of Nb doped materials 5-FeOOH based may be promising in the
heterogeneous catalysis field. This paper has supplementary material.

SUPPLEMENTARY MATERIAL

Additional data and information are available electronically at the pages of journal
website: https://www.shd-pub.org.rs/index.php/JSCS/article/view/11693, or from the corres-
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U3BOJ
IOOBUJAILE OYPOYPAJIA JEXUIPATALIMJOM KCHUJIO3E ¥V ITIPUCYCTBY
KATAJIM3ATOPA ¢-FeOOH OJOITMPAHOI HUOBUJYMOM

PAULO TADASHI BANNAI CAMPOS', MARIANA DE REZENDE BONESIO', ANDRE LUIZ DIAS LIMA?,
ADILSON CANDIDO DA SILVA?, DAIANA TEIXEIRA MANCINI' 1 TEODORICO CASTRO RAMALHO'

'Department of Chemistry, Federal University of Lavras 37200-900, Lavras — MG, Brazil u 2Department of
Chemistry, Federal University of Ouro Preto, 35400-000, Ouro Preto — MG, Brazil

Edexat mogudukanuje o-FeOOH HuoOHjyMOM, MpUMemeH Ha peakuujy Jexuiparanuje
KCHJIO3€, UCIIUTHBAH je eKCIepUMEeHTaTHUM U TEeOpHjCKMUM MeTofama. ExcriepyMeHTasHo je
moTBpheHo [a Ccy MarepHjanu HOOHjeHH Ha OCHOBY KapaKTePUCTHYHUX pedreKkcHja MpH-
MeHOM Judpaknyje X-3payerwa Ha paxy. MaceHOM CEKTPOMETPHjOM Ca UHAYKTUBHO CIIPET-
HyTOM IIa3MoM je oppehen cagpxaj Nb u To 0 3a umct 5-FeOOH u 9,5 mac. % (J-FeOOH/
/Nb) 3a nonupaH. Kaza ce npatu fodujame dypdypana, JOMUPaHH MaTepHjal mokasyje Imo-
dommame koHBep3suje ox 290 % y mopehewy ca YUCTUM KaTaiausaTopom. Teopujcku mpopa-
YyyHU cy omoryhunu pasymeBame HajlloBOJbHMjEr pPEaKLMOHOI IyTa 3a MeXaHHW3Me IpeJio-
JKeHe Ha OCHOBY BPeIHOCTH TOTeHIIHjaHe eHepruje. [Ja 61 ce 08jacHUIN HAjTIOBOJBHUjU peak-
LIMOHHU IIyTEeBH, HAjIIpe je U3padyyHaTa HajII0BOJbHUja MO3KIHja KCHIo3e y ogHocy Ha J-FeOOH.
3aTUM je Ha OCHOBY pEaKLHOHUX MyTeBa MpeMIOKEHUX MeXaHW3ama H3pauyyHaTo Kaja je
¢aBopu3zoBaHo popmupame pypdypana u fodujeHe eHepreTcke BpeSHOCTH yKasayjy Ha To Ja
je seha BepoBatHOha dpopmupama Gypdypana Ha JOMHPAaHOM MaTepujaty.

(TTpumsseHo 16. Mapra, peBunMpaHo 22. Hoemdpa, npuxsaheno 9. nenembpa 2022)
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Abstract: The effect of small amounts of chemically modified nanosized clays
(from 0.05 to 1 %) on the morphological, physical-mechanical and thermo-
physical characteristics of rigid polyurethane—polyisocyanurate (PIR) and poly-
urethane (PUR) foams has been studied. The effect of these additives on the
structure of the resulting material, the change in its compressive strength,
Young’s modulus, mass loss during combustion, and thermal conductivity are
evaluated. Based on the results obtained, it is noted that the addition of small
amounts (up to 0.2 %) of chemically modified Cloisite 30B nanoclay effect-
ively reduces the average cell size of nanocomposite foams, which leads to an
improvement in their performance.

Keywords: polyurethane; polyurethane—polyisocyanurate foam; nanosized fil-
lers; compressive strength; cell morphology; thermal conductivity.

INTRODUCTION

Currently, one of the largest molar weight polymers is polyurethane — a
polymeric material, traditionally obtained by polycondensation (polyaddition) of
aromatic or aliphatic di- and polyisocyanates with polyol resins.! Due to the dis-
tinctive features of the material, such as insulation ability from high temperature
and sound in the case of polyurethane foams, and exceptional mechanical pro-
perties, polyurethanes have now become an integral part of everyday life. One of
the main industrially significant types of polyurethane is rigid polyurethane
(PUR) and polyurethane—polyisocyanurate (PIR) foam. PIR foams are obtained
using isocyanate trimerization catalysts as a result of technological processes
similar to those in the case of PUR foams. It should be noted that PIR foams have
improved thermal insulation properties and are less flammable than conventional
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polyurethane foams. Reactions of the formation of urethane and isocyanurate
groups are shown in Fig. 1.2 It is important to note that in the framework of the
synthesis of both polyurethane and, mainly, polyurethane—polyisocyanurate
foams, a number of secondary chemical processes occur, the consideration of
which is beyond the scope of this publication.3:#

H
R-N=C=0 +R'-OH =— R—N—&—O—R'

urethane
o]
R. AN R
3R-N=C=0 —> )\ /&
o™ N0 . : .
R Fig. 1. Reactions of urethane and isocyanurate
isocyanurate formation.

It is important to note that the annually growing demand for polymeric
materials inevitably leads to ever greater requirements of functional (physical-
-mechanical, thermophysical, efc.) characteristics of the resulting polymers,
which the existing ones, for a very wide range of applications, no longer meet.
One of the most promising ways to solve this problem is the synthesis of com-
posite materials based on these polymers. Today, the filled polyurethane systems
are used everywhere, while the mass fraction of the filler in the formulation can
traditionally vary from 1 to 50 % by weight of the composition. The most com-
mon fillers currently used in the polyurethane industry are chalk, carbon black,’
sand,® expandable graphite,’ titanium dioxide® and a wide range of other oxides
and inorganic salts.

It should be noted that the introduction of such inorganic additives in accept-
able amounts into systems for producing foams contributes to a decrease in the
average cell size of the formed foam,? since fillers act as a nucleating agent,
creating many smaller cells.10-11 In addition, these additives prevent the addit-
ional growth of bubbles due to an increase in the viscosity of the reaction med-
ium.!2 Thus, the use of nanosized fillers to a large extent contributes to the imp-
rovement of the morphological characteristics of foams and, as a result, to an inc-
rease in a number of performance characteristics, increasing strength indicat-
ors!3:14 to a significant extent and preventing a gradual increase in the thermal
conductivity of foams during aging.!5.16

The trend towards the addition of micro-sized clays (mainly montmorillonite
and vermiculite) in polyurethane foam compositions arose about 20 years ago.!7-19
Nanoclays, on the other hand, are finely dispersed material, which improves the
mechanical and thermal insulation properties of polyurethane composite foams
due to a significantly increased specific surface area.20
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It is extremely necessary to select the optimal amount of nanofiller, since at
an excessively high content of these additives, a significant deterioration in the
morphology of the material and degradation of performance characteristics are
noted.21-22 This deterioration in morphology can manifest itself both as an inc-
rease in the average cell size!3 and as a decrease in their density,23 as well as an
increase in the anisotropy coefficient of the foam.24:25

Thus, in the case of polyurethane and polyurethane—polyisocyanurate foams,
nanoclays are of significant interest. In this regard, it is expedient to develop for-
mulations of new nanocomposite materials based on polyurethane—polyisocyan-
urate and polyurethane foams, using the additives described above, which pos-
sess some improved performance characteristics.

EXPERIMENTAL
Materials

For the synthesis of polyurethane and polyurethane-polyisocyanurate foams, a mixture of
polyether polyols (H6007 (HongBaoLi PU, China) and HF-310 (Zhejiang Hengfeng New
Material, China)), tris(2-chloropropyl)phosphate (TCPP, Shijiazhung Hejia Chemical Pro-
ducts, China) as a flame retardant, a mixture of 1,1,4,7,7-pentamethyldiethylenetriamine
(PMDETA, Evonik, Germany) and dibenzylamine (Evonik, Germany) as catalysts for ureth-
ane and urea formation, a solution of potassium acetate in diethylene glycol in a ratio of 30:70
(Evonik, Germany) as trimerization catalyst, as well as water and n-pentane (for synthesis,
Ekos-1, Russia) as blowing agents, were used. A highly functional polymeric MDI — Lupranat
M50 (BASF, Germany) — with dynamic viscosity of 557 mPa s, determined at 25 °C in
accordance with ISO 3219-2:2021,26 and NCO content of 31.5 %, determined in accordance
with ISO 148696:2009,27 was used as the isocyanate component. The composition of the sys-
tems used is shown in Table L.

TABLE I. The composition (amount in g) of PIR/PUR foam systems

C t Foam

omponen PUR PIR
Polyether polyols blend 50.0 50.0
TCPP 7.0 7.0
PMDETA 0.8 0.8
Dibenzylamine 2.1 2.1
Potassium acetate in diethylene glycol (30:70) - 2.5
Water 2.4 2.4
n-Pentane 2.7 2.7
Polymeric MDI (Lupranat M 50) 62.3 155.8

Commercially available chemically modified organoclays Cloisite 30B (surface layer
modified with a quaternary salt of bis-2-hydroxyethylmethylammonium, modifier content <90
meq/100 g) and Cloisite 25A (surface layer modified with a quaternary salt of diethylmethyl-
ammonium, content modifier <95 meq/100 g) manufactured by BYK Additives (Germany).
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Nanoclay suspensions

The insertion of fillers into the isocyanate component to obtain PUR and PIR foams was
carried out by ultrasonic dispersion using an Inlab 1100-6/4 unit equipped with an 110-2.0
ultrasonic generator at a frequency of 22.5 kHz with an output power of 2 kW.
Dynamic viscosity measurements

The dynamic viscosity of the suspensions obtained was measured using a Lamy RM200
CP4000 Plus rotary rheometer using R-6 disc (&14.62 mm) at shear rate of 60 rpm in
accordance with ISO 3219-2:202126 at 25 °C. Further in the work, the average viscosity
values determined by analyzing three samples are given.

PUR and PIR foams preparation

The isocyanate and polyol components were thermostated at 20 °C. To obtain foam
samples, the required weights of the blended polyether component were placed in plastic
cylinders with a volume of 1000 cm?, the required amount of n-pentane was added, after
which it was actively mixed with the component for 2 min. After adding the required weight
of isocyanate (or nanoclay suspensions), the system was mixed for 5 s using an automatic
mixer at a speed of 3000 rpm. Foaming was carried out in the above-described plastic con-
tainers or wooden cubes with a volume of 15625 cm3. Ten min after mixing the components,
fragments were cut out from the core of the formed foams, which were subsequently used as
analysed samples.

Gel time

The so called “gel time” was tested as the time elapsed from the start of mixing polyol
and isocyanate components to the point at which soft threads are formed when an ordinary
wire yarn is touched to the surface of the foaming material and withdrawn.

Isocyanate group content measurements

The content of isocyanate groups in the polyisocyanate used was determined using the
potentiometric titration method on an 848 Titrino plus Metrohm automatic titrator in accord-
ance with ISO 148696:2009.%7
Apparent density

The determination of the apparent density of the synthesized foams was carried out in
accordance with ASTM D1622-20,28 for which cubic samples of 50x50xmm? in size were cut
from the obtained materials. Further in the work, the average apparent density values, deter-
mined by analysing five samples, are given.

Mechanical tests

The determination of compressive strength and Young’s modulus was carried out in the
direction of foaming on Roell/Zwick Z005 universal testing machine at a strain rate of 10 mm
min! at 10 % linear strain in accordance with the EN 826:2013 method.?° Within this work,
only the relative compressive strength and Young’s modulus are considered, numerically
equal to the ratio of the compressive strength and Young’s modulus to the square of the
apparent density of the foam sample. The data shown in the work are averages calculated from
analyses of five samples of each of the investigated formulations of polyurethane—polyiso-
cyanurate and polyurethane foams.

Open cell content

The content of open cells (OC / %) in the analysed polyurethane and polyurethane—poly-
isocyanurate foams was analysed using an AccuPyc II 1340 gas pycnometer in accordance
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with ASTM D6226-05.30 Further, the paper presents the average value of the content of open
cells in the studied samples, determined from the results of three independent measurements.

Thermal conductivity

The thermal conductivity of the analysed polyurethane-polyisocyanurate and polyure-
thane foams was determined at 24 °C using LaserComp Fox600 HFM and Fox200 SN instru-
ments in accordance with EN 12667:2001.3! The size of each sample was 200 mmx200
mmx25 mm. Further, the paper presents the average values of thermal conductivity deter-
mined by analysing three samples.

Morphological characteristics analysis

The morphological characteristics of the closed-cell structure of the foam samples were
studied using the method of scanning electron microscopy (SEM). A Hitachi TM4000 Plus II
instrument was used as a scanning electron microscope. Using a blade, 0.5 mm thick layers of
the analysed foam were cut out, and they were subsequently placed in the sample compart-
ment of the above-described photomicrograph instrument.

The average cell size (@) and the anisotropy coefficient (4/) were estimated using the
Image] software with the help of the intersection method, in accordance with the methods
proposed by Brondi et al.32 Each analysed micrograph was overlaid with a grid composed of
equidistant perpendicular lines (m vertical lines of length 4 and / horizontal lines of length w).
For each of the lines, the number of crossed cells (n;, n;) was counted. Dividing the length of
each individual line by a certain number of intersections, we found the lengths of the chords
of the cells (®; and @, i.e., one-dimensional values). This operation was carried out for each
of the lines of the constructed grid, after which the average cell size was determined in
accordance with the Eq. (1) and the anisotropy coefficient in accordance with the Eq. (2).
Further in the paper, the averaged values of all these quantities, determined by analyzing five
samples, are given:

m,l
. > P,
&= = (1)
m+1
where @ is average cell size, @;; are the lengths of cell chords, m is the number of vertical
grid lines, / is the number of horizontal grid lines.

Ay :[[édj’}/m][[é@’]/l] )

where A/, is the anisotropy coefficient, @;; are the lengths of cell chords, m is the number of
vertical grid lines, / is the number of horizontal grid lines.

Cell density was estimated using Image] software according to Kumar’s theoretical
approximation principle.3334 After opening the microphotograph in the ImageJ program, the
area for analysis was selected. The number of cells and the square of the analysed area of the
micrograph were determined. The density of cells in the volume was estimated in accordance
with the Eq. (3) proposed by Kumar, which can be expressed in terms of the number of cells
located per cubic centimetre of the analysed foam (cells cm3). Further in the work, the
average values of cell density determined by analysing five samples are given:

n 3/2
N :(Zj 3)
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where N;is the density of cells in the foam, 7 is the number of cells in the analysed area of the
microphotograph, 4 is the square of the analysed area, cm?.
Combustibility

In order to assess the change in the combustibility of the analysed polyurethane—polyiso-
cyanurate foams, samples (30 mmx30 mmx15 mm) were vertically fixed in a tripod, after
which the edge (30 mmx30 mm) was blown over for 30 s by the flame of a gas burner located
at a distance of 5 cm from the sample, so that the entire surface of the facet was covered in
flames. The gas flow rate was 0.36 ml s'!. Further, the paper presents the average values of the
degree of damage by mass (S,,) determined by analysing five samples, calculated taking into
account the change in the mass of the analysed samples before and after the test.

RESULTS AND DISCUSSION

In accordance with the ISO 3219-2:2021 method,2% the dynamic viscosity of
the resulting organoclay suspensions in the polyisocyanate component used was
determined. The trend in dynamic viscosity versus filler content is shown in Fig. 2.

nimPas

=3
_
o

590 4

570

0.0 02 04 0.6 0.8 10 Fig. 2. Dependence of the dynamic vis-
/ %% . .
@ cosity of the isocyanate component on fil-
——Cloisite 30B  ——Cloisite 254 ler content.

Thus, there is a gradual increase in the dynamic viscosity of the isocyanate
component as the content of the filler in it increases.

In order to study the effect of small additions of organoclays on the physical-
-mechanical, thermophysical and morphological properties, the samples of rigid
closed-cell polyurethane and polyurethane—polyisocyanurate foams were obtained
using the suspensions of the filler in polyisocyanate. It is noted that the addition
of the considered fillers into the composition slightly shifted the parameters of
the system, slowing down the so called “gel time” by 1-2 s in the case of organo-
clay concentration of 0.05 and 0.1 % and 2-3 s in the case of using these addit-
ives in higher concentrations. These minor changes in the technological para-
meters of the system are the result of a clear effect exerted by the additives on the
physics of the foaming process.
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The values of the physical-mechanical, morphological and thermophysical
characteristics of the obtained composite foams were determined using the
methods described above are presented in Tables II and I1I, and in a graphic form
as the Supplementary material to this paper.

TABLE II. Physical and mechanical characteristics of PUR and PIR foams

w Y o Orel. E Epe.
Foam sample wt. % kg m3 kPa kPam®kg? kPa  kPamCkg?
PUR Standard 0.00 40.35 209.71 0.129 1974.10 1.21
Cloisite 30B 0.05 40.15 229.51 0.142 1981.01 1.23
0.10 39.95 238.80 0.150 1990.68 1.25
0.20 39.81 246.51 0.156 1993.45 1.26
0.50 39.72 245.13 0.155 1979.59 1.25
1.00 39.49 242.05 0.155 1976.67 1.27
Cloisite 25A 0.05 40.17 224.79 0.139 1983.54 1.23
0.10 40.02 231.46 0.145 1981.21 1.24
0.20 39.79 235.02 0.148 1981.60 1.25
0.50 39.71 234.58 0.149 1977.65 1.25
1.00 39.54 232.07 0.148 1992.46 1.27
PIR  Standard 0.00 40.32 266.09 0.164 3319.21 2.04
Cloisite 30B 0.05 40.12 295.49 0.184 3328.50 2.07
0.10 39.92 309.30 0.194 3333.48 2.09
0.20 39.78 320.13 0.202 3331.49 2.11
0.50 39.69 318.70 0.202 3350.41 2.13
1.00 39.51 316.05 0.202 3325.85 2.13
Cloisite 25A 0.05 40.14 288.41 0.179 3374.97 2.09
0.10 39.99 298.31 0.187 3360.37 2.10
0.20 39.76 303.58 0.192 3328.50 2.11
0.50 39.68 302.11 0.192 3339.46 2.12
1.00 39.61 301.00 0.192 3334.81 2.13

As a result of the introduction of the considered additives into the compo-
sition for the synthesis of PIR and PUR foams, there is a slight decrease in the
apparent density of the resulting materials. Similar results, confirming the dec-
rease in the foam density with the introduction of small amounts of carbon filler,
were obtained by Pikhurov et al.35 It is noted that the proven decrease in the
apparent density of the materials under consideration can be explained by the inc-
reasing degree of stabilization of the three-dimensional polymer network.36

There is gradual increase in the compressive strength index of the obtained
composite foams until the mass concentration of the additive is equal to 0.2 %,
over that value this index slightly decreases. In the case of Young’s modulus, no
such trend is observed: this value remains almost unchanged when the fillers
considered in this work are introduced, regardless of their concentration. This
pattern was previously revealed by Gibson et al.,37 who proved that Young’s
modulus does not change significantly even with a significant decrease or inc-
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rease in the average size of the foam cells (the trends of parameter is described
below). On the contrary, the compressive strength index is closely related to the
morphology of the cellular structure, increasing with homogeneity of the spati-
ally cross-linked polymer network.

TABLE III. Morphological and thermophysical characteristics of PUR and PIR foams

0} b Npx1073 A oc §
Foam sample wt. % pfn Ay ce{l em? mWm!K! % %
PUR Standard 0.00 568.32 1.12 5.58 26.41 5.62 -
Cloisite 30B 0.05 528.54 1.04 16.13 25.58 5.97
0.10 500.12 1.00 20.26 25.34 6.01
0.20 454.66 0.97 33.87 25.13 6.13
0.50 471.71 0.92 30.79 25.13 6.24
1.00 511.49 0.88 29.46 25.19 6.41
Cloisite 25A 0.05 539.90 1.06 1523 25.61 6.01
0.10 505.80 0.99 18.47 25.40 6.13
0.20 471.71 0.98 32.48 25.22 6.18
0.50 488.76 091 29.46 25.23 6.29
1.00 522.85 0.86 27.44 25.27 6.52
PIR  Standard 0.00 681.07 1.07 3.27 24.17 6.24 57.03
Cloisite 30B 0.05 627.20 1.02 9.78 23.40 6.63 4835
0.10 588.72 0.95 12.36 23.17 6.68 46.22
0.20 527.15 0.93 20.79 22.96 6.81 42.03
0.50 550.24 0.88 18.89 22.97 6.93 42.05
1.00 604.11 0.85 18.06 23.03 7.12 44.78
Cloisite 25A 0.05 642.59 1.03 9.25 23.41 6.68 49.35
0.10 596.41 0.94 11.23 23.23 6.81 47.01
0.20 550.24 0.93 19.93 23.07 6.87 44.27
0.50 573.32 0.88 18.06 23.06 6.99 44.61
1.00 619.50 0.82 16.82 23.11 7.24  47.04

The observed difference between the relative strengths of composite foams
obtained using Cloisite 30B and Cloisite 25A can be explained by the presence of
hydroxyl groups on the surface of Cloisite 30B particles, which contribute to a
better distribution of nanosized filler particles over the emerging polymer matrix.

It is known that the strength characteristics of both PIR and PUR foams
largely depend on the morphology of the cellular structure of the material.38
Within the framework of this research, the change in the morphological charac-
teristics of the obtained foams was analysed using the method of scanning elec-
tron microscopy. SEM microphotographs examples are presented in Fig. 3: the
standard (non-filled) polyurethane and polyurethane—polyisocyanurate foams are
shown in Fig. 3A and C, respectively, and microphotographs of nanocomposite
foam samples (comprising 0.2 % Cloisite 30B) are shown in Fig. 3B and D.
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tographs of the obtained non-composite and composite PUR (A, B) and
PIR (C, D) foams.

It should be noted that the introduction of the additives under consideration
significantly affects the uniformity of the structure of the final polymer.

It is important to note that the introduction of a filler significantly affects
both the average cell size and their density, contributing to the formation of the
cells closest in size. It is assumed that such a modification of the cellular struc-
ture of the emerging foam makes a significant contribution to the identified inc-
rease in the functional characteristics of the foam.

Based on the information presented in Table 111, we failed to identify a clear
dependence of the anisotropy coefficient of PIR and PUR foams on the type and
concentration of the introduced fillers. Nevertheless, it is known that the intro-
duction of such additives can lead to an increase of the anisotropy coefficient of
composite foams,3 however, an increase or decrease in this index has only a
slight effect on the performance characteristics of composite foams, which was
proved in literature.33

It is important to note that in a number of studies, for example,!3-35 as a con-
sequence of the introduction of a filler into the system, an increase in the average
cell size is noted. Apparently, this trend is associated with an insufficient degree
of dispersion of the solid phase during the preparation of the initial suspensions.
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When small amounts of the considered additives are introduced into the
composition, a noticeable decrease in their thermal conductivity index is noted.
The most noticeable decrease in this characteristic was observed in the case of
PIR foams, which may be due to the better distribution of the filler in the poly-
mer matrix. Such an effect is quite natural, since when the filler was dispersed
directly in the isocyanate component, the excess of it is shown during the syn-
thesis of PIR foams.

Espadas-Escalante et al.#0 noted an increase in the thermal conductivity of
composite foams, probably associated with an insufficient degree of homogeneity
of the final suspension used for the synthesis of foams.

Since one of the most important characteristics of PIR foams is combust-
ibility, the effect of fillers introduced into the composition on the stability of the
final foams was evaluated by assessing the degree of damage by mass during
combustion, Sy,. The combustibility of the analysed PIR foams significantly dec-
reases when small additives of the considered fillers are introduced into the com-
position.

The content of open cells, OC, in the analysed composite foam plastics nat-
urally increases with the content of filler particles. However, there is an ext-
remely low influence of this parameter on the other properties of PIR and PUR
foams considered and described above. It is expected that such an increase in the
content of open cells will primarily negatively affect the thermal conductivity of
the synthesized foams, however, the thermal insulation properties of the obtained
foams only increase, which leads to a conclusion that the degree of influence of
such a small content of opened cells is negligible.

The relative compressive strength, @ , directly depends on the average cell
size of the foams, increasing with a decrease in average cell size of the resulting
foamed material. We conclude that in order to improve the strength character-
istics of foam plastics, it is extremely advisable to obtain foam plastics with the
best morphology of the cellular structure, including the lowest average cell size.

CONCLUSION

Thus, when using small amounts of chemically modified nanoclays (Cloisite
30B, Cloisite 25A), two series of composite polyurethane and polyurethane—
polyisocyanurate foams were obtained. The main physical-mechanical, thermo-
physical and morphological characteristics of the synthesized materials have
been studied. It is shown that the introduction of small additives of the con-
sidered fillers leads to an improvement in the main performance characteristics of
PIR and PUR foams: an increase in relative compressive strength, a decrease in
thermal conductivity and a damage of mass during combustion. Based on the
data obtained, it is expected that the use of the nanosized fillers described in the
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work will be appropriate in the development of new industrially used heat-insul-
ating foams.

SUPPLEMENTARY MATERIAL

Additional data and information are available electronically at the pages of journal
website: https://www.shd-pub.org.rs/index.php/JSCS/article/view/12125, or from the corres-
ponding author on request.

U3BOJ
YTHUIAJ HAHOITTMHE HA MEXAHUYKA U TOIVIOTHA CBOJCTBA KPYTHUX
PIR U PUR [IEHA

RUSLAN R. VLASOV', DARIA 1. RYABOVA', SAKINA Z. ZEYNALOVA?, DMITRY V. SOKOLOV"
u SERGEI A. RYABOV'

'Lobachevsky State University — Faculty of Chemistry, Department of Macromolecular Compounds and
Colloidal Chemistry, Gagarina av. 23, 603098 Nizhny Novgorod, Russia u “Tre Tau Engineering srl,
Pietro Colletta 85, 10153 Torino, Italy

[TpoyyaBaH je edexar pomaBawa Manux konnuuHa (o 0,05 mo 1 mac. %) HaHo-
YECTUYHUX I[JIMHa Ha MOPQOJIOTHjy, (GU3NUYKO-MEXaHUUKE U TepMOGMHU3UIKE KapaKTEPUCTUKE
KpyTUX mNonuypeTaH-Tnonunsonyjanypatiux (PIR) u nonumyperanckux (PUR) nena. Ilpo-
LEHEHU Cy €(dEKTH OBUX afUTHBA Ha CTPYKTYpYy AOOMjEHOr MaTepHjana, IPOMEHY HEroBe
KOMIIpECUBHE 4BpCTOhe, JaHTOB MOIYO €l1aCTUYHOCTH, TyOUTaK Mace TOKOM CaropeBama H
TOIVIOTHY NPOBOA/BUBOCT. Ha OCHOBY H0OMjEeHMX pe3y/TaTa 3aK/by4eHO je fa JofaBame Maahx
KonuurHa (o 0,2 mac. %) xemujcku MopudurkoBaHe Cloisite 30B HaHoOrnmMHe edukacHO
CMamyje IPOCeYHy BEIWUMHY henuja HAaHOKOMIIO3UTHHUX II€Ha, IUTO AOBOAU IO NMODObIIAHa
CBOjCTaBa MeHa.

(ITpumibeHo 3. HoBeMOpa, peBuaupano 8. neuemdpa, mpuxsaheno 21. neuembpa 2022)
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Abstract: Herein, carbon-coated magnetic nanocomposite fabricated by a low-
temperature hydrothermal method was used for methylene blue and arsenate
treatment in aqueous solution. The Langmuir model fits the experimental data
with a calculated maximum adsorption capacity of 110.63 and 2.31 mg g'! for
methylene blue and arsenate adsorption, respectively. Furthermore, the adsorp-
tion mechanisms of methylene blue as well as arsenate are physical adsorption
and a combination of physical adsorption and chemisorption, respectively.
Gibbs energy change with negative values indicates that methylene blue and
arsenate adsorption on magnetic materials occurs naturally. This research
demonstrated a simple, efficient, and reliable method for removing methylene
blue and arsenate.

Keywords: hydrothermal carbonization; rice straw; adsorption.

INTRODUCTION

The rapid development of industries has posed many potentially serious
issues in relation to ecosystems such as heavy metal and dye contamination.!
Several technologies have been introduced for wastewater treatment, including
oxidation, photocatalytic degradation, ultrafiltration, adsorption/precipitation pro-
cess and coagulation.? Adsorption has been regarded as one of the most common

* Corresponding authors. E-mail: (*)nnbich@dthu.edu.vn; (**)ngkanh@ntt.edu.vn;
(***)dinhthanhng53@gmail.com
https://doi.org/10.2298/JSC220802080N
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and effective techniques for contaminant removal from wastewater.3 Recently,
carbon material derived from low-cost biomass residuals such as rice straw has
received a lot of attention due to its potential environmental benefits.# Moreover,
magnetic modifications of the low-cost adsorbents can result in novel adsorbents
that can be rapidly removed from the treated solution using a magnetic separ-
ator.”

Methylene blue (MB) is used in many fields, so a significant amount of MB
ends up in wastewater, posing a risk to aquatic life. In addition, due to its high
toxicity, arsenic can cause serious health problems such as lung, liver, kidney,
and skin cancers.o-11 As a result, it is critical to investigate efficient technologies
for extracting MB and As(V) from aqueous solutions.!2-16 Rice straw (RS) is an
inexpensive and abundant carbon-containing lignocellulose in Vietnam. In the
paper industry, biomass is usually pre-alkali-treated to remove lignin. As a result,
this process emits a large amount of black liquor containing lignin, which can be
utilized for carbon-containing materials.!”

In this study, we simultaneously carbonize and magnetize the lignin liquor
obtained from rice straw to synthesize carbon-coated magnetic nanocomposite
(CMC) by a hydrothermal method. The primary goal of this work is to study the
potential adsorption of low-cost CMC for MB and As(V) from wastewater. Aside
from that, another goal is to evaluate the effect of concentration, contact time,
temperature and pH solution. This work also discusses the Langmuir and Freund-
lich adsorption isotherm models, as well as various thermodynamic parameters
like change in heat of adsorption (AH°), entropy change (AS®) and Gibbs energy
change (AG°) in MB and As(V) adsorption.

EXPERIMENTAL
Materials

RS was collected in Vietnam and washed several times with distilled water before being
milled into powder and filtered through a 250-mesh sieve.

Potassium hydroxide (KOH, > 85 %), sodium hydroxide (NaOH, > 97 %), hydrochloric
acid (HCl, 37 %), iron(Ill) nitrate nonahydrate (Fe(NO3); 9H,0, > 99 %), sodium chloride
(NaCl, > 99.5 %), H3AsO, in HNO; 0.5 mol L' 1000 mg L' purchased from Merck. MB
(C1H1gN3SCI-H,0, 99.5 %), was obtained from Sigma—Aldrich. All chemicals used were of
analytical grade and were used as received without any further purification.

Synthesis of carbon-coated magnetic nanocomposite

Firstly, 15 g of RS was combined with 150 ml KOH 5 %. The mixture was hydrother-
mally treated in an autoclave at 120 °C for 4 h. After slowly mixing 50 ml of 0.125 mol
Fe(NO3); into 125 ml of the above-solution for 2 h, hydrothermal treatment was carried out at
180 °C for 14 h. The CMC is then collected by filtration and rinsed several times with distilled
water until the pH value reached neutral. Finally, the remaining solid was dried in an oven at
40 °C for 12 h. In comparison, a blank sample (BS) was fabricated under the same condition
but without the addition of Fe(NOj3);.
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Characterization of CMC

X-ray diffraction (XRD) was carried out ON X D8 Advance Bruker with CuK, radiation
(4 =0,15418 nm). The morphology was observed with S4800 Hitachi scanning electron mic-
roscope (SEM) and JEM1400 JEOL transmission electron microscopy (TEM). Energy-disper-
sive X-ray spectrum (EDS) was recorded on H7593 Horiba. The Fourier transform infrared
(FT-IR) spectroscopy was measured on IR Affinity-1S spectrophotometer (Shimadzu). The
specific surface area (BET) was determined by N, adsorption—desorption isotherms at liquid
nitrogen temperature (77 K) using Quantachrome TriStar 3000 V6.07A adsorption instru-
ments. Magnetization measurements were carried out using a vibrating sample magnetometer
(VSM) 7307, Lake Shore, USA. The UV-Vis spectrometry was recorded on Spectro UV-
-2650, Labomed, USA, at a wavelength of 664 nm. Residual As(V) was detected by Thermo
Scientific iCAP Q ICP-MS. The point of zero charge (pHpzc) of CMC was investigated by
the solid addition method.'® A series of 45 mL of 0.5 M NaCl solutions were prepared in 100
mL flasks. The initial pH value (pH;) of the solution was adjusted from 2 to 12 using either
0.1 M NaOH or 0.1 M HCI solutions. The total volume of solution in each flask was precisely
50 mL by adding distilled water. Then, 0.1 g of CMC was added to each flask and kept on
shaker at 180 rpm for 24 h. The final pH (pHy) of the solutions was recorded. The difference
between the initial and final pH (ApH = pH; — pHy) was plotted against pH;. The point of
intersection of the curve with the abscissa, where ApH = 0, presented pHpzc.

Adsorption experiment

Adsorption experiments were carried out using 0.1 g CMC in 100 mL of solution. Vari-
able parameters including initial concentration, contact time, temperature, and pH of the med-
ium were thoroughly investigated. The initial pH value of the solution was adjusted using
either 0.1 M NaOH or 0.1 M HCI solutions. All adsorption experiments were carried out in
duplicate. At predetermined time intervals, the adsorbent and solution were separated, and the
residual MB and As(V) concentrations in the solution were measured using UV—Vis and ICP—
—MS, respectively.

The removal rate, R / %, was calculated as:

R =100(Cy— Cp)/Cy €))
where Cy and C, are the initial and equilibrium concentrations of MB or As(V) solution. We
listed different kinetic models, thermodynamic equations, and adsorption isotherms in Table
S-I of the Supplementary material to this paper.

Non-linear chi-square test

Optimization is indispensable in order to identify the suitable kinetic and isotherm
models to the obtained experimental results. For the present study, apart from correlation
coefficient (R%), a non-linear regression model is chi-square test was performed for data
optimization process. The chi-square (y2) can be expressed as equation (2):

(Qe, exp e, cal )2

e cal
where g cxp is the experimental value of adsorption capacity and g, ¢ is the calculated value
from the model. If experimental data is analogous to that from the model, 3? will be small,
otherwise, it will be large.

r=z 2
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Reusability

0.1 g CMC was added to 100 mL of a solution (120 mg L-! for MB and 2.5 mg L! for
As(V) and stirred for 60 and 90 min, respectively, for saturated adsorption. Following the
magnetic separation, the supernatant solution was discarded, and only adsorbed CMC was col-
lected. The adsorbed CMC in the case of MB was then added to ethanol and a 0.1 M HCl
solution in the case of As(V) for the desorption process.!3:!4 The experiments were repeated 5
times in sequence to estimate the potentially regenerable property of CMC.

RESULTS AND DISCUSSION
Characterization of materials

As shown in Fig. 1a, regarding BS, the broad peak at 26 = 22° represented
the characteristic reflection of carbon.!® In CMC, the diffractions at 26 30.46,
35.86, 43.58, 57.25 and 62.65° correspond to crystalline magnetite Fe304
(JCPDS No. 19-0629), which agree with the literature data.20 This demonstrated
that Fe(IlI) is reduced into Fe3O4 by carbon, which is formed under hydrothermal
conditions by the reactions (3)—(6):2

FeCl; + 3KOH — Fe(OH);3 + 3KCl 3)
Fe(OH)3; — FeOOH + H,O 4)
2FeOOH — FeyO3 + HyO ®)]
2Fey03 + C — 2Fe304 + CO (6)

In Fig. 1b, FT-IR spectra revealed that both BS and CMC contained func-
tional groups at 3413-3422 cm~! (~OH stretching vibrations), 1627-1630 cm™!
(C=O0 stretching vibration), 1110-1114 cm~! (C-O stretching vibration), 799—
—818 cm~! and 450-474 cm! (Si—O-Si stretching vibration) and 1451-1456 cm™!
(~O—CHjy deformation vibration).1-18.20 In general, the intensity of all peaks in
CMC is lower than that of BS and has a slight shift, indicating that chemical
reactions occurred when Fe3" was added to the solution. The peak near 560 cm!,
assigned to the Fe—O stretching vibration, was only visible in CMC, which is
consistent with XRD result.12

1000

(a)

800
" L BS

S 600+ ES
o g
= g

‘© 400 60
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< 7]

- S 404
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20 30 0 50 80 70 30 4000 3500 3000 2500 2000 1500 1000 500
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Fig. 1. a) XRD patterns of BS, CMC and standard Fe;O4 (JCPDS No. 19-0629); b) FT-IR
spectra of BS and CMC.
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According to Figs. S-1 and S-2 of the Supplementary material, CMC is made
up of C (19.21 %), O (34.38 %), Fe (42.24 %) and Si (4.16 %). In addition, EDS
elemental mapping also shows that Fe is uniformly dispersed on the surface of
the material, proving that iron oxide was formed in CMC. Fig. 2a and b depicts
typical TEM and SEM images of CMC containing Fe3O4 with sizes ranging from
50 to 120 nm and carbon as a shell with a thickness ranging from 30 to 50 nm. At
room temperature, Fig. S-3 shows the saturation magnetisation value of 33.7 emu
g1, which allows for the rapid separation and redistribution of CMC from aque-
ous solution and leads to cost-effective and reusable applications.2! Table S-II
compares the magnetization of CMC with various biochar.

Table S-1II displayed specific surface area, total pore volume, and mean pore
size for RS, BS, and CMC. The specific surface area of CMC (171.4 m2 g1) is
significantly greater than that of BS (6.6 m? g-!) thanks to the combination of
carbon and magnetic particles.22 Furthermore, the mean pore size of CMC (6
nm) is smaller than that of BS (33 nm), attributed to the covered micropores in
carbon.23

(a)

Fe;0, core

Carbon shell

200.0nM o 4800 10.0kV 7.8mm x30.0k SE(M)

Fig. 2. TEM (a) and SEM (b) images of CMC.

Effect of initial solution pH

The pH of the solution plays an important role in the adsorption process,
particularly in terms of adsorption capacity.2* Because of the changing surface of
CMC on MB and As(V), the pH value can alter its performance.25 Investigation
on the influence of initial pH solutions from 3 to 11 was carried out while keep-
ing other parameters constant such as initial concentration (120 and 2.5 mg L-1),
equilibrium time (60 and 90 min at 303 K) for MB and As(V), respectively. The
effect of pH on the adsorption of MB and As(V) on CMC is depicted in Fig. 3a
and b.

The adsorption capacity of MB increases from 3 to 7 and changes slightly
when solution pH exceeds 7. When pH < pHpzc, the surface charge is positive,
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and when pH > pHpzc, the surface charge is negative. The pHpzc of CMC is
approximately 6.32 (Fig. S-4).

120 @)

2.5+

2.0 4

0.5+

0.0~
pH
Fig. 3. Influence of pH value on the adsorption of: a) MB and b) As(V).

At low pH, low adsorption capacity resulted from electrostatic repulsion
between the cationic ion MB and positively charged active sites on CMC. Elec-
trostatic attraction occurs between negatively active sites on CMC and the cat-
ionic ion MB at higher pH levels, facilitating adsorption capacity. Arsenic acid
exists in anionic forms (HpAsO4~, HAsO42~, AsO437).26 Moreover, CMC with
positively charged active sites can attract arsenate ions, increasing adsorption
capacity from 84.12 to 86.6 %. In contrast, at pH ranging 7 to 11, CMC with
negatively charged active sites inhibited As(V) adsorption due to OH™ competing
with arsenates, resulting in a decrease in yield to 83.54 %.27 Hence, the initial pH
solution for the following experiments is 7.

Adsorption thermodynamics

A linear van’t Hoff plot (Fig. 4a and b) of In Kp versus 1/T gives slope and
intercept to determine the value of AH° and AS°, respectively. The calculated
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thermodynamic parameters for MB and As(V) adsorption onto CMC are sum-
marized in Table I at different temperatures. As temperature rises, the value of
AG° becomes more negative, resulting in more spontaneous adsorption with high
affinity of MB and As(V) to CMC. The value of AH® for absolute physical ads-
orption is typically less than 20 kJ mol~!, whereas chemisorption is in the range
of 80 to 200 kJ mol1.28.29

AH° of MB on CMC is 15.06 kJ mol~! indicates physical adsorption while
the value of AH° (22.32 kJ mol~!) for As(V) on CMC should be regarded as a
mixture of physical adsorption and chemisorption, but dominated by physical
adsorption, since the AH° was a slightly higher than 20 kJ mol-!. With positive
values of AS°, there is an affinity adsorbent for adsorbate.

(a) 254 (b)
2.54
244 ®
24 ¥ = 18526 x + 194637 23 T
= R?=0.9985 o s o —
S 2771
< 23 <21 .
£ £
2.04
2.24
1.9
1.8
21 T T T T T T T T T T
0.00310  0.00315 0.00320 0.00325  0.00330 0.00310 0.00315 0.00320 0.00325 0.00330
71k 71 1k1

Fig. 4. The plot of In Ky vs. 1/T for: a) MB and b) As(V) adsorption onto CMC.

TABLE I. Thermodynamic parameters for adsorption of adsorbates onto CMC
Adsorbate Temperature, K~ AS®/Jmol''K-l  AH°/kImol!  AG®/kJ mol!

MB 303 67.41 15.06 -5.38
313 —6.01
323 —6.73
As 303 89.10 22.32 —4.70
313 -5.51
323 —6.49

Effect of contact time and adsorption kinetics

For both MB and As(V), contact intervals of 0 to 105 min and 0 to 120 min
are used to evaluate the adsorption process as a function of contact time, res-
pectively. The adsorption of MB and As(V) occurs in three stages. Firstly, the
adsorption rate for MB increases significantly in 10 and 30 min for As(V). The
reason for this is that at the start, many vacant sites are available for adsorption.
Then, it will gradually rise until it reaches the equilibrium value of 30 min for
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MB and 75 min for As(V) (Fig. 5a and b), resulting from the fewer vacant sites
and repulsive forces between the occupied sites and bulk phases.

601 4L m 80 mgL' e 100mgl' A 120mgL’ : / m 15mgl’ e 20mgL’' A 25mglL’
v 140mglL’ & 160mgL’ 104 |® v 30mgL"' & 35mglL’
501 —— Pseudo-first order fit . ! Pseudo-first order fit
----- Pseudo-second order fit ] -----Pseudo-second order fit

40 0.8

. . . : . . . . T T T T T T T T T

0 15 30 45 60 75 90 105 0 15 30 45 60 75 90 105 120

7/ min 7/ min

Fig. 5. Kinetic modeling for adsorption of: a) MB and b) As(V) onto CMC.

Therefore, we determined that the adsorption time for the next experiment
will be 60 min for MB and 90 min for As(V). Adsorption of MB on the surface
of CMC is physical, whereas adsorption of As(V) is both physical and chemical
process, resulting in As(V) adsorption being slower than that of MB.30.31

To investigate the experimental data, different kinetic models including
pseudo-first-order and pseudo-second-order were used to understand the adsorp-
tion process. The kinetic parameters, correlation coefficient (R2) and non-linear
chi-square (y2) were listed in Table II.

TABLE II. Kinetic parameters for adsorption of a) MB; b) As(V) onto CMC at 303 K

C First-order kinetic model Second-order kinetic model
Adsorbate mg i-l e exp kl Ge,cal R2 XZ k2 qe,cal R2 XZ
mgg! min! mgg’! gmg ! min'! mg g!
MB 80  79.74 0.3357 76.94 0.864 3.043 0.0071 80.87 0.987 0.274

100 98.03 0.2972 94.56 0.875 4.403 0.0050 99.72 0.986 0.459
120 108.35 0.2870 104.55 0.900 3.950  0.0042 110.51 0.994 0.207
140 110.91 0.2830 106.58 0.899 4.120  0.0041 112.78 0.995 0.193
160 112.57 0.2796 107.75 0.893 4.473 0.0039 114.12 0.994 0.244
As(V) 1.5 1482 0.3325 1.442 0.867 0.059  0.3774 1.507 0.987 0.006
2.0 1.929 0.3084 1.880 0.915 0.053 0.2608 1.971 0.998 0.001
2.5 2179 0.2784 2.119 0.902 0.089  0.2049 2.227 0.993 0.006
3.0 2257 0.2752 2.189 0.888 0.104  0.1961 2.302 0.991 0.009
3.5 2312 0.2713 2.239 0.886 0.108 0.1855 2.362 0.989 0.010

The calculated ge values (ge cal) of both models are comparable to the exp-
erimental ones (geexp). However, the R? of the pseudo-second-order kinetic
model (approximately 0.99 for R?) is significantly higher than that of pseudo-

Available on line at www.shd.org.rs/JSCS/

(CC) 2023 SCS.



CARBON-COATED NANOCOMPOSITE IN METHYLENE BLUE AND ARSENATE TREATMENT 43 1

-first-order kinetic model (approximately 0.90 for R2), conversely, (y2) of the
pseudo-second-order kinetic model is significantly lower than that of pseudo-
first-order kinetic model, implying that the pseudo-second-order kinetic model is
better for adsorption kinetics of MB and As(V) onto CMC.

Effect of initial concentration and adsorption isotherms

Fig. 6a and b indicated that the adsorption capacity of MB and As(V) onto
CMC significantly increases with increasing ranges of 80 to 120 mg L~! and 1.5
to 2.5 mg L1, respectively. When the concentrations of MB and As(V) exceed
120 and 2.5 mg L1, the adsorption capacity increases insignificantly and reaches
a maximum of 110.63 mg L-! (Cp =160 mg L-1) and 2.312 mg L-! (Cyp = 3.5 mg
L-1), respectively. We can assume three main reasons to explain this phenom-
enon: 1) a large number of available active sites are used at higher concentrations
of MB and As(V), 2) improved mass transfer and 3) the increased ability of MB
and As(V) to collide with CMC.

1154 E (a) 4100 244 . (b) -100
1o T ﬁ/’{ B ]
§/ /i/
1051 22+ & Jisi
490 _
- ; °
o 100 ; = 3 20 i
g o z E «
= —_— = 480
= 90 80 = 1.8 -y
85 1.6
{70
80+ é 170 i
754 1.4 4
80 100 120 140 160 15 2.0 25 3.0 35
Co/mg L° C,/mgL"

Fig. 6. Effect of initial concentration on adsorption capacity and removal efficiency of
a) MB and b) As(V) onto CMC.

Furthermore, as the initial concentration increases from 80 to 160 mg L-!
and from 1.5 to 3.5 mg L1, the removal of MB and As(V) decreases from 98.79
to 69.14 % and from 98.60 to 65.97 %, respectively. When using higher con-
centrations of adsorbates with the same weight of CMC, the percentage removal
of MB and As(V) is reduced because the number of active sites on CMC remains
constant.

The Langmuir and Freundlich equations are the most used isotherms equat-
ion for modelling the adsorption data. The R? obtained from Langmuir model is
significantly higher than that obtained from Freundlich model, indicating that the
Langmuir isotherm better fits the experimental data (Fig. 7a and b, Table III).
Table S-IV compares the adsorption capacity of CMC with various adsorbents.
The previously reported capacity of MB and As(V) onto CMC is greater than that
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of many other previously reported adsorbents, implying that the as-prepared
CMC has a high potential for use in wastewater treatment. A high K1 value indi-
cates the high affinity of adsorbent for MB and As(V) adsorption.32:33 The Ry
values in the range of 0 and 1 indicate favourable adsorption.

715 (@) ®)

110
105 4

~_ 100 +

o
o))
£ 954
o 90
m  Experimental value .
85 P meeee Langmuir fit 1.6 4 ' _:__ E:E;;Tier?tal value
804 é —— Freundlich fit _!; Freundlich fit
754 1.4
T T T T T T T T T T T T T
0 10 20 130 40 50 0.0 0.2 04 0.6 0.8 1.0 1.2
C,/mglL C./mgL"

Fig. 7. Analyses of adsorption isotherm for: a) MB and b) As(V) onto CMC by Langmuir and
Freundlich models at 303 K.

TABLE III. Isotherm parameters for adsorption of MB and As(V) onto CMC at different
concentration

Langmuir isotherm model Freundlich isotherm model
Adsorbate 1o g Ky 2 0 Ky 2 2
"8 mggtLmg! MK mggimge P M7
MB 110.63 110.64 2.518 0.003 0.996 0.027 84.138 12.546 0.884 24.427
As(V) 231 2285 81.919 0.003 0.985 0.003 2.325 10.950 0.904 0.608

Reusability

CMC regeneration and recycling are critical for practical application. As
shown in Fig. 8a and b, after five cycles, there is only a very slight decrease in

1 2 3 4 5 1 2 3 4 5
Number of cycles Number of cycles

Fig. 8. Regeneration for: a) MB and b) As(V) adsorption onto CMC.
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removal from 107.32 to 98.73 mg g1 for MB and from 2.165 to 1.992 mg g!
for As(V), indicating that CMC has excellent performance and application for
MB and As (V) treatment.

CONCLUSION

CMC was prepared in a straightforward and efficient manner. They also
have a fast adsorption rate, high adsorption efficiency, and fast magnetic separ-
ation from treated water, making them excellent materials for environmentally
friendly water treatment. The maximum adsorption is 110.63 mg g~ for MB and
231 mg g' for As(V). The kinetics of adsorption can be described using a
pseudo-second-order equation, and the CMC adsorption isotherm agreed well
with the Langmuir sorption equation. Furthermore, through the desorption pro-
cess the product could be regenerated and reused multiple times.

SUPPLEMENTARY MATERIAL

Additional data and information are available electronically at the pages of journal
website: https://www.shd-pub.org.rs/index.php/JSCS/article/view/12026, or from the corres-
ponding author on request.

U3BOL
KAPAKTEPU3ALIMJA MATHETHOI HAHOKOMIIO3UTA ITPEBYYEHOT YITJBEHHUKOM 3A
YKITAIALE METHUJIIEHCKOT ITJNTABOT' U APCEHATA U3 BOOEHOI' PACTBOPA

NGOC BICH NGUYEN"? THI QUE PHUONG PHAN®, CAO THANH TUNG PHAM"*, HUU NGHI NGUYEN?,
SY NGUYEN PHAM® u DINH THANH NGUYEN"?

'Graduate University of Science and Technology, Viet Nam Academy of Science and Technology, Hanoi City,
100000, Vietnam, “Dong Thap University, Cao Lanh City, 870000, Vietnam, *Institute of Applied Materials
Science, Viet Nam Academy of Science and Technology, Ho Chi Minh City, 700000, Vietnam, *Institute of
Chemical Technology, Viet Nam Academy of Science and Technology, Ho Chi Minh City, 700000, Vietnam u
°Ho Chi Minh City University of Natural Resources and Environment, Vietnam

MarseTHM HaHOKOMIIO3UT NPEBYYEH YIJbEHUKOM ITPOM3BEMIEH HUCKO-TEMIEPATyPCKOM
XUAPOTEPMATHOM METOLOM je YIOTped/beH 3a YKIambamhe METWIEHCKOT IIaBOT U apceHara U3
BOZIEHOT pacTBopa. JIJaHTMUPOB MOfeEN je JoOpO OMUCcao eKCIIEPUMEHTANIHE NoJaTKe ca U3pa-
YYHaTUM MaKCHMAaJlHUM afCcOpNUHAOHOM KamauuteTom of 110,63 u 2,31 mg g’1 38 METHJIEH-
CKO TUIaBO W apceHart, penoM. Takohe, ompeheHu afCOPNIIMOHH MeXaHHU3aMH Cy QHU3HUCOPI-
I¥ja 3a METUIEHCKO N7IaBO U koMOMHaNMja pU3NCOpILLje U XeMUcopIyje 3a apceHar. [1po-
meHa ['mbcose eHepruje MMa HeraTMBHE BPEJHOCTH IUTO yKasdyje Ha TO fAa CE€ afcophnuuja
METHJIEHCKO TUIaBOT U apCeHaTa Ha MarHeTHUM MaTepHdjanuma Aelasa CrioHTaHo. OBO UCTpa-
)KUBame IO0Kasyje jefHOCTaBHY, eHUKacCHy M ITOy3ZaHy METOIY 3a yK/Iamame METHIEHCKO
IJIaBOT U apCeHara.

(ITpumsbeHo 2. aBrycra, peBUAMpaHo 5. okrodpa, npuxsaheno 3. Hopembpa 2022)

REFERENCES
1. S.Ji, C. Miao, H. Liu, L. Feng, X. Yang, H. Guo, Nanoscale Res. Lett. 13 (2018) 178
(https://doi.org/10.1186/s11671-018-2580-8)
2. W.J. Liu, K. Tian, H. Jiang, H. Q. Yu, Sci Rep 3 (2013) 2419
(https://doi.org/10.1080/19443994.2015.1132476)

Available on line at www.shd.org.rs/JSCS/

(CC) 2023 SCS.



434

3.

10.
11.
12.
13.
14.
15.
16.
17.
18.
19.
20.
21.

22.

23.
24.

25.

NGUYEN et al.

T. H. Nguyen, T. H. Pham, H. T. N. Thi, T. N. Nguyen, M. V. Nguyen, T. T. Dinh, M. P.
Nguyen, T. Q. Do, T. Phuong, T. T. Hoang, T. T. M. Hung, V. H. T. Thi, J. Chem. 2019
(2019) 1 (https://doi.org/10.1155/2019/5295610)

. M. Inyang, B. Gao, P. Pullammanappallil, W. Ding, A. R. Zimmerman, Bioresour.

Technol. 101 (2010) 8868 (https://doi.org/10.1016/j.biortech.2010.06.088)
N. Besharati, N. Alizadeh, S. Shariati, J. Mex. Chem. Soc. 62 (2018) 110
(https://doi.org/10.29356/jmcs.v62i3.433)

. W. Chen, R. Parette, J. Zou, F. Cannon, B. Dempsey, Water Res. 41 (2007) 1851

(https://doi.org/10.1016/j.watres.2007.01.052)

M. Zhang, B. Gao, S. Varnoosfaderani, A. Hebard, Y. Yao, M. Inyang, Bioresour.
Technol. 130 (2013) 457 (https://doi.org/10.1016/j.biortech.2012.11.132)

L. Huang, J. Cai, M. He, B. Chen, B. Hu, Ind. Eng. Chem. Res. 57 (2018) 6201
(https://doi.org/10.1021/acs.iecr.7b05294)

N. S. Pham, P. T. Q. Phan, B. N. Nguyen, V. X. Le, J. Appl. Electrochem. (2022)
(https://doi.org/10.1007/s10800-022-01747-1)

N. S. Pham, V. X. Le, J. Electroanal. Chem. 921 (2022) 116507
(https://doi.org/10.1016/j.jelechem.2022.116507)

N. S. Pham, B. N. Nguyen, A. Q. K. Nguyen, J. Appl. Electrochem. (2022)
(https://doi.org/10.1007/s10800-022-01784-w)

K. Dai, F. Wang, W. Jiang, Y. Chen, J. Mao, J. Bao, Nanoscale Res. Lett. 12 (2017) 528
(https://doi.org/10.1186/s11671-017-2295-2)

N. S. Pham, Y. H. Seo, E. Park, T. D. D. Nguyen, L.-S. Shin, Data Br. 31 (2020) 105891
(https://doi.org/10.1016/5.dib.2020.105891)

N. S. Pham, Y. H. Seo, E. Park, T. D. D. Nguyen, L.-S. Shin, Electrochim. Acta 353
(2020) 136446 (https://doi.org/10.1016/j.electacta.2020.136446)

V. X. Le, H. Lee, N. S. Pham, S. Bong, H. Oh, S.-H. Cho, I.-S. Shin, Sensors Actuators,
B 346 (2021) 130552 (https://doi.org/10.1016/j.snb.2021.130552)

N. S. Pham, P. T. Q. Phan, V. X. Le, J. Appl. Electrochem. 52 (2022) 1343
(https://doi.org/10.1007/s10800-022-01716-8)

L. Zhu, F. Shen, R. L. Smith, L. Yan, L. Li, X. Qi, Chem. Eng. J. 316 (2017) 770
(https://doi.org/10.1016/j.cej.2017.02.034)

L. Ai, C. Zhang, Z. Chen, J. Hazard Mater. 192 (2011) 1515
(https://doi.org/10.1016/j.jhazmat.2011.10.041)

X. Bao, Z. Qiang, J.-H. Chang, W. Ben, J. Qu, J. Environ. Sci. 26 (2014) 962
(https://doi.org/10.1016/S1001-0742(13)60485-4)

L. Verma, M. A. Siddique, J. Singh, R. N. Bharagava, J. Environ. Manage. 250 (2019)
109452 (https://doi.org/10.1016/j.jenvman.2019.109452)

J. Wang, J. Xu, N. Wu, J. Exp. Nanosci. 12 (2017) 297
(https://doi.org/10.1080/17458080.2017.1325016)

B. Qiu, H. Gu, X. Yan, J. Guo, Y. Wang, D. Sun, Q. Wang, M. Khan, X. Zhang, B. L.
Weeks, D. P. Young, Z. Guo, S. Wei, J. Mater. Chem. A 2 (2014) 17454
(https://doi.org/10.1039/C4TA04040F)

H. Zeng, W. Qi, L. Zhai, F. Wang, J. Zhang, D. Li, J. Environ. Chem. Eng. 9 (2021)
105951 (https://doi.org/10.1016/j.jece.2021.105951)

Y. Bulut, H. Aydin, Desalination 194 (2006) 259
(https://doi.org/10.1016/j.desal.2005.10.032)

K. Y. Foo, B. H. Hameed, Desalin. Water Treat. 19 (2012) 255
(https://doi.org/10.5004/dwt.2010.1214)

Available on line at www.shd.org.rs/JSCS/

(CC) 2023 SCS.



26.

27.

28.

29.

30.

31.

32.

33.

CARBON-COATED NANOCOMPOSITE IN METHYLENE BLUE AND ARSENATE TREATMENT 43 5

A. Sharma, N. Verma, A. Sharma, D. Deva, N. Sankararamakrishnan, Chem. Eng. Sci. 65
(2010) 3591 (https://doi.org/10.1016/j.ces.2010.02.052)

X. Shi, C. Wang, Y. Ma, H. Liu, S. Wu, Q. Shao, Z. He, L. Guo, T. Ding, Z. Guo,
Powder Technol. 356 (2019) 726 (https://doi.org/10.1016/j.powtec.2019.09.002)

B. Gu, J. Schmitt, Z. Chen, L. Llang, J. F. McCarthy, Environ. Sci. Technol 28 (1994) 38
(https://doi.org/10.1021/es00050a007)

L. Ding, B. Zou, W. Gao, Q. Liu, Z. Wang, Y. Guo, X. Wang, Y. Liu, Colloids Surfaces,
A 446 (2014) 1 (https://doi.org/10.1016/j.colsurfa.2014.01.030)

C. Li, Z. Xiong, J. Zhang, C. Wu, J. Chem. Eng. Data 60 (2015) 3414
(https://doi.org/10.1021/acs.jced.5b00692)

T. S. Anirudhan, J. Nima, S. Sandeep, V. R. N. Ratheesh, Chem. Eng. J. 209 (2012) 362
(https://doi.org/10.1016/j.cej.2012.07.129)

M. A. Ahmad, N. A. Ahmad Puad, O. S. Bello, Water Resour. Ind. 6 (2014) 18
(https://doi.org/10.1016/j.wri.2014.06.002)

X. Zhou, J. Zhou, Y. Liu, J. Guo, J. Ren, F. Zhou, Fuel 233 (2018) 469
(https://doi.org/10.1016/j.fuel.2018.06.075).

Available on line at www.shd.org.rs/JSCS/

(CC) 2023 SCS.



Journal of
the Serbian
Chemical Society

o
N
g 00017 /¥ w®

J. Serb. Chem. Soc. 88 (4) S116-S120 (2023) Supplementary material

JSCS@tmft.bg.ac.rs » www.shd.org.rs/JSCS

SUPPLEMENTARY MATERIAL TO
Performance of carbon-coated magnetic nanocomposite in
methylene blue and arsenate treatment from aqueous solution

NGOC BICH NGUYEN!2*, THI QUE PHUONG PHAN3, CAO THANH TUNG PHAM!#,
HUU NGHI NGUYENZ, SY NGUYEN PHAM?, QUOC KHUONG ANH NGUYEN©®**
and DINH THANH NGUYEN/3##%

! Graduate University of Science and Technology, Viet Nam Academy of Science and
Technology, Hanoi City, 100000, Vietnam, >°Dong Thap University, Cao Lanh City, 870000,
Vietnam, 3Institute of Applied Materials Science, Viet Nam Academy of Science and
Technology, Ho Chi Minh City, 700000, Vietnam, *Institute of Chemical Technology, Viet
Nam Academy of Science and Technology, Ho Chi Minh City, 700000, Vietnam, >Ho Chi
Minh City University of Natural Resources and Environment, Vietnam and SInstitute of
Applied Technology and Sustainable Development, Nguyen Tat Thanh University,

Ho Chi Minh City, 70000, Vietnam

J. Serb. Chem. Soc. 88 (4) (2023) 423-435

(a)

12000
Element Content, wt.% Content, at.%
CK 19.21 34.38
OK 34.38 46.19
SiK 4.16 3.18
=1 9000 Fe K 42.24 16.25
© Totals 100.00
z
2 6000 -
Q
2
=
3000
o
CH Fe Si Fe fe
Y T T T L

0 2

4 6
Energ, keV

f Bum T Mix

Fig. S-1. EDS analysis (a) and elementals map (b) of CMC.
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SiKat Fe Kal
Fig. S-2. Elemental maps of C (a), O (b), Si (c¢) and Fe (d) of CMC.
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Fig. S-3. Magnetization curves and illustration of the magnetic separability of CMC.
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Fig. S-4. Plot of point of zero charge of CMC.

TABLE S-I. Different kinetic models, thermodynamic equations and adsorption isotherms

Model Parameter Equation
Adsorption kinetic models
Pseudo q./mgg’ 1= equilibrit}m adsorption czltpacity ¢,=qe- g €))
first-order q;/mgg = aqsgrptlon capacity at time ¢
k;/ min~ = rate constant
Pseudo S kzqezt
second-order ky/ g mg” min~ = rate constant q,= 1—2 2)
+k'q.t
Thermodynamic equations
1 °AS°
AS°/ J mol™ = entropy change IhK, =—+ 3)
RT R
AH° / J mol ' = enthalpy change
Van'tHoff a7y 0 TK T = 8314 (universal gas constant)
equation T/ K = absolute temperature
Ky/L g'1 =q./C.
thermodynamic equilibrium constant
AG°/ J mol™ = Gibbs free energy change G’ =-RTIn Kp 4
Adsorption isotherms
¢m/ mg g = maximum monolayer adsorption ¢C. 1 C 5
capacity of the adsorbent q. N K, 4, )
Langmuir K, = energy constant
R, = separation factor which gives an idea R - ! 6)
about Langmuir isotherm Lo K,C
Ky /mg g"' L" mg"" = Freundlich constant 1
Freundlich  » = intensity of adsorption, » > 1 indicates a Ing, =InK,+—InC, (7)

favourable and heterogeneous adsorption

n
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TABLE S-II. The comparison of the magnetization of CMC with various biochar

Magnetization
-1

Precursors of magnetic biochar Method emu g ” Reference
Rice straw, Fe(NO;);, KOH Hydrothermal 33.7 This work
Coconut shells, FeCls Pyrolysis, microwave 6.0 !
Corn stalk, FeSO,, Na,S,0;, NaOH Hydrothermal 11.2 2
Corn stalk, FeSO,, Na,S,05;, NaOH Pyrolysis 20.4 2
Palm fiber, FeSO,, FeCl;, NH; Pyrolysis 194 3
Firwood, a-FeOOH Pyrolysis 20.8 ¢
Oleyl amine, FeCl,, FeCl;, NaOH Hydrothermal 21.7 >
Rice husk, Fe(NO,);, KMnO, Pyrolysis 27.5 o
TABLE S-III. The porous parameters of RS, BS, CMC samples
Sample Sger / m’ g'1 Vyl cm’ g'1 Dp / nm
RS 1.3 0.01 30.6
BS 6.6 0.04 33.0
CMC 171.4 0.15 6.0

TABLE S-IV. The comparison of the maximum adsorption capacity of MB and As(V) on
CMC with various adsorbents.

Capacity, mg g’

Adsorbent VB As(V) Ref.
CMC 110.63 2.31 This study
Fe,0;-Zr0,/BC 38.1 1.01 ’
M-MWCNTs 48.06 - *
Fe;0, /MWCNT 74 - ’
Fe;0,@C NPs 117 - 10
HPB (hematite/biochar) - 0.43 B
Ch-Rs (chitosan/red scoria ) - 0.72 12
OBC (Canola straw-based biochar) - 0.95 B
TB 800 (biochar from waste) - 1.25 B
PAC-500 (magnetic biosorbents) - 2.00 R
MC-O/NC-L-MG (magnetite/ microcellulose) - 18.5 0
ChM (Chitosan-Magnetite Hydrogel) - 66.9 v
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Abstract: This study investigated the elimination of organic matter from water
by the coagulation process using a biomaterial “acorns barks” as a coagulant-
aid with the presence of aluminium sulphate in low concentration. The removal
of gallic acid from water was first studied by two processes: the adsorption on
activated acorns barks, and coagulation by aluminium sulphate, separately. The
hybrid system was then studied, and the optimal operating conditions were det-
ermined. The performance of the hybrid system (coagulation/adsorption)
mainly depends on the initial concentration of gallic acid, the coagulant dose
and the mass of coagulant-aid. A full factorial design 23 was used to determine
the optimum conditions for gallic acid removal. The maximum removal of gal-
lic acid in water was 92.48 %, achieved at 20 mg L! of initial gallic acid con-
centration, 50 mg L"! of aluminium sulphate coagulant concentration and 1.5 g
of activated acorns barks adsorbent mass. The application of these optimal con-
ditions on urban wastewater for the elimination of organic matter has shown
the performance of this hybrid system treatment.

Keywords: adsorption; biomaterial; hybrid system; optimization; urban waste-
water.

INTRODUCTION

The increase of the quantity of wastewater containing various chemical
substances and solid particles, caused by economic development, has become a
serious threat to human health and sustainable development. Consequently, the
treatment of polluted wastewaters remains a topic of global concern because
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wastewaters collected from municipalities, communities and industries must ulti-
mately be returned to receiving waters or to the land.!

Wastewater contains a mixture of pollutants, among which phenols and their
derivatives are the most common organic pollutants of wastewater that require
careful treatment.2-3 Phenols and its derivatives are toxic to humans, animals, and
aquatic life, and they increase the oxygen demand of receiving water.# Phenolic
compounds are very harmful to organisms even at low concentrations due to their
high toxicity and carcinogenic properties.> Gallic acid is one of the most imp-
ortant phenolic components used in medical applications, food and the cosmetic
industries.® Consequently, a great deal of wastewater containing gallic acid dis-
charges into water bodies. Therefore, it is necessary to remove gallic acid from
water. Several studies have been carried out for the elimination of gallic acid by
different processes.”~10 Moreover, it is difficult to remove gallic acid by the trad-
itional water treatment processes due to its water solubility and small molecular
weight. 11

The selection of a particular treatment technique depends on the nature of
the effluent, waste type and concentration, presence of other constituents, level of
removal required and economics.!? Traditionally, biological treatment, activated
carbon adsorption and solvent extraction are the most widely used methods for
the removal of phenols and its derivatives from wastewater.!3 Among them, ads-
orption is a well-established and powerful technique for treating domestic and
industrial effluents.!4 The adsorption method is characterized by low initial cost,
simple operation, insensitive to toxic substances, and high effectiveness.!5

Activated carbon is the most widely and effectively used adsorbent because
of its large surface area, micro-porous nature, and high adsorption capacity. How-
ever, due to its high price and its regeneration cost, activated carbon becomes
inconvenient as an adsorbent.!® Nowadays, one of the great challenges in the
adsorption technologies is the exploring of new potential and low-cost adsorbents
using biological material. These materials should be biodegradable and are pre-
sumed to be safe for human health.!7 Producing activated carbons usually entails
carbonization, pyrolysis and activation (either chemical or physical).!8:19

Coagulation flocculation technology has proved its advantages in separation
processes. The process does not only separate suspended solids from water, but
also remove colour and certain organic matters from diverse sources of waste-
water.20 Aluminium and iron salts are the most widely used coagulants in water
treatment due to their high efficiency, as well as synthetic and natural organic
polymers, which find application also.2! However, Al-based coagulants are haz-
ardous and can cause health problems, for example Alzheimer’s disease.2? In
addition, it was reported that coagulation is not effective for some synthetic org-
anic matters due to their physicochemical properties.23 In recent years, there has
been considerable interest in the development of biomaterial to become an alter-
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native for conventional coagulants. Several studies referred to the use of alter-
native coagulants from recyclable materials, due to their cost effectiveness and
good removal performance.24

The coagulation treatment process can be influenced by several factors, but
the failure to consider the interaction of factors may lead to erroneous conclus-
ions. The design of experiments methodology could be a meaningful method for
modelling and optimizing the treatment process with a minimum number of exp-
eriments in order to identify the effective parameters and their interactions. Fac-
torial design is a more practical technique than other traditional methods for model-
ling a multi-variable system. Several studies have referred to the use of factorial
design to optimize adsorption treatments?5-27 and coagulation processes.28-30

In this study, acorns barks were used as a coagulant-aid for the elimination
of a phenolic acid (gallic acid) from water with coagulation treatment. A factorial
design was used to study the individual and interactive effects of three para-
meters that may affect the removal efficiency of gallic acid, followed by an
application of the optimal conditions obtained on an urban wastewater.

EXPERIMENTAL
Preparation of activated acorns barks

For the preparation of carbon from acorns barks, the barks were washed with distilled
water and then dried in an oven at 105 °C for 24 h. Ten g of the raw material was immersed in
100 mL of H,SO, solution (40 %) and kept at 105 °C for 2 h. The acid treated acorns barks
was washed several times with distilled water and then dried at 105 °C for 24 h. The obtained
sample was calcined at 500 °C for 2 h, crushed and sieved at a diameter < 500 um.>!
Adsorption experiments

Batch adsorption experiments were carried out in 1000 mL of Erlenmeyer flasks in which
500 mL of aqueous solution was mixing with a detemined mass of activated acorns barks.

The mixture was shaken under ambient temperature at 150 rpm for 4 h to attain equilib-
rium. Samples were collected at predetermined time intervals, then filtered through a fiber
(0.45 pm) for the determination of gallic acid concentration.

Coagulation—flocculation experiments

Coagulation experiments were conducted in jar-test apparatus by three steps: rapid mix-
ing (200 rpm) for 3 min, slow mixing (60 rpm) for 30 min and 30 min sedimentation. The
desired mass of activated acorns barks was added into 500 mL of organic compound solution
in rapid mixing step, 30 s after adding the coagulant. Aluminium sulphate was used as a coagulant.
Gallic acid analysis

The concentration of gallic acid in water was determined by measuring the absorbance
on a UV-Vis spectrophotometer Shimadzu UVmini-1240, at a wavelength of 254 nm.

RESULTS AND DISCUSSION
SEM and FTIR analysis

Scanning electron microscopy analysis (SEM). The analysis of the pore
structure of the raw acorns barks and the activated acorns barks is given in Fig. 1.
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It’s clear that no porous structure for the raw acorns barks in contrary to the
activated acorns barks which possess a good porous structure.

Fig. 1. SEM photographs of acorns barks raw (a) and activated (b).

For further study, the activated acorns barks were used as an adsorbent for
the gallic acid elimination from water.

Fourier transform infrared spectroscopy (FTIR). FTIR is the best technique
to analyse the chemical structural properties of natural materials.32

FTIR spectra are a useful tool to identify functional groups in a molecule, as
each specific chemical bond often has a unique energy absorption band, and can
obtain structural and bond information.33 Fig. 2 shows the FTIR spectra of the
activated acorns barks. A wide absorption band at 3600-3050 cm™! with a maxi-
mum at about 3350 cm~! is due to O—H and N—H stretching groups.34 The band
at 1650 cm™! characterizes the presence of carbonyl groups C=0.35 Another
band is observed at 1050 cm™~! corresponds to C—C stretching.36

Transmittance, %

A0 0 0.0 0 S0 L A0 A 00 A e a (S e e S i e A S B O e (L e B L iy g e
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Fig. 2. FTIR of activated acorns barks.

Adsorption

The adsorption experiments were performed out in batch system with differ-
ent mass of the activated acorns barks for 20 mg L-! of gallic acid concentration.
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The adsorption capacity is defined as the amount of gallic acid adsorbed per
unit mass of adsorbent, ¢ / mg g~
4=(Co-C)= 1)
m
where Co / mg L-! is the initial gallic acid concentration. C; / mg L1 is the con-
centration at a defined time. V'/ L is the volume of solution, and m / g is the mass
of the adsorbent.

Fig. 3 shows that that quantity of gallic acid can be eliminated by the acti-
vated acorns barks, and the adsorption equilibrium was 240 min. The adsorption
capacity was found to be high at low doses, it decreased from 12.05 to 7.48 mg g~!
with the activated acorns barks increasing from 1 to 2 g L1 at equilibrium time.
This decrease in adsorption capacity with the increasing adsorbent dosage is due
to the non-saturation of the adsorption sites.37
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Fig. 3. The effect of adsorbent mass on the adsorption capacity of gallic acid.

Coagulation—flocculation

Different aluminium sulphate coagulant doses (10 to 100 mg L-!) were used
to remove gallic acid at a concentration of 20 mg L-1. The variation of the rem-
oval of gallic acid (R / %) was calculated as:

R/%:loot—co_cfj )
Co
where Cy and Cr are initial and final concentrations of gallic acid, respectively.

Fig. 4 shows that the removal of gallic acid increases with the coagulant
dose due to the growth in the number of binding sites. The straight line after
50 mg L-! indicates that an optimum dose of 50 mg L~! was found at a removal
of 50.20 %. The coagulant capacity was steady due to the screening effect
between coagulant molecules.3® However, higher coagulant dose can give charge
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reversal and destabilization of colloids, and the colloidal products are rather dif-
ficult to be removed by precipitation or charge neutralization.24
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Coagulant dose, mg L~

Fig. 4. Effect of coagulant dose on gallic acid removal by coagulation-flocculation.

Aluminum sulphate/adsorbent combination in coagulation process. Three
masses of the adsorbent were used with the optimal dose of aluminium sulphate
(50 mg L-1) for the removal of gallic acid from water at a concentration of 20 mg
L-L. The intended mass of activated acorns barks was added into 500 mL of gal-
lic acid solution in rapid mixing steps, 30 s after adding the coagulant in order to
follow all the coagulation-flocculation steps.

The efficiency of hybrid system is well illustrated in Fig. 5. The removal of
gallic acid from water by hybrid system is higher than the classical coagulation.
Also, the removal of gallic acid increases with the activated acorns barks dose, in
which the gallic acid removal increases from 64.32 % for 0.5 g to 91.35 % for 1.5
g. Thus, the activated acorns barks are an efficient coagulation-aid to enhance the
coagulation performance with aluminium. This was consistent with previous stu-
dies in which better elimination performance was obtained when the coagulant-
aid is used in combination with conventional coagulants,24.39.40

100 = Cpagulation-flocculation O Hybrid system
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Fig. 5. Comparison of gallic acid removal by coagulation-flocculation and by hybrid system.

Optimization of coagulation hybrid system treatment by full factorial design.
In this study, the full factorial design methodology was used to optimize the
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treatment process and to establish the correlation between gallic acid removal
and three input variables, the gallic acid concentration X7, the aluminium sul-
phate concentration X, and the mass of activated acorns barks X3. The range and
level of each variable are given in Table L.

TABLE I. Factors and levels used in the full factorial design

Factor Low level (-1) Hight level (+1)
X, — Gallic acid concentration, mg L! 20 50
X, — Aluminum sulphate concentration, mg L-! 10 50
X3 — Mass of activated acorns barks, g 0 1.5

The statistical analyses were applied to validate the model using JMP8. The
mathematical model of the first-order polynomial can be given as:

Y=a0+a1Xi+axXo + a3X3 + ainXiXo + a13X1X3 + ap3XoX3 + a123X1.X0X3 - (3)
Where Y is the theoretical response function (removal of gallic acid), ag is

the constant, a; is the linear effect and (ajj and ajjk) are the interaction effects.
The real and coded values are in Table II.

TABLE II. Full factorial design matrix of three variables in coded and real values with the
experimental responses

Real values Coded values
Run Gallic acid Aluminum sulphate Mass of activated R/ %

concentration, mg L concentration, mg L-!  acorns barks, g o X
1 20 10 0.00 -1 -1 -1 31.69
2 50 10 0.00 +1 -1 -1 1248
3 20 50 0.00 -1 +1 -1 502
4 50 50 0.00 +1 4+l -1 4142
5 20 10 1.50 -1 -1 +1 846
6 50 10 1.50 +1 -1 +1 7023
7 20 50 1.50 -1 +1 +1 9135
8 50 50 1.50 +1  +1  +1 77.48
9 35 30 0.75 0 0 0 64.82
10 35 30 0.75 0 0 0 6137

By substituting the regression coefficients in Eq. (3), by their numerical
values as given in Table III, we get:
Y=158.564 —7.02875X] + 7.68125X, + 23.48375X3 + 1.36625X1 X, —
—0.03125X1X3 — 4.18125X,X3 — 1.24125X1 X,X3 @)

Fig. 6 shows the predicted values versus the experimental values of the rem-
oval of gallic acid. The straight line in red colour represents the model, rectangles
points are experimental points and the dotted lines represent the area of accept-
able variation.
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TABLE III. Estimated regression coefficients for the removal yield of gallic acid

Parameter Estimate Standard error t-value P-value
Constant 58.564 1.692279 34.61 0.0008
X -7.02875 1.892025 -3.71 0.0654
X, 7.68125 1.892025 4.06 0.0557
X3 23.48375 1.892025 12.41 0.0064
X1 X, 1.36625 1.892025 0.72 0.5452
X1 X3 -0.03125 1.892025 —-0.02 0.9883
X, X3 —4.18125 1.892025 -2.21 0.1577
X1 X X5 —1.24125 1.892025 —0.66 0.5792
90
T 804
; s 70
T § 60
§§ o1y S
Eg 40+
e _
g 2ol
10

T T T 1 T 1 T T
10 20 30 40 50 60 70 80 90
Predicted gallic acid removal, %

Fig. 6. Observed versus predicted response (removal of gallic acid).

The high value of R% = 0.989 and R? adjusted = 0.972 indicate that the model
was successful in correlating the response to the studied parameters.

Student’s t-test. The Student’s test determines the significance of the regres-
sion coefficients of the different parameters. A large t-value associated with a
low P-value (< 0.05) of a variable indicates a high significance of the corres-
ponding model term.

After eliminating the insignificant effects by step-by-step method, Table IV
gives only the significant effects. The results suggest that the linear effects of
gallic acid concentration, the aluminium sulphate concentration, the mass of
adsorbent, and the interaction effect between the latter two are significant.

TABLE IV. Estimated regression significant coefficients for the removal yield of gallic acid

Parameter Estimate Standard error t-value P-value
Constant 58.564 1.300328 45.04 <0.0001
X -7.02875 1.453811 —4.83 0.0047
X5 7.68125 1.453811 5.28 0.0032
X3 23.48375 1.453811 16.15 <0.0001
X X3 -4.18125 1.453811 -2.88 0.0347

The most significant effect is the activated acorns barks with a positive
value. It means that the removal of gallic acid increases with the activated acorns
bark dose.
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The empirical model for the removal becomes:
Y=158.568 — 7.02875X| + 7.68125X, +23.48375X3 — 4.18125X,X5  (5)

Interactions plot. The interactions plot is given in Fig. 7. An effective inter-
action was observed between the concentration of aluminium sulphate and the
mass of activated acorns barks with negative value (—4.18125), It means that the
effect of activated acorns barks dose is very high and positive on the removal of
gallic acid when the sulphate concentration is low.

The other interactions seem to be insignificant, the lines representing the
effects are parallels in the squares of the diagram.
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Fig. 7. Interaction effects.

Analysis of variance (ANOVA). The significance of the adjusted response
was justified by ANOVA. The ANOVA summary is shown in Table V. The F-
-value obtained (80.12) and the P-value inferior to 0.05 indicate that the model is
valid to predict the removal of gallic acid with the studied variables.

TABLE V. Analysis of variance (ANOVA); p: number of significant coefficients; N: total
number of experiments

Source Degrees of freedom Sum of squares ~ Mean square  F-ration P-value
Model p-1)=4 5418.9944 1354.75 80.1222  0.0001
Residual (N-p)=5 84.5427 16.91

Total 9 5503.5370

Optimization design using the desirability function. The desirability function
approach is the most current and strongly suggested method for the optimization
of one or more responses.4!

As shown in Fig. 8, the best combination of factor settings for achieving the
optimum response was found to be: gallic acid concentration 20 mg L-!, alumin-
ium sulphate concentration 50 mg L-! and activated acorns barks dose 1.5 g.
These conditions lead to a removal of gallic acid of 92.482 % with a desirability
0f 0.900.
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Fig. 8. Desirability function for removal of gallic acid.

Application of the hybrid system treatment on urban wastewater

Firstly, the hybrid system was used for treating a mixture of phenolic com-
pounds: 20 mg L-! of gallic acid, 20 mg L-! of phenol and 10 mg L1 of humic
substances under the optimal conditions found previously: 50 mg L1 of alumin-
fum sulphate with 1.5 g of activated acorns barks.

Simple organic molecules with no functional group or only one non-ionized
functional group (as phenol) are not (or very slightly) removed by coagulation,
and molecules that have -COOH groups are easily eliminated.#? Fig. 9 shows
that the use of activated acorns barks as a coagulant-aid improved significantly
the elimination of organic matter from water in comparison with the classical
coagulation treatment. The high removal (96.72 %) is due to the contribution of
the coagulant-aid to the elimination of organic matter by adsorption.

100
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40 |
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Coagulation-flocculation Hybrid system

Fig. 9. Removal of organic matter by coagulation-flocculation and hybrid system.

Secondly, the optimal conditions of the hybrid system were applied to urban
wastewater. The water sample was collected after pretreatment step at the waste-
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water treatment plant which is situated in the Wilaya of Boumerdes (in the north
of Algeria, 45 km from the capital Algiers). Its process chain consists of pretreat-
ment, biological treatment and clarification. The treated wastewater is destined
for irrigation.

At the treatment plant biological treatment is used for the elimination of org-
anic pollution from water. In our study, organic pollution was eliminated from
wastewater by the physicochemical treatment and compared with the biological
treatment used.

Fig. 10 shows the organic pollution parameters in wastewater before second-
ary treatment, wastewater treated by hybrid system, and wastewater treated by
biological treatment at the treatment plant.

O Wastewater B Hybrid system treatment H Biological treatment

Concentration, mg.L”
— N N w w
o (=1 (4] [=] 15}
(=] o (=] [=] [=]

I5]
1S]

o
o

| B -

OM (at 254 nm) BOD5 coD

Fig. 10. Organic pollution parameters in wastewater before and after treatment.

With the hybrid system treatment, we observe an elimination of 72.41 % of
organic matter (measured by measuring the absorbance at a wavelength of 254
nm), a reduction of 84.37 % for biological oxygen demand (BODs) and 89.45 %
for chemical oxygen demand (COD). These results confirm the possibility of
using acorns barks as a coagulant-aid for the elimination of organic matter in
wastewater. The significant reduction of BOD5 and COD which represent cock-
tail of many organic compounds, confirm that the obtained model is valid for real
wastewater and not only for one compound.

Thus, the efficiency of both hybrid system and biological treatments are very
close; this shows that the treatment by combination coagulation/adsorption
(physicochemical treatment) can be an alternative to biological treatment.

CONCLUSIONS

The present study analysed the feasibility of activated acorns barks using as
coagulant-aid to improve the coagulation process for the elimination of gallic acid
from water. The elimination of gallic acid by a classical coagulation was partial,
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with a removal of 50.20 % for a concentration of 20 mg L1 gallic acid. This
result was obtained using a maximum aluminium sulphate dose of 50 mg L.

The hybrid system of coagulation process for the removal of gallic acid from
water using activated acorns barks as coagulant-aid was successfully modelled
applying the full factorial design methodology. The optimal conditions for the hyb-
rid system in which the removal of gallic acid reached 92.48 %, were achieved at
the initial gallic acid concentration of 20 mg L1, the aluminium sulphate dose of
50 mg L1 and the activated acorns barks mass 1.5 g.

The hybrid system has shown high efficiency in the elimination of organic
matter in wastewater, the application of the optimal conditions removes 72.41 %
of organic matter, 84.37 % of BODs and 89.45 % of COD from urban waste-
water. The performance of hybrid system in comparison with the secondary treat-
ment applied in wastewater treatment plant gives the same results, which means
that the hybrid system (combination coagulation/adsorption) can be an alternative
to biological treatment.

U3BO/

METOJOJIOTHJA TIOTITYHOT ®AKTOPHUJAJTHOT IU3AJHA Y OIITUMU3ALTUIHU
EJIMMHUHALIMJE T'AJTHE KUCEJIMHE U3 BOIE IIYTEM KOATYJIALIITUJE TIOMORY
AKTHMBUPAHE KOPE XXHNPA KAO KOATYJIAHTA

NADJIBA BOULAHIA"? DALILA HANK"*, SAMIR MERIDJA"* u ABDELMALEK CHERGUI**

"Ecole Nationale Supérieure Agronomique (ENSA), Hacen Badi, E1 Harrach Alger, Algérie, ’Laboratoire de
Maitrise de I'Eau en Agriculture, Ecole Nationale Supérieure Agronomique (ENSA), Hacen Badi, El Harrach
Alger, Algérie, *Laboratoire des Sciences et Techniques de I'Environnement, Ecole Nationale Polytechnique,
Hacen Badi, El Harrach Alger, Algérie u *Ecole Nationale Polytechnique, Hacen Badi,

El Harrach Alger, Algérie

Osa cTynHja je UCTpaXuBala eIMMHUHALM]y OpPraHCKe MaTepHje U3 BOAE IMPOLECOM Koa-
rynanydje kopuirheweM dromMarepHjana, Kope KHpa, Kao MoMohHOTr koarysiaHTa y3 MPUCYCTBO
aTyMUHHjyM-CydaTa Y HACKOj KOHLIEHTpaLUju. YKIambame ralHe KUCEIUHEe U3 BOfE je MPBo
Npoy4yaBaHO IIPUMEHOM JIBa HE3aBHCHA NpoLieca: afiCOpPNLUje Ha aKTUBUPAHOj KOPH XUpa U
Koaryjanyje aTyMHHHUjyM-CcyndaTom. 3aTUM je Ipoy4yeH XUOPUOHHU CUCTeM (Koarynauuja/ag-
COpILHja) U yTBpHEeHHU Cy ONTHMAaIHHU yCI0BH pafa. [lepdopmance XubpUmHOT cucTeMa y Haj-
Behoj Mepu 3aBuce o[ MOYETHe KOHLEHTpalUje rajHe KHCEJIUHe, N03e KoarylaHTa M mace
dromerapujana. 3a ofgpehrBame ONTHMaIHUX YC/I0BA 32 YKIamame rajHe KUCeJIHHe KOPHLI-
heH je nmotnyH daxropujanHu Au3ajH 23. MakCHMalaHO yKlamame rajHe KUCETUHE Y BOJU
usHocwio je 92,48 %, a nocruruyTo je mpu 20 mg L mouerne KOHIIEHTpalije TajHe Kuce-
nuHe, 50 mg L' aIyMHUHMjyM-cyidara Kao KoaryneHra, 1 1,5 ¢ akTuBupaHe Mace afgcopdeHTa
on kope xupa. [I[puMeHa OBUX ONTHMAJIHUX YCJIOBa Ha IPaficke OTHAaLHE BOJE 3a €1MMUHA-
LYjy OpraHCKHX MaTepyja nokasasa je [odpe ocodMHe 0BOT XMOPUIHOT CUCTEMA TPETMaHa.

(ITpumbeHo 23. jyHa, pesupupano 20. HoBembpa, npuxsaheHo 9. nenemdpa 2022)
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Abstract. Students’ misconceptions in science can lead to a range of learning
difficulties if the teacher does not choose the appropriate teaching strategies to
reduce their frequency. In this paper, 13—14-year-old students’ misconceptions
regarding structure and states of matter, pure substances, and mixtures are exp-
lored. The teaching strategy with E-learning material was applied to examine
its effects on the frequency of misconceptions. The research was conducted in
urban schools in Bosnia and Herzegovina with 7%- and 8™-grade students.
Findings pointed to the misconceptions originating in transferring the macro-
scopic observations into the submicroscopic level and in misinterpretation of
the size of particles. Students who used E-learning material at school mostly
had lower percentages of misconceptions in comparison to students from the
control group and students who accessed the same E-learning material from
their home. This indicates that the E-learning strategy could have promising
results if applied more extensively at schools. This study aims to direct teach-
ers’ attention toward applying E-learning in chemistry teaching, for students to
gain scientifically accepted knowledge and to reduce the occurrence of miscon-
ceptions.

Keywords: structure of matter; pure substances; mixtures; misconceptions;
E-learning material.

INTRODUCTION

Four decades ago (in 1982), Johnstone presented his ideas about the three
levels of representation of chemical concepts.! He suggested that chemical know-
ledge consists of “at least three levels”: macroscopic (visible), submicroscopic
(particulate) and representative (symbolic), and represented them with a triangle.
Chemistry teaching is not focused on a certain level of representation but placed
inside the triangle, since teachers and students are expected to manage them
simultaneously.! According to Johnstone, chemists were mainly thinking at the
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macroscopic and submicroscopic levels, but chemistry teachers taught students
mainly from the perspective of the symbolic level. This meant that the students
were not taught to “truly think like chemists”.2

Experiencing chemistry through demonstrations or laboratory work (macro-
scopic) and understanding it in terms of atomic and molecular interactions (sub-
microscopic) promotes the development of conceptual understanding. Among the
main characteristics of students who demonstrate conceptual understanding, there
is the ability to link macroscopic, submicroscopic, and symbolic levels of repre-
sentation.3* Therefore, chemistry instruction should emphasize this multilevel
thinking.>

Many studies showed that students often develop an understanding of how
nature is functioning,® which is not in line with the scientific meaning of con-
cepts.®7 Students have beliefs about physical phenomena derived from prior
learning or from interaction with physical and social world.8 They obtain naive
views about matter also through their experiences during childhood which lead
them to incorrect ideas.” The consequences are incorrect understandings of sci-
ence concepts and phenomena that affect the integration of new with the existing
knowledge,!0 and may persist even after teaching, along with scientifically
approved ones, or form a certain kind of synthetic model with them.!! Miscon-
ceptions can be acquired both before and after teaching.® Misconceptions formed
at school originate mainly from inadequate curricula, teaching material, text-
books?®, ineffective instruction and textbook misrepresentation.!2

Misconceptions of some elementary chemical concepts — Literature review

To understand states of matter, transitions between them, as well as pure
substances and mixtures, the main prerequisite is the knowledge and understand-
ing of the particle (particulate) theory of matter (PNM).13 Misunderstanding of
this theory may hinder learning of other topics such as states of matter.10 The
ability to understand the submicroscopic level is developed gradually with a care-
ful teaching program over a time scale of years.!4

A large proportion of students’ difficulties encountered when moving from
everyday thinking to scientific thinking is regarded as the projection of properties
from the macroscopic world to the submicroscopic level of representation.!> Stu-
dents tend to generate a hybrid macroparticulate model in which particles possess
macroscopic properties. !0

Direct sensory experience leads students to a naive view of matter. They rely
solely on sensory information when reasoning about matters up to the age of
around 14 years.!7 One of the first published studies!8 on student’s conceptions
about changes in states of matter (melting, evaporation and condensation) uncov-
ered many non-scientific conceptions among children aged 12-17 years old.
Some of the detected misconceptions persisted even after teaching.!® Students
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often fail to understand the vibration of particles in the solid state, whereas a
majority of them were able to indicate particle movement in liquid and gas
states.19 Students also experience specific difficulties with gases since those they
know from everyday life (air) are invisible, which prevents them from forming
the concept of gas spontaneously.!” Research studies regarding the most common
misconceptions about states of matter held by 12-, 14- and 16-year-old students
suggest no significant difference between the misconceptions held by these dif-
ferent age groups.20

The concept of a pure substance is difficult for young learners, but 11-12
year-old students might understand the concept if the appropriate teaching
methods were used. The characteristics of pure substances, such as having spe-
cific melting and boiling point as well as being composed of only one kind of
particles, are too abstract for students at this age.!4 The term pure substance
could be deceiving since “substances are just substances — they are not pure and
impure substances”.2! The term mixture is also simplified, “wood contains many
substances; they are not simply mixed in a random way but built into a complex
structure”.2! One of the best ways to induce students’ thinking on the submicro-
scopic level (pure substances and mixtures) is to include particulate drawings
into instruction.22

E-learning

The impact of E-learning on students’ achievement is complex and depends
on many factors, but studies showed that students learn best with E-learning
when they are interactively engaged in the content. Use of technology signific-
antly improves their performance and shifts a teacher-centred classroom environ-
ment to a more learner-centred classroom environment.23 Web-based educational
software improved academic achievement of 7th grade students in Turkey in
structure and properties of matter.24 Findings of this study point to the benefits of
these material: 1) web-assisted applications provide limitless time for the rep-
laying option, and they are suitable for an individual’s learning speed, unlike the
traditional learning environment; 2) rich audio—visual content has positive impact
on students’ learning; 3) this material has been designed with meaningful learn-
ing that requires the connection of new with the previously acquired knowledge.24

Research findings confirm that the use of e-units created to connect the three
levels of representation of chemical concepts results in improvement of students’
achievements.” The contents of E-units must also be relevant to the target group
of students, and to contain appropriately designed multimedia elements. E-learn-
ing units are intended for both independent learning and repetition, as well as for
work in the school under the guidance of a teacher.

Some research?5:26 examined the role of the virtual laboratory on 11-12-
-year-old students’ understanding of states of matter, pure substances and mix-
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tures. This virtual laboratory contained all three levels of representation of a
chemical concept and dynamic visualizations of the submicroscopic level. The
results showed that students, to whom the virtual laboratory was displayed,
scored higher in the achievement test than the students who were taught using the
teacher-centred approach with static visualisations.25:26

EXPERIMENTAL
Research problem

This research was addressed to diagnosing misconceptions of selected science concepts
(structure of matter, states of matter, pure substances and mixtures) held by 13—14-year-old
students and exploring the effect of applying E-learning units on their frequency. According to
the Curriculum Framework, the basics of states of matter are taught within the subject My
environment in the 24 grade (age 7-8). In the 5t grade (age 10-11) within Science, the states
of matter are taught again, including phase changes. Within physics in the 7 grade (age 12—
—13), students are acquainted with the notion of atoms and molecules. Within chemistry in the
8th grade (age 13—14), students learn more deeply about the structure and states of matter, and
then about pure substances and mixtures. After examining the corresponding literature, the
following research questions are formulated:

1. What misconceptions about structure and states of matter do students have when
entering the 8t grade and encountering chemistry as a school subject?

2. Does the teaching approach in 8 grade with E-learning units affect the occurrence
of misconceptions about structure and states of matter?

3. Does the teaching approach in 8™ grade with E-learning units affect the occurrence
of misconceptions about pure substances and mixtures?

Educational material: E-learning units

Two E-learning units (structure and states of matter — SSM and pure substances and
mixtures — PSM) were designed, based on the E-learning units from the project E-ke-
mija*.27-28 The tool for design and development of electronic textbooks eXecute was used.
The content of the E-learning units was based on the Curriculum for Chemistry course in the
8th grade of primary school and applied in teaching relevant concepts. In E-learning units both
macroscopic and submicroscopic levels of representation in chemistry were included. The
symbolic level is not taught yet at this stage.

The E-learning units were composed of text, pictures, videos, animations, schemes,
tables and tasks. The E-learning unit SSM contained seven sections (slides) with an average
number of 157.4 words per slide; the E-learning unit PSM contained nine sections with an
average number of 196.7 words per slide. In most cases, video clips and pictures represent the

*http://www kii3.ntf.uni-lj.si/e-kemija/. The result of E-kemija project are 125 E-units des-
igned to enable the acquisition of basic knowledge of chemistry, deepening of knowledge and
checking of understanding. E-units are mainly intended for independent learning, they are
always available to students, so they can look at each one as many times as they want. The
project was created with the financial support of the Ministry of Education and Sports of the
Republic of Slovenia and the European Social Fund. Authors of the E-learning units: Bojana
Boh, Iztok Devetak, Danica Dolnicar, Sasa A. Glazar, Andrej Godec, Samo Jamsek, Vida
Mesec, Brane Pajk, Blaz Repe, Irena Sajovic, Matej Urbanci¢, Margareta Vrtacnik, Katarina
Wissiak Grm, and Boris Zmazek.
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observable (macroscopic) level. Simple animations and drawings were used for submicro-
scopic representations (e.g., the representation of the arrangement and movement of the par-
ticles (SSM) and the difference between pure substances and mixtures (PSM)).

Tasks were incorporated into most sections and at the end of both E-learning units. Their
role was to keep students’ attention during learning and to give them feedback at the end of
each section. No data were collected at this point.

Design of the study

The study was quasi-experimental by its design. Students were divided into one control
(CG) and two experimental groups: experimental group 1 (EG1), where the teacher-centred
approach at school was followed by working on E-learning material at home, and experimen-
tal group 2 (EG2), where the E-learning units were implemented at school only. Groups were
equal in their previous knowledge of the relevant concepts; this fact was examined and con-
firmed with the pretest at the end of 7 grade. Two teaching units from the Curriculum for 8th-
-grade chemistry were selected: Structure and states of matter (SSM) and Pure substances and
mixtures (PSM). When identifying answers as misconceptions, the following criterion2%-30
was used: Incorrect answers on multiple-choice items with the occurrence of 20 % and higher
are defined as misconceptions.

Participants

Participants were students from four schools located in the urban area of Sarajevo,
Bosnia and Herzegovina. Permission for research was granted by the principals, teachers and
students’ parents from every school.

The pre-test was administered in the first phase to a total number of 191 7 grade stu-
dents. Some students dropped out from the sample for different reasons (change of school,
inconsistency in writing their names/codes, absence from the classroom); therefore, in the
second phase (next school year, 8t grade), 111 students participated (Table I).

TABLE I. Participants of the study

Number of participants

Group Teaching unit SSM Teaching unit PSM
CG 33 34
EGl 39 38
EG2 39 41

Instruments and procedures

The pre-test of knowledge was administered to students within physics class in the 7t
grade. We were interested in students’ knowledge of science content after the 7th grade, which
is the basis for learning new content in the 8th grade.

Based on the results of the pretest, students were divided into three groups.

e The experimental group 1 (EG1) was formed to introduce E-learning units as home-
work material after the usual teaching (teacher-centred approach) at school. EG1 students
received E-learning units as homework material on compact discs (CDs) to work on them at
home. All students reported that they had personal computers or laptops at home.

e In the experimental group 2 (EG2), students were learning using the E-learning units
in the chemistry classroom under the supervision of a chemistry teacher and a researcher.
Laptops were provided for each student in this group.
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e The control group (CG) was taught traditionally, which in these schools implies
teacher-centred approach. One of the researchers was present to ensure that the crucial con-
cepts addressed in the E-learning units were also taught by the teacher in the control group.

The Levene’s test of homogeneity of variances indicated that the variances are not
homogeneous (F (2, 138) = 7.629, p = 0.001), so the Welch test was chosen to test the differ-
ence between the groups. It did not result in a statistically significant difference between the
control (CG) and experimental (EGl and EG2) groups on the pretest of knowledge
(F (2, 83.8) = 1.058, p = 0.352). Cronbach’s alpha for the pretest was a = 0.596 and it was
considered as acceptable®! for the purpose of this research*.

After ensuring that students in all groups do not differ significantly with respect to their
previous knowledge, the teaching strategies which include E-learning were applied in the exp-
erimental groups, and the teacher-centred approach was used in the control group. Teaching
process was implemented at schools and lasted for one teaching hour (45 min) per teaching
unit. After teaching, the students’ knowledge was examined using the tests of knowledge, both
applied as immediate and delayed post-tests (Scheme 1).

P ﬂ s
) *Teaching
_ Pretest of *Teaching Aol ot
LA\ olcdoe -m- *Test of knowledge S5M,
- *Delayed test of
N 4

knowledge SSM,

Scheme 1. Research methodology (15 phase: pre-test of knowledge; 2" phase: Structure and
states of matter (SSM) and pure substances and mixtures (PSM).

One week after teaching structure and states of matter (SSM), the administration of the
corresponding tests of knowledge (SSM;) followed in all three groups. Approximately three
months after teaching, repeated post-tests of knowledge (SSM,) were administered to obtain
insight into the retention of students’ knowledge regarding the concepts taught. The same
procedure was carried out with Pure substances and mixtures (PSM) teaching unit.

The reliability analysis resulted in Cronbach’s alpha o = 0.711 for SSM; and 0.529 for
SSM,, and it is considered as acceptable even though it is relatively low in the case of SSM,.
Also, acceptable values of Cronbach’s alpha were noted for PSM; (a = 0.734) and for PSM,
(0 =10.704).

The sources for the construction of tests of knowledge included content of E-learning
units (also taught in CG using teacher-centred approach). Incorrect options (distracters) in the
items were derived from actual student alternative conceptions gathered from the literature. A
pilot study was conducted one year earlier, and the tests were given to chemistry teachers
prior to the application for a review, as well as to two university professors of Methodology of
chemistry education.

In addition, validity was examined by conducting the analysis of correlation of each item
with the total score on the test, and this resulted in statistically significant correlation for most
of the items to the total score in each group of students.

*Cronbach’s alpha is recommended to be higher than or equal to 0.7 — some researchers
accept 0.6 (van Griethuijsen, van Eijck & Haste, 2014) to satisfy the internal consistency of
the test.
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RESULTS AND DISCUSSION

The pre-test of knowledge was administered after the corresponding teaching
unit regarding atoms and molecules had been taught at the end of the 7th grade
within physics class. Distractor analysis of the seven multiple-choice items was
performed. Incorrect answers which indicate the existence of misconception,32
sorted by frequency in decreasing order are presented in Table II.

TABLE II. Misconceptions — pre-test (N =191)

No. Misconception Frequency, %
M1 Freezing/melting/evaporation can shrink water molecules. 45.1
M2 Bubbles that occur when water is heated are made of heat. 429
M3 When water evaporates, it splits into hydrogen and oxygen. 41.9
M4  We cannot obtain liquid water from water vapour since it has changed. 24.1
M5 Bubbles that occur when water is heated are made
22.0
of gaseous hydrogen and oxygen.

M6 If a leaflet was made from a piece of gold,

. . 20.9

its atoms became straightened.
M7  We cannot obtain liquid water from water vapour since it disappeared. 20.4

The pre-test of knowledge revealed certain misconceptions regarding the
structure and states of matter that students possessed prior to the instruction: 1)
Misconceptions related to the changes in states of matter: M1, M2, M3, M4, M5,
M7 and 2) misconceptions resulting from assigning the macroscopic properties to
the particles: M6. Same misconceptions originate from students’ everyday expe-
riences to explain the changes surrounding them; some of them are formed long
before students entered school. These concepts are more thoroughly taught later
on in 8t grade within Chemistry.

The structure and states of matter (SSM) test of knowledge was administered
one week after teaching (SSM1) and three months after teaching as a delayed test
(SSM3). Incorrect answers on five multiple-choice and one completion items
with a frequency (f) of 20 % or higher in any of the groups on SSM; and/or
SSM, are represented in Table S-1 (Supplementary material to this paper), sorted
by frequency in decreasing order. The proportions of students who have mis-
conceptions as reported in Table S-I were examined using Pearson chi-square
test.

Misconceptions regarding SSM can be classified as: 1) misconceptions about
the arrangement and movement of particles in solids (M1 and M3); 2) the size of
particles (M2, M4, M6 and M7); 3) the effect of freezing and condensation on the
size of the molecule (M8, M10); 4) the existence of different particles in the
same substance in different states of matter (M9); 5) the volume of a liquid can
easily change (M5).
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The most frequent misconceptions in all groups on both SSM; and SSM»
were about the arrangement and movement of particles in solid substances (M1
and M3). The percentages of M1 and M3 for EG2 on both tests were lowest; on
SSMjy, the difference in favour of EG2 for M1 was statistically significant. The
source of these misconceptions could be the attribution of macroscopic properties
to the submicroscopic particles. It was evident from several animations in the E-
-learning unit SSM that the particles in ice vibrate, but students probably did not
pay enough attention or did not transfer this knowledge to all substances in the
solid state.

Misconceptions regarding the size of molecules (M2, M4 and M7) were also
frequent on both immediate and delayed post-test, with the lowest percentages in
EG2. On SSM, the difference in percentages in favor of EG1 and EG2 compared
to CG for misconception M2 was statistically significant. Some studies also rep-
orted students’ misconceptions regarding the size of atoms.!2:32 Research also
showed that in comparison to the macroscopic level of representation, students’
estimates of submicroscopic spatial sizes are less precise.33 The unobservable
nanoscale is hard to conceptualize even for older students,34 which suggests that
this concept should be addressed more thoroughly in the teaching process. There
is the potential of E-learning units in teaching this concept, as the findings of this
study showed that, even if the misconceptions regarding the size of the particles
exist in EG2 and in EG1, the percentages are lower than in CG, and in one case
(M2) the difference was statistically significant.

Misconceptions about freezing (M6, M8) and condensation (M10) affecting
the size of the molecules did not reach the threshold of 20 % in EG2 either on
SSM; or SSMy. In the case of CG, the threshold was reached for M6 on both
SSM; and SSM,, and M10 on SSM»; in EG1 for M6 and M8 on SSM; and M10
on SSM». Misconceptions related to macroscopic changes affecting the size or
shape of the particles are reported in a significant body of research.!3,16,35

Different states of the same substance contain different particles (M9) is a
misconception found in EG1 on the immediate post-test and in CG on the del-
ayed post-test. Some research studies also reported comparable findings!718.36
suggesting that teaching about mixtures, as well as about elements and com-
pounds, needs to include particle representations.22

When considering the percentages of misconceptions on SSMj, the lower
occurrences of misconceptions of EG2 students were noted, compared to CG and
EG1, but the Pearson chi-square test did not indicate a statistically significant
difference between the groups.

In the case of SSMy, statistical analysis confirmed that EG2 has a signific-
antly lower percentage of two misconceptions: M6 (particles in water vapor are
smaller than the particles in ice), p = 0.023; M10 (freezing affects the size of a
molecule), p = 0.037). When considering CG, this group has a significantly
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higher percentage for one misconception: M2 (the size of a plant cell is on the
nano (1-100 nm) level), p = 0.048). EG1 also has significantly higher percentage
for one misconception: M1 (Particles in solids are equally distributed and do not
move), p = 0.035)*.6

Summarizing the above, the most common misconceptions on the structure
of matter originate in transferring the macroscopic observations into the submic-
roscopic level and in misinterpretation of the size of particles. E-learning material
can help in resolving these misconceptions by including animations of submicro-
scopic processes, but teachers’ support is also required in explaining the pro-
cesses and emphasizing the facts that distinguish submicroscopic processes from
macroscopic observations.

Students’ misconceptions about pure substances and mixtures

Indicators of the misconceptions about Pure substances and mixtures were
also incorrect answers on seven multiple-choice and one completion items with a
frequency of 20 % or higher in any of the groups. They are presented in Table
S-1I (Supplementary material), arranged by decreasing frequency. The test of
knowledge was also administered twice: one week after teaching (PSM1) and
three months after teaching (PSM»).

Misconceptions regarding PSM can be classified as:

Misconceptions about properties of pure substances in mixtures (M5, M10);
they have also been reported in earlier research.22-38.39

Misconceptions about the differences between pure substances and mixtures
from everyday life (M2, M4, M6, M8, M9 and M11) are also noted.38:40-42 They
originate in the everyday experience where some substances are referred to as
pure (such as air, M8), and the perception of something natural (such as milk,
M4) being pure. At the same time, some manufactured processed material is per-
ceived as being a mixture.

Misconceptions about the composition of air and interchanging the notion of
air with oxygen (M1, M2, M3, M8) were also reported in the literature 39:43-45

The Pearson chi-squared analysis for PSM; indicated that students in CG
have significantly higher percentages for the misconception M1 (p = 0.010), stu-
dents in EG1 for the misconception M4 (p = 0.008), while EG2 students have
significantly lower percentages for misconceptions M1 (p = 0.010), M6 (p = 0.003)
and M10 (p = 0.039). The analysis of percentages of misconceptions noted on
PSM; indicated that EG2 students have a statistically significant lower percent-
age of the misconception M3 (oxygen in the air and pure oxygen have different
properties, p = 0.0001), while EG1 students have a higher percentage than
expected*.37

* According to the adjusted residuals generated in SPSS, higher than 1.96, which can be used to
point to the groups that cause the differences.
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The changes in percentages on the delayed tests (SSM» and PSMj) can be
attributed to the teaching process and the role of the teacher. During the three
months between the tests, teachers were teaching their usual way, which implies
teacher-cantred approach without E-learning or using multimedia-based teaching
resources. The fact that misconceptions are noted in both experimental groups EG1
and EG2 on delayed test of knowledge could originate from the absence of E-
-learning resources. During this period, students were not exposed to E-learning
material. Since SSM| and PSM; resulted in lower frequency of misconceptions
of students in experimental groups, it is reasonable to hypothesize that more fre-
quent use of E-learning material could result in better retention of knowledge and
fewer misconceptions.

The incidence of misconceptions is higher regarding SSM than PSM in
every group on both immediate and delayed tests of knowledge. The reason
might be that students already possess certain knowledge (and misconceptions)
regarding the states of matter (the effect of previously acquired misconceptions).
Pure substances and mixtures (in the chemical terms) are new concepts for them.

CONCLUSIONS AND IMPLICATIONS

Two approaches to teaching the concepts of structure and states of matter,
pure substances and mixtures using E-learning were applied. Effectiveness of E-
-learning approaches on the occurrence of misconceptions was explored, com-
pared to the usual teacher-centred approach. One E-learning approach included
the usual teacher-centred teaching in the classroom, supplemented by E-learning
units as homework. The other E-learning approach was characterised by the
application of E-learning units at school during chemistry classes, using laptop
computers. The control group students were taught with teacher-centred teaching.
With this in mind, the following research questions were examined:

1. What misconceptions about structure and states of matter do students
have when entering the 8th grade and encountering chemistry as a school subject?

The insight into students’ previous knowledge on the subject matter indi-
cated that students have certain incorrect views. Misconceptions arising from
assigning macroscopic properties to the submicroscopic particles were observed
(physical changes affect the size of the particles, the lack of movement of par-
ticles in solids). The data gathered indicated that students have incorrect views
about evaporation, believing that: 1) water splits into hydrogen and oxygen, 2)
bubbles formed when water is heated are made of heat or 3) gaseous hydrogen
and oxygen and 4) evaporation may shrink water molecules.

2. Does the teaching approach with E-learning units affect the frequency of
misconceptions about structure and states of matter?

E-learning approach in school settings (EG2) resulted in fewer misconcept-
ions on SSM1 (6), compared to the control group — CG (7) and the application of

Available on line at www.shd.org.rs/JSCS/

(CC) 2023 SCS.



13-14-YEAR-OLD STUDENTS” MISCONCEPTIONS IN CHEMISTRY 461

E-learning as homework material — EG1 (9). Findings pointed to the fact that the
teaching applied in EG1 (teacher-centred approach at school and E-learning units
at home) is less appropriate than E-learning at school (EG2) or teacher-centred
approach at school only (CG). Also, the same misconceptions in EG2 (6) were
noted on SSM». The delayed test (SSMj3) resulted in higher number of mis-
conceptions in CG compared to SSM7 (7 on SSM; and 9 on SSM5), and in lower
number of misconceptions in EG1 (9 on SSM; and 7 on SSM»).

However, some misconceptions related to transferring the macroscopic pro-
perties to the submicroscopic level occur in every group (e.g., particles do not
move in a solid state, solidification causes particles to stop moving). These mis-
conceptions result in lower percentages in EG2 compared to EG1 and CG, but
the difference was not statistically significant. It is evident that they are rather
resistant and are not significantly affected by the E-learning approaches (espe-
cially in EG1) compared to traditional teacher-centred approach. The reason
might lie in the role of the teacher who moderated the learning process in EG2 at
school, as the students paid too little attention to the animations of the distri-
bution of particles in solids, which show that the particles vibrate.

Misconceptions regarding the perception of the size of particles also occur in
every group (44—45 % of students in every group place plant cell on the nano
level, but a lower percentage of EG2 students (26.8 %) place the particles in table
salt at the micro (1-100 um) level compared to EG1 (41.7 %) and CG (45.8 %).
This fact points to the potential of representing the size of particles in E-units. It
also suggests that the size of particles should be addressed more thoroughly in
traditional teaching as well as in E-learning units. There was the positive effect of
the particles representation in E-learning units, evident through the lower per-
centage of these misconceptions in EG2. However, this is not the fact for EGI.
This points to the importance of the E-learning material moderated by the teacher,
and the synergy of E-units with the teachers’ explanation, since the size of the
particles is abstract concept to the students if explained by the teacher only.

3. Does the teaching approach with E-learning units affect the frequency of
misconceptions about pure substances and mixtures?

Misconceptions occurring in EG2 resulted in lower percentages for concepts
of pure substances and mixtures: two misconceptions (M2 and M3) on PSM; and
two misconceptions (M1 and M4) on PSMj, comparing to SSM teaching unit
(six misconceptions (M1-M5, M7) on both SSM; and SSM»). The potential
cause might be the fact that concepts of pure substances and mixtures are rather
new for students from the chemical point of view, while they have certain know-
ledge (and pre-conceptions) on structure and states of matter from everyday life
and earlier schooling and/or everyday life. It is evident that for these concepts, E-
-learning approaches have made significant difference as they resulted in fewer
misconceptions than the traditional teaching approach. Moreover, the occurrence
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of misconceptions regarding PSM in CG is higher (four on PSMy: M1, M2, M4,
M10), three on PSMj: M1, M2, M3) than in the EG2 (two on PSM|: M2, M3,
two on PSMjy: M1, M4); in the case of EG1, the occurrence is also higher (nine
on PSM1, four on PSMj). Rather high number of misconceptions occurring in
EG1 points to the conclusion that the learning process with E-units needs to be
moderated and monitored by the teacher. Here, four misconceptions rather resist-
ant to the teaching approach could be selected: three of them (M1, M2, M3),
appearing on PSM» in EG2 and on both PSM;| and PSM, in EG1 and CG are
related to the misconceptions related to the air (its composition, properties of
oxygen in air, interchanging the notion of air and oxygen). M4 appears in all
groups once, either on PSM or on PSM», and is related to the belief that milk is
a pure substance. These findings favour the application of E-learning material in
school settings compared to its application at home and with the teacher-centred
approach.

The main prerequisite for E-learning in the educational process is adequate
IT equipment, often limited to a few personal computers in the IT classroom. It
might also require additional training for teachers, depending on their current
knowledge about IT. Nevertheless, the cooperation between IT and chemistry
teachers may result in the wider application of the E-learning units in school
settings.

Results suggest that E-learning material that integrates macroscopic and sub-
microscopic levels of representation has the potential to teach fundamental chem-
ical concepts when applied in the classroom under the teachers’ supervision
(EG2 approach). It enables students to learn more comprehensively, to build con-
ceptual understanding, and therefore to reduce the occurrence of misconceptions.
The occurrence of misconceptions in EG1 (students who learned using E-learn-
ing material at home after the teacher-centred approach) is rather high, which
indicates the need for the teacher to guide students during E-learning. This
emphasizes the important role of the teacher in teaching fundamental chemical
concepts that can be supported using E-learning material. Although EG1 students
were taught by the teacher (teacher-centred approach), and the use of E-learning
material followed at home, it is evident that teaching by the teacher should be
combined with E-learning material, instead of applying the material later.

Further research could include a more thorough study on the application of
E-learning units for learning at home, with online access to the E-learning units
where the teacher could track students’ activity and guide them through the learn-
ing process. This approach might have greater potential than the same material
provided on a CD.
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SUPPLEMENTARY MATERIAL

Additional data and information are available electronically at the pages of journal
website: https://www.shd-pub.org.rs/index.php/JSCS/article/view/11965, or from the corres-
ponding author on request.

U3BOJ
E®EKTH E-YUYEA HA 3ABJIYIE YYHEHUKA Y3PACTA 13-14 TOOMHA O HEKMM
OCHOBHHM XEMHUJCKHUM ITOJMOBHUMA

INES NUIC' u SASA A. GLAZAR?

"Faculty of Science, University of Sarajevo, Bosnia and Herzegovina u *Faculty of Education, University of
Ljubljana, Slovenia

3adnyne yueHrKa y obacTy MPUPOISHUX Hayka MOTY IOBECTH O HH3a Tellkoha y yuemwy
aKko HacTaBHUK He u3abepe opromapajyhe crparervje yuema kojuma he ce cMamUTH HUXOBA
y4ecTanocT. Y 0BOM pafy UCTpaXkeHe cy 3adimyze yueHrka y3pacta 13—14 rogvHa o CTpyKTypH
W arperaTHOM CTawy CYIICTAHLM, O YHUCTHM CyINCTaHLlaMa U cMmewama. McriuraHa je ydecTa-
JIOCT THX 3adiy[a Kaja ce MPUMEHH CTpaTerdja HacTaBe ca MarepujanoM 3a E-yueme. HcTpa-
JKUBame je U3BENEHO Ca yYeHUIMMa 7. U 8. paspena y TrpafckuM Ikonama y bocuu u Xepue-
roBuHH. [JodujeHn pe3ynTaTd Cy yKkasaiau Ha 3adimyne yueHHWKa HacTajie TpaHCHepoM Makpo-
CKOIICKMX TOCMaTpawma Ha CyOMHUKPOCKONCKH HHUBO M NOTPELIHOM HHTEPIIPETalljoM BEIH-
YyhHe yecTulla. Mamy npoueHar 3adayna 6o je rpynu yuyeHHKa KOju Ccy KOpUCTHiIM E-Hac-
TAaBHU MaTepHjasl Y LIKOJIM y OGHOCY Ha KOHTPOJIHY IPyIy YYEHUKA U IPYNy YYeHHKa KOjHu Cy
UCTOM Marepujany 3a E-yueme npuctynanu on xyhe. To ykasyje na 0u crpareryja E-yuemwa
MoOIJIa JONPUHETH OO0/BMM pe3y/iTaTHMa yuema ako OW ce BHUIle MpUMEmHBajIa y LIKOTama.
OBa cTyAdja ¥MMa 3a LUWb Ja YCMEpH Naby HacTaBHMKa ka npumeHH E-yyemwa y HacTaBu
XeMHje KaKko OM y4eHUIIM CTEKIM HayYHO IPUXBAT/bMBa 3HaMa, a NojaBa 3adaya ce CMambuiIa.

(TIpumiseHo 4. jyna, pesunupano 26. fenembpa, npuxsaheno 30. nenemdpa 2022)
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The effects of E-learning units on 13—14-year-old students’
misconceptions regarding some elementary chemical concepts
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Education, University of Ljubljana, Slovenia

J. Serb. Chem. Soc. 88 (4) (2023) 451-465

TABLE S-I. Students’ misconceptions on the structure and states of matter

. . SSM, SSM,
No. Misconception Group % XZ 1% X2 >
. . . c . CG 62.5 60.4
M1 Particles in soléds are equally distributed EG1 500 1972 0373 750 7418 0035
and do not move EG2 488 415
. . CG 43.8 52.1
My Thesize Ofalil(%“ Cenlls 0? thenano (1= poy 45'e 0031 0984 202 6.065 0.048
nm) leve EG2 439 293
s CG 45.8 41.7
M3 Water molecules Etop moving if the water EG1 417 3557 0169 458 2224 0329
reezes EG2 268 293
The size of the particles in table saltison ~ CG ~ 45.8 47.9
M4 the micro EGl 417 3557 0.169 333 5409 0.067
(1-100 pm) level EG2  26.8 24.4
. P CG 22.9 20,8
Ms  [hevolume ofa Subs.{anc}f intheliquid — poy 417 3125 0210 375 3404 0.182
state can easily change EG2 24 4 36.6
. . CG 333 31.3
Mg Particles in ‘gater V?‘plou? are smaller than— p oy 335 5 4se 0203 83 7531 0.023
the particles 1n ice EG2 195 122
. . e CG 25.0 229
M7 Thesizeof the {’alnolgles mllce 115 onthe  pii 333 05700752 208 1268 0.530
micro (1- um) leve EG2 268 317
. . CG 16.7 14.6
M8 Condensation alffectls the size of a EGI 202 5431 0.066 8.3 x
molecule EG2 73 9.8
. CG 16.7 20.8
Mg Different St'f‘te;.‘;g the same S}‘bsmnce EGI 250 3.8750.144 125 4.906 0.086
contain different particles EG2 73 4.9
CG 18.8 22.9
M10 Freezing affects the size of a molecule EGI 8.3 A 250 6.604 0.037
EG2 4.9 4.9

*Pearson ){2 analysis was not performed since the threshold of 20 % of answers was not reached in any of the groups

* Corresponding author. E-mail: ividovic@pmf.unsa.ba
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The p values lower than .05 that indicated the statistically significant
difference in the proportion of students who had and who did not have the
misconceptions, are in bold.

TABLE S-II. Students’ misconceptions on pure substances and mixtures; The p values lower
than .05 that indicated the statistically significant difference in the proportion of students who
had and who did not have the misconceptions, are in bold

No. Misconception Group (%) S)Sév[ 1 > (%) Ssxlylz 7
Particles in solids are CG 62.5 60.4
M1  equally distributed EGl 500 1.972 373 750 7.418 .035
and do not move. EG2 48.8 41.5
The size of a plant CG 43.8 52.1
M2  cell is on the nano EGl 458 .031 984 292 6.065 .048
(1-100 nm) level. EG2 439 29.3
Water molecules CG 45.8 41.7
M3  stop moving if the EGl 417 3.557 .169 458 2.224 .329
water freezes. EG2 26.8 29.3
The size of the CG 45.8 479
particles in table salt EG1 41.7 333
M4 is on the micro (1— L 26 3.557 .169 " 5.409 .067
100 pum) level. ‘ ’
The volume of a CG 22.9 20,8
substance in the EGI 41.7 37.5
M5 liquid state can 3.125 210 3404 .182
. EG2 244 36.6
easily change.
Particles in water CG 333 31.3
vapour are smaller EG1 333 83
M6 than the particles in 2458 293 7.531 .023
‘ce. EG2 19.5 12.2
The size of the CG 25.0 22.9
M7 e o 2P 50 s 200 168 s30
EG2 26.8 31.7
um) level.
Condensation affects CG 16.7 14.6
M8  thesizeofa EG1 29.2 5431 066 83 -*
molecule. EG2 7.3 9.8
Different states of CG 16.7 20.8
Mg lhesamesubstance  EGL 230 38795 144 17 4906 086
. EG2 7.3 4.9
particles
) CG 18.8 -Error! 22.9
Mlo Lreesngaffects e EGL 83 Bookmark 250 6.604 .037

size of a molecule.
EG2 49  pot defined. 4°

*Pearson chi-square analysis was not performed since the threshold of 20% of answers was not reached in any
of the groups.
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Examples of multiple-choice test items
(Correct answers are marked in bold)

A. Pretest
Item 2
You accidentally spill some water to the floor, but you do not have time to wipe it off. A
few hours later, the amount of spilled water decreased. What happened to the water?
A. The amount of water decreased and now takes up less space.
B. Water turned into gas and went into the air.
C. Water broke down to hydrogen and oxygen atoms, which are now in the air.

Item 3

What kind of particles is present in the water?
A. Water molecules.

B. Water atoms.

C. Atoms of hydrogen and oxygen.

D. Molecules of hydrogen and oxygen.

Item 4

If you take a bottle of juice from the fridge and put it on the table in the warm room, on
the outer side of the bottle appear drops. What are they?

A. Juice drops from the bottle.

B. Water drops from the steam from air.

C. Drops of water and juice from the bottle.

D. Drops of water from the bottle.

B) SSM, / SSM,

Item 1

Which statement about water is correct?

A. Water molecules will stop moving if the water freezes.

B. Water molecules will stop moving if the water evaporates.

C. Water molecules will stop moving if a glass with liquid water is not disturbed.
D. Water molecules will not stop moving.

Item 2

Which procedure can be used to increase the water molecule?
. Freezing.

Melting.

Evaporation.

. Condensation.

None of the above.

Item 3

Encircle the correct statements:

a. Liquid substance can easily change its volume.

b. The shape of the liquid depends on the container.

HOOw >
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c. Gases do not have a determined shape.

d. A substance cannot change its state from solid to gas.

e. The same substance can be found in several states of matter.
C) PSM, / PSM,

Item 1

Which of the following statements are correct?
a. Milk is a pure substance.

b. Sugar is a pure substance.

c. Blood is a mixture.

d. Air is a pure substance.

Item 2

Which of the following statements about air is correct?

A. Air is raw material for gases that air is composed of.
B. The major constituent of air is oxygen.

C. Oxygen in air and pure oxygen have different properties.
D. Nitrogen in the air is produced by photosynthesis.

Item 3

Which of the following statements are correct?

a. All particles in pure substances are equal.

b. Different parts of a pure substance have different properties.

c. Pure substances can be found in different states of matter, depending on a
temperature.

d. Substances in nature are mostly found in pure form.

e. Properties of pure substances are the same in one gram and in 10 grams of those
substances.

naloge
4. Koja tvrdnja je taéna za tvari u razliitim agregatnim stanjima? 6. Dopuni tekst.
Tvari se sastoje iz U istim tvarima u razli¢itim agregatnim stanjima nalaze se . . R S . .
Costica rasticite Gestice Prikazani su rasporedi festica u razlititim agregatnim stanjima.
P L , Kod svakog prikaza upisi broj agregatnog stanja, koje raspored
Isparavanje broma (e} g Cvrstim tvarima Cestice se slobodno krecu. s,
- Cestice u plinovima su vise udaljene jedna od druge nego u
Agregatna stanja tvari A T
Agregatna stanja vode o Brzina kretanja Cestica iste tvari u svim agregatnim stanima je T T } o
= jednaka. 106 o 2500
Sazetak fvé v i vl v = y|
= SOB0, Nt )
Zadaci 5. Dopuni tekst. 2 b, [ 2 ¢ 6 1
PP,
fi v W o W
5 . 20D,
Prikazane su sheme rasporeda estica u vod! pr prijelazu medu L
agregatnim stanjima. Koja shema prikazuje promjene pri topljenju & 2
leda, a koja pri isparavanju vode? @ o0 Y
= - ) @
o ° 2DDDDD:
- DD D P
Raspored estica na slici prikazuje| | S A
vode. AR AR
4 5
) 90“
g*" ; [[Tpting [ Jtekuéina; | &vrsta tvar;
DD DD Cestica naslici prikazuje | |leda.
f vé vé v v v . o
DD DD DS [ Jptin i tekuéina;
i v
[Jévrsta tvar i tekucina;
Provieri
[ptin i &vrsta tvar
Provieri

Fig. S-1. Illustration of one slide from the e-learning unit Structure and states of matter
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Ciste tvari i smjese
Smjese

Plinovi u zraku
Giste tvari

Ciste tvari
Sazetak

Zadaci

Zadaci

SUPPLEMENTARY MATERIAL
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Zrak je smjesa plinova

Oko Zemlje se nalazi atmosfera, koja predstavija 1500 km debeo
sloj plinova. Sto se vise udaljavamo od povrsine Zemlje, atmosfera
je sve rjeda.

Slojevi u atmosferi

jedro

Oko 80 % mase svih plinova u atmosferi je u najnizem sloju
troposferi. To moZemo osjetiti ako se penjemo na visoku planinu.
Sto se vife penjemo, osjedamo se vise umorno, jer je u zraku
manje kisika nego na moru. U vi3im predjelima jednim udisajem
dobijemo manje kisika nego u niZim i zato teZe disemo.

Cestice plina u zraku.

Zrak je smjesa plinova.

>

Legenda

ogljikov
0 - @ '

Fig. S-2. Illustration of one slide from the e-learning unit Pure substances and mixtures.
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