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Synthesis of methyl 3,4-anhydro-6-bromo-2-O-tert-butyldi-
methylsilyl-6-deoxy-a-D-allopyranoside from a-D-glucose

PORDE GLISIN, OLGA JOVANOVIC, GORDANA STOJANOVIC#, ALEKSANDRA
ZIVKOVIC, DRAGAN STOJANOVIC, MARINA PAVLOVIC and BILJANA ARSIC#*

Department of Chemistry, Faculty of Sciences and Mathematics, University of Nis,
Visegradska 33, 18000 Nis, Serbia

(Received 31 August 2023, revised 8 January, accepted 24 April 2024)

Abstract: Some of simple carbohydrates and their derivatives are used for the
clinical treatment of various diseases. Epoxide derivatives, which can be obtained
by the intramolecular elimination of water from two vicinal hydroxyl groups,
are stable, but sufficiently reactive compounds very often used as intermedi-
aries in various syntheses. Synthesis of epoxide derivative, methyl 3,4-anhydro-
-6-bromo-2-O-tert-butyldimethylsilyl-6-deoxy-a-D-allopyranoside from a-D-glu-
cose was achieved in high yields in the minimal number of synthetic steps.
Anhydrous glucose was used as a starting material which was transformed into
methyl a-D-glucopyranoside using dry, gaseous hydrogen chloride. Thus obtained
derivative was treated with benzaldehyde in the presence of zinc chloride as
Lewis acid giving methyl (R)-4,6-O-benzylidene-a-D-glucopyranoside. The
obtained compound was treated with N-bromosuccinimide (NBS) in dichloro-
methane in the presence of barium carbonate giving methyl 4-O-benzoyl-6-
-bromo-6-deoxy-a-D-glucopyranoside. In the next step, the obtained compound
was treated with tert-butyldimethylsilyl chloride (TBDMSCI) in pyridine, and
methyl  4-O-benzoyl-6-bromo-2-O-tert-butyldimethylsilyl-6-deoxy-a-D-gluco-
pyranoside was further mesylated, and the obtained methyl 4-O-benzoyl-6-
-bromo-2-O-tert-butyldimethylsilyl-6-deoxy-3-O-mesyl-a-D-glucopyranoside was
treated at the end with KOH to give methyl 3,4-anhydro-6-bromo-2-O-tert-
-butyldimethylsilyl-6-deoxy-a-D-allopyranoside (yield 78 %).

Keywords: D-allose derivative; 3,4-epoxide ring; selective silylation; carbo-
hydrates.
INTRODUCTION

When there are two present OH groups in 1,2- or 1,3-positions in a mole-
cule, their protection can very often be achieved by forming acetals, ketals and

* Corresponding author. E-mail: biljana.arsic@pmf.edu.rs
# Serbian Chemical Society member.
https://doi.org/10.2298/ISC230831049G
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ortho esters. This is particularly significant in the synthesis of carbohydrates.!-2
Some of simple carbohydrates and their derivatives are used for the clinical
treatment of various diseases.> The most often used procedure for their formation
is the treatment of glycol with the excess of aldehyde or ketone in the presence of
an acidic catalyst.# As acid catalysts gaseous hydrogen chloride can be used, sul-
phuric and p-toluenesulphonic acid (from protic acids), and the most frequently
zinc chloride as Lewis acid. Another way is to put anhydrous copper salt which
binds water.> The third way is to introduce acetals and ketals into the reaction
mixture instead of aldehydes themselves and then perform the acid catalysed
exchange of acetal groups.# It is rarely possible to obtain acetals or ketals from
vicinal dihalogenides and glycols under the SN2 mechanism.©

Benzylidene acetals are mostly used in the carbohydrate chemistry!-2 and
they can be obtained by the treatment of carbohydrates and benzaldehydes with
the acid catalysts, such as hydrogen chloride, sulphuric acid, p-toluenesulphonic
acid and zinc chloride. Besides, it can be used dimethyl or diethyl-acetals of
benzaldehyde in the acid media. The main advantage of this group is that it can
be removed by catalytic hydrogenation, and the main disadvantage is that both
possible diastereoisomers can be obtained during benzylidation.

The most often used agent for the selective protection of hydroxyl groups is
tert-butyldimethylsilyl chloride (TBDMSCI). tert-Butyldimethylsilyl group’ is
appropriate for the temporary protection of hydroxyl groups because it is stable
in the wide region of the reaction conditions, and it can be easily removed by the
treatment with acids or fluoride ion, and tailor-made ionic liquids ([dihexa-
EGim][OMs]/tert-amyl alcohol media system).8 This group is recommended for
the selective protection of nucleosides,” hexopyranosides!Y and other carbohydrate
derivatives.?

Epoxides or oxiranes can be obtained by the intramolecular elimination of
water from two vicinal hydroxyl groups. They are stable, but sufficiently reactive
compounds, very often used as intermediaries in various syntheses.!! The most
frequent way of their synthesis is the treatment of an a-hydroxy-sulfonic ester
with bases. The first step of the reaction is the formation of alkoxide ion, either
by deprotonation of hydroxyl group, or by the hydrolysis of carbonic ester using
any base. In the second step, it comes the attack of alkoxide ion on the C-atom to
which —OSO;R group is attached, which is followed by the closure of the epox-
ide ring, with the inversion of configuration at the electrophilic C-atom. Leaving
groups can also be the esters of sulphuric or nitric acids, halides, protonated
amino groups, diazonium ions, etc., beside the sulphonic ester.

Two epoxide derivatives in two different decades were synthesized at the
Laboratory for Organic Synthesis, Faculty of Sciences and Mathematics, Uni-
versity of Ni§, and the synthesis of one of them was published at the end of
1980s.12 Therefore, the novelty in this research is the synthesis of the second
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epoxide derivative methyl 3,4-anhydro-6-bromo-2-O-fert-butyldimethylsilyl-6-
-deoxy-a-D-allopyranoside (Fig. 1) from a-D-glucose, where it was obtained in
similar yields to the previously published epoxide derivative!2. It can be an inter-
mediary in the synthesis of biologically active compounds. To the best of our
knowledge, two new compounds not previously reported were synthesised in this
work: methyl 4-O-benzoyl-6-bromo-2-O-tert-butyldimethylsilyl-6-deoxy-3-O-
-mesyl-a-D-glucopyranoside and methyl 3,4-anhydro-6-bromo-2-O-tert-butyldi-
methylsilyl-6-deoxy-a-D-allopyranoside.

NBS PhCHO
CI(CH,),CI . 700l
TBOMSCI
Py
MeOH
B Br Hel
Tﬁs‘aﬁéﬁ . BZO&
oH TBOMSO
5 OMe OMe HOT

4

MsCI/Py

Br

Br Br
5 0 KOH 3 _
_ Ez% R I }ITh
B8RSO + s0 TBOMSO
OMs TBDMSO OMs
OMe

OMe
7 6

/1,

(=]

Fig. 1. Synthesis of methyl 3,4-anhydro-6-bromo-2-O-tert-butyldimethylsilyl-6-deoxy-a-D-
-allopyranoside (8) from a-D-glucose.

EXPERIMENTAL
Apparatus
The NMR analyses were performed on a Bruker AC-250 instrument with the standard
Bruker software. All analyses were carried out using regular 5 mm NMR tubes.
Reagents

All chemicals used for syntheses were of the analytical reagent grade. The solutions were
prepared for NMR analyses in CDCly (Merck, Germany), purity 99.8 %. The chemical shifts
are referred to tetramethylsilane (TMS, g = 0.00 ppm) in CDCl;.

Synthetic procedures

Methyl o-D-glucopyranoside (1). Methyl a-D-glucopyranoside (1) was synthesized from
a-D-glucose using Fisher glycosidation method with methanolic HCI, where the formation of
the thermodynamically favoured pyranoside was achieved with a prolonged reaction time and
refluxing.!3 In total, it was obtained 25.1 g methyl a-D-glucopyranoside (1), starting from 50 g
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(0.2775 mol) a-D-glucose. The yield was 46.58 %. M.p. 164—165 °C. The melting point was
in accordance with the previously reported data.!4

Methyl (R)-4,6-O-benzylidene-a-D-glucopyranoside (2). Methyl (R)-4,6-O-benzylidene-
-a-D-glucopyranoside (2) was synthesised using the procedure reported by Hall,'> starting
from 16.5 g (0.121 mol) anhydrous ZnCl,, 25 mL (0.2462 mol) benzaldehyde (p = 1.045
g/mL) and 16.5 g (0.0851 mol) powdered methyl a-D-glucopyranoside (1). The crude product
was recrystallized with the optimal quantity of hot ethanol 14.15 g methyl (R)-4,6-O-benzyl-
idene-a-D-glucopyranoside (2, yield 59 %), were obtained, m.p. 165 °C. The reported melting
point was in accordance with the previously published. 13-17

Methyl 4-O-benzoyl-6-bromo-6-deoxy-o-D-glucopyranoside (3). Methyl 4-O-benzoyl-6-
-bromo-6-deoxy-a-D-glucopyranoside (3) was prepared according to the modified Hanessian’s
procedure!® starting from 0.910 g (3.22 mmol) methyl (R)-4,6-O-benzylidene-a-D-glucopyr-
anoside (2), 0.364 g (1.84 mmol) BaCO; and 0.6825 g (3.83 mmol) N-bromosuccinimide
(NBS) and using dichloromethane as a solvent, instead of 1,1,2,2-tetrachloroethane. The obt-
ained crystals had m.p. 121-122 °C, which is in accordance with the previously published
value.!® The obtained substance was chromatographed on a silica-gel column using the eluent
chloroform:methanol = 15:1, and pure methyl 4-O-benzoyl-6-bromo-6-deoxy-a-D-glucopyr-
anoside (3) was obtained with the mass 0.73 g, yield 65.68 %.

Methyl 4-O-benzoyl-6-bromo-2-O-tert-butyldimethylsilyl-6-deoxy-o-D-glucopyranoside (4)
and methyl 4-O-benzoyl-6-bromo-3-O-tert-butyldimethylsilyl-6-deoxy-o-D-glucopyranoside (5).
The synthesis of compounds 4 and 5 started from 0.73 g (2.02 mmol) methyl 4-O-benzoyl-6-
-bromo-6-deoxy-a-D-glucopyranoside (3) and pyridine. They were put in round bottomed
flask and stirred by hand until the complete dissolution of the carbohydrate derivative. The
flask with the solution was left to cool down at 0 °C, and then 0.448 g (2.97 mmol) of
TBDMSCI was added into the previously dissolved substance and cooled at 0 °C. The react-
ion mixture was left at room temperature for 8 days and followed using TLC with the mobile
phase chloroform:methanol = 15:1. The reaction was terminated by the evaporation of pyri-
dine on vacuum evaporator using ethanol. The oil thus obtained was eluted on silica gel col-
umn with the mixture chloroform:methanol = 40:1. In this way three reaction products were
separated: methyl 4-O-benzoyl-6-bromo-2-O-tert-butyldimethylsilyl-6-deoxy-a-D-glucopyr-
anoside (4, 150 mg, 15.42 %; 'H-NMR spectrum along with the assignment is available in the
Supplementary material to this paper, Fig. S-1), methyl 4-O-benzoyl-6-bromo-3-O-tert-butyl-
dimethylsilyl-6-deoxy-a-D-glucopyranoside (5, 180 mg, 18.51 %) and methyl 4-O-benzoyl-6-
-bromo-6-deoxy-2,3-di-O-tert-butyldimethylsilyl-a-D-glucopyranoside (50 mg, 4.1 %).

Methyl 4-O-benzoyl-6-bromo-2-O-tert-butyldimethylsilyl-6-deoxy-3-O-mesyl-a-D-glucopyr-
anoside (6). 150 mg (0.32 mmol) of methyl 4-O-benzoyl-6-bromo-2-O-tert-butyldimethyl-
silyl-6-deoxy-a-D-glucopyranoside (4) was placed in round bottomed flask (100 mL) and dis-
solved in pyridine, and then cooled in ice bath to 0 °C, and then 0.06 mL (0.7752 mmol)
methanesulfonyl chloride (p = 1.48 g/mL) was added. The obtained mixture was left at 0 °C
for 24 h. The reaction was monitored using TLC and terminated by the addition of a small
quantity of water. Pyridine from the reaction mixture was removed by the co-evaporation with
ethanol, and obtained oil was put on the silica gel column and eluted using chloroform. The
mass of the obtained substance 6 was 60 mg (34.36 %). 'H-NMR spectrum and the assign-
ments are available in the supplementary material (Fig. S-2).

Methyl 4-O-benzoyl-6-bromo-3-O-tert-butyldimethylsilyl-6-deoxy-2-O-mesyl-a-D-gluco-
pyranoside (7). 180 mg (0.38 mmol) methyl 4-O-benzoyl-6-bromo-3-O-tert-butyldimethyl-
silyl-6-deoxy-a-D-glucopyranoside (5) was put in the round bottom flask (100 mL) and dis-

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

(CC) 2024 Serbian Chemical Society.



SYNTHESIS OF THE EPOXIDE DERIVATIVE 1 127

solved in pyridine, then cooled in ice bath to 0 °C and methanesulfonyl chloride (0.06 mL,
0.7752 mmol) was added. The obtained mixture was left at 0 °C for 24 h. The reaction was
monitored using TLC and interrupted by the addition of small quantity of water. Pyridine was
removed from the reaction mixture by co-evaporation with ethanol, and the obtained oil was
put on silica gel column and eluted using chloroform. The mass of the obtained substance 5
was 80 mg (38.18 %).

Methyl 3,4-anhydro-6-bromo-2-O-tert-butyldimethylsilyl-6-deoxy-o-D-allopyranoside (8).
Methyl 4-O-benzoyl-6-bromo-3-O-tert-butyldimethylsilyl-6-deoxy-2-O-mesyl-a-D-glucopyrano-
side (7) was put in the round bottomed flask (100 mL), and the same operation was performed
for methyl 4-O-benzoyl-6-bromo-2-O-tert-butyldimethylsilyl-6-deoxy-3-O-mesyl-a-D-gluco-
pyranoside (6). Ethanol was added to both flasks, in the quantity to dissolve the substance, and
into thus obtained solutions 0.06 g (1.0693 mmol) KOH was added. The reaction was heated
for 15 min at 70 °C which is enough time for the reaction to proceed quantitatively; it was
monitored using TLC and chloroform as the mobile phase. Only one of those two makes
epoxide, and it is the compound methyl 4-O-benzoyl-6-bromo-2-O-tert-butyldimethylsilyl-6-
-deoxy-3-0O-mesyl-a-D-glucopyranoside (6), because it possesses good leaving group in the
position 3, and the proof for it is TLC and the recorded "H-NMR spectrum (Supplementary
material, Fig. S-3). The mass of the obtained epoxide (methyl 3,4-anhydro-6-bromo-2-O-tert-
-butyldimethylsilyl-6-deoxy-a-D-allopyranoside, 8) is 30 mg (yield 78 %).

RESULTS AND DISCUSSION

The anhydrous glucose was used as a starting material which was trans-
formed into methyl a-D-glucopyranoside (1) using dry, gaseous HCI. Reaction
was performed in a such a way that 50 g anhydrous glucose was refluxed for 72 h
giving after cooling pure crystalline methyl a-D-glucopyranoside (1, m.p. 164 °C,
Fig. 1). Yield of the first harvest was 16.5 g. The filtrate was evaporated to half
volume after the filtering of crystals and left to stay in the fridge overnight. The
obtained crystals were filtered and dried; 8.6 g methyl a-D-glucopyranoside (1)
was obtained in the second harvest. Total yield of this reaction was 46.58 %.

Thus obtained methyl a-D-glucopyranoside (1) was treated with benzalde-
hyde in the presence of ZnCl,, as a Lewis acid giving methyl (R)-4,6-O-benzyl-
idene-a-D-glucopyranoside (2, Fig. 1). The procedure was performed according
to the instructions from Hall’s method,!5 according to which it was firstly formed
the complex between anhydrous ZnCl, and benzaldehyde, and then methyl a-D-
-glucopyranoside was added. The yields were different in this reaction and dep-
ended obviously on the purity of benzaldehyde, the presence of moisture in
obtained methyl a-D-glucopyranoside, the heating and the presence of moisture
in ZnCl,. Therefore, to get yields around 65 % it is necessary each component to
be maximally clean and dry.

The obtained methyl (R)-4,6-O-benzylidene-a-D-glucopyranoside (2) was
treated with N-bromosuccinimide (NBS) in dichloromethane in the presence of
BaCO3.19 This reaction is very useful and important because the inactive benz-
ylidene acetal in the position 6 was replaced by Br group in one step, which is
easily reduced in the necessary CHz group, and the alkaline labile benzoyl group
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remained in the position 4. Using the alkaline hydrolysis of benzoyl group
obtained alkoxide ion easily closes epoxide of allo-configuration taking out
trans-3-O-mesyl group. The reaction was performed in such a way that 0.91 g
(3.22 mmol) methyl (R)-4,6-O-benzylidene-a-D-glucopyranoside (2) was treated
with 0.6825 g freshly prepared NBS in 35 mL dichloromethane previously dried
through Al,O3 column. BaCO3 was also added into the reaction (0.364 g, 1.84
mmol). The mixture was refluxed with stirring for 2.5 h and followed the
changes using TLC. After the completion of the reaction, the insoluble BaCO3
was filtered off and separated and after the evaporation of the solvent the oil was
obtained. After the silica-gel chromatography methyl 4-O-benzoyl-6-bromo-6-
-deoxy-o-D-glucopyranoside (3) was obtained as a solid, yield 65.68 % (Fig. 1).
Its melting point was in good agreement with the reported values.!8

In the next step, the obtained compound was treated with TBDMSCI in pyri-
dine, in a way that the compound was dissolved in pyridine, cooled at 0 °C in ice
bath, and then TBDMSCI was added in a ratio 1.4 mol TBDMSCI to 1 mol of the
compound. Three products were obtained: methyl 4-O-benzoyl-6-bromo-2-O-
-tert-butyldimethylsilyl-6-deoxy-a-D-glucopyranoside (4), methyl 4-O-benzoyl-
-6-bromo-3-O-tert-butyldimethylsilyl-6-deoxy-o-D-glucopyranoside (5), and methyl
4-0-benzoyl-6-bromo-6-deoxy-2,3-di-O-tert-butyldimethylsilyl-a-D-glucopyran-
oside (Fig. 1). This mixture of products was separated on silica-gel column using
the eluent chloroform:methanol = 40:1.

Both monosilyl derivatives were mesylated. To the cooled pyridine solution
of silyl derivatives, mesyl chloride was added in a ratio 2.4 mol mesyl chloride to
1 mol silyl substrate. The reaction mixture was left at 0 °C for 24 h, and then
upon the completion of the reaction, which flow was monitored using TLC, the
obtained products (6 and 7) were isolated and separated on a silica gel column
using chloroform as an eluent.

The structure of these two compounds was not checked because in the next
step by the treatment with the base, the compound having TBDMS in position 3,
cannot close the epoxide upon the attack of the alkoxide ion in position 4, and
only the hydrolysis of benzoyl group takes place. Another compound having
OMs group in the position 3 after hydrolysis closes into the 3,4-epoxide ring with
allo-configuration (8, Fig. 1). This compound was characterized using H-NMR
which spectrum is available in the Supplementary material (Fig. S-3). The
simulated 'H-NMR spectrum of the same compound using NMRium?20 is also
available in the Supplementary material (Fig. S-4), which was useful during the
assignment process.

Earlier, based on in vivo studies, epoxides were considered to possess toxic-
ity and poor pharmacokinetics.2! However, the recent studies on compounds, such
as fosfomycin (an antibiotic for the treatment especially of lower urinary tract
infections), carfilzomib (an anti-cancer medication), fumagillin (an antimicrobial
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agent) and TNP-470 (an anti-cancer candidate), clearly showed the role of the
epoxide moiety in drug potency.?? The obtained epoxide derivative can be used,
therefore, as an intermediary in the syntheses of biologically active molecules.

CONCLUSION

Epoxide derivatives are stable, but sufficiently reactive compounds to be
used as intermediaries in syntheses. The synthesis of the epoxide derivative
(methyl 3,4-anhydro-6-bromo-2-O-tert-butyldimethylsilyl-6-deoxy-a-D-allopyr-
anoside) from a cheap starting material (a-D-glucose) was achieved in a high
yield and the by minimal number of synthetic steps.

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/12572, or from the corres-
ponding author on request.
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H3BO[
CHUHTE3A METHUJI 3,4-AHXUPO-6-6POMO-2-O-TEPL]-BYTUIOUMETWUJICUJINII-6-JE-
OKCH-o-D-AJIOITUPAHO3UIA U3 o-D-TJIYKO3E

'HOPRE IJIMIINH, OJITA JOBAHOBWHR, TOPJAHA CTOJAHOBHWE, ATEKCAHIPA )KMBKOBUR,
HOPATAH CTOJAHOBWER, MAPMHA ITABJIOBWE u BUJbAHA APCHR

Heuapman 3a xemujy, IIpupogno—matiemawiuuku Gaxyniteiti, Ynugepsuiteir y Huwy, Buweipagceka 33,
18000 Huw

Hexu jemHOCTaBHHU yIJb€HH XUIPATH U HBUXOBU JIEPUBATH C€ KOPUCTE KIMHUYKU Y TPeT-
MaHy pa3nnuuTHX donecty. ENOKCUHYM fepuBaTH, KOjU ce MOTY JOOUTH MHTPaMOJIEeKyJICKOM
€IMMMHALMjOM BOJE W3 [IBE BUIMHAIHE XUIPOKCHIHE Ipyne Cy CTaduiaHa, aad NOBOJBHO
peaKkTHBHA jefUbema Koja Ce YeCTO KODUCTE Ka0 MHTEPMENUjepH Y PasIMuWTUM CHHTE3aMa.
CuHTe3a enoKCHAHOT JepuBata, MeTuI 3,4-aHXUAPO-6-Opomo-2-O-iepy-OyTUnauMeTHICH-
JIUT-6-A€0KCU--D-aJI0ONUpaHo3Huaa U3 a-D-TJIyKO3€e je OCTBapeHa Y BUCOKOM IPUHOCY Y MUHU-
MaJHOM OpOjy CHHTETHYKHX KOopaka. AHXHIpOBaHa IJIyKo3a je KopuirheHa kao MOJa3HU
MaTepHjan Koju je TpaHCHOPMHUCAH ¥ METHI-@-D-TITyKOMHUPAHO3UT KopUltheweM CyBOT, raco-
BUTOT XJIOPOBOJOHMKA. Tako fI00MjeHH AepHBar je TPeTUpaH ca DeH3aNAeXUOM y IPUCYCTBY
UHMHK XJI0pUfa kao JIyncose kucenuHe fajyhu metui-(R)-4,6-O-0eH3ununen-a-D-IIyKonupa-
Ho3uz. JodujeHo jenumemne je TpeTupaHo ca N-dpomcykuuHumunom (NBS) y puxinopmerany
y IpUcycTBy dapHjym-kapdoHara majyhu metuin-4-O-0eH30u1-6-6pomMo-6-1€0KCH-a-D-TIyKO-
nupaHo3un. Y cienehoj dasu modujeHo jenvmerme je TPETUPAHO Ca iepy-OyTHIOUMETHI-
cunun-xnopunom (TBDMSCI) y nupununy, u metun 4-O-5eH30un-6-dpomo-2-O-iwepy-dytumn-
OUMETHICHIINI-6-1e0KCH--D-TJIyKOIUPaHO3U/, je fa/beé MEe3WIOBaH, U JodujeHu meTwn-4-O-

-deHsoun-6-dpomo-2-O-iepy-Oy TUNIUMETHIICUITIN-6-[E0KCH-3-0-ME3UIT--D-TITyKONUPaHO3U ]
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je Tperupan ca KOH Ha kpajy, majyhu mertunn-3,4-auxunpo-6-dpomo-2-O-iiepy -0y THIIUMET-
WICHIIWI-6-Ie0KCH-a-D-anonupaHo3u (mpuHoc 78 %).

(Ipummbeno 31. asrycra 2023, pesuaupano 8. janyapa, npuxsaheno 24. anpuna 2024)
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Figure S-1. 'H NMR spectrum with proton assignments for methyl 4-O-benzoyl-6-bromo-2-
O-tert-butyldimethylsilyl-6-deoxy-a-D-glucopyranoside (4).

'"H NMR (250 MHz, CDCL3): & 7.36-7.60 (m, 5 H, OBz), 4.65 (d, 1 H, H-1),
435 (dd, 1 H, H-4), 3.81 (t, 1 H, H-5), 3.8-3.9 (m, 1 H, H-3), 3.65-3.80 (m, 2 H,
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H-6), 3.50 (m, 1 H, H-2), 3.43 (s, 3 H, OMe), 0.95 (s, 9 H, tert-butyl), 0.15 (s, 6

H, dimethylsilyl).
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Figure S-2. '"H NMR spectrum with proton assignments for methyl 4-O-benzoyl-6-bromo-2-

O-tert-butyldimethylsilyl-6-deoxy-3-O-mesyl-a-D-glucopyranoside (6).

'H NMR (250 MHz, CDCL): § 7.41 (m, 5 H, OBz), 4.92 (t, 1 H, H-3), 4.74 (d, 1 H, J]=3.6 Hz,
H-1), 4.2-4.4 (dd, 1 H, H-4), 3.81 (t, 1 H, ]=3.3 Hz, H-5), 3.76 (m, 2 H, H-6), 3.67 (dd, 1 H,
H-2), 3.46 (s, 3 H, OMe), 2.93 (s, 3 H, OMs), 0.95 (s, 9 H, fert-butyl), 0.17 (s, 6 H,

dimethylsilyl).
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Figure S-3. '"H NMR spectra with proton assignments for methyl 3,4-anhydro-6-bromo-2-O-
tert-butyldimethylsilyl-6-deoxy-a-D-allopyranoside (8).

'H NMR (250 MHz, CDCLy): & 4.61 (d, 1 H, H-1), 4.14 (m, 1 H, H-5), 3.85 (m, 2 H, H-6),
3.41 (d, 1 H, H-2), 3.41 (s, 3 H, OMe), 3.38 (m, 1 H, H-4), 3.30 (m, 1 H, H-3), 0.94 (s, 9 H,
tert-butyl), 0.14 (s, 6 H, dimethylsilyl).
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Synthesis of novel N-substituted benzyl N-(1,3-benzothiazol-2-yl)
acetamides and their in vitro antibacterial activities
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Abstract: The novel Schiff bases 3a—d were synthesized by reacting 6-methyl-
-2-aminobenzothiazole and different substituted benzaldehydes. Afterwards,
the obtained Schiff bases were reduced with NaBH, to form amine compounds
4a—d. In the final step, reaction of the amine with chloroacetyl chloride gave
the novel amide derivatives Sa—d. The structures of the all novel synthesized
compounds were characterized by FT-IR, 'H-NMR, '3C-NMR, ESI MS,
HETCOR, 2D (H-'H) COSY spectra and elemental analyses. The antimic-
robial activities of the novel synthesized compounds, were tested against some
Gram-positive and Gram-negative bacterial as well as fungal species and the
results were discussed.

Keywords: Schiff base; benzothiazole-2-yl-amide; acylation; antibacterial activity;
minimum inhibitory concentration.

INTRODUCTION

Compounds containing the azomethine group (—CH=N-) have been known
as Schiff bases. Schiff bases can be prepared by the condensation reaction of a
primary amine with an active carbonyl group. Schiff bases contain active azo-
methine groups (—CH=N-), so they are compounds widely studied. In some stu-
dies, Schiff bases have been reported to exhibit various antibacterial, antifungal,
herbicidal and clinical activity.!=3 Heterocyclic compounds are organic com-
pounds that contain at least one heteroatom other than carbon such as sulfur,
nitrogen, oxygen and phosphorus, which are within a cyclic carbon structure,
noting that these atoms are either outside or inside the ring. Heterocyclic com-
pounds are the most important class of organic compounds as they have excellent
activity against many diseases.*® Among these heterocyclic compounds are
Schiff bases. For this reason, many heterocyclic Schiff base derivatives have

* Corresponding author. E-mail: hsakarya@ogu.edu.tr
https://doi.org/10.2298/JSC231020059C
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been synthesized and reported to show biological activities such as fungicide,
antibiotic, pesticide,’-8 cytotoxic,? anticonvulsants,!0 anticancer!! and antifungal
activities.!2

Benzothiazole derivatives are bicyclic heterocycles which act as a weak base
formed in the benzene ring fused with 4- and 5-positions for the thiazole rings
and these exhibit wide ranges of chemical activities. Compounds with a thiazole
nucleus in their structure have been widely studied because this five-membered
aromatic ring containing sulfur and nitrogen atoms plays a vital role in the struc-
ture of various drugs, including the antineoplastic agents thiazofurin and dasa-
tinib.13 Similarly substituted N-benzothiazol-2-yl-amides exhibit a wide variety of
biological properties such as ubiquitin ligase inhibitors,!42 antitumor,14® anti rot-
avirus,!4¢ the adenosine receptor,!4d-¢ and the nuclear hormone receptor.!4¢ In
particular, some benzothiazoles substituted at the 2-position with a benzoyl
amino moiety showed antibacterial, antifungal and antitubercular activity.!4f

In our present work, we report on: i) the synthesis of four novel benzothi-
azole derivated Schiff bases in varied solvents such as ethanol, methanol, tetra-
hydrofuran, toluene, acetonitrile and benzene as well as ethyl lactate; i) obtain-
ing novel amine compounds by reduction of Schiff bases, iii) synthesis of the
corresponding novel amide, iv) spectroscopic characterization of the compounds
obtained and v) the evaluation of their antimicrobial activity. Ethyl lactate is an
important monobasic ester. It is a clear to slightly yellow liquid, and is found
naturally in small quantities in a wide variety of foods, including wine, chicken,
and some fruits. Traditional synthesis methods of Schiff bases have used petro-
leum-derived solvents such as toluene, which are often toxic. Ethyl lactate is an
environmentally benign solvent with effectiveness comparable to petroleum-
-based solvents. Ethyl lactate has interesting properties such as being a solvent
that is non-corrosive, non-carcinogenic, non-teratogenic, biodegradable and does
not harm the ozone layer. Moreover, ethyl lactate forms a suitable solution with
water for the synthesis of Schiff base. Additionally, this green solvent provides
many advantages, such as a catalyst-free protocol, short reaction times, simple
operation and processing of products without the need for chromatography.

EXPERIMENTAL
General procedures

Melting point: Gallenkamp apparatus. IR spectra: Perkin Elmer Precisely Spectrum 100
FT-IR spectrophotometer; in KBr; & in cm'l. 'H-NMR, 13C-NMR, 2D (!H-'H) COSY and
HETCOR spectra: Bruker DPX FT NMR (500 MHz) and (125 MHz) spectrometer; in TMS
(DMSO-dy); ¢ in ppm relative to Me,Si as the internal standard, J in Hz. ESI MS: (LS/MS-
-APCl) AGILENT 1100 MSD spectrometer; at 100 e¢V; in m/z. Elemental analyses: Elemen-
tary Analsensysteme GmbH varioMICRO CHNS (Turkish Technical and Scientific Research
Council Laboratories, Ankara, Turkey). TLC was performed on pre-coated silica gel plates
(Merck 60, F,s4, 0.25 mm). Organic solvents used were at HPLC grade or were purified by the
standard procedure. All reagents were of commercial quality or were purified before use.
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The spectroscopic data and spectra of the novel synthesized compounds 3a—5d are given
in the Supplementary material to this paper.

Bacterial and yeast strains obtained from American Type Culture Collection (ATTC;
Rockville, MD, USA), Northern Regional Research Laboratory (NRRL; USDA; Peoria, IL,
USA) were employed in this work. They included gram-positive bacteria (Staphylococcus
aureus ATCC 6538, Staphylococcus epidermidis ATCC 12228, Bacillus subtilis NRRL-B
4378) and gram-negative bacteria (Escherichia coli NRRL-B 3008, Pseudomonas aeruginosa
NRRL-B 2679). The following 2 fungal strains were also tested: Candida albicans NRRL-Y
12983 and Candida parapsilosis NRRL-Y 12696.

Synthetic procedures

Method A for the synthesis of N-[(2-methylphenyl) methylidene]-6-methyl-1,3-benzothi-
azol-2-amine (3a).%'> A solution of 2-amino-6-methyl benzothiazole (1, 30 mmol) and O-
methyl benzaldehyde (2a, 28.7 mmol) in ethanol (100 pl) were refluxed for 2 h at 75 °C. The
mixture was allowed to stand at room temperature overnight and then concentrated. The resi-
due was washed with n-hexane (2x100 pl) and filtered off then it was hydrolyzed in water and
extracted with ethyl acetate (EtOAc, 4x50 pl). After drying over with anhydrous Na,SO,4 and
evaporation, crystalline product (3a, 70 %) was obtained and recrystallized from dichloro-
methane (DCM). Compound 3d was prepared using the same method described above.

Method B for the synthesis of N-[2-methoxyphenylmethylidene]-6-methyl-1,3-benzothi-
azol-2-amine (3b).° The solution of 2-amino-6-methyl benzothiazole (1, 5 mmol), O-methoxy
benzaldehyde (2b, 6 mmol) and acetic acid (1 pl) in ethanol (25 pl) were heated for 30 min
until no starting amine remained. After waiting for a while at room temperature, a precipitate
formed, filtered, washed with diethylether, and the resulting product was crystallized in
dichloromethane (3b, 76 %).

Modified method C for the synthesis of N-[2-hyroxyphenylmethylidene]-6-methyl-1,3-
-benzothiazol-2-amine (3¢).'® A mixture of 2-amino-6-methyl benzothiazole (1, 5 mmol) the
O-hydroxy benzaldehyde (2¢, 6 mmol) in ethyl lactate—water system (3 pl, 70 vol. % ethyl
lactate in water) was stirred at room temperature for 4 min. After completion of the reaction, as
indicated by TLC, the reaction mixture was left overnight. The formed precipitate was
isolated by filtration and washed with water to furnish pure N-[(2-hyroxyphenyl)methylid-
ene]-6-methyl-1,3-benzothiazol-2-amine derivatives (3¢) in excellent yields (90 %), with no
need of purification.

General procedure for the synthesis of N-(2-Methylbenzyl)-6-methyl-1,3-benzothiazol-2-
-amine (4a).'’18 N-[2-methylphenylmethylidene]-6-methyl-1,3-benzothiazol-2-amine (3a, 2.5
g, 9.3 mmol) was dissolved in methanol (75 pl). Then, NaBH,4 was added to the stirred solut-
ion at room temperature until the solution became colourless. Cold water was added to the sol-
ution to precipitate the products. The precipitates were recrystallized from methanol to obtain
amine derivative (4a, 87 %). Compounds 4b—d were prepared using the same method described
above.

General procedure for the synthesis of 2-chloro-N-[6-methyl-1,3-benzothiazol-2-yl]-N-
-[2-methylbenzyl] acetamide (5a).!® Chloracetyl chloride (0.148 ulx10, 1.86 mmol) was added
to the novel amine compound (4a, 0.50 g, 1.86 mmol) in dry dichloromethane (DCM, 50 pl) in
the presence of triethylamine (1 pl, 7.10 mmol). The mixture was then heated to reflux for 2 h
and evaporated in vacuo. The residue was hydrolyzed in water (10 ml) and extracted with
dichloromethane (5x10 pl). The combined organic layers were dried over anhydrous MgSQOy,
filtered and evaporated in vacuo. The crystalline was recrystallized from chloroform/dichloro-
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methane to obtain (5a, 0.48 g, 76 %). Compounds Sb—d were prepared using the same method
as described above.
Biological activity

The standardized agar well diffusion method was used to determine the activity of the
synthesized compounds against sensitive organisms.2? These organisms were Staphylococcus
aureus, Staphylococcus epidermidis and Bacillus subtilis as Gram-positive bacteria, Escher-
ichia coli and Pseudomonas aeruginosa as Gram-negative bacteria, Candida parapsilosis as
fungus strains. Mueller—Hinton broth (MHB) is used to determine the susceptibility of bac-
teria to sulphonamides by the tube dilution method. In this study, the bacterial and yeast
cultures were incubated in MHB at 35-37 °C until they were visibly turbid. The density of
these cultures was adjusted to a turbidity equivalent to that of the 0.5 McFarland standard with
sterile saline. Bacterial and yeast cell suspensions were finally diluted, respectively, to 5x103
and 10* CFU/ul for use in the assays. Mueller—Hinton agar (MHA) for bacteria and Sabour-
aud dextrose agar (SDA) for fungi were sterilized in a flask and cooled to 45-50 °C, distri-
buted to the sterilized petri dishes (9 cm). The entire surfaces of the MHA plates and SDA
plates were inoculated with the bacteria and fungi by spreading them with a sterile swab dip-
ped into the adjusted suspensions. Six wells, each 6 mm in diameter, were cut out of the agar
and 20 pl of the compounds. The inoculated petri dishes were incubated at 37 °C for 24 h. The
results were expressed in terms of the diameter of the inhibition zone. Penicillin and chloram-
phenicol were used as positive controls for bacteria, fluconazole as a positive control for
fungi. All assays were performed in duplicate.?!-22
Minimum inhibitory concentration (MIC)

MIC was determined by the micro dilution method using a 96 well plate according to
NCCLS? and 100 ul of MHB was placed in each well. Then, the stock solutions of com-
pounds were dissolved in DMSO and transferred into first well, and serial dilutions were per-
formed so that concentrations in the range of 625-5000 pg/ml were obtained. The inoculums
were adjusted to contain approximately 105 CFU/ml bacteria and 10* CFU/ml fungi, as des-
cribed previously. 100 pl of the inoculums was added to all wells and the plates were incub-
ated at 37 °C for 24 h. MIC values were detected by adding 20 pl of 0.5 % triphenyl tetrazolium
chloride (TTC) aqueous solution. The MIC value was taken as the lowest concentration of the
compounds that inhibited any visible bacterial and fungi growth, as indicated by TTC staining
after incubation.?? Penicillin, chloramphenicol and fluconazole were used again as the refer-
ence antibiotic control.

RESULTS AND DISCUSSION

Synthesis and characterization

The title compounds 3a—5d were synthesized according to the process des-
cribed in Fig. 1. The structures of all the compounds 3a—5d were established on
the basis of FT-IR, 'H-NMR, 13C-NMR, HETCOR, 2D(!H-'H) COSY and MS
spectra and elemental analyses. In all compounds, the assignment of individual
proton signals in the !H-NMR spectra was based on Jyy coupling constant
values and confirmed by !H-!H COSY and HETCOR spectra.

The novel Schiff bases 3a—d were synthesized according to the route shown
in Fig. 1. Among these compounds, only compound 3¢ was synthesized by an alt-
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ernative method other than that shown in Fig. 1. To synthesize Schiff base 3c,
various solvents such as ethanol, methanol, tetrahydrofuran, toluene, acetonitrile,
benzene and ethyl L-lactate were used. For this purpose, it was aimed to increase
the efficiency of the Schiff base, reduce the reaction time and obtain pure product
without using purification techniques (Table I). Traditional synthesis methods of
Schiff bases use petroleum-derived solvents such as toluene, which are often
toxic. However, ethyl lactate is a green solvent and forms a suitable solution with
water for the synthesis of Schiff base. In addition, it was observed that Schiff
base was formed in high yield when some catalysts, such as scandium (III) tri-
flate, ytterbium (III) triflate, were added to the medium with ethyl L-lactate sol-
vent. For compound 3¢, in addition to the synthesis method of other compounds,
we synthesized the Schiff base using ethyl L-lactate as the green solvent. As a
result of our experiment on the 3¢ compound for trial purposes, Schiff base 3c
was obtained with good yield (Table I, entry 7). Additionally, the reaction was
complete within four minutes at room temperature and the imine was pure
enough to avoid the necessity for recrystallization or other solvent insensitive
isolation or purification procedures.

2a R'=Ci; , R*=H

3aR'=CH; , R*=H

2b R'=0CH;, R?=H ==f g
' S 3e RI=OH, R*=H
iz 2 »
2e RIOH, R*=H 2|2 3d R'=H, R*=OH
2d Ri=H, R*=0OH
¢ ©
\ R2
clcmcoct 5
R N CH, C NH
EGN, DCM
s reflux ¢ 6
R,

5aR'=CH; ,R>>H
5b R'=0CH;, R%=H
5¢ R'=0COCHLCl, R3*=H
5d Ri=H, R%=0COCH,C!

4a R’ﬁCH3 ,R&=H
4b R'=0CH,, R*=H
4¢ R'=0H, R*=H
4d R'=H, R*™=0OH

Fig. 1. General scheme of synthetic procedure for compounds 3a—5d.
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TABLE I. Reaction conditions for the synthesis of compound 3¢

No. Solvent Time Yield?, %
1 Acetonitrile 24 h 120
2 Benzene 24 h 25b
3 Ethanol 2h 85b
4 Ethyl lactate 4 min 95d
5 Methanol 24 h cb
6 THF 24 h cb
7 Toluene 24 h 35b

solated yield; ball the reactions were carried out at reflux; °no reaction; dthe reaction was carried out at room
tempurature

The structures of compounds 3a—d were established from their FTIR, !H-
-NMR, 13C-NMR, COSY and HETCOR (also labeled COSY C single bond H)
spectra. The FTIR spectra of Schiff bases 3a—d showed a strong band at 1610,
1615, 1620 and 1618 cm™!, attributed to azomethine v(CH=N) (IR spectra of
compounds 3a—5d are given in the Supplementary material). The absence of
band around 1730 and 3330 cm™! due to carbonyl stretching and NH; stretching
of 2-aminobenzothiazole and aldehyde respectively indicates the condensation of
aromatic aldehyde and aromatic amines. 'H-NMR spectra also confirmed the
proposed stoichiometry and structure of compounds 3a—d (H-NMR spectra of
compounds 3a-5d are given in the Supplementary material). In the 'H-NMR
spectra of compounds 3a—d, the chemical shift of the aromatic protons was obs-
erved within the 6 6.96-8.12 ppm region of spectrum. The hydroxyl protons for
compounds 3¢ and 3d showed as a broad signal within the 6 10.5-11.5 ppm. The
observation of the OH proton of compound 3¢ at § 11.5 ppm is due to the hydro-
gen bond of the imine nitrogen, whereas the resonance of the hydroxide proton of
compound 3d was observed at ¢ 10.5 ppm due to the absence of hydrogen bond.
The imine proton in compounds 3a—-3d was observed as a singlet in the range of
09.02-9.45 ppm. Among the novel compounds, the imine proton in compound
3¢, which resonates in the downfield at 6 9.45 ppm. This is due to the hydrogen
bond between the imine nitrogen of the phenyl ortho substituent hydroxide
group. However, the imine proton of compound 3d was observed at ¢9.02 ppm,
which was expressed as the increase of electron density around the imine due to
the n—n conjugation effect of hydroxy oxygen. Singlets of benzothiazole sub-
stituent methyl protons were observed at o 2.45, 2.46, 2.44 and 2.40 ppm for
compounds 3a—d, respectively. Two sharp singlets were also observed at 6 2.65
and 3.96 ppm for methyl protons (CH3—Ar) and methoxy protons (Ar—OCH3) for
compound 3a and 3b, respectively. The signal for the remaining six protons
appeared at 7.14-8.11 ppm, which was assigned to aromatic protons. For com-
pound 3b, a triplet at 7.14 ppm, doublet at 7.24 ppm and another doublet at 7.83
ppm were assigned for aromatic protons H14, H12 and H4, respectively. In addit-
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ion, H5, H13 and HI15 protons of the aromatic rings resonate as doublet of
doublet at 7.35 ppm, doublet of triplet at 7.66 ppm and doublet of doublet at 8.11
ppm, correspondingly. Similar signals were observed in the H-NMR spectra of
compounds 3a, 3¢ and 3d (the numbering of the protons of the compound is
given in Fig. 1). This assignment was additionally substantiated by 'H-!H COSY
analysis (IH-1H COSY spectra are given in the Supplementary material). In the
IH-1H COSY spectrum of compound 3b, the two signals in the compound, the
doublet of the doublet, are assigned as belonging to the H5 proton and the H13
proton. The HS proton coupled first to the H4 proton, then to the H7 proton long-
-range coupling. On the other hand, the H15 proton interacts with both the H14
proton and the H13 proton, giving the signal of the doublet of the doublet. Simil-
arly, the H13 coupled to the H14 proton, the H12 proton, and the H15 proton,
giving the triplet of the doublet (Fig. S-6 of the Supplementary material). The
HETCOR spectrum compound 3b clearly showed that there were no hydrogen
atoms bonded to C2, C6, C8, C9, C10 and C11 as expected. The correlations
between C4 and H4, C7 and H7, C5 and HS5 in the benzothiazole ring and C12
and H12, C14 and H14, C15 and H15, C13 and H13 in the phenyl ring were also
clearly observed in the HETCOR spectrum (Fig. S-7 of the Supplementary mate-
rial). The !13C-NMR spectrum of compounds 3a—d showed 16 signals corres-
ponding to the 16 carbon atoms present in the molecule as shown in Fig. 1. In the
I3C-NMR spectrum, signals belonging to the imine carbon were observed at 164,
161, 166 and 166.5 ppm for compounds 3a—d (Figs. S-12 and S-14 of the Sup-
plementary material). Due to the presence of the carbon—nitrogen m-bond, the
signal of the azomethine carbon was observed in the downfield region. The 13
signals observed at 117.88-150.54 ppm were also marked as belonging to arom-
atic carbons, for compound 3a. Similar signals were observed in the 13C-NMR
spectra of compounds 3b—d. The ESI mass spectrum of compound 3b showed a
molecular ion peak at m/z 283.1 (C16H14N2SO + H") and fragment ions at m/z
223.1 (C13H7N,S + HY), 165.1 (C12H7N + HY), Fig. S-8 of the Supplementary
material.

Reduction of 3a—3d with NaBH4 in methanol at room temperature occurred
easily to give the corresponding amine derivative 4a—d as the only product in
good yields 87-93 % (Fig. 1). The structures of 4a—d were clearly assigned as
amine compounds by FT-IR, IH-NMR, !3C-NMR, HETCOR, COSY and ESI
MS spectra and elemental analyses. The FT-IR spectral data of the amines 4a—d
showed medium intensity absorption bands at 3412, 3430, 3409 and 3434 cm™!,
respectively, which were attributed to the Vv(NH) stretching vibration. This
assignment was further supported by the disappearance of the absorption band
that was assigned to the azomethine proton. The !H-NMR spectra of the comp-
ounds 4a—d revealed a fine triplet peak at ¢ 8.25-8.30 ppm for the -NH- group
(IH-NMR spectra of compounds 3a—5d are given in the Supplementary mater-
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ial). The signals of the methylene protons for the —-CH,—NH— group were det-
ected in the region expected in the range of 0 4.47-4.55 ppm as a doublet. The
spectra of 4¢ and 4d show a singlet at 09.75 and §9.30 ppm due to the hydrogen
of the hydroxyl group. In the IH-NMR spectrum of compound 4b, methoxy and
methyl protons were observed at 02.31 and 3.83 ppm as singlets. The four doub-
lets at 07.02 and 7.25 ppm indicated the H12 and H4, H5 and H15 protons, res-
pectively. The signals observed at §6.92 and 7.29 ppm as a triplet and at 6 7.46
ppm as a singlet may be assigned to protons H14, H13 and H7, respectively
(Figs. S-21 and S-22 of the Supplementary material). Aromatic protons of com-
pounds 4a, 4¢ and 4d showed similar characteristics as those discussed in com-
pound 4b. In the 13C-NMR spectrum of 4b, carbon atoms of the phenyl and ben-
zothiazole ring were observed at ¢ 111.06, 118.18, 120.62, 121.32, 126.79,
126.96, 128.46, 128.81, 130.44, 130.97, 150.83, 157.32, 166.00 ppm. The
methyl, methoxy and methylene carbon atoms were observed at ¢ 21.22, 42.89
and 55.82 ppm, respectively (Fig. S-23 of the Supplementary material). Similar
signals were observed in the 13C-NMR spectra of compounds 4a, 4¢ and 4d. In
the HETCOR spectrum of compound 4b, the signals of aromatic carbon atoms
were observed at 111.06, 118.18, 120.62, 121.32, 126.79, 126.96, 128.46,
128.81, 130.44, 130.97, 150.83, 157.32 and 166.00 ppm, respectively (Figs. S-26
and S-27 of the Supplementary material). The mass spectrum of compound 4b
shows a molecular ion peak at m/z 285.0 (10.2 %) of M + 1.

The substituted amine compounds 4a—d were reacted with chloroacetyl
chloride in the presence of triethylamine to provide the corresponding amides 5a
and 5b and esters 5¢ and 5d in good yields 76-82 % (Fig. 1). The structures of
compounds 5a—d were established from FTIR, IH-NMR, 13C-NMR, mass spec-
tra and elemental analyses. The FT-IR spectra of the ester products depicted
V(N-C=0) bands within the range of 1668-1663 cm~! and v(OC=0) bands at
1775-1762 cm™!, which supported the assigned structures Sc¢ and 5d. In the FT-
-IR spectra of the obtained amides 5a and Sb, carbonyl amide absorption bands
appeared at 1698 and 1683 cm!, respectively. The !H-NMR spectrum of com-
pound 5b exhibited four doublets at ¢6.92, 7.08, 7.25 and 7.63 ppm due to H12,
H15, H5 and H4 protons, respectively. In addition, H13 proton and H14 proton
of the phenyl ring resonated as triplet at 6.87 and 7.29 ppm, correspondingly. The
one singlet at 7.81 ppm was assigned for H7 proton (Figs. S-42—S44 of the Sup-
plementary material). Aromatic protons of compounds 5a, 5¢ and 5d showed
similar characteristics to those discussed in compound Sb. Three sharp singlets
were also observed at 62.40, 3.53 and 4.75 ppm for the methyl protons (CH3—
—benzothiazole), the methoxy protons (Ar—-OCH3) and the methylene protons
(-NCHjy—), respectively. Another singlet at 0 5.43 ppm was assigned for —-N(CO)-
—CHj,Cl group. The triplet originating from the NH protons at J 8.22 ppm in
compound 4b was not detected in compound 5b. In the !H-NMR spectrum of
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compounds S¢ and 5d, unlike compounds 5a and 5d, another singlet at 6 4.80 and
4.76 ppm was assigned to the -N(CO)CH;Cl group. The molecular ion mass of
compound Sa was observed as m/z 345 in ESI MS. Ion peaks at m/z 309 and 267
showed that firstly the chlorine atom and then the CH,CICO- group were ionized
from the ionic mass of the molecule (Fig. S-40 of the Supplementary material).
The 13C-NMR spectrum of compounds 5a and 5b had a signal at 168 and 167.86
(N-C=0-) as expected, leading us to predict that the product is an amide com-
pound. The 13C-NMR spectrum of compounds 5¢ and 5d could not be obtained
despite many attempts.

Antimicrobial activity studies

The antibacterial activity of the twelve novel synthesized compounds 3a—5d
was tested against a range of Gram-positive and Gram-negative bacteria and two
fungal species in the range of MIC values of 625-5000 pg/ul. As shown in Table
11, these organisms were S. aureus, S. epidermidis and B. subtilis as Gram-posit-
ive bacteria and E. coli and P. aeruginosa as Gram-negative bacteria, C. parapsi-
losis as fungus strains. Among all compounds tested, 3b—d and 4b and 4c
showed activity against the bacteria at different MIC values (625-5000 pg/ul).
However, compounds 3a, 4a and 4b and 5a—c were not active against the bac-
teria tested. According to preliminary results, among these compounds, compound
3¢ showed activity against Gram-negative bacteria S. aureus ATCC 6538, P. aeru-
ginosa NRRL-B 2679 with a MIC value of 625 ng/ul. Whereas, compounds 3b—d
exhibited activity against C. parabsilosis NRRL-Y 12696 at a MIC of 1250
pg/ul, while compound 4¢ showed activity against gram-negative P. aeruginosa
NRRL-B 2679 and C. parapsilosis NRRL-Y 12696 fungus strains with MIC
values ranging from 2500 to > 50000 pg/ul. Moreover, compounds 3b—d and 4¢
showed antifungal activity on C. parapsilosis at an inhibition zone of 8 to 14 mm
and MIC value (1250-2500 pg/ul), but other new compounds such as 3a, 4a, 4b
and 5a—d were inactive. According to these results, we could see that among all
the compounds, the compound with the ortho substituent hydroxy group, where
only the imine group was present, was more active. For example, compound 3¢
was slightly more effective compared to compounds 3b and 3d. We also found
that the scaffold containing the imine group retained antibacterial activity, and
the presence of a hydroxy substituent group, especially at the ortho position, inc-
reased the activity. Recent reports demonstrated the role of C. parapsilosis in the
etiopathogenesis of otitis, arthritis, endocarditis, endophtalmitis, meningitis,
wound infections, denture stomatitis, reproductive system infections in women,
vaginitis, cervicitis and salpingitis.2# The reason for that different sensitivity
between the fungi and bacteria can be found in different transparency of the cell
wall.25 Among the compounds we synthesized, only compounds 3b—d and 4c
showed antifungal activity against C. parapsilosis in an inhibition zone of 8-14
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mm. This is due to the activity of the imine and amine groups and the substituted
electron donating OCH3 and OH in the phenyl ring. Therefore, the biological act-
ivity of compounds 3—d and 4¢ depends on the substituted groups. Depending on
the substituent groups in the compounds, the activity is OH > OCH3 > CH3. In
addition, none of the new compounds synthesized were effecttive on other bac-
teria and fungi such as S. epidermidis, E. coli, B. subtilis and C. albicans.

TABLE II. Antibacterial and antifungal activities of compound 3b—4c¢ as inhibition zone diameters
(mm) and MIC (ng/ul); P = peniciline G; C = chloramphenicol; F = fluconazole

Microorganism 3b 3¢ 3d 4b 4c P C F
S. aureus ATCC 6538 - 625 - - - 625 7.8 -
P. aeuroginosa NRRL-B 2679 - 625 - —  5000< 62.5 625 -
C. parabsilosis NRRL-Y 12696 1250 1250 1250 - 2500 - - 125

For the further determination of the antibacterial spectrum of our comp-
ounds, the most promising agent 3¢ was tested against to commonly used anti-
microbial agent (Table III). Among all novel compounds, 3¢ showed the highest
inhibitory activity against the gram-negative bacteria S. aureus and P. aeruginosa
(MIC = 625 pg/pl) compared to the reference drugs (peniciline G: MIC = 62.5
ug/ul, chloramphenicol: MIC = 7.8 ug/ul, respectively). S. aureus bacteria have
been reported to be the most common cause of bloodstream, skin and soft tissue,
and respiratory tract infections. This pathogen is among those that cause severe
infections in patients.23 P. aeruginosa is frequently associated with infections of
the urinary and respiratory tract in humans. P. aeruginosa infections are also
common in patients receiving treatment for severe burns or other traumatic skin
damage and in people suffering from cystic fibrosis.20 Compounds 3b—d revealed
the highest MIC (1250 pg/ul) against standard C. parabsilosis, while the refer-
ence compounds peniciline G and chloramphenicol were inactive.

TABLE III. Microbial activity of novel synthesized compounds (3b—5c¢); P — peniciline G; C —
chloramphenicol; F — fluconazole; inactive = inhibition < 6mm; slightly active = inhibition
zone 6—9 mm; moderately active = inhibition zone 9—12 mm and highly active = inhibition
zone > 12 mm

Microorganism 3b 3¢ 3d 4a 4b 4c 4d 5a 5b 5¢c P C F
S. aureus ATCC 6538 - 100 - - - - - - - - 21 24 -
S. epidermidis ATCC 12228 - - - - - - - - - =24 22 -
E. coli NRRL-B 3008 - - - - - - - = = =20 26 -
P. aeruginosa NRRL-B 2679 -9 - - - 8 - - - - 36 32 -
B. subtilis NRRL-B 4378 - - - - - - - - - =36 30 -
C. albicans NRRL-Y 12983 - - - - - - - - - - - =22
C. parapsilosis NRRL-Y 12696 14 10 10 - - 8§ - - - — — — 25
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CONCLUSION

In this study, compound 3c, one of the novel synthesized Schiff bases, was
synthesized in the green solvent ethyl L-lactate medium. This synthesis method
has many advantages over the traditional methods used, which are given as
follows: the reaction was completed in four minutes and resulted in a 95 % yield,
the product formed was not crystalline and required no further purification, the
solvent used as a green solvent is not hazardous to the environment, non-corr-
osive, non-carcinogenic, non-teratogenic and biodegradable, showing an import-
ant benefit of our method. In this work, the antimicrobial activity of the novel
synthesized was researched. The results showed that some of the novel comp-
ounds tested showed significant antimicrobial activity. Microbes that have gained
resistance to drug therapy are an increasing public health problem. While there
are a few really effective antifungal preparations currently available for the treat-
ment of systemic mycoses, the efficiency of existing drugs is rather limited. The
present study has clearly indicated that compound 3¢ could be a promising new
source of an antibacterial and antifungal agent. The results obtained from ethyl
L-lactate synthesis method and activity studies could contribute to the literature.

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/12631, or from the corres-
ponding author on request.
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H3BOJ
CHUHTE3A HOBUX N-CYIICTUTYHUCAHUX BEH3UJI N-(1,3-BEH30THA30JI-2-UJI)-
-AIETAMHJA U IbUXOBA IN VITRO AHTUBAKTEPUJCKA AKTHBHOCT

HANDAN CAN SAKARYA'!, KAMURAN GORGUN' u CANSU FILIK ISCEN?

Eskisehir Osmangazi University, Faculty of Science, Department of Chemistry, 26480 Eskisehir, Turkey u
2Eskisehir Osmangazi University, Faculty of Education, Department of Elementary Education,
26480 Eskisehir, Turkey

Hoge ludose da3e 3a—ng CHHTETHCAaHEe CYy Yy peakUUju 6-MeTHI-2-aMHHOOEH30THU-
asoya ca pa3IUYUTHUM CyNCTUTyHCcaHUM OeH3anmexunuma. Jodujene Iludose dasze cy
penyxoBane nomohy NaBHs na du ce dopmupanu onrosapajyhu amuuu 4a-pm. Y mo-
clegmbeM Kopaky, y peaklidja aMMHA U XJ1I0pOalleTHI-XJI0pUia JOOUjeH! Cy HOBU JIEpHU-
BaTu amuza 5a—1. CTPyKType CBUX HOBHUX CHHTETH30BaHUX jeJUIbEHA Cy OKapaKTepH-
cane FT-IR, '"H-NMR, 3C-NMR, ESI MS, HETCOR, 2D ('H-'H) COSY cnekrpuma u
eleMeHTaJIHUM aHanu3ama. [la OU ce UCTpakuia aHTUMHUKPOOHA aKTUBHOCT HOBUX CHH-
TETH30BAHUX jeNUbeHha, OHU CYy TeCTHPAHH NPOTUB HEKUX ['pPaM-NO3UTHBHUX U I'pam-
-HeraTUBHUX DaKTEPHjCKUX U I'bUBUYHHUX BPCTA, a JOOUjEHU Pe3yITaTH CY [abe JUCKY-
TOBAHH.

(ITpumsseHro 20. oxrodpa 2023, pesunupano 19. janyapa, npuxsaheno 11. jyna 2024)
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Synthesis of novel N-substituted benzyl N-(1,3-benzothiazol-2-yl)
acetamides and their in vitro antibacterial activities
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Department of Elementary Education, 26480 Eskisehir, Turkey
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N-[2-Methylphenyl)methylidene]-6-methyl-1,3-benzothiazol-2-amine  (3a).
Yield: 70%. M.p. 132-133°. FT-IR: 3042, 1610, 1597, 1530, 1505 (Fig.S1). 1H
NMR(500 MHz, DMSO-d6, 9) : 2.45 (s, 3H, CH3-Benzothiazole), 2.65 (s, 3H,
Ar-CH3), 7.34 (dd, 1H, 4J12,14=1.28 Hz, J11,13=8.23 Hz, H12), 7.38 (d, 1H,
J14,15=7.81 Hz, H15), 7.39 (t, 1H, J12,14=8.93 Hz, H13), 7.53 (dt, 1H, 4JH14-
H12=1.31 Hz, J13,15=7.42 Hz, H14), 7.83 (s, 1H, H7), 7.84 (d, 1H, J5,4=8.44
Hz, HS), 8.12 (d, 1H, J4,5=7.81 Hz, H4), 9.34 (s, 1H, -CH=N-) (Fig.S2) (The
numbering of protons of the compound is given in Fig. 1). 13C NMR(125 MHz,
DMSO-d6, 6): 19.07, 21.24, 117.88, 118.67, 121.28, 125.83, 126.45, 126.88,
127.04, 128.68, 130.90, 131.15, 136.48, 138.58, 150.54, 164.16. Anal. Calcd for
CI6H14N2S: C 72.15, H 5.30, N 10.52, S 12.04 %; found: C 72.00, H 5.35, N
10.54, S 11,96 %.

N-[2-Methoxyphenyl)methylidene]-6-methyl-1,3-benzothiazol-2-amine (3b).
Yield: 76%. M.p. 134-136°. FT-IR: 3045, 1615, 1595, 1551 (Fig.S3). 1H
NMR(500 MHz, DMSO-d6, d) : 2.46 (s, 3H, CH3-Benzothiazole), 3.96(s, 3H,
Ar-OCH3), 7.14 (t, 1H, J15,14=7.51 Hz, H14), 7.24 (d, 1H, J13,12=8.41 Hz,
H12), 7.35 (dd, 1H, 4J5,7=1.34 Hgz, J4,5=8.31 Hz, HS5), 7.66 (dt, 1H,
4J13,15=1.75 Hz, J12,14=7.24 Hz, H13), 7.83 (d, 1H, J4,5=8.30 Hz, H4), 7.85
(s, IH, H7), 8.11 (dd, 1H, 4J15,13=1.65 Hz, J15,14=7.76 Hz, H15), 9.30 (s, 1H, -
CH=N-)(Fig.S4 and fig. S5). 13C NMR (125 MHz, DMSO-d6, 9): 21.21, 56.53,
112.93, 121.50, 122.35, 122.71, 122.77, 128.03, 128.56, 134.62, 135.43, 136.11,
149.86, 161.08, 161.73, 171.33. ESI-MS m/z= Calculated for (C16H14N2SO +
H+) 283.1, observed 283.18 (Fig.S8). Anal. Calcd for C16H14N2SO: C 68.06, H
5.00,N 9.92, S 11.36 %. Found: C 68.20, H 5.20, N 9.98, S 11.35 %.

* Corresponding author. E-mail: hsakarya@ogu.edu.tr

S249

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

(CC) 2024 Serbian Chemical Society.



S250 CAN SAKARYA, GORGUN and FLIK ISCEN

N-[2-hyroxyphenyl)methylidene]-6-methyl-1,3-benzothiazol-2-amine  (3c¢).
Yield: 90%. M.p. 137-138°. FT-IR: 3360, 3040, 1620, 1583, 1570, 1545
(Fig.S9). 1H NMR(500 MHz, DMSO-d6, §): 2.44 (s, 3H, CH3-Benzothiazole);
7.01(d, 1H, J15,13=7.48 Hz H14), 7.04 (d, 1H, J13,12=8.14 Hz, H12), 7.34 (d,
1H, J5,4=8.43 Hz, H4), 7.52 (dt, 1H, 4J13,15=1.27 Hz, J12,14=8.40 Hz, H13),
7.83 (d, 1H, J4,5=8.20 Hz, H5), 7.86 (s, 1H, H7), 7.93 (dd, 1H, 4J15,13=1.21 Hz,
J15,14=7.80 Hz, H15), 9.45 (s, 1H, -CH=N-), 11.5 (s, 1H, PhOH)(Fig.S10 and
S11). 13C NMR(125 MHz, DMSO-d6, &): 21.58, 117.41, 120.06, 120.31,
122.40, 122.70, 128.61, 131.66, 134.47, 135.62, 135.98, 149.73, 160.98, 166.04,
169.73 (Fig.S12). Anal. Calcd. for C15SHI12N20S: C 67.14, H 4.51, N 10.44, S
11.95 %. Found: C 67.10, H 4.56, N 10.49, S 11,40 %.

N-[4-hydroxyphenyl)methylidene]-6-methyl-1,3-benzothiazol-2-amine (3d).
Yield: 72%. M.p. 136-138°. FT-IR: 3350, 3044, 1618, 1585, 1572, 1543. 1H
NMR(500 MHz, DMSO-d6, 6): 2.40 (s, 3H, CH3-Benzothiazole), 6.96 (d, 2H,
J11,13=8.55 Hz, H12 and H14), 7.30 (d, 1H, J5,4=8.11 Hz, H4), 7.77 (d, 1H,
J4,5=8.45 Hz, HS), 7.79 (s, 1H, H7), 7.94 (d, 2H, J12,14=8.56 Hz, H11 and
H15),9.02 (s, 1H, -CH=N-), 10.5 (s, 1H, Ar-OH)(Fig.S13). 13C NMR(125 MHz,
DMSO-d6, d): 21.54, 116.63, 122.27, 122.36, 126.37, 128.34, 133.08, 134.36,
135.07, 149.92, 163.24, 166.49, 171.41(Fig.S14). Anal. Calcd. for
CI5H12N20S: C 67.14, H 4.51, N 10.44, S 11.95 %. Found: C 67.02, H 4.54, N
10.40, S 11,45 %.

N-(2-methylbenzyl)-6-Methyl-1,3-benzothiazol-2-amine (4a). Yield: 87%.
M.p. 102-103°. FT-IR: 3412, 1605, 1594, 1571. 1H NMR(500 MHz, DMSO-d6,
8): 2.32 (s, 3H, CH3-Benzothiazole), 2.34 (s, 3H, Ar-CH3), 4.55 (d, 2H, JCH2-
NH=5.44 Hz, Ar-CH2NH-), 7.03 (dd, 1H, 4J5,7=1.31 Hz, J4,5=8.15 Hz, H5),
7.18 (m, 3H, H12, H-14 and H15), 7.27 (d, 1H, J5,4=8.11 Hz, H4), 7.32 (d, 1H,
J12,14=7.29 Hz, H13), 7.47 (s, 1H, H7), 8.25 (t, 1H, JNH-CH2=5.43 Hz,
NHCH2-Ar)(Fig.S15). 13C NMR(125 MHz, DMSO-d6, 9): 19.12, 21.22, 45.92,
118.20, 121.35, 126.27, 126.99, 127.61, 128.28, 130.51, 130.98, 136.43, 137.05,
150.81, 165.78 (Fig.S16). ESI-MS m/z= Calculated for (C16H16N2S + H+)
269.1, observed 269.1 (Fig.S19). Anal. Calcd for C1I6H16N2S: C 71.60, H 6.01,
N 10.44, S 11.95 %. Found: C 71.52, H 6.03, N 10.50, S 11.90 %.

N-(2-methoxybenzyl)-6-Methyl-1,3-benzothiazol-2-amine (4b). Yield: 90%.
M.p. 125-127°. FT-IR: 3430, 1608, 1567(Fig.S20). 1H NMR(500 MHz, DMSO-
dé6, 9): 2.31 (s, 3H, CH3-Benzothiazole), 3.83 (s, 3H, Ar-OCH3), 4.53 (d, 2H,
JCH2-NH=5.67 Hz, Ar-CH2NH-), 6.92 (t, 1H, J15,13=7.28 Hz, H14), 7.02 (d,
2H, J12,13=]4,5=8.09 Hz, H12 and H4), 7.25 (d, 2H, J4,5 J12,14=7.03 Hz, H5
and H15), 7.29 (t, 1H, J12,14=7.13 Hz H13), 7.46 (s, 1H, H7); 8.22 (t, 1H, JNH-
CH2=5.67 Hz, NHCH2-Ar) (Fig.S21 and S22). 13C NMR(125 MHz, DMSO-d6,
0): 21.22, 42.89, 55.82, 111.06, 118.18, 120.62, 121.32, 126.79, 126.96, 128.46,
128.81, 130.44, 130.97, 150.83, 157.32, 166.00 (Fig.S23). ESI-MS m/z=
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Calculated for (C16HI6N2SO + H+) 285.1, observed 285.1. Anal. Calcd for
C16H16N2SO: C 67.58, H 5.67, N 9.85, S 11.28 %. Found: C 67.28, H 4.58, N
9.86, S 10.40 %.

N-(2-hyroxybenzyl)-6-Methyl-1,3-benzothiazol-2-amine (4c). Yield: 90%.
M.p. 170-172°. FT-IR: 3525, 3409, 1595, 1570(Fig.S28). 1H NMR(500 MHz,
DMSO-d6, 6): 2.32 (s, 3H, CH3-Benzothiazole), 4.47 (d, 2H, JCH2-NH=5.796
Hz, Ar-CH2NH-), 6.74 (dt, 1H, 4J14,12=0.79 Hz J15,13=7.41 Hz, H14), 6.86
(dd, 1H, 4J12,14=0.65 Hz, J13,12=7.64 Hz, H12), 7.06 (dd, 1H, 4J15,13=1.36
Hz, J14,15=8.24 Hz, H15), 7.10 (dt, 1H, 4J13,15=1.61 Hz, J12,14=7.69 Hz,
H13), 7.24 (dd, 1H, 4J5,7=1.16 Hz, J4,5=7.53 Hz, HS), 7.26 (d, 1H, J5,4=8.11
Hz, H4), 7.47 (s, 1H, 4]J7,5=0.97 Hz, H7), 8.30 (t, 1H, J=5.70 Hz, NHCH2-Ar),
9.75 (br. s, 1H, Ar-OH) (Fig.S29). 13C NMR(125 MHz, DMSO-d6, §): 21.22,
43.14, 115.85, 118.00, 119.37, 121.41, 125.34, 127.04, 128.69, 129.36, 130.55,
130.81, 150.45, 155.61, 166.29. Anal. Calcd. for C15H14N20S: C 66.64, H
5.22,N 10.36, S 11.86 %. Found: C 66.60, H 5.21, N 10.33, S 11.84 %.

N-(4-hyroxybenzyl)-6-Methyl-1,3-benzothiazol-2-amine (4d). Yield: 93%.
M.p. 168-170°. FT-IR: 3542, 3430, 1591, 1556. 1H NMR(500 MHz, DMSO-d6,
d): 2.46 (s, 3H CH3-Benzothiazole), 4.49 (d, 2H, JCH2-NH=5.20 Hz, Ar-
CH2NH-), 6.74 (d, 2H, J11,13=8.43 Hz, H12 and H14), 7.02 (d, 1H, J4,5=7.16
Hz, HS), 7.2 (d, 2H, J12,14=8.41 Hz, H11 and H15), 7.24 (d, 1H, J5,4=6.84 Hz,
H4), 8.28 (t, 1H, JNH-CH2=5.44 Hz, NHCH2-Ar), 9.30 (br. s, 1H, Ar-OH)
(Fig.S30 and S31). 13C NMR(125 MHz, DMSO-d6, §): 21.22, 47.39, 115.54,
118.15, 121.32, 16.98, 129.34, 129.49, 130.42, 130.92, 150.86, 156.95, 165.91
(Fig.S32). Anal. Calcd. for C15H14N20S: C 66.64, H 5.22, N 10.36, S 11.86 %.
Found: C 66.61, H 5.18, N 10.31, S 11.82 %.

2-Chloro-N-[6-methyl-1,3-benzothiazol-2-yl]-N-[2-methylbenzyl] acetamide
(5a). Yield: 76%. M.p. 188-190°. FT-IR: 1698, 1600, 1509(Fig.S36). 1H
NMR(500 MHz, DMSO-d6, 5): 2.49 (s, 6H, CH3-Benzothiazole and Ar-CH3),
4.55 (s, 2H, Ar-CH2N-), 5.50 (s, 2H, N(CO)CH2Cl), 6.76 (d, 1H, J14,15=7.59
Hz, H15), 7.11 (t, 1H, J12,14=7.54 Hz, H13), 7.18 (t, 1H, J15,13=7.36 Hz, H14),
7.24 (d, 1H, J13,12=8.20 Hz, H12), 7.28 (d, 1H, J4,5=8.63 Hz, HS), 7.62 (d, 1H,
J5,4=8.27 Hz, H4), 7.84(s, 1H, H7) (Fig.S37). 13C NMR(125 MHz, DMSO-d6,
d): 19.99, 22.30, 44.62, 49.49, 122.16, 122.9, 124.72, 127.64, 128.37, 128.95,
131.69, 133.31, 134.12, 135.15, 135.54, 136.40, 152.03, 168.63 (Fig.S38). ESI-
MS m/z= Calculated for (C18HI7CIN2SO + H+) 345.1, observed
345.1(Fig.S40). Anal. Caled for C18H17CIN2SO: C 62.69, H 4.97, N 8.12, S
9.30 %. Found: C 62.48, H 5.006, N 8.339, S 9.265 %.

2-Chloro-N-[6-methyl-1,3-benzothiazol-2-yl]-N-[2-
methoxybenzyl]acetamide (5b). Yield: 82%. M.p. 146-149°. FT-IR: 1683, 1605,
1520 (Fig.S41). 1H NMR(500 MHz, DMSO-d6, 3): 2.40 (s, 3H, CH3-
Benzothiazole), 3.53 (s, 3H, Ar-OCH3), 4.75 (s, 2H, CH2N), 5.43 (s, 2H,

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

(CC) 2024 Serbian Chemical Society.



S252 CAN SAKARYA, GORGUN and FLIK ISCEN

N(CO)CH2C)), 6.87 (t, 1H, J12,14=7.35 Hz, H13), 6.92 (d, 1H, J13,12=6.80 Hz,
H12), 7.08 (d, 1H, J14,15=8.21 Hz, H15), 7.25 (d, 1H, J4,5=8.94 Hz, H5); 7.29
(t, 1H, J15,13=7.30, H14), 7.63 (d, 1H, J5,4=8.26 Hz, H4), 7.81 (s, 1H, H7)
(Fig.S42, fig.S43 and S44 ). 13C NMR(125 MHz, DMSO-d6, 6): 21.48, 43.77,
46.79, 55.98, 61.29, 111.43, 121.02, 121.34, 121.61, 123.94, 126.50, 128.09,
129.16, 133.22, 134.24, 145.99, 157.00, 167.86 (Fig.S45). ESI-MS m/z=
Calculated for (C18H17CIN2SO2 + H+) 361.1, observed 361.1(Fig.S48). Anal.
Calcd for C18H17CIN2SO2: C 59.91, H 4.75, N 7.76, S 8.89 %. Found: C 59.72,
H 4.64,N 7.63, S 8.99 %.

2-[(Chloroacetyl)(6-methyl-1,3-benzothiazol-2-yl)aminomethyl|phenyl
chloroacetate (5¢). Yield: 78%. M.p. 159-161°. FT-IR: 1775, 1668, 1600, 1505.
1H NMR(500 MHz, DMSO-d6, 6): 2.40 (s, 3H, CH3-Benzothiazole), 4.70 (s,
2H, Ar-CH2N-), 4.80 (s, 2H, O(CO)CH2Cl), 5.50 (s, 2H, N(co)ch2Cl), 7.07 (d,
1H, J14,15=7.69 Hz, H15), 7.10 (d, 1H, J4,5=7.49 Hz, HS5), 7.20 (t, 1H,
J15,13=7.49 Hz, H14), 7.30 (d, 1H, J13,12=8.03 Hz, H12), 7.40 (t, 1H
J12,14=7.89 Hz, H13), 7.65 (d, 1H, J5,4=8.28 Hz, H4), 7.85 (s, 1H, H7). Anal.
Calcd. for C19H16CI2N203S: C 53.90, H 3.81, N 6.62, S 7.58 %. Found: C
53.92, H 3.84, N 6.59, S 7.55 %.

4-[(Chloroacetyl)(6-methyl-1,3-benzothiazol-2-yl)aminomethyl]phenyl
chloroacetate (5d). Yield: 82%. M.p. 156-158°. FT-IR: 1762, 1663, 1593, 1520.
1H NMR(500 MHz, DMSO-d6, 6): 2.43 (s, 3H, CH3-Benzothiazole), 4.69 (s,
2H, Ar-CH2N), 4.76 (s, 2H, O(CO)CH2CI), 5.57 (s, 2H,N(co)ch2Cl ), 6.74 (d,
2H, J11,15=7.69 Hz, H12 and H14), 7.10 (d, 2H, J12,14=8.5 Hz, H11 and H15),
7.28 (d, 1H, J4,5=7.35 Hz, HS), 7.69 (d, 1H, J5,4=8.24 Hz, H4), 7.83 (s, 1H, H7),
8.59 (s, 1H, Ar-OH). Anal. Calcd. for CI9H16CI2N203S : C 53.90, H 3.81, N
6.62, S 7.58 %. Found: C 53.88, H 3.83, N 6.61, S 7.55 %.
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Figure S-1.FT-IR spectrum of N-[2-Methylphenyl)methylidene]-6-methyl-
1,3-benzothiazol-2-amine (3a).
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Figure S-2. 1H NMR spectrum of N-[2-Methylphenyl)methylidene]-6-
methyl-1,3-benzothiazol-2-amine (3a)

s A

[=] \ s
2 o [
\ A ‘
o ‘ p. /
& | /
g © | [ ;
8 | A
= / | N
£ ‘I [ ‘ N A
Lo
59 | ] v
= ' Il [
= | [V i
|| o \f |
[l | { | \
o i o i
& 4 11 A J
| W
|/ \
\| !
o
| | | | I 4
| | |
w ‘ ‘ | ‘ | 1 | 1 ‘ H .
8388 &€ 28 33 % 3§ RE8 2%8 woraeg g%
SERD 3 8 & 28 8 8 888 B85 sognrc06 oo
5 B3R & &8 @ 8¥F e T 98 - 22 3IBES2 L ¥ ¥
3500 3000 2500 2000 1500 1000 500
Wavenumber cm-1
D:\OPUS\MEAS\ 237 15 az 24/11/06 21/11/2004

Figure S-3. FT-IR spectrum of N-[2-Methoxyphenyl)methylidene]-6-
methyl-1,3-benzothiazol-2-amine (3b)
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Figure S-4. 1H NMR spectrum of N-[2-Methoxyphenyl)methylidene]-6-

methyl-1,3-benzothiazol-2-amine (3b)
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Figure S-5. 1H NMR spectrum of N-[2-Methoxyphenyl)methylidene]-6-
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Figure S-6. 1H-1H COSY spectrum of N-[2-Methoxyphenyl)methylidene]-
6-methyl-1,3-benzothiazol-2-amine (3b).
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Figure S-7. HETCOR spectrum of N-[2-Methoxyphenyl)methylidene]-6-
methyl-1,3-benzothiazol-2-amine (3b)
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Figure S-8. ESI-MS spectrum of N-[2-Methoxyphenyl)rriethylidene]-6-
methyl-1,3-benzothiazol-2-amine (3b)
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Figure S-9. FT-IR Spectrum of N-[2-hyroxyphenyl)methylidene]-6-methyl-
1,3-benzothiazol-2-amine (3¢)
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Figure S-12. 13C NMR spectum of N-[2-hyroxyphenyl)methylidene]-6-
methyl-1,3-benzothiazol-2-amine (3c).
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Figure S-13. 1H NMR spectrum of N-[4-hydroxyphenyl)methylidene]-6-
methyl-1,3-benzothiazol-2-amine (3d)
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Figure S-14. 13C NMR spectrum of N-[4-hydroxyphenyl)methylidene]-6-
methyl-1,3-benzothiazol-2-amine (3d).
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Figure S-15. 1H NMR spectrum of N-(2-methylbenzyl)-6-Methyl-1,3-
benzothiazol-2-amine (4a)
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Figure S-16. 13C NMR spectrum of N-(2-methylbenzyl)-6-Methyl-1,3-
benzothiazol-2-amine (4a)
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Figure S-17. COSY spectrum of N-(2-methylbenzyl)-6-Methyl-1,3-
benzothiazol-2-amine (4a)
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Figure S-18. HETCOR spectrum of N-(2-methylbenzyl)-6-Methyl-1,3-
benzothiazol-2-amine (4a)
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Figure S-19. ESI-MS spectrum of N-(2-methylbenzyl)-6-Methyl-1,3-
benzothiazol-2-amine (4a)
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Figure S-20. FT-IR spectrum of N-(2-methoxybenzyl)-6-Methyl-1,3-
benzothiazol-2-amine (4b).

Figure S-21. 1H NMR spectrum of N-(2-methoxybenzyl)-6-Methyl-1,3-
benzothiazol-2-amine (4b).
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Figure S-22. 1H NMR spectrum of N-(2-methoxybenzyl)-6-Methyl-1,3-
benzothiazol-2-amine (4b).
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Figure S-23. 13C NMR spectrum of N-(2-methoxybenzyl)-6-Methyl-1,3-
benzothiazol-2-amine (4b).
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Figure S-24. COSY spectrum of N-(2-methoxybenzyl)-6-Methyl-1,3-
benzothiazol-2-amine (4b)
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Figure S-25. COSY spectrum of N-(2-methoxybenzyl)-6-Methyl-1,3-
benzothiazol-2-amine (4b)
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Figure S-26. HETCOR spectrum of N-(2-methoxybenzyl)-6-Methyl-1,3-
benzothiazol-2-amine (4b)
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Figure S-27. HETCOR spectrum of N-(2-methoxybenzyl)-6-Methyl-1,3-
benzothiazol-2-amine (4b)
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Figure S-28. FT-IR spectrum of N-(2-hyroxybenzyl)-6-Methyl-1,3-
benzothiazol-2-amine (4c).
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Figure S-29. 1H NMR spectrum of N-(2-hyroxybenzyl)-6-Methyl-1,3-
benzothiazol-2-amine (4c).
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Figure S-30. 1H NMR spectrum of N-(4-hyroxybenzyl)-6-Methyl-1,3-
benzothiazol-2-amine (4d).
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Figure S-31. 1H NMR spectrum of N-(4-hyroxybenzyl)-6-Methyl-1,3-
benzothiazol-2-amine (4d).
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Figure S-32. 13C NMR spectrum of N-(4-hyroxybenzyl)-6-Methyl-1,3-
benzothiazol-2-amine (4d).
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Figure S-33. COSY spectrum of N-(4-hyroxybenzyl)-6-Methyl-1,3-
benzothiazol-2-amine (4d).
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Figure S-34. COSY spectrum of N-(4-hyroxybenzyl)-6-Methyl-1,3-
benzothiazol-2-amine (4d).
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Figure S-35. HETCOR spectrum of N-(4-hyroxybenzyl)-6-Methyl-1,3-
benzothiazol-2-amine (4d).
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Figure S-36. FT-IR spectrum of 2-Chloro-N-[6-methyl-1,3-benzothiazol-2-
yl]-N-[2-methylbenzyl] acetamide (5a).
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Figure S-37. 1H NMR spectrum of 2-Chloro-N-[6-methyl-1,3-benzothiazol-
2-y1]-N-[2-methylbenzyl] acetamide (5a).
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Figure S-38. 13C NMR spectrum of 2-Chloro-N-[6-methyl-1,3-
benzothiazol-2-yl]-N-[2-methylbenzyl] acetamide (5a).
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Figure S-39. HETCOR spectrum of 2-Chloro-N-[6-methyl-1,3-benzothiazol-
2-yl1]-N-[2-methylbenzyl] acetamide (5a).
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Figure S-40. ESI-MS spectrum of 2-Chloro-N-[6-methyl-1,3-benzothiazol-2-
yl]-N-[2-methylbenzyl] acetamide (5a)
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Figure S-42. 1H NMR spectrum of 2-Chloro-N-[6-methyl-1,3-benzothiazol-
2-y1]-N-[2-methoxybenzyl]acetamide (5b).
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Figure S-43. 1H NMR spectrum of 2-Chloro-N-[6-methyl-1,3-benzothiazol-
2-yl1]-N-[2-methoxybenzyl]acetamide(5b).
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Figure S-44. 1H NMR spectrum of 2-Chloro-N-[6-methyl-1,3-benzothiazol-
2-y1]-N-[2-methoxybenzyl]acetamide(5b).
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Figure S-45. 13C NMR spectrum of 2-Chloro-N-[6-methyl-1,3-
benzothiazol-2-y1]-N-[2-methoxybenzyl]acetamide (5b).
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Figure S-46. COSY spectrum of 2-Chloro-N-[6-methyl-1,3-benzothiazol-2-
yl]-N-[2-methoxybenzyl]acetamide (5b).
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Figure S-47. COSY spectrum of 2-Chloro-N-[6-methyl-1,3-benzothiazol-2-
yl]-N-[2-methoxybenzyl]acetamide (5b).

Figure S-48. ESI-M.S spectrum of 2-Ch10ro-N-[6-methyl-1,3-Beﬁzothiazol-2-
yl]-N-[2-methoxybenzyl]acetamide (5b).
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The ethanolic extract of Eryngium billardierei F. Delaroche
restrains protein glycation in human serum albumin:
An in vitro study
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Abstract: Protein glycation is directly associated with many pathological con-
ditions. This study investigated the potential of Eryngium billardierei extract to
inhibit the glycation process in human serum albumin (HSA). After preparation
of the ethanolic extract of E. billardierei, the structural changes of glycated
HSA in the absence and presence of different concentrations of E. billardierei
extract were investigated using circular dichroism (CD), fluorescence spectro-
scopy and UV-Vis spectroscopy. The results confirmed that E. billardierei
extract could reduce the formation of advanced glycation end products (AGEs)
and Amadori products under in vitro glycation conditions and also improve
HSA helical structure. In addition, a reduction in the HSA-cross amyloid form-
ation was seen in the thioflavin T assay. The phytochemical analysis disclosed
that E. billardieri extract is high in flavonoid and phenolic compounds.
Accordingly, it could be concluded that the phenolics in E. billardieri extract
could prevent glucose-induced HSA glycation. This study provides the ration-
ale that E. billardieri extract could be implicated in controlling diabetes.

Keywords: AGEs; glycation; Eryngium billardierei extract; human serum alb-
umin; spectroscopy.

INTRODUCTION

Fructose, glucose and other reducing sugars are necessary nutrients for the
sustenance of human life. However, in the spontaneous non-enzymatic glycation
process reducing carbohydrates, especially monosaccharides, bind covalently to
the free amino groups of proteins and eventually cause the formation of toxic,
heterogeneous, and irreversible advanced glycation end products (AGEs). The
glycation of proteins is a main contributing issue to complications of diabetes
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mellitus.!-2 Furthermore, AGE accumulation contributes to the progression of
osteoporosis, and lifestyle-related diseases for example arteriosclerosis.3 The two
main sources of AGEs in the human body are the exogenous AGEs found in
highly processed foods and the endogenous AGEs that are generated under
oxidative stress and hyperglycemic conditions.# Various research have reported
glycation of circulatory proteins, such as serum albumins.5-6 Human serum alb-
umin (HSA), a helical triple-domain structure protein, is a major contributor to
oncotic blood pressure that includes 585 amino acids in its single polypeptide
chain.”-? It has been shown that HSA could be involved in the formation of
AGEs potentially. 10

Recently, numerous compounds have been verified for glycation inhibitory
potential in vitro and some success has been achieved with a few compounds
being effective in vivo also. Herbs are known to contain functional components
which can hinder glycation stress.!! Furthermore, in comparison with synthetic
substances, natural products have been found to be cheap, relatively non-toxic,
and usable in an ingestible form.12 The Eryngium is a plant of the Apiaceae
family with 274 species, of which nine are native to Iran. Eryngium billardierei
is applied considerably as a medicinal plant worldwide for the treatment of
diverse ailments. The Persian name of the dominant E. Billardieri species is the
Bogang. In folk medicine, several parts of E. Billardieri are utilized for a wide
range of diseases, such as scorpion bites, urinary infections, sinusitis, rheumat-
ism, inflammatory disorders and wound healing. Previous studies showed that
extracts obtained from the aerial and root parts of E. billardieri have anti-inflam-
matory, anti-oxidant, anti-bacterial, and anti-nociceptive effects.!3-14 Recent
investigations also indicated the anti-diabetic effect of E. Billardieri extracts by
improving the insulin resistance index and lipid profile, reducing G6Pase and
PEPCK levels,!5 as well as reducing glucose levels and liver enzymes, and inc-
reasing the level of HDL to near normal.16

Accordingly, although previous studies highlighted the anti-diabetic effect of
E. billardieri in vivo, research concerning the molecular mechanism of anti-
glycation effects of E. billardierei on proteins is extremely limited. Hence, this
study aims to analyze the anti-glycation potential of E. billardierei against
glycated HAS, for the first time by employing a multi-spectroscopic approach.
The results of this study can offer a platform to utilize E. billardierei in the
treatment of aggregation-oriented disorders.

EXPERIMENTAL

Materials

Human serum albumin (> 96 %, lyophilized powder, fatty acid-free), D-glucose, nitro-
blue tetrazolium (NBT), thioflavin T (ThT), acrylamide, bis-acrylamide, glycine, glycerol,
N',N'-tetramethylethylenediamine (TEMED), coomassie brilliant blue, and ethyleneamide-tet-
raacetic acid (EDTA) were acquired from Sigma Co. (USA). The dialysis tubing (cut off
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10,000 MW) and membrane filters (25 mm in diameter, 0.2 pum pore size) were from What-
man (UK). Ethanol, di-sodium hydrogen phosphate (Na,HPO,), sodium phosphate monobasic
(NaH,POy) and sodium azide (NaN3;) were obtained from Merck Co. (Germany). Plant mat-
erials were purchased from a local market in Tehran province (Iran). The voucher specimen
(No. TAUH-12161) was confirmed by Avicenna Herbarium, Science and Research Branch,
Islamic Azad University (Iran).

Preparation of ethanolic extract

The extraction procedure was adapted from previous research.!” Briefly, the sepal and petal
parts of E. billardieri were dried in an oven and ground to a fine powder with a mechanical
grinder (Retsch, Germany). Afterward, 50 g of plant powder was macerated in 500 mL of
ethanol (70 vol. %), covered with aluminum foil and kept in a shaker at room temperature.
After 72 h, the extract was filtered through Whatman filter papers. Subsequently centrifuged
at 3500 rpm for 20 min. Condensation was conducted by a rotary evaporator (Heidolph, Ger-
many). The supernatant was dried at 37 °C and the obtained semisolid mass was kept at 4 °C for
further analyses.

In-vitro glycation of HSA

Samples of HSA (1.5x10” M) were diluted to 10 mg mL-! in sodium phosphate buffer
(50 mM NaH,PO4/Na,HPO,4 and 1 mM EDTA at pH 7.4 containing 0.02 % NaNj (to avoid
microbial contamination) in capped vials under sterile conditions, which contained glucose
(40 mM), glucose with different concentrations of ethanolic extract of E. billardierei (45, 105,
135, 175, 210 and 240 pug mL!), ethanol (70 vol. %) or no additive as a control (N-HSA).
Protein concentration was determined spectrophotometrically with an extinction coefficient
(E1%) of 5.30 at 280 nm!® using a double-beam spectrophotometer (PG Instruments T90™,
UK). All dishes were autoclaved and all solutions were filter-sterilized (0.2 um). The capped
vials were incubated at 37 °C for 21 days and protected from light. This incubation time was
selected to provide appropriate time for the completion of the intermediate stage of HSA glyc-
ation and production of Amadori products.!® On completion of incubation, samples were dial-
yzed against sodium phosphate buffer for 48 h at 4 °C to remove excess amount of glu-
cose.!920 After dialysis, all samples were aliquotted and stored at —20 °C for further analyses.
The concentration of G-HSA (HSA incubated with glucose) was verified in triplicates by
bicinchoninic acid protein (BCA) assay.

Determination of total phenolic content (TPC)

The TPC of E. billardierei at different concentrations was estimated utilizing the Folin—
—Ciocalteu (FC) method, as described earlier.!4 Briefly, 0.5 mL of the extract samples and
standard gallic acid (GA) (10, 20, 40, 60, 80, 100 ug mL!) were positioned into the test tubes
and mixed for 5 min at room temperature. Afterward, 2.5 mL of FC’s reagent was mixed and
shaken. After 5 min, 2 mL of sodium carbonate (2 %) was added and allowed to stand at room
template for 2 h. The UV—Vis absorption was recorded by spectrophotometer at 760 nm. The
blank was performed utilizing a reagent blank with solvent. The experiments were performed
in triplicates. The calibration curve was plotted utilizing standard GA. The results were exp-
ressed as mg GAE/g dry extract.

Determination of total flavonoid content (TFC)

The test sample’s 7FC was determined utilizing the aluminum chloride method accord-
ing to the previous method.!* Quercetin (20-100 pg mL!) was utilized to make the calibration
curve. Briefly, 1.5 mL of the extract with a defined concentration was mixed with 1.5 mL of a
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solution of aluminum chloride, 2 %) and afterward 3 mL of potassium acetate (5 %) was
added to the mixture. After 40 min incubation, the absorbance was measured at 415 nm. The
experiments were performed in triplicates and average values were used. The TFC was exp-
ressed as mg QE/g dry weight of extract.

UV-Vis spectroscopy

The UV—-Vis spectra of ethanolic extract (240 pug mL!), N-HSA (5 uM), G-HSA (5 uM),
G-HSA (5 uM) in ethanol solution, and G-HSA with different concentrations of ethanolic ext-
ract of E. billardierei (45, 105, 135, 175, 210 and 240 pg mL!) were recorded by a double
beam spectrophotometer in a wavelength range of 200—700 nm at 37 °C.

The intrinsic fluorescence measurements

The intrinsic fluorescence of tryptophan residue of N-HSA (5 uM), G-HSA (5 uM), G-
-HSA (5 uM) in ethanol solution and G-HSA with different concentrations of ethanolic extract
of E. billardierei (45, 105, 135, 175, 210 and 240 pg mL™') was monitored via a BSFL-102
fluorescence spectrophotometer (BioLAB, Canada) utilizing a 1 cm quartz cell at 37 °C. The
excitation wavelength was 285 nm. In all cases, 10 nm emission and excitation slits were util-
ized. For inner filter influence correction affected by the emission and excitation signals atte-
nuation caused by the quencher absorption, Eq. (1) was applied:2!

Foor = Fapy X10(Abex + Abery)/2 (1)

where Abgp, Abey, Fops and F, are the mixture absorption at emission as well as excitation
wavelengths, the observed fluorescence intensity, besides the corrected fluorescence intensity,
respectively.

AGE Formation analysis

The emission spectra of N-HSA, G-HSA, G-HSA in ethanol solution and G-HSA in the
presence of 45, 105, 135, 175, 210 and 240 ug mL! of E. billardierei extract at 370 nm excit-
ation were acquired using BSFL-102 fluorescence spectrophotometer for the detection of
AGE formation. Each point signifies the mean of three independent experiments.

Circular dichroism analysis

The secondary structural changes of N-HSA (5 uM), G-HSA (5 uM), G-HSA (5 uM) in
ethanol solution and G-HSA in the presence of 175 and 240 pg mL! E. billardierei extract
were monitored by model 215 circular dichroism (CD) spectrometer (AVIV, USA) with a
scan speed of 20 nm min"!. Measurements were recorded at 190-260 nm employing a quartz
cell and a path length of 1 mm at 37 °C. Each spectrum was the average of three scans. Using
subtracting the proper baseline, each CD spectrum was corrected. The spectrum of the CD
buffer alone was subtracted from the spectrum of the sample containing N-HSA. However,
since D-glucose exhibited a CD band around 190 nm, the CD curve of G-HSA was corrected
by subtracting the spectral contribution of D-glucose-free HSA. The CD curves of G-HSA in
the presence of E. billardierei extract were also corrected by subtracting the CD spectra of the
samples containing glucose and E. billardierei extract mixtures. The CD curve of G-HSA in
the presence of ethanol was corrected by subtracting the spectral contribution of ethanol and
glucose mixtures. The CD spectra deconvolution software (CDNN, version 2.1) was applied
to investigate the CD-spectra.

Determination of Amadori products

Samples were evaluated for Amadori products based on the NBT reaction with keto-
amines. In carbonate buffer (pH 10.35) 0.18 ug mL"! sample of protein was mixed with 0.03
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mM NBT reagent and incubated for 1 h at 37 °C. Afterward, absorbance was monitored at 530
nm. Each point signifies the mean of three independent experiments.

ThT fluorescence analysis

A stock solution of ThT at 1 mM concentration was prepared in 0.01 M PBS at pH 7.4
and diluted to 0.1 uM. Then 10 pL of ThT was added to the samples (N-HSA (5 uM), G-HSA
(5 uM), G-HSA (5 uM) in ethanol solution and G-HSA in the presence of 175 and 240 pg
mL! E. billardierei extract) and then incubated for 30 min at 37 °C. Samples were scanned by
BSFL-102 fluorescence spectrophotometer using an excitation/emission wavelength of 450/
/490 nm. In all cases, 10 nm emission and excitation slits were utilized. Spectra were cor-
rected concerning the corresponding blank spectra.

Native-polyacrylamide gel electrophoresis (Native-PAGE) and sodium dodecyl sulfate-
polyacrylamide gel electrophoresis (SDS-PAGE)

To test the effect of E. billardierei extract on glycation-induced protein aggregation,
Native-PAGE and SDS-PAGE were performed via the standard protocol described by Schig-
ger and von Jagow using 10 % acrylamide gel.?? In native-PAGE electrophoresis, one aliquot
of N-HSA, G-HSA, G-HSA in ethanol solution and G-HSA in the presence of 240 pg mL"!
extract solution were mixed with an equal volume of sample buffer (glycerol (30 %), 0.25 M
Tris—HCIl buffer, pH 6.8). Each lane was loaded with 20 mg of samples. Electrophoresis was
carried out at 150 V for 110 min. The native proteins were visualized by incubating the gel in
acetic acid (10 %) and methanol (40 %) for 25 min, Coomassie blue solution (0.02 % in
methanol (30 %) and acetic acid (10 %)) for 25 min, and acetic acid (8 %) on an orbital shaker
at room temperature overnight.

In SDS-PAGE electrophoresis, samples were dissolved in sample buffer (glycerol (30 %),
0.25 M Tris-HCI buffer, SDS (3.6 %), pH 6.8), and heated at 85 °C for 10 min. For reducing
conditions, 50 mM dithiothreitol (DTT) was added to the sample buffer. Electrophoresis was
performed at 80 V for 180 min, in running buffer (50 mM methysulfonic acid, 50 mM tris
base, SDS (0.1 %), 1 mM ethylenediaminetetraacetic acid, pH 7.3). The polypeptide bands
were visualized by incubating the gel in coomassie blue solution for 25 min and de-stained
(ethanol (10 %) and acetic acid (7.5 %)) on an orbital shaker at room temperature overnight.

Statistical analysis

The data were recorded as mean =+ standard deviation of the mean (n = 3). GraphPad
Prism version 8.0 for Windows (GraphPad App, USA) was utilized for the analysis. The data
were evaluated for significance utilizing a two-way analysis of variance (ANOVA).

RESULTS AND DISCUSSION
Determination of TPC and TFC of extract

Phenolic compounds have a wide range of biochemical activities for instance
anti-carcinogenic, anti-oxidant and anti-mutagenic.!4 Furthermore, it has been
confirmed that phenolic-rich plant extracts inhibited sugar-induced protein glyc-
ation.23 Fig. 1a displays the TPC of E. billardierei extract (from sepal and petal
parts) with different concentrations and with the values derived from a calib-
ration curve (y = 0.0106x + 0.0544, R2 = 0.99) of GA (10-100 ug mL1). As
displayed, total phenolics in the E. billardierei extract with the different concen-
trations varied from 5.01 to 22.15 mg GAE/g dry extract. Additionally, the ana-
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lysis of variance confirmed that the content was increased (P < 0.05) with the
increasing concentration of extract.

Flavonoids are secondary, anti-oxidant, metabolites whose strength is veri-
fied by the position and number of free —OH groups. Fig. 1b exhibits the 7FC of
E. billardierei extract with various concentrations and quercetin (20-100 pg mL-1)
was utilized to make the calibration curve. Values were derived from a calib-
ration curve (y = 0.0070x + 0.0195, R2 = 0.98). As displayed, TFC in E. billar-
dierei extract varied from 4.01 to 20.05 mg QE/g DW of the extract. Conse-
quently, the E. billardierei extract proved to have significant total flavonoids and
phenolics content. Our data were in agreement with those of Daneshzadeh et al.
who determined the TPC and TFC of E. billardierei extract.14 However, it should
be mentioned that Daneshzadeh et al. prepared their extract from both leaves and
flowers of E. billardierei.

(A) B)
257 a,b,c,d E; 254
ab,c le ? ab,c g
20 ab = 20 ab
o e

)
<
=
I
v
z
=
] 2
< 15+ g il < 15
o on
%" £
-’
% 10 2 10
= ]
= S
2 57 ﬁ i 5 ﬁ
=3 ‘
= =
§ 0 0
45 105 135 175 210 240 45 105 135 175 210 240
Extract concentration (ng/mL ) Extract concentration (ug/mL )

Fig. 1. a) TPC and b) TFC of Eryngium billardieri extract at different concentrations.
P < 0.05 compared with the 245, 2105, ©135 and 4175 pg mL"! of extract.

UV-Vis spectroscopy results

The UV-Vis spectroscopy of the ethanolic extraction of E. billardierei dem-
onstrated a maximum absorption band (Aax) at about 266 nm (Fig. 2A). Accord-
ing to the literature, the spectra of phenolic acids and flavonoids have obvious
Amax at ca. 270 or 340 nm.24 Furthermore, phenolic acids with the benzoic acid
carbon framework have their Apax in the 200 to 290 nm range.2> Generally, fla-
vonols in the form of glycosides, exhibit Ayax in the wavelength range of 260—
—355 nm.24 Consequently, the E. billardierei extract was found to have remark-
able total flavonoids and phenolics content. Additionally, there are no signals in
the saponins spectrum (380 to 700 nm),26 which confirmed the absence of sap-
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onins in the E. billardierei extract. This observation aligns with TPC and TFC
determination as mentioned earlier.

To supply information on the structural impact of the ethanolic E. billardieri
extract on G-HSA, the UV—-Vis absorption spectra of G-HSA in the absence and
presence of different concentrations of E. billardieri extract were monitored by
applying the mixture of glucose and E. billardieri extract at the same concen-
tration as the reference solution. As shown in the inset of Fig. 2B, HSA has two
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Fig. 2. The UV-Vis spectra of: a) the E. billardierei extract and b) N-HSA, G-HSA,
G-HSA in ethanolic solution, ethanol and G-HSA in the presence of 45 (1), 105 (2), 135
(3), 175 (4), 210 (5) and 240 (6) ug mL"! of E. billardierei extract.
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Amax: ca. 230 and 380 nm. The Ay,x at 230 nm belongs to the n—T transition of
C=0 in the backbone of HSA and it additionally displays the a-helix content in
the protein.2” The Amay at ca. 280 nm belongs to tryptophan, tyrosine and phen-
ylalanine residues absorption.28 According to the literature, the absorbance
values in the range of 0.2-0.8 are known to offer the highest precision.29 How-
ever, as could be found in Fig. 2B, the UV absorbance values for peptide bonds
(ca. 230 nm) of HSA are above this range, therefore, the alterations in A,x at
280 nm were investigated. The increase in Apnax (hyperchromicity) at 280 nm for
G-HSA was observed (more than two times) with no emergence of a new peak,
which could be attributed to alterations in the microenvironment of aromatic
amino acids or variation of aromatic amino acids.!® Similar observations have
been reported upon incubation of HSA with glucose.!9:20 This result implies that
the unfolding and cross-linking of protein helices during nonenzymatic glycation
changes the conformation of HSA.30 It is well-known that any structural pertur-
bations hamper the normal carrying capacity of HSA.7

The solvent employed for the extraction of plants is crucial. The choice of
solvent depends on the solvent availability, the nature of the bioactive
compounds, the part of a plant to be extracted, and the type of plant. Usually,
polar solvents, for instance ethanol and water, are employed in the extraction of
polar compounds. Ethanol is nontoxic at low concentrations and is self-preser-
vative at a concentration above 20 %.3! Additionally, some results suggested that
the ethanolic extract of some plants potentially have hypoglycemic effect.32.33
Consequently, in this investigation we employed the ethanolic extract of E.
billardieri. Thus, the effects of ethanol on the glycation of HSA were also
investigated. The A, at 280 nm for G-HSA incubated in ethanol solution was
even higher than G-HSA, which could be attributed to more structural alterations
in G-HSA. However, As can be found in this figure the presence of different
concentrations of . billardieri extract in G-HSA solutions resulted in a reduction
of Ayax in a dose-dependent manner. It should be noted that E. billardieri extract
was added to both reference and sample cuvettes, thus, reduction in A, could
be a result of the prevention of AGEs formation in HSA in vitro.

Tryptophan (Trp)-fluorescence measurements

One of the valuable techniques to discover protein—ligand interaction is flu-
orescence spectroscopy. Generally, the intrinsic fluorescence of HSA is achieved
by the lone Trp residue of HSA which is located at position 214 (the Trpy14 resi-
due) in the hydrophobic cavity of subdomain IIA (Sudlow I1).34 Any variations in
polarity around the Trpy14 residue (fluorophore) could be evaluated by the shift
in the fluorescence emission peak (Amax.em). Thus, the variations in the tertiary
structure of G-HSA in the presence of E. billardieri extract were determined by
fluorescence spectroscopy (Fig. 3). The fluorescence intensity of G-HSA at excit-
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ation of 285 nm decreased (about 46 %) with no obvious shift at the Apmax em, thus
it could be assumed that the binding of glucose to HSA is accompanied by fluc-
tuations in the dielectric environment of the indole ring of Trpy14 residue. Vari-
ous studies have reported a decrease in the fluorescence intensity of HSA upon
glycation.2:10.35 The fluorescence intensity of G-HSA incubated in ethanol
soluteion decreased noticeably, i.e., ethanol could induce more fluctuations in the
microenvironment of the Trpy4 residue. However, the presence of E. billardieri
extracts restored the fluorescence of G-HSA towards native-like in a concen-
tration-dependent manner, suggesting the fact that hydrophobic residues that get
exposed upon glycation remain buried in the presence of E. billardieri extract.
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Fig. 3. Fluorescence emission spectra of f N-HSA, G-HSA, G-HSA in ethanolic solution and
G-HSA in the presence of 45 (1), 105 (2), 135 (3), 175 (4), 210 (5), and 240 (6) ug mL"! of
E. billardierei extract and E. billardierei extract alone (7).

AGEs specific fluorescence

Regularly the specific fluorescence of AGEs is retorted to distinguish AGE
formation in vitro. The fluorescent AGEs are the heterocyclic aromatic amines
having fluorescence at a specific wavelength and giving a characteristic peak. As
shown in Fig. 4, N-HSA disclosed an insignificant and weak AGE fluorescence
suggesting absence of AGE adduct formation in the native protein. However,
there was an obvious enhancement in the AGE-specific fluorescence in G-HSA
compared to N-HSA signifying AGE formation in HSA.19 Surprisingly, a notice-
able enhancement in the AGE-specific fluorescence in G-HSA incubated in etha-
nol compared to G-HSA was observed. Thus, our result revealed that ethanol
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could accelerate the formation of AGE products. This observation is in agree-
ment with those of Wu et al. who observed the relationship between ethanol con-
centration and AGE production.!® Conversely, in the presence of E. billardieri
extract, there was a reduction (in a concentration-dependent manner) in the fluor-
escence intensity compared to G-HSA, indicating that E. billardieri extract (espe-
cially at higher concentrations) could inhibit AGE formation potentially.® This
observation is in line with other assays suggesting E. billardieri extract as a pot-
ent anti-glycating agent.

80

70 F

60

50 |

40

Intensity (a.u.)

30

20

10 |

N-HSA

0

400 425 450 475 500 525 550
Wavelength (nm)

Fig. 4. The fluorescence intensity after excitation at 370 nm of N-HSA, G-HSA, G-HSA in
ethanolic solution and G-HSA in the presence of 45 (1), 105 (2), 135 (3), 175 (4), 210 (5)
and 240 (6) ug mL"! of extract.

Determination of Amadori products consuming NBT-reducing activity

Glycation is a spontaneous reaction between the free amino groups of pro-
teins and aldehyde or ketone groups of reduced sugars upon covalent bond form-
ation.20 Glycation occurs in three stages: 1) Schiff base production, 2) Amadori
product formation and 3) AGE formation. Amadori product is a ketoamine that is
made during the glycation process as an important and stable intermediate in the
AGEs formation. The formation of Amadori products and AGEs plays a signific-
ant role in the pathogenesis of various diseases including diabetes.!® Amadori
products can reduce NBT reagent and subsequently make colored formazan dye
with Amax at 530 nm. Fig. 5 compares the formation of this dye in G-HSA in the
absence and presence of E. billardieri extract. According to this figure, the con-
tent of Amadori product formation was increased in the G-HSA sample which is
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in agreement with the previous observations.%10 In the G-HSA incubated in etha-
nolic solution sample a remarkable increase in Amadori product formation was
observed which is in agreement with our AGEs specific fluorescence results.
Conversely, the presence of E. billardieri extract (175 and 240 ug mL-!, the two
high concentrations of the extract in which the most changes in G-HSA were
observed) caused a significant reduction in the content of Amadori product form-
ation implying that the presence of E. billardieri extract resists non-enzymatic
glycation of HSA.
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Secondary structure analysis

Protein glycation could produce protein aggregation directly. Insoluble
aggregates can create an amyloid cross-structure, initiating protein stability and
structure to be modified.23 Thus, the modifications in the secondary structure of
HSA were monitored by far-UV CD spectroscopy. The far-UV CD spectra of
N-HSA demonstrated two double minimums at ca. 222 and 208 nm (Fig. 6),
which demonstrated the m—n* transition and the n—7* transition of the a-helical
structure of HSA, respectively.” Fig. 6 indicates loss of helical structure as deter-
mined by a reduction in the negative ellipticity at 208 and 222 nm in G-HSA
compared to the control (N-HSA). As shown in Table I, the ratio of a-helix for
N-HSA was found to be 57.9 %; however, for G-HSA it was found to be 40.1 %.
This result is in agreement with previous studies.!0:1920 G-HSA incubated in
ethanolic solution exhibited a meaningful fall in the & values at 208 and 222 nm,
and a significant increase in f-sheet content was also observed. Conversely, in
the presence of 175 or 240 ug mL-! E. billardieri extract the a-helix ratio was
found to be 48.4 and 50.3 %, respectively. Generally, protein glycation influ-
ences the production of protein aggregation directly. Insoluble aggregates can
produce an amyloid cross-structure, making protein stability and structure to be
modified. Accordingly, the presence of E. billardieri extract resisted secondary
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structural alterations and restored the far-UV CD spectra towards native-like in a
dose-dependent manner indicating a potent anti-glycation agent.
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Fig. 6. The CD spectra of N-HSA, G-HSA, G-HSA in ethanolic solution and G-HSA in the
presence of 175 (1) and 240 (2) ug mL™! of E. billardierei extract.

TABLE 1. Content of the secondary structure of HSA and glycated HSA in the absence and pre-
sence of the E. billardierei extract and ethanol at 37 °C

Sample a-Helix, % p-Sheet, % Random coil, %
N-HSA 57.9 233 18.8
G-HSA 40.1 30.1 29.8
G-HSA+extract (175 pg mL1) 48.4 24.1 27.5
G-HSA+extract (240 pg mL1) 50.3 25.7 24.0
G-HSA in ethanolic solution 21.6 43.3 35.1

Determination of fibrillar state with ThT

ThT is a biomarker that interacts with the amyloid fibril structure of proteins
making the enhancement of fluorescence intensity in the range of 480—490 nm
upon excitation at 450 nm.® Accordingly, to determine if E. billardieri extract
acts as an inhibitor of the amyloid-like aggregates, the fibrillar state with ThT
was studied. According to Fig. 7, N-HSA showed minimal fluorescence indic-
ating HSA to be in its native conformation. However, the fluorescence intensity
of G-HSA was enhanced compared to N-HSA suggesting that aggregate form-
ation has taken place.® The fluorescence intensity of G-HSA incubated in ethanol
compared to G-HSA was also enhanced considerably exhibiting an increase in
amyloid cross-conformation,23 i.e., ethanol could induce amyloid-like aggregates
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in G-HSA, significantly. This observation is in agreement with our secondary
structure analysis. However, G-HSA in the presence of E. billardieri extract (175
and 240 pg mL-!) displayed decreased ThT fluorescence. Thus, the presence of
E. billardieri extract could inhibit fibril formation. Hence, it can be expressed
that E. billardieri extract is a potent mixture that can prevent fibril formation,
help protein maintain its native conformation, and prevent several pathological
conditions associated with protein aggregation.
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Fig. 7. ThT fluorescence emission spectra of N-HSA, G-HSA, G-HSA in ethanolic solution
and G-HSA in the presence of 175 (1) and 240 (2) pg mL"! of E. billardierei extract.

Native-PAGE and SDS-PAGE Electrophoresis

HSA is a 66 kDa protein with an isoelectric point (p/) of 4.7, i.e., the surf-
aces of HSA carry negative charges at pH > 4.7 and positive charges in solutions
at pH < 4.7.36 Thus, at neutral pH (7.4), HSA has regions that are strongly negat-
ively charged even though it also has positively charged pockets.” The attach-
ment of glucose affects the surface charge of HSA which is attributed to the sur-
face amino acids modification.3¢ It has been reported that the pl of the G-HSA
has a higher acidic value than N-HSA.37 Fig. 8a exposed that G-HSA revealed a
faster anodic migration than N-HSA, indicating that significant glycation had
occurred. As observed in Fig. 8a, G-HSA in ethanolic solution revealed a faster
anodic migration than G-HSA. However, treatment of G-HSA with 240 pg mL-!
of E. billardierei extract restored the electrophoretic migration toward N-HSA
demonstrating the protective role of E. billardierei extract against glucose-medi-
ated glycation.
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B

+

Fig. 8. a) Native-PAGE and b) SDS-PAGE of the effects of E. billardierei extract on protein
aggregation. Lane 1: N-HSA, lane 2: G-HSA in the presence of 240 pg mL"! of extract,
lane 3: G-HSA and lane 4: G-HSA in ethanolic solution. M: molecular mass marker.

It has been accepted that after prolonged glycation, protein could form mic-
elle-like aggregates.23 The glycation of albumin causes structural changes and an
increment in the total molecular weight (MW) of the protein. It has been shown
that glycation could promote strong conformational changes in protein that affect
both tertiary and secondary structures. Hence, glycation could promote amyloid
aggregation in protein both reducing the helical content and supporting f-cross
structure formation that rapidly evolves to the formation of amyloid aggregates.38
The electrophoretic mobility of N-HSA, G-HSA and E. billardierei extract-
-treated HSA samples was also evaluated on SDS-PAGE. As shown in Fig. 8b,
N-HSA displayed a single parental band, while G-HSA presented multiple bands.
The other band with lower MW may include the fragments of HSA.19 Further-
more, the relative mobility of G-HSA and N-HSA was different. G-HSA sample
demonstrated reduced mobility compared to N-HSA indicating the attachment of
glucose molecules. This observation is in agreement with previous studies in
which glycation of HSA by glucose resulted in reduced electrophoretic mob-
ility.39 G-HSA in ethanolic solution revealed the same relative mobility as the
G-HSA sample. Lambrecht ef al. stated that aqueous ethanol with a concentration
of 50 vol. % could result in the formation of disulfide bonds between BSA, not-
ably.40 Siddique et al. exposed that the formation of disulfide bonds played a
critical function in the formation of protein aggregates.*! Feng et al. also noted
that ethanol could induce disulfide cross-linking and perform a fundamental role
in BSA and whey protein isolates aggregate formation.42 Accordingly, it could
be concluded that ethanol-induced disulfide cross-linking plays a crucial role in
G-HSA aggregate formation. Treatment of G-HSA with E. billardierei extract
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restored the electrophoretic migration toward N-HSA demonstrating the protect-
ive role of E. billardierei extract against glucose-mediated glycation.

Protein glycation directly influences protein aggregation production. Insol-
uble aggregates can create an amyloid cross-structure, generating protein stability
and structure to be changed. In summary, our findings prove that the presence of
E. billardieri extract decreased Amadori product formation and structural alter-
ations of HSA incubated with glucose. Previous studies verified that phenolic-
-rich plant extracts prevented sugar-induced protein glycation.®43 The phyto-
chemical analysis disclosed that E. billardieri extract is high in flavonoid and
phenolic compounds. It has been proved that through the glycation process, bio-
active constituents such as kaempferol, salicylic acid, carvacrol, gallic acid, rutin
and ferulic acid could employ their glycation inhibition impacts by chelating
redox-inducing transition metal ions, scavenging free radicals, and neutralizing
reactive carbonyl intermediates. Thus, it could be concluded that the phenolics in
E. billardieri extract could prevent glucose-induced HSA glycation. This favor-
able effect could aid in lowering the risk of diabetes complications. However,
further research is required to verify the actual mechanism of E. billardieri ext-
ract inhibition and the active chemicals involved in the process.

CONCLUSION

AGEs are correlated with pathophysiological conditions accordingly making
studies, related to protein glycation, of clinical importance. To the best of our
knowledge, this research is the first attempt to clarify the effects of E. billardieri
extract on the structure of HSA from a molecular point of view. The findings of
this paper verify that the ethanolic extract of E. billardieri could inhibit the path-
way of AGE formation by interfering with the glycation of HSA. This study pro-
vides insight into the ability of E. billardieri extract to prevent the glycation and
unfolding of HSA. Hence, although further investigations are warranted to draw
firm conclusions, the presence of E. billardieri extract in foods could inhibit
glycation reactions under hyperglycemia providing protection against pathogenic
impacts of AGEs during diabetes.

U3BOJI
ETAHOJIHU EKCTPAKT Eryngium billardierei F. DELAROCHE CIIPEYABA TTTHKOBAIBE
XYMAHOI CEPYMCKOT AJIBYMHUHA: CTYOIWUJA IN VITRO
SANAZ YAVARI', AZADEH HEKMAT' 1 SOROUSH SARDARI®

'Department of Biology, Science and Research Branch, Islamic Azad University, Tehran, Iran u ’Drug
Design and Bioinformatics Unit, Department of Medical Biotechnology, Biotechnology Research Center,
Pasteur Institute of Iran, Tehran 13169-43551, Iran

[nukoBawme NpOTENHA je DTUPEKTHO NOBE3aHO Ca MHOTHUM MAaTOJOIIKUM CTakuMa. Y
OBOj CTy[IHWjH je WCNHUTAH NOTeHUHjan ekcrpakra Eryngium billardierei na nHxudupa
mpolec IMUKOBamka XyMaHOT cepyMckor andymuna (HSA). CTpykTypHe npoMeHe IJTHKO-
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BaHOTr HSA cy ucnuTtaHe y OOCYCTBY U IIPUCYCTBY Pa3lIMYUTHX KOHLEHTpAaLHja €TaHOJ-
Hor exctpakTa E. Billardierei xopuctehu MeTtone uupkynaapHOT Auxpousma, diyopec-
ueHTHe u UV-Vis cnekrpockonuje. Pesynratu cy nmokasanu na ekcrpakt E. billardierei
MO’Ke CMambUTH CTBapame KpajubuX NMPOW3BOJA y3HampenoBaHor riukoBawa (AGE) u
AMazmopH NpousBoAa y in vitro ycjloBUMa, Kao U fa noseha yneo xejlukca y CTPYKTypH
HSA. Takobe je, npumenom Trodnasul T Tecta, yTBpheHo cMameme CTBapamwa YHaKpC-
HUX aMWIOUAHHUX BiakaHa HSA. dutoxeMujcka aHaiHu3a je ykasaja Ha BUCOK CafgpiKaj
¢pnaBoHOUTHUX U (GEHONHUX jenumewma y ekcrpakty E. billardieri, mrto ymnyhyje Ha
3aK/byyak fia oBa (eHOIHa jefUbeha MOTY CIIPEYHTH IIHKoBake HSA HHAYKOBAHO INTy-
Ko30M. Pe3ynratu oBe ctynuje noTBplyjy na ce excrpakt E. billardieri Moxe yK/bYYUTH
y KOHTpOJy AujadeTeca.

(ITpumsbeHo 25. jyna, peBupupano 16. aBrycra, mpuxsaheno 21. noembpa 2023)
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Abstract: Herbicides have imposed disastrous consequences towards the envir-
onment and human health. This practice urges scientists to investigate the
physical, chemical and biological properties of these substances to avoid the
use of the most harmful pesticides. For this purpose, the molecular structure
and chemical bonding properties of phenylurea herbicides namely: fenuron
(L1), monuron (L2), diuron (L3) and chlorotoluron (L4), were calculated in
water, using density functional theory (DFT). The energy decomposition analy-
sis (EDA) and the extended transition state natural orbitals for chemical valence
(ETS-NOCV) reveal the dominant ionic character in carbon—nitrogen bond
between dimethylurea fragment and benzene ring. Besides, the interaction of
these herbicides with the human serum albumin (HSA) was undertaken by
molecular modeling. The calculation of HOMA and FLU indexes indicate that
the electronic delocalization is stronger in diuron than the other compounds,
mainly caused by the two chloro substituents effects on benzene. Good correl-
ations are found between the calculated parameters such as structural parameters,
Mulliken atomic charge, topological and bonding properties and aromaticity
indexes. The Vinardo molecular docking results suggest that the binding
energies of the complexes formed between HSA target and investigated com-
pounds have the following order: L3 (—27.57 kJ/mol) < L2 (-25.56 kJ/mol) <
< L4 (-24.94 kJ/mol) < L1 (-24.10 kJ/mol), which confirmed that the Fenuron
is the less harmful option between the studied herbicides especially against HSA.

Keywords: Mulliken atomic charge; chlorotoluron; HSA; electronic delocaliz-
ation; dimethylurea.
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INTRODUCTION

Pesticides are substances or mixtures of substances mainly used in agricul-
ture or public health protection programs to protect plants from pests, weeds, or
diseases, and humans from vector-borne diseases, such as malaria, dengue fever
and schistosomiasis.! The application of herbicides on agricultural soils is a well-
established and effective practice to control weed growth. They represent about
50 % of the demand for agricultural chemicals; their prolonged use involves the
risk of their retention in crops and soils.2 In genetically engineered plants
herbicides metabolism provide efficient and eco-friendly means for enhancement
of detoxification of harmful substances.3 Xenobiotics such as aromatic, pesti-
cides and hydrocarbons are usually synthesized for industrial and agricultural
purposes.?

Most pesticides are inhibitors of cholinesterases, enzymes, which are critical
in neurobiology, toxicology and pharmacology.> Recently, phenylurea herbicides
have received particular attention because of their high biotoxicity.°

Phenylurea herbicides are mostly N-dimethyl derivatives bearing various
substituents on aromatic ring.” The dimethylurea fragment in these molecules is
rigid because of the delocalized electrons.8

Electronic structure and energetics properties of phenylurea herbicides may
become experimentally complicated. Theoretically, phenylurea herbicides have
been evaluated in various media by several investigators.8:10-13 However, to the
best of our knowledge, Fenuron, Monuron, Diuron and Chlorotoluron chemical
bonding properties and aromaticity indexes have not been analyzed yet.

Understanding the processes of interaction between HSA protein and diuron
herbicides is critical for determining the potential risks of these compounds to
humans. However, no study detailing the mechanism of interaction of these herb-
icides with HSA has been published except for diuron.? In the first part of our
study, the main objective is to reveal the nature of the bond between dimethyl-
urea fragment and the benzene ring of the four phenylurea herbicides using the
energy decomposition analysis (EDA) and the extended transition state natural
orbitals for chemical valence (ETS-NOCV). QTAIM analysis based on Barder’s
atoms in the molecule theory is carried out to confirm the presence of the hydro-
gen bonding between atoms. Also, we have computed the indices of aromaticity
based on the measure of electronic delocalization in aromatic molecules. The sec-
ond part is focused on the molecular docking of the same pesticide molecules
with HSA.

EXPERIMENTAL
DFT calculations

All the geometries optimizations were performed using density functional theory (DFT)
and quantum calculation program Gaussian09'4 employing B3LYP/6-31G++(d,p) basis set!3-17
in water. The bonding interactions have been analyzed by means of Morokuma-type energy
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decomposition analysis (decomposition of the bonding energy into the Pauli exchange repul-
sion, total steric interaction and orbital interaction terms)'® developed by Ziegler and Rauk for
DFT methods; incorporated in ADF.!? ETS-NOCV?? analyses were performed using the ADF
program package. EDA-NOCV calculations were carried out at the GGA-PBE/TZP level.
QTAIM analysis was carried out by employing the DGrid/Basin program?! and Chemcraft 1.4
program?? was used for the representation of critical points. For these compounds, we com-
pute the indices of aromaticity, the harmonic oscillator model of aromaticity (HOMA)
index?3-24 and the aromatic fluctuation index (FLU).%
Molecular docking study

To study how the selected herbicides interact with HSA,? the related protein was taken
from the Protein Data bank (http://www.rcsb.org/pdb): HSA complexed with myristic acid
and the R-(+) enantiomer of warfarin (PDB ID: 1H9Z).26 The crystal structure of HSA has
three homologous a-helix domains: I (residues 1-195), II (residues 196-383), and III (resi-
dues 384-585). Within these domains, there is a further subdivision into A and B subdomains.
Notably, domains IIA and IITIA stand out as they possess distinct molecular binding sites,
often referred to as active binding site I and active binding site II, respectively. These active
binding sites (Sudlow’s sites) are characterized by hydrophobic cavities and play a pivotal
role in HSA’s ability to interact with various molecules, making it a crucial protein in the
bloodstream for transporting drugs and other ligands throughout the body. 27

The protein was freed from ligands (myristic acid and the R-(+) enantiomer of warfarin)
by Discovery Studio 3.5 Visualizer.2® Then polar hydrogen atoms and Kollman charges were
added to the protein using the AutoDockTools4.2? The molecular docking of each studied
structure was performed by Vinardo3? as implemented in GNINA 1.0 code®! in the following
Box Center (BC) and the box dimension (BD): (PDB: 1H9Z; BC: X=22.97, Y=8.71, Z=12.87,
BD: X =10, Y =10, Z = 10) this box is related to the active Sudlow’s sites of interaction.2
Vinardo was chosen as a scoring function because it has more power of ranking than Auto-
Dock Vina scoring.3%32 The GNINA code is based on smina33 and AutoDock Vina.34

RESULTS AND DISCUSSION
DFT study

Four models of phenylurea herbicides, namely fenuron (L.1), monuron (L2),
diuron (L3) and chlorotoluron (L4), were optimized in water and in the ground
state (Fig. 1).

Mulliken atomic charges analysis

Mulliken atomic charge results are crucial in quantum chemical calculations,
as atomic charges affect molecular polarizability, dipole moment, and electronic
structural features of molecular systems.35

The existence of positive charges on the carbon (C3) atom of the ring in all
systems and negative charges on nitrogen N(—H) atoms indicate the existence of
a carbon—nitrogen ionic bond. In compound L3, it is observed that the positive
charge of the carbon (C3) atom (+0.168 ¢) of the ring is higher than in other
compounds. We can also see that the charge of the nitrogen atom N(—H) of this
compound is more negative (—0.630 e) compared to other compounds (see Table
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I). This finding leads to the conclusion that the ionic bond is stronger in L3 than
in the other compounds, caused by substituents effects of the electron density of
dichlorobenzene.
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Fig. 1. Molecular structures of four phenylureas herbicides.

TABLE I. Mulliken atomic charges

Position L1 L2 L3 L4

Cs(Ring) 0.161 0.158 0.168 0.155
C2(Ring) -0.102 —0.085 —0.080 —0.089
C(CO) 0.544 0.544 0.546 0.544
N(=H) -0.637 -0.634 -0.630 -0.636
Hg 0.146 0.162 0.170 0.157
H(-N) 0.343 0.347 0.350 0.346
(0] -0.426 -0.423 -0.421 -0.424
Cl 0.087 0.259 0.106

The intramolecular hydrogen bonds (IHB) are also analyzed, with positives
charges on the hydrogens atoms, negatives charges on the nitrogen (N) atom, on
the oxygen (O) atom and on the carbon (C;) atom of ring in all systems studied.
Thus, the third compound presents higher positive charges on the hydrogen
atoms (0.170 and 0.350 e, respectively), higher negatives charges on the carbon
(Cy) atom, on the nitrogen atom and on the oxygen atom (—0.080, —0.630 and
—0.421 e, respectively). These results could facilitate the charge transfer over the
formation of intramolecular hydrogens bonds (C-H...O and N-H...0).33

Energy decomposition analysis

The binding interactions were investigated using a Morokuma-type energy
decomposition described by Ziegler and Rauk. The advantage of this approach is
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to estimate the interaction energy between two fragments. The total bond energy
Ejnt 18 the sum of three terms:

Eint = Eorp + Eclec + Epauli = Eorb+Pauli T Eelec (1)

Where E¢|cc is the electrostatic stabilization energy between the two organic
fragments. The Pauli repulsion Epyyji comprises the destabilizing interactions
between occupied orbitals, the orbital interaction Eqy, is the interaction energy of
the occupied orbitals on one fragment and unoccupied orbitals on another.3¢ The
binding decomposition energy EDA of carbon—nitrogen was obtained between the
dimethylurea fragment and the benzene ring of the four phenylurea herbicides (see
Fig. 2) using the ADF code with GGA-PBE/TZP and the ZORA approximation.

Tt oy

L

Fig. 2. Energy decomposition fragments related to the four molecules.

As shown in Table II, the total bond energy (Ej,¢) between dimethylurea
fragment and the benzene ring is in the range of = —1180.01 to = —1225.33 kJ mol-!.
The electrostatic interaction (Eglec) makes major contributions of compounds,
while Epayli + Eorp are the smallest component of the interaction energy. These
results confirm the existence of a carbon—nitrogen ionic bond between the two
fragments and it is relatively stronger in L3. Good correlations are found between
the nature of this bond and Mulliken atomic charges (Table I).

ETS-NOCYV analysis

We have employed extended transition state natural orbitals for chemical
valence (ETS-NOCYV) to study the nature of the bonds of compounds L1-L4.
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TABLE II. Energies (in kJ mol ™) of decomposition bonding in the four molecules

Parameter L1 L2 L3 L4
Epaulitorb 44.39 9.62 28.95 27.95
EFec -1251.39 -1223.40 -1254.20 -1216.96
Epne -1180.01 -1213.78 -1223.40 —1188.67
% Covalent 0 0 0 0

% Ionic 100 100 100 100

The ETS-NOCYV results are summarized in Table III. The major contribution
to the bonding is through the electrostatic interaction between the two fragments.
Consequently, the ETS-NOCV approach produces decomposition energies that
increase in the same way as the Energy decomposition analysis of Ziegler—Rauk.

TABLE 11 The results of ETS-NOCYV analysis of L1-L4 in kJ mol™!

Energy L1 L2 L3 L4
Epaui 3570.66 3614.56 3565.19 3582.34
Eop -3110.39 -3154.74 -3098.25 -3119.17
Euiec ~1012.11 ~1019.22 ~1020.90 ~1012.11
Eipy ~619.23 ~623.42 —615.47 ~612.96
QTAIM analysis

In recent years, the quantum theory of atoms in molecules (QTAIM) has
been extensively used for study of the hydrogen bond (HB).37-38 Popelier39-40
proposed the following criteria for strength of HB:

For weak HB, V2p(r) > 0 and H(r) > 0, for HB of medium strength, V2p(r) > 0
and H(r) <0, and for strong HB, V2p(r) < 0 and H(r) < 0.

According to this analysis, we found one critical point of the oxygen—hyd-
rogen bond between hydrogen atom (Hg) of the ring and oxygen atom (O) of
dimethylurea fragment in all systems analyzed (see Table IV and Fig. 3). This
result confirms the existence of an intramolecular hydrogen bond (C—H:--O). It
can be observed also that the N-H:--O hydrogen bond is not to be considered in
this analysis. This is verified by the values of Mulliken atomic charges, when the
carbon atoms (Cj) of a ring have higher negative charges than the nitrogen (N)
atom (see Table I).

It can be seen also from Table IV that the maximum total electronic density
p(r) and its corresponding Laplacian V2p(r) at bond critical point of intramole-
cular hydrogen bond are positives in all compounds, and the values of —G/V are
greater than unit of covalent nature (V2p(r) < 0) of IHB (0.5 < -G/V < 1).41
These results show that the IHB (C—H---O) has noncovalent nature (V2p(r) > 0)
and it is higher in L3 than those of L1, L2 and L4. The latter of which correlated
to the electronegativity of the dichloro-atom substituted in L3.
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The strength of the hydrogen bond is described by geometrical parameters
(HB lengths and angle).42

TABLE IV. Structural parameters (HB lengths in A and angle in °) and topological properties
(a.u) of bond critical point (BCP) of intramolecular H-bonds of L.1-L4 at DFT levels

Parameter L1 L2 L3 L4
dep 1.079 1.079 1.078 1.078
dy..o 2.173 2.154 2.147 2.162
£C-H---O 120.7 120.7 120.5 120.2
pacp(7) 0.014 0.016 0.018 0.011
V3pgep(r) 0.055 0.063 0.070 0.042
Hpcp(r) 0.002 0.002 0.002 0.0017
—G/Vpcp 1.197 1.163 1.141 1.234
- > L
- o ¥ #*
¥ \ 4
. . »
u ]
\ -
. ' -
= 4

Fig. 3. Molecule graph of L1-L4.

The correlation between these parameters and p(r) are inverse to each other,
i.e., decrease in H---O distance corresponds to increase in the electron density.
Thus, the short value of O---H distance in L3 is (2.147 A) shows strong HB and is
observed for C—H:--O interaction with high stability. For angles, if HB is stronger,
thus the X—H---Y angle is closer to 180°, it was stated that for very strong HBs,
the X—H---Y angle range is 175-180°, for strong it is 130-180°, while for weak it
is 90—180°.43 In our analysis, we have found a weak HB in four compounds with
small C—H---O angle range (120.2—120.7°).

Measures of aromaticity indexes

In this part, we have analyzed the variation of aromaticity in the studied
molecules. The concept of aromaticity is of central importance for the interpret-
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ation of molecular structure, stability, reactivity and magnetic properties of many
compounds, and remains still unquestionable.#**5 The origin of the aromatic
properties is the cyclic delocalized distribution of m-electrons, for this reason rec-
ently many new ways to quantify the aromaticity based on the measure of electron
delocalization in aromatic molecules have been devised.#¢ Among the most com-
mon structure-based indices of aromaticity are the harmonic oscillator model of
aromaticity (HOMA)?3: 24 index and the electron FLUctuation index (FLU).25

The values of the HOMA and FLU aromaticity indexes of the four molecules
are shown in Table V. The values of the HOMA aromaticity index indicate that
L3 has the highest value. This result showed that the electronic delocalization is
stronger in L3, compared to other compounds, caused by substituents effects of
dichlorobenzene.

Aromaticity indexes analyses are in a good agreement with structural para-
meters, topological and bonding properties, which confirm that the electronic
delocalization is strong in L3.

TABLE V. Aromaticity indices of the ring for the four molecules

Index L1 L2 L3 L4
HOMA 0.956 0.950 0.957 0.946
FLU 1.007 1.013 1.011 1.013

Molecular docking simulation

HSA is the most abundant protein component in human plasma,*’ it is the
primary transporter that inFLUences in vivo molecules absorption, metabolism,
excretion and particularly distribution.48 The distribution of a pesticide in vivo
could have dangerous toxic® consequences, hence this molecular docking study
searches for the less harmful pesticide among fenuron (L1), monuron (L2),
diuron (L3) and chlorotoluron (L4). The four studied molecular structures were
docked to HSA (PDB ID:1H9Z) using GNINA 1.0 and the best Vinardo scores
were obtained. The best poses associated to the lowest binding energies were
selected as the binding mode (Table VI). The Vinardo binding energies of the
generated complexes pursue the following trend HSA-L3 (-27.57 klJ/mol) <
<HSA-L2 (-25.56 kJ/mol) < HSA-L4 (—24.94 kJ/mol) < HSA-L1 (-24.10 kJ/mol).
These results suggested that the studied pesticides could interact with HSA using
hydrogen, hydrophobic and van der Waals interactions. Diuron interacts by hydr-
ogen bonding with the residue Ser-202 (2.88 A).49 Monuron establishes one hyd-
rogen bond with the residue Trp-214 (2.72 A).47:49.50 Finally, chlorotoluron and
fenuron form no hydrogen bond. These findings suggest that the use of fenuron is
the less harmful option between the studied pesticides especially against HSA.
Diuron is the least stable and the most harmful among the studied compounds.
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TABLE VI. Molecular Docking Results: Vinardo Scores, 2D interaction residues and the hyd-
rogen bonding surface

Target/top compound (Vinardo
binding energy)
1H9Z/L3 (-27.57 kJ mol!) o

8

: v

\ I

365 407NN
32735

2D interaction residues Hydrogen bonding surface

1H9Z/L2 (-25.56 kJ mol'})
ow @,
463 aqggs::an “\{\
1H9Z/L4 (-24.94 k] mol'!) o A
1H9Z/L1 (-24.10 kJ mol'!) £
CONCLUSION

The DFT study of the energy decomposition analysis (EDA) and the exten-
ded transition state natural orbitals for chemical valence (ETS-NOCV) reveal a
strong ionic bonding of carbon—nitrogen in all compounds.

The quantum theory of atoms in molecules confirms the existence of intra-
molecular hydrogen bonds (C—H:--O) in all compounds. This result is verified by
the values of Mulliken atomic charges and of the geometrical parameters (HB
lengths and angle, respectively), (dc_py between 1.078 and 1.079 A, dy..o
between 2,147 and 2,173 A and 2C-H---O between 120.2 and 120.7°).

The dichlorobenzene ligand in L3 increases electron delocalization, this is
shown by the HOMA and FLU values of this compound (HOMA = 0.957 and
FLU=1.011).

The molecular docking results suggest that the compound L3 is the most
stable and the most harmful compound among the studied pesticides. In contrast,

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

(CC) 2024 Serbian Chemical Society.



1 1 74 LAIB, BOUCHEKIOUA and MENACER.

L1 is the least harmful compound. Thus, the Vinardo binding energies follow the
trend: L3 (-27.57 kJ/mol) < L2 (-25.56 klJ/mol) < L4 (-24.94 kJ/mol) < L1
(—=24.10 kJ/mol). The use of fenuron is the less harmful option between the stu-
died pesticides especially against HSA.
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U3BOJ

DFT CTYJUJA OCOBMHA XEMHWJCKOT BESUBAKA, MHIEKCA APOMATUYHOCTH U
CTYIUJA MOJIEKYJICKOT JOKOBAA HEKMX XEPBUITMJIA HA BA3U ®EHUJIYPEA

SOUHILA LAIB'2, SAAD BOUCHEKIOUA?? u RAFIK MENACER?

! Département de Médecine, Faculté de Médecine, Université de Batna2, Batna, Algérie, *Laboratoire de
Chimie des Matériaux et des Vivants: Activité & Réactivité (LCMVAR), Université de Batna-1, Batna, 05000,
Algérie u Centre de Recherche en Sciences Pharmaceutiques CRSP, Nouvelle Ville, Zone d’activité ZAM,
Constantine, Algérie

Xepbuuunu y3poxyjy katactpodanHe MOCIefHIle 328 )KUBOTHY OKOJHWHY M 30paBibe
mynu. To moncTuye HayuyHUKe Oa UCTpaxke (QU3HWuke, XeMHjcke M OUOJOLIKE OCODHHE
OBUX CYIICTAaHILH, Kako Ou ce u3berna ynorpeda HajIITETHUjUX MecTULHUAA. Y Ty CBPXY
CYy MOJIEKYJICKE CTPYKType U OCODHMHE XEMHjCKOI Be3uBama (PEHWIypeaHCKHUX XepOu-
yupga, Haume ¢denyposa (J1), monypoHa (JI2), nuypoHa (JI3) u xnopotonypoHa (JI4),
u3pauyHaTe 3a BOJEHM pacTBop, kopucrtehu teopujy ¢yHkuuoHana ryctuHe (DFT).
Ananusa pasnarawa eHepryje (EDA) u nmpupogHux opduTana 3a NpOUIMPEHO MpeaasHo
crawme 3a xemujcke BaneHue (ETS-NOCV) mokasyjy JOMHHAHTHO jOHCKM KapaKTep Yy
BEe3W YIbeHUK—a30T u3Mel)y OuUMeTHIypeHHCKOT dparMeHTa W OeH3eHOBOI MpCTeHa.
[Topen Tora, MOJIEKYJICKMM MOJEIOBameM je UCIUTaHAa HHTepaKklMja OBUX Xepduuupa
ca anbymunom xymasor cepyma (HSA). UspauynaBame HOMA u FLU uHpekca ykasyje
Ia je menokanu3alivja eleKkTpoHa jaya y OUYPOHY HEro y OPYTHUM jefumbemHMma, IITO je
yI7IaBHOM y3pOKOBaHO e(eKToM IBa XJI0pO CyICTHUTYeHTa Ha beHseny. Hahena je nodpa
Kopenauuja Mehy u3pauyHaTHUM NapamMeTpuma Kao IITO Cy CTPYKTypHH IapameTpH,
ManukeHoBa HaeleKTpHUcawma aTomMa, TOMOJIOLUIKe U Be3WBHE 0COOMHEe U UH/IeKCH apoMa-
TAUYHOCTH. BUHApAOBU pe3yaTaTH MOJNEKYICKOT NOKOBaba Cyrepuily Ja eHepruje Besu-
Bawma y KoMmiuiekcuma usmehy HSA MeTe M HCIUTHBAHUX jeoumewma HUMa crepehu
penocnen: J3 (-27,57 kJ/mol) < JI2 (-25,56 kJ/mol) < JI4 (-24,94 kJ/mol) < JI1
(=24,10 kJ/mol), wrto noTrBphyje ma je deHypoH Mame LITETHA ONUHja Mehy HCIHUTH-
BaHUM xepduuunuma, nocedHo mpema HSA.

(TTpumisero 12. jyna, pesuaupano 31. aBrycra, npuxsaheno 29. okrodpa 2023)
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Study of the adsorption process between the phenolic compound
catechin and the dietary fiber zymosan A: The influence of pH

PETRA MATIC*, DANIELA KENJERIC, LIDIJA SOHER and LIDIJA JAKOBEK

Polyphenols are a large group of secondary plant metabolites. Based on their
chemical structure, polyphenols can be classified as phenolic acids, flavonoids,
stilbens and lignans. Flavonoids can be further divided to flavonols, flavones,
isoflavones, flavanones, anthocyanidins and flavanols.! Polyphenols have shown
many potentially positive bioactivities, but since their role is not completely
understood they are still intensively studied.? Catechins are polyphenols that
belong to the flavan-3-ols group. They can be found in different products such as
tea, wine, fruits and cocoa products.3 Recently, tea catechins have been studied
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Abstract: Polyphenolic compounds have shown various beneficial effects on
human health as well as certain bioactivities such as interactions with dietary
fiber. Factors that can influence their interactions with dietary fibers include the
pH value, the polyphenolic compound concentration and compound stability. The
aim of this work was to study the interactions between the polyphenolic
compound catechin and the dietary fiber zymosan A from yeast through inves-
tigation of the adsorption process. The catechin stability and the influence of
concentration and pH value on interactions were investigated. Catechin showed
the lowest stability at pH 7.0 with degradation ratio from 6 to 15 %. The lowest
adsorption capacity was at pH 7.0, then higher in water and the highest at pH
1.5. A Dubinin—Radushkevich adsorption model fit to the data and FTIR ana-
lysis indicates the presence of physical interactions between catechin and
zymosan A. This study can contribute to better understanding of interactions of
polyphenols and dietary fiber for possible design of functional food, or to inc-
rease bioaccessibility of polyphenols.

Keywords: catechin; zymosan A; adsorption; interactions; stability; bioavailability.
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due to its potentially beneficial effects on human health®, but they have shown
low absorption and poor bioaccessibility in the digestive tract.* One of the
reasons for their poor bioaccessibility can be instability in the digestive tract
which depends on pH, temperature and the presence of other substances.> Such
environmental conditions can lead to the epimerization and oxidation of catech-
ins.5:6 Oxidation reactions occur in the upper small intestine. The degradation of
catechins is also directly correlated to pH value.® Indeed, catechins are very
unstable in alkaline solutions.” To better understand the potential beneficial effects
of catechins, their behavior, stability/instability, degradation rate, or degradation
products in the digestive system should be further studied. Besides environmental
conditions of the gastrointestinal tract, catechins can be affected by interactions
with dietary fibers. Dietary fibers have the potential to bond to polyphenols, as
well as catechins, protect them from environmental conditions and “carry” them
to the lower parts of the digestive tract,8 where they can be released and show
potential bioeffects. Those interactions still need additional studies. One of the
insoluble dietary fibers from Saccharomyces cerevisiae is zymosan or f-(1,3)-
-glucan.? By itself, zymosan has shown several different biological activities
related to inflammatory and immune responses, to protecting and delivering
drugs, or to the adsorption of toxins!0-13 which have enabled its use in functional
food and dietary supplement development.? The knowledge of its interactions
with phenolic compounds, such as catechins might help to understand possible
design of functional food.!4 To the best of our knowledge, the adsorption
between catechin and zymosan has not been studied before. The most common
and simple method for the study of the interactions between catechins and dietary
fiber is the analysis of adsorption datal5:16 in which various adsorption isotherms
can be applied in order to obtain information about the interactions.!”-18

The aim of this work was to study the stability of catechin in different sol-
vents (water, solutions of pH 1.5 and 7.0) and the interactions between catechin
and the dietary fiber zymosan A, likewise in different solvents (water, solutions
of pH 1.5 and 7.0). The adsorption was studied with different concentrations of
catechin and Langmuir and Dubinin—Radushkevich adsorption isotherm models
were used to analyze the data.

EXPERIMENTAL
Chemicals and reagents

Methanol (HPLC grade) was purchased from J.T. Baker (Deventer, Netherlands). (+)-
-catechin hydrate (> 98 %, C1251) and zymosan A from Saccharomyces cerevisiae (Z4250)
were purchased from Sigma Aldrich (St. Louis, CA, USA). Sodium carbonate and potassium
chloride were purchased from Gram-mol (Zagreb, Croatia), hydrochloric acid (37 %) from
Avantor (Arnhem, Netherlands), Folin—Ciocalteu reagents from Merck (Darmstadt, Germany)
and sodium hydrogen phosphate dodecahydrate and sodium dihydrogen phosphate dihydrate
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from Kemika (Zagreb, Croatia). The solution of pH 1.5 was prepared by using hydrochloric
acid—potassium chloride (0.1 M). The buffer of pH 7.0 was a phosphate buffer (0.1 M).

Validation of Folin—Ciocalteu method for catechin determination

Separate calibration curves to accurately determine the amounts of catechin after adsor-
ption were prepared for catechin dissolved in each of the three different solvents (water, a sol-
ution of pH 1.5 and a solution of pH 7.0). In short, dilutions of catechin were prepared (1, 10,
50, 150, 250, 450, 550 and 700 mg L!) in water, in solutions of pH 1.5 and in solutions of pH
7 from stock solutions of catechin/1000 mg L! prepared in the same solvents. All dilutions of
catechin were measured according to Folin—Ciocalteu procedure. In particular, 30 pL of catechin
dilution, 2370 pL of distilled water, 150 pL of Folin—Ciocalteu reagent and 450 pL of Na,CO5/
/200 g L were added in a glass tube. The solution was mixed in a vortex (Grant Bio, Cam-
bridgeshire, England) and incubated at 40 °C for 30 min in an incubator (Memert, IN 30,
Schwabach, Germany). The absorbance was measured at 765 nm against a blank solution with
a UV—Vis spectrophotometer (Shimadzu, UV-1280, Kyoto, Japan). The linearity, the limit of
detection (LOD), the limit of quatification (LOQ) and the accuracy were determined. The same
Folin—Ciocalteu procedure was used to determine the amount of un-adsorbed catechin after the
experiment of adsorption with these newly created calibration curves.

Stability/degradation of catechin in different solvents

The degradation of catechin in water and in solvents of pH 1.5 and 7.0 was studied.
Dilutions of catechin (yjpisia, 50, 100, 150, 200, 250, 300 and 500 mg L-') were prepared in
water, solvents of pH 1.5 and 7.0. They were incubated at 37 °C in the incubator for 180 min. The
amount of catechin after 180 min was determined with the Folin—Ciocalteu method, repres-
enting the amount that was not degraded and remained in the solvent after 180 min (yremainings
mg L1). The concentration of degraded catechin was calculated according to the Eq. (1):

Vdegraded = Vinitial ~ Yremaining (1)
The degradation ratio was determined according to Eq. (2):
Degradation = IOO[MJ #))
Vinitial

In addition, dilutions of catechin (100 mg L!) were prepared in water, pH 1.5 and 7.0. Those
dilutions were put in the incubator at 37 °C for 180 min. After that, they were filtrated through
a PTFE syringe filter 0.2 pm and analyzed with RP-HPLC method to see if there are addit-
ional peaks that would be the evidence of the degradation of catechin. RP-HPLC method was
performed with 1260 Infinity II HPLC system (Agilent Technology, Santa Clara, CA, USA)
with a quaternary pump, a photodiode array (PDA) detector, a vial sampler and Poroshell 120
EC C-18 column (4.6 mmx>100 mm, 2.7 mm). The mobile phase A was 0.1 vol. % H3PO, and
mobile phase B 100 % methanol and following gradient: a gradient 0 min 5 % B, 5 min 25 %
B, 14 min 34 % B, 25 min 37 % B, 28 min 80 % B, 30 min 80 % B, 32 min 5 % B min, 34
min 5 % B min. Each sample was injected in 10 pl. The flow rate was set to 0.5 mL min!.

Adsorption of catechin and zymosan A in different solvents

The adsorption between catechin and zymosan A was studied at 37 °C, in three different
solvents (water, solutions of pH 1.5 and 7.0), with varying concentrations of catechin (50, 100,
150, 200, 250, 300 and 500 mg L-1). Stock solutions of catechin were prepared in concentration
of 1000 mg L! in different solvents and appropriate volume was added into tubes to achieve
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these concentrations in final volume of 2 mL. Zymosan A was weighed directly into tubes to
achieve concentration of 500 mg L' and appropriate solvents were added (water, solvents of pH
1.5 or 7.0) to reach the final volume of 2 mL. Solutions were put in rotator (Grant-bio PTR-
-35, Oxon, England) and at 37 °C in the incubator for 180 min, then centrifuged (Eppendorf,
Hamburg, Germany) and aliquot of 700 pL was taken. Un-adsorbed catechin y, (mg L'!) was
quantified with the Folin—Ciocalteu method using the new calibration curves. The amount of
catechin adsorbed onto zymosan A m,gsomeq / Mg Was calculated according to the Eq. (3):

Madsorbed = (%emaining —7e ) Vm (3)

where V,, (L) is the total volume of a model solution.

Adsorption capacity ¢, (the adsorbed amount of catechin (mg) onto g of zymosan A at
specific equilibrium concentration) in water, pH 1.5 and 7.0 was calculated with the following
Eq. (4) where m, (g) is the mass of zymosan A in the solution:

g = Madsorbed ( 4)
my

Adsorption isotherm models

The experimentally determined data of g, (mg g™!') (adsorption capacity) and y, (mg L)
(un-adsorbed catechin) were fitted by non-linear forms of Langmuir and Dubinin—Radush-
kevich adsorption isotherms (Egs. (5) and (6)). A value y, corresponds to a value ¢, in the
adsorption isotherms. Parameters K| (L mg!, Langmuir equilibrium constant of adsorption),
gm (mg g, theoretical maximum adsorption capacity of zymosan A) from the Langmuir iso-
therm (Eq. (5)), as well as # (mol? J2, Dubinin—-Radushkevich constant related to the ads-
orption capacity) and g, (mg g1, the theoretical saturation capacity) and ¢, (mg L-!, the satur-
ation concentration) from the Dubinin—Radushkevich isotherm (Eq. (6)) were determined. Since
a theoretical ¢ value could be a higher concentration for which our experiment was not des-
igned, suitable ¢, values were predetermined according to the largest observed data value for
¢, and only the parameters f and ¢, were obtained from fitting the Dubinin—Radushkevich iso-
therm. R and T/ K in Eq. (6) represent the gas constant (8.314 J K-! mol'!) and the absolute
temperature, respectively:

K¢
g =-Im e (5)
1+KLCe
2
C,
e =45 eXp{—ﬂRZT Z[IHC—SJ J (6)
€

The mean free energy of adsorption, £, was calculated according to Eq. (7):

1
E=—nu

8

(M
FTIR analysis

Pure catechin, pure zymosan A and catechin—zymosan A binding samples were recorded
in the range of 4504000 cm™' with scanning resolution of 4 cm™! by FTIR (PerkinElmer
UATR, MA, USA). The catechin—zymosan A binding samples were prepared with concen-
tration of 500 mg L' catechin and 300 mg L! zymosan A in 10 mL water, then pH 1.5 and
pH 7.0. Samples were putted in incubator at 37 °C for 180 min and then filtrated through
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vacuum filtration unit with filters (LLG membrane filters MCE, 0.22 um). Catechin—zymosan
A binding samples retained on the filters. Samples were dried and put to FTIR analysis.

Statistical analysis

MS Excel (Redmond, Washington, USA) software was used for data analysis. The accur-
acy of the Folin—Ciocalteu method was determined by performing a regression analysis in MS
Excel 2013 using the Data Analysis tool, with a confidence interval of 95 %. All adsorption
experiments were conducted in two parallels, each concentration measured three times
(ntoTaL = 6). Non-linear regression analysis was performed in the MS Excel tool Solver. The
sum of squared errors (SSE) was calculated according to the Eq. (8), where m is the number of
initial concentrations used in the adsorption experiments, c.; and g.; are the means of the
measured c, and g, values for the i initial concentration, f{c.,a,b) is the non-linear model
function with generic parameters a and b and n,; is number of data points for the ith initial
concentration. The standard error, S, of nonlinear regression was calculated according to Eq.
(9), where N is the total number of initial concentration cases and £ = 1 or 2 is the number of
parameters to be determined:

m 2
SSE=Y"" ] gei~ f (ccnasb) ] ®)
SSE
S= 222 0
N-k ©
RESULTS AND DISCUSSION

Validation of Folin—Ciocateu method for catechin determination

The results for the linearity (R2), limit of detection (LOD), limit of quant-
ification (LOQ) and accuracy for the catechin determination in different solvents
(ultrapure water, pH 1.5 and pH 7.0) are presented in Table I.

TABLE 1. Validation parameters (linearity (R?), limit of detection (LOD), limit of quantific-
ation (LOQ), accuracy) of spectrophotometric method for the determination of catechin in differ-
ent solvent; results are based on two replicate samples of each standard concentration, each
measured twice; accuracy was determined by performing a regression analysis with a confidence
interval of 95 %, catechin solutions were incubated for 180 min in different solutions to enable
degradation and calibration according to the actual presence of catechins in different environ-
ments; range: 1-700 mg L-!

Validation parameter Ultrapure water pH L5 pH 7.0
Calibration curve
Calibration equation y=0.0011x+0.0104 y=0.0011x+0.0108 y=0.0012x + 0.0104

R? 0.9994 0.9950 0.9990
LOD /mgL! 0.85 0.85 0.19
LOQ/mgL'! 2.57 2.57 0.59
Accuracy

Slope 1.0164 0.9920 1.0411

95 % Confidence interval 0.9994-1.0334 0.9518-1.0322 0.9795-1.0195
Intercept 0.5018 1.3745 0.3197

95 % Confidence interval ~ —4.9923-5.9958 —13.4753-16.224 —6.5074-7.1468
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Catechin showed linear calibration curves in all solvents (R2 from 0.9950—
—0.9994), with reasonably low LOD and LOQ. The method was accurate accor-
ding to the analysis with 95 % reliability, which rejected the existence of a sys-
tematic error (the confidence interval for the slope of the calibration curve inc-
ludes a value 1 and for the intercept includes a value 0). Validated Folin—Cio-
calteu method demonstrated to be suitable for the determination of the concen-
tration of catechin after the adsorption process in water, pH 1.5 and 7.0.

Degradation of catechin in different solvents

The degradation of catechin was studied for initial concentrations of catechin
50, 100, 150, 200, 250, 300 and 500 mg L~! which were diluted in water, sol-
vents of pH 1.5 and 7.0. Dilutions were incubated for 180 min and 37 °C. After
that period the concentration of catechin was determined with the Folin—Ciocal-
teu method to see the concentration of remaining non-degraded catechin. Cat-
echin was stable in water and pH 1.5 and it did not degrade (data not shown). An
earlier study also reported the stability of catechins from green tea around pH
4.19 However, catechin did degrade at pH 7.0 (Fig. 1a). The concentrations of
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Fig. 1. Degradation of catechin for different initial catechin concentrations (50, 100, 150,
200, 250, 300 and 500 mg/L) at: a) pH 7.0 after 180 min incubation determined with Folin—
Ciocalteu method, b) chromatograms of catechin (100 mg L) at 280 nm, after the
incubation for 180 min in ultrapure water and c¢) pH 1.5 and d) pH 7.0.
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remaining catechin after 180 min were lower than the initial concentrations
which suggested the degradation of catechin due to elevated pH. The degradation
degree was from 6 to 15 %. Furthermore, the degradation percentage increased
with the increasing initial concentration of catechin. This agrees with earlier
study that reported the degradation of catechin at pH from 5.0 to 9.0.20 Different
factors like pH, temperature, concentration or the presence of other substances
can influence the stability of catechin, which can lead to epimerization or degr-
adation of catechin.19:21.22 The degradation (or stability) of catechin in different
solvents was investigated with the HPLC method in order to see any additional
peaks on chromatograms. The HPLC chromatograms of catechin in different sol-
vents after the incubation for 180 min at 37 °C are shown in Fig. 1. Catechin
showed stability in water and at pH 1.5, but less stability at pH 7.0. Additional
peaks appeared on the chromatogram at pH 7.0 (Fig. 1d) This agrees with our
results obtained with the Folin—Ciocalteu method which indicated that catechin
degraded at pH 7 into different products which need further identification. An
earlier study found different semiquinones and dimerization products at near-
-neutral or greater pH.® The degradation of catechin can influence the adsorption
capacity since the degraded catechin might be calculated into the amount that
actually adsorb onto zymosan A. That is why we used the concentration of non-
-degraded catechin in the calculation of adsorption capacity after the adsorption
experiment (Eq. (1)).

Adsorption of catechin onto zymosan A in different solvents

The adsorption capacities between catechin and zymosan A in different sol-
vents are shown in Fig. 2. The adsorption capacities in the solvent of pH 7 rep-
orted here are values corrected for the degradation of catechin at this pH accord-
ing to Egs. (3) and (4). Catechin adsorbed onto zymosan A in amounts from 5 to
61 mg g! depending on the initial of catechin and the pH of the surrounding.
Since the adsorption capacity depends on various factors such as the properties of
the adsorbent, the properties of the adsorbate, the properties of the solution, or
the type of experiment,23 it is difficult to compare the results with the literature.
The adsorption capacity of standards of polyphenols from tea adsorbed onto oat
p-glucan in the amount of 156 to 405 mg g1 (at pH 5.80, then polyphenol concen-
tration 0.7 mg mL-!, at 50 °C and concentration of buffer 0.10 M),24 then tea
polyphenols at different pH values adsorbed onto S-glucan up to 116 mg g! (at
pH 5.56, at 50 °C and concentration of buffer 0.13 M).25

Adsorption capacity differed depending on different pH value (Fig. 2). Cat-
echin showed the lowest adsorption capacity in pH 7.0, higher in water and the
highest at pH 1.5, depending on the catechin concentration. At different pH, cat-
echin can be present in dissociated or non-dissociated forms. Which chemical
forms of catechin exist at certain pH, can be seen in the pK, value!” and distri-
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bution diagram of species.2® At pH values lower than pK,, catechin exists mostly
in a non-dissociated form, while at pH values above pKj,, dissociated form dom-
inates. According to the observed pK; values for catechin (8.77, 9.97 and 11.99),26
it appears that catechin exist in non-dissociated form at pH 1.5 and in water (pH
5.47). This might have caused higher amounts of catechin in non-dissociated
form to bond to zymosan A at pH 1.5 and as a result show a higher adsorption
capacity. At pH 7.0, catechin could be present in both non-dissociated and dis-
sociated forms.
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Fig. 2. Adsorption capacities g, / mg g'! of zymosan A for catechin at different concentrations
of catechin: a) adsorption in water; b) pH 1.5; ¢) pH 7.0; d) possible interactions between
catechin and zymosan A.

The ratio of dissociated/non-dissociated form increases with the increase of
pH. This could explain the lower adsorption capacity of catechin at pH 7.0. Cat-
echin dissociated and possibly degraded, which affected lower amount of cat-
echin bonded to zymosan A at pH 7.0 and in water. Due to the higher ratio of
dissociated/non-dissociated forms with higher pH, some studies have pointed to
the less stability of catechin in neutral and alkaline area?’ which agrees with our
results. The data after the adsorption process (the amount of catechin adsorbed on
zymosan A ¢. and unadsorbed catechin concentration ¢.) are presented as ads-
orption isotherms (Fig. 2) and adsorption isotherm models were fitted in order to
possibly describe the adsorption process.
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Adsorption isotherm models

The obtained data in the adsorption process (ce vs. ¢o) can be analyzed with
adsorption isotherm equations. The non-linear equations of Langmuir and Dub-
inin—Radushkevich were fit to the experimental data. Table II summarizes the
values of the determined parameters of the isotherm models obtained with least
possible error S using the add-in called Solver. The parameters ¢, from the
Langmuir model and the g4 from the Dubinin—Radushkevich model which repre-
sent the predicted apparent maximum adsorption capacities/saturation capacities
of zymosan, were from 36 to 65 mg g1 with maximal S error 3. The R? was
between 0.8477 and 0.9697 for both Langmuir and Dubinin—Radushkevich
model. Due to error S and R? both models fit the experimental data well, except
Langmuir models for adsorption in water which fit les the experimental data (R2
is 0.8477). The result of Langmuir fit for adsorption at pH 1.5 should be taken
with caution, since the equilibrium has not been reached. The ¢, and g4 values
are in accordance with experimentally determined adsorption capacities (Fig. 2).

TABLE II. Theoretical parameters of Langmuir and Dubinin—Radushkevich adsorption iso-
therms for different solvent type and 37 °C

Solvent Langmuir Dubinin—Radushkevich
gm/mgg! K /Lmg! § R? g/mgg! E/Jmol! S R?
Water 44 0.01 3 0.8477 47 2384 2 0.9326
pH 1.5 62 0.005 3 0.9231 65 2047 3 0.9638
pH 7.0 37 0.01 2 0.9665 36 2805 3 0.9697

All determined free energies of adsorption (E) were lower than 8,000 J mol-!,
which indicates the presence of physical interactions between catechin and zym-
osan A, like the formation of H-bonds, hydrophobic interactions or van der
Waals forces (Fig. 2d). The bonds between catechin and zymosan A could be
through oxygen atoms and OH—groups on the zymosan A molecule and OH-
-groups on catechin molecule. This agrees with earlier studies.25:28 It has been
shown that the bonds between polyphenols and dietary fiber like f-glucan can be
hydrophobic interactions, hydrogen bonds and van der Waals interactions.2529-30
Also, a mechanism of interaction between polyphenols ((—)-epigallocatechin-3-
-gallate)) and S-glucan24 was proposed through oxygen atoms and OH-groups on
the S-glucan molecule and OH-groups on polyphenols. The formation of hydro-
gen bonds reduces the distance between the aromatic rings of polyphenols and f-
-glucans, which enables van der Waals interactions.2* The OH-groups of cat-
echin on benzene rings might be the main functional groups which bind to zymo-
san A in the adsorption process (Fig. 2d). It can be suggested that the studied
adsorption models reasonably fit the data and these models can be suitable for the
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adsorption studies in this work. In an earlier study, the Langmuir model was also
suitable for describing the catechin adsorption onto cellulose.!”

FTIR spectrum

FTIR analysis can be used to identify functional groups in the adsorption
process.!”7 Fig. 3 shows the FTIR spectra of pure catechin and zymosan A and a
sample of zymosan A with bonded catehin, all in three different solvents (water,
pH 1.5 and 7). Catechin peaks were compared with those found in the literat-
ure.31:32 The catechin molecule poses five OH groups on benzene rings (Fig. 2d).
The OH—groups on ring A showed peaks 3276 (O—H group stretching) and 1142
cm~! (C-O-H stretching).3! The OH—groups on ring B show peaks 1354 cm™!

1142

1142 1519 1354

1519 1354
catechin
3276

catechin

3338

bindingsample

3282 bindingsample

2919

1369 zymosan A
zymosan A 1074 ¥

3293 2919

125i

4000 3500 3000 2500 2000 1500 1000 500 O 4000 3500 3000 2500 2000 1500 1000 500 O
1 1
cm cm

a) b)
1142 H 1354em’

O-H
> Ot

H 1% cmi!

1519 1354
1142cni’!

catechin

1354
1519 | 1248

O-HH

3276 cni

1041
13601250
zymosan A 074
323 2919 1629 576

4000 3500 3000 2500 2000 1500 1000 500 O

1
cm

c)

Fig. 3. FTIR spectrum of catechin, catechin—zymosan A binding sample and zymosan A:
a) at water; b) at pH 1.5 and c) at pH 7.0.
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(O-H in plane bending)3!. Catechin showed other peaks like 1608 cm™! (ring A
deformation), 1519 (ring B deformation) and 730 (C—H out of plane bending).33

The FTIR spectra of catechin agree with those published in the literature.3132
The pure zymosan A showed characteristic peaks at 3293 (OH stretching groups),
2919 (C—H stretching), 1369 (C—H bond), 1250 (CH,OH stretch) and 1041 cm™!
(C—O-C stretch). The FTIR spectra of zymosan A agree with those published in
the literature.? Comparing the FTIR spectra of pure zymosan and pure catechin
molecule with FTIR spectra of binding samples, the formation of complex can be
confirmed.33 Similar peaks to the peaks for the catechin molecule were observed
in the characteristic peaks of catechin—zymosan A binding sample (Fig. 3, 1519,
1354, 1142 and 730 cm™!). Furthermore, the peaks of zymosan A were found in
all binding samples (1629, 1041 and 576 cm~! in water, pH 1.5 and 7 and addit-
ional 2919 cm! in water). The appearance of catechin and zymosan peaks in the
binding samples indicates possible catechin and zymosan A interactions. Differ-
ences in the FTIR spectrum for all the binding samples can be seen (Fig. 3). The
decrease in intensity of peaks (around 1100-1600 cm™!) for binding samples at
pH 1.5 and 7 was stronger than for peaks at water. Also, the peak of OH groups of
the binding samples at water (3282 cm™!) were not so strong and less broad then
peaks at pH 1.5 (3338 cm™!) and at pH 7.0 (3326 cm!). The decrease in int-
ensity could indicate intermolecular interactions such as hydrogen bonding. In
earlier work, disappearance of peaks of hydrogen groups in phospholipid com-
plex of naringenin and naringin PLGA nanosphere complex33 also indicated such
intramolecular bonding. These results have significance for the behavior in the
digestive system, for carrying catechins with dietary fibers through the digestive
system. Due to the fact that catechin degrade in intestinal tract, one way to
improve its bioaccessibility can be the delivery system with dietary fiber* like
zymosan A. This offers an additional chance for pharmaceutical industry to
create some other dietary supplements based on zymosan A and phenolic com-
pounds together. More studies should be carried out before that.

CONCLUSION

The stability/degradation of catechin and catechin adsorption onto zymosan
A in different solvents (water, pH 1.5 and 7.0) was studied. The stability of
catechin was pH dependent. After incubation in water, pH 1.5 and 7.0 for 180
min at 37 °C, catechin was stable in water and at pH 1.5. However, it degraded
up to 15 % at pH 7.0. HPLC analysis revealed additional peaks of the degrad-
ation product. Catechin did adsorb onto zymosan A in water, pH 1.5 and 7.0. The
lowest adsorption capacity was found to be at pH 7.0, higher at water and the
highest at pH 1.5. Different ratios of non-dissociated/dissociated forms of catechin
affected the higher adsorption at pH 1.5 and lower at pH 7.0 and in water.
Langmuir and Dubinin—Radushkevich models gave additional information on the
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adsorption process. The Dubinin—Radushkevich model indicated the presence of
physical interactions between catechin and zymosan A. FTIR analysis showed
that catechin could bond on zymosan A through OH—groups on benzene rings of
catechin. This study can contribute to better understanding of interactions between
catechin and zymosan A and possible design of functional food.
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HUCIIUTHUBAGE ITPOLIECA AIICOPITIIUIJE ITOJIUGEHOJIHOT JEOIUEHA KATEXUHA U
OUJETETCKOTI BJJAKHA 3UMOCAH A: YTULIAJ pH U KOHUEHTPALIMJE

PETRA MATIC!, DANIELA KENJERIC', LIDIJA SOHER' u LIDIJA JAKOBEK!

Josip Juraj Strossmayer University of Osijek, Faculty of Food Technology Osijek, Franje Kuhaca 18,
HR 31000 Osijek, Croatia

[MonudeHoNHA jefumbemda N0Ka3yjy pasnuyuTe edekTe KOPUCHE 3a JbYyACKO 34PaBibe
Kao ¥ onpeheHe DMOAKTUBHOCTH Kao LITO Cy MHTEpaKlHje ca JUjeTEeTCKUM BIaKHHUMa.
®axkTOpH KOjU yTUUYy Ha BUXOBE MUHTEpPaKLUHje ca AUjeTEeTCKUM BlIakHMMa ykbyuyjy pH
BPEIHOCT, CTadUIHOCT MONU(EHONHUX jenqumena U KoHUeHTpauujy. Llum oBor paza je
UCIIUTHBakE MHTEpakuuja usmehy NmonudeHONHOTr jenumema KaTeXWHA U OUjeTeTCKOT
BJIaKkHa 3UMocaH A u3 kBacua npahemeM npoueca agcopnuvje. McnutuBana je cradbui-
HOCT KaTeXWHa U yTULAj KOHIeHTpauuje u pH BpengHOCTH Ha MHTepakuuje. KaTtexuH je
nmoKasao HajHWKy ctabunHocT Ha pH 7,0 ca mpouenTtom gerpagauuje on 6 fo 15 %. Haj-
HHWXH KanaluTeT afcopnuuje je mocTUrHyT Ha pH 7,0, 3aTUM BUIIM y BOAW W HajBUINH
Ha pH 1,5. JydunuH—-PanymkeBud agcoOpNUUOHKA MOJeN NpUMeHmeH Ha nodujeHe mo-
natke 1 FTIR cnexkTpockoncka aHaau3a ykasyjy Ha MocTojake GU3MUKUX MHTEpaKLuja
usmehy xarexuHa u sumocaHa A. OBO HCNHUTHBAKBE MOXKE JONPUHETH Oo/beM pasy-
MeBawmy HHTepakluja u3Melhy monudeHona M AUjeTETCKUX BIakaHa 3a NOTEHUHWjalHU
Iu3ajH QyHUMOHANTHE XpaHe, Kao ¥ noBehamwy SHOAOCTYMHOCTH nonudeHona.

(TITpummeno 1. neuembpa 2023, pesuaupaHo 5. jyHa, mpuxsaheHo 15. jyna 2024)
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Abstract: This study evaluates the effectiveness of KMnO,, MK3 and 1-but-
anol inhibitors on corrosion of AISI 314 and AISI 304 stainless steels using
linear and potentiodynamic polarization in 0.1 M HNOj;. The metrics like corr-
osion potential (Eoy), current density (j,) and polarization resistance (Rp)
influence the inhibitor efficacy. The inhibitors improved electrochemical para-
meters significantly, indicating strong anti-corrosive properties. 1-Butanol had
the strongest effect, enhancing corrosion potential and drastically reducing cor-
rosion current density, demonstrating superior protection. The results indicated
that without inhibitors, both steels showed higher corrosion rates and more
negative potentials, reflecting their susceptibility to corrosion. The introduction
of inhibitors markedly improved these parameters, particularly with 1-butanol,
which significantly enhanced the polarization resistance and shifted the corrosion
potential towards less negative values. The potentiodynamic results highlighted
the dynamic effectiveness of inhibitors, reinforcing their role in mitigating cor-
rosion under varied conditions. The study underscores the importance of select-
ing the appropriate inhibitors to enhance the durability and longevity of stain-
less steels in acidic environments, with 1-butanol showing the potential for ind-
ustrial applications requiring high corrosion resistance. This necessitates com-
prehensive testing to accurately measure inhibitor capabilities in different con-
ditions.

Keywords: austenitic stainless steel; corrosion; inhibitor; linear polarization;
potentiodynamic polarization.
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INTRODUCTION

Stainless steels are fundamental to a broad spectrum of industries due to
their intrinsic corrosion resistance and mechanical robustness.!2 These alloys are
categorized into various families: austenitic, ferritic, martensitic and duplex.
Among these, the austenitic stainless steels like AISI 304 and AISI 314 are ren-
owned for their formability and resistance to a wide range of environmental con-
ditions.3:# The selection of stainless steel for specific applications critically dep-
ends on its corrosion resistance. Laboratory tests and/or experiential data assist in
selecting suitable steel for use under specific conditions. Alongside choosing the
right corrosive medium and test conditions such as pH and temperature, the
factors like electrode potential and current density significantly influence corros-
ion rate. For the testing of pitting corrosion, it is crucial to determine the con-
ditions under which pits form, the critical temperature at which they occur and
conditions that lead to the cessation of their growth.5-8

Austenitic stainless steel is one of the most commonly used materials in vari-
ous sectors including construction and industries such as chemical and metal-
lurgy, attributed to its excellent weldability, high-temperature resistance and
corrosion resistance. The corrosion resistance of austenitic stainless steel, such as
AISI 304 (1.4301) and AISI 314 (1.4841), primarily arises from the rapid form-
ation of a passive film, composed of iron and chromium oxides mixed with hyd-
roxides and water. This film forms instantaneously on the steel surface and has
been extensively studied using surface analysis techniques. Corrosion remains a
pervasive issue today, posing a continuous challenge for engineers aiming to ext-
end the service life of equipment and enhance operational efficiency. However, the
losses due to corrosion are not just limited to replacing corroded parts but also
result in significant indirect costs such as downtime, product contamination and
enduring environmental damage.®>10 AISI 304 is particularly valued for its per-
formance in diverse atmospheric and corrosive media, though it is susceptible to
corrosion under certain acidic conditions.!! AISI 314 is noted for its high tempe-
rature strength and the resistance to oxidation, requiring specific protective mea-
sures in harsh environments.12

Stainless steel is not stable in many corrosive environments, necessitating
the application of protective measures to extend the lifespan of steel installations.
Corrosion inhibitors, in very small concentrations, can reduce the corrosion rates
to the technologically acceptable levels, making their use increasingly widespread.
Moreover, they are often readily available and cost-effective. Inhibitors can be
organic or inorganic and they can provide varying types of protection depending
on the environmental conditions.!3 The interaction of these steels with their envi-
ronments, particularly under the influence of various corrosion inhibitors, has
been a significant focus of research. The inhibitors play a crucial role by forming
a protective film that reduces corrosion rates significantly. Organic inhibitors,
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such as imidazolines and their derivatives, as well as inorganic inhibitors, inc-
luding phosphates and molybdates, have shown varied effectiveness in protecting
these steels in acidic and neutral solutions.!%15 The effectiveness of such inhi-
bitors is often dependent on their ability to adsorb onto the metal surface and
block corrosive agents, a phenomenon thoroughly analyzed in recent studies.!©

Today, stainless steel is one of the most frequently used materials across all
industries due to its excellent properties. It is an alloy material consisting of at
least 10.5 % chromium and a maximum of 1.2 % carbon. Austenitic steels are
used in a variety of areas, from load-bearing structures and architectural applic-
ations to kitchen appliances and medical equipment, not only because of their
corrosion resistance but also due to their excellent formability, weldability, dur-
ability, efc. Some austenitic steels with a high content of alloying elements can
withstand temperatures up to 1000 °C. The most well-known (basic) austenitic
stainless steel is AISI 304 or 18/8, an iron-based alloy containing nominally 18 %
Cr and 8.5 % Ni, including small amounts of C, N, Mn and Si.!7 The corrosion
resistance of chromium-nickel steels is based on the presence of a sufficient
amount of chromium, which facilitates easy passivation of the metal surface
through the formation of adsorptive or phase oxide films of trivalent chromium,
thereby bringing iron atoms into a passive state. Despite their resistance, stainless
chromium-nickel steels can corrode under certain conditions in specific ways.
The most common types of corrosion in stainless steels, in electrolyte solutions,
include pitting corrosion, intergranular corrosion, contact corrosion and stress
corrosion. 18,19

Various corrosion inhibitors are added depending on the environment to red-
uce the rate at which the steel layer is damaged. In acidic environments, corros-
ion inhibitors such as organic compounds containing nitrogen, sulphur and oxy-
gen and their derivatives are most effective, as they create an organic layer on the
metal surface. In neutral environments, nitrites, chromates and permanganates are
commonly used. The choice of inhibitors depends on several factors, including
cost, availability and environmental impacts.20-21 Schiff bases have emerged as
effective organic inhibitors for AISI 304 and AISI 314 stainless steels, characterized
by their ability to form complex films on the steel surface. These compounds
show promising inhibition performance in both acidic and neutral environments
due to their strong adsorption, facilitated by m-electrons and heteroatoms capable
of coordinating with metal atoms on the steel surface.22:23

Anodic corrosion inhibitors are often oxidizing agents such as nitrates and
nitrites, inorganic ions like chromate, permanganate, molybdate, phosphate and
metal ions with higher oxidation numbers: Cu*2, Fe*3 and in some cases hydro-
gen peroxide and oxygen. Although the redox potentials of nitrates and nitrites
are close in value, nitrites are shown to be more effective steel inhibitors. The
ability of inhibitors to passivize metal and affect the corrosion process depends on
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the size of the exchange current density. If the exchange current density is larger,
the overpotential of the electrode reactions is small and vice versa.24 The use of
inorganic anodic inhibitors like nitrates and chromates has been critically reas-
sessed due to their environmental impact, prompting research into safer altern-
atives.25

Potassium permanganate is one of the inhibitors commonly used as a
“green” corrosion inhibitor.24 Economically, it is very important that inhibitors
act even at low concentrations. Usually, it is sought that Ni be 80-90 %, corres-
ponding to a retardation factor between 5 and 50, i.e., the inhibitor slows down
the corrosion process that many times. The effectiveness of corrosion inhibitors
depends on many factors, including the type of metal, metal surface, composition
and concentration of the corrosive medium, its pH value and temperature and the
type and concentration of the inhibitor. Most inhibitors are specific in their action
on a particular metal. An inhibitor effective for a certain type of metal may not
act on another type of metal or may even have a negative impact.23

Furthermore, the development of environmentally benign corrosion inhibitors,
such as green inhibitors derived from natural sources like plant extracts, has
accelerated. These inhibitors offer sustainable corrosion protection without the
adverse environmental impacts associated with traditional inhibitors.26-27 Recent
studies have further elucidated the corrosion mechanisms and inhibition strategies
in AISI 304 and AISI 314 steels. For instance, research by S¢epanovié¢ et al.
highlights novel methodologies in the development and application of corrosion
inhibitors.28 Additionally, the work by Stanié¢ et al. and Tomié¢ et al. provides
insights into the synergistic effects of various inhibitors and their interactions
with metal surfaces, showcasing the potential for enhancement of the protective
outcomes through innovative approaches and advanced analytical techniques.29-30

In the current study, corrosion assessments were performed on AISI 304 and
AISI 314 steels, conducted under ambient conditions and utilizing one inorganic
and two organic inhibitors, all within a 0.1 M HNOj3 solution. This investigation
relied on the potentiodynamic polarization and linear polarization methodologies
for the evaluation of corrosion behavior. The aim was to deepen the understanding
of corrosion processes and inhibitor efficacy for AISI 304 and AISI 314 stainless
steels in this manuscript, contributing to the development of more effective cor-
rosion management strategies. By integrating empirical data with theoretical
models, the research presented here seeks to provide comprehensive insights into
optimizing corrosion inhibition practices to ensure the sustainability and durability
of these critical materials in diverse environments.

EXPERIMENTAL

The experimental phase was conducted in the laboratories of the Faculty of Metallurgy
and Technology in Podgorica, in collaboration with the Institute of Ferrous Metallurgy in
Niksi¢. The steel specimens used in this study were procured from the laboratory facilities of
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the Institute of Ferrous Metallurgy in Niksi¢. The prepared batches of steel underwent a melting
process in a 120 kg capacity induction furnace. Each melting cycle, including the alloying process,
lasted approximately 150 min per steel variant. The specimens of AISI 304 and AISI 314 steel
were produced according to the standardized procedures outlined in ASTM A743 for corrosion-
-resistant steel castings. This standard specifies rigorous guidelines for melting, casting and cool-
ing processes to ensure high-quality, homogenous austenitic stainless-steel production. The Ins-
titute of Ferrous Metallurgy in Niksi¢ applied a controlled induction melting and alloying pro-
cess which adheres to this specification. After melting, the steel was cast into quartz sand
molds with a silicate binder based on water glass (“Sigel”), with solidification facilitated by
CO, gas purging to optimize cooling rates and microstructural properties.

The cooling rate was meticulously controlled to promote fine grain structure, enhancing
the mechanical properties and corrosion resistance of the steel. This methodically controlled
process ensures that the microstructure and grain size of the steel are comparable to comer-
cially available alloys, which is crucial for maintaining the consistency and reliability of our
experimental results. Detailed microstructural analysis and comparisons with comercially
available AISI 304 and AISI 314 steel variants will be provided to confirm the homogeneity
and quality of the manufactured specimens. Subsequent to verification of the chemical com-
position via a quantometer, the molten steel was cast into molds that had been previously pre-
pared. Details regarding the chemical composition of the obtained steel specimens are doc-
umented in Table I.

TABLE 1. Chemical composition of the AISI 314 and AISI 304 steels utilized in this study

Steel designation C Si Mn P S Cr Ni Al Cu Mo

AISI 314 022 157 103 0019 0012 1901 1720 006 014 048
AISI 304 005 167 083 0015 0005 1703 1153 006 011 012

For the corrosion tests, cylindrical samples with a diameter of 15 mm and a thickness of
5 mm were prepared and utilized as working electrodes. The corrosion tests were conducted
using working solutions with specific inhibitor concentrations. The corrosion behavior of AISI
314 and AISI 304 steels was examined in a 0.1 M nitric acid (HNOj3) solution. The influence
of inhibitors was also studied in the same solution. A freshly prepared solution was used for
each experiment, prepared as follows: 0.1 M HNOjs, obtained by diluting concentrated 65 %
HNO; with a density of 1.4 g cm™ and a molar mass of 63 g mol! in distilled water. The inhi-
bitor concentration used was 104 mol dm™. All inhibitors were obtained by dissolving mea-
sured amounts of high-purity solid substances in distilled water. Shiff bases were not soluble
in distilled water, so their solutions were prepared in 96 % ethanol.

In the experiment, KMnO, was used as an inorganic inhibitor, while Shiff base MK3,
(2E)-N'-[(1E)-1-(2-hydroxyphenyl)ethylidene]-2-[ 1-(2-hydroxyphenyl)ethylidene]hydrazine-
-1-thiocarbohydrazide and 1-butanol were used as organic inhibitors. All used chemicals were
acquired from Sigma Aldrich.

The obtained steels were initially subjected to electrochemical methods of testing (poten-
tiodynamic polarization and linear polarization) in solutions without the presence of inhibit-
ors. Subsequently, testing was performed in the presence of the selected inhibitors. In order to
ensure the reliability and reproducibility of our results, all experiments were conducted in tri-
plicate. This approach allowed us to systematically verify the consistency of our findings
across multiple trials. The data presented in this study are the average values derived from
these replicates, accompanied by standard deviations to reflect the variability observed. Such
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statistical treatment provides a robust basis for evaluating the experimental outcomes and sup-
ports the reliability of the conclusions drawn from this research.

METHODS
Electrochemical methods

Electrochemical measurements were conducted using a stationary working electrode
made from steel samples in a three-electrode thermally controlled electrochemical cell. The
exposed surface area of the working electrode was 1 cm?, so the current values directly repre-
sented the corrosion current density. Two graphite electrodes were used as counter electrodes,
positioned opposite each other and opposite the working electrode to create a symmetrical elec-
tric field. A saturated calomel electrode (SCE) was used as the reference electrode and was in
contact with the working electrode through a Luggin capillary. Before each measurement, the
steel electrodes were cleaned with P600, P1500, P3000 grit sandpaper and further mechanic-
ally polished with alumina pastes of 1, 0.3 and 0.05 pm, successively. Data were acquired
using a Princeton Applied Research potentiostat/galvanostat, model 273.

The steel electrode was immersed in the solution, along with the counter and reference
electrodes and linear polarization and potentiodynamic polarization measurements were per-
formed. Linear polarization was conducted on the samples of the tested steels, namely polar-
ization £20 mV relative to the open circuit potential, with a set potential change rate of 0.1
mV sl in the specified solutions and using selected inhibitors. Potentiodynamic polarization
was performed by continuously changing the potential of the working electrode (1 mV s!) in
both the anodic and cathodic direction. At such polarization values, a region of logarithmic
dependence of the net current on the potential of the working electrode (sample) is reached,
allowing for the construction of correct Tafel slopes in the log(j)—E coordinate system. The
tests were conducted at room temperature, without the introduction of nitrogen, hydrogen or
oxygen into the solutions, ensuring that the obtained results corresponded to real systems. The
anodic and cathodic polarization curves were obtained for each specimen and the corrosion
potentials and corrosion current densities were determined by the Tafel extrapolation and lin-
ear polarization methods.

OCP measurements were performed in the aforementioned solutions for 600 s with the
data collecting frequency of 2 s7!, or until the potential difference (dE/d¢) in the last 5 measur-
ements was smaller than 1 mV h-!, whichever comes first.

RESULTS AND DISCUSSION

Linear polarization

The electrochemical testing of AISI 314 and AISI 304 steels in a 0.1 M HNO3
solution employing both linear and potentiodynamic polarization methods exp-
lored the effectiveness of various inhibitors: KMnOg4, MK3 and 1-butanol. The
measurements included corrosion potential (E¢q), corrosion current density (Feorr)
and polarization resistance (Rp), presented in curves for both methods. For all
tested materials, the linear polarization procedure, i.e., polarization £20 mV with
respect to the corrosion potential (E.qrr), With a set potential change rate of 0.1
mV s~1, was carried out. The results of the corrosion tests for both AISI 314 and
AISI 304 steels in 0.1 M HNOj3 solution are presented in Fig. 1.
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A —s— Without inhibitor B —s=— Without inhibitor
+—KMnO, ——KMnO,

~ MK3 1% ~ MK3
—+— 1-butanol il —v— 1-butanol
-

£/ mV
E/mV
1

I/ pAcm” I/pAcm?

Fig. 1. Potentiodynamic polarization curves for: a) AISI 314 and
b) AISI 304 stainless steels in a 0.1 M HNOj; solution.

The results presented in the research show the corrosion potential (E(j = 0)),
polarization resistance (Rp) and the corrosion current density (jcorr) obtained
through linear polarization testing in a 0.1 M HNO3 solution, both with and without
the addition of various corrosion inhibitors. The parameters were calculated using
Stern—Geary equation. The Stern—Geary equation is given by:

Loore = Ri (1)
p
where: I.or is the corrosion current density (A m2), Ry, is the polarization res-
istance (Q2), B is the Stern—Geary constant, which depends on the electrochemical
kinetics of the corroding metal and is typically calculated from:

_2303RT | byb,
nkF b, +b,

B 2
where R is the universal gas constant (8.314 J mol-1-K-1), T is the temperature
(K), n is the number of electrons transferred in the corrosion reaction, F is the
Faraday constant (96485 C mol-!), b, and b, re the Tafel slopes for the anodic
and cathodic reactions, respectively.

The Stern—Geary constant, B, typically ranges between 0.026 and 0.12 V
depending on the system and it can also be empirically determined. In our case, it
is 0.0217. The parameters offer insights into the anti-corrosive properties con-
ferred by the inhibitors. For AISI 314 without any inhibitor, the corrosion pot-
ential was measured at —159 mV, with a polarization resistance of 3.20 kQ and a
corrosion current density of 6.79 pA cm2. These baselines suggest a moderate
level of inherent corrosion resistance. The introduction of KMnQy as an inhibitor
improved the corrosion potential to —124 mV, increased the polarization resistance
to 5.08 kQ and reduced the corrosion current density to 4.27 pA cm2, indicating
a beneficial effect of this inhibitor. The inhibitor MK3 further enhanced these
metrics, showing a corrosion potential of —132 mV, an R, of 7.78 kQ and jeorr of
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2.79 nA cm2. The most substantial improvement was observed with 1-butanol,
which altered the corrosion potential dramatically to —5 mV, significantly inc-
reased R, to 21.8 k€ and lowered jeorr to 1.00 pA cm2, underscoring its superior
efficacy.

Similarly, AISI 304 steel displayed a baseline corrosion potential of —324 mV,
Ry of 6.12 kQ and jcorr of 3.55 pA cm~2 without inhibitors. Upon the application
of KMnOQy, the corrosion potential improved markedly to —67 mV, with R, inc-
reasing to 16.5 kQ and j.or, decreasing to 1.32 pA cm 2. The inhibitor MK3 pro-
duced even more pronounced effects, optimizing the corrosion potential to —50
mV, elevating R}, to 48.1 kQ and minimizing jcorr to 0.45 pA cm~2, 1-Butanol
again proved to be the most effective, enhancing the corrosion potential to —155
mV, boosting R to 51.6 kQ and reducing jeorr to 0.42 pA cm2. The inhibitors did
not only increase the polarization resistance but also shifted the corrosion pot-
ential towards less negative values and markedly decreased the corrosion current
density. Among the tested inhibitors, 1-butanol emerged as the most effective,
demonstrating exceptional enhancement of corrosion resistance parameters across
both types of stainless steel. This suggests that careful selection of inhibitors is
crucial for the applications where these steels may encounter corrosive environ-
ments, particularly in acidic conditions like those simulated with HNOs5.

Fig. 1 shows the polarization curves recorded within a low polarization region
and corrosion potential and the corrosion current density are determined from
these plots. It provides insights into each inhibitor’s capacity to mitigate corros-
ion. For AISI 314, the control condition exhibits a corrosion potential of —159
mV and a current density indicative of significant corrosion activity. The addition
of KMnQg4 improves the corrosion potential to —124 mV and reduces the current
density, suggesting an enhancement in corrosion resistance. MK3 offers further
improvement, achieving a more positive potential of —132 mV and a lower cur-
rent density. The most profound impact is observed with 1-butanol, which shifts
the corrosion potential significantly to —25 mV and minimizes the current den-
sity, highlighting its superior effectiveness in enhancing corrosion resistance. In
the case of AISI 304, the absence of inhibitors results in a highly negative cor-
rosion potential of —324 mV and a moderate current density. The application of
KMnO4 improve these parameters to —67 mV, indicating effective corrosion pro-
tection. MK3 further enhances these effects, with a potential of -50 mV and a
reduced current density. However, 1-butanol demonstrates the greatest efficacy,
substantially increasing the potential to —155 mV and achieving the lowest current
density among the tested conditions, signifying exceptional corrosion protection.
It can be stated that all tested inhibitors significantly improve the corrosion res-
istance of both AISI 314 and AISI 304 steels. The effectiveness of 1-butanol, in
particular, stands out, markedly shifting the corrosion potential towards less negat-
ive values and drastically reducing the corrosion current density. The relation
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between the graphical and tabular data for both AISI 314 and AISI 304 stainless
steels underlines the effectiveness of the corrosion inhibitors tested. Fig. 1 repres-
entations align well with the quantitative data, illustrating not only the efficacy of
each inhibitor but also highlighting the comparative performance between the
two steel types. The results from Fig. 1 underline the substantial improvements in
corrosion resistance brought about by the inhibitors, with 1-butanol standing out
as the most effective in enhancing the material's durability against corrosive envi-
ronments. This implies a strong passivation effect, likely due to the formation of a
protective barrier on the steel surface, which is crucial for applications where
these materials are exposed to corrosive environments. The results underscore the
importance of selecting appropriate corrosion inhibitors to enhance the longevity
and durability of stainless steels in acidic conditions.

OCP measurements

Fig. 2 shows the open circuit potential (OCP) traces over time, illustrating
the stabilization effect of corrosion inhibitors KMnQOy4, MK3 and 1-butanol com-
pared to uninhibited conditions in a 0.1 M HNO3 solution.
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Fig. 2. Open circuit potential (OCP) traces for: a) AISI 314 and
b) AISI 304 stainless steels in a 0.1 M HNOj; solution.

The open circuit potential (OCP) traces for AISI 314 and AISI 304 stainless
steels in a 0.1 M HNO3 solution are depicted over a 500 s interval. These traces
were recorded to evaluate the stability of the electrochemical systems under vari-
ous conditions, including the application of three different corrosion inhibitors:
KMnQy4, MK3 and 1-butanol, compared to the uninhibited systems.

For AISI 314, the OCP trace without any inhibitor exhibits a notable down-
ward trend, suggesting a continuous increase in corrosion activity over time. This
observation indicates an unstable electrochemical system where the steel surface
is actively corroding. Conversely, the introduction of corrosion inhibitors sig-
nificantly alters this behavior. KMnO4 and MK3 both stabilize the potential after
initial fluctuations, with KMnQO4 maintaining a relatively constant potential
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around —150 mV and MK3 around —100 mV, indicating effective surface passiv-
ation and reduced corrosion rates. Notably, 1-butanol shows the most effective
inhibition, with the OCP trace remaining stable and closest to zero potential, sug-
gesting minimal corrosion activity and enhanced system stability. Similarly, the
OCP traces for AISI 304 reflect comparable trends. The uninhibited condition
again shows a progressive decrease in potential, demonstrating the current cor-
rosion. The application of KMnQOy results in a stabilized potential, though it does
not achieve the level of stability observed with MK3 or 1-butanol. MK3 provides
a stable potential around —100 mV, similar to its effect on AISI 314. In contrast,
1-butanol exhibits superior performance with the most stable and least negative
potential among the conditions tested, indicating the robust corrosion protection
and the most stable electrochemical system among the configurations tested.
These observations underline the effectiveness of the corrosion inhibitors in
stabilizing the electrochemical characteristics of AISI 314 and AISI 304 stainless
steels in corrosive environments. The results demonstrate that while all inhibitors
improve stability compared to the uninhibited systems, 1-butanol consistently
shows the highest efficacy in maintaining near-neutral potentials, thereby providing
the best protection against corrosion. This behavior suggests that 1-butanol may
form a more comprehensive and protective barrier on the metal surface, which is
crucial for applications where these materials are exposed to corrosive conditions.

Potentiodynamic polarization

The corrosion parameters are obtained from the polarization curves for AISI
314 and AISI 304 steels, which are presented in Fig. 3.

A —s— Without inhibitor B —+— Without inhibitor

+—KMnO, ——KMnO,

i 4 MK3 ol . MK3
—v— 1-butanol —+— 1-butanol

1E-9 1E8 1E-7 1E-6 1E-5 1E4 1E-3 1E-9 1E-8 1E-7 1E-6 1E5 1E-4 1E-3
I/pAcm” 1/nA em™

Fig. 3. Detailed potentiodynamic polarization responses of: a) AISI 314 and b) AISI 304
stainless steels.

Detailed insights from potentiodynamic polarization tests conducted on AISI
314 and AISI 304 stainless steels in a 0.1 M HNO3 solution, assessing the effect-
iveness of various corrosion inhibitors including KMnOy4, MK3 and 1-butanol are
shown in the forthcoming text. The parameters evaluated in this study include
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open circuit potential (OCP), corrosion potential (E(j = 0)), anodic Tafel slope (b,),
cathodic Tafel slope (b¢) and corrosion current density (jeorr)-

For AISI 314, the results indicate a substantial improvement in corrosion
resistance upon the application of inhibitors. Without any inhibitor, the steel
exhibits an OCP of —290 mV and a corrosion potential of —272 mV, with relat-
ively high Tafel slopes (878 mV dec™! for b, and —~724 mV dec! for b.) and a
corrosion current density of 27.85 nA cm 2, suggesting a higher corrosion rate.
The introduction of KMnOyj shifts the OCP to —100 mV and the corrosion potential
to —136 mV, significantly lowering the Tafel slopes to 183 mV dec™! for b, and
—181 mV dec! for b, and reducing the corrosion current density to 6.13 pA cm2,
This denotes a significant improvement in corrosion resistance. MK3 further
enhances these effects, evidenced by an even lower corrosion current density of
3.49 pA cm2, despite the OCP and E(j = 0) being relatively close (—129 and —133
mV, respectively), with Tafel slopes of 190 mV dec™! for b, and —328 mV dec!
for b¢. The application of 1-butanol shows the most significant enhancement, with
the lowest corrosion current density of 0.58 pA cm2 and Tafel slopes of 136 mV
dec! and —174 mV dec!, suggesting highly effective corrosion inhibition.

Similarly, for AISI 304, the use of inhibitors demonstrates a profound effect
on corrosion characteristics. The uninhibited condition shows an OCP of -342 mV,
a corrosion potential of =324 mV and a higher corrosion rate indicated by a jcorr
of 8.88 uA cm2. KMnOQy substantially improves the parameters with an OCP of
—20 mV and a corrosion potential of =73 mV, along with a reduced j.orr of 1.68
uA cm2. MK3, displaying the best results among the inhibitors tested for AISI
304, significantly lowers the corrosion current density to 0.39 pA cm2, with an
OCP of —81 mV and a remarkably improved corrosion potential of —27 mV.
However, despite 1-butanol reducing the jeorr to 1.16 A cm™2, it results in a
slightly more negative corrosion potential (96 mV) compared to KMnO4 and
MK3, with an unexpectedly higher OCP of —103 mV. Tafel slopes for different
inhibitors for AISI304 are given in Table II.

TABLE II. Tafel slopes for different corrosion inhibitors in 0.1 M HNOj solution for AISI304

Inhibitor b,/ mV dec’! b,/ mV dec’!
No inhibitor 412 —186
KMnO, 31 ~150
MK3 263 -125
1-Butanol 243 —293

The collective results from both AISI 314 and AISI 304 stainless steels con-
firm that the tested inhibitors significantly mitigate corrosion processes in a nitric
acid environment. The differences in Tafel slopes and corrosion potentials across
different inhibitors reflect the variance in their mechanisms and efficiencies at pro-
tecting the steel substrates. Particularly notable is the effectiveness of MK3 and
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1-butanol, which does not only lower j.o but also substantially adjust the electro-
chemical parameters towards more favorable values, thus enhancing the corrosion
resistance of both steel types under these challenging conditions.

The presented data emphasize two crucial electrochemical parameters, OCP
and E(j = 0). Understanding the differences between these parameters can shed
light on the inhibitor’s impact on the electrochemical behavior of these steels.
OCP is the potential of the electrochemical cell when no external current is
applied and it reflects the natural thermodynamic equilibrium state of the elec-
trode in its environment. This measurement is passive and indicates the inherent
stability of the metal surface in the solution. E(j = 0), on the other hand, is
derived from active polarization tests. It is typically obtained through Tafel extra-
polation, where the intersection of the anodic and cathodic Tafel slopes is com-
puted. This value represents the potential at which the net anodic and cathodic cur-
rents balance each other out, indicating the potential at which the corrosion rate
(current density, jcore) 1S minimal.

For the uninhibited condition for AISI 314, the OCP is at —290 mV, whereas
E(j = 0) is slightly more positive at —272 mV. The difference suggests that upon
applying an external potential, the electrochemical reactions tend to stabilize at a
slightly more noble potential. With inhibitors like KMnQOy4, MK3 and 1-butanol,
the OCP and E(j = 0) values become closer. For example, with 1-butanol, OCP is
—34 mV and E(j = 0) is =56 mV, indicating a more effective stabilization of the
surface, likely due to the formation of a protective layer that reduces active sites
for corrosion. AISI 304 Steel: without inhibitors, the OCP is —342 mV and E£(j = 0)
is =324 mV. This again indicates a stabilization at a more noble potential when
polarization begins. The use of inhibitors reduces the gap between OCP and E(j = 0).
Particularly, with MK3, OCP is =81 mV and E(j = 0) is —27 mV. This significant
shift towards less negative values indicates a strong inhibition effect, possibly
due to the formation of a dense protective film. The difference between OCP and
E(j = 0) across different inhibitors and conditions suggests varying degrees of
influence by the inhibitors on the electrochemical properties of the steel. A
smaller difference typically indicates a more effective inhibition, as the steel's
surface characteristics under passive and active conditions become more similar,
reflecting a stable and protective inhibitor film. These observations align with
corrosion science principles suggesting that effective inhibitors either passivize
the metal surface or alter the kinetics of anodic and cathodic reactions to reduce
overall corrosion rates. The closer alignment of OCP and E(j = 0) under inhib-
itor-treated conditions confirms the establishment of a more homogenous and
less reactive surface state.

These graphs in Fig. 3 are essential for understanding the electrochemical
behavior of AISI 304 and AISI 314 stainless steels under corrosive conditions
and evaluating the efficacy of the inhibitors. For AISI 314, the polarization curve
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without an inhibitor shows a significantly negative corrosion potential and high
current density, indicating a high rate of corrosion susceptibility. The introduct-
ion of KMnQy4 results in a noticeable shift towards a less negative potential and
reduced current density, though it is less effective compared to the other inhib-
itors. MK3 demonstrates a further improvement, significantly reducing the cur-
rent density and mildly improving the potential. The most pronounced effect is
observed with 1-butanol, which not only shifts the potential towards less negative
values but also drastically lowers the current density, suggesting a highly effect-
ive inhibition of corrosion. Similarly, the AISI 304 steel exhibits even more dra-
matic shifts in electrochemical behavior with the application of inhibitors. With-
out any inhibitor, the steel displays the most negative potential and relatively
high current density, indicative of considerable corrosion activity. With KMnOy,
the potential is moderately less negative and the current density is notably dec-
reased. MK3 shows a substantial decrease in current density and shifts the poten-
tial to less negative values, marking it as highly effective. However, 1-butanol
stands out by further reducing the current density significantly, although its impact
on shifting the potential is not as pronounced as with MK3.

These observations suggest that the inhibitors tested significantly enhance
the corrosion resistance of both AISI 314 and AISI 304 steels in nitric acid envi-
ronments. The shift in potential towards less negative values and the reduction in
Jeorr across the inhibitors indicate their effectiveness, with 1-butanol and MK3
showing particularly strong performance in reducing the electrochemical signs of
corrosion. This implies that these inhibitors likely form protective barriers or pas-
sivize the surface, effectively reducing the electrochemical reactions that lead to
corrosion. The results highlight the importance of selecting appropriate corrosion
inhibitors to extend the service life of stainless steels in corrosive environments.

To address the discrepancies between the E(j = 0) values reported in the
manuscript for the linear and potentiodynamic polarization tests, it is important to
consider the intrinsic differences in the methodologies and how they interact with
the electrochemical properties of AISI 314 and AISI 304 steels in a 0.1 M HNO3
solution. The variations in these values are not indicative of experimental errors
or instability in the system, but rather reflect the fundamental differences between
the methods and their impacts on the electrode surface. Linear polarization pro-
vides a more conservative estimate of the corrosion potential because it involves
small perturbations around the open circuit potential. This method is less likely to
disrupt the native oxide layer or any inhibitor-induced film on the metal surface,
thus providing a value of E(j = 0) that reflects a minimally disturbed state. In
linear polarization, E(j = 0) is closer to the real corrosion potential under near-
static conditions and thus is likely a better representation of the material’s
behavior in less aggressive environments. The potentiodynamic polarization inv-
olves a dynamic sweep of the potential that can extend well beyond the passive
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range into the active corrosion or transpassive regions. This sweep can modify
surface conditions, such as through the stripping away of passive layers or the
enhanced formation of corrosion products, leading to different apparent E£(j = 0)
values. In potentiodynamic tests, £(j = 0) is extrapolated from the Tafel slopes,
where the intersections represent a theoretical balance between anodic and cath-
odic currents. This method inherently assumes uniformity in reaction kinetics
across the swept range, which might not hold in environments where inhibitor
films are forming or being compromised. The findings from both tests are valid
within the scope of their respective methodologies. The variance in E(j = 0)
values in the tests highlights the importance of selecting the appropriate testing
protocol based on the specific service conditions expected for the metal. Further-
more, these results display the complex nature of corrosion processes and the
need for multiple approaches to accurately gauge the effectiveness of corrosion
inhibitors.

Protection efficiency
The protection efficiency, based on the data, is calculated using the Eq. (3):

n= Jeorr ~ (jcorr )inh 3)

J corr

where j.orr i the corrosion current density in the uninhibited solution and (feorr)inh
is in the inhibited solution.

The corrosion inhibition efficiencies derived from linear polarization tests
(LP) and potentiodynamic measurements (PD) are summarized in forthcoming
paragraphs.

Fig. 4 displays a comparative analysis of corrosion inhibition efficiency for
AISI 314 and AISI 304 stainless steels, employing three different inhibitors
(KMnO4, MK3, 1-butanol) and utilizing two distinct electrochemical testing
methods: linear polarization and potentiodynamic polarization. The bar chart
measures the efficiency (1) in percentage terms, indicating how effectively each
inhibitor reduces the corrosion rate compared to an uninhibited system.

For AISI 314, the corrosion rates without any inhibitors serve as a baseline,
showing a jeorr Of 6.79 pA cm2 for LP and 27.8 pA cm2 for PD. KMnOy4
decreases the corrosion rate to 4.27 pA ¢cm 2 in LP, achieving 37.1 % efficiency
and to 6.13 pA cm 2 in PD with a significantly higher efficiency of 77.9 %. This
suggests that KMnQy inhibition mechanism might be more dynamically effective,
as captured by the PD method. MK3 provides an even stronger inhibition, reducing
the corrosion rate to 2.79 uA cm2 in LP (58.9 % efficiency) and to 3.488 uA cm2
in PD (87.5% efficiency). 1-Butanol exhibits the highest protection, reducing the
corrosion rate dramatically to 1.00 pA ¢cm2 in LP (85.3 % efficiency) and to an
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impressive 0.58 pA cm~2 in PD (97.9 % efficiency), demonstrating its superior
efficacy in both static and dynamic conditions.
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Fig. 4. Overall corrosion inhibition efficiency performance comparison.

Turning to AISI 304, the initial corrosion rates are lower, with 3.55 pA cm—2
in LP and 8.88 pA cm2 in PD. With KMnOy, the corrosion rate is reduced to
1.32 pA cm2 in LP, achieving an 85.2 % efficiency and slightly less effectively
in PD to 1.68 pA cm2 (81.1 % efficiency). MK3 again performs excellently,
lowering the corrosion rate to 0.45 pA cm™2 in LP (94.9 % efficiency) and to
0.39 pA cm2 in PD (95.6 % efficiency), showing minimal variation between
methods. 1-Butanol also shows strong performance, reducing corrosion to 0.42
uA cm2 in LP (95.2 % efficiency) and to 1.16 pA cm~2 in PD (86.9 % efficiency),
which suggests a slight decrease in effectiveness under dynamic testing condit-
ions for this inhibitor on AISI 304 compared to AISI 314.

These observations highlight that the choice of the corrosion inhibitor and the
method of testing are both crucial in evaluating their effectiveness. 1-Butanol and
MK3 consistently show high efficiencies across both types of steel and methods,
suggesting their robust performance in various conditions. KMnQy, while gener-
ally effective, shows some variability in performance, especially under different
testing dynamics. The results emphasize the importance of selecting an inhibitor
based on specific environmental conditions and the type of stainless steel, ensur-
ing optimal protection against corrosion. This comprehensive analysis also
underscores the value of using multiple testing methods to accurately gauge inh-
ibitor performance across different operational scenarios. Interestingly, the poten-
tiodynamic method tends to show slightly higher efficiencies for AISI 314, par-
ticularly noticeable with MK3. This might be due to the dynamic nature of this
method, which show more about the protective film formation dynamics, or other
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interactive effects at the metal-solution interface that are not as apparent in linear
polarization tests.

In the linear polarization tests, AISI 314 steel exhibited a notable shift towards
less negative corrosion potentials and a reduction in corrosion current with the
application of 1-butanol, highlighting its potent protective capabilities. This shift
is indicative of a strong adsorptive interaction between the inhibitor and the steel
surface, potentially leading to the formation of a dense molecular barrier that
impedes corrosive interactions at the metal-solution interface, as detailed in Fig. 1.
For AISI 304 steel, the application of KMnO4 and the Schiff base MK3 resulted
in significant improvements in corrosion potential, as shown in Fig. 3. The effect-
iveness of KMnQOy4 can be attributed to its ability to oxidize the steel surface,
thereby forming a protective oxide layer. In contrast, MK3, being a Schiff base,
operates through a different mechanism. Schiff bases are known for their ability
to form stable complexes with metal ions due to their conjugated system and the
presence of nitrogen and sulphur donor atoms. These complexes can effectively
passivize the surface, blocking both the anodic and cathodic sites necessary for
corrosion reactions.

Potentiodynamic testing further supported these findings, where 1-butanol
demonstrated a substantial reduction in both corrosion rate and potential devi-
ation for both steel types, indicative of its strong protective properties. The cor-
rosion inhibition efficiencies show the varied effectiveness of these inhibitors,
highlighting how the structural features and reactive sites of inhibitors like MK3
contribute to their mode of action. KMnQy, typically enhances the formation of
an oxide layer, while MK3, through its Schiff base structure, forms chelates with
metal ions at the surface, providing a robust shield against corrosion.

CONCLUSION

The comprehensive analysis of the electrochemical testing conducted on
AISI 314 and AISI 304 steels using linear and potentiodynamic polarization
methods highlights the significant impact of corrosion inhibitors KMnO4, MK3
and 1-butanol in a 0.1 M HNOj solution. The investigation employed detailed
measurements including corrosion potential (E¢qpy), corrosion current density (jeorr)
and polarization resistance (R}), which were crucial for assessing the inhibitors’
effectiveness. Based on all the conducted research in this experimental work, the
following conclusions can be drawn:

e The linear polarization results for both steel types indicate that without
inhibitors, the steels are naturally prone to corrosion in nitric acid environments,
as evidenced by their relatively high corrosion current densities and negative
corrosion potentials. However, the addition of inhibitors has markedly improved
these parameters. KMnOg4, while offering moderate improvement, is over-
shadowed by the more significant enhancements brought about by MK3 and
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especially 1-butanol, which did not only reduce the corrosion current density but
also dramatically shifted the corrosion potential towards less negative values. For
AISI 314, 1-butanol was particularly effective, enhancing the corrosion potential
by over 130 mV compared to the uninhibited condition and significantly boosting
the polarization resistance.

e Similarly, AISI 304 showed a notable response to the inhibitors. The
application of KMnO4 and MK3 resulted in improvement of corrosion potentials
and lower corrosion current densities, however, 1-butanol stood out, achieving the
most substantial improvement in all parameters measured. This suggests that
1-butanol may be forming a more effective protective barrier on the steel surface,
likely through strong adsorptive interactions and possibly the formation of a
dense molecular barrier that impedes corrosive reactions.

e The potentiodynamic polarization results further reinforce these findings,
showing that the dynamic nature of this method captures the inhibitors’ protect-
ive mechanisms effectively. The results from both AISI 314 and AISI 304 steels
confirm that dynamic conditions may better represent the inhibitors' performance,
particularly in how they interact with the steel surfaces by varying electro-
chemical conditions.

e Schiff base MK3 exhibits very good results and the reason is its chemical
structure (C=N bond) and the ability to form a protective monolayer on the steel
surface. Changes in the functionality of the group on the terminal aromatic ring led
to the changes in the efficiency of inhibition of the corresponding Schiff base
compounds. Since synthesized Schiff bases have not been previously used as inh-
ibitors, this experimental work demonstrates their potential application, leaving
room for further research and testing on samples of different materials and chem-
ical compositions. Moreover, when analyzing all the obtained results for the effi-
ciency of the inhibitors used in both testing methods (linear and potentiodynamic
polarization), 1-butanol has proven to be the most effective inhibitor in the 0.1 M
HNOj solution.

e The consistency between the graphical data and the presented results
underscores the efficacy of the testing methods and the reliability of the results.
The notable correspondence between the decrease in corrosion rates and the imp-
rovement in corrosion potentials across both testing formats highlights the effect-
iveness of MK3 and 1-butanol in significantly enhancing the corrosion resistance
of the steels. The study clearly demonstrates that the selection of an appropriate
corrosion inhibitor is crucial for enhancing the durability and longevity of stain-
less steels in acidic environments. The superior performance of 1-Butanol across
both types of stainless steel and both electrochemical testing methods suggests its
potential utility in industrial applications where corrosion resistance is para-
mount. This research does not only provide the valuable insights into the com-
parative performance of corrosion inhibitors but also highlights the importance of
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using multiple testing methods to capture the full range of an inhibitor’s protective
capabilities in different environmental conditions.
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U3BOJI

YTHULIAJ OPTAHCKUX/HEOPTAHCKUX UHXUBUTOPA HA KUHETHUKY KOPO3HJE
YEJIUKA AISI 304 (1.4301) Y AISI 314 (1.4841) Y PACTBOPY A30THE KHUCEJIUHE

JEJIEHA IIRENTAHOBUR!, BOJAHA 3UHIOBHUR?, IPATAH PAJJObUR!, MAPUJAHA P. [IAHTOBUHR [T1ABJIOBUR?*
1 MHUPOCJIAB M. [1ABJIOBUR?*

! Mewmanypuxo—texsonowxu Qpaxynmen, Ynueepsuiieiw y L[pnoj Fopu, Hetwmurwcku iy, 81000
Hogiopuya, Lipna Fopa, *HUncimuiaym ,CUTYPHOCT goo, ITogiopuua, Lipxa Fopa, *Uncliutdyim 3a xemujy,
wexHoNoTUjy u Mettanypiujy, HHcmuiiyi 0g HayuoHanHol 3nauaja 3a Petiydnuxy Cpdujy, Llenimap 3a
enexmpoxemuyy, Ynusepsuiten y Beoipagy, Fbeiowesa 12, 11000 Beoipag u *Lleniuap usyseinux 8pegrociuu
30 XeMUjy U uHMewepcinieo sawinuiie wusoiune cpegune—HUXTM, Ynueepsutuewi y beoipagy, Fbetowesa 12,
11000 Beoipag

OBa ctynuja mpouewyje epukacHoct uaxudburopa KMnOy4, MK3 u 1-Oyranona Ha
kopo3ujy Hephajyhux uenuka AISI 314 u AISI 304, xopumrhewem NHHeapHe U MOTe-
HUUOJUHaMHUuke nonapusauuje y 0,1 M HNO3. Koposuonu notenuujain (E o), TYCTHHA
cTpyje Koposuje (jeory) ¥ Monapusanuonu ornop (Ry) cy xopuuwrhenn 3a npoueHy egpu-
KacHOCT uHxudurtopa. UHxubutopu cy 3HauyajHO modospllany €IEeKTPOXEMHjCKE Mapa-
MeTpe, LITO yKasyje Ha jaka aHTUKOPO3HMBHA CBOjcTBa. 1-OyTaHOn je MMao Hajuspaxe-
HUju edexar, noBehaBajyhu KOpo3WoHM MOTEHUHjal U OPAaCTUYHO CMawyjyhu ryctuny
CTpyje kopo3uje, noka3yjyhu BpxyHcKy 3amtury. Pesyaratu cy mokasand na 0e3 HHXU-
dutopa, 0ba yenuka nokasyjy Behy dp3uHy Koposuje v HeraTUBHHje KOPO3UOHE MOTEH-
Uyjane, WITO Ofpa’kaBa BUXOBY MOAJ0XKHOCT KOPO3Hju. YBohewe MHXUDOUTOpa je 3Ha-
yajHo moOospuIaso oBe MmapameTtpe, nmocedHo 1-OyTtaHona, xoju je 3HavajHo mosehao
OTHOPHOCT Ha NOJIapH3allijy ¥ MOMEpPHO NMOTEHUHjad KOPO3Hje Ka Mame HETraTUBHUM
BpegHocTUMa. [loTeHLIMOAUHAMHUYKK DPe3ylTaTH Cy HUCTaKAW AMHAMHUUKY edHUKacHOCT
WHXUOUTOpPA, MojavyaBajyhu BUXOBY yJIOTy ¥ yOiakaBawmy KOpO3Hje y PAa3TUIUTHM YCIIO-
BuMa. CTyauja HarjaumaBa BaXHOCT omadupa oproBapajyhux uHxudutopa 3a modoss-
Iame U3APKBUBOCTU U OYroBe4HOCTH Hephajyher yenuka y kucenum cpeguHama, Mpu
yeMy 1-OyTaHos nokasyje NOTEHLMjal 3a UHOYCTPHUjCKY IPUMEHY KOja 3aXxTeBa BHUCOKY
OTHOPHOCT Ha Kopo3Hujy. OBO 3axTeBa CBEODYXBAaTHO TECTHPame 3a NPELHU3HO MEpEme
CrOCOdHOCTH UHXUOUTOPA Y PA3TUYUTUM yCIOBHUMA.

(TTpumiseHo 14. Maja, peBupupaHo 29. maja, npuxsaheHo 23. asrycra 2024)
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Abstract: Since thymol blue (TB), crystal violet (CV) and rhodamine B (RB)
are frequently used in various industries, they cause environmental pollution
owing to the wastewater treatment process. The current study focused on the
removal of TB, CV and RB from aqueous media with lichen-derived activated
carbon (LDAC) and comparing their adsorption behavior. The maximum Lang-
muir adsorption capacity for TB, CV and RB was found to be 400, 213 and 345
mg g’!, respectively. The removal (%) of TB, CV and RB was found to be
86.38, 79.02 and 82.73 % at the same conditions, respectively. Experimental
data were interpreted with some commonly used kinetic and isotherm models.
Calculated activation energies, D-R model energies, enthalpy changes and eva-
luation of FT-IR, XRD and SEM/EDX images taken before and after dye load-
ing showed that the adsorption of TB, CV and RB on the LDAC are physical
processes. The pseudo-second-order kinetic model better described the adsorp-
tion behavior of TB, CV and RB on the LDAC. The boundary layer thickness
value for all the dyes studied increased with increasing initial dye concentration
and temperature, and CV also had a larger boundary layer thickness value than
that of TB and RB.

Keywords: dye; wastewater remediation; kinetic; thermodynamic.

INTRODUCTION

Today, water pollution has become a very important problem all over the
world. One of the main causes of water pollution is industrialization. For
example, it is estimated that approximately 25 % of the pollution of the world’s
clean waters comes from dyeing and finishing processes in the textile industry.
Water consumption for dyeing 1 kg of textile products can vary from approx-
imately 25 to 280 L kg1, and process wastewater can reach 120 L kg~1. Many
process wastewaters include dyes such as thymol blue (TB), crystal violet (CV)

* Corresponding author. E-mail: hulya.koyuncu@btu.edu.tr
https://doi.org/10.2298/JSC23053089K
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1212 KOYUNCU and KUL

and rhodamine B (RB), which are widely used in different industries such as
textiles, leather, paints, food, plastic, paper, etc.! The release of these dyes from
industrial wastewater into the environment causes a very serious threat to both
human and animal life since they are carcinogenic and non-biodegradable, and
even very small amounts can be highly toxic.2 In addition, due to the complex
chemical structures and long half-lives of these dyes, their persistence in the
environment poses a serious danger to the ecosystem (Table S-I of the Supple-
mentary material to this paper). TB, CV and RB are toxic dyes. These can affect
some organs that play an important role in the vital activities of living things and
can cause serious problems when exposed, even in very small amounts.3~¢ Due
to the harmful effects of TB, CV and RB, studies are continuing on their removal
from water and wastewater. For the removal of dyes from wastewater, there are
many different methods, such as adsorption, chemical precipitation, oxidation or
ozonation, membrane separation, coagulation or flocculation, biological treat-
ment and photocatalytic degradation.”-18 Most of these methods are expensive,
whereas the adsorption method is cheap and has an easy operating procedure. In
addition, high efficiency can be obtained. Since commercial activated carbons are
expensive, in recent years, researchers have focused on producing activated car-
bon from sustainable and cheap alternative sources such as agricultural waste,
some plants, and fruit peels. Lichen is a symbiotic partnership in which a fungus
(mycobiont) and algae as well as cyanobacteria (photobiont) come together to
form a single thallus, with more than 20,000 species found almost everywhere in
the world. Although lichens are eco-friendly, sustainable, and low-cost resources,
as far as we know, there are very few studies in the literature on the production
and use of activated carbon from lichen species.!9-20

In this study, an innovative approach to use activated carbon synthesized
from Pseudevernia furfuracea lichen, a common lichen species in the world, to
clean water contaminated with toxic dyes such as TB, CV and RB is described.
Kinetic, equilibrium and thermodynamic studies were carried out to prove the
effectiveness of the innovative adsorbent and demonstrate the adsorption
behavior of TB, CV and RB dyes on the LDAC. Important parameters of the
adsorption processes, such as initial concentration, temperature, and time, were
optimized through batch-type experiments. Additionally, the reusability of the
adsorbent was also studied.

EXPERIMENTAL
Materials
TB (CAS 76-61-9, 1081760025), CV (CAS 548-62-9, 1159400025), and RB (CAS 81-
-88-9, 1075990025) were purchased from Merck. Some specifications of TB, CV and RB
were shown in Table S-1. For the stock solutions of dyes, certain amounts of CV and RB were

dissolved in bi-distilled water, and certain amounts of TB were dissolved in 95 % ethanol. The
required initial solution concentrations of TB (20, 40, 60, 80, 100 and 120 mg L), CV (15,
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30, 45, 60, 75 and 90 mg L!), and RB (20, 40, 60, 80, 100 and 120 mg L) used for the
adsorption experiments were prepared from the stock solution by diluting with bi-distilled water.

The activated carbon (LDAC) was synthesized in accordance with our previous report.!?
Preparation and characterization ((Brauner—Emmett-Teller (BET), X-ray diffraction (XRD),
thermogravimetric analysis (TGA), Fourier transform infrared spectrophotometer (FT-IR) and
scanning electron microscope (SEM)) details and the results of the point of zero charge
(pHpzc) of the lichen Pseudevernia furfuracea and LDAC (Fig. S-1 of the Supplementary
material) were already given in our previous study.!? In this study, contact angle measurement
of the LDAC was performed with Attension/Theta Lite. The static sessile drop method was
carried out with water. The LDAC powders were pressed into a plate with a hydraulic press
(Manuel MSE LP/M2S10).

Adsorption experiments

500 mL of different initial concentrations of TB, CV and RB dye solutions were mixed
with 0.5 g of LDAC and shaken on a shaker (Thermal H11960) for 100 min at different tem-
peratures (298, 308 and 323 K). The pH of the solutions was kept constant at 9.5 in all experi-
ments by adding 0.1 M NaOH and 0.1 M HCI solutions. The samples were centrifuged at
5000 rpm after adsorption, and the filtrates were analyzed by a UV—-Vis spectrophotometer
(PG Instruments Ltd.). The dye concentrations in the solutions taken at certain times (5, 10,
15, 20, 25, 30, 35, 40, 45, 50, 55, 60, 70, 80, 90 and 100 min) were measured at their highest
absorbance wavelengths (TB: 594 nm, CV: 590 nm and RB: 554 nm). All the experiments
were carried out in duplicate under the same conditions, and the average of the obtained data
was used as the result.

Equations

The following were used to calculate the removal percentage (%) and adsorption
capacity of the dyes:

Removal(%) = 1002 =< (1)
Ct

o = 0% @
m

Ce, ¢; and ¢ (mg L1) represented the equilibrium, any time and the initial concentration
of dye, respectively; m (g) represents the mass of the LDAC; and V' (L) represents the volume
of the solution.

In order to explain the adsorption behaviour of the three dyes on the LDAC and to com-
pare them with each other, kinetic and isotherm modelling studies were carried out with the
data obtained from experimental studies, and important thermodynamic parameters such as
Gibbs energy (AG®), enthalpy (AH?) and entropy change (AS®) were also calculated. Pseudo-
-first-order (PFO), pseudo-second-order (PSO) and intra-particle diffusion (IDM) models
were used for kinetic modelling. Langmuir, Freundlich and D-R models were applied for iso-
therm modelling. The linearized versions of these models were given in Table S-II of the Sup-
plementary material.

The adsorption activation energies of TB, CV and RB dyes on the LDAC were cal-
culated using the linearized version of the Arrhenius equation:

lnk:lnA—% 3)
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In order to determine whether the adsorption of the dyes studied on the LDAC is
favourable or not, the separation factor R; values were calculated from the following equation:

1
1+KCO

R, “)

To determine the heat changes during the adsorption of TB, CV and RB dyes on the
LDAC, thermodynamic parameters such as Gibbs energy (AGY), the enthalpy (AH®) and
entropy changes (AS?) were calculated by the following equations:

AGO =—RTIhK (5)
k=12 (6)
Ce
0 0

Nonlinear regression root mean squared error (RMSE) values were calculated to deter-
mine which model better fit the experimental data:

2
RMSE = \/M (8)

N

RESULTS AND DISCUSSION
Characterization of the LDAC before and after TB, CV and RB loading

To determine the LDAC’s wettability, contact angle measurements were
conducted by the sessile drop method. A contact angle value of less than 90° will
generally indicate that it is very convenient to wet the surface and that the water
will spread well over the surface. For contact angle values greater than 90°,
surface wetting is generally unfavourable, and the water takes the form of a
liquid droplet that minimizes contact with the surface. In fact, our previous study
demonstrated the efficacy of this adsorbent in removing methylene blue dye.!°
However, the contact angle value of the LDAC could not be given in that study.
In this study, the contact angle of the LDAC was measured as 46.90+4.38° (Fig.
S-2 of the Supplementary material), providing additional evidence of the good
wettability of the LDAC, which is important in the adsorption process.

It was shown in our previous study that the LDAC had a large BET-specific
surface area of 851.24 m2 g~1.19 The surface properties of the LDAC before and
after TB, CV and RB adsorption were investigated by SEM/EDX (Fig. S-3 of the
Supplementary material). When the surface of LDAC was examined, it was seen
that it had a granular and porous form (Fig. S-3a). Since these pores in the LDAC
structure increased the surface area and the number of active centers, it facilitated
the adsorption of the studied dyes in a good way (Fig. S-3b—d). The elemental
analysis of the LDAC’s surface before and after TB, CV and RB loading was
performed by EDX analysis (Fig. S-3e—h). Before the adsorption of TB, CV and
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RB, the elemental composition of the LDAC was 82.36 % C, 5.66 % O, 6.87 %
Cl and 5.11 % Zn by weight (Fig. S-3e). The zinc and chlorine in the EDX
results are due to ZnCl,, used in the chemical activation of activated carbon.
Since TB, CV and RB molecules fully occupied all the pores and surface of the
LDAC, the elemental composition of the surface (%) changed significantly after
TB (Cy7H3005S), CV (Cy5H30CIN3) and RB (CpgH31CIN,O3) adsorption (Fig.
S-3f-h).

The FT-IR spectra of the LDAC before and after TB, CV, and RB adsorption
were given in Fig. S-4 of the Supplementary material. The low intensity peaks in
2927-2853 cm! range show asymmetric and symmetrical aliphatic C-H stretch-
ing bands (Fig. S-4).4:19 The broad band stretching between 1550 and 1750 cm™!
is likely due to the C=N, C=C and conjugated carbonyl vibrations in the aromatic
ring.”-19 After the adsorption of TB, CV and RB on the LDAC, decreases in peak
intensities were observed, indicating that adsorption had taken place, although no
significant shift was observed in the peaks.

The XRD patterns of the LDAC before and after TB, CV and RB adsorption
were shown in Fig. S-5 of the Supplementary material. As seen in Fig. S-5, there
are both sharp peaks and wide peaks in the XRD patterns of the LDAC. Although
sharp peaks indicate the presence of crystal structures, broad peaks indicate the
presence of amorphous structures. The broad peaks at the 28 value of around 25
and 43° in the XRD patterns indicate the existence of amorphous carbonaceous
structures. The sharp peaks at 26 31.5, 34.5 and 36.5° are crystalline carbon
structures. It can be said that in the carbonization processes carried out at high
temperatures (approximately 800 °C), more crystalline carbon structures such as
graphite are formed compared to amorphous structures. In addition, the zinc
oxide (from ZnCl; activation) trapped in the melt by sintering at high tempera-
tures may not have been sufficiently removed by washing processes. The peaks
at 26 47.4 and 56.4° suggest the presence of ZnO. Also, the peaks at 26 62.7 and
67.8° may be due to other impurities. The absence of a significant shift in the
peaks after the adsorption of TB, CV and RB dyes can be explained by the fact
that the studied dyes do not form chemical bonds that may cause a change in the
structure of the active centres on the LDAC surface (Figs. S-4 and S-5). In other
words, the adsorption took place by physical mechanisms for all the studied dyes.

The effect of some parameters on TB, CV and RB adsorptions

To compare the adsorption capacities, the removal of TB, CV and RB from
the aqueous medium by the LDAC was investigated at the same pH (9.5). Since
this pH value was greater than the pHp, value of the LDAC (6.8) and the pK,
values of the dyes (TB, 8.9, CV, 9.4, and RB, 3.7), the electrostatic attraction
force between the dyes and the LDAC was increased. Fig. 1a shows how tempe-
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rature affects the adsorption of the studied dyes. It is seen that the adsorption
capacity (qe) of all dyes studied increases with increasing temperature.

a)
60 . WTB
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1Y)
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Fig. 1. a) The temperature effects; b) the initial concentration effects; c) the contact time
effects on adsorption.

Moreover, the same effect was observed for all initial concentration values.
While the ¢, values at 298 K were 45.34, 41.41 and 44.67 mg g1 for TB, CV
and RB, respectively, these values were 51.83, 47.41 and 49.64 mg g1 at 323 K
(60 mg L~ initial dye concentration). With increase of the temperature increases
the mobility of the molecules in the solution medium, decreases the solution vis-
cosity and helps the expansion of small pores. In addition, the increase in tempe-
rature increases the diffusion rate as the external and internal mass transfer resist-
ances decrease. Thus, the transition of molecules from the liquid phase to the
solid phase becomes easier. Fig. 1b shows the effect of initial dye concentration
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(TB: 20, 40, 60, 80, 100 and 120 mg L~1; CV: 15, 30, 45, 60, 75 and 90 mg L1;
RB: 20, 40, 60, 80, 100 and 120 mg L-!) on the adsorption capacity (ge). It
appears that increasing the initial dye concentrations increases the adsorption
capacity by generating a higher driving force of concentration difference that can
overcome the solid—liquid mass transfer resistance. ¢ increased with increasing
initial concentration at three different temperatures (298, 308 and 323 K) for the
three dyes. The best results were obtained at 323 K. The contact time, of course,
directly affects the cost of the adsorption process. Obtaining the highest adsorp-
tion efficiency in a shorter time is advantageous for the process. The ability of
LDAC to remove TB, CV and RB from water with high adsorption efficiency in
short equilibrium times (90, 80 and 70 min for TB, CV and RB, respectively)
shows that this adsorbent can reduce the total process cost of removing dyes from
contaminated water.

Fig. 1c shows the effect of contact time on the adsorption capacity. When the
change in the bar graphs is examined, it is seen that there is rapid adsorption due
to the high solution concentration in the initial times, then the solution concen-
tration decreases and the adsorption rate decreases with the filling of the active
centres on the LDAC surface and finally, at the end of a certain time adsorption
does not occur that is, the equilibrium state is reached.

TB, CV, and RB adsorption kinetics

The adsorption kinetic studies are very important for the modelling and
design parameters of the adsorption systems. Three different kinetic models were
applied to the experimental data to estimate the adsorption rates and determine
the rate-limiting step, thus linear forms of the PFO, PSO and IDM models were
used to determine the model parameters (Table I). In addition, nonlinear forms of
PFO, PSO and IDM models were applied to the experimental data, and experi-
mental kinetic data were also checked (Fig. 2).

PFO model parameters (ki, geo), correlation coefficient (R2), deviation (%)
between calculated g, and experimental ¢, values and RMSE values calculated at
323 K temperature, monitored for the three dyes, were given in Table 1. The fact
that the R? values were lower, the deviation and RMSE values were higher than
the other two models examined showed that this model did not fit the experi-
mental data. Furthermore, Fig. 2 proved that the experimental kinetic data did not
fit the nonlinear form of the PFO model at all for TB, CV and RB.

PSO model parameters (k, ge) and the initial adsorption rate (ko), R2, deviations
and RMSE values calculated for TB, CV and RB were given in Table 1. R2 values
were greater than 0.99 for all dyes studied. The smaller deviation values
indicating good closeness between experimental ¢ and calculated g, were found
to be 2.78, 1.52 and 1.97 for TB, CV and RB, respectively. The smaller RMSE
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values (1.37, 0.81 and 0.62 for TB, CV and RB, respectively) supported the fact
that the adsorption of TB, CV, and RB on the LDAC follows the PSO kinetics
well. In addition, the rate constant (k) and the initial adsorption rate (ko) of TB
were greater than those of RB and CV, indicating that the affinity of TB mole-
cules for the LDAC is greater than that of CV and RB molecules (Table I). More-
over, Fig. 2 demonstrated that the experimental kinetic data for TB, CV and RB
fit well with the nonlinear form of the PSO model. Bakhsh et al. reported that the
adsorption of thymol blue onto prepared activated carbon from Trachycarpus
fortunei seeds obeyed the pseudo-second-order model.2! Senthilkumaar et al.
reported that the kinetics of adsorption of crystal violet onto modified activated
carbons, prepared from male flowers of coconut trees, were found to be pseudo-
second-order with regard to intraparticle diffusion.22 Wang et al. reported that
the adsorption of Rhodamine B on biochar samples, prepared from earthworm
manure, fitted well with the PSO kinetic model.23

TABLE I. PFO, PSO, and IDM model parameters for the adsorption of TB, CV, and RB

Model Parameter TB CvV RB
PFO dooro/ ME Z'1 51.83 4741 49.64
ky / min’! 0.0364 0.0420 0.0488

Gocal/ Mg g} 32.86 19.36 32.54
R? 0.8752 0.9077 0.9276

Deviation, % 36.60 59.16 34.45

RMSE 17.85 27.41 16.50
PSO ky/ g mg'! min’! 0.00172 0.00419 0.00213
ko / g mg! min’! 5.4318 10.2774 6.3492

Gocar/ Mg &1 50.39 46.69 48.66
R2 0.9915 0.9970 0.9944

Deviation, % 2.78 1.52 1.97

RMSE 1.37 0.81 0.62

IDM kq/ mg g! min"12 3.1800 1.8903 3.5112
0/mgg! 21.576 30.383 20.840

R? 0.9802 0.9880 0.9577

Gocar/ Mg &1 51.74 47.29 50.22

Deviation, % 0.17 0.25 1.17

RMSE 0.91 0.60 1.32

IDM model parameters (kq, 0), R2, deviations and RMSE values calculated
for the three dyes monitoring were given in Table 1. The fact that the g, vs. ¢!/
graphs did not pass through the origin indicated that the mass transfer rate
changed in the first and last stages of adsorption. This suggests that intraparticle
diffusion is not the only step controlling the rate, and boundary layer effects can
also control the rate of adsorption.

The 6 parameter is very important as it relates to the boundary layer thick-
ness. The bigger the 6 value, the larger the boundary layer thickness. The values of
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Fig. 2. The kinetic modelling of: a) TB; b) CV; c¢) RB.

the boundary layer thickness for TB, CV and RB were calculated as 21.576,
30.383 and 20.840 mg g1, respectively (Table I). In addition, the boundary layer
thickness values for all studied dyes increased with increasing initial dye concen-
tration and temperature. The greater boundary layer thickness value of CV may
explain why the adsorption capacity of CV on LDAC is lower than that of TB
and RB. This indicates that intra-particle diffusion was slower at higher tempera-
tures and initial dye concentrations. The rate constants (kq) for TB, CV and RB
were found to be 3.1800, 1.8903 and 3.5112 mg g~! min~1/2 at 323 K, respect-
ively (Table I). The R2, deviations and RMSE values for the IDM model show
that the IDM kinetic model is suitable for the studied dyes. The lower deviation
and RMSE values of TB and CV compared to RB indicate a better fit. As can be
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seen from Fig. 2, the nonlinear form of the IDM model is in good agreement with
the experimental kinetic data for TB, CV and RB, suggesting that both pore and
film diffusion co-control the adsorption kinetics.

Activation energy

The activation energy offers an idea about whether the adsorption mech-
anism is physical or chemical. If the activation energy is less than 40 kJ mol-1, it
is physical adsorption; if it is greater than 40 kJ mol~1, it is chemical adsorption.
For the adsorption of TB, CV and RB onto LDAC, the activation energies were
calculated using Eq. (3) and the Arrhenius plots (not shown). The activation
energies were found to be 45.41, 20.51 and 27.04 kJ mol-! for TB, CV and RB,
respectively. Although the activation energy of TB is slightly higher than 40 kJ
mol~1, the energy value (E) determined from the D-R model and the absence of
significant shifts in the FT-IR and XRD images suggest that the adsorption is
physical. Onen et al. reported that the activation energy of TB on mild steel was
6.32 kJ mol-1.24 Laskar and Kumar noted that the value of E, for crystal violet
dye adsorption onto sodium carbonate-modified Bambusa tulda was 26.297 kJ
mol~1.25 Lee and Zaini reported that the activation energy for the adsorption of
RB by magnetic activated carbon was 24.1 and 28.9 kJ mol-! for the PFO and
PSO kinetic models, respectively.26

TB, CV and RB adsorption isotherms

Equilibrium studies are necessary in order to optimize the adsorption pro-
cess. The equilibrium studies of the adsorption process of TB, CV and RB dyes
on LDAC were carried out at 3 different temperatures (298, 308 and 323 K), and
the experimental data were adapted to 3 different isotherm models (Langmuir,
Freundlich and D-R), and the determined model parameters were presented in
Table I1.

The maximum Langmuir adsorption capacity (¢m,) of TB, CV and RB was
found to be 400, 212.766 and 344.828 mg g~!, respectively (Fig. S-6a of the
Supplementary material). The value of g, for TB is higher than that of CV and
RB. The reason for this can be explained by the fact that the initial rate of ads-
orption (ko) for TB acquired from the PSO model is lower than that of CV and
RB. So, TB molecules are adsorbed on the LDAC surface faster. Besides, the
smaller boundary layer thickness (6) of TB allows the molecules to pass easily
into the pores of the LDAC (Table I). Kumari et al. studied the adsorption of TB
dye from wastewater by activated carbons fabricated from plastic waste and rep-
orted that the maximum adsorption capacities onto waste polybags (P-ACs), cups
(C-ACs),and bottles (B-ACs) were 16.28, 115.4 and 43.93 mg g1, respect-
ively.27 Senthilkumaar et al. reported that the adsorption capacities of CV onto
activated carbons (PAAC and SAAC) derived from male flowers of coconut trees
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were 60.42 and 85.84 mg g~1.22 Xiao et al. found the maximum adsorption cap-
acity of RB onto activated carbon (ASC) was 123.46 mg g~1.28 It can be stated
that the maximum adsorption capacity (¢py) of TB, CV and RB onto the LDAC
obtained in this study is relatively higher than many adsorbent capacities reported
by other researchers. In addition, the favourable adsorption of TB, CV and RB on
LDAC was demonstrated by the Ry factor being in the range of 0 to 1 (Table II).
Similar results regarding the Ry factor of TB, CV and RB on different adsorbents
were obtained by the other authors.22,28,29

TABLE II. Langmuir, Freundlich and D-R parameters for the adsorption of TB, CV, and RB

Parameter B CV RB
Langmuir

gm/ mg gl 400 212.766 344.828

K/Lmg! 0.0183 0.0260 0.0182

R? 0.9991 0.9797 0.9977

Ry 0.4766 0.3903 0.4772
Freundlich

ke 9.6244 4.8018 6.7113

n 1.2384 1.0611 1.1227

R? 0.9976 0.9749 0.9919

D-R

gm/ mg gl 0.0383 0.0136 0.0114

K’ / mol? kJ2 0.0081 0.0070 0.0065

E /kJ mol! 7.8567 8.4515 8.7706

R? 0.9850 0.9788 0.9921

The Freundlich model parameters (kg, 7) and R? values for the studied dyes
were given in Table II. & values were determined as 9.6244, 4.8018 and 6.7113
for TB, CV and RB, respectively (Fig. S-6b). If the k¢ value is large, the ads-
orption capacity is also large. By comparing the k¢ values for the studied dyes in
Table 11, it can be said that the adsorption capacity of LDAC is ranked as TB >
RB > CV. If the value of n is greater than 1, it is favourable adsorption. n values
were found to be greater than 1 for the removal of TB, CV and RB (Table II).
Besides, n > 1 indicates high affinity between the LDAC and TB, CV and RB
and proves that the adsorption occurs in a physical manner and that the ads-
orption sites on the LDAC are heterogeneous. Other researchers revealed similar
results related to the favourable adsorption of TB, CV and RB onto different ads-
orbents.27:29,30

The R? values for Langmuir, Freundlich, and D-R isotherms were deter-
mined to be greater than 0.99 for both TB and RB and greater than 0.97 for CV.

The adaptation of the experimental data to the D-R model was shown in Fig.
S-6¢ and the calculated D-R parameters (g, K’ and E) and R? values were given
in Table II. The E value calculated from the D-R model indicates that when £ < 8
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kJ mol-!, the adsorption mechanism is physical, when 8 < E < 16 kJ mol-!, it is
ion exchange adsorption, and when E > 8 kJ mol 1, the adsorption is chemical. In
this study, E values were calculated to be 7.8567, 8.4515 and 8.7706 kJ mol-! for
TB, CV and RB, respectively (Table II). The type of adsorption of TB on the
LDAC was of a physisorption nature. In other words, the interaction between TB
molecules and LDAC takes place by van der Waals forces. Although the values
of E for CV and RB seem to be in the ion exchange range, they are very close to
8 kJ mol~!, and it can be stated that the interaction between both CV and RB
molecules and the LDAC surface is also by physical adsorption mechanisms.

A comparison of the maximum adsorption capacity of the LDAC with vari-
ous activated carbons used as cheap adsorbents for TB, CV and RB removal was
given in Table IIl. This comparison demonstrated that the LDAC had a greater
adsorption capacity than other adsorbents. Thus, the LDAC can be considered an
adsorbent with great potential to remove dyes such as TB, CV and RB from
aqueous medium.

TABLE III. Comparison between LDAC and cheap biomass-based activated carbons for TB,
CV and RB removal in mg g-!

Activated carbon TB CvV RB Ref.
Garcinia cola nut shell (CBK1/1) 189.60 2
Garcinia cola nut shell (CBH2/1) 396.04 29
Plastic waste polybags (P-ACs) 16.28 27
Plastic waste cups (C-ACs) 115.40 27
Plastic waste bottles (B-ACs) 43.93 z
Coconut tree male flowers (PAAC) 60.42 2
Coconut tree male flowers (SAAC) 85.84 2
Millettia thonningii seed pods-derived 7.57 30
Palm petiole-derived 209 31
Oak leaves-derived 41.15 32
Activated sugar-based carbon (ASC) 123.46 28
Earthworm manure-derived 21.60 3
Bamboo shoot shell-derived 85.8 3
Plaintain peels-derived 84.41 34
Cassava slag-derived 105.6 3
LDAC 400 212.77 344.83  Present study

Adsorption thermodynamics

Thermodynamic parameters of the adsorption of TB, CV and RB on the
LDAC, such as the Gibbs energy (AGY / kJ mol-1), enthalpy (AHY / kJ mol-1) and
entropy changes (AS? / kJ mol-! K-1) changes, were calculated using Eqs. (5)—
—(7) and the van’t Hoff plot (Fig. S-7 of the Supplementary material), and the
results were shown in Table IV. The negative values of AGY showed that TB, CV
and RB adsorption on the LDAC was spontaneous and feasible (Table IV). The
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positive values of AHO indicated endothermic adsorption. The AHY values for CV
and RB are less than 20 kJ mol~! (Table IV), indicating physical adsorption by
van der Waals forces. Although the AHO value for TB is slightly higher than 20
kJ mol~!, it can be said that the interaction between TB and the LDAC occurs
physically with electrostatic forces. Moreover, the calculated activation energy
and D-R energy values for TB, CV and RB support these thermodynamic results.
The increase in randomness and disorder at the dye solution—-LDAC interface
during the adsorption was designated by positive values of ASY, which is in
accordance with the 204 Jaw of thermodynamics. Similar results for TB, CV and
RB adsorption on different activated carbons have been reported by other res-
earchers.29:31.35

TABLE IV. The values of thermodynamic parameters (60 ppm, 323 K)

Dye K AGY / k] mol! AHO / k] mol! AS? / kJ mol! K-! R?
TB 6.3439 —4.8845 229192 0.0864 0.9987
(0\Y% 3.7657 -3.5056 16.6537 0.0627 0.9904
RB 4.7915 —4.1425 17.7545 0.0748 0.8293
Reusability

The reusability of the LDAC was evaluated for TB, CV and RB adsorption
and desorption, and results were shown in Fig. S-8 of the Supplementary
material. 0.1 M HCI solution was used for the desorption studies. After four con-
secutive adsorption and desorption cycles, the removal efficiencies of TB, CV and
RB decreased by 23.5, 19.1 and 15.4 %, respectively. This demonstrated that
LDAC could be an economical and effective adsorbent for dye removal.

CONCLUSIONS

The adsorption behaviours of TB, CV and RB on LDAC were studied, and
very good results were achieved. The isotherm studies showed that the adsorption
capacity of the LDAC was ranked as TB > RB > CV. The maximal Langmuir
adsorption capacity of TB, CV and RB was found as 400, 213 and 345 mg g1,
respectively. The kinetic studies implied that the adsorption of TB, CV and RB
onto the LDAC fit the PSO kinetics. Besides, the nonlinear forms of the PSO and
IDM models had a good agreement with the experimental kinetic data for TB,
CV and RB. The boundary layer thicknesses were also evaluated. These values
for TB, CV and RB were calculated to be 21.576, 30.383 and 20.840 mg g!, res-
pectively. TB and CV better fit the IDM kinetic model with lower deviation (%)
and RMSE values compared to RB. The thermodynamic studies showed that the
adsorption of TB, CV and RB on the LDAC was spontaneous, feasible and endo-
thermic, with physical adsorption by van der Waals and electrostatic forces.

This study demonstrated that the removal of the dyes with environmentally
friendly, cheap, sustainable and high adsorption capacity the LDAC will con-
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tribute to environmental and wastewater cleaning, and it may be an alternative to
expensive adsorbents.

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/12417, or from the corres-
ponding author on request.

U3BO[
HCTPAXXUBAILE ITOHAIIABLA AICOPITHUIJE TUMOIJI IJTABOT, KPUCTAJIHO
JBYBUYACTOI' U POOAMHWHA b HA AKTUBHOM YTJbY JIOBUMJEHOM O] IUIIAJA

'Bursa Technical University, Faculty of Engineering and Natural Sciences, Chemical Engineering
Department, 16310, Bursa, Turkiye u *Van Yiiziincii Y1l University, Faculty of Science, Chemistry
Department, 65080, Van, Turkiye

[MTowrto ce tTumon mwiaso (TB), kpucranHo pyduuacro (CV) u pomamuu b (RB) yecro
KODHUCTE y pa3HUM HMHAYCTpHjaMa, OHU y3pOKYyjy 3araheme »KMBOTHE CpPEIMHE yCie[ Ipoueca
odpane otnagHux Boja. OBa cTtynuja ce dokycrpana Ha ykiawawe TB, CV u RB u3 BogeHux
menHja momohy akTHBHOT yIba fobujeHor of numaja (LDAC), m ynopehuBame HBHUXOBOT
MOHAallaka MpU afcopnudju. YTBpheHo je a je MaKCHMalH{ KamalWUTeT aJCopILHje IO
Jlaurmupy 3a TB, CV u RB 400, 213 u 345 mg g”!, pemom. Haheno je na yknamame TB, CV u
RB usHocu 86,38, 79,02 u 82,73 %, penom, mpu UCTHUM YCIOBUMA. ExcriepuMeHTanHu mMoganu
Cy WHTEpHpeTHpaHu yodHWYajeHO KOpUIIheHMM KHHETUUKMM M H30TEPMHUM MOAEIHMa.
HspauyHaTe eHepruje akTuBauuje, eHeprija D-R mopena, BpeJHOCTH €HTaINMje U MpolieHa
FT-IR, XRD u SEM/EDX cnuka CHUMJbEHHUX TIpe U MOCJe afcopnuyje doje mokasanu cy ja cy
mexanusmu ancopnuuje TB, CV u RB Ha LDAC ¢usuuku mponecd. KnHeTHYKH Mopen
NCEyRo-Ipyror pena dosse je omMcao apcopnuuoHo noHamawme TB, CV m RB Ha LDAC.
BpennocT nebprHe rpaHUYHOr C/10ja 33 CBe MpoydaBaHe Ooje mosehaBasa ce ca moBehamem
noyeTHe KOHLeHTpauuje doje u Temneparype, a CV je Takohe umao Behy BpenHocT nedbuHe
TPaHUYHOT CJI0ja Off OHe Koja je HaheHa kox TB u RB.

(ITpumiseno 30. maja, pesunupano 10. asrycra, npuxsaheno 20. HoBemdpa 2023)
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Table S-1. Some specifications of TB, CV, and RB

Thymol Blue Crystal Vlolet Rhodamine B
o L TH
Molecular ' J\/,A j
structure R
L O fm
\ o [‘ |
i
Chemical C27H3005S C25H30CIN3 C28H31CIN203
formula
Molecular
weight 466.59 g/mol 407.99 g/mol 479.02 g/mol

e B& DG DS

* Corresponding author. E-mail: hulya.koyuncu@btu.edu.tr
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(b)

Fig. S-1. a) Lichen Pseudevernia furfuracea from Ericek-Bursa; b) lichen-derived activated
carbon.
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Table S-1I. The linearized versions of the PFO, PSO, IDM, Langmuir, Freundlich, and
D-R models

Model Name Model Equation Plots axis (y ; X) Model Parameter
9, q, : (mg g™
PFO In (QQ - Qt) =In (QQ) - Ji"1 *t Ln(qQ - q:) H kll (min‘l)
L 1 L
- =3 s +—
PSO L. k,, k,: (g mg"' min!
ko = Ky *q,° it 5, Ko: (g mg )
g, —ky =tV +8 1 ka: (mg g min"?)
o Gt 6: (mg g")
K s K L K : (L mgh
Langmuir —=g5——+ — — = C.: (mgL™"
s qm: (mg g‘ll)
= — k . 8
Freundlich '™ (7) = 1n (kr) + =+ n (Co) In(g.) ; In(C,) f:(meg)
In (q,) =In (g,,) — K' =€’ qm, qe: (mol g™)
R 2 €: Polanyi potential
D-R E—R+T«ln(1+1/c) @) e K’: (mol?kJ?)

E=1/V2+K") E: (kJ mol™)

m

Fig. S-2. Contact angle of the LDAC.
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Fig. S-3. SEM photos and EDX results of the LDAC before (a, ) and after TB (b, f),

CV (c, g), RB (d, h) loaded.
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Fig. S-4. FT-IR interferograms of the LDAC before and after TB, CV, and RB loaded.
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Fig. S-5. XRD patterns of the LDAC before and after TB, CV, and RB adsorptions.
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Fig. S-6. a) Langmuir; b) Freundlich; ¢) D-R isotherms for TB, CV, and RB.
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Fig. S-7. The thermodynamic plots for TB, CV, and RB adsorption.
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Fig. S-8. The Reusability of the LDAC for TB, CV, and RB adsorption.
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Abstract. The lanasyn black is among the most often used in manufacturing
and is challenging to take out during the treatment of wastewaters from textile
industry. The cloud point extraction was used for their elimination from an
aqueous solution. The multivariable process parameters have been indepen-
dently optimized using the central composite design and the Levenberg—Mar-
quardt algorithm-based artificial neural network for the highest yield of the ext-
raction of lanasyn black via the cloud point extraction. The CCD forecasts the
output maximum of 97.01 % under slightly altered process parameters. Still,
the ANN-LMA model predicts the extraction yield (99.98 %) using 1.04 g of
KNO;, the beginning pH of solution 8.99, the initial content of lanasyn black
24.57 ppm and 0.34 mass % of Triton X-100. With the coefficients of deter-
mination of 0.997 and 0.9777, the most recent empirical verification of the
model mentioned above predictions using CCD and ANN-LMA is determined
to be satisfactory.

Keywords: dyes; wastewater; extraction; optimisation; surface methodology;
neural models; environment.

INTRODUCTION

The pollutant levels in wastewater from textile manufacturers are typically
high. They include up to 1 g/L of the particles and significant levels of organic
contaminants in soluble and colloidal forms. In any case, their colour intensity as
a function of dilution is one of the most distinctive indicators of textile industry
effluent pollution.!# The colour of wastewater can be mostly attributed to the

* E-mail: amarafaf@yahoo.fr
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widespread use of organic dyes in the textile industry. During the manufacturing,
dyes are applied to fibres, textiles and final goods, depending on the business’
expertise. Between 10 and 50 % of the pigments used throughout the dying pro-
cedure are still present in the technical waste solutions and cleaning water that is
produced after cleaning the dyed articles.5 Because of this, the intensity of colour
in wastewaters from textile businesses that use dyes during the production cycle
might approach 1:1000. The amount of colouring and the level of dilution in the
home and industrial wastewater discharged simultaneously. Using green and sus-
tainable technology necessitates the application of alternative processes that util-
ise fewer organic solvents.”

Until now, numerous methods for removing dyes from aqueous solutions,
industrial detritus and polluted water have been reported, including the following:
adsorption, electrochemical process, flocculation, membrane filtration, chemical
oxidation and biodegradation.8-10

Over the past ten years, the cloud point extraction (CPE) is an effective ext-
raction method and has continuously developed.!!-12 CPE has several advantages
over conventional pre-treatment methods, including the ease of use, increased
efficiency, safety and environmental friendliness.!3 To obtain phase separation
from the extraction solution, the solubilisation of the surfactant and cloud point
phenomena are used primarily.14 Typically, the hydrophilic phase of a surfactant
expands in water to produce a long, flexible vermiform micelle. As a result, a
tiny volume of the surfactant-rich phase might contain a large amount of the ana-
lytes that interact with micellar systems. The analytes move to the inside of the
micelles and become securely attached to the hydrophobic groups once the con-
centration of the surfactant exceeds the micelles’ critical point, and therefore
micelles will form.15:16 Contrary to the most traditional non-ionic surfactants,
Triton X-100 (T100) is a non-ionic surfactant with a distinct structure of the hyd-
rophobic component T100, specifically, features an alkyl-aryl (octyl-phenyl)
group as its hydrophobic component instead of an aliphatic tail. It is widely
employed in the field of biochemical research as well as in some pharmaceutical
formulations and biological system applications.!’

Clariant of Switzerland manufactures the anionic azo dye lanasyn black M-
-DL, also known as lanasyn black. The dye is one of the most frequently used in
manufacturing and is difficult to eliminate during the effluent treatment.?

Our work’s objective focuses on removing lanasyn black by the cloud point
extraction using the non-ionic extractant T100 and the ionic liquid Aliquat 336.
A salting-out technique was implemented, which permits the phase separation of
surfactants with high cloud points, including T100, at room temperature. When
combining a nonionic salt with an inorganic salt (KNO3), the cloud point of a
surfactant solution decreases as the salt concentration increases. The reason for
this is because the water molecules surrounding the nonionic surfactant exhibit a
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higher degree of the orientation towards the salt anions (such as NO3™) even
under normal room temperature conditions.!® The influence of function variables
was studied using a central composite design and artificial neural network based
on Levenberg—Marquardt algorithm. The optimal conditions of the extraction of
our dye were determined.

MATERIAL AND METHODS
Materials

T Complex Textile (Soitex) in Tlemcen, Algeria, sells black lanasyn (C3gH3,CrNgO14S,).
Triton X-100 is a non-ionic surfactant with an HLB value of 13.5 and a critical micelle con-
centration (CMC) of 3.0x10* M at 25 °C, was employed in this investigation. KNO; 99 %
came from Merck, used to decrease the point cloud temperature to room temperature. Aldrich
is the source of Aliquat 336 (tri-capryl-methyl-ammonium chloride, CH;N[(CH,);CHj3];Cl).
Sigma—Aldrich manufactures sodium hydroxide and hydrochloric acid. Chemopharma pro-
vides the ethanol 96 % needed. To make our solutions, we used distilled water.

Batch extraction experiments

Every alteration done throughout this work is based on the Triton X-100 and added mass
of KNOj cloud point extraction of the organic contaminant black lanasyn (LN). At room tem-
perature and in graduated tubes, from 1.5-4 % of Triton X-100 was added to Na,SO, from
0.5-1 g, added to ImL of Aliquat 336 at 0.3 M dissolved in 5 mL of the mother solution of
LN from 10 to 20 ppm and then supplemented up to 10 mL with the same solution. The solut-
ion’s pH ranged from 2.4—6.82. The solutions are left to stand for 30 min. Then, they were
centrifuged at 2000 rpm for 10 min, and UV—Vis measures the diluted phase at the absorption
band A,.x = 570 nm. The various procedures taken throughout LN organic pollutant extraction
using cloud point are shown in Fig. 1.

Dye _
Triton X-100
Aliquat 336
KNO3
\J
Rest p p-S— ﬁj Dosage by
: for centrfygation , ( & | Separation UV-Visible
===/ \-[ =
' - [N 10 min ¥ T
30 min *‘ - -
! % 2000 RPM L™ e
" 1 ’ — flae,
[ —
i /[
. =
Coacervate "\ @
phase

Diluted phase

Fig. 1. Schema of the CPE of lanasyn black.

The black lanasyn solutions’ UV—-Vis absorbance was measured using an SP-UV 200S
UV—Vis spectrophotometer. Adwa pH-metre was used to measure pH. The LN removal effic-

acy (%) was calculated by:

19,20

Removal(%) =100

Ci — Ce

1
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where C; is the initial concentration and C, is the equilibrium concentration of LN.
Central composite design

The central composite design (CCD) is the most frequently employed among all multi-
variate methods. CCD determines how each component affects how the other factors interact.
With the least amount of time and effort, this method establishes the system’s ideal circum-
stances. This approach focuses on achieving several specific objectives, the most crucial of
which is to enhance the process by identifying the best input.?!

In this work, CCD was successfully employed to examine the impact of various variables
on the effectiveness of lanasyn black’s extraction by the cloud point extraction. Four distinct
factors’ experimental ranges and levels were selected. Table I lists the mass of KNO; (X)),
Triton X-100 (X3), initial pH of the solution (X3) and initial dye concentration (X;). The
following equation was used to calculate the results of 31 experimental runs. The following
Equation was used to code the factors:22-24

Xi—Xo
X == @)
where x;, Xj, Xy, and AX are the coded values of the factors, their corresponding real values,
the centre point of the real independent variable and the step between the real variables, res-
pectively.

The multi-regression polynomial equation (Eq. (3)) can be used to represent the mathem-

atical representation of relating the independent factor to the outcome:25-27

k k
y(%) = Ay + Zizl AX; +zi:1 A; X7 +Zizlzj:i+l A XX+ ¢ (3)

As far as they are concerned, 4, denotes the expected response, 4;, 4;;, 4;; represents the
constant coefficient, and X;, X; represents the input components in coded values. Finally, it
means the overall error. Statistical software Design Expert 13 created the response surface,
contour plots and statistical data analysis.

TABLE I. Summary of CCD design

Experimental factors with their units

Level Mass of KNO; Triton X-100 pH of the Initial dye
X)) (X5) solution(X3) concentration (Xj)

-2 0.25 0.025 0.19 5

-1 0.5 0.15 2.4 10

0 0.75 0.275 4.61 15

1 1 0.4 6.82 20

2 1.25 0.525 9.03 25

Artificial neural network—Levenberg—Marquardt algorithm (ANN-LMA)

The artificial neural network simulation is a mathematical instrument. It predicts the
linear and nonlinear relationships between multiple inputs and outputs in a complex process.
Individually, ANN and CCD can be used to optimise the non-linear process parameters of our
dye extraction; however, they are highly interdependent on the input parameters. Due to the
presence of beams of highly corresponding elements known as neurons, ANN is regarded as
more accurate than CCD.28-30 Input, hidden and output layers are the distinct divisions of mul-
tiple neurons that comprise the ANN model. Hidden layers, which can have a single or mul-
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tiple architectures, are the operating units that function as the character detectors and intro-
duce nonlinearity into the network. The development of an ANN model is contingent upon
multiple phases.>!33 The phase of learning and the phase of validation. Using previously
presented CCD data and the Levenberg—Marquardt feedback algorithm, an ANN model was
developed and trained. However, the data points were generated using the second-order poly-
nomial equation of CCD. Fig. 2 shows the simple structure of the current ANN-LMA.

Mass of KNO3 (g) @

Triton X-100 (w/w) X2

@ Extraction yield (%)
A
[Lanasyn Black] (ppm) 0‘

Fig. 2. Proposed modelling by ANN-LMA.

As the error functions, we used the mean absolute error (MAE), the mean square error
(MSE), the root mean squared error (RMSE) and the absolute average deviation (44D) to eva-
luate the performance of the ANN model for predicting the dependent variable. It is deter-
mined using the following equations:28

1\ ¢n
MAE = (iji— || Emodel = Eexp 4)
n 2
" (Euodel — Eox
MSE = zz=1( mozel e p) 5)
100 n Emodel _Eexp
ADD(%)=— B — 6
( 0) n [Zl_l EeXP ( )
n 2
; Emo e _Eex
RMSE = \/Zl—l( Z 1~ o) (7)
RESULTS AND DISCUSSION

Statistical results

According to the combinations selected using central composite modelling,
the experimental matrix shown in Table II comprises 31 experiments. Using this
approach, we identified the four elements that were evaluated that were the most
critical parameters and the synergic interactions.

The five-level matrix generated by CCD and ANN-LMA with the responses
obtained experimentally for the extraction of our dye is shown in Table II. It is
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clear from the Table II that the extraction yield was obtained around the centre of
all parameters. The anion of lanasyn black, negatively charged, reacts in the coa-
cervate phase, Triton X-100 and the ammonium cation of Aliquat 336 form

mixed micelles as shown in Fig. 3.34

TABLE II. Experimental matrix of experimental data, CCD and ANN-LMA for the extraction of

lanasyn black

Run  Mass of ')l;r_llt gg H Lanasyn black Extraction Predicted value l:/ﬁigfd

order KNO (%) (o p (ppm) yield (%) by CCD (%) {0 ((VZ)

1 -1 -1 -1 -1 88.98 86.6054 88.8945302
2 -1 1 1 -1 90.22 89.2438 90.2931885
3 1 1 -1 1 83.24 84.2225 84.1005084
4 1 1 -1 -1 91.00 89.8971 91.2489692
5 1 -1 1 1 83.60 84.1642 84.4159927
6 1 -1 -1 -1 89.83 92.3075 90.6289325
7 1 -1 1 -1 82.44 81.9387 83.89133

8 0 0 0 0 96.78 97.5114 97.7391311
9 2 0 0 0 88.26 86.6404 89.4786037
10 0 0 0 0 98.02 97.5114 97.7391311
11 -1 -1 1 -1 82.59 82.7492 83.2669267
12 -1 1 -1 -1 84.66 85.2375 83.0878711
13 -1 -1 -1 1 82.30 84.0508 84.4210992
14 0 0 2 0 93.15 93.7221 93.9104141
15 1 -1 -1 1 84.91 85.1054 86.2595135
16 -2 0 0 0 86.18 87.4388 87.6001534
17 0 0 0 0 98.00 97.5114 97.7391311
18 0 0 -2 0 91.59 90.6571 91.4822843
19 0 0 0 0 97.00 97.5114 97.7391311
20 0 2 0 0 82.74 83.4954 83.0456114
21 -1 1 -1 1 84.49 84.2104 84.5912063
22 0 0 0 2 91.28 89.5638 91.6904094
23 -1 -1 1 1 89.30 89.6221 88.7290656
24 1 1 1 1 89.55 91.1438 91.1766252
25 0 0 0 0 98.02 97.5114 97.7391311
26 -1 1 1 1 98.98 97.6442 98.3143374
27 0 -2 0 0 79.00 77.8838 79.963546
28 1 1 1 -1 88.00 87.3908 90.3381571
29 0 0 0 0 97.76 97.5114 97.7391311
30 0 0 0 0 97.00 97.5114 97.7391311
31 0 0 0 -2 87.01 88.3654 89.8871532

On the basis of these findings, the empirical relationships between the res-

ponse of CCD and selected variables have been determined:

Extraction yield (%) =97.511 — 0.200m(KNO3) + 1.403xTriton X-100 +
+0.766pH + 0.300[LN] — 2.618m(KNO3)m(KNO3) — 4.205xTriton
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X-100xTriton X-100 — 1.330pHxpH — 2.137[LN][LN] — 0.261m(KNO3)x
XTriton X-100 — 1.628m(KNO3)pH — 1.162m(KNO3)[LN] + 1.966x
XTriton X-100xpH + 0.382m(Triton X-100)X[LN] + 2.357pH[LN]

To find the significant main and interaction effects of the dye extraction
parameters, an ANOVA (Table III) was performed.

Tonic liquid Anionic Dye
| Aliquat 336 P Lanasyn Black ?
'
)¢ r
\ ‘ / Iy \ ¢ 0 ! ‘\ na
[ ] '] () ;:q
—
""" ™ U Y \ \
/r ?\ | ] N\
| ; 2 ;
Surfactant Triton X-100/Aliquat 336 Mixed micelles

Triton X-100/ Aliquat 336/ Lanasyn Black
Triton X-100 -

Fig. 3. Lanasyn black dye extraction using combined Triton X-100/Aliquat 336 micelles.

TABLE III. ANOVA for CCD-quadratic model

Source Sum of squares df Mean square F-value p-value Significance

Model 706.27 14 50.45 16.50 <0.0001 Significant

A-Mass of KNO; 0.9560 1 0.9560 0.3128 0.5863

B-Triton X-100 47.24 1 47.24 15.45  0.0020

C-pH 14.09 1 14.09 4.61 0.0529

D-[Lanasyn black] 2.15 1 2.15 0.7047  0.4176

AB 1.09 1 1.09 0.3555 0.5621

AC 42.41 1 42.41 13.88  0.0029

AD 21.60 1 21.60 7.07 0.0209

BC 61.82 1 61.82 20.22  0.0007

BD 2.33 1 2.33 0.7633  0.3994

CD 88.88 1 88.88 29.08  0.0002

A? 146.45 1 146.45 4791 <0.0001

B? 377.68 1 377.68 123.56 <0.0001

c? 37.88 1 37.88 12.39  0.0042

D? 97.59 1 97.59 31.93  0.0001

Residual 36.68 12 3.06

Lack of fit 35.83 10 3.58 8.38 0.1113 Not
significant

Pure Error 0.8552 2 0.4276

Cor total 742.95 26

Model AdeqPrecision R? Rz(adjust) Rz(predicled)

15.1637  95.06% 89.30%  71.97%

The model F-value of 16.50 to Fitic(0.05, 14.12) = 2.65 indicates that the
model is statistically significant. There is only a 0.01 % possibility that this large
cloud’s F-value is caused by noise. p-Values less than 0.05 indicate the signific-
ant model terms. In this particular instance, Triton X-100, mass of KNO3xpH,

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

(CC) 2024 Serbian Chemical Society.



1234 AMARA-REKKAB

mass of KNOsx[Lanasyn black], Triton X-100xpH, pHx[Lanasyn black], (mass
of KNO3)2, (Triton X-100)2, pH2 and [Lanasyn Black]? are significant model
terms. The values exceeding 0.1000 indicate that the model terms are not statis-
tically significant. The lack of fit F-value of 8.38 indicates that the lack of fit is
not statistically significant in comparison to the pure error (0.05, 10.2) = 19.4.
Due to noise, there is an 11.13 % probability that a lack of fit F-value will occur
in this large cloud. The predicted R2 of 0.7197 corresponds reasonably well to the
adjusted R? of 0.8930, i.e., the difference is less than 0.2. Adegpyecision Measures
the signal-to-noise ratio. The obtained ratio of 15.164 indicates a sufficient signal.
This model can be used to navigate the design space.

Contour plots and response surfaces

Fig. 4 is a graphical representation of the correlations between significant,
optimal values and the specific output variability by the contour plots and res-
ponse surface. By the possible point extraction, these images aid in understand-
ing and describing the combined impact of the two variables on lanasyn black
extraction.3> Depending on the contour plot’s morphologies, the interaction’s sig-
nificance may be high if the contour plot is elliptical and saddle-shaped, but low
if it depicts a circular shape. The maximum response value under the influence of
the operational inputs was effectively determined by keeping the remaining pair
of factors at their midpoint at the same time.36

The elliptical contour diagrams depict the significant impact of interactions
between the mass of KNO3xpH, mass of KNOjsXx[Lanasyn black], Triton X-
-100xpH, and pHx[Lanasyn black]. The maximum extraction yield was achieved
at the centre level of all parameters, suggesting significance.

Response optimization

The response optimization was used to optimize the extraction in MINITAB
19.0, and the experiment was run at the specified solution, yielding an extraction
rate of 97.87 %, which was extremely close to the predicted value. The mass of
KNOj was 1.07575 g, Triton X-100 was 0.368 mass %, the beginning pH of the
solution was 9.03, the initial concentration of black lanasyn was 22.575 ppm, and
this combination produced the highest extraction yield.

ANN-LMA modelling

Using a feed-forward back propagation network and the Levenberg—Mar-
quardt algorithm, the ANN-GA model was developed. Three data set sub-
divisions were generated. Each subset contained 80 % of the testing data, 10 % of
the validation data, and 10 % of the network training data. It is important to note
that these divisions were wholly arbitrary. The inputs and outputs are immutable
elements of the ANN's topology (architecture). Moreover, the number of conc-
ealed layers and their respective neurons represent a series of variable elements.
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Fig. 4. Contour plots and response surface of the effects: a) mass of KNO; and initial pH of
the solution; b) mass of KNO; and initial concentration of Lanasyn black; c¢) Triton X-100 and
initial pH of the solution; d) initial pH of the solution and initial concentration of lanasyn
black on the extraction of lanasyn black by cloud point extraction.
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Fig. 5 shows that the learning converged after 9 periods with the lowest
average square error. Thus, during the ANN iterative learning, the model
achieved a maximum R-value of 0.987772 (Fig. 6a) and a minimum MSE value
of 2.0727 x 10-3 (Fig. 6b) at nine epochs for ten neurons in the hidden layer.
Therefore, the best 4-10-1 network architecture is used for the process
optimization, representing 4 entries in the first layer, 10 hidden neurons, and one
upper layer output. The R2 value close to 1 and a low MSE value indicate that the
performance of the developed model is satisfactory and corresponds to the

experimental extraction values of the LN per point of disruption.
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Fig. 5. Regression and performance plots of the ANN-LMA model.
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The reliability of the here given model for predicting the maximum output
data was confirmed while using the optimal points suggesting the ANN37 (KNO3
mass: 1.04 g; beginning pH of solution 8.99, initial of Black Lanasyn 24.57 ppm,
and 0.34 mass% of Triton X-100). The extraction yield of the experimentally
recorded LN was 99.98 % suggesting the suitability and validity of the model.
However, the optimums achieved by ANN resulted in an even higher extraction
yield than with CCD modelling.38-41

Comparative study between CCD and ANN-LMA

In order to evaluate the efficacy of the CCD and ANN models, the outputs
were compared to the relevant experimental data, Fig. 6.

L ANN
¥ =0.9414x+ 5.8581
100 - R*=10.9756
oo & o835
80 g e

ZL CCD
v =0.9636x + 3.2603

40 R*=10.9636 ® Experimental value by CCD (%)

Predicted value (%)

20 Experimental value by ANN (%)

/0 IS5 80 85 90 95 100 105

Experimental value (%)

Fig. 6. Comparative parity diagram of experimental and predicted results.

The determination coefficient R = 0.97498 for the CCD model and R =
= 0.98772 for the ANN model shows that the values of the model-based predic-
tions are in perfect accordance with the experimental results.

As a result, the proposed models are well-adapted to data and provide stable
responses. However, compared to the RSM model, the ANN model has a higher
predictive capacity and accuracy based on the experimental results. The R value
is closer to 1.0.

In addition to the regression coefficient (R), the observed MAE, MSE, AAD,
and RMSE values for both models were determined to provide a statistical indic-
ation of the accuracy of the model predictions. The MAE, MSE, AAD and RMSE
values for the CCD and ANN models have been calculated and are presented below.

The MAE (0.1203), MSE (0.4488), AAD (0.1363 %) and RSME (0.6699) for
the CCD model are higher than those (0.0955, 0.2831, 0.1097 and 0.5321 %,
respectively) for the ANN model. This means the ANN model offers a higher
modelling capacity than the CCD model. This result is similar to several res-
earchers.42:43
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CONCLUSION

The lanasyn black was obtained by the textile sector, and is among of the
more frequently used in manufacturing. It is difficult to remove during waste-
water treatment. Their removal in an aqueous solution was accomplished by the
cloud point extraction. For the most significant yield of the extraction of lanasyn
black using the cloud point extraction, the multivariable process parameters have
been independently optimized using the central composite design (CCD) and
artificial neural network—Levenberg—Marquardt algorithm (ANN-LMA). The
ANN-LMA model predicts the extraction yield (99.98 %) in the optimal condit-
ions. The most recent experimental validation of the model mentioned above
predictions using ANN-LMA and CCD is found to be good, with coefficients of
determination of 0.997 and 0.9777, respectively.

H3BOJ
LHEHTPATHU KOMITO3UTHU OHU3AJH (CCD) U LEVENBERG-MARQUARDT
AJITOPUTAM 3ACHOBAH HA BEIITAYKOJ HEYPOHCKOJ MPEXHU (ANN-LMA) 3A
HU30BAJAE TJAHACHUH LIUPHE BOJE EKCTPAKIIUJOM ¥ TAYKH 3AMYREBA

AFAF AMARA-REKKAB!?

!Institute of Science and Technology, Department of Hydraulics, University Center of Maghnia, Maghnia,
Algeria u *Laboratory of Separation and Purification Technologies, Department of Chemistry — Faculty of
Sciences, University of Tlemcen, Box 119, 13000, Algeria

JlanacuH upHa 0oja je mehy Hajuemrhe xopuurheHUM y TpPOU3BONHU, HAPOUUTO
TeKCTWJIHOj UHIYCTPHUjH, U TEUIKO je YKJIOHHUTH je TOKOM TpeTMaHa OTIaJHUX Bona. 3a
BEHY eJMMHUHAalWjy y BOAEHOM pacTBOpy KopulnheHa je eKcTpakLMja y Taukd 3aMy-
hemwa. [TapameTpu MYJITHBAPHjaHTHOT MpoOIleca Cy HE3aBUCHO ONMTHMHM30BAHU Kopuurhe-
HBEeM LeHTPAJIHOT KOMIIO3UTHOI [M3ajHa U BellTauke HEYPOHCKE MpeXXe, 3aCHOBAaHe Ha
Levenberg—Marquardt anroputmy 3a Hajsehu nmpuHOC excrpaxkuuje JlanHacuH upHe Hoje
y Tauku 3amyhewa. CCD npensubha usnasuu makcumym ogn 97,01 %, mox dmaro usmeme-
HUM TapameTrpuma mpoueca. Umak, ANN-LMA mogzen npensuha mpuHoc excTpakuuje
on 99,98 %, xopucrehu xonmumny KNOjz om 1,04 g, nouetnn pH pactsopa 8,99,
NIOYeTHY BPEJHOCT JaHaCHH LpHe doje ox 24,57 ppm u 0,34 mac. % Tpurona X-100. Ca
koeduuujeHTuMa ferepmuHanuje on 0,997 u 0,9777, oapeheHa je 3agoBomasajyha Haj-
HOBHja eMNUpHjcka Beprudukanuja npessuhama mogena nomohy CCD u ANN-LMA.

(ITpumsmeno 20. centemdpa, pesunupano 8. Hosemdpa 2023, mpuxsaheHo 4. mapta 2024)
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Abstract: Chirality is traditionally a problematic subject for undergraduate stu-
dents at the beginning of learning organic chemistry, yet it is of great impor-
tance in life sciences. If the initial introduction of chirality is conducted care-
lessly, students will face ambiguity through the rest of the course and education
every time they come across chirality-related subjects. Although there are num-
erous methods for overcoming the problems of visualization of chiral mole-
cules in 3D space, the connection of chirality with molecular changes like vib-
rations and conformations is usually not explained thoroughly. In this work,
chirality is introduced on dynamic (real) systems, because students from the
start should perceive molecules in their natural state of constant motion and
change. Apart from the proposition of the lecture concept, exercises are also
included, that employ free and readily available software.

Keywords: second-year undergraduate; organic chemistry; stereochemistry,
pedagogy.

INTRODUCTION

Students often have problems with the perception of chirality in bachelor
studies.! Because of that, great effort has been put into searching for an efficient
method for facilitating students’ visualization of chirality in 3D space.2 But molec-
ules are dynamic and the inclusion of molecular changes in chirality principles is
essential for understanding real systems. We propose a method for the inclusion
of molecular changes in chirality lectures, to complement the well-established
concept of chirality introduction in undergraduate courses. It relies on the basic

* Corresponding author. E-mail: kokicb@chem.bg.ac.rs
# Serbian Chemical Society member.
https://doi.org/10.2298/JSC230803032K
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1242 KOKIC et al.

knowledge of chemical equilibrium and chemical kinetics, as well as molecular
motions and bonding, which is usually taught in general chemistry courses.

Traditionally, chirality is introduced firstly on asymmetric tetrahedral C-
-atoms. We suggest that dynamicity should be taken into account from the start
and the introduction of chirality can be exemplified on the three case studies,
describing tetrahedral C-atoms at the end of the lecture. By this approach, atrop-
isomerism can be an integral part of the lecture and it is usually taught afterward
or in higher courses.

Also, clips of molecular motions are available for better following of the
lecture. Exercises that utilize free and readily available software are also provided.

CHIRALITY IN DYNAMIC SYSTEMS

Objects that are non-superposable on their mirror image are said to be
chiral.3 Familiarity with mirror reflection from everyday life makes this approach
universal for teaching. After this initial introduction of the chirality definition, we
propose that students should be familiarized with the fact that enantiomers (E;
and E») in achiral environment have the same standard enthalpy of formation and
standard entropy. However, enantiomers don’t have exactly the same amount of
energy. It is estimated that the difference in energy between enantiomers for
typical chiral molecules is in the order of magnitude 1015 kJ/mol.# This is the
consequence of the phenomenon called parity violation and is caused by the
intrinsically chiral nature of the weak nuclear force. But for all practical pur-
poses, it is precise enough to consider that the system that consists solely of E;
molecules has the same energy as the system that consists solely of E; molecules.
Since there are no thermodynamical preferences for one of these states, equilib-
rium is reached when there is an equal number of enantiomers E| and E, in the
system (derivation of this statement is provided in the Supplementary material to
this paper):

Ei=E, (1)
[E, ]

K=—=1 2

[E; ] @

= [E|=[E;] 3)

where E| and E; are enantiomers, [E] and [E»] are their concentrations and K is
the equilibrium constant for the Eq. (1).

In other words, chiral systems thermodynamically tend to racemize. Chiral
molecules will racemize if there is a way for that (molecules can undergo only
those changes which energy barrier they can overcome). The speed of racemization
is never zero. The question of practical importance is how fast is it happening.>
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MOLECULAR CHIRALITY

If we want to consider real molecular systems we have to be aware of their
real state, since, after all, we want to determine stereochemical properties of a
real molecule and not of its model. Standard drawings with dashed lines help us
visualize the molecules and are routinely used in chemistry practice. However,
we have to be aware of their limitations.® Atoms in a molecule are not static, i.e.,
bond angles and bond lengths are rapidly changing (literature values for bond
lengths and bond angles are average values).” Also, there is another change that
molecules undergo: rotation about the C—C bond.” The importance of the awar-
eness of all molecular motions has been emphasized recently and animations
were proposed as a tool for the effective inclusion of these motions in the cur-
riculum.8 The impact of molecular changes on chirality properties is analyzed
through the following case studies.

Case study #1

Bromochloromethane is a good example for bond length and bond angle
changes because it does not have conformation isomers. Among many structures
of bromochloromethane, which are produced by these changes, the ones in which
two C—H bonds are not the same length are chiral (Fig. 1, the difference in bond
lengths in 3 and 4 is exaggerated for clarity); animation is available at http://
//cherry.chem.bg.ac.rs/handle/123456789/5945. Also, structures that have two diff-
erent HCCI angles or two different HCBr angles (8 and 6’ in the Fig. 1) are chiral;
animation is available at http://cherry.chem.bg.ac.rs/handle/123456789/5946. Sim-
pler — desymmetrization of two hydrogens produces a chiral structure.

0 8]
% rt ¢t Gl et (S LG
H C‘B!‘ g i ,C*Br e H“",C‘Br e C,\B = leBi”
/ H \ H \)
H 0 p
3 4 5 6 7
chiral chiral achiral chiral chiral

Fig. 1. Macroscopic sample of bromochloromethane contains great number of different
molecular structures, which differ in bond angles and bond lengths. All those
structures are in dynamic equilibrium. Some of them are chiral.

These “bond length enantiomers” (3 and 4 in Fig. 1) and “bond angle enant-
iomers” (6 and 7 on Fig. 1) are rapidly interconverting and in an achiral environ-
ment they are in equilibrium that is a racemic mixture (Eq. (3)). In a system that
consists of a great number of bromochloromethane molecules, every chiral struc-
ture will have its enantiomer present in the system in the equal amount (Fig. 2).
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Fig. 2. Every chiral structure of bromochloro-
methane has its enantiomeric pair present in the sys-
tem in the equal amount, because the system is in
equilibrium.

The reason why we don’t call this system — a racemic mixture of bond-length
and bond-angle enantiomers is because we cannot separate these enantiomers. They
are rapidly interconverting. If we imagine that we somehow separate one type of
chiral molecules from the mixture, the moment we put them to ambient conditions
they will equilibrate to a racemic system, identical to the one we have separated
them from. This resembles the phenomenon of cutting the north pole of the magnet
from the south pole — it results in two magnets with north and south poles (Fig. 3).

cl

+C~
- |-|/ Br
H
3

(pure)

hypothetical
separation

QI
H‘\\\V-Q;C‘Br

T

4
(pure)

rt.

SN
S
N N[S
U
0 0
¢ O (O H@
wiCBr T OB = wGer —  Comr
H H g H\_)e
4 5 6 7
0 0
cl cl cl o

. - H
C-Br = ,CBr = HGp = C-Br

¥4

Fig. 2. Analogy between fast racemization and poles of a magnet. Separation will
result in two systems, which are identical as the starting one.
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Because of that, we call a system consisting of bromochloromethane molec-
ules achiral under ambient conditions, or simpler, we call a bromochloromethane
an achiral molecule (Fig. 4).

Cl Fig. 4. Bromochloromethane is considered achiral because it does not
== y-C-pr exhibit chiral properties in contact with other systems and is not con-
H sidered a racemic mixture because the separation of its chiral cons-

achiral molecule tituents is practically impossible.

In the following text, changes in bond angles and bond lengths will be neg-
lected for simplicity, but they are always happening.

In Supplementary material, there is detailed practice on computational pre-
diction of the IR spectrum of any molecule and generation of vibration animat-
ions using readily available free software.

Case study #2

Let’s now consider 1,2-dibromoethane. Besides the mentioned bond angle
and bond length changes, rotation about the C—C bond also takes place.” The
energy required for the full rotation of the C—C bond in this molecule is 42 kJ/mol
(10 kcal/mol).? This is relatively a small amount of energy and is accessible to
molecules on ambient conditions. Every conformation is chiral except two (8 and
11 in Fig. 5). Every chiral conformation can transform into its enantiomer by rot-
ation about the C—C bond — two examples are depicted in Fig. 5. All conformat-
ional enantiomers are equilibrated and the system is achiral (animation is avail-
able at http://cherry.chem.bg.ac.rs’handle/123456789/5947). The equilibration is
rapid at room temperature (if we somehow manage to isolate a chiral conformer,
half of the sample will racemize in just 100 s) and consequently, separation of
different chiral conformations is impossible. So we call the system “achiral”, rather
than “racemic mixture”. Simpler, we call a 1,2-dibromoethane an achiral molecule.

The energy barrier for conformational enantiomer equilibration at room
temperature depends on the molecular structure. In some cases, the barrier is high
and the rotation about the C—C bond requires a significant amount of time and
enantiomers are experimentally isolable on ambient conditions. These systems are
considered chiral. For example, compound 14 ((5)-2,2',3,5',6-pentachloro-1,1'-
-biphenyl) can transform into its enantiomer (15) by simple rotation about C—C
bond, but the energy barrier for this process is 184 kJ/mol (44 kcal/mol) in this
case (animation is available at http://cherry.chem.bg.ac.rs/handle/123456789/5948).
This amount of energy is too high for the equilibration of 14 and 15 at room
temperature at a significant rate (half of the sample of pure 14 will racemize in
300 billion years, Fig. 6).11

At higher temperatures, molecules have more energy and equilibration is
faster (at 300 °C half the sample of pure compound 14 racemizes in half an hour).

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

(CC) 2024 Serbian Chemical Society.



1246 KOKIC et al.

But the criterion for calling something “chiral” is based on the practical ability to
isolate something at room temperature. Because of that, we consider 14 a chiral
compound, in spite of the fact that we can induce its rapid racemization at elev-
ated temperatures. Besides temperature, other factors can accelerate the racemiz-
ation process. For example: solvents, catalysts, acids, bases, etc.

Br Br rt Br ri rt Er HH ot e Br Hpr
e R e T <= e
H H H H Br
8 9 10 11 12 13

achiral chiral chiral achiral chiral chiral

Br. BLH rt HE' Br k=1

Hl‘_l H H }:iH

% 9 13 J

Y
enantiomers

Br oot H r
HT7 B = Bry—{y K=
H H H H

N 10 12 )
Y

enantiomers

e R - Vi Br
achiral molecule

Fig. 5. Conformational changes in the molecules of 1,2-dibromoethane lead to the formation
of different chiral structures, which are equilibrated with their enantiomers.
Equilibration is fast, so separation of chiral constitutes is practically impossible and
1,2-dibromoethane is considered an achiral molecule.

When the interconversion of conformational enantiomers is rapid at room
temperature a similar system is considered achiral, analogous to 1,2-dibromo-
ethane. For example, interconversion of 16 and 17 (3'-isopropyl-2-methyl-1,1'-
-biphenyl) requires 29 kJ/mol (7 kcal/mol) of energy, so these enantiomers are
not isolable at ambient conditions (time needed for the racemization of half of the
sample of pure 16 on room temperature is in the order of 10~ s) and the comp-
ound is considered achiral. The example can be seen in Fig. 7 and animation is
available at http://cherry.chem.bg.ac.rs/handle/123456789/5949).12

At this point, the introduction of an atropisomerism is consequential from
everything mentioned so far, rather than a special case, how it is usually taught.
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cl  CicCl CICt i
Cl Cl Cl Cl
14 16

interconversion of conformational
enantiomers is slow

ci. CicCl
= W) . ch ehi
Fig. 6. An example of a compound which chiral con-
cl cl formations are not rapidly interconverting. Separation
14 of its chiral constitutes is possible. It is considered
chiral molecule chiral.

“*”’
16 17

interconversion of conformational
enantiomers is rapid

Fig. 7. An example of a compound which is considered
— O O achiral for the same reasons as 1,2-dibromoethane.
Fast racemization (conformational equilibration) on
ambient conditions makes its chirality unobservable
achiral molecule in most experiments.

In Supplementary material are provided tasks in which students need to cal-
culate energy barriers of biphenyls and to propose their configurational stability
based on the calculations. The procedure is explained in detail using free readily
available software.

Schifer et al. pointed out that often achiral substance is dominantly comp-
osed of chiral structures (because those chiral structures are the most stable form
of that compound).!3

Case study #3

Chiral amines that contain an asymmetrically substituted nitrogen atom can
racemize by the mechanism that is called pyramidal inversion. For ordinary
amines, on average, 29 kJ/mol (7 kcal/mol) is needed for the inversion to take
place.14 So ordinary amines racemize rapidly (half the sample of an ordinary
amine racemizes in 1079 s) at room temperature and because of that are not
considered chiral (Fig. 8).
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2 R2
9 rt. Y rt. 'Y, rt. R\ 3 rt N Rs
1-N. === R N-p3 === R"rN_..Rfﬁm RlN~R® —= R':N‘
RRzl R’ rZ” R RZ7 g v J
18 19 20 21 22
chiral chiral achiral chiral chiral
v rt 0
R1‘/‘N‘R3 — RgN'{;R‘] K=1
R? R?
18 22
. J
h'd
enantiomers
1 v rt Q 1
RYN-g2 = p3a-NoR -
sz R \RZ K=1
19 21
N J
h'd
enantiomers
U
 — R17N‘R3
RZ

achiral molecule

Fig. 8. Although amines racemize by different mechanism, inspection of their chirality
follows the same pattern as for the molecules mentioned so far. Fast racemization
(equilibration) of chiral structures leads to an achiral system.

For comparison, chiral sulfoxides that contain an asymmetrically substituted
sulfur atom are usually configurationally stable at room temperature, but racemize
at elevated temperatures.!5 Mechanism for their racemization depends on the
structure. Some sulfoxides undergo pyramidal inversion, just like amines. But the
energy required for pyramidal inversion at sulfur is much greater: for example,
171 kJ/mol (41 kcal/mol) for methyl phenyl sulfoxide.l® This amount of energy
is relatively high and racemization on ambient temperature for this molecule
takes billions of years (half of the sample racemizes in 2 billion years). But, at
214 °C half of the sample will racemize in just one day (Fig. 9).

But methyl phenyl sulfoxide is considered chiral, because enantiomers are
isolable at ambient conditions (Fig. 10).
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Ph Phy o
v o U o dJ 9 ] o
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e/ 0 Ph/ PR 3 J o
23 24 25 26 27
chiral chiral achiral chiral chiral
@O
/S O@ 214 °C @ \ K=1
23 27
. S
Y
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Ve 9
w880 214°c 0.0
Me/S O 20 S\Me K=1

Ph Ph
24 26
. A
Y
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Fig. 9. Pyramidal inversion at sulfur in methyl phenyl sulfoxide requires a high amount of
energy. However, at elevated temperatures, it is happening relatively rapidly.

@2
Me/s P %% Q S\,Me

23 27 Fig. 10. The analogy between Figs. 8 and 9 is obvious,
although sulfoxides are considered chiral because of prac-

Me“‘“S@o@ tical reasons: purification of chemicals in the laboratory is

= Ph/ done at room temperature in most cases. At that tempe-

rature, sulfoxides are configurationally stable (the rate of
23 racemization is insignificant) and are consequently con-
chiral molecule sidered chiral.

Let’s analyze a-aminoacids. Enantiomerically pure amino acids, like other
molecules, thermodynamically strive for racemization and undergo rapid changes
in bond lengths, bond angles and conformational changes. However, none of
these changes can transform L-aminoacid into D-aminoacid (for the bond angles
and bond lengths that are possible in organic compounds, Fig. 11).

To transform a chiral a-amino acid (regardless of the bond length, bond
angle or conformation) into its enantiomer, we would have to break a sigma
bond. However, this process is slow under standard conditions. For most purposes,
we can approximate that it does not happen at all. But slow racemization of
amino acids is important in investigations of life and is detectable on large time
scales or after prolonged heating.!”
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R R
H‘y\COOH =< Hooc \(H
H2N NH2 . . . .

Fig. 11. Amino-acids and most other chiral

28 29 . .
molecules that contain an asymmetrically sub-
R stituted carbon atom have a stable chirality. That
H‘%CO OH means they will retain their chirality properties
= HoN in the solutions under usual conditions. Their
z 28 racemization must proceed through the breakage
. of the sigma-bond and that process is slow

chiral molecule unless harsh conditions are applied.

It is evident from these examples that theoretical considerations of some-
thing that at first seems as fundamental feature of a compound is purely exp-
erimental observation of phenomena under a defined set of conditions. The prac-
tical use of the word “chiral” can be compared to the use of the word “volatility”.
We often call compounds volatile or non-volatile, because for practical purposes
it is not important whether the substance has a boiling point of 400 or 700 °C. In
either case, we can isolate it by chromatography and dry it in a vacuum. But also,
it is not relevant if the boiling point is 80 or 130 °C, we will say it is volatile and
that it cannot be chromatographed or dried by usual methods if we want to quan-
tify it. Similarly, while working with a substance, it is of no importance whether
the racemization time is 5 years or billion years. The only thing that is usually
important is that it will not racemize in a significant amount during the expe-
riment. If that is the case, we call it chiral. Likewise, we will not observe any
difference between the racemization time of 10© and 1 s, in most experiments,
so we describe the chirality features of those substances with the same attribute —
achiral. Specification of actual numbers is important if the experiment is focused
on that particular phenomenon, or in the transition cases: for example, when the
compound has a boiling point of 190 °C, or when half of the sample racemizes in
a week at room temperature (which corresponds to the energy barrier of 109
kJ/mol (26 kcal/mol)).

Chemists do not analyze molecular changes and calculate energies for every
molecule they work with, to determine its chirality properties, but are rather
aware of characteristic structural features that can make a molecule chiral or
achiral. Learning those special cases is recommended because students will gain
the universal ability to inspect the chirality properties of the largest part of known
compounds.!8

SUMMARY OF THEORY

Chirality is a fundamental property of an object. Since racemization is a ther-
modynamically favorable process, it is most practical not to consider the chirality
of a molecule as its inherent property, but rather as a feature of a system that
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consists of a large number of molecules, under a defined set of conditions. In
other words, chirality and associated terminology are based on practical and
measurable effects of the system that we consider. Molecular symmetry observed
in experiments is actually the averaged structure of non-symmetrical chemical
species which constantly change. Detailed discussions on this matter are reported.!?

CONCLUSION

The perception of molecules in a dynamic (natural) state, rather than objects
that correspond to drawings on paper is essential in life sciences. This work
describes a method for the introduction of chirality that leads students to perceive
molecules as dynamic entities and to understand the difference between the
fundamental and applied descriptions of the word “chiral”. As further aid for
teaching, practice and problems (with solutions) that employ readily available
free software are provided.

SUPPLEMENTARY MATERIAL

Additional data and information are available electronically at the pages of journal
website: http://www.shd.org.rs/index.php/JSCS/article/view/12526, or from the corresponding
author on request.
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U3BOJ
KOHIEIIT 3A YBOBEILE ITOJMA XHPAJTHOCTH — CHMETPHUJA ACUMETPHIJE

BPAHHCJIAB 3. KOKWR', BIADVMUP [I. AJAAUHR,!, UTOP M. OIICEHHIIA? 1 MAPUO B. 3JIATOBUR?

"Hnosayuonu ueninap Xemujcxoi paxynmeima y Beoipagy, g.0.0., Ciygenincku wpi 12—16, 11158 Beoipag u
2Ynueepsutmew y Beoipagy — Xemujcxu paxynimem, Ciygenticku wpi 12—16, 11158 Beoipag

XWpanHOCT je Mefarollky M3a3oBHa TeMa Ha KypceBUMa OPraHCKe XeMHje Ha OCHOBHUM
aKaJeMCKUM CTyOujama, a U3y3eTHO je 3HayajHa kao (PeHOMEH jep ce jaB/ba MPAKTHYHO Yy
CBUM rpaHama xemuje. CHCTEMaTHUYHO yNO3HaBawe CTyHEHaTa ca IOjMOM XWUDaaHOCTH je
Ba)KHO 300T KaCHHUjer pasyMeBama CJI0KEHHjUX N0jaBa Be3aHMX 3a OBy TeMy. Hako je npujas-
JbEHO MHOLITBO MeETOHa KOj€ OlaKIlaBajy BU3yeIH3alHjy TPOOUMEH3HOHATHHUX XUPATHUX
MOJIeKyJia, MOJIEKYJICKe ITpOMEeHe Kao IITOo cy BuOpauuje u KoHdopMmaluje YIJIaBHOM Ce He
aHa/IM3MPajy y KOHTEKCTYy XUPaJHOCTH. Y OBOM WIaHKY, XUPaTHOCT ¥ NMPUMEHa XUPaTHOCTH
cy odjaurmeHe Ha JUHAMUYKUM (peaHUM) CUCTEMHMMa, Kako OM Off cCaMOr NMOYETKa CTYAE€HTH
nepLenvpaly MOJEKYJIE y BUXOBOM NPUPOAHOM cTawy. OCUM IpeAsora TEOpHjCKe HacTaBe
Ha OBy TeMy, NIPEATIOXKEHE CY U CTyJeHTCKe Bexxde Ha DecryiaTHUM M 1ako AOCTYHUM COdT-
BEpUMaA.

(ITpumsbeHo 3. aBrycta, pesupupano 11. centemdpa 2023, npuxsaheno 15. mapta 2024)

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

(CC) 2024 Serbian Chemical Society.



1252 KOKIC et al.

L.

2.

10.

11.

12.

13.

14.

15.
16.

17.

REFERENCES

L. J. Juszczak, J. Chem. Educ. 98 (2021) 3384
(https://doi.org/10.1021/acs.jchemed.1c00633)

a) A. Alsfouk, J. Chem. Educ. 99 (2022) 1900
(https://doi.org/10.1021/acs.jchemed.1c01267); b) C. E. Dickenson, R. A. R. Blackburn,
R. G. Britton, J. Chem. Educ. 97 (2020) 3714
(https://doi.org/10.1021/acs.jchemed.0c00457); c) M. W. Pelter, M. T. Howell, C.
Anderson, A. Sayeed, J. Chem. Educ. 97 (2020) 754
(https://doi.org/10.1021/acs.jchemed.9b00934); d) D. M. Silva, C. M. R. Ribeiro, J.
Chem. Educ. 94 (2017) 1272 (https://doi.org/10.1021/acs.jchemed.7b00219);

e) M. Abraham, V. Varghese, H. Tang, J. Chem. Educ. 87 (2010) 1425
(https://doi.org/10.1021/ed100497f); f) P. Lloyd-Williams, E. Giralt, J. Chem. Educ. 82
(2005), 1031 (https://doi.org/10.1021/ed082p1031)

. G. P. Moss, Pure Appl. Chem. 68 (1996) 2193

(https://doi.org/10.1351/pac199668122193)

a) A. Guijarro, M. Yus, The Origin of Chirality in the Molecules of Life: A Revision from
Awareness to the Current Theories and Perspectives of this Unsolved Problem, The
Royal Society of Chemistry, Cambridge, 2009, pp. 31-48 (ISBN: 9780854041565; b) M.
Quack, G. Seyfang, G. Wichmann, Chem. Sci. 13 (2022) 10598
(https://doi.org/10.1039/D2SC01323A) and references therein

C.J. M. Stirling, J. Chem. Educ. 51 (1974) 50 (https://doi.org/10.1021/ed051p50)

P. Lloyd-Williams, E. Giralt, J. Chem. Educ. 80 (2003) 1178
(https://doi.org/10.1021/ed080p1178)

D. A. Dougherty, E. V. Anslyn, Modern Physical Organic Chemistry, University Science
Books, Herndon, VA, 2006 (ISBN: 9781891389313)

. Y. Zhang, M. Sayama, M. Luo, Y. Lu, D. J. Tantillo, J. Chem. Educ. 99 (2022) 2721

(https://doi.org/10.1021/acs.jchemed.2c00443)

a) B. M. Wong, M. M. Fadri, S. Raman, J. Comput. Chem. 29 (2007) 481
(https://doi.org/10.1002/jcc.20807); b) D. Nori-Shargh, J. E. Boggs, Struct. Chem. 22
(2010) 253 (https://doi.org/10.1007/s11224-010-9675-x)

a) D. J. Brand, J. Fisher, J. Chem. Educ. 64 (1987) 1035
(https://doi.org/10.1021/ed064p1035); b) M. Cepi¢, Mol. Cryst. Lig. Cryst. 475 (2007)
151 (https://doi.org/10.1080/15421400701681141)

V. Schurig, S. Reich, Chirality 10 (1998) 316 (https://doi.org/10.1002/(SICI)1520-
636X(1998)10:4<316::AID-CHIR5>3.0.CO;2-5)

A. Mazzanti, L. Lunazzi, M. Minzoni, J. E. Anderson, J. Org. Chem. 71 (2006) 5474
(https://doi.org/10.1021/j0060205b)

L. Schaefer, C. Van Alsenoy, L. Van Den Enden, J. Chem. Educ. 61 (1984) 945
(https://doi.org/10.1021/ed061p945) and references therein

J. M. Lehn, in Dynamic Stereochemistry, J. E. Baldwin, R. H. Fleming, J. M. Lehn, W.
Tochtermann, Eds., Springer, Berlin, 1970, p. 311 (https://doi.org/10.1007/BFb0050820)
I. Fernandez, N. Khiar, Chem. Rev. 103 (2003) 3651 (https://doi.org/10.1021/cr990372u)
a) A. Messara, N. Vanthuyne, P. Diter, M. Elhabiri, A. Panossian, G. Hanquet, E.
Magnier, F. R. Leroux, Eur. J. Org. Chem. 2021 (2021) 5019
(https://doi.org/10.1002/ejoc.202100816) b) H. Marom, P. U. Biedermann, I. Agranat,
Chirality 19 (2007) 559 (https://doi.org/10.1002/chir.20417)

J. L. Bada, Interdiscip. Sci. Rev. 7 (1982) 30
(https://doi.org/10.1179/030801882789801304)

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

(CC) 2024 Serbian Chemical Society.



CHIRALITY ON DYNAMIC SYSTEMS 125 3

18. E. E. Eliel, S. H. Wilen, L. N. Mander, Stereochemistry of Organic Compounds, Wiley-
Interscience, Hoboken, NJ, 1994, pp. 1119-1190 (ISBN: 9780471016700)

19. a) K. Mislow, P. Bickart, Isr. J. Chem. 15 (1976) 1
(https://doi.org/10.1002/ijch.197600002); b) D. F. Mowery, Jr. J. Chem. Educ. 46 (1969)
269 (https://doi.org/10.1021/ed046p269).

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

(CC) 2024 Serbian Chemical Society.



;. Journal of
the Serbian
O TIN Chemical Society
%%a 00071~ m},\e@‘@z& JSCS@tmf.bg.ac.rs « www.shd.org.rs/JSCS
J. Serb. Chem. Soc. 89 (9) S285-S298 (2024)

Supplementary material

SUPPLEMENTARY MATERIAL TO
Introductory concept for teaching chirality — Symmetry of the

asymmetric

BRANISLAV Z. KOKIC!*, VLADIMIR D. AJDACI’CH IGOR M. OPSENICA?
and MARIO V. ZLATOVIC?

!Innovative centre, Faculty of Chemistry, Belgrade, Ltd., Studentski trg 12-16, 11158
Belgrade, Serbia and ?University of Belgrade, Faculty of Chemistry, Studentski trg 1216,
11158 Belgrade, Serbia

J. Serb. Chem. Soc. 89 (9) (2024) 1241-1253

TABLE OF CONTENTS:
Derivation of @qUations ...........cceeevereveereerieereesienreseesneeseenees S286
ProblemsS.......ciiiiieiieeeeee e S288
SOIULIONS ...ttt S289

* Corresponding author. E-mail: kokicb@chem.bg.ac.rs

S285

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

(CC) 2024 Serbian Chemical Society.



S286 KOKIC et al.

DERIVATION OF EQUATIONS

Derivation of equation for racemization thermodynamics.’

AG® = AH® —TAS® €))
AG® = —RT InK 2)
ALTD_T-{S‘G
=K=e & ,AH®=0,4A5°=0 3)
K =1, foreveryT 4

where 4G9 is the standard reaction Gibbs energy, 4H? is the standard
reaction enthalpy, T is the temperature, 45 is the standard reaction entropy and
R is the universal gas constant.
Derivation of an expression for racemization half-times:

Rate constants for enantiomer interconversions are obtained from the Eyring

equation, using 4*G values from cited references and with an approximation x=1:
ALG

where x is the transmission coefficient, kz 1s Boltzmann’s constant, T is
temperature, / is Planck's constant, 4/G is Gibbs free energy of activation and R
is the universal gas constant.

Racemization half-times were obtained from kinetic law for the first order
reactions approaching equilibrium, E;=E,, when only E, is present at the start of

the reaction, using calculated (equation 5) rate constants:?

k:

—(hey +ko)E

[E] =2 [E], (6)

where [E;] is a concentration of E;, k; is the rate constant for the direct

reaction, k, is the rate constant for the reverse reaction, ¢ is reaction time and
[E1]o is the starting concentration of E;.

In the case of enantiomers:

ky =k, =k (7
1+g ZkE
= [E1] = ——[Eilo ®)
2[4
- In([E ] —1) (9)
-2k
Half of the sample is racemized when % of [E/]is transformed:
] _3
[Eila 4 (10)

InG—l)
21

(11)
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try = 22 (13)
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PROBLEMS

Practice:

Using quantum mechanical calculations, predict the IR spectrum of
bromochloromethane molecule and create animations of all vibrations that
correspond to bands visible in the predicted IR spectrum.

Task 1:

Using free software Vega ZZ, generate conformational diagrams for the
following three biphenyls:

2,2'-dimethyl-1,1'-biphenyl (A)

2-tert-butyl-2'-methyl-1,1'-biphenyl (B)

2,2'- tert-butyl -1,1'-biphenyl (C)

a) All graphs have two maxima with different energies. Does the molecule
have to pass through both of these barriers for enantiomer equilibration? Explain.

b) Considering only the lower maximum of generated conformational
diagrams, which of these biphenyls could be separated to pure enantiomers on
ambient conditions using ordinary laboratory methods? For the energy barrier
consider the difference in energy between lower minimum and lower maximum.
Energy values in the graphs are in kcal/mol.

c¢) Explain the trend in energy barrier from A to C.
Task 2:

Compare the most abundant conformations of 1,2-dibromoethane and 1,2-
difluoroethane on the basis of chirality properties.

Task 3:

Enantiomers don’t have exactly the same energy content in an achiral
environment. The energy difference is so small that it hasn’t been yet detected
experimentally. If the difference in Gibbs free energy on 23 °C between
enantiomers E; and E; is 2.292 x 107 kJ/mol, calculate the excess of the more
stable enantiomer in the system consisting of 1 mol of E; and E; in total, in an
equilibrium mixture.
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SOLUTIONS
Materials and methods:

To prepare for practical exercises, the instructor and students have to
download and install software for running the simulation. The choice of software
is not limited to software recommended here.

For drawing the structures you can use any software that generates standard
MOL files. We used Avogadro' (Avogadro is an open-source molecular builder
and visualization tool; Version 1.20, http://avogadro.cc/(accessed 25.6.2023.)).
Some of the software used have integrated tools for drawing molecules
(MoCalc2012, Vega ZZ) and can be used as well.

For quantum mechanical calculations, we recommend either Firefly QC
package®, which is partially based on the GAMESS (US)’ source code.Firefly
(Alex A. Granovsky, Firefly version 8, http://classic.chem.msu.su/gran/firefly/
index.html (accessed 25.6.2023.)) or NWChem* (https://nwchemgit.github.io/
(accessed 25.6.2023.)). Firefly can be made available by sending an e-mail
(instructions can be found on the website).

As a graphical user interface for input for QM software, we used
MoCalc2012 (https://sourceforge.net/projects/mocalc2012/ (accessed
25.6.2023.)).

For visualization of the IR spectra in the first exercise, we used ChemCraft
(Chemcraft - graphical software for visualization of quantum chemistry
computations. Version 1.8, build 648. https://www.chemcraftprog.com (accessed
25.6.2023.)), available free of charge for the period of 150 days.

If JSmol is selected as Default Structure Viewer in MoCalc2012 Settings,
visualization of IR spectra and isomers can be performed within MoCalc2012.

For conformation simulations, VEGA ZZ is used’ (http://www.ddl.unimi.it/
(accessed 25.6.2023.)). Energies calculated using this program are more
illustrative than accurate. The goal is to provide pedagogical exercise using free
software.

Practice:

Using Avogadro (or any software that generates standard MOL files
(ArgusLab, ChemDraw,...) draw bromchlormethane. Save the structure as a
MOL file. Open MoCalc2012 and attach a file for quantum mechanical
calculations to the program: Options -> Settings -> On Main dialog, next to
Firefly, choose the directory where the file for quantum mechanical calculations
is.
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Then click Save and choose QM program Firefly and open saved structure
(Start -> Open Structure File; Ctrl+O). In the first step, we have to optimize
geometry of molecule. On drop down menu Job Type: select Geometry
Optimization, then select Method 6-31G* and DFT-Type B3LYP. Start

&P MoCalc2012 - Settings
Main  Auxiiary Programs  Job Manager

Project starts with

£ 60 O ACD Chemsketch

._"" @ Classic (MoCalc2012)

Default Molecule Editor:
[ JsME

CH5M3D

Cancel

KOKIC et al.

MO Program Paths:

MOPAC:

DFTB=

GAMESS (US):

Firefly (PC GAMESS)

NWChem:

ORCA:

\
l
\
[C:\Firefy\Firefty820 e
\
[

PSid \

Default Structure Viewer
(® JSmol

O Jmol

optimization by clicking on Run Firefly!

When Firefly finishes optimization, click on Save Output Structure... and
save optimized molecule. Remember to change name of the molecule. Now open
optimized structure and change Job Type to IR Spectrum. Leave Method and
DFT-Type. Start calculations. When calculation finishes, you can visualize result.

Start Options Help

JobName:  [CH2BRCL

Descriplion: | |
Charge [o ] spinswe Singlet i

Job Type: Geometry Optimization ~ [] Check Only
Wavefunction: RHF ~ | MP-Penubation: | v

Method 631G | DFT-Type: B3LYP v

Solvent None v

Keywords: |$SYSTEM TIMLIM=180 MWORDS=10 $END

More Keywords: |$STATPT NSTEP=200 $END

Results

Edit Input File...

Show Input
Structure

Output

Summary

Structure

Orbitals.
Surfaces

Energy Level

=
More Keywords: ['SCONTRL NPRINT=3 SEND iagram
Geomet
More Keywords: [ISCONTRL AIMPAC=1 $END e
Exit Run Firefly! Save Output

Structure...
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. Run Firefly! - CH2BRCL.mol

Start  Options

Job Name:

D

Help

[cH2sRreL

Charge

Job Type:

o] spinsume

IR Spectrum ~

Singlet -

[] Check Only

Molecular Energy
y O

Method

Solvent

Reaction Coordinate/Grid Calculation
Transition State Optimization

Vibrational Frequencies

_.
UV/VIS Spectrum
Raman Spectrum

Intrinsic Transition State-{IRC) Calculation

SPECIFY.

Y

TS TENV TIMCIVETEU MV ORDS=TUSEND

Results

Edit Input File...

Show Input
Structure

Output

Summary

Structure

Orbitals
Surfaces

S291

More Keywords: [$STATPT NSTEP=200 $END | By e

‘ Diagram

More Keywords |‘$CONTRLNPR\NT=3$END

Geometry

More Keywords: [SCONTRL AIMPAC=1$END | Convergence

Exit Run Firefly! Save Output

Structure_.

If you use ChemCraft, find a file with a name of optimized structure and
extension .gam. Open it and you will see the list of absorptions in cm™. Selecting
one of the bands, you can see the appropriate vibration animated. You can
enlarge movements by changing Scale displacement and/or show vibrational
vectors by switching Show displacement vectors and Scaled vectors on and off.

If you use MoCalc2012, when the calculation finishes, you can click on /R
Spectrum. You will see absorption bands indicating absorption of specific energy
from the spectrum, correlating with a specific vibration. If you click on
Vibrations and select Interactive correlation of animated vibrations to bands you
will be able to see spectra on the left, with marked absorption bands (red marks at
the upper axis of the spectra), frequency related to the specific absorption (lower
left part of the spectra window) and animated molecular vibrations corresponding
to selected absorption band. Using the right mouse click on the animation
window and selecting Vibrations menu, you can change the look and movements
on screen.

(707, 82)

T

e

ID:1 Frequency: 48.21 Intensity: .17
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Task 1:

Using available tools (Ketcher (Edit -> Ketcher) from Vega ZZ) to draw
different 1,1’-biphenyl derivatives from the list.

A - 2,2'-dimethyl-1,1'-biphenyl

B - 2-tert-butyl-2'-methyl-1,1'-biphenyl

C - 2,2'- tert-butyl -1,1'-biphenyl

-4
Convert to 3D Get from VEGA ZZ Send to VEGA ZZ |
< = i (T CCA
vy [ EBEH & & &
LY
% ~ H
c
—~— N
Q 0
A+
A-
— CHs
[] cl
>R1 Br
|
N
Generic
r'e > Groups

Save them in suitable format (.mol2) or open it directly with Vega ZZ (Send
to VEGA ZZ option). Every molecule is processed in same way:

After importing/opening molecule in Vega ZZ, run Conformational search
(Calculate -> Ampp -> Conformational search).

Calculate  Tools  Bicinformatics  Help

£~ Charge & Pot. T | Jal £ | 7] |’|—
O Ammp Minimization Conformational search  Qutput files Parameters Potenti * | *
—  MNAMD Conformational search K
. Tarsion Base Steps End
s Mopac
@ surface
Docking L4
Analysis Tarsion parameters Search parameters
Similarity Base: Method:
:_E: Isotopic distribution Steps: l:l 1000 Edit torsions
o Protein check L4 End: 300.0 60.00
6 ChemSaol Apply to
% Pockets Previous Minimize all conformations
i":‘: Protein pKa Minimized Steps: Toler:

. Ramachandran plot

Stride 3 L
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On Conformational search dialog, click Edit torsions and then select torsion
angle.

Torsion angle is selected on Selection tool. Click on Add and then select
atoms in molecule on screen. As a Torsion angle, select C2-C1-C1°-C6°.

File  Edit

Selections: Selected Atoms:
Torsion ~ Add

New

Remove
Open =

Save Up

In this program, results can be dependent on the atoms chosen for defining
the torsion angle. In the following Scheme 1 are presented ways of defining the
torsion angles for A, B and C that we used:

»
2 T2 LI
3 3 3
4 4 4

A B Cc

Scheme S-3.

When you selected the torsion angle, click on Steps in dialog window
(yellow) and increase steps to 60 (blue). Select Minimize all conformations and
input 50 steps. After that, on the tab Output files, select saving output files you
need to disk.
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Ammp conformational search

KOKIC et al.

Ammp conformational search

. Conformational search  Qutput files Parameters

Putentimi Conformational search  Output files  Parameters Patenti * | * |

1
I Torsion Base Steps End 1 _ —~
| = Tor 4 T - T i [ Trajectory: |C:\test\a.dcd | |:|
| | output: [Ctesta.out |
I Torsion parameters Search parameters
| Base: Method: | Systematic v| | & Encray: |C:\test\a.ene | |:|
| seeps: [ sters oo
i End: Temp. [3000 | RmsD: [60.00 {I B —
| Applyto !
| Previous .inimizeall conformations |

Minimized Steps: Toler: 1 Graphic update:

Then click Run. Calculations are finished very fast. Now select Calculate ->
Analysis. Dialog box Trajectory analysis pops up. Click on Open icon, select
.dcd file named as your compound that computer saved. Now you have option to
see all conformations and their energies by moving the slider or changing the
frame number.

Trajectory analysis

File name
| |

Information
| start Time: -

Selection Calculation Measure  Cluster  Animation

Frame number: 1

Energy: -

| simutation time: - | First

| Time step: -

| | Frames: -

| Best frame: - ~| Show frame

| | Range: -

| Temperature: -
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Selection Calculation Measure Cluster  Animation

Frame number: =

Energy: 27.2955
Showframe Energy Graph

Clicking on Energy Graph, you will have a graphical representation of
conformational analysis. If you switch on Select conformation (Edit -> Sel.
Conformations or CTRL+F) your energy graph will be interactive, changing the
conformation when you click on line on graphic.

Il GraphEditor 1 _ o x .
File Edit Zoom | Calculate File Edit Zoom Calculate
f AR Cluster Chart | Y IS
(=g S | Potential energy (MR 95%)
T Nelseredudion 95% 2
w© Derivative £ 4
as Statistical Values T Ll
0 50% e
7 5% 39
0 £
PE . 37
Em EE
55 35
50 34
45 33
0 32
35 31
30 30
123456789 1113 15 1719 21 23 25 27 20 31 33 35 37 38 4143 45 47 2951 53 5557 59 “ O S N —
Frame 123456789 1113 1517192123 2527 2931 33 35 37 394143 4547 4951 53 5557 59

To smooth the graph, select Calculations -> Noise reduction -> 95%. Using
File menu, you can export values to Excel or CSV file. If you want to calculate
potential barrier, click on Calculate -> Statistical Values.

Samples: 60 Max. Value: 43.3656 (29)
Average: 34,1997 Min. Value: 28.5151 (46)
Standard Dev.: 46739

Close

a) Conformational diagrams have two maxima because steric repulsion
significantly increases in two conformations during full rotation, because

Available online at: http://www.shd.org.rs/JSCS
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substituents on the biphenyl moiety get close to each other. These two
conformations of A are depicted in Scheme 2.

higher in energy

Scheme S-4. The two conformations of 2,2'-dimethyl-1,1'-biphenyl (A) that are highest in
energy

Enantiomers can interconvert by passing only through one of the barriers
(because rotation about the C—C bond can happen in either direction).
Interconversion is faster through the barrier of lower energy.

b) Whether a compound can be separated to enantiomers depends on its
racemization half-time on the temperature of separation. Formulae for conversion
of rotation barrier energy to racemization half-times are provided in Supporting
Information 1 (along with their derivation).

A: 33.47 kJ/mol (8 kcal/mol)

ALG
=2l (1)
= k =8.4x10°s™1 ()
0.347
bz == 3)
ty, = 41x107%s 4
B: 67 kJ/mol (16 kcal/mol)

k=112s"1 Q)

C: 155 kJ/mol (37 kcal/mol)
k=42x10713s71 (7)
ti, = 2.6x10%years (8)

Based on this values, it can be concluded that C can be isolated as pure
enantiomer on ambient conditions, while A and B cannot.

c¢) Tert-butyl group is bulkier than methyl group and consequently causes
greater steric repulsion with methyl and hydrogen atom, so both of the barriers of

Available online at: http://www.shd.org.rs/JSCS
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B are expected to be higher in energy than in A. By analogy, C is expected to
have greater conformational barriers than B.
Task 2:

Task 2: The most stable conformer of 1,2-dibromoethane is anti (same as in
n-butane). It is achiral. The most stable conformer of 1,2-difluoroethane is
gauche.® This conformation is chiral, so two enantiomeric conformations are a
dominant form of 1,2-difluoroethane (Scheme 3).

H Br H F F H
H.:‘-, : Fag : \‘ ,-“,F
B K Howut Hg H
the most stable conformation of the most stable conformations of
1,2-dibromoethane (achiral) 1,2-difluorooethane (chiral)

Scheme S-5. 1,2-Dibromoethane and 1,2-difluoroethane are similar molecules, but a sample
of 1,2-dibromoethane is dominantly composed of achiral structures and a sample of 1,2-
difluoroethane is dominantly composed of chiral structures.

Task 3:7
AG® = 2.292x 10 kJ/mol (10)
AG®° = —RT InK (11)
= K = 0.9999999999999903 16 (12)
K=2 (13)
0.999999999999990316 = LE—E (14)
E, = 0.499999999999997579 mol (15)
E, =1 —E, = 0.500000000000002421 mol (16)
Excess of E;:
E, —E, = 4842x 105 mol or 2.9052x10° molecules (17)
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