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Synthesis of Amphiphilic Derivatives of Fusidane Triterpenoids

Fusidic acid exhibits bacteriostatic activity, transitioning to bactericidal at high doses, primarily against
Gram-positive bacteria, including methicillin-resistant Staphylococcus aureus. This underscores its high po-
tential for functionalizing reactive centers with pharmacophore groups to develop semisynthetic analogs as
promising antibiotics. In medicinal chemistry, studies on amphiphilic fusidic acid derivatives with enhanced
bioavailability and biological activity are highly relevant. In this work, amphiphilic derivatives of the fusidic
acid (FA) were synthesized via quaternization of tertiary amines and pyridines (triethylamine, pyridine,
N,N-dimethylaminopyridine, N-methylpiperidine) by bromoethyl fusidate and 3-bromopropylamine
methylfusidate. The carboxylic group of FA was brominated using 1,2-dibromoethane in dry acetone with
K,COj3; under reflux. Reaction of the FA bromo- derivative with tertiary amines and pyridines in DMF at
70 °C afforded ammonium salts in 6270 % yields. The FA bromoamine, obtained via reductive amination,
was involved into the reaction with N-containing compounds in DMF upon heating to yield target products in
60-67 % vyields. Structures of novel FA analogs were confirmed by NMR spectroscopy and mass-
spectrometry. The obtained FA amphiphilic analogs hold potential for further development of antimicrobial
agents.

Keywords: triterpenoids, fusidic acid, amphiphilic derivatives, tertiary amines, quaternization reaction, qua-
ternary ammonium salts, reductive amination.

Introduction

For many years, amphiphilic quaternary ammonium compounds have been widely recognized for their
biological activity, primarily as antimicrobial agents [1-11]. Additionally, this class of compounds exhibits
antiviral, anticancer [12-17], and membrane-tropic properties [18-20]. Evidently, one of the key reasons un-
derlying the biological activity of amphiphilic compounds is the presence of pharmacophoric ammonium
groups, and in some cases, hydrophobic polyalkyl fragments. In this context, functionalizing natural polycy-
clic terpenoids which possess a hydrophobic carbocyclic core and inherent biological activity—with ammoni-
um groups is of considerable interest.

Fusidane triterpenoids represent a small group of natural compounds produced by various fungal spe-
cies, each displaying antibacterial activity to varying degrees. Among them, fusidic acid (FA) holds a special
place, having found clinical application in the therapy of staphylococcal infections. Since its discovery, mul-
tiple functionalizations of FA's reactive centers with pharmacophore groups have been performed, yielding
analogs with diverse biological activities [24-29]. However, to the best of our knowledge amphiphilic deriva-
tives of fusidane triterpenoids have not been reported. Taking this into account, within our ongoing research
on synthetic transformations of FA [28-34], we have synthesized novel amphiphilic analogs via
guaternization of tertiary aliphatic amines and pyridines with bromoethyl fusidate and 3-bromopropylamine
methylfusidate.

4 © 2026 The Authors. This is an open access article under the CC BY-NC-ND license (http:/creativecommons.org/licenses/by-nc-nd/4.0/)
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Synthesis of amphiphilic derivatives of fusidane triterpenoids

Experimental

'H and *C NMR spectra were recorded on a Bruker Avance II 500 HD Ascend spectrometer (Germany)
[500.17 MHz ('H), 125.78 MHz ('*C)]. Samples were prepared in standard 5 mm diameter ampoules. One-
and two-dimensional NMR spectra (COSY, HSQC, HMBC, NOESY) were acquired using standard pulse
sequences. Melting points were determined on a Stuart SMP3 apparatus (Germany). Optical rotations were
measured on a Perkin-EImer 341 polarimeter (Germany). MALDI TOF/TOF mass spectra were obtained on
a Bruker Autoflex™ III Smartbeam spectrometer (Germany) using 3-(4-hydroxy-3,5-dimethoxyphenyl)prop-
2-enoic acid (sinapinic acid) as matrix. TLC was performed on Sorbfil plates (Sorbpolymer Ltd., Russia)
using CHCI3/MeOH (40:1); spots were visualized with 10 % H,SO, followed by heating at 100-120 °C for
2-3 min. Silica gel (50-160 um, Sorbpolymer Ltd., Russia) was used for column chromatography. Commer-
cially available reagents of "chemically pure™ or "analytical grade™ (Acros Organics) were employed. Fusidic
acid was purchased from Hangzhou Hyper Chemicals Limited (purity 99.3 %). Methyl fusidate (7) and its
dioxo derivative (8) were prepared according to a literature procedure [30].

2-Bromoethyl (2)-2-((3S,4S,8S,10S,11R,14S,16S)-16-acetoxy-3,11-dihydroxy-4,8,10,14-tetra-
methylhexadecahydro-17H-cyclopenta[a]phenanthren-17-ylidene)-6-methylhept-5-enocate  (2). K,COs;
(0.04 g, 0.28 mmol) and 1,2-dibromoethane (0.17 mL, 1.95 mmol) were added to a solution of fusidic acid 1
(0.20 g, 0.40 mmol) in 20 mL of dry acetone. The reaction mixture was heated at 56 °C for 8 h. Acetone was
removed under reduced pressure, the residue was dissolved in 30 mL of EtOAc, washed with H,O and dried
over CaCl,. The solvent was evaporated under reduced pressure and the residue was put under vacuum.
Yield of compound 2: 0.23 g (97 %), white powder. Mp 105-107 °C, [a]p®° = —17° (c 0.82, CHCl3). Spectral
data are given in Ref. [35].

Compounds 3-6 (general procedure). Bromoethyl ester 2 (1.00 g, 1.67 mmol) was dissolved in 5 mL
of DMF and the corresponding tertiary amine (12 mmol) was added: triethylamine (1.21 g), pyridine
(0.95 g), N,N-dimethylaminopyridine (1.47 g), or N-methylpiperidine (1.19 g). The reaction mixture was
stirred at 70 °C for 8 h. After completion, the mixture was purified by column chromatography on SiO,, elut-
ing with CHCIz/MeOH (10:1).

2-(((2)-2-((3S,4S,8S,10S,11R,14S,16S)-16-acetoxy-3,11-dihydroxy-4,8,10,14-tetramethylhexa-deca-
hydro-17H-cyclopenta[a]phenanthren-17-ylidene)-6-methylhept-5-enoyl)oxy)-N,N,N-triethylethan-1-
aminium bromide (3)

Yield 0.72 g (62 %), white powder, mp: 187-189°C, [a]p"® -10° (c 0.86, MeOH). 'H NMR (MeOD):
6=0.85 s (3H, H'®), 0.88 d (3H, H®, J 6.3 Hz), 0.91 s (3H, H™), 0.97-1.09 m (2H, H®, H™), 1.12-1.22 m
(1H, H"), 1.32 s (3H, H*), 1.37 t (9H, H*, H®, H®, J 7.5 Hz), 1.38-1.47 m (1H, H"), 1.41-1.51 m (1H, H°),
1.46-1.55 m (1H, H%), 1.53-1.61 m (1H, H®), 1.55 s (3H, H?'), 1.61 s (3H, H®), 1.61-1.69 m (1H, H™), 1.62-
1.81 m (2H, H?), 1.71-1.82 m (1H, H'*), 1.87-2.21 m (2H, H®), 1.96 s [3H, O-C(O)CH3], 2.01-2.12 m (1H,
H%), 2.05-2.16 m (1H, H*"), 2.06-2.21 m (1H, H™), 2.24-2.35 m (1H, H'®), 2.25-2.43 m (2H, H?), 3.03 d
(1H, H*, J 10.1 Hz), 3.38-3.63 m (6H, H®, H>, H), 3.62-3.72 m (1H, H%), 3.65-3.81 m (2H, H?), 4.15-4.26
m (1H, H'?), 4.25-4.36 m (1H, H'"), 4.50-4.61 m (1H, H*®), 5.01 t (1H, H**, J 6.4 Hz), 5.77 d (1H, H'®, J 6.4
Hz). *C NMR (MeOD): §=8.2 (C*, C?%, C?), 16.1 (C®), 17.6 (C™®), 18.0 (C?'), 21.0 (C®), 21.3 [O-C(O)CH3],
23.5 (C"), 23.6 (C¥), 25.7 (C*), 28.8 (C?), 28.9 (C*), 29.8 (C?), 29.9 (C1), 31.5 (C"), 35.4 (C*), 35.5 (C™H),
36.6 (C), 36.7 (C), 39.0 (C™), 39.5 (CP), 44.7 (C™), 48.7 (C**), 49.3 (C?), 54.4 (C*, C°, C"), 55.7 (C?),57.5
(CY), 67.8 (CM), 71.2 (C?), 74.0 (C™), 122.9 (C*), 128.7 (C®), 132.7 (C*), 151.3 (C"), 168.7 (C*), 170.9
[0-C(O)CH].

Calcd, %: C 64.62; H 9.18; Br 11.02; N 1.93; O 13.24. C33HgBrNO¢. Found, %: C 64.56; H 9.20; Br
11.05; N 1.92. m/z 747.4 [M+Na]", calcd for [C3yHgBrNOgNa]* 747.4.

1-(2-(((2)-2-((3S,4S,8S,10S,11R,14S,16S)-16-acetoxy-3,11-dihydroxy-4,8,10,14-tetramethylhexa-
decahydro-17H-cyclopenta[a]phenanthren-17-ylidene)-6-methylhept-5-enoyl)oxy)ethyl)pyridin-1-ium
bromide (4)

Yield 0.77 g (68 %), white powder, mp: 179-181°C, [a]p™ +9° (¢ 0.95, CHCI5). *H NMR (CDCl,):
0=0.87 s (3H, H"), 0.88 d (3H, H*, J 6.5 Hz), 0.97 s (3H, H'®), 1.03-1.11 m (1H, H"®), 1.05-1.13 m (1H,
H®), 1.14-1.23 m (1H, H'®), 1.36 s (3H, H*), 1.43-1.50 m (1H, H"), 1.47-1.55 m (1H, H°), 1.52 s (3H, H),
1.53-1.60 m (1H, H%), 1.57-1.67 m (1H, H*), 1.62-1.70 m (1H, H™), 1.63 s (3H, H®), 1.66-1.89 m (2H, H?),
1.75-1.84 m (1H, H'), 1.94 s [3H, O-C(O)CH;], 2.01-2.16 m (2H, H*), 2.04-2.13 m (1H, H*), 2.06-2.17 m
(1H, H™), 2.07-2.17 m (1H, H™), 2.19-2.31 m (1H, H'®), 2.28-2.44 m (2H, H?), 3.05 d (1H, H", J 8.5 Hz),
3.63-3.69 m (1H, H%), 4.25-4.35 m (1H, H'"), 4.36-4.49 m (1H, H'*), 4.61-4.71 m (1H, H'"), 4.95 t (1H, H*,
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J 7.1 Hz), 5.03-5.18 m (2H, H?), 5.66 d (1H, H'®, J 8.5 Hz), 8.19 t (2H, H* H®, J 7.5 Hz), 8.67 t (1H, H°, J
7.5 Hz), 9.14 d (2H, H®, H', J 5.5 Hz). *C NMR (CDCls), §=15.7 (C®), 17.3 (C*"), 17.5 (C*), 20.7 [O-
C(O)CHg], 21.1 (C®), 22.8 (C*), 23.6 (C"), 25.7 (C®), 28.4 (C?), 28.7 (C?), 29.6 (C*, C?), 31.1 (C"), 35.2
(C%), 35.7 (C), 36.4 (C"), 36.9 (C°), 38.9 (C™), 39.5 (C?), 44.5 (C™), 48.6 (C'), 49.4 (C?), 60.2 (C?), 62.9
(Ch), 67.5 (CY), 71.2 (C?), 74.3 (C*), 122.7 (C*), 128.6 (C*, C%), 128.7 (C?), 132.6 (C*), 145.2 (C*, C"),
146.4 (C%), 151.0 (C*"), 169.0 (C*), 171.0 [O-C(O)CHs]. Calcd, %: C 64.95; H 8.03; Br 11.37; N 1.99; O
13.66. CgHssBrNOg. Found, %: C 64.87; H 8.05; Br 11.40; N 1.98. m/z 724.4 [M+Na]*, calcd for
[C38H5GBrNOGNa]+ 724.3.

1-(2-(((2)-2-((3S,4S,8S,10S,11R,14S,16S)-16-acetoxy-3,11-dihydroxy-4,8,10,14-tetramethylhexa-
decahydro-17H-cyclopenta[a]phenanthren-17-ylidene)-6-methylhept-5-enoyl)oxy)ethyl)-4-
(dimethylamino)pyridin-1-ium bromide (5)

Yield 0.78 g (65 %), white powder, mp: 181-183°C, [a]p™ +7° (c 0.89, CHCI;). *H NMR (CDCls):
6=0.76 s (3H, H™®), 0.80 d (3H, H®, J 6.5 Hz), 0.83 s (3H, H"), 0.91-1.05 m (2H, H**, H"®), 1.02-1.12 m (1H,
H'), 1.25 s (3H, HY), 1.30-1.39 m (1H, H"), 1.33-1.43 m (1H, H°), 1.38-1.45 m (1H, H%), 1.40 s (3H, H*),
1.44-1.55 m (1H, H*®), 1.50-1.64 m (1H, H™), 1.51 s (3H, H®), 1.60-1.77 m (2H, H?), 1.62-1.72 m (1H,
H'*), 1.83 s [3H, O-C(O)CHs], 1.92-2.02 m (2H, H%), 1.97-2.08 m (1H, H?), 1.99-2.07 m (1H, H™"), 2.07-
2.17 m (1H, H™), 2.18-2.30 m (2H, H?), 2.19-2.29 m (1H, H*®), 2.97 d (1H, H*, J 10.8 Hz), 3.18 s (6H, H?,
H%), 3.54-3.63 m (1H, H%), 4.13-4.23 m (1H, H'?), 4.19-4.27 m (1H, H"), 4.36-4.46 m (1H, H'"), 4.48-4.59
m (1H, H*), 4.64-4.75 m (1H, H?"), 4.86 t (1H, H**, J 6.8 Hz), 5.60 d (1H, H', J 6.8 Hz), 6.88 d (2H, H*,
H® J 5.4 Hz), 8.39 d (2H, H®, H", J 5.4 Hz). *C NMR (CDCl,), 6=16.0 (C?®), 17.5 (C*), 17.8 (C*), 21.0
[O-C(O)CH;], 21.1 (C%), 23.4 (C*), 23.6 (C"), 25.7 (C?*), 28.7 (C*), 28.9 (C*), 29.8 (C?), 29.9 (CY), 31.3
(C"), 35.2 (CH, 35.5 (C*), 36.5 (CY), 36.9 (C°), 38.9 (C¥), 39.4 (C?), 40.4 (C?, C%), 44.4 (C™), 48.5 (C*),
49.4 (C%), 56.1 (C?), 63.2 (CY), 67.5 (CM), 70.9 (C3), 74.1 (C™), 108.1 (C*, C%), 123.1 (C*), 128.7 (C¥),
132.2 (C?), 142.7 (C¥, C"), 150.4 (C'"), 156.4 (C°), 169.1 (C?*), 170.6 [O-C(O)CHs]. Calcd, %: C 64.42; H
8.24; Br 10.71; N 3.76; O 12.87. C4He:BrN,Og. Found, %: C 64.49; H 8.22; Br 10.68; N 3.75. m/z 767.5
[M+Na]", calcd for [C4HeBrN,OgNa]* 767.4.

1-(2-(((2)-2-((3S,4S,8S,10S,11R,14S,16S)-16-acetoxy-3,11-dihydroxy-4,8,10,14-tetramethylhexa-
decahydro-17H-cyclopenta[a]phenanthren-17-ylidene)-6-methylhept-5-enoyl)oxy)ethyl)-1-
methylpiperidin-1-ium bromide (6)

Yield 0.81 g (70 %), white powder, mp: 173-175°C, [a]p”™ -12° (c 0.67, MeOH). 'H NMR (MeOD):
6=0.88 s (3H, H'®), 0.89 d (3H, H®, J 6.4 Hz), 0.95 s (3H, H), 1.04-1.14 m (2H, H®, H™), 1.21-1.28 m
(1H, H™®), 1.36 s (3H, H*), 1.38-1.47 m (2H, H®), 1.44-1.51 m (1H, H"), 1.49-1.57 m (1H, H), 1.52-1.63 m
(4H, H*, H®), 1.53-1.58 m (1H, H%), 1.55-1.64 m (1H, H®), 1.58 s (3H, H), 1.66 s (3H, H®), 1.66-1.72 m
(1H, H™), 1.71-1.86 m (2H, H?), 1.76-1.85 m (1H, H'*), 1.96 s [3H, O-C(0)CH3], 1.97-2.19 m (2H, H®),
2.05-2.14 m (1H, H*), 2.09-2.20 m (1H, H™), 2.11-2.20 m (1H, H*"), 2.25-2.33 m (1H, H'®), 2.35-2.50 m
(2H, H?), 2.44-2.53 m (4H, H®, H"), 2.64 t (2H, H?, J 6.1 Hz), 3.02 d (1H, H", J 11.6 Hz), 3.44 s (3H, H?),
3.68-3.73 m (1H, H?), 4.03-4.09 m (1H, H'?), 4.25-4.30 m (1H, H'®), 4.30-4.35 m (1H, H™), 5.06 t (1H, H*,
J 6.8 Hz), 5.81 d (1H, H'®, J 7.8 Hz). *C NMR (MeOD): 6=15.9 (C®), 17.6 (C*"), 17.8 (C'®), 20.9 (C®), 21.0
[O-C(O)CH3], 23.3 (C"), 23.7 (C¥), 23.9 (C®), 25.5 (C*, C%), 25.7 (C*), 28.4 (C*), 28.9 (C?), 29.8 (C?),
30.0 (Ch), 31.8 (C7), 35.5 (C'®), 35.6 (C*), 36.6 (C°), 36.7 (C™), 38.9 (C™), 39.4 (C?), 44.0 (C™), 48.6 (C"),
49.3 (C%), 50.5 (C?), 54.6 (C*, C"), 56.8 (C?), 61.6 (CY), 68.1 (C™), 71.4 (C3), 74.4 (C™), 123.1 (C*), 130.2
(C?™), 132.4 (C*), 148.3 (C*), 170.0 (C*Y), 170.5 [0-C(O)CH3]. Calcd, %: C 64.80; H 8.92; Br 11.05; N
1.94; O 13.28. C4He:BrNOs. Found, %: C 64.74; H 8.94; Br 11.07; N 1.95. m/z 744.5 [M+Na]*, calcd for
[CsoHe:BrNOgNa]* 744.4.

Methyl (2)-2-((3S,4S,8S,10S,11R,14S,16S)-16-acetoxy-3-((3-bromopropyl)amino)-11-hydroxy-
4,8,10,14-tetramethylhexadecahydro-17H-cyclopenta[a]phenanthren-17-ylidene)-6-methylhept-5-
enoate (9). A mixture of diketone 8 (1.00 g, 1.92 mmol), titanium(I1V) isopropoxide (0.23 g, 0.65 mmol) and
3-bromopropylamine (0.40 g, 2.89 mmol) in 10 mL of absolute methanol was stirred under an argon atmos-
phere at room temperature for 8 h. Sodium borohydride (0.15 g, 3.96 mmol) was then added at —78 °C and
the resulting mixture was stirred for an additional 2 h while warming to 24 °C. Water (5 mL) was added to
the reaction mixture, which was stirred at room temperature for 30 min. The precipitate was filtered off, the
organic layer was concentrated under reduced pressure and placed under vacuum. The residue was purified
by column chromatography on SiO,, eluting with CHCl;/MeOH (10:1).
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Methyl (2)-2-((3S,4S,8S,10S,11R,14S,16S)-16-acetoxy-3-((3-bromopropyl)amino)-11-hydroxy-
4,8,10,14-tetramethylhexadecahydro-17H-cyclopenta[a]phenanthren-17-ylidene)-6-methylhept-5-
enoate (9)

Yield 1.05 g (85 %), yellow powder, mp: 198-200°C, [a]p™ +12° (¢ 0.73, CHCI5). 'H NMR (CDCl,):
6=0.88 s (3H, H*®), 1.10 d (3H, H*®, J 6.8 Hz), 1.12 s (3H, H"), 1.14-1.27 m (1H, H™, 2H, H?), 1.15-1.26 m
(1H, H"?), 1.34 s (3H, H®), 1.49-1.60 m (1H, H%), 1.58-1.66 m (1H, H™), 1.59 s (3H, H*"), 1.59-1.72 m (2H,
H%, 1.64-1.71 m (1H, H'®), 1.66 s (3H, H*®),1.71-1.86 m (2H, H*, H'*), 1.74-1.79 m (1H, H*), 1.87-1.97 m
(1H, H'), 1.94-2.14 m (2H, H*), 1.97 s [3H, O-C(0)CH3], 2.01-2.11 m (3H, H™, H®, H®), 2.10-2.21 m (1H,
H™"), 2.21-2.29 m (1H, H'®), 2.32-2.48 m (2H, H?), 2.56-2.66 m (1H, H'®), 2.66-2.74 m (1H, H**), 3.04 d
(1H, H®, J 11.0 Hz), 3.04-3.15 m (1H, H%), 3.32-3.38 m (1H, H*"), 3.63 s (3H, COOCH,), 4.22-4.35 m (1H,
H"Y), 5.08 t (1H, H*, J 7.5 Hz), 5.82 d (1H, H™, J 8.1 Hz). *C NMR (CDCly), 6=14.2 (C*), 17.1 (C*), 17.7
(C?), 18.7 (C®), 20.9 [O-C(O)CHy], 22.3 (C¥), 25.7 (C%®), 28.4 (C?), 28.6 (C*), 28.8 (C*?), 29.7 (C', C?),
29.9 (C?), 30.8 (C*), 31.6 (CY), 36.3 (C*), 36.8 (C1°), 38.7 (C%), 38.9 (C™), 39.9 (C?), 42.1 (C°), 43.8 (CY),
48.8 (C'), 49.1 (C'), 50.5 (C?), 51.4 (COOCH,), 66.7 (C™), 67.4 (C3), 74.4 (C™®), 123.0 (C**), 130.3 (C®),
132.6 (C*®), 147.8 (C*"), 170.6 (C*"), 171.0 [O-C(O)CHg]. Calcd, %: C 64.60; H 8.67; Br 12.28; N 2.15; O
12.29. CysHs¢BrNOs. Found, %: C 64.66; H 8.66; Br 12.25; N 2.16. m/z 672.4 [M+Na]", calcd for
[CasHssBrNOsNa]* 672.3.

Compounds 10-13 (general procedure). Bromoamine 9 (1.00 g, 1.54 mmol) was dissolved in 5 mL of
DMF and the corresponding tertiary amine (11 mmol) was added: triethylamine (1.11 g), pyridine (0.87 g),
N, N-dimethylaminopyridine (1.35 g), or N-methylpiperidine (1.09 g). The reaction mixture was stirred at
70 °C for 8 h. After completion, the mixture was purified by column chromatography on SiO,, eluting with
CHCI3/MeOH (4:1).

3-(((3S,4S,8S,10S,11R,14S,16S,  Z)-16-acetoxy-11-hydroxy-17-(1-methoxy-6-methyl-1-oxohept-5-
en-2-ylidene)-4,8,10,14-tetramethylhexadecahydro-1H-cyclopenta[a]phenanthren-3-yl)amino)-N,N,N-
triethylpropan-1-aminium bromide (10)

Yield 0.66 g (60 %), white powder, mp: 195-197°C, [a]o"™ +8° (¢ 0.99, MeOH). 'H NMR (MeOD):
6=0.88 s (3H, H'®), 1.11 s (3H, HY), 1.17-1.29 m (1H, H"®), 1.18 d (3H, H®, J 6.5 Hz), 1.20-1.36 m (1H,
H™), 1.35 s (3H, H*), 1.44 t (9H, H°>, H', H®, J 7.2 Hz), 1.52-1.62 m (1H, H°), 1.55-1.64 m (2H, H°), 1.56-
1.66 m (2H, H*, H™), 1.60 s (3H, H*"), 1.63-1.74 m (1H, H'®), 1.67 s (3H, H*®), 1.72-1.86 s (2H, H?), 1.74-
1.88 m (2H, H*, H'®), 1.75-1.86 m (1H, H®), 1.92-2.04 m (1H, H'?), 1.97-2.19 m (2H, H*), 1.98 s [3H, O-
C(O)CHg], 2.04-2.14 m (1H, H™), 2.06-2.16 m (1H, H%), 2.10-2.23 m (1H, H*"), 2.25-2.37 m (1H, H*®),
2.36-2.53 m (2H, H?), 2.63-2.74 m (1H, H'), 2.96-3.06 m (1H, H*), 3.18 t (6H, H*, H®, H®, J 6.1 Hz),
3.19-3.31 m (1H, H%), 3.64 s (3H, COOCHj), 4.14-4.26 m (2H, H®), 4.32-4.47 m (1H, H"), 5.11 t (1H, H*, J
6.8 Hz), 5.83 d (1H, H™, J 8.1 Hz). ®*C NMR (MeOD): §=8.7 (C, C", C?%), 14.8 (C*®), 17.1 (C"®), 17.8 (C*"),
18.7 (C%), 21.0 [O-C(O)CH3], 22.6 (C*), 22.7 (C%), 25.8 (C®), 28.4 (C*), 28.7 (C*), 28.9 (C?), 29.7 (C?,
C"), 31.1 (CY, 31.9 (Ch), 36.2 (C), 36.8 (C™), 38.9 (C™), 39.8 (C%), 42.0 (C°), 43.9 (C™), 46.2 (C*, C°, C?),
48.5 (C', 49.1 (CY), 50.5 (C®), 51.4 (COOCHs3), 67.0 (C™), 67.6 (C%), 68.1 (C%), 74.3 (C'®), 123.1 (C*),
130.3 (C%), 132.5 (C%), 147.9 (CY), 170.4 (C*"), 170.8 [O0-C(O)CH3]. Calcd, %: C 65.49; H 9.52; Br 10.63;
N 3.73; O 10.64. C4H7,BrN,Os. Found, %: C 65.56; H 9.50; Br 10.61; N 3.72. m/z 773.5 [M+Na]*, calcd for
[C41H71BrN205Na]+ 773.4.

1-(3-(((3S,4S,8S,10S,11R,14S,16S, Z)-16-acetoxy-11-hydroxy-17-(1-methoxy-6-methyl-1-oxohept-
5-en-2-ylidene)-4,8,10,14-tetramethylhexadecahydro-1H-cyclopenta[a]phenanthren-3-
yl)amino)propyl)pyridin-1-ium bromide (11)

Yield 0.75 g (67 %), white powder, mp: 182-184°C, [a]p"® -11° (¢ 1.12, MeOH). 'H NMR (MeOD):
6=0.76 s (3H, H'®), 1.01 d (3H, H®, J 6.5 Hz), 1.02 s (3H, H"), 1.03-1.20 m (1H, H"?), 1.09-1.19 m (1H,
H™), 1.19 s 3H, H®), 1.39-1.45 m (1H, H%), 1.45 s (3H, H?), 1.46-1.59 m (2H, H"*, H™), 1.53 s (3H, H®),
1.55-1.70 m (2H, H®), 1.63-1.82 m (1H, H'*), 1.69-1.76 m (1H, H**), 1.73-1.87 m (1H, H%), 1.76-1.91 m
(1H, H™, 2H, H?), 1.83 s [3H, O-C(O)CHg], 1.84-2.10 m (2H, H%), 1.87-1.98 m (1H, H?"), 1.89-2.10 m (1H,
H'"), 1.97-2.12 m (1H, H™), 2.12-2.29 m (1H, H"), 2.21-2.52 m (2H, H*), 2.34-2.46 m (1H, H*), 2.37-
2.53 m (1H, H'™), 2.91 d (1H, H®, J 12.5 Hz), 3.05-3.15 m (1H, H?), 3.50 s (3H, COOCHjs), 4.14-4.17 m
(2H, H®), 4.16-4.27 m (1H, H™), 4.95 t (1H, H*, J 6.5 Hz), 5.68 d (1H, H'®, J 7.5 Hz), 8.03 t (2H, H>, H, J
7.5 Hz), 8.43 t (1H, H®, J 7.5 Hz), 9.19 d (2H, H*, H®, J 5.3 Hz). **C NMR (MeOD): §=15.0 (C®), 17.1
(C"), 17.7 (C*'), 20.8 [0-C(O)CHg], 21.0 (C®), 22.5 (C*), 22.6 (C?), 25.6 (C*), 28.4 (C*), 28.7 (C*), 29.3
(C"), 29.5 (C?), 29.5 (C"), 30.0 (CY), 33.2 (C*), 36.3 (C*), 36.4 (C™), 38.9 (C"), 39.5 (C*), 39.6 (C?), 42.7
(C), 43.7 (C*), 48.4 (C*), 50.6 (C?), 51.3 (COOCH,), 62.2 (C3), 66.9 (C*), 67.4 (C'), 74.2 (C*), 123.0
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(C™), 128.2 (C°, C"), 130.1 (C®), 132.3 (C®), 145.0 (C%), 145.9 (C*, C%), 148.0 (C*), 170.2 (C*), 170.7 [O-
C(O)CHg]. Calcd, %: C 65.83; H 8.42; Br 10.95; N 3.84; O 10.96. C4Hs:BrN,Os. Found, %: C 65.89; H
8.40; Br 10.92; N 3.85. m/z 751.3 [M+Na]", calcd for [C4HeBrN,OsNa]* 751.4.
1-(3-(((3S,4S,8S,10S,11R,14S5,16S,  Z)-16-acetoxy-11-hydroxy-17-(1-methoxy-6-methyl-1-oxohept-
5-en-2-ylidene)-4,8,10,14-tetramethylhexadecahydro-1H-cyclopenta[a]phenanthren-3-
ylhamino)propyl)-4-(dimethylamino)pyridin-1-ium bromide (12)

Yield 0.75 g (63 %), white powder, mp: 186-188°C, [a]o™ -5° (¢ 1.11, MeOH). ‘H NMR (MeOD):
6=0.81 s (3H, H'), 1.03 d (3H, H*®, J 6.5 Hz), 1.12-1.22 m (1H, H"®), 1.17 s (3H, H™), 1.18-1.28 m (1H,
H™), 1.24 s (3H, H*), 1.45-1.50 m (1H, H%), 1.51 s (3H, H*"), 1.51-1.65 m (1H, H™), 1.53-1.60 m (2H, H®),
1.55-1.60 m (1H, H*), 1.58 s (3H, H®), 1.65-1.75 m (1H, H"), 1.71-1.79 m (1H, H%, 1.72-1.80 m (1H,
H'*), 1.74-1.80 m (1H, H®), 1.83-1.97 m (2H, H?), 1.85-1.95 m (1H, H'®), 1.90 s [3H, O-C(O)CH3], 1.94-
2.14 m (2H, H?), 2.01-2.14 m (1H, H®), 2.03-2.14 m (1H, H™), 2.13-2.25 m (1H, H*"), 2.20-2.29 m (1H,
H'?), 2.27-2.45 m (2H, H*), 2.34-2.58 m 1H, H'), 2.96 d (1H, H", J 11.2 Hz), 3.02-3.14 m (1H, H%), 3.09 s
(6H, H®, H'), 3.18-3.56 m (2H, H%), 3.56 s (3H, COOCHj3), 4.20-4.33 m (1H, H'), 5.01 t (1H, H*, J 6.5
Hz), 5.73 d (1H, H', J 8.1 Hz), 6.63 d (2H, H°, H", J 5.6 Hz), 8.10 d (2H, H*, H?, J 5.6 Hz). *C NMR
(MeOD): 6=14.3 (C®), 17.1 (C*), 17.7 (C¥), 18.7 (C®), 20.9 [O-C(O)CHs], 22.3 (C*, C?), 25.6 (C*), 28.4
(C?), 28.6 (C™), 28.8 (C*), 29.6 (C7), 29.6 (C?), 30.9 (C*, 31.7 (CY), 36.3 (C*), 36.6 (C*°), 38.9 (C*), 39.7
(C%, C*), 39.8 (CP), 42.0 (C°), 43.9 (C®), 48.5 (C*), 49.1 (C*), 50.4 (C?), 51.3 (COOCHs), 63.7 (C?), 66.8
(C™), 67.5 (C3), 74.3 (C*), 106.7 (C*, C7), 123.0 (C**), 130.1 (C?), 133.1 (C®), 143.0 (C*, C¥), 148.0 (C*),
156.2 (C%), 170.5 (C*"), 170.8 [O-C(O)CH;]. Calcd, %: C 65.27; H 8.61; Br 10.34; N 5.44; O 10.35.
CioHgBrN;Os. Found, %: C 65.34; H 859; Br 10.31; N 545. m/z 7945 [M+Na]’, calcd for
[C42HﬁeBrN305Na]+ 794.4,

1-(3-(((3S,4S,8S,10S,11R,14S,16S, Z)-16-acetoxy-11-hydroxy-17-(1-methoxy-6-methyl-1-oxohept-
5-en-2-ylidene)-4,8,10,14-tetramethylhexadecahydro-1H-cyclopenta[a]phenanthren-3-
yl)amino)propyl)-1-methylpiperidin-1-ium bromide (13)

Yield 0.75 g (65 %), white powder, mp: 169-171°C, [o]p"™ +6° (¢ 1.10, MeOH). '"H NMR (MeOD):
6=0.85 s (3H, H'®), 1.06 d (3H, H®, J 6.8 Hz), 1.08 s (3H, H"), 1.14-1.25 m (1H, H"?), 1.18-1.26 m (1H,
H™), 1.30 s (3H, H*), 1.50-1.57 m (1H, H®), 1.52-1.58 m (2H, H®), 1.55 s (3H, H*"), 1.56-1.63 m (2H, H*,
H™), 1.58-1.70 m (4H, H®, H"), 1.63-1.70 m (1H, H'®), 1.65 s (3H, H*®), 1.72-1.83 m (1H, H*, 1.75-1.89 m
(2H, H®, H'*, 2H, H?), 1.82-1.92 m (2H, H®), 1.88-1.96 m (1H, H'®), 1.94 s [3H, O-C(O)CHg], 1.94-2.12 m
(2H, H%), 2.00-2.09 m (2H, H™, H%), 2.10-2.21 m (1H, H*), 2.19-2.28 m (1H, H*®), 2.31-2.48 m (2H, H?),
2.59-2.66 m (1H, H*"), 2.95-3.08 m (4H, H*, H?), 2.97-3.10 m (1H, H"), 3.04-3.12 m (1H, H®), 3.40 s (3H,
H%), 3.60 s (3H, COOCH3), 4.09-4.17 m (2H, H%), 4.25-4.34 m (1H, H'), 5.04 t (1H, H**, J 6.2 Hz), 5.70 d
(1H, H™, J 8.1 Hz). ®C NMR (MeOD): §=14.4 (C*®), 17.1 (C*®), 17.9 (C*), 18.6 (C®), 20.9 [O-C(O)CHg],
22.1 (C?), 22.3 (C°, C), 22.3 (C%), 22.6 (C*), 25.6 (C*®), 28.3 (C?), 28.6 (C*), 28.8 (C?), 29.6 (C?, C)),
30.9 (C%, 31.7 (CY), 36.3 (C™), 36.7 (C™°), 38.9 (C™), 39.9 (CP), 42.1 (C°), 43.8 (C™), 44.5 (C*, C?), 48,5
(C™, 48.7 (Ch), 50.0 (C%), 50.5 (C%), 51.4 (COOCHj3), 65.6 (C*), 66.7 (C'), 67.6 (C%), 74.4 (C*), 122.9
(C™), 130.3 (C?), 132.6 (C®), 147.8 (CY), 170.6 (C*), 170.9 [O-C(O)CH,]. Calcd, %: C 65.67; H 9.27; Br
10.66; N 3.74; O 10.67. C4HeoBrN,Os. Found, %: C 65.61; H 9.29; Br 10.68; N 3.73. m/z 771.4 [M+Na]*,
calcd for [Cy1HgoBrN,OsNa]* 771.4.

Results and Discussion

The quaternization reaction is one of the methods for functionalizing organic molecules, involving the
introduction of a quaternary ammonium group into the chemical structure. Several variants of this reaction
exist, but the most common method entails alkylation of tertiary amines with alkyl halides [36]. Bromination
of the carboxylic group of FA was carried out by reacting compound 1 with 1,2-dibromoethane under reflux
in dry acetone in the presence of K,COjs as base. The reaction afforded bromide 2 with a yield of 97 % (Fig-
ure 1) [35]. Bromide 2 was then subjected to quaternization with tertiary aliphatic and aromatic amines, such
as triethylamine, pyridine, N, N-dimethylaminopyridine, and N-methylpiperidine. The reaction proceeded in
DMF at 70 °C. After workup and purification by column chromatography, quaternized derivatives 3-6 were
isolated in 62-70 % vyields (Figure 1). The lack of a pronounced dependence of the yields on the
nucleophilicity of the amine can be attributed to the dominant role of steric hindrance from the fusidane scaf-
fold and the use of a large excess of the amine, which ensures high conversion regardless of the nucleophile's
electronic properties.

8 Eurasian Journal of Chemistry, 2026, Vol. 31, No. 3(123)



Synthesis of amphiphilic derivatives of fusidane triterpenoids

0/1\2'/BI'

Tertiary amine
. OAc i

DMF,
70°C

&
3, 62% 5, 65%

4 . N
fo) 3/ \ o ® 5
)k N 6 _ O N e)
0T A Ne By
4, 68% 6, 70%

Tertiary amine: Et;N; Py; DMAP; N-Methylpiperidine
Figure 1. Synthesis of compounds 3-6

The transformations of compound 2 were confirmed by the NMR spectroscopy of the products, particu-
larly by the downfield shift of the aliphatic chain carbon signal of the ester fragment attached to the quater-
nary nitrogen (8¢ 55.66-60.23 ppm, depending on the substituent at the quaternary nitrogen) compared to the
starting bromide (8¢ = 28.35 ppm). Moreover, in the '"H NMR spectra of compounds 4 and 5, aromatic pro-
ton signals appeared at 6 6.88-9.14 ppm, while for derivative 3, the **C NMR spectrum showed additional
signals for the terminal methyl groups of the triethylammonium fragment at & = 8.20 ppm.

The reductive amination of aldehydes and ketones is one of the most important methods in the pharma-
ceutical industry due to its versatility and selectivity, enabling the one-step synthesis of amines with varying
degrees of substitution [37]. Using reductive amination, amine 9 was obtained from the 3,11-dioxo methyl
ester derivative of FA (8) by reacting the latter with 3-bromopropylamine in MeOH in the presence of Ti(Oi-
Pr), catalyst, followed by reduction of the reaction mixture with NaBH, (Figure 2). The reaction proceeded
selectively at the 3-keto group, while the 11-keto group did not undergo amination and was reduced to the
hydroxyl function. The transformation of 8 into 9 was confirmed by NMR spectroscopy. In the *C NMR
spectrum, signals of the two keto groups at ¢ = 215.95 and 209.55 ppm disappeared, and signals of the C
atoms at newly formed N-CH-3 and O-CH-11 bonds appeared at 6 = 67.42 and 66.98 ppm, respectively. The
signal of carbon atom attached to bromine was registered at & = 38.73 ppm. In the "H NMR spectrum of 9,
signals of the CH-3 protons (6 = 3.04-3.15 ppm) and CH-11 protons (6 = 4.22-4.35 ppm) were observed,
along with a series of multiplets (6 = 1.14-1.27, 1.87-2.66, and 2.66-3.38 ppm) corresponding to the CH,
groups of the bromoaminopropane fragment. NOESY spectra confirmed that C-3 acquired p-configuration
upon reductive amination, while C-11 retained the a-configuration of the native molecule.
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Figure 2. Synthesis of compound 9

Compound 9 was involved into the reaction with triethylamine, pyridine, N, N-dimethylaminopyridine,
and N-methylpiperidine in DMF upon heating, affording amphiphilic derivatives 10-13 in 60-67 % yields
(Figure 3). A similar trend was observed for this series, where the yields remained largely unaffected by the
amine's nucleophilicity, further supporting the steric control exerted by the bulky triterpenoid core. The
structures of the obtained compounds were confirmed by a comprehensive set of spectral studies, including
1D and 2D NMR spectroscopy data.
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Tertiary amine: Et;N; Py; DMAP; N-Methylpiperidine

Figure 3. Synthesis of quaternized derivatives 10-13 from compound 9

Conclusions

Brominated analogs of fusidane triterpenoids were synthesized via esterification of the FA carboxylic
group with 1,2-dibromoethane and by reductive amination of the methyl fusidate diketone derivative with 3-
bromopropylamine. Quaternization of aliphatic and aromatic tertiary amines with the resulting fusidane
bromo derivatives afforded novel amphiphilic fusidic acid analogs, which are of interest as potential antibac-
terial agents with membrane-tropic activity.
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Sulfoethyl Chitosan: From Synthesis and Physicochemical Characterization
to Functional Applications and Patent Perspectives

Sulfoethyl chitosan (SEC) is an anionic chitosan derivative obtained through N-, O-, or mixed O,
N-substitution with sulfoethyl groups, which significantly enhances water solubility across a wide pH range,
imparts strong polyelectrolyte character, and confers heparin-mimicking biological properties. This review
provides a comprehensive overview of SEC synthesis approaches, chemoselective routes thereof, and the in-
fluence of the degree of substitution (DS) and substitution pattern on solubility, swelling, thermal stability,
and metal-ion sorption selectivity. Characterization techniques including 'H NMR, elemental analysis,
FT-IR, X-ray diffraction and molecular weight determination approaches are discussed with their specific
challenges for polyelectrolyte derivatives, including sample purity and aggregation. The impact of
sulfoethylation on biological properties including anticoagulant activity, hemocompatibility, cytotoxicity, an-
timicrobial effect, DNA protective activity was evaluated for sulfoethylated chitosan and its precursors, chitin
and chitin-glucan complex, revealing distinct structure-activity trends governed by the degree of acetylation
and substitution pattern. Representative applications include selective solid-phase extraction of copper from
environmental waters, anticoagulant coatings, and macroporous cryogels for long-term bacterial stabilization
at ambient temperatures over 12 months. Despite its versatility, SEC remains under-patented compared to
other chitosan derivatives. Critical knowledge gaps persist, including the absence of systematic DS-
bioactivity and regioselectivity-bioactivity relationships and long-term stability studies, which raises doubts
on the industrial demand of the biopolymer. Future perspectives emphasize standardized protocols for charac-
terization and for biological activity assessment, pilot manufacturing with reduced toxic and environmental
impact, and interdisciplinary efforts to develop advanced functional materials. With focused attention on the-
se priorities, SEC has potential to transition from a laboratory derivative to a commercially viable biopoly-
mer.

Keywords: sulfoethyl chitosan, biopolymer, polysaccharide, sulfoethylation, synthesis, characterization, chi-
tosan derivatives, patent landscape.
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List of abbreviations

AUC: analytical ultracentrifugation
DLS: dynamic light scattering

DS: degree of substitution

FT-IR: Fourier transform Infrared spectroscopy
GA: glutaraldehyde

GIcN: D-glucosamine

GIcNAc: N-acetyl-D-glucosamine

Gp: genipin

IPA: isopropyl alcohol

MKH: Mark-Kuhn-Houwink

MW: molecular weight

NaBES: sodium 2-bromoethylsulfonate
NaCES: sodium 2-chloroethylsulfonate
NaVsS: sodium vinylsulfonate

N-SEC: N-sulfoethyl chitosan

O, N-SEC: O, N-sulfoethyl chitosan
O-SEC: O-sulfoethyl chitosan

SEC: sulfoethyl chitosan

SE-C: sulfoethylated chitin

SE-CG: sulfoethylated chitin-glucan complex
SLS: static light scattering

1 Review Plan

This critical review employed a structured literature search to identify all relevant publications on SEC.
The search was conducted across major scientific databases including Scopus, Web of Science, PubMed, and
Google Scholar, using the following search string: (“sulfoethyl chitosan” OR "N-sulfoethyl chitosan™ OR "O-
sulfoethyl chitosan" OR "N, O-sulfoethyl chitosan') AND ("synthesis" OR "characterization" OR "applica-
tion" OR "properties™). No date restrictions were applied to ensure comprehensive coverage of the historical
development of SEC chemistry. The search was supplemented by manual screening of reference lists from
retrieved articles and review papers to identify additional relevant studies. Inclusion criteria comprised origi-
nal research articles, review papers, and patent documents reporting on SEC synthesis, physicochemical
characterization, or functional applications. Studies were excluded if they (i) focused exclusively on other
chitosan derivatives without comparative SEC data, or (ii) lacked sufficient experimental detail for critical
evaluation. The retrieved literature was organized thematically according to the three main axes of the re-
view: synthesis methodology, structural characterization, and application domains. This combined approach
ensured comprehensive coverage while maintaining focus on the specific chemistry and applications of SEC.

2 Introduction

Chitosan is a naturally derived, cationic biopolymer obtained through the chemical deacetylation of chi-
tin, the second most abundant natural biopolymer after cellulose occurring as a major fraction of the
exoskeletal matrices of crustaceans, including either shrimps or crabs, but also derived from insects, as well
as the cell walls of certain fungi. As a derivative of chitin, chitosan retains its precursor's structural backbone
composed of B-(1—4)-linked D-glucosamine (GIcN) and N-acetyl-D-glucosamine (GIcNACc) units [1, 2].

The presence of free amino groups along its polymeric chain highlights distinguishes chitosan among
numerous naturally-derived polymers, providing its advantageous properties, including biodegradability, bi-
ocompatibility, mucoadhesivity, and intrinsic antimicrobial activity. In this regard chitosan has been estab-
lished as a sustainable and environmentally friendly alternative to synthetic polymers in biomedical, pharma-
ceutical, agricultural, and environmental applications [3-5].

ISSN 2959-0663 (Print); ISSN 2959-0671 (Online); ISSN-L 2959-0663 15



Bedritskikh, K.S., Saeidi, A. et al.

However, the same properties that enable its functionality also impose limitations. Thus, chitosan is on-
ly soluble in dilute acidic media with a pH below 6.5, exhibits poor mechanical stability in physiological en-
vironments, and offers limited control over its bioactivity profile [6, 7].

These shortcomings have motivated a rich field of chemical modification aimed at tailoring chitosan's
physicochemical and biological behavior for specific applications [8, 9]. The resulting wide arsenal of chem-
ical modification strategies has been developed to introduce functional groups into the chitosan backbone.
Among the primary targets are the C-2 amino group and the C-3 and C-6 hydroxy!| groups, each offering dis-
tinct reactivity patterns (Figure 1) [10, 11].
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Figure 1. Key targets for chemical modification of chitosan.
Note: The conceptual graphical layout and illustrative elements were assisted using ChatGPT-40. Chemical structures
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For instance, quaternization of the amino group yields N,N,N-trimethyl chitosan, which exhibits en-
hanced water solubility and permeation-enhancing effects irrespective of pH [12, 13], which allows chi-
tosan’s application in drug delivery, while carboxyalkylation, typically at O-6 or N-2 positions, introduces
anionic character, enabling pH-responsive solubility and metal chelation [14-17]. Thiolation improves
mucoadhesion and in situ gelling capacity via disulfide bond formation with cysteine-rich mucus
glycoproteins [18]. And either alkylation or acylation allows modulation of the amphiphilicity, promoting
self-assembly into nanoparticles for hydrophobic drug delivery [19].

Each modification, however, involves trade-offs: increased solubility may come at the cost of biodegra-
dability as demonstrated by carboxyalkylation, while enhanced bioactivity may reduce mechanical integrity.
Recognizing these patterns is essential before focusing on a particularly promising but underexplored class
of modifications — the introduction of sulfo groups.

Sulfo groups (-SOsH or their anionic form -SO3~) take a special place in biopolymer chemistry. Natu-
rally sulfated polysaccharides such as carrageenan obtained from red algae, fucoidan derived from brown
algae, or heparin extracted from animal tissues mediate critical biological processes including anticoagula-
tion, antiviral defense, inflammation modulation, and growth factor sequestration [20, 21].

The biological activity of these molecules is strongly correlated with their degree and pattern of sul-
fation. For example, k-carrageenan, with one sulfate per disaccharide, primarily formulates gels, while A-
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carrageenan, with three sulfate groups per disaccharide, remains water soluble and exhibits stronger
immunomodulatory effects [22-24].

Synthetic introduction of sulfo groups into biopolymers thus represents a rational strategy to mimic na-
ture's sulfated glycosaminoglycans while overcoming the heterogeneity and supply limitations of natural ex-
tracts, such as heparin [25, 26].

Compared to carboxyl or amino modifications, sulfo groups confer strong negative charge even at low
pH, high hydrophilicity, and specific interactions with positively charged protein domains — properties ex-
ploited in heparin-like anticoagulant materials and in scaffolds for growth factor delivery [27-29].

Notably, carrageenan itself has been extensively studied, but its rigid backbone and fixed sulfation pat-
tern limit tunability [30-32]. Chitosan, by contrast, offers a flexible platform where the number and position
of sulfo groups can be precisely controlled via synthetic chemistry [33, 34].

Against this backdrop, SEC — a derivative bearing sulfoethyl groups typically introduced via reaction
of chitosan with sodium 2-chloroethylsulfonate (NaCES), sodium vinylsulfonate (NaVS) or sodium
2-bromoethylsulfonate (NaBES) — has emerged as a particularly interesting candidate. Early studies sug-
gested that introducing sulfoethyl moieties preserves chitosan's film-forming ability while dramatically im-
proving water solubility and imparting anticoagulant activity reminiscent of heparin [35-39].

However, a comprehensive and critical synthesis of the literature on SEC has been lacking. Individual
reports focus either on synthetic optimization, on structural characterization (e.g., degree of substitution, pat-
terns of O- vs N-substitution), on functional properties (solubility, viscosity, thermal stability), or on biologi-
cal assays. Moreover, contradictions exist regarding the relationship between the degree of substitution (DS)
and biological efficacy, and no systematic comparison of different sulfoethylation methods has been pub-
lished, thus, the present review aims to address this gap.

3 Synthesis and Characterization

3.1 Sulfoethyl Chitosan Synthesis

The first documented synthesis of SEC is attributed to the pioneering work of Nud'ga et al. [40] who
produced SEC with a DS of 0.11-0.35 and a sulfur content of 1.39-5.32 % by employing NaCES in the pres-
ence of alkali in isopropyl alcohol (IPA) and in mixtures of o-xylene with propyl and IPA. Both O-6- and N-
sulfoethylation were confirmed by amino-nitrogen analysis and conductimetric titration. In another study,
selective O-substitution was achieved by protecting the amino groups of chitosan with an aromatic aldehyde,
resulting in the formation of a Schiff base. The final product had a highest DS of 0.31 [41-43].

Later recorded synthesis was made by Muzzarelli in 1992, who suspended water-insoluble
N-carboxymethyl chitosan in IPA, followed by treatment with NaOH and NaCES [41].

A further contribution to understanding the reactivity and optimization of chitosan’s sulfoethylation
came from the Nud'ga et al. research group in their 2001 comparative study [44]. Using sodium NaCES in
IPA at 80 °C under alkaline conditions within a portionwise addition mechanism, they achieved the DS of
0.35 for chitosan. Under alkaline conditions the authors proposed that NaCES undergoes in situ
dehydrohalogenation to form NaVsS, after which the reaction proceeds via a Michael-type addition mecha-
nism. The reaction with NaVS in similar conditions had been found significantly more efficient for chitosan
sulfoethylation, yielding products with DS values of 0.76-0.98 that were completely soluble in water. De-
spite requiring an additional step (the preparation of NaVS from NaCES) along with the removal of NaCl,
this approach offers substantial advantages, including lower NaOH consumption and minimal deacetylation
of the chitin fraction [44].

A significant methodological advancement in the synthesis of SEC was reported by Pestov et al. in
2013, introducing a "synthesis in a gel" technique that has since become a foundational protocol for achiev-
ing highly regioselective N-substitution. In contrast to earlier developed heterogeneous methods using
NaCES in alkaline organic media, which produced non-selective N, O-substitution with low DS (< 0.35),
the authors suggested a homogeneous protocol: chitosan finely dispersed in 0.8M HCI was left to swell for
10 min formulating a gel, afterwards NaBES was added, and the mixture was stirred at 70 °C heating for 24
h. The resulting reaction media was then neutralized with NaOH, SEC was precipitated with acetone, ex-
tracted with hot ethanol, and dried at 50 °C to constant weight. This reaction proceeds via an Sy2 mecha-
nism, primarily resulting in N-substituted chitosan [45].

By performing the reaction in this acidic gel state, the authors suppressed the reactivity of the hydroxyl
groups, directing the nucleophilic substitution almost exclusively to the primary amino groups on the chi-
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tosan backbone. This strategy enabled the production of N-SEC with a substantially higher DS of up to 0.5.
The high N-selectivity observed in neutral or mildly acidic conditions arises from the distinct nucleophilic
properties of the functional groups on the chitosan backbone. Although a significant fraction of the primary
amino groups is protonated under these conditions, a reactive equilibrium population of free —NH, remains
available. These unprotonated amino groups are strongly nucleophilic and therefore the preferred site of at-
tack. In contrast, the hydroxyl groups stay protonated and, in the absence of their conversion into alkoxide
ions, possess only low intrinsic nucleophilicity, effectively suppressing O-substitution. As a result, the reac-
tion proceeds with high selectivity towards nitrogen [46, 47]. In strongly alkaline conditions, however, the
situation changes dramatically. The hydroxyl groups are partially deprotonated to form alkoxide ions (-O"),
which are much stronger nucleophiles. This leads to competing O-alkylation alongside N-substitution, result-
ing in reduced selectivity and often a mixture of N- and O-modified products [48-50]. By performing the
reaction in a neutral or weakly acidic medium, O-substitution is minimized, enabling clean and highly selec-
tive N-functionalization of chitosan.

Another work of the same research group appeared in a study published by Petrova et al. in 2014. Here-
in the authors had refined the technique by successfully conducting the biopolymer-analogous transformation
without the addition of any acid or base. In this optimized procedure, chitosan was simply mixed with sodi-
um NaBES in water. During heating at 70 °C, the reaction mixture self-assembled into a physical gel as the
progressively modified polymer became more hydrophilic. This novel approach in a neutral aqueous medium
totally prevents O-substitution, resulting in N-SEC with a moderate DS of up to 0.55 and high yields about
81 % [51].

The suggested method represented a crucial step towards a simpler route for producing well-defined
SEC. In a later study, varying the reaction parameters Petrova et al. reported the synthesis of N-SEC with a
DS of up to 0.78 and up to 1.00, following a similar reaction pathway used in their previous work [52, 53].
Collectively, all reported methods for the preparation of N-SEC across different reaction conditions are pre-
sented in Table 1.

Table 1

SEC parameters depending on the reaction conditions

Molar ratio | Concentration of chitosanin | T,°C | Sulfur content, DS calculated by '"H NMR Reference
Chitosan: reaction media, % % data
NaBES:HCI
1:1:0.25 21 70 5.06 0.31 [45]
1:1:0.5 23 4.17 0.24
1:1:1 20 0.20 0
1:2:0.25 23 50 5.24 0.30
70 6.55 0.44
90 6.23 0.46
1:2:05 23 50 3.44 0.16
10 70 4.64 0.24
20 7.12 0.50
30 4.12 0.24
1:2:0.5 20 70 6.45 0.40
(acetic acid)
1:3:0.25 23 50 6.87 0.33
1:3:0.5 23 50 3.28 0.16
70 4.86 0.30
1:2:0 21 50 6.46 0.45 [51]
70 7.48 0.55
1:1:0 12 70 8.94 0.71 [52]
1:2:0 12 70 9.22 0.72
21 50 6.46 0.45
70 7.48 0.55
1:3:0 12 70 9.66 0.78 (the DS was unchanged
after 48 h)
90 9.32 0.70
1:4:0 12 70 8.92 0.68
1:5:0 8 70 9.01 0.70
1:2:0 12 70 ns 1.0 (reaction was carried out for [53]
12 h)
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The data presented in Table 1 demonstrates that DS in the N-2-sulfoethylation of chitosan with NaBES
in a gel phase was significantly influenced by the reaction parameters. The molar ratio of chitosan to NaBES
and the amount of acid used for gel formation proved to be the most critical factors. An increase in the
NaBES excess up to a 1:2-1:3 ratio enhanced the DS, whereas a further increase in the molar ratio did not
result in higher DS. Notably, the presence of hydrochloric acid was essential for physical gel formation but
exerted a pronounced negative effect on substitution efficiency; excess HCI (e.g., 1:1:1 ratio) completely
suppressed the reaction (DS = 0), whereas reactions performed with minimal or no HCI afforded the highest
DS values. Replacement of HCI with acetic acid had negligible impact on the DS, offering a safer alternative
for gel preparation while maintaining comparable efficiency. The optimal chitosan concentration in the reac-
tion medium was found to be approximately 12-20 %, consistent with a pronounced gel effect that maximiz-
es local reagent concentration and minimizes diffusion limitations. The reaction temperature of 70 °C pro-
vided the highest DS, whereas lower temperatures (50 °C) halved the DS and higher temperatures (90 °C)
yielded only slight or no additional benefit. This behavior is most readily explained by the onset of compet-
ing side-reactions of the alkylating agent NaBES that becomes kinetically significant above 70 °C. In aque-
ous media NaBES can undergo both hydrolysis to the inactive 2-hydroxyethanesulfonate and elimination of
HBr to vinylsulfonate. Both conversions reduce the effective concentration of the Sy2-active reagent intend-
ed to interact with chitosan amino groups. Under the mildly acidic conditions used in several of the entries, a
secondary contribution from limited acid-catalyzed scission of the polysaccharide backbone cannot be ex-
cluded, although the thermal sensitivity of the reagent itself turns out the primary limitation. Consequently,
70 °C represents the practical optimum that maximizes the rate of the desired N-alkylation while minimizing
reagent loss.

The reaction time had limited influence on the outcome: most experiments were conducted for 24 h, a
DS of 1.0 was achieved in one case after only 12 h, and prolongation of the reaction up to 48 h did not lead
to any further increase in DS. These findings demonstrate that careful control of reaction conditions is crucial
for achieving high degrees of N-substitution in SEC.

In contrast to the regioselective gel-phase protocols proposed by Pestov’s group, earlier established N,
O-sulfoethylation protocols considered heterogeneous conditions with NaCES in alkaline organic media.
Owing to the high crystallinity and limited reactivity of chitosan, a pretreatment step was essential to disrupt
intermolecular hydrogen bonds and expose the reactive sites.

In another study by Petrova et al., the biopolymer was pretreated by swelling in water for 5 days or
through ultrasonication, followed by reaction of the swollen chitosan with excess NaCES in 85 % 2-propanol
in the presence of NaOH (typical molar ratios chitosan:NaCES:NaOH = 1:6:6 or 1:6:9) under a nitrogen at-
mosphere at 80 °C for 3 h. Products were purified by dialysis and freeze-dried. The pretreatment increased
the DS, improved water solubility at higher DS, and reduced intrinsic viscosity due to bulky substituents and
partial degradation. This less selective route still enabled practical access to water-soluble SEC with tunable
DS [37].

Gabriel and Heinze conducted a comparative study on the synthesis of SEC using two distinct reagents:
NaVs in an alkaline IPA slurry (heterogeneous) and NaBES under acidic aqueous conditions (homogene-
ous). For the NaVsS route, the authors modified the reagent stoichiometry (chitosan:NaVS:NaOH = 1:4:4)
and reaction conditions (stirring for 1 h at room temperature followed by 5 h at 80 °C) relative to earlier pro-
tocols (e.g., a 1:6:6 ratio and a single 3 h step at 80 °C) [37]. A pivotal finding of this work was the exclusive
formation of O-substituted chitosan at the C-3 and C-6 positions. Thus, it was demonstrated that quantitative
conversion of NaCES to NaVS does not occur fully under the alkaline conditions. Residual NaCES therefore
coexists with NaV'S and reacts with chitosan predominantly via an Sy2 (Williamson-type) pathway, which
favors N-substitution at the more nucleophilic amino groups. In contrast, pure NaVS under heterogeneous
alkaline conditions (isopropanol/NaOH) promotes chemoselective O-substitution at the C-3 and C-6 hydrox-
yl groups. This distinction accounts for the mixed N, O-substitution patterns reported in earlier NaCES-based
protocols and for the exclusively O-substituted products obtained when NaVs itself is used. In the same
study, the NaBES protocol was also modified; chitosan was suspended in water (3 % gel concentration) un-
der nitrogen, acidified with concentrated HCI for 10 minutes, and then reacted with NaBES at 70 °C for 24
hours [39].

Subsequent investigations generally aimed to refine the existing methodologies.

Another study was directed towards process purification facilitation when Bolshakov et al. developed a
streamlined protocol employing a 1:2 molar ratio of chitosan to sodium NaBES. The reagents were mixed in
their dry state, hydrated, and heated at 70 °C for 24 hours with periodic agitation. Following the addition of a
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NaOH solution, the reaction mass was cooled, stirred intensively for 10 hours, and then shaken for 15 hours.
The product was isolated by precipitation in acetone and dried at 40-50 °C. The principal advancement of
this method was the simplification of the purification stage, effectively eliminating the laborious Soxhlet ex-
traction required in earlier procedures [54].

More recently, Heise et al. revised the dual-reagent strategy, investigating the sulfoethylation of chi-
tosan with both NaVS and NaBES under alkaline pH. Diverging from prior protocols, the NaVS reaction
was conducted without IPA or a nitrogen atmosphere, which resulted in a comparatively lower DS of 0.69.
Conversely, the NaBES reaction, performed in IPA under alkaline conditions, achieved a higher DS of 1.05.
Notably, both synthetic pathways predominantly yielded O-substitution at the C-6 position [35].

In summary, the collective work of Pestov and Petrova established foundational protocols for synthesiz-
ing N-SEC with DS varying from 0.2 to 1. Subsequently, iterative modifications by other researchers, build-
ing upon both these methods and the earlier work of Nud'ga for O, N-substituted derivatives, have progres-
sively steered the field towards the selective synthesis of O-SEC.

Overall, the synthetic routes for chitosan sulfoethylation can be summarized as presented in Figure 2.
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Figure 2. Synthetic routes of sulfoethyl chitosan

The DS of SEC is governed by several reaction parameters, including reagent, reagent ratio, reaction
medium, temperature, reaction time, and pretreatment of the starting polymer. Early studies demonstrated
that increasing the molar ratio of sulfoethylation reagent generally increases sulfur incorporation and, conse-
guently, DS. However, excessively high reagent ratios may adversely affect the physicochemical properties
of the final product.

So far, chemical approaches to synthesize SEC are various and well-studied. But still sulfoethylation of
chitosan remains a laboratory-scale technology without market distribution.

Considering the reasons for that one would find that the synthesis of SEC traditionally relies on high-
cost sulfoethylating agents. From an economic perspective, sodium NaCES is substantially more cost-
effective than NaBES, but its lower reactivity and tendency to form NaVs in situ under alkaline conditions
may limit the achievable DS [39]. This trade-off between reagent cost, reactivity, and substitution selectivity
must be carefully considered when designing a scalable and economically viable synthesis route. Also, puri-
fication procedure typically involves precipitation with large volumes of organic solvents either ethanol or
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acetone, followed by exhaustive dialysis, which contributes to a high E-factor [39]. Overall, the precursor
costs, synthesis yield, and the amounts of chitosan and reagents turn out to be the key challenges for both
economic and environmental sustainability [55]. This means that future research should prioritize the devel-
opment and adaptation of greener methodologies for SEC production with systematic evaluation, to enable
truly scalable and environmentally responsible manufacturing.

3.2 Characterization

Comprehensive physicochemical characterization of any biopolymer is a prerequisite for establishing
reliable structure-property correlations and ensuring batch-to-batch reproducibility in both synthetic and ap-
plicative contexts. Analytical protocols must consider multiple hierarchical levels of structural organization,
including primary structure, molar mass characteristics, and conformational behavior in solution, all of
which govern macroscopic properties such as rheology, complexation ability, and bioactivity. In the case of
SEC, the introduction of anionic sulfoethyl groups further complicates the analytical landscape: the presence
of strong acid sulfonate moieties not only enhances polyelectrolyte character and modulates the overall
charge density but also introduces additional variables, such as the position of substitution (O-, N- or mixed
substitution), the relative distribution along the polymer chain, and the resulting changes in the hydrophile—
lipophile balance. Moreover, the charged nature of the derivative makes its solution properties highly sensi-
tive to ionic strength, pH, and counterion type, necessitating analytical strategies capable of distinguishing
between substitution-derived effects and those arising from purely conformational or associative phenomena.
Consequently, a rigorously designed analytical framework for SEC must integrate complementary orthogo-
nal techniques that address both covalent structural features and non-covalent dynamic behavior, thereby
enabling unambiguous interpretation of its functional performance.

3.2.1 Sulfoethylation Confirmation and Degree of Substitution

The proton magnetic resonance analysis is a typical procedure for structure investigation but one of the
key methods to determine the DS. Its accurate determination is essential for rationalizing SEC data, since DS
directly affects the polymer's hydrodynamic radius and its interaction with the stationary phase. Petrova et al.
suggested the formula for calculating the DS from 1H NMR spectra represented by equation (1) [51]

DS :m+—2d, ).
m+d+a

However, we suggest that the degree of acetylation (DA) of chitosan shall be considered, so the formula
version of this expression that additionally accounts for this will be described by the equation (2):

DS = (m+—2d)x (1-DA), 0)
m+d+a

where m — the mole fraction of monosulfoethylated glucosamine units, d — the mole fraction of
disulfoethylated glucosamine units, a — the mole fraction of glucosamine units, DA — degree of acetyla-
tion. m, d, and a values were calculated using integral intensities of the corresponding signals in 'H NMR
spectrum.

The spectrum also reveals the structure of the biopolymer reflecting its modification type. For N-SEC
the typical "H NMR spectrum can be described as (D,0/DCI), 8, ppm: 2.08 (CHs), 3.23 (H 2 GIcNH,), 3.35
(NHCH,CH,), 3.44-4.10 (H 2,3,4,5,6 NHCH,CH,), 4.62 (H 1 GIcNHAc), 4.94 (H 1 GIcNH,), 5.06 (H 1
GIcNHCH,CHy), 5.12 (H 1 GIcN(CH,CH,S0O3H)2) [51], while O-SEC shows the overlapping NMR pattern
in the H-1 region as indicating mainly free amino groups with a small amount of N-monosubstituted SEC
[37].

Another independent approach to investigate and cross-validate the DS values obtained from *H NMR
is C, H, N, S elemental analysis. It is typically used to characterize the DS using the equation represented by
equation (3):

o(S)xM(N)
m(N)xM(S)

where ®(S) and o(N) are the mass fractions and M(S) and M(N) are the atomic weights of sulfur and nitro-
gen, respectively [37].

DS = x100% , (3)
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This method is particularly advantageous for SEC analysis due to the fixed nitrogen content per repeat-
ing polysaccharide unit (one N atom per glucosamine ring), while the sulfur content scales linearly with the
number of introduced sulfoethyl groups.

However, the elemental analysis critically depends on the sample’s purity. The often underestimated
concern is that any nitrogen- or sulfur-containing impurities including residual unreacted reagents, inorganic
salts, solvents, or by-products will distort the elemental composition data and lead to an incorrect DS value.
This problem is particularly acute in polysaccharide chemistry, where the high molecular weight and mac-
romolecular nature of the polymer make it hard to remove low-molecular-weight contaminants completely
[56]. The removal of low-molecular-weight impurities from SEC samples is typically achieved by exhaustive
dialysis against deionized water followed by lyophilization. This approach was employed by Gabriel and
Heinze [39] in their chemoselective sulfoethylation study, where the reaction product was purified by dialy-
sis to remove residual NaVS and other by-products prior to characterization. Similarly, Petrova et al. [53]
utilized ethanol precipitation and extensive washing to purify N-SEC after synthesis, ensuring removal of
unreacted NaBES before analysis for DS calculation.

Consequently, following a proper sample preparation the calculated DS reflects the average number of
substituents per monomer unit, providing a bulk compositional parameter that complements the site-specific
information available from NMR.

Covalently bound sulfonates can be successfully detected by Fourier transform Infrared spectroscopy
(FT-IR). While investigating the FT-IR spectrum one should consider the background of the characteristic
chitosan bands — broad N-H and O-H stretching (<3376 cm™), C-H stretching (2881 cm™), amide I
(=1652 cm™), and C-O/C-C vibrations (<1067 cm™) while for SEC new intense absorption bands appear in
the regions of 1159-1164 cm™ and 1040-1043 cm™!, corresponding to the asymmetric and symmetric S=O
stretching vibrations of the sulfonate group. Additional characteristic bands at approximately 740-744 cm™!
and 594 cm™ are attributed to C-S and C-SOj stretching vibrations, respectively [45, 51, 54].

The position and shape of these bands, together with changes in the amino/hydroxyl regions, allow dif-
ferentiation of the substitution patterns. In O-substituted chitosan, the band with a maximum at 1530 cm™ is
particularly prominent as a complex band arising from the overlap of amide 11 (1550-1560 cm™) and proto-
nated amino group (1560-1520 cm™) contributions [37, 39].

Complementary Raman spectroscopy provides further structural insight, revealing new bands at 745
cm™! (S—C stretching) and 1044 cm™ (symmetric SO~ stretching), along with enhanced CH,-related vibra-
tions (2940 cm™ vgym/agym, 1410 cm™ §, 806 cm™ p) due to the introduced ethylene spacer. Importantly, the
intensity of these sulfoethyl-specific bands increases proportionally with the DS, offering a convenient quali-
tative tool for monitoring the extent of modification [35]. These combined vibrational data corroborate the
substitution patterns established by NMR and elemental analysis.

Overall, key analysis of SEC can be structured as represented in Figure 3.
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Figure 3. Sulfoethylation confirmation and degree of substitution of SEC

3.2.2 Molecular Structure

X-ray diffraction analysis of SEC films cast from 2 % acetic acid solutions, which resulted in protonat-
ed amino groups and sulfonate groups predominantly in the anionic form, initially balanced by acetate and
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residual sodium counter-ions, revealed significant changes in the supramolecular structure compared to un-
modified chitosan. The native chitosan film exhibited a characteristic reflection at 20 = 20-22°, typical of its
semi-crystalline structure. On the contrary, introduction of sulfoethyl groups led to progressive
amorphization of the polymer, manifested as weakening or broadening of the main reflection and the appear-
ance of a diffuse halo at 20-23°. This effect became more pronounced with increasing DS. Additionally, new
reflections appeared (e.g., at 13° for hydrated chitosan polymorph in SEC with DS = 0.45 and at 16.5° for
anhydrous polymorph in aged SEC with DS = 0.94), indicating the presence of different crystalline modifica-
tions. Notably, SEC films gradually lost solubility in 2 % acetic acid and water upon storage (partially after 3
months, completely after 6 months), in contrast to much higher stability of chitosan films. The observed
structuration during aging is attributed to the formation of intra- and intermolecular ionic crosslinks involv-
ing the sulfonate and amino groups, which enhances the ordering of the polymer matrix over time [37]. It
should be noted that the crystalline/amorphous character of SEC is expected to differ substantially if the pol-
ymer is examined in the pure sodium-salt form, the fully protonated (acid) form, or after exchange with mul-
tivalent cations (e.g., Ca?*), because ionic cross-linking by such cations can further rigidify or reorganize the
network.

Increasing DS substantially modifies the supramolecular organization of N-SEC in solution. The intrin-
sic viscosity decreases continuously with increasing substitution, reflecting a reduction in hydrodynamic
volume and molecular chain expansion. For example, intrinsic viscosity decreased from approximately 7.7
dL/g for native chitosan to about 1.5 dL/g for highly substituted derivatives. Simultaneously, the average
aggregate size decreased markedly as DS increased.

At the same time dynamic light scattering measurements showed that the hydrodynamic radius of pol-
ymer aggregates decreased from approximately 242 nm at DS = 0.94 to about 82 nm at DS = 1.30 in alkaline
solution. In addition to size reduction, aggregate morphology changes from predominantly spherical struc-
tures to more elongated aggregates depending on both DS and solvent composition. These observations indi-
cate that sulfoethyl substitution weakens intermolecular associations while promoting more compact and
solvent-dependent molecular assemblies.

The increasing sulfoethylation also alters the optical anisotropy of the polymer. Molecular hydrodynam-
ics and optical methods in shear flow have been employed to study the conformational and supramolecular
behavior of SEC in dilute solutions. Measurements of reduced viscosity showed linear concentration de-
pendences, allowing reliable determination of intrinsic viscosity values using the Huggins equation and con-
firming the absence of noticeable polyelectrolyte effects under the studied conditions. Flow birefringence
(Maxwell effect) was directly proportional to the velocity gradient, indicating that the solutions were mo-
lecularly dispersed. Significant differences were observed in the optical shear coefficient ([n]/[n]) between
chitosan and its sulfoethylated derivatives. While unmodified chitosan exhibited positive birefringence, SEC
displayed strong negative birefringence. This sign inversion suggests that in SEC aggregates the axis of
highest polarizability is oriented perpendicular to the longest geometrical axis of the particle, pointing to a
highly ordered supramolecular organization driven by short-range intermolecular interactions (van der
Waals, hydrophobic, and hydrogen bonding). These findings highlight that sulfoethylation induces substan-
tial changes in the orientational and conformational characteristics of chitosan macromolecules in solu-
tion [37].

3.2.3 Molecular Weight Determination

The introduction of bulky sulfoethyl groups as well as the reaction conditions such as temperature, acid-
ity of the reaction media and process duration, can lead to depolymerization of the polymer chain, which
substantially affects the physicochemical and biological activity of SEC discussed further. Nevertheless, mo-
lecular-weight analysis is required for proper interpretation of the physicochemical and biological properties
of the synthesized biopolymer. Several methods have been developed and readapted for SEC.

3.2.3.1 Capillary Viscometry

For native chitosan, capillary viscometry has historically been the most widely employed indirect meth-
od for molecular weight (MW) estimation, relying on the Mark-Kuhn-Houwink (MKH) relationship [57].
For chitosan derivatives, however, this approach becomes fundamentally invalid without prior determination
of new MKH constants, because chemical modification drastically alters chain conformation and hydrody-
namic volume. Studies on sulfated chitosan derivatives have demonstrated that viscosimetry yields MW val-
ues that are not comparable with results from absolute methods [58]. The determination of molecular weight
for sulfated chitosan based on constants established for heparin has been recognized as incorrect, while ap-
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plying the Kasaai equation, originally derived for native chitosan, to its derivatives introduces substantial
errors. The fundamental principle articulated for native chitosan applies equally to SEC: the MKH equation
relies on constants (K and o) specific to a given polymer-solvent-temperature system, reflecting the unique
hydrodynamic volume and chain conformation of the unmodified polymer in that solvent. Introduction of
sulfoethyl groups inevitably changes chain stiffness, solvation, excluded volume and polyelectrolyte behav-
ior, rendering literature constants for native chitosan inapplicable.

3.2.3.2 Size-Exclusion Chromatography

Agueous size-exclusion chromatography is one of the key methods for MW determination of SEC [35].
However, several specific challenges emerge when analyzing chitosan derivatives. Firstly, the refractive in-

. dn I . . . . . dn
dex increment e for derivatives can differ substantially from that of native chitosan. While expected i
c c

values for related polysaccharides fall within 0.136-0.176 mL/g, sulfated derivatives require experimental

determination of this parameter on a case-by-case basis [59]. The dependence of 3—2 on DS, ionic strength,

. . dn . .
and pH must be carefully characterized. Failure to use the correct © value introduces large errors in the
c

calculated MW. This is because the optical constant of the light-scattering detector (often denoted Ks) con-
2

2
tains the term [g—nj , consequently, the light-scattering signal itself scales with (3—”) . An inaccurate ?
c c c

therefore propagates directly and quadratically into the molecular-weight result.

Secondly, column calibration using polymer standards (e.g., dextrans or pullulans) introduces uncertain-
ties comparable to those encountered for native chitosan. The conformational disparity between SEC and
neutral polysaccharide standards remains a fundamental limitation. Even when using universal calibration
procedures, the scatter in reported MKH constants for chitosan derivatives poses a significant challenge [60].
Next, the polyelectrolyte nature of SEC demands careful optimization of mobile phase conditions. Sufficient
ionic strength is required to suppress electrostatic chain expansion and obtain stable, well-defined hydrody-
namic volumes. However, the presence of both cationic (amino) and anionic (sulfonate) groups may create
complex charge-shielding requirements that are not fully addressed by simple salt addition.

3.2.3.3 Light Scattering Techniques

Static light scattering (SLS) can provide absolute weight-average molecular-weight information, where-
as dynamic light scattering (DLS) provides hydrodynamic size and aggregation information through meas-
urement of translational diffusion. Similarly to native chitosan, these two techniques offer significant ad-
vantages for SEC analysis. For N-SEC with DS ~ 0.5-0.7, light scattering has been applied to determine MW
and radius of gyration in solution, enabling conformational characterization [37]. However, being recognized
as a critical limitation for native chitosan, the extreme sensitivity of light scattering to aggregates is equally
problematic for SEC [61]. Rigorous sample preparation, including filtration and use of DLS to deconvolute
contributions from aggregates and individual macromolecules, remains imperative. The presence of aggre-
gates in SLS is revealed by concave Zimm (or Berry) plots; however, linear dependences may still be ob-
served for samples with bimodal distributions, requiring more advanced or combined analysis with size-
exclusion chromatography. The dn/dc for SEC must be measured under the same solvent and temperature
conditions used for scattering experiments since it strongly depends on DS, pH, ionic strength, and potential-
ly on the presence of heavy metal impurities.

3.2.3.4 Analytical Ultracentrifugation

The matrix-free method that requires no calibration against polymer standards, analytical ultracentrifu-
gation (AUC) remains the "gold standard” for absolute MW determination of chitosan and its
derivatives [62]. For sulfoethylated chitosan, AUC offers particular value in cases where other methods yield
inconsistent results due to aggregation or polyelectrolyte effects. Implementation of this method allows the
characterization of complex formation including polyelectrolyte complexes with other charged polymers,
which is especially relevant for SEC, given its application in drug delivery and biomedical contexts. Sedi-
mentation equilibrium provides absolute MW independent of molecular shape, while sedimentation velocity
offers insights into conformation through the sedimentation coefficient [63]. For SEC, sedimentation coeffi-
cients and intrinsic viscosities can be combined to construct hydrodynamic parameter-MW relationships,
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similarly to the MKH equation, as demonstrated for other chitosan derivatives. Recent advances in multi-
wavelength detection add an orthogonal spectral dimension to conventional hydrodynamic characterization.
However, as for native chitosan, AUC of SEC is labor-intensive, requires expensive instrumentation and
highly trained operators, and is generally limited to specialized applications or as a confirmatory reference
method.

3.2.3.5 Gel Electrophoresis

An emerging and promising approach for rapid analysis of chitosan derivatives is agarose gel electro-
phoresis [64]. The electrophoretic mobility of charged macromolecules in agarose gels is governed by three
principal factors: molecular weight, degree of substitution (charge density), and degree of deacetylation. For
SEC, electrophoretic mobility differs from native chitosan, making this method suitable for monitoring mod-
ification reactions and estimating DS. A key advantage of electrophoresis is the ability to screen large num-
bers of samples rapidly with minimal material consumption and without expensive instrumentation [65].
However, the method remains semi-quantitative and requires calibration using well-characterized samples, as
inherent polydispersity produces diffuse bands rather than sharp zones. As with native chitosan, the lack of
narrow-disperse SEC standards necessitates calibration with heterologous polymers, introducing uncertainty
due to differences in charge density and hydrodynamic properties. Nevertheless, for comparative analyses
within a single experimental run, electrophoresis offers significant practical utility, which is useful when the
MW changes during storage or hydrolytic degradation.

Summarizing the MW estimation approaches, it becomes clear that the aggregation remains a persistent
challenge for SEC analysis and may be even more complex compared to native chitosan [37]. The introduc-
tion of sulfoethyl groups introduces additional anionic centers which can promote the formation of
zwitterionic structures or intramolecular ion pairs. This significantly complicates the solution behavior of the
biopolymer and consequently, the analytical determination of its MW [66]. The balance of electrostatic re-
pulsions, hydrophobic interactions (from residual acetyl groups), and hydrogen bonding in SEC differs
markedly from that of native chitosan, affecting chain conformation, hydrodynamic volume, and aggregation
propensity.

3.2.4 Thermal Stability

Thermogravimetric analysis demonstrates that SEC has only a minor influence on the thermal degrada-
tion profile of N-chitosan. All derivatives exhibit similar decomposition behavior regardless of DS, indicat-
ing that the DS has little effect on the degradation mechanism. The first weight loss observed between ap-
proximately 50 and 110 °C corresponds to evaporation of physically adsorbed and bound water. The princi-
pal degradation stage occurs between 210 and 300 °C and involves decomposition of the polysaccharide
backbone together with cleavage of sulfoethyl substituents, releasing water, sulfur dioxide, carbon dioxide,
and small amounts of acetic acid originating from residual acetyl groups. At higher temperatures, up to ap-
proximately 500 °C, further degradation produces ethylene and ammonia. Although increasing DS does not
significantly change the thermal degradation pattern, SEC generally exhibits lower thermal stability than na-
tive chitosan, with decomposition beginning at approximately 200 °C due to the presence of thermally less
stable sulfoethyl groups [51, 52].

Taken together, these analytical parameters provide a basis for relating SEC structure to its physico-
chemical properties and potential applications.

4 Sulfoethyl Chitosan Applications

The unique combination of water solubility, negative surface charge, and biomimicry of natural sulfated
polysaccharides has opened diverse application domains for SEC. In drug delivery, nanoparticles based on
SEC have been explored as carriers for positively charged therapeutic agents, exploiting electrostatic interac-
tions for sustained release. While several studies have demonstrated the utility of chitosan-based nanoparti-
cles and nanogels in this context, dedicated investigations specifically employing sulfoethyl chitosan remain
limited and warrant further exploration [20, 67-69]. SEC has also been examined for its anticoagulant prop-
erties. In particular, sulfoethyl chitosan and SECS-capped silver nanoparticles have been shown to inhibit
factor Xa and exhibit heparin-like activity [35]. Anticoagulant activity has likewise been reported for sulfat-
ed chitosan [70].

A thorough assessment of any novel biomaterial requires systematic evaluation of its interactions with
biological systems. The available data for SEC allows several clear trends to be identified.
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Most reported studies on sulfoethyl- or closely related sulfonated chitosan derivatives and its N-
acetylated precursor chitin indicate low-to-moderate cytotoxicity. Work on O, N-SEC implanted in animal
models noted the absence of significant local toxicity [54]. At the same time latest findings of Samokhin et
al. revealed the potential of SEC-based gels for bacterial delivery in the gastrointestinal tract with no toxic
effect on fibroblast cell cultures in vitro. Moreover, when administered to mice, no adverse reactions, neither
behavioral nor allergic were observed in the animals [71]. Moreover, sulfoethylated chitin and chitin-glucan
complex (SE-C and SE-CG respectively) both protect plasmid DNA and mammalian cells against oxidative
damage. In the DNA-topology assay, SE-CG suppresses Fe?*-induced single-strand breaks by chelating fer-
rous ions, yet it can enhance H,0,-mediated nicking under certain conditions [72]. In V79 hamster lung
cells, 24 h pre-incubation with SE-G (150-750 pg mL™) significantly reduces both H,O,-generated strand
breaks and FPG-sensitive oxidized purines produced by visible-light-excited methylene blue [73]. The same
SE-CG preparation is antimutagenic in the Ames assay against 9-aminoacridine, sodium azide and MNNG
[74]. Remarkably, the revealed protective effects are observed at lower DS values than those typically re-
quired for carboxymethyl derivatives, underscoring the advantage of the strongly acidic sulfoethyl group.

SEC exhibits good hemocompatibility according to Heise et al. The permanent negative charge of the
sulfonate groups electrostatically repels the negatively charged erythrocyte membrane. In plasma coagulation
assays the polymer prolongs activated partial thromboplastin time. Low-molecular-weight SEC and its sil-
ver-core nanoparticles have been shown to inhibit factor Xa and to prolong both activated partial
thromboplastin time and prothrombin time [35]. Anticoagulant activity of SEC is the most thoroughly docu-
mented biological property of the biopolymer and is driven by its structural analogy to heparin. Although
SEC lacks the precise pentasaccharide sequence of heparin, its sulfonate groups enable electrostatic interac-
tions with coagulation factors. In vitro assays consistently show DS- and concentration-dependent prolonga-
tion of aPTT (and often PT). Later study demonstrated that both neat low-molecular-weight sulfoethyl chi-
tosan and the corresponding silver-core nanoparticles inhibit factor Xa and markedly prolong clotting times
[35]. However, unlike heparin, the structure-activity relationship for SEC appears in a simpler manner: high-
er DS generally correlates with stronger activity.

Unmodified chitosan shows broad-spectrum antimicrobial activity mainly through its protonated amino
groups, which disrupt microbial membranes [75], and is readily degraded by lysozyme via recognition of N-
acetylglucosamine sequences [76]. Sulfated chitosan derivatives often display reduced or even absent anti-
bacterial activity compared with the parent biopolymer [77] and show altered (frequently slower or pattern-
dependent) lysozyme-mediated degradation [32]. Although it requires a systemic investigation, SEC is ex-
pected to behave similarly: diminished antimicrobial activity and slower or modified biodegradation relative
to unmodified chitosan. Once confirmed, the reduced degradability may be useful for long-term implants but
less suitable for rapidly clearing systems. Direct experimental data on both properties for sulfoethyl chitosan
remain limited.

The influence of the pattern of deacetylation on the functional properties of chitosan has been well es-
tablished [78, 79]. For SEC a structural complexity arises from the pattern of sulfoethylation, which can sim-
ilarly modulate the polymer's physicochemical and biological behavior.

Furthermore, the properties of SEC are not solely determined by the overall degree of substitution but
also by the regio-selectivity of the modification. Substitution at the amino groups (N-SEC) versus hydroxyl
groups (O-SEC) yields derivatives with fundamentally different characteristics.

Monosubstituted N-SEC units retain a secondary amino group that remains protonatable, while N, N-
disulfoethylated units contain a tertiary nitrogen. In both cases a strongly acidic sulfoethyl moiety is intro-
duced in close proximity to the nitrogen. This architecture creates a chelating, amphoteric ligand environ-
ment that is particularly effective for selective metal-ion binding. Cross-linked N-SEC resins exhibit high
affinity and selectivity toward Ag* and Cu?* in multicomponent solutions containing other transition and al-
kaline-earth metals, making them attractive as sorbents for the recovery or pre-concentration of these ions
from industrial or analytical matrices [53].

O-sulfoethyl chitosan derivative preserves the primary amino groups of the original chitosan while plac-
ing the anionic sulfoethyl substituents exclusively on the hydroxyl positions. The retained primary amines
maintain the classical cationic character of chitosan under acidic conditions and enable classical amine-
mediated interactions (electrostatic complexation, Schiff-base chemistry, or coordination). At the same time
the permanently anionic sulfoethyl groups improve water solubility and introduce polyampholytic behavior
[39]. Consequently, O-SEC is well suited for the formation of polyelectrolyte complexes with polycations,
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the fabrication of multilayer membranes, and applications that benefit from a high density of free primary
amines (e.g., enzyme immobilization or mucoadhesive formulations).

Mixed O, N-SEC combines both substitution patterns and typically reaches higher overall degrees of
substitution. The resulting materials display enhanced water solubility across a broader pH range, pro-
nounced ampholytic character, and the ability to form both intra- and intermolecular ionic cross-links upon
drying. These features have been exploited in several biomedical contexts: as templates and stabilizing
agents for silver nanoparticles that exhibit anticoagulant activity (particularly inhibition of factor Xa), and as
components of polyelectrolyte-complex membranes and films whose aggregation behavior and hydrodynam-
ic properties can be tuned by the degree of substitution [35, 37]. The simultaneous presence of primary and
secondary amines together with sulfonate groups also makes mixed O, N-SEC a versatile platform for subse-
quent dual functionalization or for constructing hierarchical materials with spatially differentiated charge
densities.

In summary, the choice among O-, N-, and O, N-regioisomers of sulfoethyl chitosan is not merely a
synthetic detail but a rational design parameter. N-SEC is preferred when selective metal chelation is re-
quired; O-SEC is advantageous when free primary amines and controlled polyelectrolyte complexation are
needed; and mixed O, N-SEC offers the broadest solubility window and the most versatile platform for bio-
medical and nanoparticle applications. Precise control of regioselectivity therefore enables the tailoring of
sulfoethyl chitosan derivatives to specific end-use requirements.

Beyond these biological properties, several practical applications of SEC have been disclosed in patent.
The suggested approach was aimed to focus on the direct use of the biopolymer in the inventions and result-
ed only in several patent applications worldwide, which strongly correlate with the functional properties of
SEC mainly governed by its molecular architecture, which combines the rigid, hydrophilic backbone of chi-
tosan with bulky anionic sulfoethyl substituents.

Such a unique structure imparts two major characteristics: a pronounced polyelectrolyte behavior aris-
ing from the presence of strong acid sulfonate groups, and excellent water solubility across a wide pH range,
overcoming the main limitation of the native chitosan insolubility in neutral and alkaline media. However,
these two features also strongly depend on the DS of the biopolymer. Sulfoethyl substituent is strongly hy-
drophilic, which affects even chitin making it fully water-soluble at DS = 0.3 [80]. Thus, the presence of N-
acetyl groups does not preclude solubility once a modest density of —SO3™~ groups is introduced.

Similarly, for chitosan, increasing DS progressively decreases the basicity of the amino groups in SEC.
The electron-withdrawing sulfoethyl substituents exert a negative inductive effect, reducing the electron den-
sity on the amino nitrogen and consequently lowering its proton affinity. Potentiometric titration studies con-
sistently demonstrated a decrease in the dissociation constants of amino groups along with DS growth.
Sulfoethylation has important consequences for both ion exchange and coordination properties because the
reduced Lewis basicity weakens the stability of metal complexes formed through amino nitrogen atoms
while simultaneously altering the balance between electrostatic and coordination interactions, which allows
considering SEC as a promising biosorbent with tunable properties [52, 53, 81].

However, the influence of DS on sorption behavior is more complex than a simple increase or decrease
in adsorption capacity. In general, increasing substitution of the amino groups hydrogen atoms by sulfoethy!l
residues reduces the overall sorption capacity towards numerous transition metal ions due to the lower ami-
no-group basicity that weakens possible coordination interactions. Consequently, dynamic exchange capaci-
ties for Cu(ll) and Ag(l) decreased with increasing DS, while stability constants of their complexes with the
biopolymer became progressively smaller [52, 81].

Despite this anticipating a negative effect, higher DS markedly improved sorption selectivity. Increas-
ing sulfoethyl content shifts the optimum sorption pH toward more acidic values and enhances discrimina-
tion between the metal ions, which are chemically similar. For example, derivatives with the DS around 0.5
exhibit significantly greater selectivity towards Ag(l) over Cu(ll) than less substituted SEC samples. This
behavior had been attributed to several complementary factors, including decreased amino-group basicity,
participation of sulfonate oxygen atoms in mixed-ligand coordination, formation of chelate structures involv-
ing both amino and sulfonate groups, and the appearance of disulfoethylated glucosamine units at higher
substitution levels. It has been proposed that since Ag(l) is a soft Lewis acid, reduction of amino-group ba-
sicity favors the formation of relatively more stable silver complexes, resulting in higher Ag/Cu selectivi-
ty [51, 81].

This result underlines the importance of the acetylation degree of chitosan. Previously it has been re-
ported that electron-beam cross-linked SE-CG resins adsorb Cu(ll), Ni(ll), Co(ll) and Zn(Il) from mixed
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solutions at pH 6.5 with a total capacity of 0.319 mmol g™' — higher than the parent chitin-glucan (0.205
mmol g7') [82]. Selectivity follows the order Co(IT) < Ni(IT)<Cu(I)>Zn(II). The sulfonate groups act primar-
ily by ion exchange rather than by strong five-membered chelate formation, explaining the modest capacity
relative to carboxymethyl analogues. In contrast, N-SEC of comparable DS exhibits higher Cu(11)/Ag(l) se-
lectivity because the free amino groups that remain after partial N-substitution participate in coordination
[52, 81, 83].

Similar trends have been reported for SEC biosorption towards noble metal ions. Increasing DS en-
hanced the sorption selectivity of SEC towards Pd(ll) relative to Pt(IV), while simultaneously shifting the
optimum recovery conditions toward less acidic solutions. In contrast, sorption of perrhenate ions decreases
with increasing DS because of steric hindrance and reduced amino-group basicity lower the number of effec-
tive anion-exchange sites. Therefore, the effect of sulfoethyl substitution strongly influenced the adsorption
mechanism of a particular metal species. Overall, increasing DS decreases the absolute adsorption capacity
for many coordination-controlled systems but substantially improves metal-ion selectivity, making highly
substituted SEC particularly attractive for selective separation and analytical applications [83, 84].

The foregoing trends were successfully used as a key feature for the representative analytical applica-
tion: the use of crosslinked N-SEC with a DS of 0.5 as a solid-phase extraction sorbent for copper
preconcentration in environmental water analysis, which has been patented by Ural Federal University
named after the first President of Russia B.N. Yeltsin under the IPC classification GO1N 21/63, which refers
to systems or processes for investigating or analyzing materials using light, specifically where the material
being investigated is optically excited [85]. In this method, the SEC-based material was packed into a car-
tridge, through which the water sample is percolated at a flow rate of 1.0-2.0 mL/min while copper ions were
guantitatively retained on biosorbent. The coexisting metal ions were extracted by no more than 10 % reach-
ing 15 % for Iron ions. Subsequent elution with 0.1 mol/L nitric acid yielded a copper-enriched eluate almost
free of interfering matrix components, enabling sensitive and interference-free determination by atomic spec-
troscopy. The remarkable selectivity of N-SEC observed in the work along with the natural origin of the
biosorbent ensures the additional advantage in terms of environmental safety, distinguishing this approach
from conventional methods that employ synthetic resins or hazardous organic reagents

The DS also governs the solubility of N-SEC. Introduction of sulfoethyl groups progressively converts
chitosan from a weakly acidic polymer into a polyampholytic material with enhanced hydration and reduced
intermolecular interactions. At relatively low substitution levels with DS below 0.45, N-SEC remains soluble
only in dilute acidic media, similarly to unmodified chitosan. However, when the DS reaches 0.94 or higher,
the biopolymer becomes readily soluble in water as well as in both acids (2 % acetic acid) and alkalies (2 %
NaOH). This behavior originates from the increasing contribution of negatively charged sulfonate groups,
which compensate the protonated amino groups and suppress extensive interchain hydrogen bonding. Never-
theless, the substitution pattern also plays an important role. While O-SEC dissolves only under strongly
acidic (pH < 5) or strongly alkaline (pH > 13) conditions, the N-SEC remains soluble throughout the entire
pH range because of its polyampholytic character [37, 39].

Logically the water-soluble compositions would require the use of N-substituted chitosan derivative.

The application scope of SEC further encompasses the textile industry under the classification
C11D3/001 referring to the softening compositions in terms of textile, where it has been developed as an ef-
fective soil-release additive for washing agents. Herein Henkel AG and Co KGaA suggested the innovation
addressed to cleaning cotton and cotton—polyester blends, which dominate modern textiles. By introducing
N-SEC with the DS = 0.52 into model detergent formulations containing surfactants (alkylbenzene
sulfonate, sodium lauryl ether sulfate, fatty alcohol ethoxylate, fatty acid salt), builders, chelating agent, and
auxiliary components afforded a substantial improvement in fatty stain removal on cotton and cot-
ton-polyester blend fabrics, whereas similarly introduced N, O-carboxymethyl chitosan additive provided no
significant benefit over the base composition. This finding highlights that exclusive N-substitution is advan-
tageous for soil-release performance and further illustrates the technological versatility of sulfoethyl chitosan
[86].

At the same time, it has been demonstrated that highly substituted chitosan may undergo structural evo-
lution during storage. Although freshly prepared films from SEC with DS = 0.94 were soluble over a broad
pH range, prolonged storage results in complete loss of solubility while maintaining substantial swelling
ability. This behavior has been attributed to the gradual formation of ionic crosslinks between oppositely
charged amino and sulfonate groups during dehydration, producing physically crosslinked networks with
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reduced solubility but preserved water uptake that should be considered within the studies and product de-
velopment and storage [37, 83].

Another important property of SEC stipulating its functional performance in diverse applications that
has been mentioned is its swelling behavior. Swelling itself reflects the complex interplay between the bi-
opolymer chains caused by electrostatic repulsion among charged sulfonate groups, counterion distribution,
and the osmotic pressure generated within the biopolymer network.

In this regard it also should be considered that sulfoethylation progressively disrupts the ordered crys-
talline structure of chitosan. The bulky sulfoethyl substituents interfere with intermolecular hydrogen bond-
ing, resulting in partial amorphization of the polymer matrix. The reduced crystallinity enhances water pene-
tration into the polymer network and consequently increases its swelling capacity. Even relatively low-
substituted samples with the DS about 0.45 demonstrate significantly greater swelling than unmodified chi-
tosan, consistent with the increased amorphous character of the material [37, 83].

Consequently, a thorough understanding of the structure-swelling relationship is essential for rational
design and predictive use of this derivative in hydrated environments

The swelling behavior of SEC films in physiological saline solution was significantly influenced by the
DS and storage time. Films were cast from 2 % acetic acid and subsequently treated with ammonia in ethanol
to deprotonate the amino groups. Introduction of sulfoethyl groups markedly increased the swelling degree
even at a relatively low DS = 0.45, which is attributed to the amorphization of the polymer matrix caused by
the bulky substituents [37].

Further increase in swelling ratio can be reached by a widely introduced cross-linking approach. How-
ever, compared with the extensive literature addressing the influence of the DS, the effect of the degree of
cross-linking on the physicochemical and sorption properties of SEC has received very limited attention. Up-
to-date, only one systematic study has evaluated the influence of cross-linking density on SEC using
glutaraldehyde cross-linked N-SEC with a fixed DS of 0.5. Increasing the degree of cross-linking resulted in
a progressive decrease in both the moisture-content coefficient and the static exchange capacity toward hy-
droxide ions, reflecting reduced swelling and the consumption of amino groups during cross-link formation.
Despite the lower number of accessible amino groups, the sorption selectivity toward Ag(l) over Cu(ll) in-
creased with increasing cross-linking density, particularly at pH 6.0-7.0 which had been attributed this be-
havior to the reduced availability of primary amino groups for coordination and the preferential stabilization
of Ag(l) complexes through cooperative interactions involving the remaining amino groups and neighboring
sulfonate functionalities. Consequently, a higher degree of cross-linking improved sorbent selectivity at the
expense of exchange capacity and water uptake, highlighting cross-linking as an additional parameter for
tuning SEC performance in selective metal-ion separation [51, 87].

Following the described strategy another solution in the field of preserving or maintaining viable mi-
croorganisms under the classification C12N 1/04 has been proposed by Novosibirsk State Technical Univer-
sity of Russia.

The cross-linking approach of SEC was involved in cryogel formation and further applied for bacterial
stabilization. In this context, cross-linking with glutaraldehyde (GA) was conducted under subzero condi-
tions resulting into an interconnected 15-50 um macroporous structure that exhibited a swelling degree of
500-700 wt.% and porosity of 10-50 wt.%, which was found structurally optimal for bacterial entrapment.
The cross-linking reaction consumed a significant part of free amino groups, further reducing the antimicro-
bial activity of SEC thus creating a bacteria-friendly environment. The cryogel effectively stabilized E.
faecium L3, E. faecalis, B. subtilis, and E. coli over 12 months at both 4 °C and 22 °C, maintaining high bac-
terial titers (10°-10° CFU/mL) without additional cooling making it also economically beneficial [88].

Considering the latest patent, it is important to acknowledge that GA is proven to exhibit cytotoxicity
due to the residual unreacted aldehyde groups that can potentially leach from the cross-linked matrix. More-
over, the cross-linking reaction with GA may yield products containing oligomeric GA chains, further com-
plicating toxicity assessment [89, 90]. Nevertheless, several factors mitigate this concern in the context of
cryogel fabrication for bacterial stabilization and biomedical applications. Firstly, cryotechnological ap-
proach and high reactivity of GA, result in stable cryogels which can be obtained at remarkably low cross-
linker concentrations, thereby reducing the cytotoxic burden [91]. Secondly, the application is primarily in-
tended for ex vivo microbial preservation rather than direct implantation or systemic administration, which
substantially lowers the toxicological risk. In this regard, the use of GA cross-linked biopolymers are well-
established and legally accepted in various industrial biotechnological applications.
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Nonetheless, for biomedical or food-contact applications where long-term biocompatibility is emergent,
the alternative cross-linking strategies should be involved. The versatility and tunability of chitosan hydro-
gels through various cross-linking mechanisms has been represented by numerous publications. As a direct
substituent for GA, a naturally occurring genipin (Gp) exhibits low cytotoxicity and high biocompatibility
[92]. Besides that, the natural origin and low toxicity make Gp increasingly preferred for biomedical applica-
tions, the structure of chitosan cross-linked products turn out to be unpredictable due to competing cross-
linking steps and the polymerization of Gp into grafted oligomeric chains [93]. Similarly, diepoxy com-
pounds, such as ethylene glycol diglycidyl ether, present an advantage: although they are cytotoxic, the unre-
acted epoxy rings undergo hydrolysis upon contact with water, yielding non-toxic products, thereby eliminat-
ing the need for rigorous removal of residual cross-linker [94]. Another naturally occurring cross-linker, cit-
ric acid, is a generally recognized as safe compound, that has been widely explored as a non-toxic cross-
linking agent for chitosan-based materials, forming ester linkages between carboxyl groups and hydroxyl
groups of the polymer backbone under mild conditions [95].

Beyond covalent cross-linking, physical cross-linking strategies offer a route to materials that entirely
avoid potentially toxic chemical reagents. Physical cross-linking relies on reversible non-covalent interac-
tions such as ionic complexation, hydrogen bonding, hydrophobic interactions, and electrostatic associations
to form stable hydrogel networks [96]. In these cases, the structure and interactions in both covalently and
ionically cross-linked chitosan hydrogels are fundamentally different. The ionic cross-linking offers gentler
conditions and greater biocompatibility, while covalent cross-linking provides superior mechanical strength.
Recent advances have enabled the fabrication of injectable self-healing hydrogels that combine the reversi-
bility of physically cross-linked networks with the mechanical robustness of covalently cross-linked materi-
als [97]. Furthermore, stimuli-responsive chitosan hydrogels capable of responding to pH, temperature, and
other physiological triggers have been extensively explored, with physical cross-linking playing a key role in
enabling such responsiveness [98].

In summary, while GA remains a cost-effective and widely accepted cross-linker for ex vivo applica-
tions such as bacterial stabilization, the choice of cross-linking strategy should be carefully tailored to the
intended implementation route. The greener alternatives, such as Gp, diepoxy compounds, citric acid or
physical cross-linking are particularly attractive for applications requiring stringent biocompatibility, such as
drug delivery, wound healing, and tissue engineering [99].

Despite its remarkable history covering more than fifty years of research, the patent portfolio for SEC
appeared remarkably modest. These isolated examples, however, stand in sharp contrast to the thousands of
patents granted for other chitosan derivatives, which highlights that the translation of this fundamental
knowledge into intellectual property has been conspicuously slow in this area. Several factors may contribute
to this patent gap including a more complicated synthesis route of SEC, which may limit its adoption by in-
dustrial players, and the market trajectories tending to application mainly of the native chitosan or its
carboxymethylated derivative.

However, the current gap can be evaluated not as an abandoned frontier but a green field requiring a
proactive patent strategy, encouraging researchers and innovators for new attempts and efforts for SEC im-
plementation in everyday life.

5 Conclusions and Future Perspectives

This critical review provides a comprehensive overview of sulfoethyl chitosan (SEC), covering its syn-
thesis, characterization, physicochemical, biological properties, current applications and future perspectives.
Regioselective synthetic routes enable N-, O-, and mixed O, N-substituted derivatives with controlled de-
grees of substitution. The choice of reagent and reaction conditions, whether NaBES in acidic gel-phase for
N-selectivity or NaVS under alkaline conditions for O-substitution, determines the regioselectivity and,
consequently, the physicochemical and biological behavior of the resulting product. Characterization of SEC
presents specific challenges especially for elemental analysis and molecular weight determination. Elemental
analysis provides a bulk estimate of DS, provided that the sample is rigorously purified, whereas 'H NMR
provides site-specific structural information and is more suitable for distinguishing N- and O-substitution
patterns. The presence of residual reagents, inorganic salts, or by-products can distort elemental analysis da-
ta, leading to incorrect DS values, thus requiring purification for reliable data. The purification affects ana-
Iytical accuracy and influences biological properties since the residual reagents may affect cytotoxicity,
hemocompatibility, and antimicrobial activity. The biological properties of SEC include anticoagulant activi-
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ty, hemocompatibility, cytotoxicity, slight antimicrobial effects and bacterial stabilization capacity and are
governed by the degree of substitution and substitution pattern. Comparative analysis with SEC precursors,
such as chitin and chitin-glucan complexes, reveals distinct structure—activity trends.

Despite its demonstrated versatility, SEC has been translated into only a handful of patented applica-
tions. These include selective solid-phase extraction of copper from environmental waters, anticoagulant
coatings, and macroporous cryogels for bacterial stabilization. The limited patent portfolio indicates that
SEC remains an underexploited biopolymer with substantial space for intellectual property development. To
systematically guide future research and industrial translation, Table 2 presents a structured gap analysis. For
each identified gap, we propose specific future research directions and outline the potential impact of their
achievement, providing an actionable framework for researchers, industrial partners, and funding agencies.

SEC research gap analysis

Table 2

Knowledge Gap

Future Direction

Potential Impact

Lack of standardized purification
procedures for SEC compromises
DS determination by elemental
analysis

Develop and mandate rigorous purifica-
tion prior to analysis, and cross-validate
the elemental analysis data with 'H NMR
spectra corrected for the DA.

Accurate and reliable DS de-
termination

Structural characterization often
remains incomplete, no O- vs. N-
substitution ratio is determined

Mandate combined NMR and FT-IR
analysis for routine characterization, re-
port DS, DA, substitution pattern, and
MW as minimal dataset

Improved understanding of
structure—property relation-
ships and rational design of
SEC for specific applications

Lack of validated analytical
methods for residual reagent
quantification in SEC samples

Synthesis and characterization

Develop and validate liquid, gas or ion
chromatography methods for quantitative
determination of residual sulfoethylating
agents and by-products

Improved quality control
most important for biomedi-
cal applications and regulato-
ry acceptance

No systematic study on the sta-
bility of SEC solutions and solid-
state SEC under different storage
conditions

Conduct accelerated stability studies,
monitor DS, MW, and solubility over
time, establish shelf-life and storage rec-
ommendations

Reliable product quality over
time and regulatory compli-
ance

SEC's potential
immunomodulatory activity per-
formed by other sulfated poly-
saccharides, has not been ex-
plored

Evaluate SEC's effect on macrophage
polarization, cytokine secretion, and com-
plement activation

Identification of
immunomodulatory applica-
tions and possible synergy

Antimicrobial activity of SEC
against clinically relevant patho-
gens, including antibiotic-
resistant strains, has not been
systematically studied

Perform standardized antimicrobial sus-
ceptibility testing (MIC, MBC) against
Gram-positive, Gram-negative, and fun-
gal pathogens; evaluate potential synergy
with conventional antibiotics and biopol-
ymers

Identification of potential
antimicrobial applications

No data on SEC's interaction
with cell membranes

Biomedical and biological evaluation

Perform cellular uptake studies using flu-
orescently labeled SEC, investigate endo-
cytosis pathways, evaluate intracellular
trafficking and localization

Understanding of SEC's cel-
lular interactions, safety as-
sessment

Limited systematic comparison
with established commercial sul-
phated materials

Benchmark SEC against heparin (antico-
agulant) and commercial biosorbents
(metal recovery) under standardized con-
ditions

Identification of competitive
advantages and niches

Biomedical applications of SEC
remain underexplored: lack sys-
tematic evaluation on drug deliv-
ery systems and pharmaceutical
excipient

Application-specific gaps

Systematically develop SEC-based drug
delivery platforms including nanoparti-
cles, hydrogels, polyelectrolyte complex-
es also as mucoadhesive formulations

Expansion of SEC application
portfolio, high-value biomed-
ical products
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Potential of SEC for environmen-
tal remediation beyond metal
sorption (e.g., dye removal, oil
spill cleanup, PFAS adsorption)
remains unexplored

Evaluate SEC-based biosorbents for re-
moval of various pollutants and compare
with commercial solutions

Expansion into the environ-
mental market, sustainable
remediation solutions, circu-
lar economy applications

SEC remains significantly under-
patented compared to other chi-
tosan derivatives

Prioritize patent gaps and fulfill those
providing a competitive media in this
field

Established IP position attrac-
tive for industry and future
commercialization

No established cost structure for
SEC production

Perform comprehensive techno-economic
analysis across the reported synthetic
routes, identify cost drivers among raw
materials and reagents, purification, ener-
gy and compare with competing chitosan
derivatives and commercial alternatives.

Attraction of industrial in-
vestment by the evidence-
based selection of the most
economically viable synthesis
route

Lack of standardized quality con-
trol protocols for industrial-grade
SEC

Develop and validate quality control pro-
tocols for DS, MW, purity, residual rea-
gents, and endotoxin levels; establish
specifications for different application
grades (pharmaceutical, food, environ-
mental, industrial)

Regulatory compliance and
customer confidence

SEC remains a laboratory-scale
technology without market dis-
tribution, no pilot-scale data
available

Scaling-up and industrialization

Conduct pilot-scale studies (10-100 L
reactors), assess batch consistency and
scalability different synthetic approaches,
propose the optimized process parameters
for large-scale production considering
personnel and environmental safety

Lowering the scaling-up
risks, demonstration of manu-
facturing feasibility

No defined manufacturing pro-
cess for SEC and SEC-based
products

Establish good manufacturing practice
(GMP) guidelines for SEC and SEC-
based products with protocols optimized
for end-use applications

Regulatory acceptance for
biomedical and pharmaceuti-
cal products

Addressing these gaps will accelerate the transition of SEC from a laboratory derivative to a commer-
cially viable biopolymer for medical, food, and environmental applications. With focused attention on these
priorities, SEC has potential to establish itself as a sustainable and functional material in the global biopoly-
mer market.
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Analytical Characterization and Molecular Interaction Study
of Quercetin-Loaded Transferosomes

Quercetin is a bioactive flavonoid that has potent anti-inflammatory activity. Its topical applications are lim-
ited due to poor solubility and permeability. The present study aims to develop and characterize quercetin-
loaded transferosomes and to establish a validated RP-HPLC method for its quantification. Molecular dock-
ing studies revealed favourable binding of quercetin with key inflammatory targets. This included NF-kB (-
8.66 kcal/mol), IgE (-7.22 kcal/mol), and TSLP (-6.54 kcal/mol). An RP-HPLC method was developed using
C18 column with the mobile phase of acetonitrile and 0.3 % OPA (50:50 v/v). The method showed good lin-
earity over the range of 20-120 ug/mL (R = 0.998). The retention time of quercetin was 4.303 min. Validation
parameters demonstrated accuracy (99.89-100.11 %), precision (RSD <2 %), and sensitivity with LOD and
LOQ of 0.57 ug/mL and 1.69 pg/mL, respectively. Transferosomes prepared using the thin-film hydration
method exhibited a mean particle size of 190.4+1.6 nm, PDI of 0.324, and zeta potential of -22.4 mV. The en-
trapment efficiency was found to be 86.24 + 1.61 %. FTIR, DSC, and SEM confirmed successful drug incor-
poration and vesicle formation. The transferosome exhibited sustained release (93.6 + 0.9 % at 24 h) and
Korsmeyer-Peppas kinetics. Hence, the developed system represents a promising platform for transferosome-
loaded quercetin assessment.

Keywords: quercetin, transferosomes, drug delivery, molecular docking, RP-HPLC, method validation, anti-
inflammatory activity, skin disorders

1 Introduction

Quercetin is a naturally occurring flavonoid widely distributed in fruits and vegetables [1]. It is known
for its anti-oxidant, anti-inflammatory, and immunomodulatory properties. Due to these activities, quercetin
has attracted considerable interest for applications in inflammatory skin conditions. However, its practical
use is limited by poor aqueous solubility, low stability, and inadequate skin permeability [2]. Topical deliv-
ery offers a direct and non-invasive route for the management of localized skin disorders. However, effective
delivery of poorly soluble compounds like quercetin through the skin remains a challenge. The stratum
corneum works as a strong barrier, restricting drug permeation and reducing therapeutic efficiency. There-
fore, there is a need for carrier systems that can improve drug solubility and enhance skin permeation.

Transferosomes are ultra-deformable vesicular systems composed of phospholipids and edge activators
[3]. These vesicles could easily pass through the narrow pores of the skin due to their flexible membrane
structure. The presence of surfactants destabilizes the lipid bilayer, allowing the vesicles to deform without
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losing integrity. This property makes transferosomes suitable carriers for transdermal and topical drug deliv-
ery [4].

In addition to formulation development, understanding molecular interactions between drug molecules
and biological targets is important. Molecular docking provides insight into binding affinity and interaction
patterns, supporting the potential biological activity of the compound [5]. Furthermore, reliable analytical
methods are required for accurate quantification of the drug during formulation and evaluation [6]. Although
several studies have reported quercetin-loaded transferosomal formulations for topical and transdermal de-
livery, these investigations have primarily focused on formulation development and biological evaluation. In
most of these studies, drug quantification has been performed using UV spectrophotometric methods. How-
ever, a formulation-specific HPLC method validated in accordance with ICH guidelines for quantitative es-
timation of quercetin encapsulated within transferosomes has not been adequately reported. Such a method
offers reliable quantification with high specificity in the presence of formulation excipients and supports rou-
tine analytical evaluation of transferosomal formulations [6]. Therefore, the present study integrates formula-
tion development, physicochemical characterization, validated RP-HPLC method development, and molecu-
lar docking to provide a thorough analytical and formulation approach for quercetin-loaded transferosomes.

2 Experimental

2.1 Materials

Quercetin was obtained from Xi’an Herb Bio-tech Co. Ltd (Xi’an City, China). Phospholipon ® 90G
was procured from Lipoid (Ludwigshafen, Germany). Edge activator (Tween 80) was purchased from Sig-
ma-Aldrich (USA). Chloroform, methanol, and acetone were obtained from HiMedia Laboratories (Mumbai,
India). HPLC-grade methanol, acetonitrile, and water were used for chromatographic analysis (Sisco Re-
search Laboratories Pvt. Ltd., Mumbai, India). Double-distilled water was prepared in-house and used
throughout the study. All other chemicals and reagents used were of analytical grade and utilized without
further purification.

2.2 Methods

2.2.1 In silico Molecular Docking Analysis

Molecular docking analysis was performed using Schrodinger Maestro software (Ver. 13.3) with de-
fault parameters to investigate the binding affinity and interaction profile of quercetin, hydrocortisone, and
tacrolimus with selected protein targets relevant to inflammatory pathways. Hydrocortisone and tacrolimus
were selected as reference drugs because they are widely used in the clinical management of localized skin
disorders [7]. The two-dimensional (2D) structure of quercetin was retrieved from PubChem. The X-ray
crystal structures of target proteins, including human IgE-Fc bound to its high-affinity receptor FC Epsilon
Rl (PDB: 2Y7Q), the NF-kB crystal structure of a higher-order complex of p50 (PDB: 3GUT), and TSLP,
the pro-inflammatory cytokine (PDB: 5J11) were obtained from the RCSB PDB (Protein Data Bank:
https://www.rcsb.org/). Protein structures were selected based on high resolution and acceptable R-free val-
ues [8]. Protein preparation (bond-order assignment, water-molecule removal, hydrogen-atom addition, etc.)
was performed using the Protein Preparation Wizard in Maestro. Missing residues were corrected, followed
by restrained energy minimization. Ligand preparation was performed using LigPrep, and the structures were
energy minimized to generate the most stable conformers. A receptor grid was generated by defining the ac-
tive site region using site-mapping. Using the Glide module, docking simulations were conducted. Selection
of optimal binding poses was done based on docking scores and interaction analyses. Protein-ligand interac-
tions were studied using Maestro visualization tools.

2.2.2 HPLC Method Development and Validation

Instrument Set-up Parameters and Run Conditions

A PDA-coupled RP-HPLC system (Shimadzu DGU-20A5R, Kyoto, Japan) with a C-18 column (Shim-
Pack Solar 4.6 1.D.x250 mm, 5 um) was utilized to quantify quercetin. The instrument included a Model LC-
20AD binary pump, SIL-20AC HT autosampler with LabSolutions software, CTO-10AS column oven, SPD-
M40 detector photodiode array (PDA), and a degassing unit model no. DGU-20A5R. The detection wave-
length was set at 369 nm. The mobile phase was made up of ACN and 0.3 % (v/v) o-phosphoric acid (OPA)
in water in the ratio 50:50, delivered in isocratic mode at a flow rate of 1.0 mL/min. Before use, the solvents
were passed through a membrane filter (pore size:0.45 um) and degassing was done by sonication. The col-
umn temperature was maintained at 25°C. The runtime was kept to confirm complete elution of the analyte,
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and the injection volume was set to 10 uL. All chromatographic analyzes were carried out under optimized
conditions to achieve adequate resolution and peak symmetry [9, 10].

Preparation and Dilution of Analytes

The preparation of quercetin stock was done by precisely weighing an appropriate amount of the drug
and dissolving it using methanol to get a sample of 1000 pg/mL concentration. Suitable serial dilution was
done for the stock in order to prepare various working standard solutions. The various sample solutions were
made by dissolving a precisely measured amount of the transferosomal formulation in methanol, followed by
sonication to ensure complete extraction of the drug. Before use, the samples were passed through a mem-
brane filter (pore size:0.45 um). Appropriate dilutions were made with methanol to bring the concentration
within the linearity range of the method [11].

2.2.3 Method Validation

The developed RP-HPLC method was validated in accordance with ICH guidelines with respect to line-
arity, accuracy, precision, sensitivity, specificity, robustness, and ruggedness [12]. Linearity was assessed by
analysing several quercetin standard solutions at different concentrations. Calibration curves were generated
from plots of peak area and concentration. The correlation coefficient (R2) was thus determined. Different
concentration levels (e.g., 80%, 100%, and 120%) were made for accuracy studies, and the percentage re-
covery was calculated. Intra-day and interday precision were evaluated. The results were expressed as per-
centage relative standard deviation (%RSD). Using the curve slope in addition to the standard deviation of
response, the limit of detection and limit of quantification values were calculated. To ensure the absence of
interference at the retention time of quercetin, both blank and sample solutions were assessed. Robustness of
the method was studied by making deliberate small changes in study conditions, including flow rate, constit-
uents of the mobile phase, and wavelength, and observing their effect on the results. Ruggedness was deter-
mined by performing the analysis under different conditions, such as different analysts and instruments and
evaluating the consistency of the results. System suitability was assessed by repeated injection of standard
guercetin solution (n=6) under optimized conditions. Parameters such as retention time, theoretical plate
count, tailing factor, and peak area reproducibility were evaluated to ensure adequate performance of the
chromatographic system [13].

2.3 Preparation of Quercetin-loaded Transferosomes

Quercetin-loaded transferosomes (QCT-TF) were prepared using the thin film hydration method [14].
Briefly, 120 mg of Phospholipid (Phospholipon 90G) and 20mg of Tween 80 (lipid-to-edge activator ratio of
6:1 w/w) were dissolved in a chloroform-methanol mixture (2:1 v/v). Quercetin (10% wi/w of total lipid) was
added to the same organic phase. Under vacuum, the solvent was evaporated in a rotary evaporator (REMI
Equipment Pvt. Ltd., India) at 40 °C and 100 rpm. This led to the formation of a thin film on the round-
bottom flask, which was further dried overnight. The dried film was hydrated with 10 mL of phosphate-
buffered saline (PBS, pH = 6.0) under continuous stirring. This resulted in the formation of multilamellar
vesicles. The sample was then probe sonicated for three cycles of 5s each to reduce vesicle size and improve
uniformity. The prepared transferosomes were stored under refrigeration until further use [15].

2.4 Characterization of Transferosomes

2.4.1 Dynamic Light Scattering (DLS) Studies

The DLS principle was used to determine transferosome size, zeta potential, and homogeneity/ PDI
(Horiba, Kyoto, Japan). Samples were appropriately diluted with distilled water before analysis. Measure-
ments were carried out at room temperature, and each sample was analyzed in triplicate [16].

2.4.2 Scanning Electron Microscopy

For analysis of the surface architecture of the prepared transferosomes, scanning electron microscopy
was performed (Leo Supra, Germany). Samples were placed on a suitable stub and allowed to dry. A thin
film of palladium was coated on dried samples to improve their conductivity. The samples were then ob-
served under the microscope to evaluate vesicle shape, surface characteristics, and structural integrity [17].

2.4.3 Molecular Analysis Using ATR-FTIR and DSC

The molecular compatibility and solid-state characteristics of quercetin in the optimised transferosomal
formulation were investigated using Attenuated Total Reflectance-Fourier Transform Infrared (ATR-FTIR)
and Differential Scanning Calorimetry (DSC) [4]. Comparative analyses were performed using pure
quercetin, Phospholipon® 90G and thequercetin-loaded transferosomes to evaluate potential drug-excipient
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interactions, changes in the characteristic functional groups, and alterations in the physical state of quercetin
following encapsulation.

FTIR analysis was carried out using an ATR-FTIR spectrophotometer (Shimatzu Corporation, Kyoto,
Japan). The spectra of all samples were recorded over the wavenumber range of 4000- 400 cm™ at a spectral
resolution of 4 cm™ with 32 scans per sample. The characteristic absorption bands were compared to assess
molecular compatibility and confirm successful incorporation of quercetin into the transferosomal vesicles.

Thermal analysis was performed using a Differential Scanning Calorimeter (DSC, Mettler Toledo,
Switzerland). Approximately 5mg of each sample was weighed into standard aluminium pans and hermeti-
cally sealed, while an empty sealed aluminium pan served as the reference. The samples were heated from 40
to 450 °C at a heating rate of 10 °C/min under a nitrogen purge of 50 mL/min. The obtained thermograms
were comparatively analyzed to evaluate changes in the melting behaviour and thermal transitions of
quercetin following encapsulation within the transferosomal system.

2.4.4 Drug Entrapment

Entrapment efficiency (EE, %) of quercetin in transferosomes was tested by ultracentrifugation. The
transferosomal dispersion was centrifuged at high speed to separate the free drug from the entrapped drug.
The supernatant containing unentrapped quercetin was collected and analyzed using the developed HPLC
method [18]. The total quantity of entrapped drug was calculated by deducting the free-form drug from the
total drug added. All the experiments were performed in triplicate, and results were expressed as mean = SD.
Entrapment efficiency (EE, %) was computed using the following equation:

EE ( Total drug—Free drug

%100 %
Total drug

2.4.5 In vitro Drug Release and Release Kinetics Studies

The in vitro release was carried out using a six-station Franz diffusion cell apparatus (Orchid Scientific
& Innovative India Pvt. Ltd., India) with a receptor compartment capacity of 12 mL and an effective diffu-
sion area of approximately 1.77 cm®. A pre-soaked dialysis membrane (LA395, Dialysis membrane-110 AV;
HiMedia Laboratories, Mumbai, India) was mounted between the donor and receptor compartments [6]. The
receptor compartment was filled with phosphate-buffered saline (PBS, pH 7.4) and maintained at 37 + 0.5°C
under continuous magnetic stirring at 100 rpm. An accurately measured quantity of the transferosomal dis-
persion equivalent to 10 mg of quercetin was placed in the donor compartment. At predetermined time inter-
vals (0.5, 1, 2, 3, 4, 5, 6, 10, 12, and 24 h), 2 mL aliquots were withdrawn from the receptor compartment.
This was immediately replaced with an equal volume of fresh pre-warmed release medium to maintain con-
stant volume and sink conditions. The collected samples were filtered through a 0.45 pm membrane filter
and analysed using the validated RP-HPLC method described previously. Drug release from a plain
guercetin suspension equivalent to 10 mg of quercetin in PBS (pH 7.4) was evaluated under identical exper-
imental conditions for comparison. All experiments were performed in triplicate, and results were expressed
as mean + SD. To investigate the release mechanism, the cumulative drug release data were fitted to zero-
order, first-order, Higuchi, and Korsmeyer-Peppas kinetic models. The corresponding correlation coeffi-
cients (R?) were determined. The model showing the highest R? value was considered to best describe the
release kinetics, while the release exponent (n) obtained from the Korsmeyer-Peppas model was used to pre-
dict the mechanism of drug release [15].

2.5 Statistical Analysis

All experiments were executed thrice, and the outcomes are discussed as mean + standard deviation
(SD) and relative standard deviation (RSD). GraphPad Prism version 8.0.2 (GraphPad Software Inc., San
Diego, CA, USA) was used to apply statistics to the results. Differences between experimental groups were
analyzed using two-way ANOVA, followed by Tukey’s multiple comparisons test. A value of p<0.05 was
considered statistically significant.

3 Results and Discussion

3.1 Molecular Docking Analysis

Molecular docking was carried out to evaluate the binding affinity and interaction characteristics of
guercetin against clinically established anti-inflammatory agents, hydrocortisone and tacrolimus. Docking
was done towards selected protein targets involved in inflammatory pathways. This included NF-kB (PDB

ISSN 2959-0663 (Print); ISSN 2959-0671 (Online); ISSN-L 2959-0663 41



Akojwar, N.S., Yenorkar, N.Y. et al.

ID: 3GUT), TSLP (PDB ID: 5J11), and IgE (PDB ID: 2Y7Q). The calculated binding energies (Table 1)
indicate that quercetin exhibits favourable binding across all targets with a clear preference for NF-kB.
Quercetin showed the highest binding affinity toward NF-kB (-8.66 kcal/mol), followed by IgE (-7.22
kcal/mol) and TSLP (-6.542 kcal/mol). The more negative binding energy for NF-kB suggests a thermody-
namically more stable complex arising from optimal complementarity between the ligands pharmacophoric
features and the binding pocket [19,20]. Hydrocortisone exhibited binding energies of -6.54, -5.26, and -6.54
kcal/mol, and tacrolimus showed binding energies of -6.34, -5.29, and -6.34 kcal/mol against NF-kB, TSLP,
and IgE, respectively. The comparatively lower binding energies of quercetin suggest stronger stability to-
wards these inflammatory mediators than the reference drugs under applied docking conditions (Supplemen-
tary Figures S1-S6).

Table 1

Binding energy values of quercetin with selected protein targets

S.No Ligand/Drug Protein/Receptor Docking score, kcal/mol

1. Quercetin NF-kB -8.66
(PDB ID: 3GUT)

2. Quercetin TSLP -6.54
(PDB ID: 5J11)

3. Quercetin IgE -7.22
(PDB ID: 2Y7Q)

4. Tacrolimus NF-kB -6.54
(PDB ID: 3GUT)

5. Tacrolimus TSLP -5.26
(PDB ID: 5J11)

6. Tacrolimus IgE -6.54
(PDB ID: 2Y7Q)

7. Hydrocortisone NF-kB -6.34
(PDB ID: 3GUT)

8. Hydrocortisone TSLP -5.29
(PDB ID: 5J11)

9. Hydrocortisone IgE -6.34
(PDB ID: 2Y7Q)

3.1.1 Binding Interaction Profile

The chemical structure of quercetin is presented in Figure 1A. The 3D and 2D interaction maps (Fig-
ure 1) reveal that quercetin engages in a network of hydrogen bonding and hydrophobic interactions owing
to its polyphenolic scaffold. In NF-kB (Figure 1la and d), quercetin establishes multiple hydrogen bonds
through its phenolic hydroxyl groups with polar and charged residues. These include lysine, glutamine, and
arginine. The aromatic rings of quercetin were also involved in hydrophobic interactions with surrounding
residues. This led to a stable conformation. The presence of multiple interaction points supports the higher
binding affinity observed for this target. In comparison, both hydrocortisone and tacrolimus also interacted
through hydrogen bonding and hydrophobic interactions but exhibited fewer favourable contacts, resulting in
comparatively lower binding affinities.

For TSLP (Figure 1b and e), quercetin showed moderate binding affinity. The interaction profile indi-
cated hydrogen-bonding interactions involving hydroxyl groups with residues such as serine and threonine.
This was along with hydrophobic contacts with leucine and isoleucine residues. Although stable interactions
were observed, the number and strength of interactions were comparatively lower than those seen with NF-
kB. This might explain the reduced binding energy. The reference compounds formed stable interactions
with residues including Ser68, Arg153, Thr77, and Asn85, although their scores remained lower.

In IgE (Figure 1c and f), quercetin demonstrated good binding affinity with a combination of hydrogen
bonding and hydrophobic interactions. The hydroxyl groups participated in hydrogen bonding with polar
residues. The planar aromatic structure facilitated hydrophobic interactions within the binding pocket. These
interactions contribute to the stability of the ligand-protein complex. The interaction network is sufficient to
stabilize the complex, but it appears less extensive than that observed for NF-kB. Although hydrocortisone
and tacrolimus occupied the same binding pocket and established hydrogen bond residues such as Prol2,
Ser93 and Glu95, their interaction networks were comparatively less extensive than those observed for
quercetin [21].
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Figure 1 Structural representation and molecular docking interactions of quercetin with selected protein targets. The 2D
chemical structure highlighting its functional groups is shown at the top (A). Molecular docking poses of quercetin
within the active sites of (a) NF-kB (PDB ID: 3GUT), (b) TSLP (PDB ID: 5J11), and (c) IgE (PDB ID: 2Y7Q) are pre-
sented as 3D interaction views. Corresponding 2D ligand-protein interaction diagrams are shown in (d-f), illustrating
hydrogen bonding and hydrophobic contacts between quercetin and key amino acid residues.
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3.1.2 Pharmacophoric Considerations

The binding behaviour of quercetin could be rationalized based on its structural features. The phenolic
hydroxyl groups (-OH) act as key hydrogen bond donors and acceptors, enabling strong polar interactions
with amino acid residues. The carbonyl (C=0) serves as an additional hydrogen bond acceptor, enhancing
interaction versatility. Due to its planar, aromatic nature, the molecule engages in hydrophobic and pi-pi
stacking interactions. This facilitates stable accommodation within hydrophobic regions of the protein pock-
et. This combination of hydrogen bonding capacity and hydrophobic surface area represents a favourable
pharmacophoric profile for interaction with protein targets involved in inflammatory signalling [22].

3.2 HPLC Method Development

3.2.1 Optimization of HPLC Method

The chromatographic conditions for the quantitative estimation of quercetin were systematically opti-
mized to achieve adequate peak resolution, symmetry, and reproducibility. Several preliminary trials were
performed. This included varying the mobile phase composition, solvent ratios, and chromatographic param-
eters. Initially, different ratios of aqueous phase (0.3% orthophosphoric acid) and organic phase (acetonitrile)
were investigated. The mobile phase composition was systematically varied from 10:90 to 90:10 (v/v) in in-
cremental ratios to achieve optimal separation. At higher aqueous compositions (>60%), quercetin exhibited
increased retention with broadened and asymmetric peaks. This indicated strong interaction with the station-
ary phase. Conversely, higher organic content (>70% acetonitrile) resulted in rapid elution with poor peak
resolution and reduced sensitivity. Optimization trials revealed that a 50:50 (v/v) ratio of 0.3% OPA (A) and
acetonitrile (B) provided the most favourable chromatographic performance (Figure 2). Under these condi-
tions, quercetin demonstrated a sharp and symmetrical peak with optimal retention.

3.2.2 Chromatographic Performance

Under the optimized conditions (mobile phase A:B = 50:50, flow rate 1.0 mL/min, injection volume
10puL, detection wavelength 369 nm), quercetin eluted at a retention time of 4.303 min (Figure 2). The peak
was symmetrical and free from interference, indicating high specificity of the method. The chromatographic
system exhibited excellent column efficiency, as evidenced by a theoretical plate count of 5941, which is
significantly above the acceptable limit (>2000). This indicates efficient mass transfer and minimal band
broadening during separation. Peak symmetry was evaluated using the tailing factor, which was found to be
0.887, indicating minimal peak distortion within the acceptance criteria.

4.303

400

300 I
200 |

100

Detector response, mAU

0.0 25 5.0 75 10.0 12,5

Time, min

Figure 2. RP-HPLC chromatogram of quercetin under optimized conditions (0.3% OPA: ACN, 50:50 v/v),
showing a sharp peak at 4.303 min with good peak symmetry and resolution. Chromatographic separation was achieved
on a C18 column at a flow rate of 1.0 mL/min with detection at 369 nm

3.2.3 System Suitability and Method Reliability

The parameters for system suitability were evaluated prior to analysis to confirm the adequate working
of the system under optimized conditions. A standard solution of quercetin was injected repeatedly (n=6),
and key parameters, including retention time, theoretical plate count, tailing factor, and peak area consisten-
cy, were assessed. The chromatographic system produced a distinct and symmetrical peak for quercetin at a
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retention time of 4.303 + 0.01 min. Theoretical plate count was found to be 5941 + 122, indicating satisfactory
column efficiency, while the tailing factor (0.887 + 0.03) confirmed acceptable peak symmetry. The consisten-
cy in retention time and peak area across replicate injections demonstrated stable system performance. These
results show that the system was appropriate for subsequent method validation and quantitative analysis.

3.3 HPLC Method Validation

Method Validation of the optimized chromatographic conditions was done by following the ICH-
guidelines. It was evaluated to ensure its suitability for analytical applications. The method was evaluated for
key validation parameters indicating linearity, accuracy, precision, sensitivity, specificity, robustness, and
ruggedness. Each parameter was assessed using appropriate experimental procedures under optimized chro-
matographic conditions. The results obtained were analyzed to confirm the reliability, consistency, and ana-
Iytical performance of the method for the intended purpose [23].

3.3.1 Linearity and Range

The linearity of the developed RP-HPLC method for quercetin was evaluated over a concentration
range of 20-120 pg/mL. Calibration standards were prepared at six concentration levels and analyzed under
optimized chromatographic conditions. A strong linear relationship was observed between peak area and
concentration, as depicted in the calibration curve (Figure 3). The regression equation was found to be:

y =37567 x-15333.

The correlation coefficient (R%) was found to be 0.998, indicating good linearity across the selected range.
The linear response confirms that the process is fit for the quantitative assessment of quercetin within the stud-
ied concentration range. The corresponding calibration curve is provided in Supplementary Figure S7.

3.3.2 Sensitivity

The slope of the calibration curve and the standard deviation of the responses were used to determine the
LOD and LOQ. Using the slope obtained from the regression equation (S= 37567) and considering the typical
standard deviation of the response derived from calibration data, the LOD and LOQ were calculated as:

LOD=3'3XSD
LOQ:lO);SD

The calculated LOD of 0.57 pg/mL and LOQ of 1.69 ug/mL directs method is sensitive enough to de-
tect and quantify low concentrations of quercetin. Specifically, the low LOQ supports its application in rou-
tine analysis demanding high precision.

3.3.3 Accuracy

The developed RP-HPLC method’s accuracy was evaluated using the standard addition technique at
three concentration levels (80%, 100%, and 120%). Each level was analyzed in triplicate to assess the recov-
ery of quercetin in the presence of the formulation matrix. The percentage recovery values obtained at all
three levels ranged from 99.28 % to 100.96 % (Table 2).

Table 2

Accuracy data of quercetin determined by RP-HPLC using the standard addition method at 80%, 100%b,
and 120 % (n=3), expressed as mean % recovery =+ SD and %RSD

S. No| Level, % | Amount added, ug/mL | Amount found, pg/mL | Recovery, % | Mean Recovery + SD, % | RSD, %
1 80.0 79.42 99.28
2 80 80.0 80.36 100.45 99.89 +0.59 0.59
3 80.0 79.95 99.94
4 100.0 99.10 99.10
5 100 100.0 100.82 100.82 99.99 £ 0.86 0.86
6 100.0 100.05 100.05
7 120.0 118.96 99.13
8 120 120.0 121.15 100.96 100.11 £0.92 0.92
9 120.0 120.28 100.23
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This indicates that the method is capable of accurately quantifying quercetin without interference from
excipients present in the Transferosomal system. The %RSD values for all levels were observed to be less
than 2%. The recovery values confirm the absence of significant matrix effects. This indicates that the meth-
od is both accurate and reliable for quantitative estimation of quercetin in the developed formulation.

3.3.4 Precision

The precision of the developed RP-HPLC method was evaluated in terms of intra-day (repeatability)
and inter-day (intermediate precision) at three concentration levels. Each concentration was analyzed in trip-
licate under the same experimental conditions. For intra-day precision, the % RSD values were found to be
0.73, 0.77, and 0.76 % for 80, 100, and 120 pg/mL, respectively (Table 3). Similarly, inter-day precision
showed %RSD values of 1.04, 0.98, and 0.94 % for the same concentrations. The observed %RSD values for
both intra-day and inter-day studies were well below the acceptable limit of 2 %.

Table 3

Intraday and interday precision data for quercetin determined by RP-HPLC at 80, 100, and 120 pg/mL (n=3),
expressed as mean % recovery =+ SD and RSD

S No Concentration, Intraday Precision Interday precision
' pug/mL Peak Area (Mean + SD) RSD, % Peak Area (Mean = SD) RSD, %
1 80 2985911+ 21850 0.73 2978450 = 31200 1.04
2 100 3732389 £ 28950 0.77 3725600 £ 36800 0.98
3 120 4478867 + 34200 0.76 4470200 £+ 41950 0.94

3.3.5 Robustness

The robustness of the proposed method was investigated by deliberately applying slight changes to im-
portant parameters in chromatography (flow rate, mobile phase ratio, and detection wavelength). The influ-
ence of these variations on chromatographic responses such as retention time, peak area, tailing factor, and
theoretical plate count was carefully analyzed. In all tested conditions, the RSD values for peak area re-
mained below 2%, and the system suitability criteria were consistently met. These results indicate that the
method maintains its performance even when minor adjustments are introduced (Table 4).

Table 4

Robustness evaluation of the RP-HPLC method under small deliberate variations in the chromatographic
conditions, including Flow rate (mL/min), Mobile phase (OPA: ACN), and wavelength (nm)

Parameter Condition Retengﬁg time, RSD, % Tailing factor | Theoretical plates
0.9 mL/min 5.82 0.88 1.21 5120
Flow rate, mL/min) 1.0 mL/min 4.303 0.77 1.18 5941
1.1 mL/min 3.965 0.95 1.23 5058
Mobile phase 48:52 4.120 0.83 1.25 5190
(OPA: ACN) 50:50 4.303 0.77 1.17 5283
52:48 5.633 0.91 1.22 5210
367 4.307 0.94 1.16 5220
Wavelength, nm 369 4.303 0.77 1.17 5285
371 4.311 0.82 1.15 5175

3.3.6 Ruggedness

The method’s ruggedness was evaluated by performing the analysis under varying conditions such as
different analysts and on different days. The effect of these variations on chromatographic parameters was
assessed. This included peak area, retention time (RT), and system suitability parameters. The RSD values
obtained under all tested conditions were found to be less than 2%. The outcomes suggest that the method is
rugged and reproducible irrespective of analysts or day-to-day experimental differences.
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3.3.7 Specificity

The method’s specificity was evaluated by analysing blank, standard, and sample solutions to assess po-
tential interference from excipients and formulation components. The chromatograms obtained for the
Transferosomal formulation showed no co-eluting peaks or interfering signals at the retention time of
guercetin. A well-defined, sharp, and symmetrical peak was observed at the optimized retention time, indi-
cating efficient chromatographic separation. The absence of interference from phospholipids, surfactants, or
other excipients present in the Transferosomal system confirms that the method is highly specific for the de-
tection and quantification of the drug. The validated RP-HPLC method demonstrated satisfactory analytical
performance with respect to linearity, accuracy, precision, specificity, robustness and ruggedness. This sup-
ports its suitability for routine quantitative analysis and quality control of the developed transferosomal for-
mulation.

3.4 Transferosome Evaluation

3.4.1 Dynamic Light Scattering (DLS) Studies

The particle size distribution of the optimized quercetin-loaded transferosome was determined using
dynamic light scattering. The vesicles exhibited a mean particle size of 190.4 = 1.6nm, indicating formation
of nanosized carriers suitable for topical delivery (Figure 3 a). The size is considered optimal for enhanced
skin permeation. This is because nanoscale vesicles have the ability to efficiently traverse the stratum
corneum. The obtained size falls within the range reported for previously developed quercetin-loaded
transferosomal systems [6]. Minor differences in particle size among studies may be attributed to variations
in phospholipid composition, edge activator concentration, drug-to-lipid ratio, and processing conditions as
well as intended route of administration. The polydispersity index (PDI) values below 0.5 are generally in-
dicative of uniform dispersion. Here, the PDI was found to be 0.324, suggesting a moderately narrow size
distribution and acceptable homogeneity. This value is comparable with those reported by Pandit et al. [15]
(0.333). The zeta potential was recorded as -22.4 mV (Figure 3 b). This reflects a stable colloidal system.
The negative zeta potential observed in the present study is consistent with previously reported quercetin-
loaded transferosomal systems [6, 15]. The negative surface charge may be attributed to the presence of
phospholipids and edge activators. They contribute to the constant motion of the vesicles, thereby reducing
aggregation via electrostatic repulsion [24].

3.4.2 Morphological Analysis (SEM)

The surface morphology of the optimized Transferosomal formulation was examined using scanning electron
microscopy (SEM), as shown in Figure 3 c. The micrograph revealed the presence of a distinct vesicular
structure with spherical morphology. The vesicles appeared well-formed with smooth surfaces and defined
boundaries. The slightly deformed morphology is characteristic of ultra-flexible lipid-based carriers like
transferosomes. The absence of crystalline drug deposits or sharp-edge particulates in the micrographs sug-
gests that quercetin is well loaded [25, 26].

3.4.3 Molecular Analysis Using ATR-FTIR and DSC

The FTIR spectra of pure quercetin, Phospholipon® 90G, and the optimised quercetin-loaded
transferosomes are presented in Figure 3d. Pure quercetin exhibited characteristic adsorption bands corre-
sponding to the O-H stretching vibration (3275 cm™), aromatic C=C stretching (1605-1508 cm™), C=0
stretching (1662 cm™), and C-O stretching vibrations within the 1310-1080 cm™ region, confirming the iden-
tity of the drug. Phospholipon® 90G displayed its characteristic lipid peaks, including C-H stretching vibra-
tions at 2917 and 2850 cm™, ester carbonyl (C=0) stretching at 1735 cm™, and phosphate-associated vibra-
tions in the 1236-1061 cm™ region [27, 28]. The FTIR spectrum of the optimised transferosomal formulation
retained the characteristic adsorption bands of both quercetin and the phospholipid, with slight reductions in
intensity and minor shifts in selected peaks. Importantly, no new adsorption bands or disappearance of char-
acteristic functional groups were observed. This indicates the absence of chemical interactions between
quercetin and the formulation excipients during transferosome preparation. These findings suggest that
guercetin remained chemically stable following encapsulation and was successfully incorporated within the
vesicles.
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The DSC thermograms of pure quercetin, Phospholipon® 90G, and the transferosomal formulation are
shown in Figure 3e. Pure quercetin exhibited a distinct sharp endothermic peak at approximately 314°C.
This corresponds to its melting point and confirms its crystalline nature. In contrast, Phospholipon® 90G
showed a characteristic endothermic transition around 187°C. This represents the thermal behaviour of phos-
pholipids. The DSC thermogram of the transferosome showed the absence of the characteristic melting endo-
therm of crystalline quercetin, while the thermal transitions associated with the lipid matrix remained evident
[29]. The disappearance of the quercetin melting peak indicates that the drug was no longer present in its
crystalline state but was molecularly dispersed or entrapped within transferosomes. Also, no additional ther-
mal events indicative of drug degradation or incompatibility were observed.

3.4.4 Entrapment Efficiency

The entrapment efficiency (EE, %) of quercetin within the Transferosomal vesicles was determined us-
ing a previously developed and validated RP-HPLC method. Following ultracentrifugation, the supernatant
containing unentrapped drug was collected. It was then quantified at 369nm under optimized chromatograph-
ic conditions. The entrapment efficiency was found to be 86.24 £ 1.61 %, indicating incorporation of
guercetin into the lipid bilayer. The high entrapment could be attributed to the lipophilic nature of quercetin
[30, 31]. The high entrapment efficiency achieved in the present study is comparable with values reported for
quercetin-loaded transferosomes in the literature. Differences in drug loading and encapsulation efficiency
may be influenced by lipid concentration, drug-to-lipid ratio, and preparation methodology [4,6,15].

3.4.5 In vitro Drug Release

The cumulative in vitro release profiles of plain quercetin and the optimised quercetin-loaded
transferosomes are presented in Figure 3f. The plain drug exhibited a relatively rapid initial release, with
approximately 38.1 & 1.7% released within the first 30 min. This was followed by a gradual plateau, reaching
67.2 = 1.5% cumulative release after 24 h. The limited release of the plain drug could be attributed to the
poor aqueous solubility of quercetin. In contrast, the transferosomal formulation exhibited a characteristic
biphasic release profile consisting of an initial burst release followed by a sustained release phase. Approxi-
mately 27.4 + 1.9% of quercetin was released within the first 30 min, increasing to 80.2 + 1.1% after 6 h.
The cumulative drug release reached 93.6 + 0.9% after 24 h, which was significantly higher than that ob-
served for the plain drug (p<0.05). The reduced initial burst release from the transferosomes indicates effi-
cient encapsulation of quercetin within the phospholipid bilayer. The subsequent sustained release could be
attributed to the gradual diffusion of the drug through the hydrated lipid membrane. The incorporation of
Tween 80 as an edge activator likely enhanced membrane flexibility and permeability. This facilitates con-
trolled drug diffusion while maintaining vesicular integrity. In addition, the nanosized vesicles provide a
large surface area that promotes efficient interaction with the release medium and improves drug dissolution
[32].

3.4.6 Release kinetics

The release data were fitted to various kinetic models to investigate the mechanism of drug release from
the developed transferosomes. Among the evaluated models, the Korsmeyer-Peppas model exhibited the
highest correlation coefficient (R* =0.980), indicating that this model best describes the release behaviour of
quercetin from the transferosomal system. The Higuchi model also demonstrated a good correlation (R
=0.923), suggesting that diffusion through the hydrated phospholipid matrix plays a significant role in drug
release. The calculated release exponent (n=0.41) indicates Fickian diffusion. This demonstrates that
quercetin release is primarily governed by concentration-driven diffusion from the lipid bilayer rather than
by erosion or structural relaxation of the vesicles. The comparatively lower R* values obtained for the zero-
order (0.611) and first-order (0.807) models further support that the release does not follow constant rate Ki-
netics but is predominantly diffusion-controlled [33].

4 Conclusions

The present study successfully established and validated a robust RP-HPLC method for the quantitative
assessment of quercetin. The analytical method demonstrated excellent linearity, accuracy, precision, and
specificity, confirming its suitability for routine analysis. The optimized transferosomes exhibited nanoscale
particle size, moderate polydispersity, and a negatively charged surface. FTIR and DSC analyses confirmed
the compatibility and suggested successful incorporation of the drug. High entrapment efficiency confirmed
effective incorporation of the drug within the vesicular system. Morphological analysis further supported the
formation of deformable lipid vesicles. Additionally, molecular docking studies provided preliminary mech-
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anistic insights into the interaction of quercetin with key inflammatory targets. The formulation exhibited
sustained drug release over 24 h with release kinetics best described by the Korsmeyer-Peppas model. In
conclusion, the study offers a promising strategy for enhanced topical delivery of quercetin that warrants fur-
ther ex vivo and pre-clinical evaluations.
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Surface-Enhanced Raman Detection of Low-Concentration Methylene Blue Using
Nanoparticles Functionalized with 12-Mercaptododecanoic Acid

The development of sensitive and magnetically recoverable SERS substrates is of interest for the detection of
organic pollutants at low concentrations. In this study, Fe;0,-CA@Au-12-MDA nanoparticles were synthe-
sized for use as a SERS substrate in the detection of methylene blue dye within a concentration range of 10%-
107 M. The Fes0, magnetic nanoparticles were modified with citric acid, followed by gold deposition and
surface functionalization with 12-mercapto-dodecanoic acid. The stepwise modification of the nanoparticles
was confirmed by FTIR, SEM-EDX and XRD, which revealed the presence of Au and organic functional
groups whilst preserving the crystalline structure of Fe;0,4. The Fe;0,-CA@Au-12-MDA-based SERS sub-
strate exhibited signal enhancement compared to conventional Raman spectroscopy. For the characteristic
bands at 1623 and 1396 cm, the approximate EF values reached 0.11x10° and 0.15x10°, respectively, corre-
sponding to 5.95- and 5.40 times signal enhancement. The estimated LOD values calculated using the 3o cri-
terion were 4.05x10® and 5.97x10® M for the respective bands. The calibration curves demonstrated good
linearity with R? values of 0.94-0.99 for SERS measurements. The results obtained demonstrate the potential
of Fe;04-CA@Au-12-MDA nanoparticles a magnetic SERS platform for the detection of low concentrations
of organic dyes.

Keywords: SERS, detection, methylene blue, gold nanoparticles, functionalization, 12-mercaptododecanoic
acid, magnetic nanoparticles, Fe;O,4, Raman spectroscopy, limit of detection.

Introduction

Detection of organic dye molecules at low concentrations is of great importance for environmental
monitoring, industrial process control, and analytical chemistry. Synthetic dyes are widely used in various
industries, including textile, pharmaceutical, and chemical manufacturing, resulting in their frequent release
into aquatic ecosystems. Even at low concentrations, these compounds may persist in the environment and
serve as indicators of anthropogenic pollution [1-3].

Among various analytical methods Surface-Enhanced Raman Scattering (SERS) has attracted consider-
able attention due to its ability to provide highly sensitive and molecule-specific detection through vibration-
al «fingerprinty signals [4, 5]. Compared with conventional analytical techniques, SERS offers rapid analysis
with minimal sample preparation and low operational costs, making it a promising tool for trace detection of
organic compounds. Typically, SERS detection involves substrate fabrication, analyte deposition (drop-
casting or solution mixing), and signal calibration based on characteristic Raman bands of the target mole-
cule [6-11].

Methylene blue (MB) is widely used as a model analyte in SERS studies due to its well-defined Raman
spectrum, chemical stability, and strong affinity toward metallic surfaces [8, 9, 12]. In ecology applications,
MB is commonly employed as a model pollutant for evaluating water purification processes and monitoring
degradation efficiency in photocatalytic and oxidation systems [13, 14]. Beyond environmental analysis,
SERS-based detection of MB has also been investigated in food safety applications, including the analysis of
dye residues in biological tissues, as well as in the development of ultrasensitive sensing platforms based on
advanced nanomaterials [15-17]. Therefore, reliable detection of methylene blue at low concentrations is not
only of analytical interest but also important for evaluating the signal enhancement efficiency of newly de-
veloped nanostructured Raman substrates [18, 19].

Over the past decade, various nanostructured materials have been investigated as SERS substrates.
Among them, noble metal-based systems, including gold and silver nanoparticles [15, 16], nanorods, and
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nanoporous films [20], are the most widely used due to their strong plasmonic properties. In addition, hybrid
structures such as metal-semiconductor composites [21-23] including, Au/Cu,O u Ag/ZnO systems, as well
as porous and three-dimensional architectures based on graphene foams, silicon photonic crystals, and nan-
owires, have demonstrated enhanced sensitivity owing to the increased density of electromagnetic «hot
spots» [23-25]. More recently, emerging materials such as two-dimensional MXenes and MoS-based
heterostructures [26, 27], together with flexible polymeric and paper-based substrates [17, 28], have further
expanded the practical applicability of SERS-platforms.

These developments have enabled progressively lower detection limits. For example, silver nanowire-
based substrates demonstrated detection capabilities down to 10™*° M [29], whereas various hybrid and po-
rous systems typically operate within the range 10°-10* M [24, 30]. Other platforms, including paper-based
substrates and metal oxide composites, generally achieve detection limits in the ranges 10°-10"° M [17, 22].
Despite these advances, a trade-off often exists between sensitivity, reproducibility, structural complexity,
and fabrication simplicity. Advanced architectures, including three-dimensional and lithographically pat-
terned nanostructures, provide high structural precision and reproducibility but frequently require technolog-
ically complex fabrication procedures [31, 32].

In recent years, FeO-based and Fe;O4/Au hybrid nanostructures have attracted attention as magnetic
SERS substrates due to the combination of magnetic properties and plasmonic signal enhancement [33-36].
Several studies demonstrated successful SERS detection of rhodamine dyes and other probe molecules using
Fe;04-containing composites and Fe;O4/Au systems. For example, Fes0,@Au NPs have superior SERS sen-
sitivity for rhodamine and crystal violet with a detection limit of 10" M [34], magnetically assembled
Fe;0,@SiO,@Au structures enabled ultrasensitive detection of rhodamine B and methylene blue down to 1
fM, while Fe;04/Au liquid SERS systems demonstrated enhancement factors (EF) in the range of 10*-10’
depending on Au:FesO, ratio and external magnetic field conditions[36]. In addition to substrate design,
analyte adsorption efficiency plays a critical role in SERS performance. Interactions between target mole-
cules and the substrate surface directly influence signal intensity, particularly at low concentrations [37, 38].
However, insufficient surface affinity remains a limiting factor for reliable detection in many nanoparticle-
based systems. Detailed analyses describing the influence of analyte orientation, surface chemistry, and con-
centration on SERS intensity have been reported previously [39-41]. To address these challenges, surface
functionalization strategies aimed at improving analyte localization and signal reproducibility are increasing-
ly being explored [42]. In this context, thiol- and carboxyl-containing ligands represent a promising approach
due to their affinity toward metallic surfaces and their ability to introduce functional groups promoting inter-
actions with target molecules [43-46].

In this work, magnetic Fe;O4 nanoparticles were functionalized with citric acid followed by gold depo-
sition and subsequent surface modification with 12-mercaptododecanoic acid (12-MDA) to obtain a magnet-
ic SERS-substrate for MB detection. The presence of Au nanostructures and surface carboxyl groups con-
tributed to enhanced Raman signal intensity and improved localization of methylene blue molecules in
SERS-regions. The developed substrate enabled MB detection in the concentration range of 102-10" M us-
ing a simple nanoparticle-based approach.

Experimental

Reagents: isopropyl alcohol, iron(ll) chloride tetrahydrate, iron(lll) chloride hexahydrate, hydrogen
tetrachloroaurate(ll) trinydrate, 12-mercaptododecanoic acid (12-MDA) were purchased from Sigma-
Aldrich. Sodium hydroxide, hydrochloric acid (HCI), citric acid (CA), sodium citrate, ammonia, and ethanol
were of analytical grade. Deionized water (18.2 MQ) was prepared using the Akvilon-D 301 (Akvilon JSC,
Podolsk, Russian Federation) system.

Preparation of Fe;s0,-CA@AU nanoparticles was carried out according to the procedure reported in our
previous work [47]. The modification scheme is presented in Figure 1.
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Figure 1. Schematic illustration of the preparation of Fe;0,-CA@Au 12-MDA nanoparticles

Preparation of Magnetite Fe;O, Nanoparticles

Fes04 nanoparticles were synthesized by chemical co-precipitation from aqueous solutions of iron(lIl)
chloride tetrahydrate FeCl,-4H,0 (9.95 g) and iron(lI1l) chloride hexahydrate FeCl;-6H,0 (27.05 g) at a mo-
lar ratio of Fe**:Fe?*=2:1. The synthesis was carried out in acidic medium by adding 11.8 mL of 35 % hydro-
chloric acid to prevent premature hydrolysis and oxidation of ions Fe*". The reaction mixture was prepared in
100 mL of deionized water and gradually heated to 60 °C, under continuous blending. Nanoparticle precipi-
tation was achieved by adding aqueous ammonia solution under intensive stirring until alkaline conditions
were reached without heating. After reaching alkaline pH, the reaction mixture was heated at 80-85 °C for 2
h under argon atmosphere. Under these conditions, intermediate iron hydroxide species formed and subse-
guently transformed into magnetite.

The obtained magnetic nanoparticles were separated using an external magnet and repeatedly washed
with deionized water 5-6 times until neutral pH to remove residual ions and by-products. The nanoparticles
were additionally washed with ethanol and dried at 60 °C for 1h.

Citric Acid Functionalization of Magnetite Fe;0, Nanoparticles and Subsequent Gold Deposition

At the first stage, 2 g Fe;O4 nanoparticles were dispersed in 50 mL of deionized water for 15 min using
ultrasonication (operating frequency 20-25 kHz, 80 % amplitude, ultrasonic power 900 W). The dispersed
nanoparticles were then added to an aqueous citric acid solution 0.1 g/mL and blended at 80 °C and 350 rpm
for 3 h. During this process, citric acid is adsorbed onto the Fe;O,4 surface through coordination of its carbox-
ylate groups with surface Fe sites. This surface functionalization preserves the crystal structure of magnetite
while exposing free carboxyl groups that improve colloidal stability and provide anchoring sites for subse-
guent gold deposition. As a result, the FesO, surface was functionalized with citrate molecules, exposing
terminal carboxyl groups that facilitate the adsorption of Au®* ions and subsequent gold deposition.

After modification, the nanoparticles were separated using a magnet, thoroughly washed with deionized
water 3-5 times, and air-dried. Subsequently, 1 g of citric acid-modified nanoparticles was dispersed in 0.1 %
aqueous solution of hydrogen tetrachloroaurate(111) trihydrate, where Au®" ions interacted with functional
groups on the nanoparticle surface.

Reduction of gold ions was performed by adding sodium citrate under heating at 60-70 °C followed by
aging of the reaction mixture for several hours. As a result, nanoparticles Fe;0,-CA@Au were formed. The
obtained composite particles were separated magnetically, washed with diluted hydrochloric acid and deion-
ized water to remove unbound components, and dried at 60 °C.
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Modification of Nanoparticles Fe;O4-CA@Au with 12-MDA.

The obtained nanoparticles 0.1 g Fe30,-CA@Au were surface-modified using 12-MDA. For this pur-
pose, the nanoparticles were dispersed in a 0.1 mM 12-MDA, solution prepared in isopropanol (IPA) and
stirred at room temperature for 12 h. After completion of the reaction, the nanoparticles were separated using
an external magnetic field and repeatedly washed with IPA to remove unbound ligand molecules and residu-
al reagents. As a result, organically modified Fe;O,-CA@Au 12-MDA nanoparticles containing surface car-
boxyl groups were obtained.

Characterization of Samples

Characterization of the obtained nanoparticles was performed at each modification stage: Fe3O,4, Fe304-
CA@Au u Fe;0,-CA@Au-12-MDA. The presence of functional groups on the nanoparticle surface was in-
vestigated using Fourier-transform infrared spectroscopy (FTIR) on an InfraLUM FT-08 spectrometer
(Lumex, Russia).

The phase composition of the samples was analyzed by X-ray diffraction (XRD) using a SmartLab
diffractometer (Rigaku Corporation, Japan).

Morphology and microstructure of the nanoparticles were studied by scanning electron microscopy
(SEM), while elemental composition at different modification stages was determined using energy-
dispersive X-ray spectroscopy (EDX) on a Hitachi TM 3030 instrument (Hitachi, Japan).

SERS Detection

The obtained Fe;04,-CA@Au 12-MDA nanoparticles were used for detection of the model dye MB us-
ing an EnSpectr R532 Enhanced Spectrometry. The detection scheme is presented in Figure 2. Silicon sub-
strates were used for deposition of both the dye and nanoparticles. Raman spectra were recorded in the range
of 2000-1000 cm™ using laser power values of 28-32, an exposure time of 2000, and 25 scans. Each meas-
urement was performed in triplicate. The calibration curves were constructed using the mean intensity val-
ues, and the error bars represent the standard deviation of three independent measurements. The dye concen-
tration range was

102-10"" M. The main calibration peaks corresponded to signals at 1625 and 1396 cm™ associated with
aromatic vibrations of MB. For the EF calculation, the concentrations of MB used for the SERS and conven-

tional Raman measurements were C..o =107 M and C =107 M, respectively. The SERS enhancement
factor (EF) was calculated according to Equation (1):

Raman

EF — ISERS /CSERS (1)
| /C

Raman Raman

where | and | — the intensities of characteristic bands in SERS and conventional Raman spectra,

Raman
respectively, Cyrs and C,.., — are the corresponding analyte concentrations. Physically, this concentra-

tion-normalized ratio provides an estimate of the Raman signal enhancement relative to the analyte concen-
tration and is primarily associated with the electromagnetic enhancement mechanism arising from localized
surface plasmon resonance (LSPR) in the Au-containing nanostructures. Since the exact number of mole-
cules contributing to the SERS signal and the effective surface area of the SERS-active regions were not in-
dependently determined, this approach provides an approximate, order-of-magnitude estimation of the EF
rather than an absolute value. Therefore, the calculated EF values are used primarily for comparative evalua-
tion of the SERS enhancement performance of the developed substrate.
The limit of detection (LOD) was estimated using the 3o criterion according to Equation (2):
LOD = %G 2

where ¢ — is the standard deviation of three independent measurements at the lowest experimentally tested
MB concentration (10”7 M), S — is the slope of the corresponding calibration curve. The LOD was estimated
separately for the characteristic MB bands at 1623 cm™ and 1396 cm™.
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Figure 2. Application of nanoparticles Fe;04-CA@Au 12-MDA as a SERS-substrate
for low-concentration detection of MB

Results and Discussion

Nanoparticles before and after modification were investigated by FTIR, SEM-EDX and XRD to evalu-
ate changes in structure, composition, and morphology during the formation of the SERS-substrate.

FTIR analysis was used to confirm modification of Fe;O4 nanoparticles with citric acid, subsequent gold
deposition, and surface functionalization with 12-MDA. The spectra are presented in Figure 3. FTIR spectra
of pristine nanoparticles Fe;O, exhibited characteristic bands corresponding to vibrations Fe-O at 532 cm™,
as well Fe-OH at region 3000-3600 cm™. In the spectra of samples Fe;0,-CA@Au COO™ group vibrations
appeared at 1540 cm™ and 1600 cm™ and at region 2500-3600 cm™ -OH groups. For Fe;0,-CA@Au-12-
MDA additional peaks corresponding to C=O groups at 1700 cm™, as well as symmetric and asymmetric -
CH stretching vibrations of the long-chain hydrocarbon fragment of 12-MDA at 2845 cm™ and 2912 cm™.

:(Fe-O —— Fe;0,-CA@AuU-12-MDA
: — Fe;0,-CA@AuU
— Fe;0,

C(=0)-O (CA, 12-MDA)

-CH (12-MDA)
\ /C:O (12-MDA) A

Absorbance, a.u.

T T T T I‘ T T T T — T T T
500 1000 1500 2000 2500 3000 3500
Wavenumber, cm™

Figures 3. FTIR spectra of nanoparticles before and after modification
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XRD analysis was performed to confirm the formation of the magnetic Fe;O, phase and evaluate
changes in crystal structure after surface modification and gold deposition. The phase composition of nano-
particles at different modification stages was investigated by X-ray diffraction (Figure 4). Pristine nanoparti-
cles Fe;0O,4 nanoparticles exhibited characteristic diffraction peaks at 20 values of 30.2°, 35.5°, 43.2°, 57.1°,
62.7° and 74.2°, corresponding to the (220), (311), (400), (511), (440) and (533) crystallographic planes of
magnetite Fes0,, respectively, and these results are in good agreement with literature data and confirm the
formation of the cubic spinel structure of magnetite [48]. After gold deposition onto nanoparticles FesO,-
CA@Au additional diffraction peaks appeared at 20 values of 38.2°, 44.4°, 64.6°, 77.7° and 81.8°, corre-
sponding to the (111), (200), (220), (311) and (222), planes of metallic gold with a face-centered cubic struc-
ture. The appearance of these reflections confirms successful formation of the gold shell on the surface of
magnetic nanoparticles.

For samples Fe;0,-CA@Au-12-MDA the positions of the main diffraction peaks corresponding to
magnetite and gold remained unchanged, while their intensities slightly decreased due to organic surface
modification. Nevertheless, these results indicate preservation of the crystal structure of the composite nano-
particles. Furthermore, the absence of additional crystalline phases confirms the high purity of the obtained
composite nanoparticles and successful stepwise surface modification without structural degradation during
functionalization.

—— Fe304-CA@AU-12MDA
(111 Au) —— Fe304-CA@AU
: —— Fe304
(200 Au) (220 Au) (222 Au)
(222 Fe) (422 Fe) ;
@00 Fe) | (533Fe)

(220 Fe)

(440 Fe)

Intensity, a.u.

T T " — T
20 25 30 35 40 45 50 55 60 65 70 75 80 85
2 theta, °

Figure 4. XRD-diffractogram of nanoparticles before and after modification

According to SEM-EDX analysis, the morphology and elemental composition of the obtained nanopar-
ticles were investigated at different modification stages (Figure 5). Pristine nanoparticles Fe;O, exhibited
agglomerated irregular-shaped particles. Elemental mapping demonstrated a uniform distribution of Fe and
O throughout the particles, while quantitative EDX analysis showed the presence of Fe (76.5 wt %) and O
(23.5 wt %). After citric acid functionalization and gold deposition, the surface of Fe;0,-CA@Au nanoparti-
cles became rougher, and EDX analysis confirmed the presence of Au (1.2 wt%) and C (14.6 wt %) together
with Fe (78.1 wt %) and O (5.4 wt %). A weak sulfur signal (0.7 wt%) was detected in the intermediate
Fe;0,-CA@Au sample. Considering that no S-containing reagents were used at this stage, this low-intensity
signal is most likely attributable to the detection limit of EDX and/or background contamination. Following
12-MDA modification, sulfur (2.2 wt %) was additionally detected in Fes0,-CA@AuU-12-MDA samples,
while the carbon content increased to 18.5 wt % (Fe 55.8 wt %, O 20 wt %, Au 3.5 wt %), indicating suc-
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cessful surface functionalization with thiol-containing ligands. The quantitative elemental compositions of
the nanoparticles at different modification stages are summarized in Table S1. It should be noted that the
resolution of the obtained images does not allow accurate determination of the nanoparticle size. Neverthe-
less, the nanoparticles and their gold coating were synthesized using a previously developed method [47],
while the successful formation of the obtained nanostructures was additionally confirmed by XRD analysis.
The average particle sizes of Fe;0, (21.2 nm) and Fe;04,-CA@AU (29.6 nm) reported in [47] were deter-
mined by TEM and are cited here for comparison. The increase in the average particle size reported in [47]
was attributed to gold deposition on the Fe;O, nanoparticles. It should be noted that the resolution of the
SEM images obtained in the present study does not allow reliable determination of the individual nanoparti-
cle size or direct visualization of an Au shell around individual Fe;O4 nanoparticles.

Fes0,4 Fes0,-CA@Au Fe;0,-CA@Au-12-MDA

(@) (b) (©
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Figure 5. SEM images (a, b, ¢), EDX elemental mapping (d, e, f), and EDX spectra (g, h, i) of nanoparticles before
and after modification

The FTIR, SEM-EDX and XRD results confirmed successful stepwise modification of Fe;O,4, nanopar-
ticles, gold deposition, and subsequent surface functionalization with 12-MDA. The presence of Au, preser-
vation of the Fe;O,4 crystal structure, and the introduction of surface carboxyl groups enabled the obtained
Fe304-CA@Au-12-MDA nanoparticles to be used as a SERS-magnetic substrate for methylene blue detec-
tion in the concentration range of 102107 M.

ISSN 2959-0663 (Print); ISSN 2959-0671 (Online); ISSN-L 2959-0663 59



Muslimova, |.B., Khairusheva, A.B. et al.

Figure 6 presents Raman spectra of MB recorded without a SERS substrate and in the presence of na-
noparticles Fe3;0,-CA@Au-12-MDA. For samples without nanoparticles, the Raman signal intensity was
significantly lower compared with spectra recorded in the presence of nanoparticles, while concentrations of
10" M were not detected due to the low sensitivity of conventional Raman spectroscopy.

In the presence of Fe;0,-CA@Au-12-MDA nanoparticles, substantial enhancement of the MB signal
was observed, particularly for the characteristic bands centered at approximately 1620-1628 cm™ and
1392-1400 cm™, corresponding to aromatic C=C and C-N vibrations, respectively. Compared with the con-
ventional Raman spectrum, a slight shift of the aromatic C=C band was observed in the SERS spectra. This
behavior may be associated with the adsorption of MB molecules onto the functionalized Au surface, leading
to changes in the local molecular environment and adsorption geometry. Even at concentrations as low as
10", characteristic MB bands, including the shifted aromatic C=C band, remained detectable in the presence
of the SERS substrate. The intensity of the SERS signal depended on the selected recording area (Figure 7).
Characteristic MB peaks were predominantly observed in localized SERS-active regions «hot spots formed
in areas of nanoparticle agglomeration (Figure 7b). In regions without pronounced aggregation, the signal
intensity was significantly lower or absent. To account for the variability associated with the non-uniform
distribution of nanoparticle aggregates, SERS measurements were performed in triplicate. The variability of
the SERS response was evaluated using the standard deviation of three independent measurements, which is
presented as error bars in the calibration curves (Figure 8). An additional advantage of Fe;O4,-CA@Au-12-
MDA nanoparticles is their magnetic nature, which promoted localization of the analyte droplet without sig-
nificant spreading across the surface and, consequently, concentration of MB molecules in plasmonically
active regions. This likely contributed to enhancement of the local electromagnetic field within nanogaps
between closely spaced metallic nanoparticles and increased intensity of the recorded signal.
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Figure 6. Raman spectra of MB in the concentration range of 10%-10" M recorded without a SERS substrate (a, c)
and in the presence of a Fe;0,-CA@Au-12-MDA -based SERS substrate (b, d)
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Figure 7. Optical micrographs of regions used for SERS spectrum acquisition of MB on the surface
of Fe;04-CA@Au-12-MDA nanoparticles: (a) region without pronounced nanoparticle agglomeration; (b) localized
SERS «hot spot» region with nanoparticle agglomeration and dye accumulation

Table 1 and Figure 8 present the analytical parameters and calibration curves for MB detection using
conventional Raman spectroscopy and SERS with nanoparticles Fe;O,-CA@Au-12-MDA. Calibration
curves were constructed based on the intensities of the characteristic MB bands at 1396 u 1623 cm™ in the
concentration range of 102-107 M. The calibration data represent the mean values of three independent
measurements, with the corresponding standard deviations shown as error bars in Figure 8.

The developed SERS substrate enabled experimental detection of methylene blue down to 107 M and
exhibited good quantitative performance, with R? values ranging from 0.98 to 0.99. The LOD values calcu-
lated using the 3o criterion were 4.05x10® M and 5.97x10® M for the bands at 1623 and 1396 cm™, respec-
tively. Thus, 10~ M represents the lowest MB concentration experimentally tested and detected in this
study, whereas the calculated values represent the estimated detection limits. The EF for the bands at 1623
and 1396 cm™ were 0.11x10° and 0.15x10°, respectively. These values were calculated by comparing the
SERS response at 107 M MB with the conventional Raman response at 10% M MB, taking into account the
five-order-of-magnitude difference in analyte concentration. The corresponding Raman signal intensity in-
creases were 5.95- and 5.40 times, respectively. Since the exact number of molecules contributing to the
SERS signal and the effective surface area of the SERS-active regions were not independently determined,
the calculated EF values should be regarded as approximate, order-of-magnitude estimates and are used pri-
marily for comparative evaluation of the developed SERS substrate.

A comparison with previously reported SERS substrates for MB detection is presented in Table 1. The
estimated LOD values obtained for Fe;0,-CA@Au-12-MDA (4.05x10® and 5.97x10® M for the bands at
1623 and 1396 cm™, respectively) were lower than those reported for the Au@MUA substrate (1.9x10°-
2.3x10° M). As expected, Ag-based substrates exhibited considerably higher EF because of the stronger lo-
calized surface plasmon resonance of silver nanostructures. Compared with the Au@MUA substrate, the de-
veloped Fe;0,-CA@Au-12-MDA nanoparticles showed approximately threefold higher EF values 0.11-
0.15x10° versus 0.4x10*, while maintaining excellent calibration linearity (R*> = 0.98-0.99). Although the
difference cannot be attributed solely to the replacement of MUA with 12-MDA, since the nanoparticle ar-
chitecture also differs, the combination of the FesO, magnetic core, Au shell, and 12-MDA surface function-
alization provides efficient SERS activity together with the practical advantage of magnetic separation and
substrate recovery.

Table 1
Comparison of the analytical characteristics of previously reported SERS substrates
for methylene blue detection
Sample Peaks, cm™ | LOD, M EF SERS-signal R? Ref.
increase, fold

Raman-spectra 1623 1 - 0.94
SERS Fe;0,-CA@Au-12-MDA 1623 4.05x10° 0.11x10° 5.95 0.98 | This
Raman-spectra 1396 1 - 0.97 work

SERS Fe;0,-CA@Au-12-MDA 1396 5.97x10° 0.15x10° 5.4 0.99
MWCNTs-Ag 1395, 1621 - 4.68x10° - 0.99 [49]
AU@MUA 1400,1625 | 00 | 0.ax10f . 0.93-0.95| [46]
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Figure 8. Calibration curves of methylene blue obtained using conventional Raman spectroscopy
and SERS Fe;0,-CA@Au-12MDA substrates

Conclusions

In this work, Fe;04-CA@AuU-12-MDA nanoparticles were obtained for use as a magnetic SERS sub-
strate for MB detection. Stepwise nanoparticle modification was confirmed by FTIR, SEM-EDX and XRD
analyses. The obtained results demonstrated preservation of the Fe;O, crystal structure after gold deposition
and subsequent organic modification, as well as the presence of Au and carboxyl-containing groups on the
nanoparticle surface.

The use of nanoparticles Fe;O,-CA@Au-12-MDA as a SERS substrate resulted in enhanced MB signal
intensity compared with conventional Raman spectroscopy. The most intense signals were recorded in local-
ized SERS «hot spots» regions associated with nanoparticle agglomeration. The obtained SERS substrates
experimental detection of characteristic methylene blue bands in the concentration range of 102-107 M. The
estimated LOD values calculated using the 3o criterion were 4.05x10® M and 5.97x10® M for the bands at
1623 and 1396 cm™, respectively. For the bands at 1623 and 1396 cm™ the approximate EF values were
0.11x10° and 0.15x10°, respectively. In addition, the Raman signal intensities increased by factors of 5.95
and 5.4 respectively, compared with conventional Raman spectroscopy. The constructed calibration curves
demonstrated good linearity with R? values of 0.98-0.99.

Thus, the obtained Fe;0,-CA@AU-12-MDA nanoparticles represent a promising magnetic SERS-
platform for detection of low concentrations of organic dye molecules.
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Experimental and Theoretical Evaluation of Pentoxifylline as a Sustainable Corrosion
Inhibitor for Medium Carbon Steel in HCI

This study aims to evaluate pentoxifylline (PTF), a pharmaceutical drug, as a sustainable green corrosion in-
hibitor for medium carbon steel in a 0.2 M HCI environment, addressing the critical need for non-toxic indus-
trial alternatives. Experimental investigations were conducted using gravimetric weight loss measurements,
hydrogen evolution tests, and electrochemical Tafel polarization across a temperature range of 293.15 to
313.15 K. Theoretical analyses, including Density Functional Theory (DFT) and Monte Carlo simulations,
were further employed to explore molecular reactivity and adsorption behavior on the Fe (110) surface. The
results revealed that inhibition efficiency increases with PTF concentration, reaching a maximum of 90.0 % at
500 ppm and 293.15 K. Thermodynamic parameters indicated that the process follows the Langmuir isotherm
through a spontaneous physical adsorption mechanism. Electrochemical data confirmed that PTF acts as a
mixed-type inhibitor, effectively suppressing both anodic metal dissolution and cathodic hydrogen evolution.
Furthermore, the addition of iodide ions demonstrated a significant synergistic effect, enhancing the protec-
tive capacity to 99.4 %. In conclusion, PTF serves as a highly effective eco-friendly alternative for steel pro-
tection. Future research is recommended to investigate the long-term stability of PTF under dynamic industri-
al flow conditions.

Keywords: green inhibitor, corrosion inhibitor, adsorption, pentoxifylline, medium carbon steel, HCI, adsorp-
tion isotherms, Tafel polarization, Langmuir isotherm, DFT calculations.

1 Introduction

Corrosion is one of the most critical concerns for metal and industrial material. It is caused by a slow
chemical or electrochemical reaction between material and the environment [1]. This phenomenon is the
root cause of severe erosion in many metallic systems and industries. Rusting can take place on metals,
polymers, and even ceramics. In aqueous solutions, corrosion is predominantly a result of electrochemical
processes, in different times scale due to electrons exchange between metal surface and electrolyte solution.
Corrosion induced economic loss is incredibly colossal and estimated to be trillion dollars on an annual ba-
sis across the globe [2, 3]. Apart from economic impact, it can also bring about environmental and health
consequences, especially if metal containers are used to hold food, water, or pharmaceutical products.

Steel is the most commonly used material in high pressure industrial application because of its avail-
ability at low cost, high mechanical strength and ease of fabrication. They are widely utilized in the oil and
gas fields, tank farms, pipelines, heat exchangers and chemical processing plants [4]. On the other hand,
steel surfaces are extremely susceptible to corrosion in contact with acidic solutions. Acidic media are
widely employed in industrial processes including acid cleaning, pickling, descaling, and oil well acidizing
[5]. In this type of system, H" and dissolved O, are also good corrosion promoters, and they are active in
high-temperature water environments. Hence, the steel surface protection in acidic media is still a challeng-
ing issue.

Numerous techniques have been evolved to mitigate corrosion damage. Such methods are protective
coatings, cathodic protection, anodic protection, and the addition of corrosion inhibitors [6]. Corrosion in-
hibitors are one of the most feasible and cost-effective methods to combat corrosion, particularly in acidic
media, of these methods. Corrosion inhibitors decreases the solubility of metal either by adsorbing at the
metal surface forming a film or by modifying electrochemical reactions at the interface [7]. Organic com-
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pounds having heteroatoms such as N, O, S and P are reported to have good inhibition properties as these
atoms are able to interact with the metal surface by their lone pair of electrons and n-electrons [7-15].

Although a lot of synthetic inhibitors are of high efficiency, some of them are toxic, costly and have
environmental hazards. Therefore, due to the toxicity of some of the inhibitors used, recent efforts have been
directed towards the synthesis of non-toxic, greener inhibitors. Due to their non-toxic nature and biodegra-
dability, natural products and pharmaceuticals have been widely considered for application as green corro-
sion inhibitors for metals. Expired drugs are highly promising products since they can be considered as can-
didates for reuse rather than being disposed as waste [16-19]. Numerous pharmaceutical molecules have ar-
omatic rings and heteroatoms that increase their propensity to adsorb on metal surfaces, and can be investi-
gated for potential use in corrosion inhibition [20, 21]. However, a critical review of the existing literature
reveals a significant gap in the detailed atomistic understanding of how hexadentate drug molecules like
Pentoxifylline interact with the Fe (110) surface, particularly when combined with inorganic synergistic ions
in HCI media. Most existing studies focus on macroscopic experimental observations without providing a
rigorous theoretical correlation to justify their industrial efficacy.

To address these limitations, the present study offers a novel, multi-faceted evaluation that bridges the
gap between experimental performance and theoretical molecular dynamics. In this investigation,
hexadentate pentoxifylline (PTF) was adopted as the inhibitor for the corrosion of medium carbon steel in
0.2 M HCI. The adsorption and inhibition properties of PTF were investigated through weight loss studies,
hydrogen evolution, electrochemical methods and quantum chemical calculations. Moreover, the effect of
iodide ions as synergist on the inhibitive performance of PTF was also investigated. The novelty and scien-
tific contribution of this work lie in the precise integration of high-level Density Functional Theory (DFT)
and Monte Carlo simulations on the Fe (110) surface to elucidate the electronic donor-acceptor mechanisms
of PTF, providing new insights into sustainable and highly efficient multi-component corrosion protection
systems that have not been fully explored in previous literature.

2 Experimental

2.1 Materials

Pentoxifylline (400 mg tablets) was a gift from Santa Farma, Turkey. The medium carbon steel sam-
ples were procured from Libyan Steel Factory, Libya. Elemental composition of the steel was C (0.33 %),
Si (0.17 %), Mn (0.72 %), P (0.013 %), S (0.002 %), and Fe (98.765 %). For the weight loss test, the steel
was cut mechanically into cylindrical pieces having the dimensions of 4 cm in length and 1 cm in diameter.
Surface were polished with SiC abrasive papers (400-1200 grit size). After polishing, the test samples were
rinsed with ethanol and acetone, air-dried and kept in desiccators to protect from moisture prior to utiliza-
tion. A stock solution of hydrochloric acid (5.0 N) was prepared from commercial HCI (37 %) and standard-
ized against sodium carbonate solution. The necessary concentration of 0.2 M HCI was prepared by dilution
with deionized water. A stock solution of pentoxifylline inhibitor (1000 ppm) was prepared and the various
concentrations viz., 50 to 500 ppm were tested in the study.

2.2 Instrumentation

The experimental procedures, including gravimetric measurements and hydrogen evolution tests, were
conducted at the Chemistry Department, Faculty of Science, Sebha University, Libya. The weight loss exper-
iments were performed using a precision analytical balance (Ohaus, Gall0-Made in West Germany). A
thermostatic water bath to maintain constant temperatures (Clifton Bata-England). Electrochemical meas-
urements, including potentiodynamic Tafel polarization, were carried out using a Potentiostat, manufactured
by ACM Instruments (field model). The medium carbon steel was sourced from the Libyan Steel Factory,
Libya. For the computational modeling, Density Functional Theory (DFT) and Monte Carlo simulations
were executed at the Scientific Research Consultation Center, Sebha University, using the BIOVIA Materials
Studio software (version 5.5) developed by Accelrys (now BIOVIA, USA).

2.3 Gravimetric Estimations

For the weight loss test, the steel was precisely cut into cylindrical pieces (4 cm length, 1 cm diameter)
using a lathe machine. The cutting process was performed under continuous liquid cooling to prevent ther-
mal overheating and minimize mechanical induced stresses on the steel specimens. This ensures that the
metallurgical properties of the medium carbon steel remain unchanged during preparation. Subsequently, the
surfaces were polished with SiC abrasive papers (400-1200 grit size) to remove any residual surface irregu-
larities. After polishing, the test samples were rinsed with ethanol and acetone, air-dried and kept in desicca-
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tors to protect from moisture prior to utilization. The pre-weighed medium carbon steel samples were fully
immersed in 50 mL of various concentrations of inhibitors from 50 to 500 ppm. The tests were performed
in a thermostatically water bath at various temperatures. At the end of the Soaking time, the steel samples
were taken out, cleaned and dried then weighed once more. The values of weight loss were calculated by
subtracting the final weight of the samples from the initial weight. Each experiment was performed in tripli-

cate for reproducibility. Corrosion rate (CR) in mmy is calculated using Equation (1) [22, 23]:
8.76x10*'W
CR(mmy)= ———— 1
(mmy)==—"— (1)
From the corrosion rate data, the inhibition efficiency (% Inh) and the surface coverage (6) were calculated

with help of the following equations (2) and (3).

196 = 1- SR 1,100 @)
CR,
0—[1_CRm 3)
CR,

where CRq is the corrosion rate without and CR;,, is the corrosion rate with the inhibitor.
2.4 Hydrogen Evolution Tests

Hydrogen evolution experiments were carried out in a closed flask assembled to an inverted burette via
a plastic tube [24]. The flask was filled with 0.2 M HCI solution, PTF inhibitor was also therein, as well as
none. The system was kept at 303.15 K by a thermostatic water bath. The volume of released hydrogen gas
was recorded every 2 min for 60 min. The experiments were performed with and without 200ppm PTF as
well as iodide ion as a synergistic additive. Hydrogen evolution rate (Hr) was calculated using Equation (4).

H = (V,-V)/(t,-t,) (4)
where V, and V, are the volumes of hydrogen observed at times t; and t,, respectively. The volume of hy-

drogen was plotted against the immersion time, and the slope of the resulted straight line was the corrosion
rate. The inhibition efficiency was calculated from the Equation (5) [25]:

Inh% = [1(H, / H,j, )] x100 (5)
where Hy and Hinh are the rates of hydrogen evolution in the absence and presence of inhibitor respectively.
2.5 Tafel Polarization Tests

The electrochemical cell contained a working electrode— a suitable electrode for the solution being stud-
ied, Ag/AgCI reference electrode, and carbon rod as counter electrode. The potentiodynamic polarization
experiments were performed by sweeping the potential from —500 mV versus the open circuit potential
(OCP) to +500 mV vs. OCP at a scan rate of 1 mVs™'. The working electrode was made by insulating all
sides but one exposed face joined by a copper wire. Prior to each run, the surface of the steel was polished
with different sized abrasive papers (60-1200 grit). The measurements were made at room temperature with
a 1000 mL capacity open electrochemical cell in 0.2 M HCI solution with and without 500 ppm of PTF in-
hibitor.

2.6. Computational Details

2.6.1. Molecular Reactivity and Molecular Dynamics

The density functional theory calculations were carried out with Materials Studio software via the
DMol® module (version 5.5). To ensure scientific validity and reproducibility, all calculations were per-
formed using the Double Numerical plus Polarization (DNP) basis set. The calculations were conducted in
the gas phase to investigate the intrinsic molecular reactivity of PTF, following the standard methodology
widely adopted in established corrosion inhibition research. This approach ensures that the electronic de-
scriptors (HOMO, LUMO, etc.) represent the inherent donor-acceptor capacity of the molecule without the
shielding effects of a dielectric medium, allowing for direct comparison with literature data. Geometry opti-
mizations were carried out with high-precision convergence criteria (1.0 x 107> Ha for energy and 0.002
Ha/A for force) to ensure that the stationary structures represent true energy minima, consistent with stable
configurations reported in previous studies using similar functionals. calculations were performed at the level
of the generalized gradient approximation (GGA) within the BLYP exchange correlation functional [26, 27].
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The frontier molecular orbitals, HOMO and LUMO, are also considered in order to study the adsorp-
tion characteristics of the organic compounds on the metal surface. Based on Koopman’s theorem, the
HOMO and the LUMO energies were utilized to calculate the values of the ionization potential and the elec-
tron affinity [28-30].

AE = ELUMO - EHOMO (6)
I'= —Eiomo )
A= - ELUMO (8)

Other quantum chemical descriptors like electronegativity (y), hardness (1), and softness (o) of the in-
hibitor molecule are given by Pearson [30].

X=— 9)
n- 2 (10)
o= 1 (1)

n

The fraction of electrons transferred (AN), and electrophilicity index (o) were also derived as follows
[31]:

Xre — Kinh
AN = (12)
2(11 Fe + T]inh)
Using a theoretical value, y., =7eV and the value of n_, =0 eV for iron according to Pearson’s elec-
tronegativity scale[22]. The electrophilicity index (w) has been defined as [32-34]:
2

A= L (13)
2n

2.6.2 Monte Carlo Simulations

Monte Carlo simulations were carried out to study the adsorption of PTF molecules on Fe (110) surface
using the Adsorption Locator module within the Materials Studio software package, as it is specifically de-
signed for identifying low-energy adsorption configurations. The Forcite module was utilized only for the
initial geometry optimization of the inhibitor and the metal surface. The calculations were performed with
the COMPASS force field (Condensed-phase Optimized Molecular Potentials for Atomistic Simulation
Studies) [35, 36]. The Fe surface was cut along the (110) plane and modeled as a supercell with dimensions
of 12 A x 12 A, which provides sufficient surface area to host a single PTF molecule while minimizing peri-
odic self-interaction artifacts. A vacuum thickness of 15 A was used to suppress the spurious interactions
between periodic images along the z-axis. While the simulations were conducted in a vacuum to establish a
fundamental baseline for the intrinsic binding energy, this gas-phase approximation effectively identifies the
preferred molecular orientation on the iron lattice. The adsorption search was performed using the Metropo-
lis Monte Carlo algorithm within the NVT statistical ensemble (constant number of particles, volume, and
temperature) at 298.15 K. The simulation consisted of a total of 1,000,000 Monte Carlo steps, including
100,000 equilibration cycles followed by 900,000 production/sampling cycles to sample the identification of
the global energy minimum. For non-bonded interactions, a cutoff distance of 12.5 A was applied, utilizing
the Ewald summation method for electrostatic interactions and the atom-based method for van der Waals
interactions.

3 Results and Discussion

3.1 Mass Loss Approach

3.1.1 The Inhibition Properties of Pentoxifylline Drugs

The Inhibition Properties of Pentoxifylline Drugs Table 1 and Figure 1 illustrate the results for the esti-
mated corrosion rate (mmy) and inhibition efficiency (Inh%) of medium carbon steel in 0.2 M HCI solution
in the presence and absence of various doses of PTF inhibitor (100-500 ppm). The results demonstrate that
the corrosion rate of medium carbon steel was significantly reduced after the addition of PTF compared with
that in the blank solution. As shown in Figure 1, the corrosion rates decreased stepwise with increasing in-
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hibitor concentration. This behavior implies that PTF molecules successfully inhibit the dissolution of steel
in HCI medium through adsorption onto the steel surface [37].

Table 1

Corrosion rates (C.R., mmy) for HCI (0.2 M) induced medium carbon steel dissolution with and without
inhibitor at different temperatures.

Inhibitor 293.15 k 303.15 k 313.15k
Conc., ppm C.R., mmy Inh., % C.R., mmy Inh., % C.R., mmy Inh., %
0 11.416 - 21.2600 - 59.682 -
100 2.7366 76.0278 6.1120 71.2512 7.466 43.1941
200 1.7693 84.5011 4.8609 77.1357 5.135 62.7341
300 1.5292 86.6039 4.4890 78.8851 4.461 67.7512
400 1.1824 89.6426 3.5538 83.2840 4.21 69.0759
500 1.1404 90.0099 3.1573 85.1492 5.515 69.6574

The data presented in Table 1 also indicates that temperature has a positive impact on the rate of corro-
sion. The efficiency of inhibition became less at several temperatures ranging between 293.15 and 313.15
K. This may be due to the fact that the corrosion reaction was accelerated under high temperature. Moreo-
ver, the rise in temperature might result in the desorption of PTF from the steel surface and disclosure of
more metal atoms to the acidic solution by destruction of the protective layer. The maximum inhibition effi-
ciency achieved by PTF (90.0 %) is notably higher than the 84.9 % efficiency reported by Popovi¢ for ex-
pired metformin, suggesting that PTF’s hexadentate structure provides more extensive surface coverage on
the steel substrate [38].

40 100

—=— 293.15K —=— 293.15K
35 —e—303.15K —e—303.15K
—A— 313.15K 901|_a—313.15K
>
E S 80
: g
= i
Z g
o <
S £ 60+
)
50
O T T T T T T 40 T T T T T T T
0 100 200 300 400 500 180 195 210 225 240 255 270
Pentoxil conc., ppm log C, ppm

Figure 1. Corrosion rate (A) and inhibition efficiency (B) of PTF at different concentrations

3.1.2 Thermodynamic Parameters of the Corrosion Inhibition

Figure 2 presents the inhibition efficiency of PTF on the medium carbon steel surface as a function of
changing temperature. The results show that the inhibition efficiency decreased with the temperature, indi-
cating that the protective film of PTF molecules is unstable at high temperatures [39]. In contrast to the find-
ings of Mahmood, where inhibition efficiency showed a slight increase with temperature, PTF exhibits a de-
crease, which confirms the predominantly physical nature of its adsorption compared to the chemisorptive
behavior of p-bromopiperazinylbenzene [40].
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Figure 2. Corrosion rate (A), and efficiency of inhibition (B), at different temperatures

The activation parameters of the corrosion are needed to better understanding the mechanism of inhibi-
tion. The temperature dependence of the corrosion rate was analyzed in terms of the Arrhenius equation [41-
43]:

*

InNR =InA — AE,
RT

(14)

where R is the universal gas constant, AE, is the apparent activation energy and A is the Arrhenius pre-

exponential factor. The Arrhenius plots are given in Figure 3. In all plots, perfect or close to unity,
(R 0.998-1.000), liner Arrhenius behaviour was confirmed. Energy of activation calculations and are said to
be derived from the slopes of these plots. Thermodynamic parameters were also calculated through the
transition-state equation [43-45]:

(R AS.;_AH,
T N° h

15
R RT (15)

where h is Planck’s constant, N is Avogadro’s number, AS; is the activation entropy and AH a is the acti-
vation enthalpy. The changes in free energy of activation for thermal decomposition, AG, , were also deter-

mined. The values of enthalpy of activation («/AH; ) and entropy of activation (\/AS; ), which are shown in
Table 2, were calculated using the slope and intercept of the curves.

AG, =AH, —TAS, (16)
4.0 -2.0
B
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Figure 3. Arrhenius (A) and transition state (B) plots for the corrosion of medium carbon steel in 0.2 M HCI
in the absence and presence of PTF
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Table 2 provides the calculated thermodynamic parameters, including the activation energy ( AE;), en-
thalpy (AH;), and entropy AS, which were derived from the Arrhenius and transition-state plots shown in
Figure 3 [46-48].

Table 2

Values of the thermodynamic constants for the dissolution of medium carbon steel in the absence and presence
of PTF in 0.2 M HCI

Inhibitor Conc., AE}, AH, AS;, AG%, KJ-mol™

ppm KJ-mol™ KJ-mol™ J-mol*K? 293.15, K 303.15, K 313.15, K
0 45 477 42.958 -77.969 65.815 66.594 67.374

100 78.178 75.66 21.001 69.504 69.294 69.084

200 78.902 76.383 20.378 70.409 70.206 70.002

300 79.004 76.486 19.696 70.712 70.515 70.318

400 87.147 84.628 45.087 71.411 70.960 70.509

500 87.721 85.202 46.525 71563 71.098 70.633

The thermodynamic shown in Table 2 indicated that all energies of activation were positive, which is
evidence of corrosion process endothermic nature. The activation energy was raised in the presence of the
inhibitor as compared to the blank solution, denoting that the inhibitor forms a barrier through those acts as
the energy barrier that hinders the dissolution of steel. The increase in active energy also implies that inhibi-
tion effectiveness may reduce at higher temperatures due to less adsorption of inhibitor molecules onto sur-
face of medium carbon steel [43].

The enthalpy values, Table 2, were found to increase with the concentration of inhibitor. The positive
enthalpy values suggest that the inhibition is an endothermic process and the dissolution of steel is more re-
tarded in the presence of high concentrations of PTF [43, 44]. In contrast, after addition of the inhibitor, the
entropy values were more negative. This behavior indicates that the activated complex in the corrosion reac-

tion is more ordered than the reactants [21]. The calculated AG; values are also presented in Table 2. Posi-

tive value was obtained for the blank solution, while negative values were found for the inhibited systems.
The increase in value showed that the inhibition reaction is feasible and the transition state became stable as
temperature increased [39]. Moreover, the free energy of activation decreased with increasing inhibitor con-
centration from 50 to 200 ppm, which could be related to the development of the activated complex too be-
ing less stable. But, the value of the free energy increased again at 300 — 400 ppm, which was attributed to
the generation of a more stable activated complex on the surface of steel [39]. The observed increase in acti-

vation energy (AE;) upon the addition of PTF (from 45.4 to 87.7 kJ/mol) is consistent with the findings of

Malki, who reported a similar upward trend in AE_ values (from 21.0 to 40.46 kJ/mol), confirming the for-
mation of a physical barrier that restricts the corrosion process [49].

3.1.3 Synergistic Effect

Table 3 and Figure 4 present the corrosion rate and inhibition efficiency values at 303.15 K, demon-
strating the synergistic effect between iodide ions and PTF molecules [27 <28]. Furthermore, Table 4 and
Figure 5 show the impact of fixed potassium iodide (KI) concentration on the inhibitory performance of var-
ying PTF concentrations [29 30]. The S, values in these tables indicate strong synergistic behavior between
iodide ions and PTF molecules.

Table 3
Corrosion rate and inhibition efficiency at 303 K in the presence of KI and PTF
0, ppm PTF 200, ppm PTF
Kl conc., ppm C.R., mmy Inh, % C.R., mmy Inh, % Sl
0 21.260 - 4.861 77.136 -
50 17.626 17.094 2.069 90.269 1.948
100 15.773 25.811 1.934 90.903 1.865
150 14.310 32.693 1.869 91.210 1.751
200 12.617 40.655 1.620 92.380 1.781
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The inhibition efficiency increased dramatically with the addition of iodide ions as shown in Table 3.
The maximum protection was achieved at 200 ppm K1 with inhibition efficiency 92.38 % in presence of 200
ppm PTF. The decrease in the corrosion rate proves the presence of a synergistic effect between iodide ions
and PTF molecules. This can be related to the fact that the iodide ions can promote the steel surface adsorp-
tion of inhibitor molecules. lodide ions are much more strongly adsorbed due to their big ionic size and high
polarizability. Their adsorption promotes the interaction of PTF molecules with the metal surface, so that a
denser protective film is formed [50, 51]. Our synergistic PTF/lodide system (99.4 %) demonstrates superior
performance compared to the dual-inhibitor compositions evaluated by Tsygankova, such as the
Drotaverine/KCNS mixture which reached 98.0 % efficiency [52].
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Figure 4. Corrosion rate (A) and inhibition efficiency (B) as a function of KI concentration in the presence
of PTF at 303.15 K

These findings also reveal that the corrosion rate continuously decreases with raising KI content. Under
dual PTF and KI presence the rate of corrosion was even lower than that in the solutions containing only
potassium iodide. This is attributed to the fact that progressively adsorption of PTF molecules enhances the
coverage and protective oil film on the steel substrate. Similarly, the inhibition efficiency increased as the
K1 concentration increased. Furthermore, the inhibitory effectiveness in the binary system of KI + PTF was
superior to that of PTF alone, indicating a synergistic positive effect of the iodide ions. A concentration of Kl
of 150 ppm was chosen to investigate more the inhibition performance of the medium carbon steel in acidic
medium containing variable concentrations of PTF at fixed KI concentration. The corrosion rates and subse-
guent inhibitor efficiencies calculated are presented in Table 4 and Figure 5.
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Figure 5. Corrosion rate and inhibition efficiency in the presence of PTF, with a fixed concentration of Kl at 303.15 K
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Table 4

Corrosion rate and inhibition efficiency in the presence of PTF, with a fixed concentration of K1 at 303.15 K

0, ppm KI 150, ppm KI
PTF conc., ppm CR., mmy Inh, % CR., mmy Inh, % SI
50 ppm 6.300 70.367 2.846 86.614 1.490
100 ppm 6.112 71.251 0.871 95.902 4721
200 ppm 4.861 77.136 0.337 98.416 9.715
300 ppm 4.489 78.885 0.130 99.387 23.169

In acidic medium, the corrosion of steel surface produces positively charged metal ions [51]. In these
circumstances, PTF molecules may be adsorbed on the steel surface [53-55]. Meanwhile, iodide ions can
also be readily adsorbed by electrostatic attraction since it is negatively charged and the metallic cation are
positively charged [51]. lodide ion adsorption decreases the rate of corrosion and the number of delocalized
active sites on the surface of steel. lodide ions significantly enhance the adsorption of PTF molecules on the
steel surface and assist in the formation of a strong anti-corrosive film on steel. When the Kl concentration
was about 150 ppm, the co-adsorption process was the most effective with an inhibition efficiency of
99.3866 % in the presence of 300 ppm PTF.

The synergism influence between PTF and iodide ions was estimated by the synergistic parameter (SI),
which is defined as follows [57-55]:

SI=(1-1.,)/(1-T.,) (18)

Here I, and I, are the inhibition efficiency of iodide ions and PTF respectively, and I’14, is the inhibition
efficiency for the presence of Kl and PTF together. Interpretation The S, values indicate synergistic effects
for values exceeding unity in the reverse for less than unity [51, 58, 59]. The case with iodide ions and PTF
also has the highest values of S, listed in Tables 3 and 4, indicating very strong synergistic behaviour be-
tween iodide ions and PTF molecules in that particular situation.

3.1.4 Adsorption Isotherms

Figure 6 displays the linearity of the experimental values fitted to the Langmuir, EI-Awady, Temkin,
and Freundlich adsorption isotherm models. Table 5 lists the calculated adsorption parameters, including the

equilibrium constant (K,gs) and the standard free energy of adsorption (AG:, ), derived from these models.

ads

In general, adsorption of organic molecules on a metal surface is the process where already adsorbed
water molecules on the steel surface are displaced by the organic molecules in the solution phase. Inhibitor
molecules must interact intensely with the metal surface for the adsorption to be successful. These interac-
tions can be of an electrostatic nature and/or by a covalent bonding between the chemisorbed species and the
metal surface atoms. Hence, to achieve a better approximation to the adsorption behaviour of the PTF mole-
cule on the medium carbon steel, we considered in this study a number of different adsorption isotherm
models. The surface coverage (0) values obtained from the mass loss technique were used in this analysis.
Langmuir, EI-Awady, Temkin and Freundlich adsorption isotherms were investigated and thermodynamic
parameters of adsorption were calculated, too.

From the examined adsorption models, the Langmuir adsorption model was the most appropriate for
the experimental data with the highest values of correlation coefficient (R?). The Langmuir adsorption model
was tested by plotting C/0 as a function of the inhibitor concentration (C), and the data are shown in Fig-
ure 6.

C 1

6 Kads
where K, is the equilibrium constant for adsorption. Straight lines with slopes close to unity and the inter-
cepts were 1/K,qs at all the temperatures studied. The lines high linearity suggest that the PTF molecules on
medium carbon steel surface have been the Langmuir isotherm. The values of K,4 and AGggs calculated are
given in Table 5.

Also, the EI-Awady isotherm of adsorption was tested by applying Egq. (20). Linear relationships were
obtained when log(6/1-6) was plotted versus log C as shown in Figure 6. The values of the correlation R?
were good indicating that fitting of the experimental data were acceptable. The calculated y, 1/y, K4, and
AGggs values are reported in Table 5.

+C (29)
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The linearized version of the Freundlich equation was used to analyses the adsorption isotherm Freundlich
isotherm was also verified by applying the equation in linearized form. Straight lines were obtained when
we plot log 0 against log C. Their slopes and intercepts are 1/n and log K,gs, respectively.

logb=1log K, +1IogC (20)
n

The parameter n is an empirical parameter that is related to adsorption properties. In general, as 1/n was be-
tween 0 and 1, adsorption process is favorable, when n is near to or less than unity, then the adsorption is
unfavorable [60]. The Temkin adsorption isotherm was further employed by Eq. (22). The plots of 6 against
In C were linear (Fig 6). The slope and intercept were equal to 1/ f and (1/ f In K,g), respectively.

6:%Inc+%ln K s (22)

The standard free energy of adsorption was determined by the following equation (23) [61]:
AGY, =RTIn(55.5K,) (24)

ads
where R is the gas constant, T is the absolute temperature and 55.5 is the molar concentration of water in
solution. The determined adsorption parameters are listed in Table 5 [37].

The adsorption details for the PTF inhibition of medium carbon steel corrosion in HCI solution are giv-
en in Table 5. The values of correlation coefficients for all models were found to be high (R? > 0.90), indicat-
ing that the experimental data were well fitted by all investigated adsorption models. The superior fit of the
Langmuir isotherm (R? = 0.999) for PTF adsorption is in full agreement with recent studies by Malki and
Abdel-Hameed [49], validating the formation of a stable, protective monolayer of pharmaceutical molecules
on the steel surface. However, the Langmuir adsorption isotherm achieved the maximum R? values that were
close to 0.999 and confirmed that this isotherm best represents the adsorption of PTF molecules on the sur-
face of the medium carbon steel in the medium of hydrochloric acid. The calculated K,qs values for the pro-
cess under study were less than unity, indicating that the adsorption is predominantly physical and that that
the PTF molecules and the steel surface are associated via physical forces [37]. This behaviour is very fa-
vourable for a protective adsorbed layer formation via electrostatic interaction.
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Figure 6. Linearity of the experimental values to the Langmuir (A), El-Awady (B), Temkin (C) and Freundlich (D)
fractional productivity adsorption isotherm

Table 5

Adsorption parameters(K,gs and AG,gs) from Langmuir EI-Awady and Freundlich isotherm curves at 298 K

Parameters 293.15, K 303.15, K 313.15, K
Langmuir K ads i 0.038 0.0285 0.0113
AGags, KJ-mol -1.908 -1.157 -1.166
K ads 0.473 0.430 0.119
Freundlich AGags, KJ-mol™ -20.575 -19.549 -5.649
1/n 0.1059 0.1092 0.2957
K ads 0.155 0.229 0.036
AGags, KJ-mol™ -5.245 -6.408 -1.281
El-Awady 1/y 1512 1.964 1.448
y 0.661 0.509 0.691
K ads 63.209 42.093 0.170
. AGags, KJ-mol™ -19.893 -19.547 -5.837
Temkin f 11.377 11.751 76.061
o -5.688 -5.875 -3.030

The Temkin adsorption curves for the linear behavior are shown in Figure 6, which reveals that Temkin
isotherm can also be used to represent the PTF adsorption. The negative values of a and f imply that attrac-
tive interactions exist between the adsorbed PTF molecules on the steel surface.

The El-Awady adsorption model fitting is also shown in Figure 6 and the derived values of y and 1/y
are presented in Table 5. The resulting 1/y values imply that a singe PTF molecule covers two active sites on
the medium carbon steel surface, which in turn leads to effective surface coverage and enhanced inhibition
performance.

The Freundlich adsorption curves are depicted in Figure 6. The calculated 1/n- values fulfil the criteria
0 < 1/n < 1 which indicates that PTF molecules easily adsorbs on the RS surface [62].

The AGs values calculated at various T are also given in Table 5. The PTF adsorption free energy
AGygs were all negative and less than —40 kJ/mol, which implied adsorption of the PTF molecules were spon-
taneous. These findings also confirm that PTF molecules have been adsorbed on the metal surface by elec-
trostatic force between the inhibitor molecules and metal surface, which means that the inhibition process is
dominantly governed by physisorption [37].
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3.2. Hydrogen Evolution Measurements

Figure 7 illustrates the volume of evolved hydrogen gas as a function of immersion time for medium
carbon steel dissolution in 0.2 M HCI, comparing the blank solution with those containing PTF and potassi-
um iodide. Table 6 summarizes the corrosion rates and inhibition efficiencies calculated from these hydrogen
evolution measurements.
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Figure 7. Volume of evolved hydrogen as a function of time for medium carbon steel dissolution in in 0. 2 M HCI
with and without PTF and potassium iodide

The volume of evolved hydrogen gas was found to be increased continuously with the increase of im-
mersion time. This is known since hydrogen evolution is a by-product of the corrosion reaction in the acid
solution. The hydrogen evolution rate, however, showed an evident decrease when PTF molecules were in-
troduced. The results obtained suggest that a rise in the concentration of PTF is inversely proportional to the
amount of produced hydrogen gas. This decrease indicates the surface coverage, and all the above data con-
firms that | inhibits the corrosion process via adsorption onto the steel surface. Adsorbed inhibitor molecules
can create a protective film at the interface of metal and acidic solution that protects the metal from corrosion
and also restricts the hydrogen evolution rate. Inhibition efficiency values, based on hydrogen evolution
measurement, are presented in Table 6.

Table 6
Corrosion rate and inhibition efficiency of PTFs from hydrogen evolution
Solutions C.R., mL-cm™min* Inh, %
Acid conc., 0.2, M 0.0388 0
100, ppm PTF 0.0057 85.3093
200, ppm PTF 0.0021 94.5876
100, ppm PTF + 100, ppm KI 0.0005 98.5689

The results showed a continuous increase in the volume of evolved hydrogen gas with increasing im-
mersion time. This behaviour is expected because hydrogen evolution accompanies the corrosion reaction in
acidic solution. However, the hydrogen evolution rate decreased noticeably after the addition of PTF mole-
cules. The obtained data indicate that increasing PTF concentration reduces the amount of generated hydro-
gen gas. This reduction confirms that the inhibitor suppresses the corrosion reaction through adsorption on
the steel surface. The adsorbed inhibitor molecules form a protective layer that isolates the metal from the
acidic environment and decreases the rate of hydrogen evolution. The marked reduction in hydrogen evolu-
tion observed with PTF aligns with the results of Tsygankova, who demonstrated that expired pharmaceuti-
cal molecules successfully retard the cathodic hydrogen gas generation in acidic media [52].
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PTF molecules adsorb on the surface of the medium carbon steel at the metal/solution interface, inhibit-
ing the dissolution of the steel in HCI solution and hence decreasing the cathodic hydrogen evolution reac-
tion [25]. The inhibitor's molecular structure and its capacity to adsorb on the steel surface are directly asso-
ciated with the inhibitory properties. Furthermore, the results reveal that the corrosion rate is decreased re-
markably in the dual action of PTF and potassium iodide. Inhibitor molecules are adsorbed on the steel sur-
face and organized to serve as a thin, protective layer, which significantly inhibit metal dissolution and hy-
drogen production.

3.3. Electrochemical Tafel Polarization Tests

Electrochemical polarization studies were conducted to determine the efficiency of PTF as an inhibitor
and to gain further insights into the mechanism of inhibition and the durability of the adsorbed inhibitor film
on the medium carbon steel surface for an extended time of 22 h immersion. Figure 8 shows the
potentiodynamic polarization curves of the medium carbon steel in 0.2 M HCI with and without 500 ppm of
PTF inhibitor. As observed in the Figure, the curves with and without the inhibitor appear closely aligned,
reflecting the moderate nature of the inhibition effect under these conditions.
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Figure 8. Potodynamical polarization curves of the medium carbon steel in 0.2 M HCI with and without PTF inhibitor

The electrochemical parameters derived from these curves, including corrosion current density (Icorr)
and linear polarization resistance (LPR), are presented in Table 7. The results indicate a measurable reduc-
tion in the corrosion current density (lcorr) from 1.3418 mA/cm? for the blank solution to 1.0188 mA/cm?
for the inhibited solution. This corresponds to a calculated inhibition efficiency of approximately 24 % and a
corresponding increase in linear polarization resistance (LPR) from 19.441 to 25.605 Ohm.cm?.

Table 7

Parameters of the electrochemical polarization of the medium carbon steel in 0.2 M HCI
with and without 500 ppm of the PTF inhibitor

. Icorr CR.

. 2 1 ’

LPR, Ohm-cm? Rest Potential, mV Area, cm mA/enr? mmy
BLANK 19.441 -564.31 0.837 1.3418 15.551
500, PPM 25.605 -560.67 0.837 1.0188 11.807

The slight displacement at the anodic and cathodic ends suggests that PTF acts as a mixed-type inhibi-
tor, though its capacity to suppress the metal dissolution and hydrogen evolution reactions is limited at room
temperature after prolonged immersion. The classification of PTF as a mixed-type inhibitor in this study is
consistent with the observations of Popovi¢, confirming that most pharmaceutical-based green inhibitors
suppress both anodic and cathodic reactions simultaneously [38].
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3.4 Computational Studies

3.4.1 Molecular Reactivity

Quantum chemical calculations and molecular dynamics simulation were performed to study inhibition
properties of PTF molecules on medium carbon steel corrosion. Various quantum chemical parameters in-
cluding Enxomo, ELumo, AEHomo-Lumo), electronegativity, softness, hardness, electrophilicity, nucleophilicity
and electron affinity were discussed to predict the adsorption property as well as inhibition efficiency of the
inhibitor molecules. The chemical reactivity of PTF was investigated by means of frontier molecular orbitals
HOMO and LUMO [63]. Co-existence of O, N and zn-electron system also increases the inhibitor molecules
adsorption capacity on the surface of steel.

Figure 9 presents the optimized molecular structures and the HOMO and LUMO density distributions
for the PTF inhibitor molecule. Table 9 provides the calculated quantum chemical descriptors, such as ener-
gy gap (AE), electronegativity (y), and fraction of electrons transferred (AN). Additionally, Table 10 and
Figure 11 detail the results of the Monte Carlo simulations, showing the most stable adsorption configura-
tions of PTF on the Fe (110) surface [52 <53].

The optimized structures of molecules and HOMO and LUMO distributions of the studied inhibitor are
presented in Figure 9.

Structure HOMO LUMO

Figure 9. The obtained molecular structure, HOMO and LUMO of the neutral inhibitor molecules using the DFT

Table 8

The net atomic charges of investigated molecule calculated by Mulliken

Atom Mulliken Atom Mulliken
numbering | Charge | numbering | Charge
N(1) -0.331 C(11) -0.057
C(2) 0.558 N(12) -0.303
N(3) -0.376 C(13) 0.011
C4) 0.403 C(14) -0.082
C(5) 0.126 C(15) -0.1
C(6) 0.291 C(16) -0.097
o) -0.499 C(17) -0.155
0(8) -0.509 C(18) 0.367
C9) 0.084 C(19) -0.208
N(10) -0.313 0(20) -0.4
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The HOMO density was mainly localized around the oxygen and nitrogen atoms in the PTF molecule
and these sites may act as electron donor to the metal surface. On the other hand, the LUMO was pentagonal-
shaped and located over two fused heterocyclic n-bond regions. The findings indicate that electron transfer
from PTF molecules to the unoccupied d orbitals of Fe atoms can be accompanied by a back-donation be-
tween the metal surface and the anti-bonding of the inhibitor molecules. Because high electron density, Ox-
ygen and Nitrogen atoms are considered as active adsorption centers. The adsorption active sites of the in-
hibitor molecules were also identified by Mulliken population analysis. The calculated Mulliken charges of
atoms for PTF are listed in Table 8. The identification of nitrogen and oxygen heteroatoms as primary active
centers in PTF correlates effectively with the findings of Malki, whose research on quinazolinone derivatives
also highlighted these atoms as the key donors for interaction with the iron surface [49].

The result indicated that oxygen atoms, nitrogen atoms and some carbon atoms have negative charge
densities, which can provide electrons to the surface of the iron. The atomic charge distribution reveals valu-
able information on the reactive centres for adsorption. Atoms with higher negative charges can have an en-
hanced interaction with the empty orbitals of the metal surface [64], this promote the adsorption of inhibitor
molecules.

Another critical parameter affecting molecule reactivity and adsorption on metal surfaces is the energy
difference between HOMO and LUMO orbitals, AE(HOMO-LUMO) [28]. The binding energy was
—177.025 eV and the band gap for PTF was 3.477 eV which are given in Table 9. The adsorption of these
compounds is also favored by the relatively large negative binding energies which produced stable inhibitor
molecules with dominant physical interaction.

Table 9

Calculated quantum chemical parameters for the PTF inhibitor

Theoretical parameters Value
HOMO, ev -5.677
LUMO, ev -2.230
AE =E| umo — Enowmo, €V 3.477
lonisation, ev 5.677
Affinity, ev 2.23
Electronegativity (y), eV 3.9535
Hardness (7), ev 1.7385
Softness (o) 0.5752
Electrons transferred fraction (An) 0.87619
Electrophilicity (w) 4.4953
Binding energy, eV -177.025

The value of PTFs electronegativity (x = 3.9535 eV) is also tabulated in Table 9. Electronegativity cor-
responds to the propensity of molecules to accept that is own electrons [34, 65]. In general, low electronega-
tivity values in metals have been linked to higher inhibition efficacy [66]. The fraction of transferred elec-
trons (AN) is also an important quantum quantity. When AN is below 3. 6, electrons transfer from the mole-
cule to the metal surface [67]. The computed AN value for PTF was 0.87619 eV, suggesting that an electron
transfer between inhibitor molecule and steel surface is success and nearly equal to one electron [68].

The electrophylic,o, can be used as a useful descriptor for molecular reactivity. Species with small
electrophilicity values are strong nucleophiles while species with large values of o are electrophiles. The
determined electrophilicity for PTF is 4.4953 eV, which suggest the inhibitor molecule is electrophilic.
Moreover, the small magnitude of ionization energy value (I = 5.677 eV) indicates high reactivity of mole-
cule [69], leading to better inhibition efficiency.

Chemical hardness/softness are also useful quantum chemical variables [70]. In general, the smaller the
hardness and the higher the softness the better the inhibitors [71]. Calculated value of hardness (n = 1.7385
eV) and softness (o = 0.5752 eV) of PTF is furnished in Table 9. The bigger hardness with respect to the
softness has the physical meaning that the molecule has a rather hard nature.
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3.4.2 Monte Carlo Simulation

Molecular dynamics simulation is an excellent modern method to investigate the interaction between
inhibitors and metal surface. This study focuses on the use of Monte Carlo simulation to analyse the adsorp-
tion of PTF molecules on an Fe (110) surface. In the simulation, a number of key parameters of adsorption
are obtained, i.e. the total energy, the adsorption energy, the rigid adsorption energy, and the deformation
energy. The parallel orientation of PTF on the Fe(110) surface identified in our Monte Carlo simulations cor-
relates effectively with the configurations reported by Malki for quinazolinone derivatives, proving that such
a flat alignment optimizes the interaction of nitrogen and oxygen heteroatoms with the iron lattice [49]. Ad-
sorption energy is the sum of rigid adsorption energy and deformation energy and in the case of adsorption
on a steel surface is given in kcal/mol [69, 72, 73]. The adsorption energies for the various adsorption posi-
tions of PTF molecules on the Fe (110) surface and with those from Monte Carlo simulation are listed in
Table 10. The most stable adsorption configuration is displayed in Figure 10.

Figure 10. The polymers and descriptors for the lowest adsorption configurations (structure 9) of PTF on the Fe (110)
surface obtained by the Monte Carlo simulation.

The parameter (dE.q/dN;) listed in Table 10 represents the adsorption energy of the steel-adsorbate sys-
tem after removal of one adsorbate component. The results obtained verify that the chosen adsorption ar-
rangement is the most stable low-energy adsorption configuration for PTF molecules on the surface of Fe
(110). The net adsorption energy values were all negative which implied the attraction between inhibitor
molecules and the metal is dominated by van der waals forces. In Figure 10, schematic adsorption configura-
tions of single PTF molecules along different directions with the Fe (110) surface are also presented. This
Figure shows the most stable equilibrium adsorption structure and the strong interaction between the inhibi-
tor molecules and the metal surface.

Table 10

Outputs and descriptors of the various PTF adsorption configuration structures on Fe (110) calculated by the
MC adsorption simulation.

Total energy, Adsorption energy, Rigid adsorption Deformation energy,

Structures kcal/moﬁJy kF::aI/moI ¥ engrgy, kcaIF;mOI kcal/mol ¥ 0B s/
1 -255.796 -123.463 -128.86 5.399 -123.463
2 -254.715 -122.382 -128.55 6.168 -122.382
3 -254.413 -122.081 -127.522 5.441 -122.081
4 -254.203 -121.87 -127.248 5.378 -121.87
5 -253.928 -121.595 -127.234 5.64 -121.595
6 -253.719 -121.386 -127.2195 5.833 -121.386
7 -253.328 -120.995 -126.679 5.684 -120.995
8 -252.77 -120.437 -125.889 5.452 -120.437
9 -251.428 -119.095 -126.225 7.1296 -119.095
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Similarly, in [71] the implication was that planar inhibitor molecules are adsorbed parallel to the metal
surface, where electron donation and back-donation, between the inhibitor molecules and metallic surface,
dominate the adsorption process [69]. On the other hand, non-planar inhibitor molecules typically exhibit
different adsorption behaviour, and for such molecules a straightforward correlation between inhibition effi-
ciency and hardness values can be found.

4 Conclusions

This study establishes pentoxifylline (PTF) as a highly effective and sustainable green corrosion inhibi-
tor for medium carbon steel in 0.2 M HCI, achieving a maximum inhibition efficiency of approximately
90 % at 20 °C and 500 ppm. Experimental investigations reveal that the inhibition mechanism is driven by
spontaneous physical adsorption following the Langmuir isotherm, with efficiency decreasing at higher tem-
peratures due to the thermal desorption of the drug film from the steel surface. A significant lesson learned is
the potent synergistic effect achieved by combining PTF with iodide ions, which facilitates a more resilient
adsorption layer and drastically enhances the protective capacity. These findings are further validated by
DFT calculations and Monte Carlo simulations, which identify nitrogen and oxygen heteroatoms as the pri-
mary electron-donating centers interacting with the Fe (110) surface. Ultimately, the research confirms that
repurposing pharmaceutical molecules offers a non-toxic, cost-effective, and industrially viable strategy for
eco-friendly corrosion mitigation.
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Development of a Sensitive Potentiometric Method for the Determination
of Metoclopramide Using Quercetin as a Reagent: A Statistical Comparison
and Sensitivity Study of the Resulting Azo Dye

This study presents a direct potentiometric method for the quantitative determination of metoclopramide
(MCP) based on the formation of a stable organic azo dye through the coupling of MCP diazonium salt with
quercetin. The chromophore was monitored using a dual-platinum electrode over a concentration range of
2.0-20.0 pg-mL™, exhibiting an inverse linear relationship between the electrode potential and the logarithm
of MCP concentration. The calibration equation was E = 70.517-36.276 log C (R? = 0.9601). Transient sensi-
tivity analysis identified a localized near-Nernstian region at 2.0—4.0 pg-mL™! with a slope of —58.90 mV per
log C, whereas the overall working range exhibited a highly reproducible empirical non-Nernstian response.
Information-theoretic analysis yielded a mutual information value, 1(C; E), of 1.89 bits, corresponding to
57 % of the theoretical maximum information capacity. Based on ten independent blank measurements (¢ =
0.15 mV) and the ICH Q2(R2) guideline, the limits of detection (LOD) and quantification (LOQ) were 0.253
and 0.767 ug-mL™", respectively, with a repeatability of RSD=2.62 %. The proposed double platinum poten-
tiometric configuration provides a rapid, simple, low-cost electroanalytical approach for the direct quantita-
tive determination of metoclopramide.

Keywords: quercetin, double platinum electrode, central composite design (CCD), sensitivity analysis, mutual
information, non-Nernstian response, potentiometric method, metoclopramide.

1 Introduction

Metoclopramide (MCP) is a potent dopamine D, receptor antagonist widely used to stimulate gastroin-
testinal motility and to treat nausea and vomiting [1]. Structurally, MCP contains an aromatic primary amino
group that readily undergoes diazotization in a strongly acidic medium, producing an electrochemically ac-
tive diazonium salt [2].Quercetin, a naturally occurring polyphenolic flavonoid rich in nucleophilic hydroxyl
groups, serves as an efficient coupling reagent in electrophilic aromatic substitution reactions [3]. Coupling
of the MCP-derived diazonium salt with quercetin rapidly forms a stable conjugated azo dye containing the
characteristic azo linkage (—N=N-), providing a suitable electroactive medium for potentiometric detection
[4—8].Although liquid chromatographic techniques, particularly high-performance liquid chromatography
(HPLC) and liquid chromatography—tandem mass spectrometry (LC —MS/MS), offer excellent sensitivity
and selectivity for the determination of MCP, their routine application is often limited by the need for sophis-
ticated instrumentation, high operational costs, labor intensive sample preparation, and substantial consump-
tion of organic solvents. Spectrophotometric methods have also been extensively employed because of their
simplicity, low cost, and reliance on diazotization—azo coupling reactions that provide high analytical sensi-
tivity [9, 11]. However, these approaches are based on absorbance measurements and do not utilize the elec-
trochemical properties of the generated azo chromophores. Electrochemical methods have therefore attracted
increasing attention because of their rapid response, operational simplicity, and compatibility with compact
analytical devices[12, 13]. Nevertheless, most reported electrochemical sensors rely on nanomaterial or pol-
ymer-modified electrodes to enhance analytical performance, thereby increasing fabrication complexity and
potentially reducing long-term reproducibility and operational stability [14, 15]. Conventional potentiometric
measurements employing standard reference electrodes, such as Ag/AgCl, are also susceptible to ceramic frit
clogging and electrolyte junction potential drift caused by precipitation or adsorption of organic azo com-
pounds [16]. Although several potentiometric methods have been reported for MCP determination, previous
studies have mainly emphasized conventional analytical performance characteristics, including sensitivity,
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linear response range, and detection limit, without providing a comprehensive evaluation of the electrochem-
ical behavior of the double platinum electrode system across its entire operational concentration range
[17-19]. Furthermore, the combined application of transient sensitivity analysis and information-theoretic
analysis to identify response regions, evaluate signal fidelity, and quantify information transfer under practi-
cal operating conditions has not been systematically investigated. Consequently, a comprehensive
electroanalytical framework capable of defining the operational reliability and analytical limitations of the
dual platinum electrode remains unavailable. In the present study, a direct potentiometric method based on a
dual platinum electrode immersed in the azo dye medium was developed for the determination of MCP over
a dynamic concentration range of 2.0-20.0 pg-mL™ interval. To provide deeper insight into the electrode
response, the local potential sensitivity between successive concentration intervals was evaluated by calculat-
ing the differential slope (dE/dlogC). In addition, mutual information analysis (I(C;E))was employed to

guantify the concentration-dependent information contained in the potentiometric signal, thereby providing
complementary information beyond that obtained from the coefficient of determination (R?) alone [20-22].
This study presents an integrated electroanalytical protocol demonstrating that the double platinum electrode
exhibits a localized near-Nernstian transition region at low concentrations (2.0-4.0 ug-mL™), whereas the
broader concentration range is characterized by a highly reproducible empirical non-Nernstian response,
thereby defining the operational limits of reliable sensor performance for the direct quantitative determina-
tion of metoclopramide.

2 Experimental

2.1. Instrumentation

All potential measurements were carried out using a Mettler double platinum electrode system (Swiss
made, Model Inlab) connected directly to a digital multimeter (type DMM, Fluke, USA, Model Model
27FM). Spectral measurements and control of the maximum absorption wavelength were conducted using a
dual-beam UV—Vis spectrophotometer (Shimadzu UV-1800, Japan) equipped with 1.0 cm quartz cuvettes to
determine the maximum absorption wavelength (A nax) and to optimize the azo dye formation conditions us-
ing the Central Composite Design (CCD).Weighing operations were performed using an analytical balance
(Sartorius BL 210S), and a mechanical shaker operating at 500 rpm was used throughout the experimental
work.

2.2. Chemicals and Reagents

All chemicals and reagents were of high analytical purity. Quercetin (99.98 % purity), sodium hydrox-
ide, sodium nitrite, and hydrochloric acid were obtained from BDH Chemicals (UK). Absolute ethanol
(99.9 % purity) was obtained from Sigma-Aldrich (Germany). Distilled water was used in the preparation of
all solutions and in all dilution steps. The reference standard, metoclopramide (MCP), was supplied as a pure
powder by the State Company for Pharmaceutical Industries and Medical Appliances (SDI) in Samarra, Irag.

2.3. Preparation of Standard and Working Solutions
2.3.1. Quercetin Stock Solution

A stock solution of quercetin (1000 pg-mL™) was prepared by accurately weighing 0.100 g of the refer-
ence substance and dissolving it in a suitable volume of ethanol. The solution was quantitatively transferred
into a 100 mL volumetric flask and diluted to volume with ethanol. Working solutions of different concentra-
tions were prepared by appropriate serial dilutions of the stock solution using ethanol as the diluent.

2.3.2. Metoclopramide Hydrochloride (MCP) Stock Solution

A stock solution of metoclopramide hydrochloride (1000 pg-mL™) was prepared by accurately weigh-
ing 0.100 g of the pure substance and dissolving it initially in 10 mL of deionized distilled water to ensure
complete dissolution. The solution was then quantitatively transferred to a 100 mL volumetric flask and di-
luted to the mark with distilled water. Subsequent working solutions were prepared by serial dilution using
distilled water as needed.

2.3.3. Preparation of Auxiliary Reagents

Auxiliary reagents were prepared by separately dissolving hydrochloric acid and sodium hydroxide in
distilled water to obtain approximately 2.0 M HCI and 2.0 M NaOH solutions, respectively. Each solution
was prepared in a 100 mL volumetric flask, with additional dilutions made as needed. A sodium nitrite solu-
tion (100 pg-mL™) was prepared by dissolving 0.010 g of sodium nitrite in distilled water and diluting to 100
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mL in a volumetric flask. Further dilutions were carried out as required. All prepared solutions were kept out
of direct sunlight, stored in a cold laboratory environment, and placed in firmly sealed amber glass contain-
ers. Fresh solutions were prepared every 48 hours to guarantee analytical precision and chemical stability.
Specifically, hydrochloric acid (HCI) and sodium nitrite (NaNO,) serve as the essential reagents for diazoti-
zation, converting the primary aromatic amino group of MCP into the highly reactive diazonium intermedi-
ate. Sodium hydroxide (NaOH) subsequently provides the alkaline medium required to promote electrophilic
azo coupling with quercetin while neutralizing the residual acidity, thereby facilitating the formation and sta-
bilization of the resulting azo dye.

2.4. Preliminary Investigation and Determination of Maximum Absorption Wavelength (Zmax)

The maximum absorption wavelength (Amnax) Of the coloured azo coupling product was ascertained by
preliminary investigations using the UV—Vis spectrophotometer. To create the appropriate diazonium salt,
MCP was first diazotized using sodium nitrite in an acidic solution at a low temperature (0-5 °C). Quercetin
was then used as an effective coupling agent for this intermediate under alkaline conditions (NaOH) to form
the conjugated azo dye. Because quercetin possesses five active hydroxyl groups, stoichiometric principles
were used to determine the molar ratios for different mixing scenarios. The reaction conditions were opti-
mized experimentally using the Central Composite Design (CCD), and the absorption spectrum of the final
reaction mixture showed a maximum absorption wavelength (A nax) at 426 nm. For each measurement, the
final reaction mixture was prepared under the previously optimized experimental conditions by sequentially
mixing metoclopramide, hydrochloric acid, sodium nitrite, quercetin, and sodium hydroxide to complete the
diazotization and azo-coupling reactions. The potential was recorded after the electrode response had reached
a stable value (approximately 2 min). A double platinum electrode was employed throughout this study be-
cause it provided stable and reproducible potential measurements under the optimized experimental condi-
tions.

2.5. Potentiometric Measurements

The double platinum electrode was prepared by soaking it in a saturated sodium chloride solution for 12
h, then washing it with distilled water. For connection, the dual platinum electrode was connected to the mil-
livolt meter by connecting the blue wire to the COM port and the red wire to the voltage/resistance port
(VQ). After washing the electrodes with distilled water, they were superficially wiped with a piece of tissue
paper. The electrode was then directly immersed in a 50 mL beaker containing the final fully reacted mixture
(comprising the generated colored azo dye, unreacted reagents, and medium buffers, rather than an unreacted
stock solution), taking care not to let the electrode touch the bottom or sides of the glass beaker. The reading
was recorded after exactly 2 min. A double platinum electrode was employed throughout this study because
it provided stable and reproducible potential measurements under the optimized experimental conditions.
The same previous steps were repeated to read the ten prepared concentrations, after washing the electrodes
with distilled water, superficially drying them, and completing the measurement. The voltage measurements
were recorded for subsequent analyses.

The final reaction mixture was prepared under the previously optimized experimental conditions.

2.6. Mutual Information Analysis

The mutual information analysis between concentration (C) and measured potential (E), denoted as I(C;
E), was computed from the triplicate potential measurements obtained for each of the ten concentration lev-
els (2.0-20.0 pg-mL™). The entropy, H(E), expressed in bits, was estimated from the histogram of all 30 po-
tential readings using a fixed bin width of 1mV. This bin width was selected as a practical discretization in-
terval for histogram construction, providing a reasonable balance between preserving the distribution of the
measured potential values and ensuring stable entropy estimation, consistent with established histogram-
based entropy estimation approaches. The conditional entropy H(E|C), expressed in bits, was calculated as
the weighted average of individual entropies for each concentration level based on triplicate measurements,
assuming a parametric localized Gaussian distribution for within-concentration signal variations, as random
experimental noise in analytical measurements is commonly approximated by a Gaussian distribution. The
variance was estimated independently for each concentration level rather than being pooled in order to ac-
count for concentration-dependent variability. The mutual information was then obtained using the following
equation:
I(C;E)=H(E)-H(E/C) (1)
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The maximum possible information content for ten equally probable concentrations is log,(10) = 3.32
bits.

Twin Platinum Electrodes (Detector)
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Digital mV-meter
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Stand and Clamp
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Scheme 1. Schematic of bipotentiometric cell for azo-dye stability study. Solutions containing the colored product by
the diazotation method for metoclopramide and quercetin using a standard double platinum electrode

3 Results and Discussion

3.1 Optimization of Diazotization-Coupling Reaction Using Central Composite Design

A Central Composite Design (CCD)] 22], was applied to optimize the three independent variables af-
fecting the diazotization-coupling reaction of MCP: MCP concentration (X;, ug-mL ™), NaNO, volume (X,
mL), and diazotization time (X;, min). The response was the absorbance at 426 nm. The complete experi-
mental design matrix consisting of 24 runs is provided in Table S1 (Supplementary Material). The experi-
mental data were fitted to a second-order polynomial (quadratic) model. The final regression equation in
terms of actual (natural) factors is expressed as:

A=-0.123+0.0012X, +0.045X, + 0.008X, —0.000045X, X , + 0.000011X, X, —

2

—0.0028X,X, —0.0000008 X —0.028 X > —0.00104 X ? @)

The goodness-of-fit statistics for this model are summarized in Table 1. The coefficient of determina-

tion (R? = 0.973) indicates that the model explains 97.3 % of the total variance. The adjusted R* (0.956) and

predicted R (0.932) are in close agreement, confirming that the model is not overfitted and possesses excel-
lent predictive ability, as further supported by the relatively small PRESS value (0.0087).

Table 1
Goodness-of-fit statistics for the quadratic response surface model
Metric Value
R? (Coefficient of determination) 0.9730
Adjusted R? 0.9560
Predicted R® 0.9320
PRESS (Predicted Residual Sum of Squares) 0.0087
CV% (Coefficient of Variation) 3.55 %
RMSE (Root Mean Square Error) 0.0198

The analysis of variance (ANOVA) for the overall quadratic model is presented in Table 2. The model
F-value of 58.40, with a p-value < 0.0001, indicates that the model is highly significant. Furthermore, the
lack-of-fit test yielded an F-value of 1.87 with a p-value = 0.153 (p > 0.05), confirming that the quadratic
model adequately fits the experimental data and that no higher-order terms (e.g., cubic terms) are required.
The coefficient of variation (CV = 3.55 %) and the root mean square error (RMSE = 0.0198) further confirm
the precision and reliability of the developed model.
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Table 2
Analysis of variance (ANOVA) for the quadratic response surface model
Source SS Df MS F-value p-value
Model 0.2125 9 0.0236 58.40 <0.0001
Error 0.0056 14 0.0004 - -
Total 0.2181 23 - - -

To verify the underlying assumptions of regression analysis, a comprehensive residual analysis was per-
formed, and the diagnostic plots are illustrated in Fig. 1. The normal probability plot (Fig. 1a) showed that
the residuals closely followed a straight line, confirming the normality assumption. The plot of residuals ver-
sus fitted values (Fig.1b) exhibited a random scattering around the zero line without any funnel-shaped pat-
tern, indicating homoscedasticity (constant variance). The residuals versus run order plot (Fig.1c) revealed
no systematic trends or periodic oscillations, confirming the independence of the residuals. Additionally, all
Cook's distance values were below 0.5, and all leverage values were below the critical threshold (2p/n =
0.83), confirming the absence of influential outliers. These diagnostic checks collectively confirm that the
guadratic model is statistically valid and stable.
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To further evaluate the predictive capability and experimental reliability of the CCD model, the recov-
ery percentages for all 24 experimental runs were calculated and are presented in Fig. 2. As shown in the fig-
ure, the recovery values for the azo dye absorbance were distributed closely around the ideal 100 % baseline,
with the vast majority of samples falling well within the acceptable £10 % limits (indicated by the red dotted
lines). This narrow distribution of recovery values confirms that the quadratic model not only fits the data
statistically but also possesses high predictive accuracy across the entire experimental domain. The consis-
tency of the recovery data reinforces the validity of the regression equation and supports the use of this
model for subsequent optimization and prediction steps.

The interactive effects of the three independent variables on the absorbance at 426 nm were visualized
using three-dimensional response surface plots, as illustrated in Fig. 3. The figure comprises three separate
surfaces: (a) at a fixed diazotization time (TD = 10 min), showing the combined effect of MCP concentration
and NaNO, volume; (b) at a fixed NaNO, volume (2 mL), illustrating the interaction between MCP concen-
tration and time; and (c) at a fixed MCP concentration (50 pug-mL™), depicting the influence of NaNO, vol-
ume and time on the absorbance. Inspection of these surfaces reveals a clear maximum region within the ex-
perimental space, indicating the presence of an optimal combination of factors. The elliptical contours ob-
served in some surfaces suggest moderate interactions between the variables, which is consistent with the
significant interaction terms (XyX, and X;X3) identified in the ANOVA analysis (TABLE II). The highest
absorbance values are concentrated around the center points of the design (X; = 50 pg-mL™, X,~2 mL, X3~
10 min), which visually confirms the numerical optimization result.
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Figure 3. Response surface plots showing the effect of independent variables (X;: MCP concentration, X,: NaNO, vol-
ume, X;: diazotization time) on the absorbance of the azo dye at 426 nm: (a) X, vs. X at fixed Xs; (b) X; vs. X5 at fixed
Xo; (€) X, vs. Xz at fixed X;

Optimization employing central composite design (CCD) successfully identified the statistically vali-
dated conditions that maximized the absorbance response, which were determined to be X, = 50 pg-mL ™
(MCP concentration), X,= 2 mL (NaNO, volume), and X5;= 10 min (diazotization time).These statistically
validated optimum conditions were subsequently employed to construct the calibration curve and evaluate
the analytical performance of the azo-double platinum electrode. The spectrophotometric characterization of
the azo dye, including the absorption maximum at 426 nm, has been described in detail in our previous study
[23]. In the present study, these optimized spectrophotometric conditions were adopted solely to prepare the
azo dye prior to the potentiometric investigation.

3.2 Electrochemical Calibration and Analytical Validation

These statistically confirmed optimal parameters were strictly applied to prepare the azo dye solution
used in all subsequent experiments. The concentration range of 2.0-20.0 pg-mL™ was selected because it
corresponded to the optimized concentration interval established for azo dye formation under the selected
experimental conditions, thereby ensuring consistent reaction conditions throughout the potentiometric
measurements. Under these fixed preparatory conditions, the response of the azo-platinum electrode was
thoroughly characterized by constructing a calibration curve and evaluating the key analytical figures of
merit, including the linear dynamic range, sensitivity, and limit of detection. The calibration curve for the
azo dye showed a linear relationship between the measured potential (E) and the logarithm of the MCP con-
centration (log C) within the experimental range (Fig. 4). Because the present dual-platinum configuration
employs two platinum electrodes without a separate reference electrode, the measured potential difference is
not interpreted as a conventional single-electrode Nernstian potential. Accordingly, the overall experimental
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slope of —36.276 mV per log C is considered an empirical calibration sensitivity rather than a Nernstian
slope. Double-electrode systems operated under zero-current conditions have been reported in electroanalyti-
cal applications, where the potential difference between two electrodes is used as the analytical signal. Previ-
ous studies demonstrated the feasibility and analytical utility of this configuration. In the present study, this
principle was applied using two platinum electrodes immersed in the azo-dye solution, with the measured
potential difference used as an empirical response to MCP concentration [24—26].

75.00 T T T T T T

E =70.51646 -36.276 logC
R#* = 0.9601

£ .50.00 E°=70.51646

0.00 0.20 0.40 0.60 0.80 1.00 1.20 1.40
Log C of MCP, ug-mL™

Figure 4. Calibration curve of the azo-modified platinum electrode showing the relationship between measured potential
(E / mV) and logarithm of MCP concentration (ug-mL ™) under optimal conditions.

The calibration data in Table 3 show a linear relationship (R? = 0.960, R = —0.980) with a slope of
—36.276 = 2.615 mV per log C in the concentration range of 2.0-20.0 pg-mL™. Statistical parameters con-
firmed the reliability of the regression: tcy. =13.870, Fcqe =192.500, and RSD%=2.62 %.The blank response
was evaluated from ten independent blank measurements (mean blank potential = 142.20 mV), and the cor-
responding standard deviation (¢ = 0.15 mV) was used for the calculation of the limit of detection (LOD)
and limit of quantification (LOQ) according to the ICH Q2(R2) guideline. The LOD and LOQ were 0.253
and 0.767 pg-mL"', respectively, with standard errors of slope and intercept (Sp= 2.615, S,= 2.625), suggest-
ing good precision. Although the calculated LOD and LOQ values were below the lower limit of the experi-
mental calibration range (2.0 ug-mL™), these values represent statistical estimates of the detection and quan-
tification capability and do not establish an experimentally validated linear calibration response below 2.0
ug-mL™!. Therefore, linearity was claimed only within the experimentally investigated range of 2.0-20.0
pg-mL™'. The mean blank potential of 142.20 mV was used for the estimation of the analytical detection and
quantification limits and was not used to infer linearity at concentrations below the calibration range.

Table 3
Analytical parameters for the determination of MCP using the dual platinum electrode
No. Parameter Symbol Value
1 Linear Range, pg'mL " — 2.0-20.0
2 Regression Equation — E =70.517-36.276 log C
3 Slope, mV per log C B -36.276 £2.615
4 Intercept, mV A 70.517+2.625
5 Coefficient of determination R? 0.9601
6 Correlation coefficient R —0.9798
7 Adjusted R? R%i 0.9551
8 Limit of Detection, pg-mL™ LOD 0.253
9 Limit of Quantification, pg-mL™" LOQ 0.767
10 Standard error of slope Sp 2.615
11 Standard error of intercept Sa 2.625
12 RSD, % RSD% 2.620 %
13 t-test statistic (slope) tealc 13.873
14 F-test statistic (regression) Fearc 192.457
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Table 4 shows relative error (RE%) values ranging from —39.5 % to —25.4 % over the concentration
range of 12—18 pg-mL™, indicating a systematic underestimation. The RSD (%) values at metoclopramide
concentrations of 12.0, 16.0 and 18.0 pg-mL'1 were 0.61 %, 0.71 % and 0.68 %, respectively, all below
2.0 %, which complies with the ICH Q2(R2) guideline for pharmaceutical assays[27—29]. Although the re-
covery is not directly reported, the low RSD values and consistent RE% suggest acceptable precision[30].
Thus, the double platinum electrode demonstrated good repeatability and reliable analytical performance un-
der the optimized experimental conditions.

Table 4
Accuracy and Precision of the Proposed Potentiometric Method
C, pg'mL? Ecor, MV RSD, % RE, % A Mean Signal = SD, mV
12.0 —8.225 0.610 —39.500 0.500 —8.225 + 0.050
16.0 —11.500 0.710 —25.400 0.629 —11.500+0.082
18.0 —12.000 0.680 —25.800 0.606 —12.000+0.082

Table 5 compares the measured and calculated electrode potentials to evaluate whether the observed
deviations (AE) at different concentration levels exceed the threshold expected from random experimental
variability. Deviations exceeding the +2¢ criterion would provide preliminary evidence of systematic effects,
including possible molecular self-assembly, according to the statistical approach adopted in comparable elec-
trochemical studies[31]. Conversely, when all absolute deviation values (|JAE|) remain within the +2¢ inter-
val, no statistically significant systematic deviation is detected under the present experimental conditions,
and the observed differences are attributed to random experimental error. Therefore, this analysis provides a
guantitative statistical basis supporting the absence of detectable self-assembly of metoclopramide within the
investigated concentration range.

Table 5

Comparison of Measured and Calculated Potentials over the Complete Calibration Range

MCP Conc., pg~mL'1 log C Eneas Mean, mV Ecaic, MV AE, mV Remark
2.0 0.301 63.200 59.600 +3.600 Within 2¢
4.0 0.602 45.470 48.680 -3.210 Within 26
6.0 0.778 40.030 42.290 —2.260 Within 2¢
8.0 0.903 39.770 37.760 +2.010 Within 26
10.0 1.000 31.100 34.240 -3.140 Within 26
12.0 1.079 30.700 31.370 -0.670 Within 26
14.0 1.146 28.700 28.940 —-0.240 Within 26
16.0 1.204 27.100 26.840 +0.260 Within 26
18.0 1.255 26.770 24.990 +1.780 Within 26
20.0 1.301 24.900 23.320 +1.580 Within 26

3.3 Transient Sensitivity Analysis

In conventional potentiometric sensors, the analytical performance is often evaluated using a single av-
erage slope (S) derived from the linear regression of E vs. log C, based on the Nernst equation. However, for
chemically modified electrodes such as azo-functionalized platinum surfaces, the response may not be
strictly linear across the entire concentration range due to surface saturation, changes in adsorption kinetics,
or variations in the activity coefficient. A more rigorous approach is to calculate the local (transient) sensitiv-
ity between consecutive measurement points[32,33], defined as

_ Ei+l — Ei
logC;., —logC; (3)
where S; represents the slope (mV per log C) for interval i. The calculated local slopes for each concentration
interval are presented in Table 6.
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Table 6

Local (transient) sensitivity analysis of the platinum electrode immersed in azo dye solution at successive MCP
concentration intervals (2.0-20.0 pg-mL™)

Jg??rfﬂ.’l log C range Alog C AE, mV Ig_fﬁi/sgr;?ﬂ,\gtg
1 (2-4) 0.301-0.602 0.301 -17.73 —58.90
2 (4-6) 0.602-0.778 0.176 —5.44 —-30.90
3(6-8) 0.778-0.903 0.125 —0.26 —-2.08
4 (8-10) 0.903-1.000 0.097 —8.67 —89.40
5(10-12) 1.000—-1.079 0.079 —0.40 —5.06
6 (12-14) 1.079-1.146 0.067 -2.00 -29.90
7 (14-16) 1.146—1.204 0.058 -1.60 —27.60
8 (16—18) 1.204-1.255 0.051 —0.33 —6.47
9 (18-20) 1.255-1.301 0.046 —-1.87 —40.70

The theoretical Nernstian slope for a monovalent ion at 25 °C is —59.16 mV per log C. Transient sensi-
tivity analysis showed that only the lowest concentration interval (2.0-4.0 pg-mL™) exhibited a local of
—58.9 mV per log C (Fig. 5), which was numerically close to the theoretical Nernstian value, whereas all
subsequent intervals deviated substantially, with local slopes ranging from—2.08 to —89.4 mV per log
C. Accordingly, the overall calibration curve (E vs. log C) constructed over the concentration range of 2.0—
20.0 ug-mL™ yielded an average slope of —36.276 + 2.615 mV per log C. Because the present dual-platinum
configuration does not employ a separate reference electrode, these experimental slopes are not interpreted as
Nernstian electrode potentials but rather as concentration-dependent empirical responses of the proposed sys-
tem. The observed variations in local sensitivity may be associated with surface saturation, changes in the
azo-layer conformation, competitive adsorption, or partial electrode fouling [34,35]. Because the 2.0-4.0
ng-mL ™ interval comprised only two experimental concentration levels, it was not treated as an independent
statistically validated calibration range. Therefore, the complete concentration range (2.0-20.0 pg-mL™") was
adopted for empirical calibration, whereas the transient sensitivity analysis was used only to interpret con-
centration dependent changes in electrode behavior.
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Figure 5. Local slope analysis showing perfect Nernstian fit at 2.0—4.0 pg-mL™ (-58.9 mV per log C) versus severe de-
viations at higher concentration ranges.

3.4 Mutual Information Analysis

The calculated mutual information, I(C; E), was 1.89 bits, corresponding to 57 % of the theoretical
maximum information content (3.32 bits). This result indicates that the measured potential retained sufficient
information for reliable concentration discrimination over the investigated concentration range. The remain-
ing information loss (43 %) reflects the increased within-concentration variability observed at higher concen-
trations, which increases the conditional entropy, H(E/C), and consequently reduces the mutual infor-

mation. These findings support the transient sensitivity analysis, indicating that the 2.0-4.0 pg-mL™ interval
represents a localized near-Nernstian response rather than an independent statistically validated calibration
range.
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Although the overall calibration curve of the platinum electrode immersed in azo dye solution (log C vs.
E) over the concentration range of 2.0-20.0 pg-mL™ gave a slope of -36.276 + 2.615 mV per log C, which is
lower than the theoretical Nernstian value (— 59.16 mV per log C), this does not indicate electrode failure.
This deviation is attributed to the transient sensitivity analysis, which demonstrated that the localized near-
Nernstian response was confined exclusively to the lowest concentration interval. Accordingly, this behav-
iour should be interpreted as a localized electrode characteristic rather than a statistically validated independ-
ent calibration range. At concentrations exceeding 6.0 pg-mL™, surface saturation and changes in the adsorp-
tion mechanism occur, leading to decreased sensitivity and fluctuations in the local slope, as shown in the
Transient Sensitivity Analysis section. Consequently, the overall calibration curve exhibits an apparently low
slope because it represents an average of Nernstian behaviour at low concentrations and non-Nernstian be-
haviour at high concentrations. This interpretation is further supported by the mutual information analysis,
which revealed partial information loss (estimated at about 43 %) at higher concentrations. Although the pre-
sent interpretation is supported by the transient sensitivity and mutual information analyses, complementary
electrochemical techniques such as cyclic voltammetry (CV) and electrochemical impedance spectroscopy
(EIS) could provide additional mechanistic insight into the origin of the observed non-Nernstian behaviour.

A review of previous electrochemical studies on azo dyes (summarized in Table 7) reveals diverse po-
tentiometric behaviors, ranging from near-Nernstian to clearly non-Nernstian responses. The localized slope
of —58.90 mV/decade observed in the present work at 2.0-4.0 ug/mL is remarkably similar to the theoretical
Nernstian value and is comparable to the best near-Nernstian systems listed in Table 7, despite the overall
non-Nernstian empirical behavior across the wider concentration range.

Table 7

Summary of Previous Electrochemical Studies on the Azo Dye

Main Technique Analyte Linear range m\?/lggceé de Compllann(;gggllth Nernst Ref.
. Self-association of sim- Not compliant (kinet-
Potentiometry ple azo dyes i i ic/thermod?namic(: model) [31]
Potentiometric solid- —5.66 x 10~ © Yes (Near-Nernstian re-
state ion-selective sen- | Direct Red 81 (azo dye) | — 1.00 x 10~ 2 -34.0 [36]
1 sponse
sor mol.L
Potentiometric ion- 1.0x10° Yes
) Cu?"ions -1.0x102 29.5+0.2 . [37]
selective electrode mol L (Nernstian response)
Electrochemical Im- . 1.0x10™ - N
pedance Spectroscopy Dopamine antli parace- 1.0%103 Nlotb | No (che(rjnlcallmgn_al i:onvert- [38]
(EIS) tamo umol x L available ed to electrical)
Potentiometry (transi- E{I?tt)?r::gkgsiggtsg?‘ :ﬁ i i Yes (Nernstian applied for [39]
tion metal complexes) fonamide azo dyes pK.)

4 Conclusions

The double platinum electrode immersed in the azo dye solution exhibited a localized potential re-
sponse within the concentration range of 2.0-4.0 pg-mL™, where the local slope (—58.90 mV per log C) was
numerically close to the theoretical Nernstian value (=59.16 mV per log C). Transient sensitivity analysis
confirmed that this concentration interval exhibited the most stable response, while mutual information anal-
ysis demonstrated that the measured potential retained 57 % of the theoretical information capacity for con-
centration discrimination. Collectively, these findings support the analytical reliability of the proposed poten-
tiometric method over the investigated concentration range and demonstrate that the electrode response var-
ies with concentration, with lower and higher concentration regions exhibiting different empirical sensitivi-
ties. The proposed approach therefore provides a simple and reproducible electroanalytical method for the
guantitative determination of metoclopramide under the investigated experimental conditions.
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Effect of Graphite Content on the Structural and Electrochemical Properties
of MIL-88B(Fe)/Graphite Composites

MIL-88B(Fe)/graphite composites are promising conductive materials for electrochemistry, combining the
advantages of metal-organic frameworks and carbon. A series of composites with graphite contents from
12.5 to 75 wt.% was synthesized via in situ precipitation in aqueous medium at room temperature, using a
trinuclear iron(l11) oxoacetate complex as an inorganic precursor. The physicochemical characteristics were
investigated by X-ray diffraction, Raman spectroscopy, SEM, TGA, nitrogen adsorption—desorption analysis,
and infrared spectroscopy. An inverse linear correlation was found between the graphite content and the mass
loss of the MOF composite at the first decomposition stage, attributed to dehydration. With increasing graph-
ite weight fraction, the rate of mass loss of the composite decreases. The specific surface area nonlinearly de-
creases with increasing graphite content from 220 m?/g for pristine MIL-88B(Fe) to 15.2 m?/g for the compo-
site with 75 wt.% graphite, while the calculated QSDFT pore diameter shifts from 4.6 nm for pure MIL-
88B(Fe) to a stable 3.1 nm for the composites, indicating that graphite localizes on the outer crystal surfaces
rather than penetrating the MOF pores. Electrocatalytic activity of MIL-88B(Fe) toward glucose oxidation
was demonstrated by cyclic voltammetry. The results provide a physicochemical foundation for the develop-
ment of electrode materials for non-enzymatic electrochemical glucose sensors based on MIL-88B(Fe) sys-
tems.

Keywords: MIL-88B(Fe), metal-organic frameworks, graphite composites, electrocatalytic activity, glucose,
electrochemical sensors, in situ synthesis, porous structure

Introduction

Electrocatalysis, which accelerates electrochemical reactions at the electrode—electrolyte interface using
catalysts, is widely employed in hydrogen energy applications, including fuel cells and water electrolysis
systems [1-23], electrochemical energy storage devices such as batteries and supercapacitors [3], CO, con-
version into valuable products like formate and methanol, N, reduction to ammonia [4-6], electrochemical
wastewater treatment methods including anodic oxidation and electro—Fenton processes [7, 8], as well as in
devices for metabolite monitoring, for example, for the electrocatalytic oxidation of glucose on modified
electrodes [9-11]. The efficiency of electrocatalysis depends on the electrode material, which must combine
high catalytic activity, good electrical conductivity, and stability under anodic polarization conditions [7].

Metal-organic frameworks (MOFs) are a class of porous coordination polymers constructed from metal
ions or clusters connected by organic linkers into two- or three-dimensional structures [12]. Among iron-
containing MOFs (Fe-MOFs), MIL-88B(Fe) is particularly noteworthy, as its structure consists of trimeric
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iron oxo-clusters bridged by terephthalate ligands, forming a hexagonal framework with one-dimensional
channels approximately 6-9 A in diameter [13, 14].0wing to their developed porosity, which ensures effi-
cient mass transport of reagents to the electrode surface, and the presence of catalytically active Fe**/Fe?*
centers capable of reversibly participating in redox reactions under an applied potential, iron-based MOFs
are being actively explored for electrochemical applications [15]. MOFs can be used as electrode materials in
batteries, serve as electrocatalysts for reactions occurring in fuel cells or electrolyzers, and also act as a basis
for supercapacitor electrodes [16]. In contrast to non-porous metal nanoparticles or microparticles, where
only surface atoms in contact with the electrolyte can be electrochemically active and reactions occur solely
at the surface, in porous electrochemically active MOFs the utilization of metal ions can theoretically reach
100 % [16]. lonic conductivity can be provided by the MOF itself, by the electrolyte, or by guest molecules
introduced into the pores of the framework [17]. MIL-88B(Fe) belongs to the class of flexible metal-organic
frameworks, which can reversibly change the unit cell volume upon adsorption/desorption of guest mole-
cules. For the MIL-88 family, which is known for its "breathing™ behavior, the volume change can reach 85—
230 % depending on the nature of the linker and the type of guest molecules, while the crystal structure re-
mains intact [18-20]. Pore tunability enables host-guest molecular recognition, which enhances the activity
and selectivity of sorption, separation, and catalysis [21], and also makes these materials promising for elec-
trochemical sensors. However, pristine MOFs suffer from low electrical conductivity, which limits their use
as electrode materials [14]. A solution to this problem is the fabrication of MOF composites with complex
architectures by combining them with carbon-based materials (activated carbon, carbon nanotubes (CNTS),
fullerene, graphite, graphene oxide, etc.), as well as with nanoparticles or oxides of metals and non-metals
[22-24]. The formation of MOF composites with graphite, carbon nanotubes, acetylene black, or reduced
graphene oxide (rGO) enables the creation of a conductive network that improves electron transport from the
external circuit to the catalytic centers of the MOF [25, 26]. In such systems, the carbon component not only
enhances the overall conductivity but also acts as a dispersing support, preventing aggregation of MOF na-
noparticles and increasing the number of available active sites, which in turn improves the electrochemical
performance [27, 28] or photocatalytic activity [29]. Zhang et al. demonstrated that MIL-53(Fe)@rGO deliv-
ers a capacity of 550 mA-h g™ after 100 cycles at 100 mA-h g™ in lithium-ion batteries [27]. Jin et al. ob-
tained a Fe3O4/C nanocomposite via post-synthetic thermal treatment of MIL-88B(Fe) at 600 °C, with the
capacity increasing up to the 200th cycle (from ~800 to 928 mA-h g™), which the authors attributed to an
"activation process" [28]. It was shown that oxygen-functionalized CNTs reduce Fe(l1l) to Fe(ll) and conse-
quently increase the Fenton-like activity in the CNT@MIL-88B-Fe composite [29]. The potential of such
composites in biosensors was demonstrated by Qin et al., who used a MIL-88A@NiFe-PB heterostructure
with high sensitivity (1963.2 pA-mM™ cm™) for glucose detection [30].

However, most studies are based on the use of expensive carbon components (rGO, CNTSs) and, as a
rule, are limited to a single MOF/carbon ratio. Systematic data on the effect of graphite content on the struc-
ture and properties of MIL-88B(Fe)/graphite composites are lacking in the literature. In this regard, in the
present work we investigated the effect of graphite content on the structure and physicochemical properties
of MIL-88B(Fe)/graphite composites synthesized by in situ precipitation in aqueous medium. It was shown
that varying the graphite weight fraction enables control not only of the conductivity but also of the specific
surface area, morphology, and thermal stability, while preserving the porous structure of the MOF. For the
first time, it is demonstrated that MIL-88B(Fe) exhibits electrocatalytic activity toward glucose oxidation,
opening prospects for its use in non-enzymatic electrochemical sensors.

Experimental

Reagents and Materials

Iron(l1l) chloride hexahydrate (FeCl;-6H,O, chemically pure), sodium acetate trihydrate
(CH;COONa-3H,0, analytical grade), D-glucose (>99 %, CgH1,0¢), cetyltrimethylammonium bromide
(CTAB, CigH4,BrN, analytical grade), potassium hydroxide (KOH, RusKhim, >90 %, analytical grade), and
ethyl alcohol (95 %, pharmaceutical grade) were purchased from Ruskhim Trade Company and used without
further purification. Terephthalic acid (1,4-benzenedicarboxylic acid, H,BDC, 98 %) was supplied by Sigma-
Aldrich. Fine graphite powder of grade GK-1, which according to GOST 17022-81 is intended for the pro-
duction of drawing and office pencil leads (>99.5 % of particles <63 um), was used as the carbon compo-
nent.
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Synthesis of the inorganic precursor [Fe;O(OAc)s]Cl

The metal-organic framework MIL-88B(Fe) was obtained at room temperature according to a previous-
ly reported procedure [31]. As an inorganic precursor, the trinuclear iron(lll) oxo-acetate complex
Fes(us-O)(CH;CO0)s(H,0)3]Cl1- 12H,0 ([FesO(OAC)s]CI), was synthesized according to reaction (1) [32]:

3FEC|3 + 6CH3COONa + 4H,0 — [Fe;:,(},lg-O)(CH3COO)5(H20)3]CI + 6NaCl + 2HCI (1)

A sample of FeCl;-6H,0 weighing 56 g (0.21 mol) was dissolved in 70 mL of hot distilled water
(55 °C) under stirring until complete dissolution. Sodium acetate trihydrate weighing 56.5 g (0.41 mol) was
dissolved in 70 mL of hot distilled water (55 °C). After complete dissolution of both reagents, the iron(III)
chloride solution was added dropwise to the sodium acetate solution, and the reaction mixture was
thermostated at 55 °C and stirred for 120 min. After the stirring was completed, the solution was left for slow
crystallization in air at room temperature for 12 h, and then kept for several additional days. The resulting
orange-red crystalline precipitate was collected by filtration on a Biichner funnel, washed with a small
amount of cold ethanol to remove impurities, and dried in an oven at 50 °C to constant weight. Calculated for
Fes(uz-0)(CH3CO0)s(H0)3]C1-12H,0 (wt. %): C, 17.1; H, 5.6; Fe, 19.8; Cl, 4.2. Found (wt. %): C,
17.1£0.1; H, 5.70£0.15. IR spectroscopy (KB, Vma/cm™): 3523 v(O—H); 2929 v(C-H); 1601 v,(COO"),
1520 v45(COQO7), 1444 v{(COO"); 665 v(Fe-0).

Synthesis of MIL-88B(Fe)/graphite composites

A series of MIL-88B(Fe)/graphite composites with varying graphite content was prepared by reacting
the inorganic precursor [FesO(OAC)6]Cl with the potassium salt of terephthalic acid under mechanical stir-
ring (1000 rpm). Precursor masses and product yields are listed in Table 1.

Table 1
Precursor masses and yields for MI1L-88B(Fe)/graphite composite synthesis

Sample Graphite | m(graphite), [m(KOH),| m(H,BDC), | m([FesO(OAc)s]Cl), | m(composite),

content, g g g g g (yield %)
wt. %

MIL-88B(Fe) 0 0 2.36 3.15 4.65 4.1(91.1 %)
MIL-88B/graphite (75 wt %) 75 1.50 2.36 3.15 4.65 5.4 (90.1 %)
MIL-88B/graphite (50 wt %) 50 3.00 1.58 2.10 3.10 5.4 (90.1 %)
MIL-88B/graphite (25 wt %) 25 4.50 0.79 1.05 1.55 5.5 (92.0 %)
MIL-88B/graphite (12.5 wt %)| 12.5 0.75 2.76 3.67 5.43 5.1 (84.7 %)
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Figure 1. Schematic representation of MIL-88B(Fe)/graphite composite synthesis using the trinuclear iron(l11)
oxo-acetate complex

The synthesis was carried out in a 1 L three-neck round-bottom flask equipped with a mechanical over-
head blade stirrer at 1000 rpm. Graphite and CTAB were first dispersed in 100 mL of water using a mechan-
ical stirrer at 1500 rpm for 30 min at room temperature. H,BDC was dissolved in 250 mL of water by adding
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the appropriate amount of KOH. [FesO(OAC)s]Cl was dissolved in 250 mL of water with heating (50-55 °C)
and stirring at 250 rpm. The resulting precursor solutions were transferred to addition funnels and added
dropwise to the graphite suspension over 30 min under vigorous stirring, as shown in Figure 1. The reaction
mixture was stirred for 60 min at 1000 rpm. The resulting precipitate was separated by centrifugation (4500
rpm, 5 min), washed twice with water (50 mL) and ethanol (20 mL) to remove unreacted components, and
dried at 50 °C in a vacuum oven for 10 h. The yields ranged from 84 to 92 % of the theoretical values (Ta-
ble 1).

Characterization Methods

Carbon (C), hydrogen (H), and nitrogen (N) mass fractions in the synthesized samples were determined
by combustion analysis using a Velp EMA 502 elemental analyzer (VELP Scientifica, Italy). FTIR spectra
were recorded on a Bruker ALPHA spectrometer (Bruker Optik GmbH, Germany) in the range
of 360-4500 cm™ with a resolution of 2 cm™ using KBr pellets containing 0.7 wt. % of the sample powder
(32 scans). X-ray powder diffraction (XRD) patterns were collected on an Aeris Benchtop diffractometer
(Malvern Panalytical, Netherlands) in Bragg—Brentano geometry with a vertical 66 goniometer (CuKo radi-
ation, A = 1.5460 A; 20 = 5-65°, step 0.012°). Thermogravimetric analysis (TGA) was performed on a
TGA/SDTAB851e thermoanalyzer (Mettler Toledo, Switzerland) in dynamic mode over 25-600 °C at a heat-
ing rate of 10 °C/min under a nitrogen atmosphere (absolute instrumental temperature accuracy +0.5 °C,
sample mass 4-6 mg, Al,O3 crucibles). The specific surface area, average pore radius, and pore size distribu-
tion were determined by low-temperature N, adsorption—desorption at 77 K on an AUTOSORB-1 analyzer
(Quantachrome Instruments, USA). Samples were degassed at 120 °C for 2 h under vacuum (residual pres-
sure <10 mbar) before measurement. The measurement was performed by the static volumetric method us-
ing helium for dead-volume calibration. Textural analysis and pore size distributions were evaluated using
Quenched Solid Density Functional Theory (QSDFT, carbon slit-pore equilibrium model) and the t-plot
method, while the Barrett-Joyner—Halenda (BJH) model was applied to characterize the general mesoporous
features. Isotherm types were classified according to IUPAC 2015 recommendations. The morphology of the
samples was examined by scanning electron microscopy (SEM) using an EM-30 microscope (Coxem, South
Korea) at an accelerating voltage of 15 kV in secondary electron (SE) detection mode. Raman spectroscopy
was performed using a Confotec® NR500 scanning confocal Raman microscope (SOL instruments, Belarus)
equipped with a green laser (532 nm). The laser power of ~1.3 mW was chosen to avoid thermal degradation
of the MOF. The signal accumulation time was 60 s. Spectra were recorded in the range of 100-1700 cm™,
which covers the characteristic vibrational modes of both the graphite matrix and the MOF. The morphology
and distribution of MOF particles within the graphite matrix were studied using an Optelics Hybrid confocal
laser microscope (Lasertec Corp., Japan) equipped with planar apochromatic objectives (50x and 100x mag-
nification).Quantitative particle size analysis was performed using ImageJ software [33] from bright-field
optical micrographs.

Electrochemical Measurements

Electrochemical measurements were carried out using an Autolab PGSTAT 101 potentiostat (Metrohm-
Autolab, Netherlands) and screen-printed three-electrode (SPE) test strips (Elta Ltd., Zelenograd, Russia).
The three-electrode system comprised a graphite counter electrode, a custom Ag/AgCI reference electrode,
and a graphite working electrode modified with a MOF or a composite. The reference electrode was prepared
by electrooxidizing silver in 1 M NaCl at 1.6 V for 20 s. The potential of the resulting Ag/AgCl, CI~ elec-
trode in 0.15 M NaCl was 0.278 V vs. the standard hydrogen electrode (SHE). All potentials herein are giv-
en vs. this reference electrode. The working electrode was modified by applying a drop of a suspension of
the studied MOF in 0.1 M acetate buffer (pH 5.5). For the electrochemical studies, a 100 uL aliquot of a
solution was applied onto the test strip. Cyclic voltammograms were recorded at a scan rate of 0.02 V/s.
Chronoamperometric data were recorded at an applied constant potential of 0.5 V.

Results and Discussion

Synthesis of MIL-88B(Fe)/Graphite Composites

The MIL-88B(Fe)/graphite composites were synthesized by in situ precipitation of the MOF onto
graphite surfaces in an aqueous medium at room temperature to nucleate and grow directly on the graphite
surface, ensuring intimate interfacial MOF—graphite contact and, consequently, efficient electron transport
between the two components. The advantages of the proposed method over known approaches are: (i) use of
a trinuclear acetate precursor with defined coordination geometry instead of FeCl; enables targeted formation
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of the framework structure with the required network topology, implementing a "rational design” strategy
[31, 34]; (ii) the agueous medium eliminates the use of toxic dimethylformamide (DMF), traditionally em-
ployed in MIL-88B(Fe) synthesis [13]; and (iii) room temperature reduces energy consumption and simpli-
fies scale-up. To improve the wettability of the graphite surface with water, prevent sedimentation of graph-
ite particles, and ensure uniform distribution of graphite throughout the composite volume,
cetyltrimethylammonium bromide (CTAB), a cationic surfactant, was introduced into the reaction mixture
during the synthesis. It is known that the addition of CTAB reduces the interfacial tension at the graphite—
water interface [35], which prevents aggregation of hydrophobic particles and allows a homogeneous sus-
pension to be obtained, which is necessary for uniform MOF deposition onto the graphite surface.

Elemental Composition

CHNO elemental analysis results for individual components and synthesized samples are presented in
Table 2. The actual graphite content in each sample was calculated from elemental analysis, noting that the
total carbon content in the composite (Ccomposie) €quals the sum of contributions from graphite and from the
MOF:

Ccomposite = X'Cgraphite +(1- X)'CMOF (2)1
where X is the graphite mass fraction; (1 — X) is the MIL-88B(Fe) mass fraction. Therefore:
C o —C
X = composite MOF x 100% (3)
Cgraphite ~ “MOF

where Ceomposites Cmor, @nd Cgrapnite are the carbon contents in the composite, in MIL-88B(Fe), and in pristine
graphite, respectively, determined by CHNO elemental analysis.

Table 2
Elemental analysis results of MIL-88B(Fe)/graphite composites
Sample C, wt % H, wt % O, wt % | Graphite content, wt %
Graphite 98.2+0.9 0.12 +0.05 2.47+0.23 -
[Fes0(OAC)q]CI 17.12+0.13 57+0.2 29+ 1 -
MIL-88B(Fe) 38.1£0.3 2.6+0.1 31.5+0.5 0
MIL-88B(Fe)/graphite (12.5 wt %) 43.06 £ 0.91 3.1+0.1 32.38 +£0.35 83+15
MIL-88B(Fe)/graphite (25 wt %) 53.30 + 0.34 2.60+0.01 28.4+0.8 25.3+0.7
MIL-88B(Fe)/graphite (50 wt %) 67.35 + 0.05 1.65+0.03 18.00 + 0.24 48.7+0.8
MIL-88B(Fe)/graphite(75 wt %) 84.55 + 0.06 0.78+0.21 9.5+0.2 77.3+0.7

As shown in Table 2, with increasing graphite fraction across the composite series, the carbon mass
fraction increases progressively from 43.06 % (12.5 wt % graphite) to 84.55 % (75 wt % graphite), while the
hydrogen content decreases correspondingly from 3.1 to 0.78 wt %. The oxygen content decreases monoton-
ically from 32.38 to 9.5 wt % due to the reduced proportion of MIL-88B(Fe) in the sample. The actual
graphite content calculated from CHNO data agrees well with the nominal content, with deviations of no
more than 1.5 wt % for samples with 25, 50, and 75 wt % graphite. The largest relative deviation is observed
for the 12.5 wt % graphite sample, likely due to adsorption of residual solvent (water).

X-Ray Powder Diffraction

The XRD patterns of the synthesized MIL-88B(Fe)/graphite composites (Figure 2) show an intense re-
flection at 20 = 26.5°, corresponding to the (002) reflection of the hexagonal layered graphite structure
(JCPDS 75-1621, d002 = 3.354 A). Weak reflections at 17.4 °, 25.2° and 28.0° are attributable to
terephthalic acid (CCDC 1269122). Formation of this impurity phase is associated with the low aqueous sol-
ubility of terephthalic acid [36, 37] and the high rate of acetate-group substitution. As a result, a portion of
the ligand is protonated in the acidic medium and does not have sufficient time to be fully incorporated into
the framework. It is known that due to the high reaction rates and steric hindrance, acetate groups may not be
completely substituted, leading to the formation of defective linkers [38, 39] in the resulting MOF structure.
These defective linkers can coordinate to the metal cluster via only one carboxylate group, with the other
group protruding into the pore cavity. This favors the retention of organic molecules inside the framework
and results in the inclusion of terephthalic acid within the MOF pores, from which it is difficult to remove
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even after repeated washing during the synthesis [40-42]. The absence of characteristic MIL-88B(Fe) reflec-
tions when water is used as the solvent is related to the reversible contraction of the crystal lattice, referred to
as "breathing" [19, 43, 44], which is caused by the formation of hydrogen bonds between the metal-organic
framework and guest molecules [45]. To confirm the flexibility of the synthesized MIL-88B(Fe), additional
XRD studies were performed. The sample obtained after synthesis in aqueous solution and drying exhibits a
diffraction pattern with a broadened signal in the low-angle region (26 < 6.5°), which does not allow unam-
biguous identification of the crystalline reflections characteristic of MIL-88B(Fe). This broadening is at-
tributed to the transition of the framework to the closed (dry) form, which is characterized by anisotropic
broadening of the (hkO) reflections, up to their complete disappearance, due to disordering in the (ab) plane
caused by the removal of guest molecules and a decrease in the a parameter [18]. After soaking the same
sample in DMF for 24 h, intense reflections appear at 20 = 7.12° and 8.75° (d = 12.5 A and 10.1 A, respec-
tively), corresponding to a transition to the expanded (open) phase stabilized by DMF molecules and restora-
tion of long-range crystalline order. This observation is consistent with previously reported rotation of metal
clusters and phenyl rings around the O—O axis of carboxylate groups (a "knee-type" rotation axis) upon ex-
posure to water molecules in MIL-88B(Fe) [46]. Similar behavior has been reported for MIL-88B(Fe)/FesS,
composites [47], MIL-88B(Fe)/nanorods [48], and Fe;s04/MIL-88B(Fe) [32].
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Figure 2. X-ray diffraction patterns of MIL-88B(Fe) and synthesized composites (CuKa, A = 1.5460 A)

Infrared Spectroscopy

FTIR spectra of MIL-88B(Fe) and MIL-88B(Fe)/graphite composites with various graphite contents are
shown in Figure 3.

The FTIR spectra of the synthesized samples exhibit characteristic bands confirming the formation of
MIL-88B(Fe). The symmetric and asymmetric stretching vibrations of the carboxylate groups are observed
at 1424 and 1575 cm™, respectively; the v(C=C) band of the aromatic ring appears at 1510 cm™, while the
v(C—0) and v(C—C) stretching modes are detected at 1287 cm™. With increasing graphite content, the inten-
sities of all MIL-88B(Fe) bands decrease progressively. Broadening and splitting of both asymmetric and
symmetric carboxylate stretching bands is also observed. This splitting indicates the formation of
inequivalent COO™ coordination modes in the composites, likely caused by the influence of the graphite sur-
face in proximity to the carboxylate fragments of the metal-organic framework. The presence of a band at
1688 cm™, assigned to v(C=0) of free carboxylic groups, indicates the presence of defective (dangling) link-
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ers coordinated to the metal cluster through only one carboxylate group [49]. The bands at 668 and 528 cm™
are characteristic of Fe—O stretching vibrations and Fe—O-Fe bridging modes [50], confirming the retention
of the trimeric oxoacetate cluster. A broad band in the range of 3200-3600 cm~" with a maximum at 3435
cm™, whose intensity increases with rising MIL-88B(Fe) content, is attributed to O—H stretching vibrations
of hydroxyl groups involved in intermolecular hydrogen bonding [50].

The spectrum of MIL-88B(Fe) displays all characteristic bands of an iron-based carboxylate MOF
[50,51]. Intense bands at 1546 and 1387 cm™ correspond to the asymmetric and symmetric stretching vibra-
tions of the carboxylate groups coordinated to the Fe;O clusters. The absorption band at 725 cm™ is assigned
to the C—H bending (out-of-plane) vibrations of the disubstituted aromatic ring. The presence of the aromatic
moiety is further confirmed by the band at 3060 cm™, attributed to the =C—H stretching vibrations [52]. In
the spectrum of H,BDC, the most intense bands are observed at 725, 878, and 779 cm™, characteristic of
out-of-plane C—H deformation modes in the 1,4-disubstituted benzene ring, along with the v(C=0) band of
the free carboxyl group at 1671 cm™ [51, 52]. The frequency difference between the asymmetric and sym-
metric carboxylate stretching vibrations (Av = vas — veym =~ 151-159 cm™) is indicative of a bidentate bridging
coordination mode of the carboxylate ions [53] and is in full agreement with literature data for MIL-88B(Fe).
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Figure 3. FTIR spectra of MIL-88B(Fe) and MIL-88B(Fe)/graphite composites (KBr pellets, 0.7 wt %)

Raman Spectroscopy

Raman spectroscopy was performed for additional phase identification and assessment of the structural
features of the MIL-88B(Fe)/graphite composites (Figure 4). The spectra are presented in the range of 1000
1700 cm™, covering the characteristic vibrational modes of the graphite and the organic linker of the MOF.
As seen in Figure 4a, the pristine graphite shows a D band at ~1350 cm™, assigned to the Ag-symmetric vi-
bration of defective sp>-carbon sites, which becomes Raman-active only upon symmetry breaking through a
double-resonance process [54]. To assess the degree of disorder and crystallite size, the Ip/lg ratio is com-
monly used, where | is the intensity of the G peak at ~1580 cm™, corresponding to the C—C stretching vi-
brations in an ideal plane [54, 55]. The integrated area ratio of the corresponding graphite peaks was 0.255,
indicating a low concentration of structural defects [54, 55]. Using the Tuinstra—Koenig equation applied to
the peak height ratio (~0.162), the calculated crystallite size of graphite was 27 nm, which is characteristic of
nanocrystalline graphite with low defect density [54]. For the composite with 12.5 wt % graphite, an increase
in the integrated intensity ratio of the corresponding graphite peaks (~0.41) is observed, indicating an in-
crease in the defect concentration in graphite during the synthesis of the composite. For samples with higher
graphite content (25, 50, and 75 wt %), significant overlap of the D and G bands of graphite with the bands
of the aromatic linker of MIL-88B(Fe) is observed. Nevertheless, qualitative analysis of the Raman spectra
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indicates that the graphite structure is preserved in the composites, while the observed changes in the defect
density suggest an interfacial interaction between graphite and the MOF, likely of a physical nature.

In the Raman spectra of both pristine MIL-88B(Fe) and the MIL-88B(Fe)/graphite (12.5 wt %) compo-
site, characteristic bands of the terephthalate linker are observed. The band in the region of 1600-1615 cm™
has been assigned by some authors to the asymmetric stretching vibrations of the carboxylate group,
vas(COO7) [56, 57], while others attribute it to the C=C stretching vibrations of the benzene ring [25, 58]. In
the literature, the symmetric carboxylate stretching vibrations vs(COO~) of MIL-88B(Fe) appear in the Ra-
man spectrum at ~1455 cm™, whereas the broad absorption in the range of 1300-1430 cm™ is assigned to
the C—C and C-O vibrations of the aromatic ring of the terephthalate linker [56, 57]. In the present study, a
shift of the carboxylate stretching band to lower wavenumbers (~1427 cm™) is observed, likely due to for-
mation of partially substituted structures upon interaction with graphite, consistent with FTIR data. Upon the
introduction of graphite, the intensity of these bands initially increases (12.5 wt % graphite) and then de-
creases due to the shielding effect and the reduced MOF fraction in the composite, which correlates with the
FTIR results. The band in the range of 1132-1138 cm™ is attributed to the C—C bond vibrations between the
benzene ring and the carboxylate group [56].
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Figure 4. Raman spectra of graphite, MIL-88B(Fe), and MIL-88B(Fe)/graphite composites with various graphite
contents (a), and a fragment of the Raman spectra in the range of 1540-1640 cm™* showing the overlap of the graphite
G peak and the MIL-88B(Fe) bands (b)

In Raman spectroscopy, the intensity of a band is proportional to the square of the derivative of
polarizability with respect to the normal coordinate of the vibration. For low-frequency modes, such as Fe-O
stretching vibrations and out-of-plane C—H bending vibrations of the aromatic ring (y(C—H)), the change in
polarizability during vibration is relatively small. Consequently, these modes exhibit a small Raman scatter-
ing cross-section and produce weak signals (Figure S1), especially against the background of the intense D
and G bands of graphite, which possess high scattering cross-sections.

Specific Surface Area and Pore Size Analysis

Results of low-temperature nitrogen adsorption are summarized in Table 3. Pristine MIL-88B(Fe) ex-
hibits a Type IV nitrogen adsorption—desorption isotherm according to the IUPAC classification, with a hys-
teresis loop (Figure 5), indicative of capillary condensation in mesopores, with a high specific surface area
(Sger = 220 m?/g) and an average pore diameter of 3.6 nm. The specific surface area of MIL-88B(Fe) is
comparable to literature data for MIL-88B(Fe), which range from 15 to 428 m%g depending on the synthesis
and activation conditions [59-61].
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Table 3

Specific surface area (Sget), pore volume (Vgyyand V gsper) and average pore diameter (dg;yy and dosper)
of MIL-88B(Fe)/graphite composites

* 3
Sample Sger, Mg Y(p‘;’g" :%mgg Ve, cm®g | dggy, nm \(/:‘?;%T’ d %S%FT’
MIL_88B(Fe)" 220 0.32 0.25 36 025 | 46
MIL-88B(Fe)/graphite (12.5 wt %) 93 0.10 0.07 35 0.08 | 3.1
MIL-88B(Fe)/graphite (25 wt %) 48 0.06 0.05 35 005 | 31
MIL-88B(Fe)/graphite (50 wt %) 41 0.07 0.06 36 0.06 | 31
MIL-88B(Fe)/graphite (75 wt %) 15 0.04 0.04 35 0.03 | 3.1
Graphite 12 0.04 0.04 34 0.03 2.8

2according to t-plot analysis V piere=0.018 cm’/g, Smicre=46 M’/g, Sex=174 m/g.

As can be seen from Table 3, the in situ synthesis leads to a non-monotonic decrease in the specific sur-
face area with increasing graphite content. For the sample with 12.5 wt % graphite, the BET-specific surface
area was found to be 92.5 m?/g, which is less than half the theoretical value for a physical mixture (194
m?/g). The most pronounced drop in Sger is observed upon increasing the graphite content from 12.5 to 25
wt % (from 92.5 to 48.2 m?/g), which may be attributed to agglomeration of MIL-88B(Fe) particles, block-
age of the MOF surface by graphite sheets, or changes in the morphology or defect formation in the MOF
structure in the presence of graphite, consistent with the FTIR data. The Type IV isotherms with H3-type
hysteresis reflect mesoporosity and interparticle voids, as the intrinsic micropores of flexible MIL-88B(Fe)
contract upon guest removal (Figure 5a) [18-20]. The t-plot analysis shows a minor micropore volume of
0.018 cm?/g for the MIL-88B(Fe) and zero microporosity for the composites. According to QSDFT analysis
(Table 3), the pore diameter shifts from 4.6 nm for pure MIL-88B(Fe) to a stable peak maximum at 3.1 nm
for all composites (Figure 5b). This consistent position indicates that the internal crystalline framework of
the MOF is preserved during the in situ synthesis, while the graphite layers introduce a geometric constraint
that governs the interstitial mesoporous space.
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Figure 5. Nitrogen adsorption—desorption isotherms at 77 K (a) and differential pore size distribution curves
for MIL-88B(Fe)/graphite composites (b)

Thermogravimetric Analysis

The thermal behavior of the samples was investigated by thermogravimetric analysis (TGA) in the
range of 25-600 °C under a nitrogen atmosphere. All samples containing MIL-88B(Fe) exhibit a multistage
weight loss. The data on the stages and temperature characteristics are summarized in Tables 4 and 5.
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Table 4

Main stages of thermal decomposition of the MIL-88B(Fe)/graphite composites according to TGA data

Sample Stage Temperature range, °C Mass loss, %
I 31-234 11.01
MIL-88B(Fe) Il 235-372 8.19
1l 373-600 32.55
I 31-250 6.33
MIL-88B(Fe)/graphite (12.5 wt %) Il 251-358 24.66
1l 359-600 19.13
I 31-254 5.13
MIL-88B(Fe)/graphite (25 wt %) Il 255-355 15.97
1l 356-600 18.05
| 31-264 5.44
MIL-88B(Fe)/graphite (50 wt %) Il 265-338 14.6
Il 339-600 19.11
I 31-247 1.85
MIL-88B(Fe)/graphite(75 wt %) 1 248-327 4.63
1T 328-600 7.31
Graphite | 31-600 1.95
100 - —
: 0.0000-
—
90 -
. | Step _—-0.0003
8 £
[%2} o
2] 80 =S -0.0006{
S | Step >
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Figure 6. TGA curves of MIL-88B(Fe) and its composites, . _—
9 . o ( ) P Figure 7. DTG curves of pristine MIL-88B(Fe)
recorded at a heating rate of 10 °C/min under a nitrogen ) .
and its composites
atmosphere
Table 5

TGA data and residual mass at 600 °C (wt.%) for MIL-88B(Fe) and MIL-88B(Fe)/graphite composites

o Residual mass at 600 °C,
Sample TGA data, °C Wt %
Tso Tios | To0% | Ta0% | Tmax Tinaxe
MIL-88B(Fe) 138 209 386 444 336 464 48.3
MIL-88B(Fe)/graphite (12.5 wt %) 195 303 333 348 340 453 49.9
MIL-88B(Fe)/graphite (25 wt %) 249 313 338 447 330 |401;451 60.9
MIL-88B(Fe)/graphite (50 wt %) 277 320 451 - 319 453 73.6
MIL-88B(Fe)/graphite(75 wt %) 305 439 - - 305 446 86.2

T: % — temperature of i % weight loss; Tmaxj — temperature of the maximum decomposition rate according to the

DTG curve.

For MIL-88B(Fe), three main decomposition stages are observed (Figure 6). The first stage (up to
234 °C, mass loss 11.0 %) corresponds to the removal of physically adsorbed and coordinated water from the
framework pores. The second stage (8.2 %, 235-372 °C) is attributed to decarboxylation of the organic link-
er. The most significant mass loss occurs in the third stage (32.6 %, 373-600 °C) and is associated with
complete decomposition of the terephthalate ligand to form Fe,O; [62].
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Comparison of the TGA data (Table 4) and elemental CHNO analysis (Table 2) reveals quantitative
correlations between the actual graphite content and the thermal behavior of the MIL-88B/graphite compo-
sites. For all graphite-containing composites, the onset of the third decomposition stage is shifted to lower
temperatures, specifically 328-359 °C, and its intensity regularly decreases with increasing graphite fraction.
The mass loss in the third stage decreases from 19.13 % for the sample containing 12.5 wt. % graphite to
7.31 % for the sample with 75 wt% graphite, which is directly proportional to the decrease in the MOF con-
tent. An inverse linear correlation is observed between the graphite content and the mass loss in the first
stage (30-250 °C), attributed to dehydration. For the sample with 75 % graphite, the mass loss in the first
stage is only 1.85 wt. %, indicating a sharp decrease in surface hydrophilicity at high hydrophobic graphite
loadings. Notably, the sample containing 8.3 % graphite, as determined by elemental analysis, shows a high-
er specific mass loss during the second decarboxylation stage than the pristine MOF. However, the introduc-
tion of 8 % graphite, corresponding to the MIL-88B/graphite composite with 12.5 wt. % graphite, already
reduces the high-temperature loss in stage 11l from 32.6 % to 19.1 %, while further increasing the graphite
fraction up to 50 % causes no additional decrease in mass loss. Overall, with increasing graphite weight frac-
tion, the rate of mass loss associated with decarboxylation decreases (Figure 7).

The temperature of 5% mass loss (Ts) increases from 138 °C for MIL-88B(Fe) to 305 °C for the
MIL-88B(Fe)/graphite (75 wt. %) sample. A similar trend is observed for T10 %, which increases from 209
to 439 °C. This is due to the fact that the mass loss of pristine graphite up to 600 °C is only 1.95 %, which
accounts for the increased apparent thermal stability of the composite. The residual mass at 600 °C monoton-
ically increases from 48.25 to 86.21 %, reflecting the combined contribution of Fe,Oz and partially retained
graphite (Table 5).

The DTG curves reveal two main maxima of the mass loss rate (T maa and Tmaxz). The first maximum
shifts from 131 °C for MIL-88B to 305-340 °C for the samples with 50—75 % graphite, indicating a change
in the dehydration mechanism in the presence of graphite (Figure 7). The second maximum lies in the range
of 446-464 °C for the entire composite series and can be attributed to the decomposition of the organic link-
er. For the composition with 25 % graphite, two mass loss rate maxima are observed at 401 and 451 °C,
which may indicate heterogeneity of the resulting composite. For the graphite-containing samples, the resid-
ual mass includes both Fe,O; from the MOF component and graphite partially retained under the experi-
mental conditions (600 °C).

Morphology and Homogeneity of Component Distribution

In the optical micrographs (Figure 8, Figure S2), MOF particles are visualized as uniformly distributed
orange inclusions against a dark background of graphite particles. Due to the color contrast between the
MOF particles and the graphite matrix, automatic image segmentation with threshold-based object detection
was performed. The linear particle size was calculated from the measured cross-sectional area, assuming a
spindle-shaped elongated elliptical morphology with an aspect ratio of k = 2 [63] (S1). With increasing
graphite content from 12.5 to 75 wt. %, the average particle length decreases from 3.05 + 0.54 pm to 1.45 +
0.49 um (Figure S3). The observed decrease in particle size with increasing graphite content can be attribut-
ed to spatial confinement, where the excess graphite surface hinders further growth of MOF crystals and in-
creases the number of nucleation sites.

MIL-88B(Fe)/graphite MIL-88B(Fe)/graphite

MIL-88B (Fe) (12,5 wid) (25 wt%)
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Figure 8. Optical micrographs of MIL-88B(Fe)/graphite composites with different graphite contents (x50 objective,
925x magpnification)

As can be seen from the SEM images (Figure 9a), MIL-88B(Fe) consists of needle-like elongated crys-
tals with an average length of 7.27 & 0.03 um, whereas pristine graphite exhibits a flaky morphology (Figure
8f) with a particle size of 7.6 + 0.2 um and a tendency to aggregate. In the composites, even at 12.5 wt%
graphite, aggregates with sharp edges are formed (Figure S4), with an average size of 12.8 + 4.8 um. At 25
wt% graphite, the particle size increases to 28.8 + 8.6 um, indicating enhanced aggregation. Further increas-
es in graphite content to 50 and 75 wt% lead to a decrease in the average size to 9.0 £ 3.9 and 10.0 + 2.0 pm,
respectively, due to the dominance of the fine graphite phase. The observed non-monotonic particle size var-
iation results from the balance between MOF crystal aggregation at low graphite contents and the dominance
of the fine graphite phase at higher loadings.

Extreme Tit

L=76+02pum
R =0.948

a) MIL-88B (Fe) b) MIL-88B(Fe)/graphite (12,5 wt%)

"t L !

N Le Y. PN
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o
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Figure 9. SEM images of the samples:a) MIL-88B(Fe); b) MIL-88B(Fe)/graphite (12.5 wt%); c) MIL-88B(Fe)/graphite
(25 wt%); d) MIL-88B(Fe)/graphite 50 wt%); ) MIL-88B(Fe)/graphite (75 wt%); ) pristine graphite

Electrochemical Studies

The electrochemical properties of the synthesized materials were examined using cyclic voltammetry.
Figure 10 shows the CV curves recorded over a wide potential range from -1.1 to 1.0V in a 0.01 M NaOH
solution. The oxygen reduction reaction region is observed at E < -0.5 V, and the oxygen evolution reaction
region — at E > 0.8 V[64]. Pure MIL-88B(Fe) applied onto the working electrode exhibited low currents due
to its poor electrical conductivity. An increase in the graphite content leads to an enhancement of the Farada-
ic currents on the CV curves (see curve for MIL-88B(Fe)/graphite (50 wt%) as a representative sample).
Nevertheless, the addition of 50 wt% carbon black to pure MIL-88B(Fe) to improve the conductivity of the
active layer leads to higher capacitive currents in the 0-0.4 V region compared to the MIL-88B(Fe)/graphite
composite, despite their identical carbon content and mass loading. This observation indicates a smaller spe-
cific surface area for the graphite-based composite, which correlates with the BET data (Table 3). Moreover,
the redox reactions within the carbon black-containing layer initiated at lower overpotentials compared to
those for the graphite-containing composite.

10p +
<. 0.
-10p /
-2017 — MIL-88b(Fe)
-30p — MIL-88b(Fe)/carbon black
—— MIL-88b(Fe)/graphite

T T T T T T T
-10 -05 00 05 10
E.V

Figure 10. Cyclic voltammograms (scan rate 0.02 V/s) for the test strips with a graphite working electrode modified
with MIL-88B(Fe), MIL-88B(Fe)/carbon black and MIL-88B(Fe)/graphite (50 wt%) composite in 0.01 M NaOH +

0.15 M NaCl.

Among the studied conditions, electrocatalytic activity toward glucose oxidation was observed exclu-
sively for the MIL-88B(Fe)/carbon black in the alkaline medium (0.01 M NaOH), whereas this material re-
mained inactive in acidic and neutral electrolytes. The use of the MIL-88B(Fe)/carbon black composition for
electroanalytical testing is a rational way to avoid increasing the MOF content in the active layer, which
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would otherwise lead to an increase in its thickness and ohmic resistance. As seen from the CV curves (Fig.
11a), an electrooxidation wave appears at E > 0.4V in the presence of glucose. The chronoamperometric
curves were recorded at an applied potential of 0.5 V (Fig. 11b). The steady-state currents increased with
glucose concentration up to 5 mM, whereas higher concentrations did not lead to a further rise in current.
The linear detection range (LDR), for the SPE modified with the MIL-88B(Fe)/carbon black composition,
estimated from current values at 5 s, was 0.5...5 mM of glucose (R? = 0.9531). The sensitivity calculated
from the linear regression in the LDR was 23 pA mM™ cm™, the glucose detection limit was 0.17 mM.

a) b)
35U ]
30u - 10.0p - Glucose
] ] —O0mM
231 ] 8.0 - — omMm
20p 1 < ‘ ——5mM
15011 6.0 ——10mM
5“. _ 1 \\‘
0_ 2.0}1—-
-5 T T T 1 T 1 T T
-0.2 00 02 04 06 038 0 50 100 150 200
EV t,s

Figure 11. Cyclic voltammograms (scan rate 0.02 V/s) (a) and chronoamperometric curves recorded at 0.5 V (b) for test
strips with a graphite working electrode modified with the MIL-88B(Fe)/carbon black in 0.01 M NaOH + 0.15 M NaCl
containing glucose.

To sum up, keeping in mind that the LDR of modern glucose sensors is 1-30 mM, the sensor systems
based on MIL-88B(Fe) require further optimization. For instance, the use of a flow-limiting membrane could
be considered in the future to expand the linear detection range of the sensors based on MIL-88B(Fe) com-
posites. However, it should be noted that the high anodic polarization used for glucose detection leads to a
significant increase in cross-sensitivity; therefore, modifying the MOF composition is necessary to optimize
the electroanalytical performance.

Conclusions

For the first time, a series of electrically conductive MIL-88B(Fe)/graphite composites with graphite
contents ranging from 12.5 to 75 wt.% was successfully prepared using trinuclear iron(l11) acetate as the pre-
cursor. According to BET analysis, the specific surface area non-monotonically decreases from 220 m?/g for
MIL-88B(Fe) to 15.2 m’/g for MIL-88B(Fe)/graphite (75 wt.%), while the calculated QSDFT pore diameter
shifts from 4.6 nm for pure MIL-88B(Fe) to a stable 3.1 nm for the composites. Importantly, this suggests
that graphite is localized on the external surface of the MOF crystals without significant penetration into the
pores. Furthermore, XRD confirmed the absence of secondary iron oxide phases in the proposed synthesis
route, indicating the high phase purity of the MIL-88B(Fe)/graphite composites. FTIR spectroscopy of the
MIL-88B(Fe)/graphite composites revealed splitting of the carboxylate stretching vibration bands and the
appearance of a band at 1688 cm™, indicating the presence of dangling linkers coordinated to the metal clus-
ter via only one carboxylate group. This is attributed to incomplete substitution of carboxylate fragments
during the in situ synthesis in the presence of graphite. Raman spectroscopy confirmed the presence of the
graphite phase in the composites and showed an increase in graphite defectiveness upon synthesis. The char-
acteristic bands of the terephthalate linker of MIL-88B(Fe) (~1603, 1502, 1427, 1284, and 1132 cm™) were
identified, confirming the preservation of the MOF structure. Scanning electron microscopy showed that ag-
gregates are already formed in the composites at 12.5 wt% graphite, and the particle size exhibits a
non-monotonic behavior reflecting the competition between MOF aggregation and graphite phase distribu-
tion. An inverse linear correlation was found between the graphite content and the mass loss in the first de-
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composition stage, attributed to dehydration. With increasing graphite weight fraction, the rate of mass loss
associated with decarboxylation decreases, and the decomposition intensity regularly diminishes. As the
MOF content in the composite increases, both the total number of particles and their degree of aggregation
increase. Electrocatalytic activity of MIL-88B(Fe) toward glucose in alkaline medium was observed for the
first time; however, further studies are required to improve the sensing performance.
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Comparison of the Influence of Polymer Additives on the Thermal
and Electrochemical Reduction of Copper Ferrites and Electrocatalytic Activity
of the Formed Fe-Cu Composites

The conducted studies compared the influence of polymers (PVA, PVP, PEG and g-CsN,) added to the cop-
per(I1) and iron(l11) cations co-precipitation environment during the preparation of copper(ll) ferrite precur-
sors on the phase compositions of CuFe,O4 + Polymer samples heat-treated at 700 °C, their electrochemical
reduction, and the electrocatalytic activity of the resulting Fe-Cu composites. The structure and morphologi-
cal features of CuFe,O, + Polymer samples after heat treatment (HT) and electrochemical experiments were
studied using XRD analysis and electron microscopy. Thermogravimetric studies were performed for the pol-
ymers and copper ferrite precursors. The results indicate that the thermal degradation products of PVA and g-
C3N, polymers induce a partial decomposition of copper ferrites during HT, yielding crystalline phases of
copper and iron, thereby significantly decreasing the duration of the subsequent electrochemical reduction of
these samples. "Pure" CuFe,O, and samples containing other polymers remain stable at
700 °C. Electrochemical reduction of CuFe,O, + PVP and CuFe,04 + PEG samples result in a more complete
reduction of iron cations than in other samples, which is favourable for intensifying the electrohydrogenation
of 4-nitrophenol on Fe-Cu composites formed from these samples. The fabrication of a single product,
4-aminophenol, is confirmed by UV-vis spectra.

Keywords: copper ferrite, polymer additives, co-precipitation, heat treatment, electrochemical reduction,
Fe-Cu composites, electrocatalytic hydrogenation, 4-nitrophenol

Introduction

Copper ferrite (1) (CuFe,Qy) is a typical iron-based cubic spinel with high chemical stability, moderate
non-toxicity, low cost, and excellent magnetic properties [1, 2]. Copper ferrite, like other transition metal
ferrites, is widely utilized in applications ranging from environmental remediation and drug delivery to high-
density magnetic storage and catalysis [3-6]. Copper ferrite nanoparticles are used as catalysts in classical
thermocatalytic and electrocatalytic processes. The properties of copper ferrite are highly dependent on the
synthesis parameters, such as the Fe/Cu ratio, calcination temperature and time, and the use of different sta-
bilizers of copper ferrite nanoparticles or their supports.

Copper ferrite is produced by various methods, the main ones being ceramic technologies using metal
oxide powders, CuO and Fe,Os [7, 8]. However, these methods are quite laborious, especially when produc-
ing nanosized samples. In methods such as sol-gel, hydro/solvothermal, co-precipitation, and others, various
organic compounds, including polymers, are often used to stabilize copper ferrite nanoparticles. For exam-
ple, paper [9] describes the production of copper(ll) ferrite nanoparticles by a hydrothermal method, in
which salts of both metals were dissolved in an aqueous solution of ethylene glycol, then the pH of the mix-
ture was adjusted to 12 using sodium hydroxide and it was kept at 180 °C for 6 h. It was found that with an
increase in the ethylene glycol content in the reaction mixture, crystalline phases of CuFe,O, and Cu are pre-
sent in the composite. The appearance of copper is explained by the interaction of ethylene glycol with sodi-
um hydroxide and the subsequent reduction of copper cations from copper(l) oxide.

Copper(Il) ferrite was also prepared by the sol-gel method using a polymer (the so-called simple poly-
mer-assisted sol-gel method) [10]. For this purpose, copper(ll) and iron(l11) nitrates in stoichiometric ratios
were added to an aqueous solution of polyvinylpyrrolidone. The mixture was then kept at 80 °C until a gel-
like precipitate formed, which was then kept at 250 °C for 15 min to remove organic components. The pre-
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cipitate thus prepared was heat-treated at 750 and 950 °C. As a result, ferrite CuFe,O, with a tetragonal
structure was obtained, which also contained crystalline phases of CuO and Fe,Os in small quantities. It was
established that elevated temperatures and extended calcination durations promote the complete crystalliza-
tion of copper ferrite, which simultaneously causes the nanoparticles to sinter into large agglomerates ex-
ceeding 1 pm in size. Furthermore, previous findings [11] regarding solid-phase synthesis with sodium oxa-
late and polyethylene glycol indicate that CuFe,O, undergoes partial degradation into copper(Il) and iron(l1)
oxides when temperatures surpass 400 °C. Soluble impurities were specifically removed before heat treat-
ment at 400 °C.

Copper ferrite samples were produced by autocombustion using natural honey as a reducing and stabi-
lizing agent [12]. Precursors synthesized by co-precipitation of copper and iron cations with sodium hydrox-
ide in the presence of honey were treated at 400 and 800 °C for 4 h. The authors explained the voids between
copper ferrite particles by the release of gaseous substances (N, and CO,) formed as a result of the decompo-
sition of glucose and fructose contained in honey. Moreover, the copper ferrite obtained at 400 °C contained
crystalline phases of CuFe,O, and oxides CuO and a-Fe,O3, whereas after heat treatment at 800 °C the sam-
ple was single-phase and contained only CuFe,O,4 [12]. That is, no reduced metals were detected in the cop-
per ferrite samples.

In [13], CuFe,O,4 nanoparticles were synthesized by co-precipitation in an aqueous solution with the ad-
dition of polyethylene glycol. The resulting precipitate was thoroughly washed, dried, and then treated at
700°C in a flow of oxygen in a tubular furnace. X-ray diffraction analysis revealed the presence of CuO,
Fe,0s, and Fe;0, oxides in the CuFe,0, samples, the formation of which was explained by the oxidation of
copper precipitated by polyethylene glycol, and insoluble FeO. A copper ferrite sample, the precursors of
which were dried in a microwave oven, contained fewer impurities.

The given examples show that the addition of organic compounds to the reaction environment for the
synthesis of copper ferrite promotes the stabilization of its nanoparticles and the appearance of both metals
oxides, and, in rare cases, reduced metals in its composition. Apparently, this is due not only to the heat
treatment temperature, the removal of impurities before heat treatment, or the heat treatment conditions, but
also to the nature of the added organic stabilizers. In our previous studies devoted to the creation of Fe-Cu
composites based on copper ferrite, it was found that the synthesis of copper ferrite by the method of co-
precipitation of copper and iron cations in the presence of polymers [14] and carbon nanomaterials [15] fol-
lowed by heat treatment leads to a change in its phase composition with the formation of not only oxides of
both metals, but also reduced metals. Of course, this method is not a suitable synthesis option for obtaining
stable crystalline copper ferrite, but for carrying out further electrochemical reduction of copper ferrite to
produce catalytically active Fe-Cu composites, the introduction of such additives contributes to a noticeable
decrease in the duration of the metal cations reduction process.

The present work aims to investigate the effect of polymer additives such as polyvinyl alcohol (PVA),
polyvinylpyrrolidone (PVP), polyethyleneglycol (PEG) and graphitic carbon nitride (g-CsN,) on the structur-
al changes in copper ferrite samples under thermal treatment at 700 °C. Additionally, the electrochemical
reduction of both metals to form of Fe-Cu composites and their electrocatalytic activity in the model
electrohydrogenation of 4-nitrophenol were analyzed.

Experimental

Materials

Copper(Il) nitrate trihydrate (Cu(NO3z),-3H,0), iron(lll) nitrate nonahydrate (Fe(NOs)s-9H,0) and so-
dium hydroxide (NaOH) were supplied by “Ridder” LLP (Karaganda, Kazakhstan). Dicyandiamide (CAS
461-58-5), polyvinyl alcohol (CAS 9002-89-5, 9,000-10,000 Mw), polyvinylpyrrolidone (CAS 9003-39-8,
10,000 Mw) and polyethylene glycol (CAS 25322-68-3, 10,000 Mw) were purchased from Sigma-Aldrich
(USA) and used as received without further purification.

Synthesis of Graphitic Carbon Nitride g-CsN,4

Graphitic carbon nitride g-CsN4 was synthesized following a previously reported procedure [15].
Briefly, 6 g of dicyandiamide was heated under an ambient air atmosphere to 550 °C and held at this tem-
perature for 3 h. The obtained yellow product was ground into a fine powder.
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Synthesis of Copper Ferrite and its Samples with Polymer Additives

Syntheses of "pure" copper ferrite and its samples with polymer additives (PVA, PVP, PEG, or g-C3N,)
were performed by co-precipitation of metal cations from their nitrate salts and subsequent heat treatment
(HT) using procedures similar to those described in our previously published works [14, 15]. The HT tem-
perature (700 °C) and its duration (2 hours) for the prepared copper ferrite sample precursors were selected
based on previously obtained results on the change in phase compositions of similar samples during HT.

Electrochemical and Electrocatalytic Experiments

Copper ferrite samples prepared with and without the addition of the polymers to the co-precipitation
reaction medium and subsequent heat treatment were first reduced in an electrochemical cell. The resulting
Fe-Cu composites were then used as electrocatalysts in the electrohydrogenation of 4-nitrophenol (4-NPh).
The details regarding the electrochemical and electrocatalytic experiments can be found in our previous
study [15]. The initial concentration of 4-NPh in the alcohol-aqueous-alkaline catholyte was 0.162 mol/L.

Characterization

Thermogravimetric measurements (TGA) were performed on a LabSYS evo TGA/LTA/DSC analyzer
(Setaram Instrumentation, France). The samples were heated from 25 to 900 °C at a constant heating ramp of
10 °C/min under an air atmosphere. To identify the crystalline phases of the prepared composites, XRD
analysis was carried out on a Rigaku SmartLab diffractometer (Rigaku, Japan) with CuKa radiation. The
diffraction data were collected over a 20 span of 5-90°. Their morphological features were studied on a
TESCAN MIRA 3 (Tescan, Czech Republic) scanning electron microscope using secondary (SE) and
backscattered (BSE) electron detectors. Elemental microanalysis of the samples was performed using an X-
Act energy dispersive detector (Oxford Instruments, UK). Surface morphology of CuFe,O; + g-C3Ny4
(700 °C) samples were studied using a scanning electron microscope JSM-IT 800 (JEOL, Japan). The sam-
ples were analyzed after deposition of conductive gold layer. The formation of 4-aminophenol as a product
of electrocatalytic hydrogenation of 4-nitrophenol was established by its UV-Vis spectra recorded in the 250-
500 nm wavelength range on a SHIMADZU UV-1900i spectrophotometer (Japan).

Results and Discussion

Figure 1 illustrates the chemical structures of the polymers employed to stabilize the copper ferrite pre-
cursor nanoparticles, which consist of copper and iron oxides and hydroxides formed during the co-
precipitation of metal salts.
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Figure 1. Structural formulas of the polymeric stabilizers employed during copper ferrite precursor synthesis

The PVA, PVP, and PEG polymers are characteristically known for their solubility in water. When the
resulting precursors are washed, some of these polymers are removed, leaving behind, apparently, the por-
tion that interacts with the precursor particles at the molecular level. The possibility of such an interaction
was demonstrated by quantum-chemical calculations using the example of the PVA + (CuO), system (n = 1-
4) [16]. It was found that PVA is adsorbed on the surface of copper oxide particles through van der Waals
and coordination interactions, as well as intramolecular hydrogen bonding. Polymeric graphitic carbon ni-
tride, g-C3N,, on the contrary, is stable in an agueous-alkaline environment, and the resulting precursors are
deposited on its layered surface, reminiscent of graphite sheets [17, 18]. Therefore, graphitic carbon nitride
not only acts as a stabilizer for copper ferrite precursor particles, but also serves as their carrier.
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During heat treatment of the prepared precursors, the behaviour of the polymer stabilizers remaining af-
ter synthesis also varies. According to thermogravimetric analysis in air (Figure 2, curve 1), the main de-
composition of the PVA polymer occurs in the temperature range of 290-450 °C with a loss of ~80 % of the
initial mass. The main products of the thermal-oxidative decomposition of PVA are water, acetaldehyde,
carbon oxides (CO and CO,), ethanol and other organic compounds, and at temperatures above 500 °C there
are methane and hydrogen [19, 20].
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Figure 2. TG curves for (a) PVA (1), PVP (2), PEG (3) polymers; (b) CuFe,O4 (1), CuFe,O4+ PVP (2),
CuFe, 0,4+ PVA (3) in the air

The TGA data (Figure 2(a), curve 2) reveals that the primary degradation of the PVP polymer takes
place between 320 and 450 °C, accompanied by a mass loss of ~75 %. The decomposition products are
pyrrolidone, CO,, hydrocarbons of various structures, and traces of ammonia [21, 22]. Above 450 °C, oxida-
tion processes occur, releasing CO, and H,O and completely burning the residue. Thermal decomposition of
PEG polymer in air occurs at lower temperatures than that of PVA and PVP polymers: it begins at ~200 °C,
indicating the low molecular weight of the polymer, and is almost fully completed to 390 °C (Figure 2, curve
3). The main products of its decomposition in this temperature range can be aldehydes (formaldehyde, acet-
aldehyde), formic acid, ethylene glycol, methanol, ethanol, water, CO,, CO, etc. [23].

According to the TGA experiment, graphitic carbon nitride produced by treating with dicyandiamide at
550 °C remains stable up to almost 512 °C (Figure 3, curve 1). It then decomposes almost completely to
835 °C, leaving behind approximately 5 % nitrogen-doped carbon (N-C).
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Figure 3. TG curves for g-C3N4 (1), CuFe,0O4 (2), CuFe,04 + g-C3Ny4 (3)

It can be assumed that all existing impurities (for example, NaOH) and the decomposition products of
polymer stabilizers can influence the formation of the ferrite structure, weakening interatomic interactions
and leading to the detachment of O, and reduction of metal cations.

The thermal behavior of the prepared copper ferrite precursors synthesized with and without the addi-
tion of polymer stabilizers, was also studied using TGA. Figure 2(b) shows that the CuFe,O, and CuFe,O,4 +
PVP samples experience mass losses of 25 % and 22 % of the initial mass at temperatures up to 320-350 °C,
respectively, whereas the CuFe,O, + PVA samples experience a mass loss of 30 % of the initial mass. This is
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due to the removal of their contained water and its loss during the transformation of metal hydroxides into
their oxides. Metal ferrites then form as a result of the interaction of their oxides. With a further increase in
temperature, the structures of the formed copper ferrites in the CuFe,O, and CuFe,O4 + PVP samples remain
unchanged and remain stable up to 950-990 °C. In contrast, in the CuFe,O, + PVA sample, the mass loss
continues up to 830 °C reaching almost 50 %, confirming the partial degradation of the copper ferrite itself.
For the CuFe,O,4 + g-CsN, sample (Figure 3, curve 3), a major weight loss step of ~40 % was recorded with-
in the 330-530 °C thermal interval, which points to an incomplete decomposition of the ferrite.

The phase compositions of "pure” copper ferrite and its samples synthesized in the presence of poly-
mers and then heat-treated at 700 °C were determined using X-ray diffraction analysis. At 700 °C, a solid-
state reaction occurs between the copper and iron oxides, leading to the formation of the ferrimagnetic cop-
per ferrite phase according to the following equation:

CUO + Fe;05 25 CuFe,0, )

As copper ferrite is a stable ferrimagnetic phase under these conditions, its formation induces the mag-
netic response of the resulting composite. Therefore, the heat treatment at 700 °C does not cause a loss of
magnetism, but rather enables the synthesis of the magnetically active phase from the initial amorphous met-
al oxides and hydroxides. As a result, the "pure" CuFe,O4 sample contains crystalline phases of cubic copper
ferrite itself and a small amount of copper(ll) oxide (Figure 4, (a)).
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Figure 4. XRD patterns of CuFe,O, (a) after HT at 700 °C and (b) after electrochemical experiments

The X-ray diffraction (XRD) pattern (Figure 5, 1(a)) indicate that heat-treating the CuFe,O, + PVA
precursor causes partial copper ferrite decomposition, generating reduced crystalline phases of Cu® and Fe°
with well-defined, intense peaks. In addition to the remaining copper ferrite, this sample may also contain
iron oxide Fe;0, (magnetite), all of whose peaks overlap with those of CuFe,0,. The formation of Fe;O, oc-
curs as a result of the decomposition of copper ferrite, apparently under the influence of PVA decomposition
products and other impurities (e.g., NaOH): 3CuFe,0, — 3Cu’ + 2Fe;0, + 20,. According to [24], high-
temperature reduction of Fe;0,4 with a gas mixture (H,/CO) occurs stepwise, through the formation of FeO
(wiistite), which is then reduced to pure iron.

XRD patterns of CuFe,O, + PVP (Figure 5, 2(a)) and CuFe,O, + PEG (Figure 5, 3(a)) samples show
that they contain crystalline phases of copper ferrite, copper(ll) oxide, and small amounts of iron oxides,
Fe,0s, and FeO. Apparently, PVP and PEG polymers are more soluble in water than PVA, and when the
samples prepared after synthesis are washed, most of them are lost to the filtrates, and the concentration of
the remaining polymers is insufficient to affect the copper ferrite and decompose it.

During the preparation of precursors for the CuFe,O4 + g-C3N4 sample, graphitic carbon nitride was
taken in a 1:1 mass ratio to the theoretical yield of copper ferrite. After thermal treatment at 700 °C, accord-
ing to XRD analysis, only ~15 % of the carbon remaining in the sample, formed from g-C3N,4, with possible
nitrogen doping (N-C). The XRD pattern of this sample, taken after thermal treatment, shows (Figure 5, 4(a))
that, as with the copper ferrite sample with PVVA, the heat treatment process leads to partial copper ferrite
decomposition, generating metallic copper and iron phases. The resulting composite also incorporates copper
(1, 1) oxides, carbon, and residual CuFe,O, alongside co-existing Fe;0,.

In the electrochemical cell, under the specified conditions, copper ferrite is reduced to form crystalline
phases of copper and iron, as confirmed by XRD analysis (Figure 5, 1(b)-4(b)). As follows from the XRD
patterns, iron cations are more completely reduced in the CuFe,O, + PVP and CuFe,0, + g-CsN, samples,
which follows from the comparatively lower content of Fe;O, oxide in these samples (Figure 5, 2(b) and
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4(b)). Copper cation reduction is more complete in the CuFe,O, + PVA and CuFe,O4 + g-C3N4 samples, ac-
cording to the absence of Cu,O oxide in their compositions after electrochemical experiments (Figure 5, 1(b)
and 4(b)).
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Figure 5. XRD patterns of CuFe,O, + PVA (1), CuFe,O4+ PVP (2), CuFe,O4+ PEG (3),
and CuFe,0,4/g-C3N, (4) after HT at 700 °C (a) and (b) after electrochemical experiments

Figures 6-9 display the SEM images of the copper ferrite samples prepared in the presence of polymer
additives and annealed at 700 °C. The micrographs were taken using two electron detectors: a secondary
electron (SE) detector, which allows one to study the relief and topography of the sample surface, and a
backscattered electron (BSE) detector, which provides information on compositional contrast, i.e., areas with
heavy elements appear brighter in the image than lighter elements. The BSE image of the C CuFe,04 + PVA
sample (Figure 6) contains areas of varying brightness: dark areas, apparently belonging to oxygen-
containing compounds (CuFe,O,4, Fes0,4), and lighter areas containing metallic particles, as established by
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XRD analysis (Figure 5, 1(a)). EDS analysis also revealed areas of this sample's particles with higher and
lower oxygen contents, and revealed a small carbon content (point spectra in Figure 6).

Figure 6.

Figure 7. SEM images of CuFe,O, + PVP (700 °C) sample

The CuFe,0, + PVP and CuFe,O, + PEG samples in BSE images (Figures 7 and 8) appear more com-
positionally uniform compared to the CuFe,O, + PVA sample and consist primarily of copper ferrite parti-
cles. These particles are composed of smaller rounded or plate-like formations and resemble short sausages
shaped to merge with each other, forming a hole in the centre (torus-like). In the CuFe,O, + PEG sample
(Figure 8), these toroidal formations are smaller. EDS analysis revealed the presence of carbon in both of
these samples.
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Figure 8. SEM images of CuFe,0, + PEG (700 °C) sample

According to SE images of the CuFe,O, + g-CsN, sample (Figure 9), its composition contains particles
of varying sizes and shapes: tetragonal pyramids of copper ferrite, layered formations of graphitic carbon
nitride residues, and large balls twisted from plate-like copper oxide formations. EDS analysis of the selected
area revealed a relatively high carbon content and a negligible nitrogen content (spectrum in the SE micro-
graph in Figure 9). This diverse composition of this sample after thermal treatment is well confirmed by its
XRD analysis (Figure 5, 4(a)).
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Figure 9. SEM images of CuFe,0, + g-C3N, (700 °C) sample

The copper ferrite samples prepared with and without the addition of polymers and obtained after ther-
mal treatment were first reduced in an electrochemical cell. The Fe-Cu composites formed during the reduc-
tion were then tested for electrocatalytic activity in the electrohydrogenation of 4-nitrophenol. Notably, 4-
NPh is classified as a pollutant, and its reduced form, 4-aminophenol, is a feedstock for the production of
several pharmaceuticals, including paracetamol. Therefore, 4-NPh is a frequent subject of catalytic studies,
primarily using sodium borohydride as a reducing agent [25-27].

Table 1 presents the results of the studies on the electrochemical reduction (EChR) of heat-treated cop-
per ferrite samples and the electrocatalytic hydrogenation of 4-NPh on Fe-Cu composites. The key parame-
ters evaluating both electrochemical processes are listed below: their durations (t; and t,), the volume of ox-
ygen released (AVo,) in the copper ferrite EChR processes, the average 4-NPh hydrogenation rate (W) during
the initial period (a« = 0.25), the hydrogen utilization coefficient (), close in its values to the faradaic effi-
ciency, and 4-NPh conversion (a). Table 1 presents the experimental data expressed as the arithmetic mean
values (X) + standard deviation (£8) calculated across four independent runs (n = 4) calculated using well-
known methods for the statistical processing of experimental data. For comparison, the parameters character-
izing 4-nitrophenol electrochemical reduction on a bare copper cathode (in the absence of catalyst compo-
sites) are summarized in Table 1.
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Table 1

Electrochemical reduction of copper(l1) ferrite composites and electrocatalytic hydrogenation of 4-nitrophenol

using Fe-Cu containing composites

EChR of copper ferrite Electrocatalytic hydrogenation of 4-NPh
Copper ferrite samples
samples tp, min W, m'L % %
t,min | AVg, mL 2 H,/min TR o
Cu cathode — - 95.00+5.77 | 5.15+0.13 | 31.23+1.94 | 95.45+0.86
CuFe, 0,4, 700 °C 170.00+8.16 | 146.18+3.25| 35.00+5.77 | 14.78+0.28 | 89.50+1.89 | 98.38+0.68
CuFe,04 + PVA, 700 °C 70.00+8.16 | 96.25+2.43 | 35.00+5.77 | 14.90+0.29 | 89.54+1,78 | 98.40+0.63
CuFe,04 + PVP, 700 °C 200.00+8.16 | 156.55+4.00 | 35.00+5.77 | 14.954+0.84 | 91.35+3.83 | 97.65+1.80
CuFe,O, + PEG, 700 °C 208.75+8.54 | 153.70+6.62 | 35.00+5.77 | 15.70+0.55 | 93.75+£3.20 | 97.10+£2.06
CuFe,04(1) + g-C3Ny(1), 700 °C | 95.00+9.13 |115.78+8.72 | 36.30+4.79 | 13.20+0.79 | 80.15+5.17 | 97.68+1.72

The XRD data confirm that under the specified conditions, the thermally treated copper ferrite samples
deposited on a Cu cathode undergo reduction, yielding Fe-Cu composites that still retain minor metal oxide
residues (Figures 4(b) and 5, 1(b)-4(b)). As was shown previously [14], the electrochemical reduction of cat-
ions of both metals occurs in parallel. Possible electronic processes with the formation of assumed interme-
diate copper and iron oxides are described in a recently published article [15]. From the data in Table 1 it
follows that the duration of electrochemical reduction of copper ferrite in the studied samples differs signifi-
cantly. Shorter values of EChR duration are found for the copper ferrite samples synthesized using PVA and
g-C3sN,4 polymers, i.e. these are just the ones that, during heating at 700 °C, underwent partial decomposition
with the formation of copper and iron in a zero-valent state (Figure 5, 1(b) and 4(b)). In the samples with
PVP and PEG polymers, in which thermal decomposition of copper ferrites did not occur (Figure 5, 2(b) and
3(b)), on the contrary, the EChR duration even increased slightly compared to pure CuFe,O,4, which is also
stable at 700 °C (Figure 4, (b)). This, firstly, may indicate a retarding effect of the carbon-containing residues
of these polymers on the electrochemical reduction of metal cations in copper ferrite. Secondly, the recorded
volumes of oxygen, released in addition to the volumes of H, and O, gases in a 2:1 ratio, also increased
slightly, which may indicate more complete reduction of metal cations compared to the pure copper ferrite.

Electrochemical reduction of 4-NPh on a Cu cathode under the given conditions occurs at a rate of
5.15+0.21 mL/min, has a long duration, and has a fairly high degree of 4-NPh conversion (95.45+1.37 %)
(Table 1). It can be assumed that this process is accompanied by the formation of by-products, which is typi-
cal for nitro compounds in an electrochemical system [28]. However, the UV-Vis spectra of the diluted
catholyte after 4-NPh electrohydrogenation (Figure 10, (b), curve 2) show the presence of a small amount of
unreacted 4-NPh (a broad peak in the region of 403 nm) and a high content of 4-aminophenol (4-APh) (a
peak in the region of 313 nm). For comparison, Figure 10, (a) shows the UV-vis spectra for aqueous-alkaline
solutions of pure 4-NPh and 4-APh compounds. The use of Fe-Cu composites as electrocatalysts in this pro-
cess, firstly, promotes a nearly threefold acceleration in the 4-NPh hydrogenation rate, thereby substantially
shortening the reaction duration; secondly, the 4-NPh conversion reaches its maximum values. The absence
of the initial 4-NPh in the catholytes after electrocatalytic hydrogenation on Fe-Cu composites formed from
CuFe,0, + PVA, CuFe,0, + PEG, and pure CuFe,O, samples is confirmed by UV-Vis spectra (Figure
10, (b)).

Among all copper ferrite samples, two samples, CuFe,O, + PVA and CuFe,0, + PEG, shown the high-
est 4-NPh hydrogenation rate (Table 1). The copper ferrites in these samples did not decompose during
thermal treatment at 700 °C (Figures 5, 2(a) and 3(a)). As shown in the XRD patterns of these samples after
electrochemical experiments (Figures 5, 2(b) and 3(b)), the diffraction peaks of the unreacted magnetite
phase have the lowest intensity. Such a decline points to a near-total conversion of iron ions in these sam-
ples, and consequently, the highest content of reduced iron. This likely explains the highest rates of
electrocatalytic hydrogenation of 4-NPh on Fe-Cu composites formed from these samples.
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Figure 10. UV-vis spectra of (a) 4-NPh at the beginning of electrohydrogenation (1), and pure 4-APh (2); (b) catolyte
with 4-NPh at the beginning of electrohydrogenation (1), catolyte after electrochemical reduction of 4-NPh (2), and
catolytes after electrocatalytic hydrogenation of 4-NPh on the Fe-Cu composites based on (3) CuFe,0,4 (700 °C),
(4) CuFe,04+ 3 % PVA (700 °C), and (5) CuFe,O4+ 3 % PVP (700 °C) samples

The samples synthesized using PVA and g-CsN, polymers contained a large amount of reduced copper
(based on the peak ratio in the 20 = 43-45° angle range) already after the thermal treatment (Figure 5, 1(a)
and 4(a)), which further increased after the electrochemical reduction of these samples. The resulting Fe-Cu
composites demonstrated superior electrocatalytic performance during the electrohydrogenation of 4-
nitrophenol, but slightly lower than that of the other composites (Table 1). Furthermore, it should be noted
that the copper ferrite content in the CuFe,O4 + g-C3Ny4 (700 °C) sample was lower than that in the samples
containing other polymers, and, therefore, the amount of reduced metals in the Fe-Cu composite formed
from this sample was also lower. This apparently explains the some decrease in the rate of 4-NPh hydrogena-
tion exhibited by this composite in the studied process compared to that of the other composites.

Conclusions

A comparison of the phase compositions of copper(ll) ferrites synthesized by co-precipitation in the
presence of a number of polymers (PVA, PVP, PEG, and g-C3N,) followed by heat treatment at 700 °C re-
vealed the varying effects of these polymers on the subsequent transformation of the resulting copper ferrite
samples. It was found that some polymers (PVA, g-CsN,) affect the phase compositions of the copper fer-
rites, leading to their partial decomposition during heat treatment, and their electrochemical reduction de-
creasing its duration. Other polymers (PVP, PEG) do not have this effect, but a more complete electrochemi-
cal reduction of iron cations in their copper ferrite samples prepared with their participation facilitates better
intensification of 4-NPh electrohydrogenation with the formation of a single product, 4-aminophenol, which
is of great practical importance. The different effects of the polymer additives discussed may be due to their
structure, decomposition products during heat treatment, and their interaction with copper ferrite atoms. An
additional factor influencing the copper ferrite transformations discussed may be the polymer concentration
in co-precipitation reaction environment and their residual content in the copper ferrite precursors.
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Comparative Electrochemical and Corrosion Inhibition Assessment of Commercial
Tannic Acid, Crude Extracts, and n-Butanol Fractions of Quercus robur Stem Bark

In this study, crude aqueous-ethanolic extract and n-butanol fraction of Quercus robur stem bark were ob-
tained, and their corrosion-inhibition performance on mild steel in 1 M HCI was evaluated while their per-
formances are compared to the commercial tannic acid used as standard. Corrosion inhibition was assessed by
potentiodynamic polarization at 200 mg L™ after 1 hour of immersion. The n-butanol fraction exceeded the
71.9 % efficiency of the crude extract, though remaining below the 98.2 % maximum efficiency observed for
the tannic acid standard at 1000 mg L. Polarization curve shifts support classifying the tannin-containing
samples as mixed-type inhibitors. Adsorption-isotherm analysis showed model-dependent behavior: the
Freundlich model provided the highest R? for the crude extract, while the Langmuir model provided the high-
est R? for the n-butanol fraction and tannic acid. These fits represent empirical descriptions of concentration-

dependent inhibition rather than direct molecular mechanisms. For commercial tannic acid, the standard

Gibbs free energy of adsorption Angs as approximately -33.3 kJ mol™!, indicating thermodynamically fa-

vorable adsorption. Overall, solvent fractionation improved inhibition performance. These findings indicate
the n-butanol fraction's potential as a plant-derived inhibitor. Further phytochemical investigation, isolation
and characterization are required to properly identify the active constituents underlying the adsorption mech-
anisms.

Keywords: Quercus robur, n-butanol fraction, commercial tannic acid, corrosion inhibitor, mild steel,
potentiodynamic polarization, adsorption isotherms.

1 Introduction

Corrosion of metals and alloys remains a critical, resource-intensive challenge across industrial sectors
such as oil and gas production, pipeline infrastructure, construction, and water supply systems. Beyond caus-
ing severe economic losses through structural degradation, corrosion indirectly accelerates global greenhouse
gas emissions. While conventional corrosion mitigation relies heavily on inorganic inhibitors (such as chro-
mates, phosphates, and silicates) and synthetic organic compounds, their toxicity and severe environmental
risks have necessitated a transition toward sustainable alternatives [1, 2]. Consequently, recent research has
increasingly focused on biodegradable, plant-derived green inhibitors.

Among naturally occurring plant-derived compounds, tannins extracted from bark, seeds, and leaves
have attracted substantial attention due to their structural features and potential corrosion-inhibiting proper-
ties. Tannins are polyphenolic compounds generally classified into hydrolysable tannins, which include gal-
lic acid-derived structures, and condensed tannins, consisting mainly of oligomeric and polymeric
proanthocyanidins. Quercus robur bark has been reported as a source of tannin-containing polyphenolic
compounds, including hydrolysable and condensed tannin-related constituents [3-5]. Owing to the presence
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of multiple phenolic hydroxyl groups and aromatic structures, tannin-containing plant materials have attract-
ed increasing interest as potential environmentally compatible corrosion inhibitors. While historically uti-
lized in medicine and leather processing, these polyphenolic materials are increasingly being investigated for
applications in materials science, including corrosion protection.

The corrosion-inhibition activity of plant tannins has commonly been attributed to their abundant hy-
droxyl groups and aromatic rings, which may act as electron-donating sites [6]. Previous studies have pro-
posed that tannin-containing compounds can adsorb on metal surfaces and interact with iron species, poten-
tially forming iron—tannate complexes that contribute to the formation of a protective interfacial layer [7, 8].
Such interactions have been proposed to contribute to corrosion inhibition in aggressive hydrochloric acid
environments, which are widely encountered in industrial pickling, acid cleaning, and scale removal. Elec-
trochemical studies have also reported tannin-containing inhibitors as mixed-type inhibitors, based on their
effects on both the anodic and cathodic branches of polarization curves [8, 9].

Plant-derived tannins have demonstrated corrosion-inhibition activity under diverse experimental condi-
tions. For instance, Gelam tree bark tannins achieved 89.66 % inhibition efficiency for mild steel in 1 M HCI
[10], quebracho tannin extract showed corrosion-inhibition effects in 3.5 % NaCl solution [11], and commer-
cial tannins (TG 3300) reached approximately 85 % inhibition efficiency at pH 10.5 [12]. Previous studies
have associated these protective effects with adsorption of tannin-containing species and possible interac-
tions between phenolic constituents and iron species, including the formation of iron—tannate complexes.

In the present study, a crude agueous-ethanolic extract of Quercus robur stem bark was subjected to se-
guential solvent fractionation, and the resulting n-butanol fraction was evaluated for corrosion inhibition of
mild steel in 1 M HCI. The crude extract and the n-butanol fraction were characterized using FT-IR spectros-
copy, and UV-Vis spectrophotometry, while commercial tannic acid was used as a reference material. Their
corrosion-inhibition performance was comparatively evaluated by potentiodynamic polarization at different
concentrations and immersion times. In addition, the concentration-dependent inhibition data were analyzed
using Langmuir, Freundlich, and Temkin adsorption-isotherm models. The study therefore provides a com-
parative assessment of the crude extract, its n-butanol fraction, and commercial tannic acid, with particular
emphasis on the effect of solvent fractionation on tannin-equivalent content and corrosion-inhibition perfor-
mance.

2 Experimental

2.1 Preparation and Extraction of Quercus Robur Bark

Granulated commercial oak (Quercus robur) bark was obtained from Zerde-Fito LLP (Kazakhstan) and
used as-supplied. A 1000 g portion of the dried bark was treated with a 1:1 (v/v) water-ethanol solvent mix-
ture (3 L) as illustrated in Figure 1. Following extraction, the liquid suspension was filtered to completely
remove residual solid plant biomass. The resulting dark-brown filtrate was subsequently concentrated under
reduced pressure using an IKA RV 05 Basic rotary evaporator coupled with an HB4 Basic heating bath
(IKA-Werke GmbH & Co. KG, Germany). To protect thermolabile phenolic compounds against thermal
degradation, distillation was maintained strictly at a controlled temperature range not exceeding 4045 °C
[13]. This optimized recovery protocol yielded 83.27 g of a highly concentrated, dark-brown viscous
ethanolic extract which was further subjected to solvent-solvent partitioning to obtain the n-butanol fraction
used for subsequent characterization and corrosion-inhibition evaluation.

2.2 Liquid-Liquid Fractionation

A portion of the dried extract (50.0 g, dry weight basis) was re-dissolved in 1.0 L of distilled water and
successively partitioned using solvents of increasing polarity following a standard phytochemical fractiona-
tion procedure [14]: n-hexane (500-600 mL), dichloromethane (1000 mL), ethyl acetate (1400 mL), and n-
butanol (1400 mL). Concentration in vacuo yielded the n-hexane fraction (0.85 g), dichloromethane fraction
(1.862 @), ethyl acetate fraction (7.705 g), n-butanol fraction (16.332 g), and residual aqueous fraction
(20.140 g). This sequential solvent hierarchy — transitioning from non-polar to high-polarity media effec-
tively fractionated the complex phytochemical matrix, with dominant mass recoveries concentrated in the
polar n-butanol and aqueous phases, reflecting the inherent abundance of hydroxyl-rich polyphenolic con-
stituents in Quercus robur. The cumulative recovery mass accounted for approximately 93.8 % of the initial
extract load, with the minor mass differential (<6.2 %) well within expected technical parameters due to in-
terfacial retention and mechanical transfer losses during multi-step liquid-liquid extraction.
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2.3 Thin-Layer chromatography (TLC)

The TLC plates were developed using carefully optimized solvent systems was utilized strictly as a
gualitative fingerprinting and comparative tool, rather than a quantitative metric to resolve the polar constitu-
ents within the n-butanol fraction. Following development, visualization was achieved via exposure to iodine
vapors and subsequent inspection under ultraviolet light at wavelengths of 254 nm and 366 nm to detect UV-
active and fluorescent phytochemical metabolites. Distinct, well-resolved spots with reproducible Ry values
were successfully recorded, mapping the phytochemical distributions in the fraction as compared to the
standard commercial tannic acid.

2.4 Fourier-Transform Infrared (FT-IR) Spectroscopy

FT-IR spectra of commercial tannic acid (ACS reagent, Sigma-Aldrich, Merck KGaA, Germany, cata-
log no. 403040-100G; manufactured in China), the crude ethanolic extract, and the n-butanol fraction were
acquired using an ALPHA 1l FT-IR spectrometer equipped with an ATR module and the ATR-LIB-
COMPLETE spectral library (Bruker, Germany).

2.5 UV-Vis. Absorption Spectrophotometry

The total tannin content in the crude plant material was determined in accordance with the standardized
protocol outlined in the State Pharmacopoeia of the Republic of Kazakhstan, as described in a recent study
[15]. Quantitative evaluation of the n-butanol fraction was performed using a Hanon i3 UV-Vis spectropho-
tometer (Jinan Hanon Instruments Co., Ltd., China). Measurements were conducted at the characteristic ab-
sorption maximum of tannins, with quantification established via the linear relationship between solution
concentration and absorbance at 290 nm in accordance with the Beer-Lambert law (Equation 1).

2.6 Preparation of Standard and Reagent Solutions

Quantitative estimation of the total tannin content in the crude ethanolic extract and its derived n-
butanol fraction was performed spectrophotometrically using tannic acid as the analytical standard. A prima-
ry stock standard solution (1.0 g L™) was prepared by dissolving 1.000 g of analytical-grade tannic acid in
distilled water and diluting to a final volume of 1000 mL. To prevent oxidative degradation of the
polyphenolic structures during the assay, a freshly prepared 0.2 % (w/v) sodium bisulfite solution was uti-
lized throughout the procedure.

A reference blank solution was prepared by dissolving 0.042 g of benzoic acid in 100 mL of distilled
water, from which a 2.0 mL aliquot was further diluted to 10.0 mL with distilled water. For calibration, pre-
cise working aliquots ranging from 6.0 mL to 6.8 mL of the stock tannic acid solution were transferred into
volumetric flasks. Each mixture was treated with 50.0 mL of the 0.2 % sodium bisulfite protective solution,
2.5 mL of a 0.01 M FeCl; chromogenic reagent, and 50.0 mL of distilled water, followed by thorough ho-
mogenization and dilution to volume.

Absorbance measurements of the resulting ferric-tannate complexes were recorded at a wavelength of
290 nm using 1 cm quartz cuvettes against the prepared reference blank for baseline correction. Final con-
centrations and total tannin yields were quantified in strict accordance with the Beer-Lambert law.

A = ¢cl Q)
where A is the absorbance, ¢ is the molar absorptivity coefficient, c is the concentration, and | is the optical
path length.

2.7 Electrochemical Measurements

The corrosion-inhibition performance of the investigated tannin-containing samples was evaluated us-
ing potentiodynamic polarization, which is based on the continuous variation of the electrode potential at a
predetermined scan rate while recording the resulting current response. This method enables evaluation of
corrosion-inhibition performance and assessment of changes in the anodic and cathodic polarization behavior
of the steel.

Electrochemical ~ measurements  were  performed using an  Autolab PGSTAT302N
potentiostat/galvanostat. All experiments were conducted in a conventional three-electrode electrochemical
cell consisting of a mild steel working electrode with an exposed surface area of 0.1256 cm?, a platinum
counter electrode, and an Ag/AgCI reference electrode.

Potentiodynamic polarization measurements were carried out in the potential range from -0.30 to
+0.30 V relative to the open-circuit potential (OCP) at a scan rate of 2 mV s™. For each inhibitor concentra-
tion and immersion condition, three independent electrochemical measurements were performed using three
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separate mild-steel specimens (n = 3). Each specimen was freshly prepared and polished prior to an individu-
al electrochemical measurement. The reported electrochemical parameters are presented as mean = standard
deviation (SD) of the three independent measurements.

All electrochemical measurements were performed at room temperature (approximately 25 °C). Prior to
testing, steel specimens were sequentially polished with abrasive papers of different grit sizes, rinsed with
distilled water and acetone, and finally dried in air. This procedure was used to remove surface contaminants
and obtain comparable initial surface conditions for the electrochemical measurements.

To evaluate the inhibitory performance of the investigated extracts, steel specimens were immersed in 1
M HCI solutions containing inhibitor concentrations ranging from 200 to 1200 mg L™. Polarization meas-
urements were performed either immediately after immersion or after 1 h of immersion.

For Tafel analysis, linear portions of the anodic and cathodic polarization branches approximately 50—
100 mV from the corrosion potential (Eqorr) Were used for extrapolation.

The inhibition efficiency was evaluated from the polarization parameters and corrosion rates calculated
from the electrochemical data according to the following equation 2 [10]:

-0 .
(%) = Jerr—Jeor 70005 )

JCOI’F

where jS s the corrosion current density in the uninhibited solution (A cm®), and j_,,, is the corrosion cur-
rent density in the presence of the tannin-containing inhibitor (A cm™).

3 Results and Discussion

3.1 Extraction, Solvent-Solvent Partitioning of Quercus robur Bark and TLC profiles

The systematic workflow for the extraction and sequential solvent-solvent partitioning of the Quercus
robur bark ethanolic extract is detailed in Figure 1. Sequential solvent-solvent partitioning facilitated a polar-
ity-directed fractionation of the crude extract. The negligible yield recorded for the n-hexane fraction reflects
a sparse concentration of non-polar constituents, such as aliphatic lipids and waxes, within the Quercus robur
bark matrix. Conversely, the prominent quantitative recoveries observed across the ethyl acetate, n-butanol,
and the residual aqueous fractions underscore a strong predominance of polar metabolites. This macroscopic
distribution pattern aligns directly with the chemical profile of polyhydroxylated phenolic compounds,
whose numerous hydroxyl groups and extensive hydrogen-bonding capacity govern their preferential parti-
tioning into polar media, such structural features further corroborated by prominent infrared (IR) spectro-
scopic signals, notably the broad O-H stretching and aromatic C=C skeletal vibrations [16].

While exhaustive isolation of individual pure phytochemical constituents fell outside the immediate
scope of this investigation, we optimized mobile phase systems established via preliminary TLC screening
successfully mapped the complex phytochemical distribution of the crude matrix where solvent systems for
column chromatography were developed. Typical thin-layer chromatography (TLC) profiles of crude
ethanolic extract (Al), ethyl acetate fraction (A2), n-butanol fraction (A3) and commercial tannic acid (A4)
are shown (Figure 2).
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dried oak
stem-bark

(1000 g)

1. Extraction

Soaked in water-
ethanol (1:1, v/v; 3 L)
for 1 week with
occasional agitation

Filtration of the
brown liquid and
concentration in

vacum

—

83.27 g dark-brown
solid (crude EtOH
extract)

Dissolved in
distilled water (1.0 L)

Solvent-solvent
partitioning

2.Solvent-solvent J J J J 1

partitioning

n-Butanol
fraction: 16.33 g,
dark-brown solid

Dichloromethane
fraction: 1.86 g,
mixture oily

n-Hexane
fraction: 0.85 g,
yellow oil

Ethyl acetate
fraction: 7.71 g,
light-brown solid

Aqueous
extract: 31.66 g,
very dark-
brown solid

Figure 1. Extraction and Fractionation Scheme of Quercus robur Bark
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Figure 2. A typical TLC plates used for solvent system development and phytochemical constituents evaluation: Plate

(a): crude ethanolic extract (A1), ethyl acetate (A2), n-butanol fraction (A3); Plate (b): commercial tannic acid, (TA));

and Plate (c): (A1) crude extract, (A2) ethyl acetate fraction, (A3) n-butanol fraction, and (A4) commercial tannic acid
in ethyl acetate (100 %, volume, plates (a) and (b)); or ethyl acetate-ethanol (9:1, v/v). as mobile phase (plate c).

3.2 Comparative Analysis of FTIR Spectroscopic Studies of Commercial Tannic Acid, Crude Extract
and n-Butanol fraction

The FT-IR spectral of the crude ethanolic extract and n-butanol fraction recorded within the 4000-400
cm™ region, exhibits characteristic vibrational frequencies that are comparable to the functional groups ob-
served in the FT-IR spectrum of the commercial tannic acid used as standard. For the commercial tannic acid
— chemical structure as shown in Figure 3, and previously reported to be a complex and varying mixture of
different gallotannins and simpler galloylglucoses [17]. The broad absorption band observed at 3191.22 cm™
is attributed to the stretching vibration of hydroxyl v(O-H) groups, indicative of an extensive hydrogen-
bonding network within the molecular framework. A very weak band detected at 2890.66 cm™ corresponds
to the asymmetric and symmetric stretching vibrations of methylene (CH,) groups.

The prominent sharp peaks resolved at 1701.96 cm™ and 1697.34 cm™ are assigned to carbonyl v(C=0)
stretching modes associated with the galloyl and ester functionalities. The distinct peak at 1604.66 cm™ peak
is characteristic of the skeletal aromatic ring stretching vibration v(C=C). Furthermore, the absorption band
at 1442.83 cm™ is assigned to aromatic methine in-plane bending or skeletal vibrations v(C—H), while the
peak at 1306.98 cm™ corresponds to the symmetric stretching mode of carboxylate v(—-COO-) species. Final-
ly, the intense absorption bands observed at 1174.86 cm™ and 1010.23 cm™ are ascribed to the v(C-O-C)
stretching vibrations of the ester and ether linkages inherent to the pyrogallol and glucose core structures
[18]. Additional absorption features resolved at 1081.77 cm™, 864.33 cm™, and 753.00 cm™ further corrobo-
rate the complex aromatic substitution patterns and out-of-plane (C—H) bending modes of the polyphenol
network.

Figure 3. A typical schematic structure of commercial tannic acid used as reference standard

ISSN 2959-0663 (Print); ISSN 2959-0671 (Online); ISSN-L 2959-0663 133



Burkitbayeva, B.D., Adeloye, A.O.et al.

A comparative overlay of the FTIR spectra revealed that the broad v(O—H) stretching band of reference
commercial tannic acid at 3191.22 cm™ shifted to 3246.65 cm™ in the crude ethanolic extract and
3311.53 cm™ in the n-butanol fraction of Quercus robur stem bark (Figures 4 and 5). In contrast, among the
three samples, this band was very weak in the crude ethanolic extract, yet mostly pronounced and of the
highest intensity in the n-butanol fraction, indicating a potential higher abundance of (O—H) groups. Similar-
ly, prominent v(C—H) stretching peaks were observed at 2927.62 and 2870.13 cm™ for the n-butanol fraction;
whereas a clear band in this region was difficult to resolve in the crude extract. Furthermore, carbonyl
v(C=0) stretching bands were identified at 1706.07 cm™ and 1701.96 cm™ in the crude extract and n-butanol
fraction, respectively.

The FT-IR spectra also display key absorption frequencies that closely resemble those of the reference
tannic acid. Specifically, the peaks observed at 1609.02 cm™ and 1606.78 cm™ correspond to aromatic
v(C=C) stretching vibrations. This correspondence extends to the band at 1442.83 cm™ v(C—H) methine
bending), the signals at 1330.36 cm™ and 1304.98 cm™ assigned to the symmetric v(—COO-) stretching), and
the ether linkages identified by bands at 1174.86 cm™ and 1010.23 cm™ v(C-O-C) groups).

It is observed that specific vibrational bands present in the n-butanol fraction are absent in the crude ex-
tract. This phenomenon is likely due to a combination of concentration effects, the removal of overlapping or
masking species, and matrix effects. As bioactive compounds in plant materials exist as complex multi-
component mixtures, their effective separation and characterization often present significant analytical chal-
lenges [19, 20]. Furthermore, discrepancies between the n-butanol fraction and the commercial tannic acid
spectrum were observed; specifically, certain peaks appearing in the n-butanol fraction were absent in the
pure tannic acid as reference. This variation is attributed to the presence of co-extracted secondary metabo-
lites within the fraction, which act as impurities relative to the purified commercial standard. Consequently,
further purification via column chromatography will be employed to isolate the target constituents.
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Figure 4. FT-IR of crude ethanolic extract of Quercus robur
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Figure 5. Comparative FT-IR of Commercial Tannic acid and n-Butanol fraction
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3.3 Quantitative Determination of Tannin Contents by UV-Visible Spectrophotometry

The total tannin content (TTC) of both the crude extract and n-butanol fraction was determined
spectrophotometrically and expressed as tannic acid equivalents (TAE) per gram of dry weight. Initially, the
TTC of the crude agueous-ethanol extract of Quercus robur stem bark was calculated as 70.8 mg TAE/g™! of
dry weight (7.08 % wi/w). After liquid-liquid fractionation of the total crude extract to obtain n-butanol frac-
tion, the resulting fraction was analyzed under previous identical conditions for the crude ethanolic extract.
Using the standard calibration curve (A = 0.012C + 0.02) and linearity range (57.3 to 80.8 mg L™), the
measured absorbance (A = 0.87) corresponded to a solution concentration of 70.83 mg L. Taking into ac-
count the initial sample mass, final volumetric dilution, and dilution factor, the total tannin content (TTC) of
the n-butanol fraction was calculated as 225.0 mg TAE g™ dry weight (22.5 % w/w on a dry weight basis).
This reflects a successful and approximately threefold enrichment of the active polyphenolic components in
the n-butanol fraction compared to the primary crude ethanolic extract. This significant enhancement is fun-
damentally attributed to selective solvent-solvent partitioning, where polar polyphenolic components (includ-
ing tannins) are preferentially extracted into the n-butanol fraction while all extraneous, non-active matrix
components are separated out.

3.4 Potentiodynamic Polarization Analysis of St3 Steel in 1.0 M HCI

The inhibitory properties of the crude ethanolic extract and the n-butanol fraction of Quercus robur
were evaluated using potentiodynamic polarization and compared against commercial tannic acid.
Potentiodynamic polarization curves were recorded for both extracts and the reference control in 1.0 M HCI.

Potentiodynamic polarization measurements were conducted to compare the corrosion-inhibition per-
formance of the crude ethanolic extract and the n-butanol fraction of Quercus robur bark against a commer-
cial tannic acid control. As shown in Figures 6-8, the polarization curves enabled comparison of the corro-
sion-inhibition performance of the investigated samples and assessment of changes in the anodic and cathod-
ic polarization behavior.
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Figure 6. Potentiodynamic polarization curves of mild steel in 1 M HCI solution at different concentrations of the crude
ethanolic extract after 0 h (A) and 1 h (B) immersion at 298 K
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Figure 7. Potentiodynamic polarization curves of mild steel in 1 M HCI solution at different concentrations
of the n-butanol fraction after 0 h (A) and 1 h (B) immersion at 298 K
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Figure 8. Potentiodynamic polarization curves of mild steel in 1 M HCI solution at different concentrations
of commercial tannic acid after 0 h (A) and 1 h (B) immersion at 298 K

A comparative analysis of the potentiodynamic polarization curves revealed that the addition of both
the crude ethanolic extract and the n-butanol fraction produced changes in both the anodic and cathodic po-
larization branches, while displacing the corrosion potential (E..), indicating changes in the electrochemical
corrosion behavior. Consequently, the corrosion rate (Cr) decreased while the inhibition efficiency (n) im-
proved across both treatments (Tables 1-6). Although the n-butanol fraction elicited a more substantial re-
duction in corrosion current density than the crude extract, consistent with its higher inhibition efficiency
compared with the crude extract, both natural extracts demonstrated a comparatively attenuated inhibitory
effect relative to commercial tannic acid, as evidenced by the magnitude of current density reduction and
polarization curve displacement.

These observed disparities in inhibitory efficacy are plausibly ascribed to differences in chemical com-
position and the relative abundance of active constituents contributing to the observed corrosion inhibition
behavior. Furthermore, these findings substantiate the capacity of both the crude extract and the n-butanol
fraction to suppress electrochemical corrosion, underscoring the viability of investigating these botanical ex-
tracts as sustainable, eco-friendly corrosion inhibitors.

Table 1

Electrochemical polarization potentiodynamic data for mild steel at different concentrations of crude ethanolic
extract, in 1 M HCI, at 298 K, at 0 hour immersion time

Cinhs .
mgmlh__l Ecor, MV Jeorrs HA/CmZ Ba Be Cg, mm/year n, %
0 -491.94+2.16 752.52 £10.74 148.76 + 1.80 83.93+2.57 8.74 £ 0.02

200 -503.78 +£ 3.25 850.48 +£14.23 60.30£1.76 4924 +1.98 9.88 £0.01 -

400 -485.52 £ 1.98 695.80+10.92 65.17+1.35 74.10+2.63 8.08 £0.02 7.54+0.78

600 -436.68 = 2.36 673.49 +£12.67 121.24 + 1.56 67.77+2.19 7.83 +£0.03 10.50 £ 0.65

800 -471.46 £2.76 619.70 + 13.02 34.54+1.33 33.85+1.79 7.20+0.03 17.65+0.89

1000 -504.19 £ 1.63 553.87£11.89 32.54+1.89 36.21 +£2.08 6.62 £0.02 26.39+0.90

1200 -484.41 = 1.85 496.42 +10.77 57.46+1.27 37.17+1.65 5.61 +£0.03 34.03+ 0091
Table 2

Electrochemical polarization potentiodynamic data for mild steel at different concentrations of crude ethanolic
extract, in 1 M HCI, at 298 K, at 1 hour immersion time

Cinhs .
mgmlrl'l Ecorr, MV joorrs BA/cm? Ba Be Cr, mm/year n %
0 -458.74 £ 1.86 723.12 +£12.87 143.75+1.09 135.65 +1.87 8.69+0.01
200 -487.64 £2.32 506.98 £ 11.69 34.52+1.67 40.00 £2.19 5.89+0.02 29.89 + 0.74
400 -461.96 £3.45 453.57 +£13.42 63.98 +1.84 72.63 +£2.78 5.27+0.02 37.27+0.86
600 -411.86 +£1.99 321.88+10.98 46.25 + 1.49 40.86 +2.93 3.74+0.01 5548 +£0.91
800 -463.90 £2.35 28595+ 11.83 4229+ 1.78 42.04 +1.98 3.32+0.03 60.46 + 0.87
1000 -502.21 £2.78 245.72 +£11.69 199.88 +1.91 2727 +1.84 2.86+0.01 66.02 + 0.68
1200 -490.21 £1.97 203.15+12.86 60.70 + 1.69 52.44 +2.09 2.36+0.03 71.91+0.79
136 Eurasian Journal of Chemistry, 2026, Vol. 31, No. 3(123)
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Table 3

Electrochemical polarization potentiodynamic data for mild steel at different concentrations of n-BuOH fraction,
in1 M HCI, at 298 K, at 0 hour immersion time

Cinny )
mg'”l':_l Ecorr, MV jeorrs BA/cm? Ba Be Cr, mm/year n %
0 -491.94+2.16 | 752.52+10.74 | 148.76+1.80 | 83.93+2.57 | 8.74+0.02
200 | -499.64+1.96 | 739.66+1243 | 50.14+143 | 50.48+1.78 | 8.59+0.02 1.71+0.76
400 | -505.89+2.56 | 728.30+11.87 | 5429+1.56 | 40.09+1.66 | 8.46=0.03 322+0.84
600 | -490.54+2.54 | 688.75+13.21 | 44.87+1.67 | 4440+2.07 | 8.00+0.03 8.47+0.59
800 | -470.39+1.99 | 671.38+11.65 | 80.00+1.75 | 62.32+191 | 7.80+0.01 10.78 + 0.92
1000 | -489.43+3.14 | 533.13+£12.36 | 47.01+1.86 | 4126+1.77 | 6.19+0.02 29.15+0.89
1200 | -475.58 +£1.95 | 479.12+12.86 | 93.04+198 | 47.15+1.87 | 5.56+0.02 36.33 £ 0.77
Table 4

Electrochemical polarization potentiodynamic data for mild steel at different concentrations of n-BuOH fraction,
in1 M HCI, at 298 K, at 1 hour immersion time

Cinhs .
mgmlh__l Ecors MV Jeorrs HA/CTnZ Ba Be Cr, mm/year n, %
0 -458.74 £ 1.86 723.12 £ 12.87 143.75 £ 1.09 135.65+1.87 8.69+0.01
200 -468.28 £1.99 493.82 +12.06 142.70 £ 1.86 142.38 £1.93 5.73+0.01 31.71+0.74
400 -488.07 £ 2.78 376.70 £ 11.67 88.95 +£2.31 134.37 +£1.58 5.53+0.02 47.91 +£0.86
600 -504.36 £ 1.87 265.04 +13.85 83.85+1.73 113.17 £ 1.85 3.08+0.03 63.35+0.91
800 -473.07 £3.04 220.12+11.98 37.76 £2.34 47.39+1.90 2.56+0.02 69.56 £ 0.78
1000 -470.18 £ 3.46 215.64 +12.75 23.64+1.84 3525+ 1.88 2.50+0.01 70.17 £0.82
1200 -480.58 +2.54 148.43 £ 13.09 50.78 £1.98 19.52 +£1.49 1.72+0.02 79.47 £0.67
Table 5

Electrochemical polarization potentiodynamic data for mild steel at different concentrations of commercial
tannic acid, in 1 M HCI, at 298 K, at 0 hour immersion time

Cinn, .
mgmli Ecorr, MV jeorrs BA/cm? Ba Be Cr, mm/year n, %
0 -491.94 +2.16 752.52 £10.74 148.76 + 1.80 83.93 +2.57 8.74 +0.02

200 -505.86 +2.75 1065.02 + 15.04 62.50 +£1.97 50.41 +£1.98 12.37 £0.02 -

400 -488.86 +1.97 790.45 +12.76 138.38 +2.04 106.74 + 1.85 9.18 +£0.03 -

600 -487.82 +2.67 408.38 £ 11.87 66.78 £ 1.67 65.54+1.76 4.75+0.03 4573 £0.85
800 -489.40 +3.09 354.68 + 13.89 3346+ 1.84 33.59+£2.12 3.42+0.01 52.87£0.76
1000 -487.86 +2.86 211.28 £ 11.67 26.78 £ 1.56 2446 + 1.86 2.45+0.02 71.92 +£0.91
1200 -487.91 +1.94 02.87+£12.88 6.05+1.95 8.21+1.69 1.07+0.02 87.66 £0.87

Table 6

Electrochemical polarization potentiodynamic data for mild steel at different concentrations of commercial
tannic acid, in 1 M HCI, at 298 K, at 1 hour immersion time

m(émlrl’-l Ecorr, MV Jeorrs HA/CmZ Ba Be Cr, mm/year n, %
0 -458.74 + 1.86 723.12 £12.87 143.75+1.09 135.65 +1.87 8.69 £ 0.01
200 -459.72 £2.05 22490 +13.76 74.52+1.37 60.22 +1.65 2.61+0.02 68.89 £ 0.62
400 -425.64 £1.98 196.67 £ 12.87 99.23+1.62 70.65 +1.50 2.28 £0.03 72.80+0.76
600 -451.00 £2.67 104.94 + 14.64 122.75+1.39 | 83.59+1.47 2.15+0.03 85.45+0.81
800 -441.35+1.83 14.76 + 1.60 13.69+1.73 13.19+2.61 0.17+0.03 97.95+0.56
1000 -473.16 £3.17 12.75+0.99 7.19+2.17 578 +£2.58 0.15+0.02 98.23 +£0.77
1200 -447.11 £2.74 28.72+4.07 4.10+1.89 537+1.94 0.33+0.01 96.03 £ 0.85

The influence of exposure duration on corrosion-inhibition efficiency was systematically evaluated.
Commercial tannic acid, evaluated as a reference standard, achieved a maximum inhibition efficiency of
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98.2 % at 1000 mg L™ after 1 hour of immersion. A further increase in concentration to 1200 mg L™ resulted
in a slight decrease in inhibition efficiency to 96.2 %, indicating a non-monotonic concentration response at
the highest investigated concentration. The origin of this decrease cannot be determined from the present
potentiodynamic polarization data alone.

The n-butanol fraction showed higher inhibition efficiency than the crude ethanolic extract under the
investigated conditions. At 800 mg L™, its inhibition efficiency reached 69.5 %, increasing to 79.5 % at 1200
mg L™ This trend is consistent with the higher tannic-acid-equivalent content measured for the n-butanol
fraction, although the specific chemical constituents responsible for the improved inhibition performance
were not identified in the present study.

Both the crude ethanolic extract and the n-butanol fraction showed lower inhibition efficiencies than
commercial tannic acid. This difference may reflect differences in chemical composition and the relative
abundance of electrochemically active constituents in the investigated samples. However, because the crude
extract and the n-butanol fraction are complex multicomponent mixtures, the contribution of individual con-
stituents to the observed inhibition behavior cannot be resolved from the present data.

Changes were observed in both the anodic and cathodic branches of the polarization curves for the in-
vestigated samples. Together with the relatively small shifts in E,, not exceeding 85 mV in either direction,
these observations support classification of the tannin-containing samples as mixed-type inhibitors. The po-
larization data therefore indicate an influence on both anodic and cathodic corrosion processes. However, the
present measurements do not directly establish the formation of a specific protective adsorption layer, block-
ing of individual active sites, or changes in elementary electrochemical steps. Such mechanisms may be con-
sistent with previous reports on tannin-containing corrosion inhibitors but would require complementary sur-
face-sensitive or impedance measurements for direct confirmation.

3.5 Adsorption Isotherms

To investigate the concentration-dependent adsorption behavior of the inhibitor species on the mild-
steel surface, the apparent surface-coverage data were fitted using the Langmuir, Freundlich, and Temkin
adsorption isotherm models [21]. These models were compared using their respective fitting parameters and
coefficients of determination (R?) [22].

The apparent surface coverage (0) was estimated from the inhibition efficiency obtained after 1 h of
immersion in 1 M HCI according to:

n
0 100 ®)
where 1 is the inhibition efficiency expressed as a percentage. Because the surface coverage was derived
from electrochemical inhibition efficiency rather than measured directly, the calculated 6 values are referred
to here as apparent surface coverage [21].

The calculated apparent surface coverage generally increased with increasing inhibitor concentration.
For commercial tannic acid, 0 reached 0.982 at 1000 mg L™, whereas the corresponding values for the crude
ethanolic extract and the n-butanol fraction at 1200 mg L™ were 0.719 and 0.795, respectively.

Table 7

Inhibition efficiency-derived apparent surface coverage values for the crude ethanolic extract, n-BuOH fraction,
and commercial tannic acid on mild steel in 1 M HCI at 298 K after 1 h of immersion

Cinhy . Crude ethanolic extract, 0 n-BuOH fraction, 0 Commercial Tannic acid, 0
mg L
200 0.299 + 0.008 0.317 + 0.007 0.689 + 0.005
400 0.373 + 0.004 0.479 + 0.006 0.728 + 0.008
600 0.555 + 0.006 0.633 + 0.004 0.855 + 0.004
800 0.605 + 0.007 0.695 + 0.003 0.979 + 0.003
1000 0.660 + 0.004 0.702 + 0.008 0.982 + 0.006
1200 0.719 + 0.005 0.795 + 0.006 0.962 + 0.007

The adsorption data were fitted to the linearized forms of the Langmuir, Freundlich, and Temkin iso-
therms. The Langmuir model was expressed as [22]:
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c_1 +C 4)
e ads
where C is the inhibitor mass concentration expressed in mg L™,  is the apparent surface coverage, and Kags
is the apparent mass-based adsorption constant.
The Freundlich isotherm was expressed in its linearized form as:

log6 =log K +1IogC %)
n

where K is the Freundlich adsorption constant and n is the Freundlich heterogeneity parameter.
The Temkin isotherm was expressed in its linearized form as:
0=B;InA +B;InC (6)

where Ar is the Temkin equilibrium binding constant and By is the Temkin constant related to the variation of
adsorption energy.
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Figure 9. Linearized adsorption-isotherm plots for the crude ethanolic extract, n-BuOH fraction, and commercial tannic
acid on mild steel in 1 M HCI at 298 K after 1 h of immersion: (A) Langmuir, (B) Freundlich, and (C)
Temkin models.
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Table 8

Adsorption-isotherm parameters and coefficients of determination (R?) for the investigated tannin-containing
inhibitors on mild steel in 1 M HCl at 298 K

Model Parameter Crude extract n-BuOH fraction Commercial TA
. K2 Lmg* 1.77x10° 2.24x107 7.14x10°
Langmuir ads
(R%) 0.9575 0.9853 0.9881
(Kg) 0.0939 0.0851 0.4736
Freundlich (n) 1.78 1.66 2.33
(R%) 0.9674 0.9702 0.8968
(A7) 0.0353 0.0389 0.0462
Temkin (By) 0.51578 0.50529 0.22492
(R%) 0.9588 0.9816 0.8854

Note. All adsorption-isotherm parameters were derived using inhibitor concentrations expressed on a mass-concentration basis (mg L™"). Ac-
cordingly, the Langmuir constants are reported as apparent mass-based adsorption constants ( K:gsp , L mg™). The Freundlich and Temkin parameters

are likewise reported on the same mass-concentration basis and are used primarily for comparison of model fitting.

Comparison of the goodness-of-fit parameters showed that no single adsorption isotherm model provid-
ed the best fit for all three investigated samples. For the crude ethanolic extract, the Freundlich model
showed the highest coefficient of determination (R?=0.9674), compared with the Temkin (R?=0.9588) and
Langmuir (R*=0.9575) models. However, the relatively small differences among the R* values indicate that
the adsorption behavior of the crude extract cannot be unambiguously assigned to a single model. The slight-
ly better agreement with the Freundlich model may reflect the heterogeneous nature of adsorption from this
multicomponent mixture.

For the n-BuOH fraction, the Langmuir model provided the highest coefficient of determination
(R?=0.9853), followed closely by the Temkin (R?=0.9816) and Freundlich (R*=0.9702) models. For commer-
cial tannic acid, the Langmuir model clearly provided the best fit (R*=0.9881), whereas considerably lower
values were obtained for the Freundlich (R?=0.8968) and Temkin (R°=0.8854) models.

Overall, these results indicate that the adsorption behavior depends on the composition of the inhibitor
system. Nevertheless, because the surface coverage values were derived from electrochemical inhibition effi-
ciencies rather than measured directly, the adsorption-isotherm fits should be regarded as empirical descrip-
tions of the concentration-dependent inhibition behavior rather than definitive evidence of a particular mo-
lecular adsorption mechanism.

The Langmuir adsorption constants presented in Table 8 were derived using inhibitor concentrations
expressed on a mass-concentration basis (mg L™'). Accordingly, the obtained constants are reported as ap-

parent mass-based Langmuir adsorption constants ( K*?). The K values were 1.77x107, 2.24x10*, and

ads ads
7.14x10° L mg™" for the crude ethanolic extract, the n-BuOH fraction, and commercial tannic acid, respec-
tively.
The crude ethanolic extract and the n-BuOH fraction are chemically complex mixtures for which a
unique molar mass cannot be defined. Therefore, their experimentally applied mass concentrations were not
converted to molar concentrations, and molar adsorption equilibrium constants were not calculated for these

samples. Consequently, standard Gibbs free energies of adsorption (AG.,, ) were not calculated for the crude

ads

ethanolic extract or the n-BuOH fraction. The corresponding Kadsapp values should instead be interpreted as
model-dependent, mass-based parameters describing their concentration-dependent adsorption behavior un-
der the investigated conditions.

On the same mass-concentration basis, the n-BuOH fraction exhibited a somewhat higher apparent
Langmuir adsorption constant than the crude ethanolic extract (2.24x10° versus 1.77x10° L mg™). This ob-
servation is consistent with the generally higher inhibition efficiency of the n-BuOH fraction. However, the
comparison should be interpreted cautiously because both materials are multicomponent mixtures and the
Langmuir model was not the best-fitting model for the crude ethanolic extract. Therefore, these mass-based
apparent constants should not be interpreted as directly comparable thermodynamic adsorption affinities.

For commercial tannic acid, which was used as the reference material, the mass concentration was addi-
tionally converted to molar concentration using the molecular weight of 1701.20 g mol™ specified by the
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b =7 14x10°°

manufacturer (Sigma-Aldrich). On this basis, the mass-based Langmuir adsorption constant ( K
L mg™) corresponds to a molar adsorption constant of 1.22x10* L mol™.

The standard Gibbs free energy of adsorption for commercial tannic acid was calculated according to:
AG?, =—RTIn(55.5K ) (7

ads

where R is the universal gas constant, T is the absolute temperature (298 K), and 55.5 mol L™ represents the
molar concentration of water. The calculated AGads- value was approximately -33.3 k] mol™, indicating that
adsorption of commercial tannic acid on the mild-steel surface is thermodynamically favorable under the
investigated conditions.

In contrast, AG>, was not calculated for the crude ethanolic extract or the n-BuOH fraction because

these samples are complex mixtures without uniquely defined molar masses; therefore, conversion of their
experimentally applied mass concentrations to a physically meaningful molar concentration would require an
arbitrary molecular-weight assumption.

4 Conclusions

This study establishes a streamlined extraction and solvent partitioning protocol for Quercus robur
bark, yielding a crude ethanolic extract and a polyphenolic-(tannin) enriched n-butanol fraction. Rather than
pursuing the isolation of individual pure constituents, this is a preliminary approach coupled fractional sepa-
ration with Fourier-transform infrared (FT-IR) spectroscopic profiling to gain vital insights into the function-
al chemical features driving the corrosion-inhibition performance.

Potentiodynamic polarization measurements demonstrated that the n-butanol fraction exhibited higher
corrosion-inhibition efficiency than the crude ethanolic extract under the investigated conditions. After 1 h of
immersion, the maximum inhibition efficiency of the n-butanol fraction reached 79.5 % at 1200 mg L™,
compared with 71.9 % for the crude extract at the same concentration. Commercial tannic acid showed the
highest inhibition performance, reaching 98.2 % at 1000 mg-L™.

Changes in both the anodic and cathodic polarization branches support the classification of the investi-
gated tannin-containing samples as mixed-type inhibitors under the experimental conditions.

Adsorption-isotherm analysis showed model-dependent behavior. The Freundlich model provided the
highest R? for the crude ethanolic extract, whereas the Langmuir model provided the highest R? for the n-
butanol fraction and commercial tannic acid. Because the apparent surface coverage was derived from elec-
trochemical inhibition efficiency rather than measured directly, these fits should be regarded as empirical
descriptions of the concentration-dependent inhibition behavior rather than direct evidence of a specific mo-

lecular adsorption mechanism. For chemically defined commercial tannic acid, the calculated AG?, of ap-

ads
proximately —33.3 kJ-mol™ indicated thermodynamically favorable adsorption under the investigated condi-
tions.

Overall, solvent fractionation resulted in an n-butanol fraction with higher tannic-acid-equivalent con-
tent and improved corrosion-inhibition performance compared with the crude ethanolic extract. However,
identification of the individual active constituents and direct elucidation of the surface-inhibition mechanism
require further phytochemical characterization and complementary surface-sensitive and electrochemical
studies.
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