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Synthesis and biological evaluation of some drug-like scaffolds of
benzo- and pyrido-fused medium-sized /N-heterocycles obtained
via intramolecular Friedel-Crafts acylation reactions

HASSAN ABDOU KOTB ABD EL-AAL*
Chemistry Department, Faculty of Science, Assiut University, Assiut, 71516, Egypt
(Received 19 July, revised 17 November 2025, accepted 9 January 2026)

Abstract: An unprecedented, concise and environmentally-friendly protocol for
the synthesis of benzo-and pyrido-annulated azocinones, azoninones and azecin-
ones 8a—h via Friedel-Crafts reactions is described. These simple and efficient
procedures involve cycliacylations of heterocyclic esters 7a—h in the presence of
catalytic amount of AICI;/CH3NO, or TfOH or PPA catalysts as the key step.
Starting amides 3a—d were readily obtained by coupling reactions of acryloyl
chlorides 2a and b with pyridin-2-amines 1a and b. Developed strategy offers
some high selectivity reactions, mild reaction conditions and easy access to com-
plex medium-sized N-heterocycles in moderate to good yields. All tetracyclic
fused compounds have been screened for antimicrobial activity.

Keywords: Friedel-Crafts cycliacylations; Brensted acid; azocines; azoninones;
azecinones.

INTRODUCTION

Condensed medium-sized N-heterocycles containing azepines, azocines and
azonines are widely found in pharmacologically active natural products! and often
incorporated into drugs.2 A few examples are given in Fig. 1. Interestingly, their
aryl- and heteroaryl derivatives are particularly noted for their diverse biological
activities3 and in many industrial applications such as polymeric# organic semi-
conductors and luminescent materials.>

Despite the high transannular strain,® enthalpic and entropic barriers’ encount-
ered in the synthesis of nitrogen containing ring systems, the last few decades have
witnessed a much efforts dedicated to developing methods for the construction of
such ring systems.

In the literature, a variety of well-established methods are used for the syn-
thesis of medium-sized N-heterocycles of various ring sizes and include well

* Correspondnce E-mail: hassankotb33@yahoo.com; hassankotb@aun.edu.eg
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2 1 4 ABD EL-AAL

known: transition-metal mediated cyclizations and annulations,® ring-closing
metathesis (RCM),? tandem cleavage-cyclizations,!0 sigmatropic cyclizations,!!
radical-mediated ring expansions and fragmentations,!? Fischer carbene com-
plexes (FCCs),!3 Diels—Alder reactions,!4 domino cycloadditions!> and Cope
rearrangements. 16

QOCH
“N OH HsCO )
e . ()
e .
N % N ) N-CH,
{ P Aot R ) ~/
# / / 0COMe
2 m MeO
: N Y 0 H:CQ OCH;
. VinblastineR=Me R o N
Pericine Vincristine R=CHO Frototephanine Galanthamine
Potent oploid agonist & cytotoxicity Alkaloids used in the froatment of Copamine receptor antagonists  Used for the treatment of
against murine lymphoma and a number of types of cancers {LE300) Antihypertensive & anti-  Alzheimer's disease
human epidermeid carcinoma celis arrhythmic agents
pel
"2 .
/\Q ~
Ch A %5 &
HO N
N N-pe B |
Me e CHy
} X N cweu}e {R=CHy} Ethytketazocine Cyclazocine
imlpram!nf! Me i Merphine (R = H} COnpicid drug for d-and h-opicid Effective in the treatment
Effective in freating depression  Pain medication of the receptors, agonist & antagonist  of bipolar patients, Opioid
anxiety and panic disorder opiate variety & diarrhea agenist and antagonist

patients

Fig. 1. Some of biologically active alkaloids containing medium-sized N-heterocycles.

On the other hand, a significant number of cases are described in the literature
related to construction and isolation of benzo-annulated azonines and higher ring
systems as in the total synthesis of dopamine antagonists, erythrina and vincristine
alkaloids.17

A number of the most commonly used methods for the construction of poly-
cyclic azonines include, the Beckmann ring expansion of unsymmetrical oximes, 18
biosynthesis of (s)-N-benzylisoquinolines and their dienone derivatives,!9 Schmidt
rearrangement of alicyclic ketones,20 ring-closing metathesis (RCM) of 2-penten-
ylphenyl-N-benzamides,2! Fischer indolization of 1,2,3,4-tetrahydrocarbazole
phenylhydrazones,?2 acyloin condensation of diesters,23 asymmetric induction by
the addition of Grignard reagents to phenylglyoxylate derivatives of the phenyldi-
hydrothebaine alkaloids?* aza-Claisen rearrangement of a-silyloxyamides medi-
ated by lithium hexamethyldisilazide (LHMDS) in toluene,?5 fragmentation/
/acylation reactions of enol-ether of dihydropyridone2¢ and coupling of palladated
3-phenylpropanamides with alkynes followed by CO-insertions.2”

Given the wide array of biologically and industrial applications of N-het-
erocycles, a flexible route to access these types of structures from readily available
acyclic precursors would be interesting. Recently we have studied the formation
of a diverse drug like carb- and heterocycles?8-30 via intramolecular Friedel—
—Crafts3! methodology with broad functional group compatibility. In continuation
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SYNTHESIS OF MEDIUM-SIZED N-HETEROCYCLES 2 1 5

of research activity on polyfunctionalized heterocyclic systems, herein, we wish to
report the synthesis of newly fused and bridged nitrogen containing
[6,(6/7),(8/9/10),6]-ring systems namely; benzo- and pyrido-annulated azocinones,
azoninones and azecinones via Friedel-Crafts cycliacylation reactions of nitrogen
containing ester precursors. Furthermore, these polycyclic substrates were tested
against bacteria and fungi.

EXPERIMENTAL

Commercially available reagents were used without further purification unless otherwise
stated; solvents were dried by standard procedures. Melting points were taken on a digital Gal-
lenkamp capillary melting point apparatus and are uncorrected. Infrared (IR) spectra were
obtained on a Perkin—Elmer 1600 FT-IR spectrophotometer using KBr wafer and thin film
techniques (v / cm™). The 'H- and '3C-NMR spectra were recorded on Jeol LA 400 MHz
FT-NMR (400 MHz for 'H-NMR, 100 MHz for 13C-NMR) using CDCl; solvent with tetra-
methylsilane (MeySi, TMS) as internal standard. Chemical shifts (J) are given in ppm, and the
coupling constants (J) are given in Hz, respectively. Mass spectra were measured on a Perkin—
—Elmer PE SCIEX-API 2000 mass spectrometer at an ionizing potential of 70 eV using the
direct inlet system. Elemental analyses were carried out by a GmbH Vario EL III, 2400,
CHNOS-clemental analyzer. Antimicrobial screenings were performed at Assiut University
Mycological Center (AUMC) in DMF by disc diffusion. The progress of reactions was accom-
plished by thin-layer chromatography (TLC) analysis on coated silica plates (Silufol, UV-254
TLC, aluminum sheets) and plates were visualized with UV light (at 254 and/or 360 nm). Flash
column chromatography was performed on silica gel (230—400 mesh) or basic alumina using
AcOEt and hexane as eluents. The 3-(pyridine-2-yl)acryloyl chloride 2b was obtained by reflux-
ing a mixture of 3-(pyridin-2-yl)acrylic acid (Lit.3> m.p. 233-236 °C) with excess PCls in ben-
zene for 5 h on a water bath.

Analytical and spectral data are given in the Supplementary material to this paper.

Chemistry

General procedure for synthesis of arylamides (3a—d). A solution of acid chloride (cin-
namoy]l chloride 2a or 3-(pyridine-2-yl)acryloyl chloride 2b (32 mmol) in benzene (20 mL) was
added dropwise with stirring over a period of 30 min to a solution of amines 1a or b (30 mmol)
in dry benzene (30 mL) containing a catalytic amount of pyridine (0.5 mL). The resulting mix-
ture was stirred at room temperature for 4 h, and then refluxed on a steam bath for 3 h. The
mixture was cooled and the solvent was then concentrated in vacuo. After standing, the resulting
solid was filtered to give the crude amides. The residue was purified by flash chromatography
(basic alumina, AcOEt/hexane, 1:1) to afford pure amides 3a—d.

General procedure for synthesis of lactams (4a—d). A mixture of amide 3a—h (20 mmol)
with anhydrous AICl; (50 mmol) and NaCl (5 g) was warmed with stirring at 80-90 °C for 1 h.
After which TLC analysis (EtOAc/n-hexane, 1/3) indicated that the reaction was complete, the
resulting hot mixture was poured into an excess of well-stirred ice water (150 mL) and then
basified with NaOH solution (40 mL, 20 %). The mother liquor was diluted with water (100
mL) and extracted with EtOAc (3%x30 mL). The combined extracts were washed with water,
dried over MgSO, and filtered. The solvent was removed in vacuo to give a crude product.
Purification by flash column chromatography (basic alumina, EtOAc/n-hexane, 1/1) gave pure
products 4a—d.

Available on line at: https://www.shd-pub.org.rs/index.php/JSCS
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2 1 6 ABD EL-AAL

General procedure for synthesis of bicyclic amines (5a—d). To an ice-cold stirred suspen-
sion of LiAlH4 (30 mmol) in ether (40 mL), was added a solution of lactam 4a—d (10 mmol) in
THF (30 mL) dropwise with efficient stirring over a period of 30 min. The mixture was stirred
at room temperature for 2 h and then refluxed for 4 h on water bath. After cooling in ice-bath,
excess hydride was carefully destroyed by sequential addition of cold water (5 mL) and aqueous
NaOH solution (20 mL, 10 %) with efficient stirring. The resulting suspension was stirred for
30 min. After filtration and washing the precipitate with AcOEt, the precipitate was discarded
and the filtrate was extracted with AcOEt (3x30 mL). The combined organic phase was washed
with water, NaHCOj3; (30 mL, 5 %), and dried over anhydrous MgSO,. The solvent was eva-
porated under reduced pressure to give a dark crude products 5a—d. Purification by flash column
chromatography (basic alumina, EtOAc/n-hexane, 1/1) afforded the target amines 5a—d.

General procedure for the synthesis of heterocyclic esters (7a—h). A solution of ethyl 2-
-bromoacetate 6a or ethyl 3-bromopropanoate 6b (20 mmol) in DMF (15 mL) was added drop-
wise with efficient stirring over 10 min to a mixture of bicyclic amine 6a—d (15 mmol) and
milled K,CO;3; (40 mol) in DMF (30 mL) at room temperature. The reaction mixture was ref-
luxed for 8—10 h. After which TLC analysis (AcOEt/hexane, 1/2) showed the reaction was com-
pleted, the solvent was removed in vacuo and the residue was diluted with water (100 mL) and
extracted with AcOEt (3x30 mL). The combined organic layer was washed with water, dried
over MgSQy, filtered and concentrated in vacuo. The residue was purified by flash chromato-
graphy column to afford crude ester 7a—h.

General procedure for cyclization of heterocyclic esters 8a—h

Method I: General procedure for AICl;/CH3;NO,-mediated cyclizations of esters (8a—h).
To a solution of AICl; (10 mmol) in CH3NO, (100 mmol) was added a solution of ester 7a—h
(3 mmol) in DCM (10 mL) dropwise with constant stirring over 10—15 min at ambient tempe-
rature. The mixture was stirred for a certain time at the required temperature (Table I). After-
wards, the mixture was quenched with ice-cold HCl solution (30 mL, 10 %) and extracted with
EtOAc (2x30 mL). The combined extract was washed with H,O and Na,COj; solution (30 mL,
5 %). After drying over MgSQy, the solution was filtrated and evaporated under reduced pres-
sure to give the crude products 8a—h.

Method II: General procedure for TfOH-mediated cyclizations of esters (8a—h). To a
cooled (0 °C) solution of esters 7a—h (3 mmol) in DCM (15 mL) was added TfOH (12 mmol)
dropwise over 10 min the mixture was stirred at the required temperature and time as shown in
Table I. Thereafter, the mixture was cooled and then quenched cautiously by the slow addition
of aqueous NaHCOj solution (40 ml, 30 %). The product was extracted with EtOAc (3x30 mL).
The organic extracts were washed with water and Na,COs solution (30 mL, 5 %), dried over
anhydrous Na,SO, and then evaporated in vacuo to give the crude products 8a—h.

Method III: General procedure for PPA-mediated cyclizations of esters (8a—h). To a sol-
ution of esters 7a—h (3 mmol) in PhCl1 (15 mL), was added freshly prepared PPA (10 g) and the
mixture was refluxed for the required time presented in Table I. Afterwards, the solvent was
evaporated under reduced pressure. The cold mixture was made alkaline with NaHCO; solution
(40 ml, 20 %) and then extracted with EtOAc (3%30 mL). The combined organics was washed
with water and Na,COj; solution (30 mL, 5 %). After drying over MgSQy,, the solution was
filtered and concentrated in vacuo to afford the desired crude products 8a—h. In all procedures,
the completion of the reaction was monitored by TLC-analysis. The crude residue was subjected
to flash chromatography (basic alumina, EtOAc/hexane, 1/2) to afford the pure cyclic products
8a-h.
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SYNTHESIS OF MEDIUM-SIZED N-HETEROCYCLES 2 1 7

TABLE I. Optimization of Friedel-Crafts cyclizations of precursors 7a—h; Method I: esters
7a—h (3 mmol) in CH,Cl, (10 ml), AlCl; (10 mmol), MeNO, (100 mmol), room temperature;
Method II: esters 7a—h (3 mmol), TfOH (1 ml, 12 mmol), 1,2-DCE (20 ml), reflux; Method III:
esters 7a—h (3 mmol), PPA (10 g), PhCl (15 mL), reflux

Entry Substrate Methods Time, h Product Yield, %
1 Ph Method 1 12 82
_ Method I 8 _ 75
< Method 111 8 < 71
NTONC N7 N o
7a CO,Et 8a
2 Ph 1 15 80
= 11 5 73
Efj 1 7 B o 70
N N\\/COZEt
7b
3 N I 18 84
N~ 11 6 77
| 111 10 74
SNTON
7e \—CO,Et
4 N I 11 88
N # II 8 81
= | 11 12 71
SNTON
7 \\/COzEt
5 Ph I 16 84
II 10 80
=
EN\JON o i 10 ® 0 72
~ 2 N N
7e 8e
6 Ph I 18 91
_ I 7 78
N ‘ o CozEt 1l 10 68
7%
7 N I 18 90
N A 11 6 87
y ‘ 11 8 72
SN N._CO,Et
79
8 | A 1 15 89
N I 6 86
= 111 10 74
Sy | N~ COEt
7h

Available on line at: https://www.shd-pub.org.rs/index.php/JSCS

(CC) 2026 Serbian Chemical Society.



2 1 8 ABD EL-AAL

RESULTS AND DISCUSSION

Chemistry

The reaction sequences employed for synthesis of polyheterocycles 8a—h from
heterocyclic esters 7a—h are illustrated in Scheme 1. Firstly, the starting amides 3a
(n=0; Ar = Ph), 3b (n = 0; Ar = 2-pyridyl), 3¢32 (n=1; Ar=Ph),3d (n = 1; Ar=
= 2-pyridyl), were obtained in good yields through the reaction of ary-substituted
acryloyl chlorides (2a: Ar = Ph; 2b: Ar = 2-pyridyl33) with pyridine amines 1a and
b in benzene for 7 h. Secondly, these amides were transformed to the correspond-
ing bicyclic lactams 4a—d by fusion with AICl3/NaCl at 80-90 °C for 1h following
the standard literature procedure.34 Thirdly, reduction of the latter lactams 4a—d
using LiAlH4 in Etp)O/THF for 4-6 h under reflux conditions to furnish bicyclic
amines Sa—d. Various substituted esters 7a—h were synthesized via N-alkylations
of bicyclic amines Sa—d with ethyl 2-bromoacetate 6a or ethyl 3-bromopropanoate
6b in the presence of K,CO3 in DMF.

S coc i
: -
%NHZ A 23 b e L Cﬁ} @
n

1ab Aras= Ph{)b 12 Pyridyl 3a-d 4a-d Sa-d
n=0or - 4 (90%); b (84%)

a: n = {0} zero, Ar = Ph {84%} a (B0%} b(SS%)

b n:({U) 2et0, Ar s 2 ngr\dyl (78%) ¢ (79%} d (75%) © (92%}; d (B9%)

o n=1, Ar = Ph (S0%)

= #
dn=t Are 2-Pyricyl (81%) BrM\CozEt
Bax=0
hix=1
Ar
__Friedel-Crafts cyclizations = \ ‘3 COMEL
- v SN N0
n
7a-h
n= (0 zete

8a-d: [n = (0} zerof 8e-h: fn = 1] a. Ar = Ph, x = (0} zero, (74%)
a Ar=Ph x =1 e Ar=Ph x=1 B zf“ ;hpx “d1l (5”?)) ey
b:Ar=Ph,x=2 fAr=Ph x=2 Al YTICH1 X = ) zero,
e Ar = 2-Pyridyl x =1 g Ar = 2-Pyridyl, x = 1 g "; ZPyridgh, = 1, (76%)
d: Ar=2-Pyridyl,x=2 W Ar=2-Pyridyl, x=2 r Ph, % = {0} zero (B4%)

—m

= Ph,x =1, (81
g Ar 2 Pyridyt, x = (O)zero (85%)
B Ar= 2-Pyridyl, x = 1, {T2%)

Scheme 1. Reagents and conditions: i) cinnamoyl chloride or 3-(pyridine-2-yl)acryloyl
chloride/PhH, 7 h, reflux, ii) AICl3/NaCl, 1 h, 80-90 °C, iii) LiAIH,/THF/Et,0, reflux, 4-6 h,
NaOH, iv) BrCH,CO,Et or BrCH,CH,CO,Et/K,CO3/DMF, reflux, 8-10 h, v) cycliacylations

of esters 8a—h mediated by AICl;/CH;NO, or TfOH or PPA promoters (Table I).

Our synthetic approach allows easy access to fused medium-sized N-hetero-
cycles 8a—h namely, benzo-fused pyrido[2,3-b:2',3'-e]azocinones, pyrido[2,3-
-blazoninones and pyrido[2,3-¢:2',3'-flazecinones (Table I). Initially, an inves-
tigation of AlCl3/CH3NO; or TfOH or PPA catalysts in cycliacylations of nitro-
gen-based esters 7a—h was carried out under different reaction conditions. We
focused on the screening of several variables including, mole ratio, catalyst type
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and loading, solvent and temperature. Notably the choice of Brensted and Lewis
acids screened was based on the degree of oxophilicity, chemical yield as well as
extent of their acidity.

Interestingly, in this type of electrophilic aromatic substitution reactions con-
taining sufficiently electron rich nucleophiles, the appearance of catalytic inhi-
bitions35 by sp2-and sp3-hybridized nitrogens beside the presence of poor leaving
—OEt group present in cyclization precursors 7a—h is obvious. These coordination
or protonation of basic nitrogen with acidic promoters leading to ring closure is
less likely to occur or gave disappointingly low yields. Practically, low yields of
tetracyclic amines 8a—h were obtained on cyclization of precursors 7a—h with less
than equivalent of these catalysts at lower reaction time. It was observed that,
cycliacylations of electron rich precursors and yield enhancements were attained
under severe conditions with more than stoichiometric loading of oxophilic pro-
moter for longer reaction times and high temperatures.

On the other hand, numerous studies on the intramolecular Friedel-Crafts
acylation mechanisms have been carried out.36-38 Thus, it can be concluded that,
cyclization mechanism of highly electron-rich precursors diverges to two different
pathways based on the nature of the acylating agent and the binding strength of
acidic promoters on substrate heteroatoms. A possible mechanism for formation
of the compound 8f is shown in Scheme 2. The cycliacylation mechanism of this
reaction is probably similar to that of the Okauchi acylation procedure.30 It is pre-
sumably that, differential in cyclization pathways is due to whether heteroatoms
on acyclic ester 7f were protonated by Brensted acid proton or the formation of a
polarized Lewis acid-acylating agent complex. This coordination’s were leading
to either alteration in catalyst acidity or decreasing its reactivity beside deactivation
of a nucleophilic substrate. It was hypothesized that, the nature of the acylating
agent and the strength of the Lewis acid determine the electrophilicity of this
complex while the regiochemistry is determined by the transition state.

+
Lewws acid (ﬁ . 0, 04/0
Bh +MX /\\/ e . /\/
@ MX,0Et

Bmdmg sites
CO,Et |

\N N/\\/ ]
Bransted acid m C » H -EtOH /

Scheme 2. Proposed mechanism for the cyclization of ester 7f by Lewis or Bronsted acids.

af
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Subsequently, that would lead to removal of EtOH molecule generating acyl-
-carbocation either free or as an ion pair.39 The anticipated acyl-carbocation stabil-
izes both by resonance delocalizations and adjacent hyperconjugative interactions.
Ultimately, ring closures of this carbocation may proceed via a single transition
states concurrent with the removal of H' to give the product 8f in a single regio-
isomer.

Further evidence for this result was confirmed by NMR spectroscopy. At
closer look on the intermediates 7a—f and cyclic structures 8a—h, we observed that
the benzylic-carbon (C-5) is a chiral center and the next methylene group (C-6)
protons are diastereotopic#? in nature. These protons are chemically inequivalent
and will split each other resulting in complex overlapping signals with different
multiplicities. In addition to diastereotopic protons and because of the flexibility
of these ring systems, other constitutional conformers with inequivalent sets of
cyclic methylene protons (pseudo-axial and equatorial hydrogens) emerged from
a large number of low energy interconverting conformers. Interesting stereo-
chemical outcomes were observed during this study. Since cyclization precursors
and products were conformer mixtures with different chemical environments and
chirality, NMR interpretation was difficult. Efforts were made to understand the
reactivity profiles of these building blocks and to identify the configuration of
unique structures and bonding characteristics of these ring systems. The assign-
ment of all chemical structures of the cyclic products was made on the direct ins-
pection of the 'H-NMR spectrum.

For example, the IH-NMR spectrum of compounds 7f and tetracyclic 8f dis-
played complex signals of CHj-group adjacent to the stereogenic center and
bridged pseudo-axial and equatorial protons (Fig. 2). Moreover, the neighboring
environment of bridged N-CH, group is very unsymmetrical due to the ring
conformations. The expected downfield shifting signal for pseudo-equatorial could
be explained in terms of shielding effect exerted by the magnetic anisotropic effect
generated by heteroatoms of both carbonyl groups and N-heteroatoms incorporated
in tetracyclic structures.

Fig. 2. Diastereotopic protons containing tetracyclic structure 8f and its acid precursor 7f.

Thus, the 'H-NMR spectrum of 7f showed three upfield triplet signals at &
1.18,2.48 and 2.93 ppm related to CH3CH,O—, C®H; and CPH, groups. The most
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downfield quartet signal at 6 4.28 ppm was assigned to the CH3CHO-group. The
complex overlapped multiplets at  2.05 ppm is assigned to the diastereotopic pro-
tons (Ha & Hb) of COH,-group appeared as doublet of doublets of doublets of
doublets (dddd) with four vicinal coupling constants 13.9, 6.6, 4.7 and 2.6 Hz.
Another upfield multiplet signal at 6 2.91 ppm assigned to C’H, group appeared
as doublet of doublets of doublets with coupling constants 7.8, 6.6 and 2.6 Hz.
Two signals appearing at 6 4.01 and 4.17 ppm are assigned to C’H and N-C°Ha,
respectively. These upfield shifts can be explained by shielding due to the magnetic
anisotropic effect*” generated by heteroatom or the carbonyl group. The remaining
eight aromatic protons appeared in the range of § 7.10-8.60 ppm with inner over-
lapping and different multiplicities.

In comparison with ester 7f, the lH-NMR spectrum of tetracyclic skeleton 8f
displayed as several complex overlapped signals. The most upfield with multi-
plicity of doublet of doublets of doublets of doublets at  2.66 ppm is assigned to
the bridged-C15H, with couplings 11.1, 7.7, 6.3 and 2.2 Hz. The complex multiplet
signals in the regions of 6 3.08-3.10, 3.32-3.41 and 3.48-3.50 ppm were assigned
to C8H,, bridged-NC16H, and C7H; groups, respectively. Chemically inequivalent
C3H,-protons are expected to appear in the range of § 4.37-4.48 ppm as doublet
of doublets with coupling constants 8.6 and 6.9 Hz. A doublet signal appeared at
4 4.45 ppm is assigned to bridged-C!4H proton. The diagnostic signal in the 13C-
-NMR spectrum of 8f is that of the carbonyl carbon at 6 200.8 ppm. The upfield
signals at § 31.2, 32.9, 35.9, 51.4, 53.4 and 59.5 ppm are assigned to C!4H,
bridged-CH,, C8H,CO, C7H,, C3H, and bridged-C!6H,, respectively. Compar-
ison of the fragmentation patterns of compounds ester 7f with tetracyclic 8f show
some quantitative and qualitative differences attributed to the nature of both the
substituents at the 5-position of the bicyclic ring system and at the nitrogen atom.
The mass spectra of ester 7f are much simpler and contain only molecular ion peaks
m/z 324 with intensity 20 % and the base peak appeared at m/z 279. Whilst, the
molecular ion peak of 8f appeared at 278 as a base peak (100 %).

Evaluation of antimicrobial activity

The antimicrobial activity of the synthesized compounds 8a—h was deter-
mined in vitro against a variety of bacteria and fungi. The antibacterial activity was
investigated against Gram-positive bacteria (Bacillus Subtilis, Micrococcus luteus)
and Gram-negative bacteria (Escherichia coli, Pseudomonas aeruginosa) using
chloramphenicol (0.001 mol/ml) as standard. The antifungal activity was deter-
mined against Aspergellius flavus, Candida albicans, Geotrichum candidum and
Scopulariopsis brevicaulis using clotrimazole (0.001 mol/ml) as standard. The
tests were carried out using disc diffusion method.#! The minimum inhibitory con-
centrations (MICs) for compounds were calculated in DMF/H,O solution and
activity mentioned on 1000 ppm.
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The results are summarized in Table II. Amongst the compounds tested for
antibacterial activity, compounds 8c, 8d, 8g and 8h possess good activity against
all the bacteria, whereas compounds 8a, 8b, 8e and 8f were found to display
moderate activity against M. luteus, E. coli and P. aeruginosa and low activity
against Gram-positive bacteria (B. cereus).

TABLE II. Antimicrobial activity of the compounds 8a—h

Antibacterial activity

Zone of inhibition, mmP Antifupggl g(;tivity

Compd.? — - Zone of inhibition, mm
Ho. Gram positive Gram negative

B. M. E. pP. A. C. G. S.

cereus luteus coli aeruginosa flavus albicans candidum brevicaulis

8a 7 10 15 14 10 11 10 11
8b 5 16 12 13 11 10 13 16
8c 44 37 22 52 16 14 13 15
8d 25 16 19 26 10 17 12 12
8e 6 15 17 20 13 11 10 13
8f 9 17 20 18 15 13 14 10
8g 58 39 36 64 22 19 24 31
8h 37 28 38 45 13 26 15 36
Standard® 20 23 22 22 26 22 20 25

4Chemical compounds tested at 20 mg; Ythe minimal inhibitory concentrations (MIC, 50 pg/ml) for each pore in
DMF/H,0; “standard for antibacterial: chloramphenicol (0.001 mol/ml); standard for antifungal: clotrimazole
(0.001 mol/ml)

From the data presented in Table II, it was observed that compounds 8¢, 8d,
8g and 8h show good activity against all fungal strains as compared to standard
chloramphenicol. Other compounds 8a, 8b, 8e and 8f showed moderate antifungal
activity. Further, it could be concluded that, due to the increasing of ring size and
the insertion of additional pyridine nucleus in a complex molecular structures,
compounds 8g and 8h showed relatively better inhibitory activity towards all the
tested microorganisms than compounds 8¢ and 8d.

CONCLUSIONS

In summary, the present work embodies a facile and concise synthesis of sev-
eral benzo- and pyrido-fused azocinones, azoninones and azecinones incorporating
8-, 9- and 10-membered N-heterocyclic rings from easily assessable ester precur-
sors in good to excellent yields via Friedel-Crafts cycliacylation methodology. The
newly synthesized scaffolds 8a—h have been assayed for their bactericidal and
fungicidal activities. The combination of structural complexity and biological act-
ivity of tetracyclic skeletons 8a—h has made these fused ring systems as important
architectures for the promising drug discovery. The simplicity and wide variability
of the methods make a good alternative to the literature lengthy multistep proce-
dures usually employed.
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H3BOJ

CHUHTE3A U UCITMTHUBAILE BUOJIOIIKE AKTUBHOCTH HEKHUX CTPYKTYPA
CIIMYHUX JIEKOBUMA KOJE CAIPXE BEH30- U [IMPUJ10-KOHOEH30BAHE
N-XETEPOIHMKIIE CPEJIGE BEJIMYHMHE, JOBMJEHUX HHTPAMOJIEKYJICKOM
PEAKIIMJOM ®PHUIENT-KPA®TCOBOT ALIMJIOBABA

HASSAN ABDOU KOTB ABD EL-AAL
Chemistry Department, Faculty of Science, Assiut University, Assiut, 71516, Egypt

[TprkasaH je jefUHCTBEH U €KOJIOLIKH TPUXBAT/bUB ITOCTYIIAK 38 CHHTE3y DeH30- U TUPUTIO-
-KOHJIEH30BaHUX a30LIMHOHA, a30HWHOHA W a3eluHOHA 8a—h mpumeHom Ppunen—KpadTcose
peakuuje. OBaj jefHOCTaBaH M epuKacaH NOCTyNak, ka0 K/byYHU CUHTETHUKH KOpaK, UMa LIUK-
JI0AUMIOBake XETePOLUKINYHUX ecTapa 7a—h y mpucyctBy karanutuuke konuuuHe AlCls/
/CH3NO2, TfOH unu PPA. ITonasHu amuan 3a—d cy 1ako HOOHjeHH KyIJIOBakeM aKpHIOWI-
-xnopuza 2a u 2b ca nupuanH-2-amuHrMa 1a U b. IlpumemeHa crparerdja Hyou peaknuje
BUCOKE CeJIEKTUBHOCTH, Di1are peakliMOHe yCI0BE U JIaK TPUCTYI CJI0KeHUM N-XeTepoLUKInMa
Cpenme BEJIWYMHE, Y CpelmeM 10 10OpoM mpuHocy. HcnrTaHa je aHTUMHUKPOOHA aKTHBHOCT
CBHUX TETPALMKINYHUX KOHIEH30BaHUX jeJUBEHA.

(TTpumssenro 19. jyna, pesuaupano 17. Hopembpa 2025, npuxsaheno 9. janyapa 2026)
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SUPPLEMENTARY MATERIAL TO
Synthesis and biological evaluation of some drug-like scaffolds of
benzo- and pyrido-fused medium-sized /N-heterocycles obtained
via intramolecular Friedel-Crafts acylation reactions

HASSAN ABDOU KOTB ABD EL-AAL*
Chemistry Department, Faculty of Science, Assiut University, Assiut, 71516, Egypt
J. Serb. Chem. Soc. 91 (3) (2026) 213-225

ANALYTICAL AND SPECTRAL DATA

(E)-N-(Pyridin-2-yl)cinnamamide (3a): Yellow plates; 85%; mp 148—150 °C (ethanol);
IR (KBr, v, cm™): 3280, 3075, 2980, 1672, 1600, 1480, 1450, 1355, 1250, 1120, 765. 'H NMR
(400 MHz, CDCl;, 6, ppm): 5.25 (1H, s, NH), 6.74 (1H, d,J= 15.7 Hz, =CH), 7.10 (1H,
ddd,J;, =7.4,J,=4.38,J;=1.2 Hz), 7.43 (2H, dddd, J, = 8.1, J, = 7.2, J3= 2.0, J,= 0.5 Hz),
7.44 (1H, tt, J; = 7.2, J,= 1.6 Hz), 7.51 (2H, dddd, J; = 8.1, J,= 2.3, J3= 1.6, J,= 0.5 Hz),
7.62 (1H, d,J= 15.7 Hz, =CH), 7.65 (1H, ddd,J; = 7.9, J,= 1.2, J;3= 0.5 Hz), 7.75 (1H,
ddd,J; =179, J,=174,J;=1.9 Hz), 8.40 (1H, ddd, J; = 4.8, J,= 1.9, J; = 0.5 Hz). 3C NMR
(100 MHz, CDCls, 3, ppm): 114.6 (1C, Ar., Py-C-6"), 117.6 (1C, Ar., Py-C-4"), 118.4 (1C,
=C2H-), 128.0 (2C, Ar., C-3', C-5"), 129.0 (2C, Ar., C-4', C-6"), 129.4 (1C, Ar.,C-2", 135.8 (1C,
Ar.,C-1"), 139.2 (1C, Ar., Py-C-5"), 141.0 (1C, =C3H-), 148.1 (1C, Ar., Py-C-3"), 152.9 (1C,
Ar., Py-C-1"), 164.9 (1C, C=0, C-1). MS (EI, 70 eV) m/z (%), 225 (M*+1, 32), 224 (M*, 100),
216 (17),203 (27), 188 (12), 175 (21), 147 (28), 134 (15), 119 (37), 106 (15), 91 (17), 90 (25),
67 (84), 54 (30). Anal. Calcd. for Ci4H,N,O (224); C, 75.00; H, 5.35; N, 12.50. Found: C,
75.12; H, 5.33; N, 12.47%.

(E)-N,3-di(pyridin-2-yl)acrylamide (3b): Yellow needles, 78%, mp 132-34 °C (AcOEt);
IR (KBr, v, cml): 3247, 3077, 2973, 1670, 1600, 1480, 1384, 1275, 1182, 892. '"H NMR (400
MHz, CDCl;, 3, ppm): 5.72 (1H, s, NH), 6.85 (1H, d, J= 15.5 Hz, =CH), 7.10 (1H, ddd, J; =
79,J,=4.8,J;=1.2 Hz), 743 (1H, d, J= 15.5 Hz, =CH), 7.54 (1H, ddd, J; = 7.4, J,= 4.7,
J;=14 Hz), 7.65 (1H, ddd, J; = 7.9, J,= 1.2, J;= 0.5 Hz), 7.71 (1H, ddd, J; = 7.7, J,= 1.4,
J3=0.5Hz),7.75 1H, (td, J; =7.9,J,=19 Hz), 7.89 (1H, ddd, J; =7.7,J,=7.4,J; = 1.9 Hz),
8.40 (1H, ddd, J; = 4.8, J,= 1.9, J;= 0.5 Hz), 8.73 (1H, ddd, J; = 4.7, J,= 1.9, J3= 0.5 Hz).
13C NMR (100 MHz, CDCls, §, ppm): 115.2 (1C, Ar., C-6"), 118.4 (1C, Ar., C-4"), 122.8 (1C,
Ar., C-6"), 123.3 (1C,=C2H-), 127.2 (1C, Ar., C-4"), 139.2 (1C, Ar.,C-5"), 139.6 (1C, Ar.,C-5"),
139.8 (1C,=C?H-), 148.1 (1C, Ar.,C-3"), 149.2 (1C, Ar.,C-3"), 152.9 (1C, Ar., C-1"), 155.3 (1C,
Ar., C-1"), 168.4 (1C, C=0, C-1). MS (EL 70 V) m/z (%), 228 (M*+3, 3), 226 (M*+1, 32),
225 (M*, 100), 190 (41), 188 (35), 176 (2), 166 (5), 153 (18), 141 (33), 118 (39), 106 (10), 94
(11), 90 (82), 71 (9), 47 (19). Anal. Calcd. for C3H;;N30 (225); C, 69.33; H, 4.88; N, 18.66.
Found: C, 69.30; H, 4.94; N, 18.58%.

* Correspondnce E-mail: hassankotb33@yahoo.com; hassankotb@aun.edu.eg
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(E)-N-(Pyridin-2-ylmethyl)cinnamamide (3c): Pale pink plates; 90%; mp 104-6 °C
(Lit.3> mp 100-101 (ethanol); IR (KBr, v, cm™!): 3250, 2920, 1662, 1615, 1577, 1480, 1440,
1355, 1264, 1060, 779. 'H NMR (400 MHz, CDCl;, §, ppm): 4.65 (2H, s, CH,), 5.43 (1H, s,
NH), 6.61 (1H, d, J = 15.6 Hz, =CH), 7.11 (1H, ddd, J; = 7.4, J, = 4.6, J; = 1.2 Hz), 7.25 (1H,
ddd, J; =17.6,J,=1.2,J;=0.5 Hz), 7.35 (m, 2H), 7.43 (1H, tt, J; = 7.2, J, = 1.3 Hz), 7.50 (m,
2H), 7.65 (1H, d, J = 15.6 Hz, =CH), 7.63 (1H, ddd, J; = 7.6, J, = 7.4, J; = 1.9 Hz), 8.55 (1H,
ddd, J; =4.6,J,=1.9,J;=0.5 Hz). 13C NMR (100 MHz, CDCls, §, ppm): 44.1 (1C, N-CH,-),
120.0 (1C, =C2H-), 120.5 (1C, Ar., Py-C-4"), 123.6 (1C, Ar., Py-C-6"), 128.0 (2C, Ar., C-2',
C-6"), 129.0 (2C, Ar., C-3',C-5"), 129.4 (1C, Ar.,C-4"), 135.8 (1C, Ar.,C-1"), 139.1 (1C, Ar., Py-
C-5"), 140.9 (1C,=C3H-), 148.0 (1C, Ar., Py-C-3"), 157.3 (1C, Ar., Py-C-1"), 170.2 (1C, C=0,
C-1). MS (EI, 70 eV) m/z (%), 239 (M*+1, 46), 238 (M*, 71), 230 (12), 208 (7), 199 (16), 184
(5), 167 (11), 149 (11), 126 (13), 112 (32), 98 (100), 90 (53), 74 (55), 69 (27). Anal. Calcd. for
Cy5H4N,0 (238); C, 75.63; H, 5.88; N, 11.76. Found: C, 76.01; H, 5.80; N, 11.55%.

(E)-3-(Pyridin-2-yl)-N-((pyridin-2-yl)methyl)acrylamide (3d): Yellow crystals; 81%;
mp 158-60 °C (ethanol); IR (KBr, v, cm™!): 3237, 3068, 2975, 1688, 1605, 1585, 1440, 1330,
1265, 1127, 790. 'H NMR (400 MHz, CDCl;, §, ppm): 4.66 (2H, s, CH,), 5.62 (1H, s, NH),
6.78 (1H, d,J= 15.2 Hz, =CH), 7.16 (1H, ddd, J; = 7.4, J,= 4.6, J;= 1.2 Hz), 7.29 (1H,
ddd, J; =17.6,J,=1.2,J;=0.5 Hz), 7.40 (1H, d,J=15.2 Hz, =CH), 7.52 (1H, ddd, J, = 7.4,
J,=4.7,J;=14Hz), 7.63 (1H, ddd, J; = 7.6, J,= 7.4, J3= 1.9 Hz), 7.75 (1H, ddd, J; = 7.7,
J,=14,J;=0.5Hz), 7.89 (1H, ddd, J; = 7.7, J,= 7.4, J;= 1.9 Hz), 8.54 (1H, ddd, J; = 4.6,
J,=1.9, J;= 05 Hz), 8.77 (1H, ddd, J, = 4.7, J,= 1.9, J;3= 0.5 Hz). 13C NMR (100 MHz,
CDCl;, 8, ppm): 45.7 (1C, N-CH,-), 120.4 (1C, Ar., C-4"), 122.8 (1C, Ar., C-6"), 123.3 (1C,
Ar.,C-4"), 123.6 (1C, Ar., C-6"), 128.0 (1C, =C2H-), 139.1 (1C, Ar.,C-5"), 139.8 (1C, Ar.,C-5"),
141.1 (1C, =C3H-), 148.0 (1C, Ar., C-3"), 149.2 (1C, Ar., C-3"), 155.3 (1C, Ar.,C-1), 157.3
(1C, Ar., C-1"), 175.2 (1C, C=0, C-1). MS (EL, 70 eV) m/z (%), 240 (M*+1, 4), 239 (M™, 22),
238 (2), 208 (6), 199 (13), 184 (6), 167 (35), 149 (15), 126 (18), 112 (36), 106 (26), 98 (100),
93 (6), 84 (46), 74 (35), 69 (20), 55 (54). Anal. Calcd. for C;4H;3N;0 (239); C, 70.29; H, 5.43;
N, 17.57. Found: C, 70.24; H, 5.40; N, 17.63%.

3,4-Dihydro-4-phenyl-1,8-naphthyridin-2(1H)-one (4a): Yellowish brown plates; 80%;
mp 170 °C dec. (acetone); IR (KBr, v, cm™!): 3345, 3047, 2945, 1677, 1600, 1585, 1480, 1480,
1474, 1340, 1255, 1140, 769. 'H NMR (400 MHz, CDCl;, 5, ppm): 2.84 (2H, dd, J; = 16.3,
J,=13.0 Hz, C°H,), 5.08 (1H, dd, J, = 4.1, J,= 1.8 Hz, C*H), 6.66 (1H, dd, J; = 8.1, J, = 4.6
Hz), 7.15 (1H, tdd, J; = 7.7, J,=1.5,J;=13 Hz), 7.21 (2H, dddd, J, = 7.8, J,= 7.7, J3= 1.9,
Jy=0.5Hz), 7.27 (2H, dddd, J; = 7.8, J,= 1.4, J;= 1.3, J,= 0.5 Hz), 8.05 (1H, dd, J; = 4.6,
J,=1.9Hz),8.36 (1H, dd, J, =8.1,J, = 1.9 Hz),9.78 (1H, s, NH). 13C NMR (100 MHz, CDCl;,
3, ppm): 38.1 (1C, -CH,-, C-3),40.6 (1C, -CH-, C-4), 114.0 (1C, Ar., Py-C-6), 121.0 (1C, Ar.,C-
4",126.8 (1C, Ar., Py-C-4a), 128.7 (2C, Ar., C-2', C-6"), 129.3 (2C, Ar., C-3', C-5"), 131.7 (1C,
Ar., Py-C-5), 143.2 (1C, Ar.,C-1"), 144.3 (1C, Ar., Py-C-7), 151.2 (1C, Ar., Py-C-8a), 169.4
(1C, C=0, C-2). MS (EL 70 eV) m/z (%), 224 (M*, 12), 223 (71), 209 (4), 192 (2), 180 (3), 165
(34), 134 (24), 119 (2), 112 (3), 106 (100), 91 (44), 90 (17), 79 (14), 65 (9). Anal. Calcd. for
C14H1,N,0 (224); C, 75.00; H, 5.35; N, 12.50. Found: C, 75.06; H, 5.40; N, 12.46%.

3,4-Dihydro-4-(pyridin-2-yl)-1,8-naphthyridin-2(1H)-one (4b): White crystals; 88%,
mp 135-37 °C (acetone); IR (KBr, v, cm™!): 3405, 3030, 2965, 1678, 1600, 1490, 1450, 1260,
1145, 1080, 792. 'H NMR (400 MHz, CDCl;, &, ppm): 2.82 (2H, dd, J; = 16.3, J, = 3.0 Hz,
C3H,), 5.32 (1H, dd, J; =4.1,J, = 1.8 Hz, C*H), 6.67 (1H, dd, J; = 8.1, J, = 4.6 Hz), 7.18 (1H,
ddd,J; =74,J,=49,J;=1.2Hz), 7.27 (1H, ddd, J; = 7.6, J, = 1.2, J3= 0.5 Hz), 7.68 (1H,
ddd,J;=7.6,J,=74,J3=19Hz),7.95(1H, dd, J; =8.1,J,=19 Hz), 8.11 (1H, dd, J; = 4.6,
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J>=1.9 Hz), 8.55 (1H, ddd, J, = 4.9, J, = 1.9, J; = 0.5 Hz), 9.34 (1H, s, NH). '3C NMR (100
MHz, CDCls, 6, ppm): 37.1 (1C, -CH-, C-4), 42.1 (1C, -CH,-, C-3), 113.3 (1C, Ar., C-6), 120.0
(1C, Ar., C-4"), 120.3 (1C, Ar., C-5"), 126.4 (1C, Ar., C-6"), 130.9 (1C, Ar., C-4a), 139.6 (1C,
Ar., C-5), 1444 (1C, Ar., C-7), 146.5 (1C, Ar., C-8a), 152.2 (1C, Ar.,C-3"), 165.4 (1C, Ar.,C-
1", 173.4 (1C, C=0, C-2). MS (EI, 70 V) m/z (%), 226 (M*+1, 9), 225 (M™, 66), 208 (2), 194
(2), 181 (3), 165 (37), 148 (16), 133 (12), 120 (100), 105 (28), 91 (24), 77 (51), 68 (3). Anal.
Calcd. for C3H N30 (225); C, 69.33; H, 4.88; N, 18.66. Found: C, 69.28; H, 4.91; N, 18.70%.

5,6,8,9-Tetrahydro-5-phenylpyrido[2,3-c]azepin-7-one (4c): Yellow needles; 79%,
m.p. 172-75 °C (AcOEt); IR (KBr, v, cm™'): 3410, 3040, 2950, 1700, 1590, 1480, 1440 1375,

1280, 1176, 796. 'H NMR (400 MHz, CDCl;, &, ppm): 3.08 (2H, dd, J; = 16.2, J,= 6.2 Hz,
C"Hz), 4.32(1H, dd, J; =10.2,J,=2.3 Hz, C’H), 4.89 (2H, d, J = 12.0 Hz, N- C9H2), 7.12 (1H,
dd,J; =7.4,J,=4.6 Hz), 7.18 (1H, tdd, J, = 7.7, J, = 1.5, J; = 1.3 Hz), 7.25 (2H, dddd, J, =
7.8,J,=1.7,J;=1.9, J,= 0.5 Hz), 7.39 (2H, dddd, J, = 7.8, J, = 1.4, J; = 1.3, J, = 0.5 Hz),
7.66 (1H, dd, J; = 7.4, J,=1.9 Hz), 8.49 (1H, dd, J; = 4.6, J, = 1.9 Hz), 9.63 (1H, s, NH). 13C
NMR (100 MHz, CDCls, 6, ppm): 42.7 (1C, -CH-, C-5), 46.6 (1C, -CH,-, C-1), 50.7 (1C, -CH,-
,C-4), 122.0 (1C, Ar., Py-C-7), 127.0 (1C, Ar.,C-4"), 128.8 (2C, Ar., C-2', C-6"), 129.7 (2C, Ar.,
C-3', C-5", 132.3 (1C, Ar., Py-C-6), 133.3 (1C, Ar., Py-C-5a), 143.4 (1C, Ar.,C-1"), 145.4 (1C,
Ar., Py-C-8), 159.6 (1C, Ar., Py-C-9a), 175.8 (1C, C=0, C-3). MS (EL 70 eV) m/z (%), 239
(M*+1, 6), 238 (M*, 25), 203 (2), 194 (100), 180 (87), 165 (12), 151 (8), 137 (26), 109 (69), 95
(26), 90 (19), 67 (22). Anal. Calcd. for C;sH4N,O0 (238); C, 75.63; H, 5.88; N, 11.76. Found:
C, 75.58; H, 5.90; N, 11.79%.

5,6,8,9-Tetrahydro-5-(pyridin-2-yl)pyrido[2,3-c]azepin-7-one (4d): Yellow crystal;
m.p. 180 °C dec., 75% (AcOEt); IR (KBr, v, cm™!): 3180, 3040, 2975, 1677, 1600, 1590, 1447,
1375, 1240, 1160, 795. 'H NMR: § 3.15 (2H, dd, J; = 16.3, J, = 6.2 Hz, J; = C®H,), 4.65 (1H,
dd, J; =10.2,J,=2.2 Hz, C°H), 4.87 (2H, d, J= 12.0 Hz, N-C°H,), 7.14 (1H, dd, J, = 7.1, J, =
4.6 Hz), 7.20 (1H, ddd, J, =74, J,=4.9, J3= 1.2 Hz), 7.27 (1H, ddd, J; = 7.6, J, = 1.2, J3 =
0.5 Hz), 7.68 (2H, ddd, J; = 7.6, J, = 7.4, J; = 1.9 Hz), 8.51 (1H, ddd, J;, =4.9, J,=1.9, J;=
0.5 Hz), 8.58 (1H, dd, J; = 4.6, J, = 1.9 Hz), 9.81 (1H, s, NH). 13C NMR (100 MHz, CDCl;, §,
ppm): 40.1 (1C, -CH-, C-5), 46.6 (1C, -CH,-, C-1), 49.3 (1C, -CH,-, C-4), 119.9 (1C, Ar., C-
6),121.1 (1C, Ar.,C-4"), 127.0 (1C, Ar., C-6"), 132.5 (1C, Ar., C-5), 132.7 (1C, Ar., C-5"), 139.8
(1C, Ar., C-5a), 146.7 (1C, Ar., C-8), 147.2 (1C, Ar., C-3"), 156.3 (1C, Ar., C-9a), 165.6 (1C,
Ar.,C-1"), 172.7 (1C, C=0, C-3). MS (EI, 70 eV) m/z (%), 239 (M*+1, 3), 238 (M*, 11), 223
(60), 210 (15), 206 (4), 197 (18), 181 (100), 165 (20), 152 (25), 139 (4), 115 (3), 90 (30), 76
(5), 69 (7). Anal. Calcd. for C;4H;3N;30 (239); C, 70.29; H, 5.43; N, 17.57. Found: C, 70.35; H,
5.45; N, 17.49%.

1,2,3,4-Tetrahydro-4-phenyl-1,8-naphthyridine (5a): Yellow crystals; 90%; mp 115-17
°C (benzene); IR (KBr, v, cm™!): 3430, 3050, 2975, 1698, 1600, 1590, 1470, 1440, 1361, 1270,
1121, 779. 'H NMR (400 MHz, CDCls, §, ppm): 2.06 (2H, dddd, J; = 13.4, J,= 7.0, J; = 6.6,
J;=2.5Hz, C*Hy), 3.43 (2H, ddd, J; = 13.8, J,= 6.6, J; = 2.5 Hz, N-C2H,), 3.94 (1H, dd, J; =
10.1,J,=3.9 Hz, C*H), 7.12 (1H, dd, J; = 7.6, J, = 4.7 Hz), 7.16 (1H, tt, J, = 7.7, J, = 1.3 Hz),
7.20 2H, dtd, J; =17.8,J,= 1.2, J;=0.5 Hz), 7.28 (2H, dddd, J; = 7.8, J,= 7.7, J3=1.9,J,=
0.5 Hz), 8.07 (1H, dd, J; = 4.7, J, = 1.9 Hz), 8.23 (1H, dd, J; = 7.6, J, = 1.9 Hz), 9.57 (1H, s,
NH). 3C NMR (100 MHz, CDCls, 8, ppm): 30.8 (1C, -CH,-, C-3), 36.9 (1C, -CH,-, C-2), 39.9
(1C,-CH-, C-4), 111.2(1C, Ar., Py-C-6), 117.7 (1C, Ar., Py-C-4a), 126.7 (1C, Ar., C-4"), 128.7
(2C, Ar., C-2', C-6"), 129.1 (2C, Ar., C-3', C-5"), 132.9 (1C, Ar., C-1"), 144.9 (1C, Ar., Py-C-5),

144.9 (1C, Ar., Py-C-7), 163.8 (1C, Ar., Py-C-8a). MS (EI, 70 eV) m/z (%), 212 (M*+2, 2), 211
(M*+1, 11), 210 (M*, 64), 205 (2), 195 (100), 181 (32), 167 (12), 154 (8), 140 (5), 133 (21),
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105 (8), 91 (15), 77 (29), 67 (2). Anal. Calcd. for C;4H 4N, (210); C, 80.00; H, 6.66; N, 13.33.
Found: C, 80.11; H, 6.60; N, 13.27%.
1,2,3,4-Tetrahydro-4-(pyridin-2-yl)-1,8-naphthyridine (5b): Yellow crystals; 84%; mp
122-24 °C (ethanol); IR (KBr, v, cm™!): 3440, 3075, 2980, 1695, 1600, 1580, 1470, 1440, 1385,
1252, 1170, 794. 'H NMR (400 MHz, CDCls, 5, ppm): 2.13 (2H, dddd, J, = 13.6,J,=6.9, J; =
6.6, J,= 2.5 Hz, C*H,), 3.45 (2H, ddd, J; = 13.8, J, = 6.6, J; = 2.5 Hz, N-C2H,), 4.15 (1H,
dd, J; = 10.1, J,= 3.8 Hz, C*H), 7.17 (1H, dd, J; = 7.6, J, = 4.7 Hz), 7.20 (1H, ddd, J; = 7.4,
J,=4.5,J;=1.2Hz),7.28 (1H, ddd, J; = 7.6, J,= 1.2, J;=0.5 Hz), 7.68 (1H, ddd, J; = 7.6,
J,=174,J;=19Hz),793 (1H,dd, J;=7.6,J,=1.9 Hz), 8.13 (1H, dd, J; =4.7,J,= 1.9 Hz),
8.52 (1H, ddd, J; =4.5,J,= 1.9, J;= 0.5 Hz), 9.48 (1H, s, NH). 13C NMR (100 MHz, CDCl;,
d, ppm): 28.3 (1C, -CH,-, C-3), 36.9 (1C, -CH,-, C-2), 39.6 (1C, -CH-, C-4), 110.3 (1C, Ar., C-
6), 117.7 (1C, Ar., C-4a), 120.6 (1C, Ar., C-4"), 125.0 (1C, Ar., C-6"), 131.6 (1C, Ar., C-5"),
139.4 (1C, Ar., C-5), 145.5 (1C, Ar., C-3"), 146.0 (1C, Ar., C-7), 153.4 (1C, Ar., C-1"), 167.7
(1C, Ar., C-8a). MS (EL 70 eV) m/z (%), 213 (M+2, 2), 212 (M*+1, 13), 211 (M*, 36), 195
(2), 183 (6), 170 (77), 153 (100), 141 (3), 135 (12), 125 (15), 107 (5), 90 (20), 79 (14), 68 (4).
Anal. Calced. for C3H 3N;3 (211); C, 73.93; H, 6.16; N, 19.90. Found: C, 73.88; H, 6.21; N,
19.90%.
6,7,8,9-Tetrahydro-5-phenyl-5H-pyrido|[2,3-c]azepine (5c¢): Yellow crystals; 92%; mp
138-140 °C (ethanol); IR (KBr, v, cm™): 3390, 3020, 2956, 1690, 1600, 1590, 1470, 1440, 1375,
1240, 1122, 798. 'TH NMR (400 MHz, CDCl3, &, ppm): 2.18 (2H, dddd, J; = 13.9, J,= 6.6, J; =
4.7,J,=2.6 Hz, C°H,), 2.89 (2H, ddd, J; = 11.3, J,= 6.6, J; = 2.6 Hz, C'H,), 3.97 (2H, d, J =
15.0 Hz, N- C9H2) 4.17 (1H, dd, J; = 8.1, J,= 1.4 Hz, C°H), 7.12 (1H, dd, J; = 8.0, J, = 4.7
Hz), 7.18 (1H, tt,J, = 7.7, J,= 1.3 Hz), 7.21 (2H, dddd, J, = 7.8, J,= 7.7, J;= 1.9, J,= 0.5
Hz), 7.27 2H, dtd, J; = 7.8, J,= 1.2, J3= 0.5 Hz), 8.31 (1H, dd, J; = 8.0, J, = 1.9 Hz), 8.67
(1H, dd, J, = 4.7, J, = 1.9 Hz), 9.41 (1H, s, NH). '3C NMR (100 MHz, CDCl;, §, ppm): 35.7
(1C, -CH-, C-5), 50.4 (1C, -CH,-, C-4), 54.5 (1C, -CH,-, C-1), 56.9 (1C, -CH,-, C-3), 122.6
(1C, Ar., Py-C-7), 126.9 (1C, Ar., C-4"), 128.9 (2C, Ar., C-2', C-6"), 129.5 (2C, Ar., C-3', C-5"),
132.8 (1C, Ar., Py-C-6), 134.4 (1C, Ar., Py-C-5a), 145.0 (1C, Ar., C-1"), 145.9 (1C, Ar., Py-C-
8), 169.3 (1C, Ar., Py-C-9a). MS (EI, 70 eV) m/z (%), 225 (M*+1, 7), 224 (M*, 100), 222 (40),
191 (3), 177 (2), 156 (2), 145 (44), 128 (2), 109 (25), 91 (39), 74 (25), 61 (2), 50 (7). Anal.
Calcd. for CysH;¢N, (224); C, 80.35; H, 7.14; N, 12.50. Found: C, 80.42; H, 7.17; N, 12.40%.
6,7,8,9-Tetrahydro-5-(pyridin-2-yl)-5H-pyrido[2,3-c]azepine (5d): Yellow crystals;
89%; mp 158-61 °C (ethanol); IR (KBr, v, cm'): 3420, 3040, 2985, 1700, 1605, 1580, 1475,
1440 1374, 1248, 1127, 770. '"H NMR (400 MHz, CDCl;, §, ppm): 2.17 (2H, dddd, J; = 13.9,
=6.6,J;=4.7,J,=2.6 Hz, C°H,), 2.95 (2H, ddd, J, = 10.1, J, = 6.6, J; = 2.6 Hz C"H,), 4.03
(ZH d, J=15.0 Hz, N-C°H,), 4.41 (1H, dd, J; = 8.1, J, = 1.4 Hz, C°H), 7.20 (2H, ddd, J, = 7.4,
J,=4.5,J;=1.2Hz), 7.25 (1H, ddd, J,; = 7.6, J,= 1.2, J3= 0.5 Hz), 7.60 (1H, ddd, J; = 7.6,
J,=74,J;=19Hz),795(1H,dd, J; =7.6,J,=1.9 Hz), 8.58 (1H, ddd, J; =4.5,J,=1.9, J; =
0.5 Hz), 8.72 (1H, dd, J; = 4.7, J,= 1.9 Hz), 9.72 (1H, s, NH). 13C NMR (100 MHz, CDCl;, §,
ppm): 35.0 (1C, -CH-, C-5), 50.4 (1C, -CH,-, C-4), 50.8 (1C, -CH,-, C-1), 54.5 (1C, -CH,-, C-
3),120.6 (1C, Ar., C-7), 121.5 (1C, Ar., C-4"), 125.6 (1C, Ar., C-6"), 133.3 (1C, Ar., C-5"), 133.5
(1C, Ar., C-6), 139.5 (1C, Ar., C-5a), 146.3 (1C, Ar., C-8), 147.6 (1C, Ar., C-3"), 155.4 (1C,
Ar., C-9a), 168.1 (1C, Ar., C-1"). MS (EL 70 eV) m/z (%), 226 (M*+1, 10), 224 (M*, 53), 208
(2), 194 (2), 181 (12), 165 (2), 148 (30), 120 (100), 105 (31), 91 (17), 74 (52), 68 (3), 51 (16).
Anal. Calcd. for Ci4H 5sN; (225); C, 74.66; H, 6.66; N, 18.66. Found: C, 74.64; H, 6.71; N,
18.64%.
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Ethyl 2-(3,4-dihydro-4-phenyl-1,8-naphthyridin-1(2H)-yl)acetate (7a): Pale yellow
needles; 74%, mp 115-17 °C (ethanol); IR (KBr, v, cm™!): 3060, 2975, 1730, 1600, 1580, 1470,
1445, 1354, 1271, 780. 'H NMR (400 MHz, CDCls, 8, ppm): 1.17 (3H, t,J= 7.1 Hz, CHj),
2.05 (2H, dddd, J, =13.7,J,=17.2,J;= 6.9, J,= 1.9 Hz, C3H,), 3.36 (2H, ddd, J; = 13.8, J, =
6.9, J; = 1.9 Hz, N-C2H,), 3.66 (2H, s, C*H,), 3.86 (1H, dd, J; = 9.7, J, = 4.6 Hz, C*H), 4.14
(2H, q,J= 7.1 Hz, CH,), 7.10 (1H, dd, J; = 7.6, J,=4.7 Hz), 7.14 (1H, tt, J; = 7.7, J,= 1.3
Hz), 7.19 2H, dtd, J; = 7.8, J,= 1.2, J3= 0.5 Hz), 7.31 (1H, dddd, J; = 7.8, J,= 7.7, J3= 1.9,
J,=0.5 Hz), 8.12-8.35 (2H, m). 13C NMR (100 MHz, CDCl;, §, ppm): 14.7 (1C, -OCH,CH}),
29.7 (1C, -CH,-, C-3), 39.9 (1C, -C*H,CO), 47.5 (1C, -CH-, C-4), 50.7 (1C, -OCH,CH3), 61.1
(1C, -CH,-, C-2), 113.6 (1C, Ar., Py-C-6), 124.9 (1C, Ar., Py-C-4a), 126.7 (1C, Ar., C-4"),
128.7 (2C, Ar., C-2', C-6"), 129.1 (2C, Ar., C-3', C-5"), 134.3 (1C, Ar., Py-C-5), 144.9 (1C, Ar.,
C-1"), 145.1 (1C, Ar., Py-C-7), 156.7 (1C, Ar., Py-C-8a), 171.0 (1C, C=0). MS (EI, 70 eV) m/z
(%), 297 (M*+1, 4), 296 (M*, 31), 275 (27), 251 (M*-COEt, 100), 218 (7), 189 (4), 143 (72),
115 (60), 91 (11), 77 (26). Anal. Calcd. for C1gH,()N,O, (296); C, 72.97; H, 6.75; N, 9.45.
Found: C, 73.05; H, 6.73; N, 9.38%.

Ethyl 3-(3,4-dihydro-4-phenyl-1,8-naphthyridin-1(2H)-yl)propanoate (7b): Buff
crystals; 81%, mp 129-31 °C (acetone); IR (KBr, v, cm™): 3065, 2979, 1735, 1605, 1590, 1480,
1445, 1370, 1185, 789. 'H NMR (400 MHz, CDCls, §, ppm): 1.14 (3H, t,J= 7.1 Hz, CHj),
2.03 (2H, dddd, J; =13.7,J,=17.2,J;=6.9, J,= 1.9 Hz, C?H,), 2.50 (2H, t, J = 6.7 Hz, C*H,),
3.39 (t,J = 6.7 Hz, CPH,), 3.44 (ddd, J; = 13.7, J,= 6.9, J;= 1.9 Hz, N-C2H,), 3.86 (1H,
dd, J;=9.7,J,=4.6 Hz, C*H), 4.10 (2H, q, J= 7.1 Hz, CH,), 7.18 (2H, m), 7.15 (2H, dtd, J; =
7.8,J,=12,J;=0.5Hz),7.28 (2H,dddd, J; =7.8,J,=7.7,J;=1.9,J,=0.5Hz), 8.08 (dd, J; =
47,J,=1.9 Hz), 8.31 (dd, J; = 7.6, J,= 1.9 Hz). 13C NMR (100 MHz, CDCls, 5, ppm): 14.5
(1C, -OCH,CH3), 29.7 (1C, -CH,-, C-3), 35.5 (1C, -C*H,CO), 39.9 (1C, -CH-, C-4),47.9 (1C,
N-CPH,), 48.1 (1C, -OCH,CHj), 61.8 (1C, -CH,-, C-2), 112.5 (1C, Ar., Py-C-6), 122.4 (1C,
Ar., Py-C-4a), 126.7 (1C, Ar., C-4), 128.7 (2C, Ar., C-2', C-6'), 129.1 (2C, Ar., C-3', C-5"),
134.4 (1C, Ar., Py-C-5), 144.9 (1C, Ar., C-1"), 145.9 (1C, Ar., Py-C-7), 156.2 (1C, Ar., Py-C-
8a), 172.8 (1C, C=0). MS (EI, 70 eV) m/z (%), 310 (M*, 33), 271 (6), 265 (M*-OFEt, 100), 224
(5), 186 (38), 170 (21), 153 (61), 117 (82), 106 (40), 89 (35), 90 (23), 77 (68). Anal. Calcd. for
C19H5,N,0, (310); C, 73.54; H, 7.09; N, 9.03. Found: C, 73.50; H, 7.03; N, 9.12%.

Ethyl 2-(3,4-dihydro-4-(pyridin-2-yl)-1,8-naphthyridin-1(2H)-yl)acetate (7c): Pale
yellow needles; 78%, mp 140—42 °C (acetone); IR (KBr, v, cm'!): 3030, 2965, 1732, 1600,
1580, 1460, 1485, 1330, 1277, 770. 'H NMR (400 MHz, CDCls, §, ppm): 1.16 (3H, t,J= 7.1
Hz, CH;), 2.09 (2H, dddd, J;, = 13.6,J,=17.2,J;=6.9, J,= 1.9 Hz, C3H,), 3.36 (2H, ddd, J; =
14.6,J,=6.9,J;=1.9 Hz, N- C2H2), 3.68 (2H, s, C*H,), 3.99 (dd, J; =9.7, J,=4.6 Hz, C4H),
4.19(2H, q,J=7.1 Hz, CH,), 7.07 (1H, dd, J, = 7.6, J,=4.7 Hz), 7.18 (1H, ddd, J; = 7.4, J, =
4.5,J3=12Hz), 7.28 (1H, ddd, J; = 7.6, J,= 1.2, J3= 0.5 Hz), 7.61 (1H, ddd, J; = 7.6, J, =
7.4,J3=19Hz),795(1H,dd, J;=7.6,J,=1.9 Hz), 8.20 (1H, dd, J; = 4.7, J,= 1.9 Hz), 8.58
(1H, ddd, J; = 4.5, J,= 1.9, J; = 0.5 Hz). 13C NMR (100 MHz, CDCls, §, ppm): 15.0 (1C, -
OCH,CHj3), 27.9 (1C, -CH;-, C-3), 39.9 (1C, -CH-, C-4), 47.5 (1C, -CH,-, C-2), 50.7 (1C, -
C“H,CO), 61.9 (1C, -OCH,CH3), 113.0 (1C, Ar., C-6), 120.6 (1C, Ar., C-4"), 124.7 (1C, Ar.,,
C-4a), 125.0 (1C, Ar., C-6"), 132.6 (1C, Ar., C-5"), 139.4 (1C, Ar., C-5), 146.0 (1C, Ar., C-7),
146.1 (1C, Ar., C-3"), 156.0 (1C, Ar., C-8a), 167.7 (1C, Ar., C-1"), 175.5 (1C, C=0). MS (EI,
70 eV) m/z (%), 298 (M*+1 7), 297 (M*, 62), 274 (42), 252 (M*-OEt, 100), 225 (88), 197 (37),
181 (50), 152 (24), 104 (17), 93 (13), 90 (8), 77 (17). Anal. Calcd. for C{7H;9N;0, (297); C,
68.68; H, 6.39; N, 14.14. Found: C, 68.74; H, 6.42; N, 14.10%.
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Ethyl 3-(3,4-dihydro-4-(pyridin-2-yl)-1,8-naphthyridin-1(2H)-yl)propanoate (7d):
Brownish needles; 76%, mp 104—6 °C (ethanol); IR (KBr, v, cm™): 3064, 2982, 1730, 1600,
1580, 1470, 1440, 1375, 1285, 1134, 789. 'H NMR (400 MHz, CDCls, §, ppm): 1.18 (3H, t,J =
7.1 Hz, CH3), 2.14 (2H, dddd, J; = 13.6, J, = 7.2, J;=6.9, J,= 1.9 Hz, C*H,), 2.50 (2H, t, J =
6.7 Hz, C*H,), 3.34 (2H, ddd, J, = 13.8,J,= 6.9, J; = 1.9 Hz, N-C2H,), 3.38 (2H, t, J= 6.7 Hz,
CPH,), 4.02 (1H, dd, J, = 9.7, J, = 4.6 Hz C*H), 4.15 (2H, q,J= 7.1 Hz, CH,), 7.12 (1H,
dd,J;=17.6,J,=4.7 Hz), 7.24 (1H, ddd, J, = 7.4, J,= 4.5, J3= 1.2 Hz), 7.30 (1H, ddd, J1
7.6,J,=12,J;=0.5Hz),7.61 (1H,ddd, J;=7.6,J,=7.4,J;=19Hz),7.85 (1H, dd, J; =
J,=19Hz),8.19(1H, dd, J; =4.7,J,=1.9 Hz), 8.50 (1H, ddd, J; =4.5,J,=1.9, J; =0. 5Hz)
13C NMR (100 MHz, CDCl3, 5, ppm): 15.8 (1C, -OCH,CH}), 27.9 (1C, -CH,-, C-3), 35.5 (1C,
-C*H,CO), 39.9 (1C, -CH-, C-4), 47.9 (1C, -CH,-, C-2), 48.1 (1C, N-CPH,), 63.5 (1C, -
OCH,CHj;), 111.8 (1C, Ar., C-6), 120.6 (1C, Ar., C-4"), 121.7 (1C, Ar., C-4a), 125.0 (1C, Ar.,
C-6'), 132.7 (1C, Ar., C-5"), 139.4 (1C, Ar., C-5), 146.0 (1C, Ar., C-7), 146.9 (1C, Ar., C-3"),
155.8 (1C, Ar., C-8a), 167.7 (1C, Ar., C-1"), 178.5 (1C, C=0). MS (EI, 70 eV) m/z (%), 312
(M*+1, 13), 311 (M4, 34), 275 (20), 266 (M'-OEt, 14), 265 (100), 249 (48), 187 (14), 165 (18),
148 (24), 121 (43), 105 (11), 92 (47), 77 (57). Anal. Calcd. for C;gH,;N;0, (311); C, 69.45; H,
6.75; N, 13.50. Found: C, 69.42; H, 6.80; N, 13.45%.

Ethyl 2-(6,7-dihydro-5-phenyl-5H-pyrido|2,3-c|azepin-8(9H)-yl)acetate (7¢): Yellow
crystals; 84%, mp 134-36 °C (AcOEt); IR (KBr, v, cm!): 3060, 2971, 1740, 1605, 1590, 1480,
1445, 1363, 1250, 1185, 790. 'H NMR (400 MHz, CDCl;, &, ppm): 1.24 (3H, t,J= 7.1 Hz
CH,), 2.03 (2H, dddd, J; = 13.9, J,=6.6, J; =4.7, J,= 2.6 Hz, C°H,), 2.85 (2H, ddd, J, =
J;=5.8,J3=2.6 Hz, C'H,), 3.51 (2H, s, C*H};),4.02 (1H, dd, J; = 8.1, J, = 1.4 Hz, C°H), 4 13
(2H, d, J= 12.6 Hz, N-C°H,), 4.17 (2H, q,J= 7.1 Hz, CH,), 7.10-7.18 (2H, m), 7.24 (2H,
dddd, J;=78,J,=17.17,J;=19,J,=0.5 Hz), 7.31 (2H, dtd, J; = 7.8, J, = 1.2, J3= 0.5 Hz),
8.38 (1H, dd, J; = 7.6, J, = 1.9 Hz), 8.64 (1H, dd, J, = 4.7, J, = 1.9 Hz). 3C NMR (100 MHz,
CDCls, 8, ppm): 14.7 (1C, -OCH,CH3), 34.2 (1C, -CH-, C-5), 55.0 (1C, -CH,-, C-4), 56.5 (1C,
-CH,-, C-1), 57.3 (1C, -CH,-, C-3), 60.3 (1C, -C*H,CO), 61.7 (1C, -OCH,CH3), 121.9 (1C,
Ar., Py-C-7),126.9 (1C, Ar., C-4"), 128.9 (2C, Ar., C-2',C-6"), 129.5 (2C, Ar., C-3', C-5"), 133.6
(1C, Ar., Py-C-6), 136.1 (1C, Ar., Py-C-5a), 145.0 (1C, Ar., C-1"), 146.0 (1C, Ar., Py-C-8),
157.7 (1C, Ar., Py-C-9a), 171.4 (1C, C=0). MS (EI, 70 eV) m/z (%), 311 (M*+1, 12), 310
(M, 26), 275 (27), 265 (M*-OEt, 100), 246 (10), 218 (5), 189 (41), 171 (23), 143 (54), 151
(76), 105 (9), 89 (13), 77 (38). Anal. Calcd. for C;gH»,N,0, (310); C, 73.54; H, 7.09; N, 9.03.
Found: C, 73.60; H, 7.12; N, 8.95%.

Ethyl 3-(6,7-dihydro-5-phenyl-SH-pyrido[2,3-c]azepin-8(9H)-yl)propanoate (7f):
Pale yellow crystals; 81%, mp 172-75 °C (benzene); IR (KBr, v, cm™!): 3072, 2964, 1740, 1600,
1590, 1475, 1440, 1392, 1277, 1170, 795. 'H NMR (400 MHz, CDCls, §, ppm): 1.18 (3H, t, J =
7.1 Hz, CHy), 2.05 (2H, dddd, J; = 13.9, J, = 6.6, J; = 4.7, J,= 2.6 Hz, C°H,), 2.48 2H, t, J =
3.9 Hz, C°H,), 2.91 (2H, ddd, J; = 7.8, J,= 6.6, J; = 2.6 Hz, C"H,), 2.93 (2H, t,J= 3.9 Hz,
CPH,), 4.01 (1H, d, J= 11.9 Hz, C°H), 4.17 (2H, dd, J; = 8.1, J, = 1.4 Hz, N-C°H,), 4.28 (2H,
q,J= 7.1 Hz, CH,), 7.10 (1H, dd, J; = 7.6, J,= 4.7 Hz), 7.20 (1H, &, J; = 7.7, J, = 1.3 Hz),
7.25 (m, 2H), 7.31 2H, dtd, J; =7.8,J,=1.2,J3=0.5 Hz), 8.32 (1H, dd, J; =7.6,J,= 1.9 Hz),
8.60 (1H, dd,J; = 4.7, J,= 1.9 Hz). 13C NMR (100 MHz, CDCls, §, ppm): 14.2 (1C, -
OCH,CHj3), 34.2 (1C, -CH-, C-5), 34.2 (1C, -C*H,CO0), 51.6 (1C, -CH,-, C-4), 54.3 (1C, N-
CPH,), 56.5 (1C, -CH,-, C-3), 61.1 (1C, -CH,-, C-1), 62.5 (1C, -OCH,CH3), 121.9 (1C, Ar.,
Py-C-7), 126.9 (1C, Ar., C-4"), 128.9 (2C, Ar., C-2', C-6"), 129.5 (2C, Ar., C-3', C-5"), 133.6
(1C, Ar., Py-C-6), 136.1 (1C, Ar., Py-C-5a), 145.0 (1C, Ar., C-1"), 146.0 (1C, Ar., Py-C-8),
157.7 (1C, Ar., Py-C-9a), 175.4 (1C, C=0). MS (EI, 70 eV) m/z (%), 325 (M*+1, 6), 324 (M,
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20), 287 (18), 279 (M*-OEt, 100), 240 (11), 223 (18), 196 (54), 169 (64), 109 (12), 105 (9), 97
(75), 89 (11), 76 (8). Anal. Calcd. for C,yH,4N,0, (324); C, 74.07; H, 7.40; N, 8.64. Found: C,
74.05; H, 7.45; N, 8.71%.

Ethyl 2-(6,7-dihydro-5-(pyridin-2-yl)-5H-pyrido[2,3-c]azepin-8(9H)-yl)acetate (7g):
Yellow needles; 85%, mp 158-60 °C (acetone); IR (KBr, v, cm): 3040, 2975, 1737, 1600,
1580, 1470, 1440, 1376, 1273, 1145, 768. 'H NMR (400 MHz, CDCls, §, ppm): 1.17 (3H, t,J =
7.1 Hz, CH3), 2.06 (2H, dddd, J; = 13.6, J,= 6.6, J; = 4.7, J,= 2.6 Hz, C°H,), 2.83 (2H,
ddd,J1 7.4, J,= 6.6, J;=2.6 Hz C'H,), 3.51 (2H, s, C*H,), 4.15 (2H, d, J= 12.6 Hz, N-
C°H,), 4.18 (2H, q,J= 7.1 Hz, CH,), 4.48 (1H, dd,J; = 8.1, J,= 1.4 Hz, C°H), 7.11 (1H,
dd,J; =17.5, J,=4.7 Hz), 7.20 (1H, ddd, J; = 7.4, J,=4.5, J;= 1.2 Hz), 7.31 (1H, ddd, J; =
7.6,J,=12,J;=0.5Hz),7.62 (1H,ddd, J;=7.6,J,=7.4,J3=19 Hz), 7.80 (1H, dd, J; = 7.5,
J,=19Hz),8.52 (1H, ddd, J;=4.5,J,=1.9,J;=0.5Hz), 8.65 (1H, dd, J; =4.7,J,= 1.9 Hz).
13C NMR (100 MHz, CDCls, §, ppm): 15.7 (1C, -OCH,CH;), 33.7 (1C, -CH-, C-5), 49.7 (1C,
-CH,-, C-4), 55.0 (1C, -CH,-, C-1), 57.3 (1C, -CH,-, C-3), 60.3 (1C, -C*H,CO), 62.2 (1C, -
OCH,CH3), 120.2 (1C, Ar., C-7), 121.5 (1C, Ar., C-4'), 125.6 (1C, Ar., C-6"), 133.5 (1C, Ar.,,
C-5", 135.2 (1C, Ar., C-6), 139.5 (1C, Ar., C-5a), 146.3 (1C, Ar., C-8), 147.5 (1C, Ar., C-3"),
153.0 (1C, Ar., Py-C-9a), 167.8 (1C, Ar., C-1"), 171.4 (1C, C=0). MS (EI, 70 eV) m/z (%), 312
(M*+1, 12), 311 (M*, 100), 290 (11), 275 (19), 266 (M-OEt, 29), 265 (55), 249 (38), 187 (12),
165 (14), 115 (24), 92 (45), 77 (18). Anal. Calcd. for C;gH,;N30, (311); C, 69.45; H, 6.75; N,
13.50. Found: C, 69.52; H, 6.71; N, 13.47%.

Ethyl 3-(6,7-dihydro-5-(pyridin-2-yl)-SH-pyrido[2,3-c]azepin-8(9H)-yl)propanoate
(7h): Greenish crystals; 72%, mp 151-53 °C (acetone); IR (KBr, v, cm™!): 3074, 2967, 1740,
1600, 1590, 1480, 1440, 1378, 1280, 1195, 788. 'H NMR (400 MHz, CDCl;, §, ppm) 1.13
(3H, t,J=7.1 Hz, CH3), 2.10 (2H, dddd, J, = 13.6, J, = 6.6, J; = 4.7, J, = 2.6 Hz, C°H,), 2.48
(2H, t, J=3.9 Hz, C*H,), 2.88 (2H, ddd, J; = 7.6, J, = 6.6, J; = 2.6 Hz, C'H,), 2.90 (2H, t, J =
3.9 Hz, CPH,), 4.04 (2H, d, J= 11.9 Hz, N-C°H,), 4.15 (2H, q, /= 7.1 Hz, CH,), 4.48 (1H,
dd, J; = 8.1, J,= 1.4 Hz, C°H), 7.11 (1H, dd, J; = 7.5, J,= 4.7 Hz), 7.22 (1H, ddd, J; = 7.4,
J,=4.5,J;=1.2Hz),7.29 (1H, ddd, J, = 7.6, J,= 1.2, J3= 0.5 Hz), 7.61 (1H, ddd, J; = 7.6,
J,=74,J3=19Hz),7.90 (1H,dd, J;=7.5,J,=19 Hz), 8.55 (1H, ddd, J; =4.5,J,=1.9,J;=
0.5 Hz), 8.68 (1H, dd, J; = 4.7, J, = 1.9 Hz). 13C NMR (100 MHz, CDCls, §, ppm): 16.1 (1C, -
OCH,CHj3), 33.7 (1C, -CH-, C-5), 34.2 (1C, -C*H,CO), 49.7 (1C, -CH,-, C-4), 51.6 (1C, -CH,-
, C-3),54.3 (1C, -CH,-, C-1), 61.3 (1C, N-CPH,), 62.4 (1C, -OCH,CHj), 120.2 (1C, Ar., C-7),
121.5 (1C, Ar., C-4'), 125.6 (1C, Ar., C-6"), 133.5 (1C, Ar., C-5"), 135.2 (1C, Ar., C-6), 139.5
(1C, Ar., C-5a), 146.3 (1C, Ar., C-8), 147.5 (1C, Ar., C-3"), 153.0 (1C, Ar., Py-C-9a), 167.8
(1C, Ar., C-1"), 180.6 (1C, C=0). MS (EL, 70 eV) m/z (%), 326 (M*+1, 7), 325 (M*, 36), 303
(46), 280 (M*-OEt, 100), 267 (36), 230 (39), 196 (18), 184 (22), 145 (14), 91 (20), 77 (21).
Anal. Calcd. for C19H,3N30, (325); C, 70.15; H, 7.07; N, 12.92. Found: C, 70.20; H, 7.11; N,
12.95%.

5,12-Ethano-6H-benzo|e]|pyrido[2,3-b]azocin-7(12H)-one (8a): Yield 0.61 g (81%,
method I), 0.56 g (75%, method II), 0.53 g (71%, method III), Pale yellow crystals; mp 137-40
°C (acetone); IR (KBr, v, cm™): 3030, 2975, 1693, 1600, 1580, 1480, 1440, 1376, 1255, 1184,
792. TH NMR (400 MHz, CDCls, 8, ppm): 2.03 (2H, dddd, J; = 13.3,.J,=8.0,J;=4.1,J,=3.6
Hz, bridged-CH,), 3.51 (2H, ddd, J; = 11.9, J, = 8.0, J; = 3.6 Hz, bridged-NCH,), 4.30 (1H,
dd, J;=6.7,J,=1.4 Hz C12H), 4.92 (2H, d, J= 16.1 Hz, NC6H2CO) 7.14 (1H, dd, J; = 7.6,
J,=4.7 Hz), 7.28 (1H, ddd, J; = 8.0, J,= 1.4, J3= 0.4 Hz), 7.30-7.42 (2H, m), 7.94 (1H,
ddd,J;=79,J,=1.3,J3=04Hz),8.02 (1H,dd, J;=7.6,J,=1.9 Hz), 8.17 (1H, dd, J; = 4.7
J>=1.9 Hz). 13C NMR (100 MHz, CDCls, &, ppm): 28.4 (1C, bridged-CH,-, C-13), 32.9 (1C,
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-CH-, C-12), 40.0 (1C, bridged-CH,-, C-14), 50.0 (1C, -CH,CO, C-6), 121.2 (1C, Ar., Py-C-
2), 122.7 (1C, Ar., Py-C-12a), 124.6 (1C, Ar., C-9), 126.1 (1C, Ar., C-11a), 126.7 (2C, Ar., C-
8, C-11), 127.8 (2C, Ar., C-10, C-7a), 128.7 (1C, Ar., Py-C-1), 151.7 (1C, Ar., Py-C-3), 156.4
(1C, Ar., Py-C-4a), 203.5 (1C, C=0, C-7). MS (E1, 70 eV) m/z (%), 252 (M*+2, 5),251 (M*+1,
31),250 (M*, 100), 222 (36), 209 (15), 197 (6), 185 (66), 165 (33), 147 (18), 108 (17), 92 (28),
77 (26). Anal. Calcd. for C;cH;4N,O (250); C, 76.80; H, 5.60; N, 11.20. Found: C, 76.85; H,
5.57; N, 11.24%.

6,7-Dihydro-5,13-ethanobenzo[e]pyrido[2,3-b]azonin-8(13H)-one (8b): Yield 0.63 g
(80%, method 1), 0.57 g (73%, method II), 0.55 g (70%, method III), Yellow solid; mp 168-71
°C (acetone); IR (KBr, v, cm™): 3060, 2974, 1700, 1600, 1585, 1480, 1440, 1393, 1284, 1178,
782. 'TH NMR (400 MHz, CDCls, 8, ppm): 2.11 (2H, dddd, J, = 14.4,J,=7.2,J;=3.3,J,=3.1
Hz, bridged-CH.), 2.84 (2H, ddd, J; = 15.7, J,= 6.4, J; = 2.8 Hz, C"H,), 3.57 (2H, ddd, J; =
14.4, J,= 6.9, J;= 3.6 Hz, bridged-NCH,), 3.85 (2H, ddd, J; = 14.4, J,= 6.6, J;= 2.5 Hz,
C%H,), 4.50 (1H, dd, J; =4.5,J,=1.7 Hz, C'3H), 7.09 (1H, dd, J; = 7.5, J, = 4.7 Hz), 7.31 (1H,
ddd, J; =11.5,J,=1.8,J3=0.5 Hz), 7.33 (1H, ddd, J, = 7.8, J,= 7.5, J; = 1.8 Hz), 7.45 (1H,
ddd, J; =11.5,J,=17.5,J3=12Hz), 7.98 (1H, ddd, J, = 7.8, J, = 1.2, J;3 = 0.5 Hz), 8.09 (1H,
dd, J;=7.5,J,=19 Hz), 8.18 (1H, dd, J, = 4.7, J,= 1.9 Hz). 13C NMR (100 MHz, CDCl;, §,
ppm): 26.4 (1C, bridged-CH,-, C-14), 35.9 (1C, -CH,CO, C-7), 40.0 (1C, -CH-, C-13), 50.9
(1C, bridged-CH,-, C-15), 51.7 (1C, N-CH,-, C-6), 121.2 (1C, Ar., Py-C-2), 122.7 (1C, Ar.,
Py-C-13a), 124.6 (1C, Ar., C-10), 126.1 (1C, Ar., C-12a), 126.7 (2C, Ar., C-9, C-12), 127.8
(2C, Ar., C-11, C-8a), 128.7 (1C, Ar., Py-C-1), 151.7 (1C, Ar., Py-C-3), 156.4 (1C, Ar., Py-C-
4a), 210.8 (1C, C=0, C-8). MS (EI, 70 eV) m/z (%), 265 (M*+1, 12), 264 (M*, 60), 246 (53),
236 (100), 219 (6), 207 (31), 193 (10), 178 (3), 165 (45), 152 (63), 134 (33), 92 (20), 77 (32).
Anal. Calcd. for C{7H;¢N,O (264); C, 77.27; H, 6.06; N, 10.60. Found: C, 77.32; H, 6.09; N,
10.55%.

6,12-Dihydro-5H-7,12-ethanodipyrido[2,3-b:2',3"-e]azocin-5-one (8c): Yield 0.63 g
(84%, method I), 0.57 g (77%, method II), 0.55 g (74%, method III), Yellow crystals, mp 184-
86 °C (benzene); IR (KBr, v, cm'!): 3034, 2979, 1692, 1600, 1580, 1500, 1440, 1322, 1275,
1153, 794. 'H NMR (400 MHz, CDCls, §, ppm): 2.14 (2H, dddd, J; = 13.4, J,=17.9, J; = 4.1,
Jy=3.6 Hz, bridged-CH,), 3.49 (2H, ddd, J; =12.4,J,=1.9, J; = 3.6 Hz, bridged-NCH,), 4.83
(2H, dd, J; = 6.7, J, = 1.4 Hz, N-C®H,CO), 4.95 (1H, d, J = 16.2 Hz, C12H), 7.11 (1H, dd, J; =
7.6,J,=4.7Hz),7.25(1H,dd, J;=17.8,J,=4.5Hz), 7.80 (1H, dd, J; = 7.8, J,= 1.9 Hz), 7.97
(1H,dd, J;=17.6,J,=19 Hz), 8.12 (1H, dd, J; =4.7,J,= 1.9 Hz), 8.70 (1H, dd, J; = 4.5, J, =
1.9 Hz). 3C NMR (100 MHz, CDCls, 8, ppm): 27.4 (1C, bridged-CH,-, C-13), 32.9 (1C, -CH-
, C-12), 45.4 (1C, bridged-CH,-, C-14), 56.2 (1C, -CH,CO, C-6), 121.1 (1C, Ar., C-10), 121.2
(1C, Ar., C-11a), 124.6 (1C, Ar., C-3), 126.7 (1C, Ar., C-4a), 127.8 (1C, Ar., C-4), 128.7 (1C,
Ar., C-11),149.2 (1C, Ar., C-9), 151.7 (1C, Ar., C-2), 154.6 (1C, Ar., C-7a), 156.4 (1C, Ar., C-
12a), 206.4 (1C, C=0, C-5). MS (EI, 70 eV) m/z (%), 252 (M*+1, 11), 251 (M", 100), 223
(30), 192 (2), 162 (12), 145 (39), 135 (55), 117 (20), 108 (19), 92 (46), 77 (24). Anal. Calcd.
for C;5H3N;0 (251); C, 71.71; H, 5.17; N, 16.73. Found: C, 71.68; H, 5.22; N, 16.71%.

6,7-Dihydro-8,13-ethanodipyrido[2,3-b:2',3'-¢]azonin-5(13H)-one (8d): Yield 0.69 g
(88%, method I), 0.63 g (81%, method II), 0.56 g (71%, method III), Yellow needles, mp 154-
56 °C (AcOE); IR (KBr, v, cm!): 3018, 2945, 1700, 1605, 1585, 1470, 1440, 1394, 1241, 1179,
794. TH NMR (400 MHz, CDCls, §, ppm): 2.19 (2H, dddd, J; = 14.3,J,=7.2,J;=3.3 J4 3.1
Hz, bridged-CH,), 2.82 (2H, ddd, J; = 15.7, J, = 6.4, J;= 2.8 Hz, C6H2) 3.47 (2H, ddd, J; =
14.5, J,= 6.9, J;= 3.5 Hz, bridged-NCH,), 3.83 (2H, ddd, J, = 14.4, J,= 6.6, J3= 2.5 Hz
C7H2), 476 (1H, dd, J; =4.4,J,=1.7Hz, C13H), 6.95 (1H, dd, J, = 7.9, J,=4.5 Hz), 7.14 (1H,
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dd,J; =175, J,=4.7 Hz), 7.85 (1H, dd, J, = 7.9, J, = 1.9 Hz), 7.92 (1H, dd, J; = 7.5, J,= 1.9
Hz), 8.15 (1H, dd, J; = 4.7, J,= 1.9 Hz), 8.92 (1H, dd, J; = 4.5, J,= 1.9 Hz). 13C NMR (100
MHz, CDCls, §, ppm): 31.2 (1C, bridged-CH,-, C-14), 35.9 (1C, CH,CO, C-6), 45.4 (1C, -CH-
, C-13), 49.1 (1C, bridged-CH,-, C-15), 50.44 (1C,N-CH,, C-7), 121.1 (1C, Ar., C-11), 121.2
(1C, Ar., C-12a), 124.6 (1C, Ar., C-3), 126.7 (1C, Ar., C-4a), 127.8 (1C, Ar., C-4), 128.7 (1C,
Ar., C-12), 149.2 (1C, Ar., C-10), 151.7 (1C, Ar., C-2), 154.6 (1C, Ar., C-8a), 156.4 (1C, Ar.,
C-13a), 215.8 (1C, C=0, C-5). MS (EI, 70 V) m/z (%), 267 (M*+2, 15), 266 (M*+1, 20), 265
(M*, 57), 237 (47), 230 (100), 195 (25), 167 (10), 154 (29), 139 (22), 126 (13), 111 (15), 90
(36), 75 (17). Anal. Calcd. for C;¢H;5N30 (265); C, 72.45; H, 5.66; N, 15.84. Found: C, 72.50;
H, 5.71; N, 15.79%.

7,13-Dihydro-6,13-ethanobenzo[f]pyrido[2,3-c|azonin-8(SH)-one (8¢): Yield 0.66 g
(84%, method I), 0.63 g (80%, method II), 0.56 g (72%, method III), Creamy powder; mp 139-
41 °C (acetone); IR (KBr, v, cm™): 3052, 2973, 1695, 1600, 1480, 1440, 1392, 1240, 1186, 775.
TH NMR (400 MHz, CDCls, §, ppm): 2.17 (2H, dddd, J; = 13.3,J,=7.0,J;=3.4,J,= 1.7 Hz,
bridged-CH,), 2.86 (2H, ddd, J; = 7.0, J, = 6.5, J3 = 1.7 Hz, bridged-NCH,), 4.03 (2H, d, J =
11.9 Hz, C°H,), 4.27-4.41 (3H, dd, J; = 5.5, J, = 1.4 Hz, N-C’"H,CO), 4.35 (d, J= 12.9 Hz,
C3H), 7.08 (1H, dd, J;, =7.6,J,=4.7 Hz), 7.24 (1H, ddd, J, = 10.3, J, = 1.8, J; = 0.4 Hz), 7.34
(1H, ddd, J;=7.9,J,="1.3,J;= 1.8 Hz), 7.46 (1H, ddd, J; = 10.3, J, = 7.3, J; = 1.3 Hz), 7.85
(1H,ddd, J; =7.9,J,=1.3,J;=0.4 Hz), 8.35 (1H,dd, J; =7.6,J, =19 Hz), 8.72 (1H, dd, J; =
4.7, J,= 1.9 Hz). 13C NMR (100 MHz, CDCls, §, ppm): 31.7 (1C, -CH-, C-13), 32.9 (1C,
bridged-CH,-, C-14), 51.4 (1C, -CH,-, C-5), 53.4 (1C, bridged-CH,-, C-15), 59.2 (1C, N-
CH,CO, C-7), 123.4 (1C, Ar., Py-C-2), 124.6 (1C, Ar., C-10), 124.9 (1C, Ar., C-11), 128.0 (1C,
Ar., C-8a), 128.7 (1C, Ar., Py-C-13a), 128.9 (2C, Ar., C-9, C-12), 135.6 (2C, Ar., Py-C-1, C-
12a), 149.2 (1C, Ar., Py-C-3), 149.9 (1C, Ar., Py-C-4a), 202.2 (1C, C=0, C-8). MS (EL 70 eV)
m/z (%), 264 (M™, 19), 263 (100), 262 (43), 236 (32), 221 (20), 200 (68), 184 (3), 170 (2), 165
(12), 147 (20), 108 (16), 92 (31), 77 (24). Anal. Calcd. for C;;H;¢N,O (264); C, 77.27; H, 6.06;
N, 10.60. Found: C, 77.29; H, 5.98; N, 10.67%.

7,8-Dihydro-5H-6,14-ethanobenzo|f]pyrido[2,3-c]azecin-9(14H)-one (8f): Yield 0.75
g (91%, method I), 0.64 g (78%, method II), 0.56 g (68%, method III), Yellow solid; mp 164-
66 °C (acetone); IR (KBr, v, cm™): 3060, 2935, 1700, 1600, 1575, 1470, 1440, 1359, 1235,
1170, 798. 'H NMR (400 MHz, CDCls, §, ppm): 2.66 (2H, dddd, J; = 11.1, J,=7.7, J; = 6.3,
Jy= 2.2 Hz, bridged-C"’H,), 3.09 (2H, ddd, J; = 10.1, J, = 6.3, J; = 2.2 Hz, C3H,), 3.34 (2H,
ddd, J; =10.6,J,=1.5,J;=2.5 Hz, bridgedNCMHg) 3.50 2H, ddd, J;=11.1,J,=1.5,J3=
2.5 Hz, C'H,), 4.37-4.48 (2H, dd, J; = 8.6, J, = 6.9 Hz, C°H,), 4.45 (1H, d, J= 15.8 Hz, C14H)
7.06 (1H, dd, J; = 7.6, J,=4.6 Hz), 7.19 (1H, ddd, J; = 11.5, J,= 1.1, J3= 0.5 Hz), 7.41 (1H,
ddd,J; = 11.5, J,=10.2, J3= 1.3 Hz), 7.57 (1H, ddd, J; = 10.2, J,= 8.9, J;= 1.1 Hz), 7.77
(1H, ddd, J; =8.9,J,=1.3,J3=0.5Hz), 8.05 (1H, dd, J; =4.6,J,=2.0 Hz), 8.37 (1H, dd, J; =
7.6, J,= 2.0 Hz). 13C NMR (100 MHz, CDCl;, §, ppm): 31.2 (1C, -CH-, C-14), 32.9 (1C,
bridged-CH,-, C-15), 35.9 (1C, CH,CO, C-8), 51.4 (1C, -CH,-, C-7), 53.4 (1C, -CH,-, C-5),
59.5 (1C, bridged-CH,-, C-16), 123.4 (1C, Ar., Py-C-2), 124.6 (1C, Ar., C-11), 124.9 (1C, Ar.,
C-12), 128.0 (1C, Ar., C-9a), 128.7 (1C, Ar., Py-C-14a), 128.9 (2C, Ar., C-10, C-13), 135.6
(2C, Ar., Py-C-1, C-13a), 149.2 (1C, Ar., Py-C-3), 149.9 (1C, Ar., Py-C-4a), 200.8 (1C, C=0,
C-8). MS (EL, 70 eV) m/z (%), 280 (M*+2, 7), 279 (M*+1, 16), 278 (M*, 100), 250 (19), 244
(9), 214 (3), 196 (9), 184 (13), 167 (5), 154 (27), 140 (18), 108 (76), 92 (48), 77 (25). Anal.
Calcd. for C;gHgN,O (278); C, 77.69; H, 6.47; N, 10.07. Found: C, 77.74; H, 6.50; N, 9.99%.

8,13-Dihydro-7,13-ethanodipyrido[2,3-c:2',3'-flazonin-5(6 H)-one (8g): Yield 0.71 g
(90%, method I), 0.68 g (87%, method II), 0.56 g (72%, method III), Brownish crystals; mp
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170-173 °C (ethanol); IR (KBr, v, cm™!): 3070, 2985, 1694, 1600, 1590, 1470, 1440, 1360, 1284,
1132, 774. 'TH NMR (400 MHz, CDCls, §, ppm): 2.09 (2H, dddd, J; = 13.5, J,= 7.0, J; = 3.5,
Jy= 1.7 Hz, bridged-CH,), 2.89 (2H, ddd, J; = 7.0, J,= 5.9, J; = 1.7 Hz, bridged-NCH,), 4.05
(2H, d, J=11.9 Hz, C®H,), 4.36 (2H, d, J = 13.1 Hz, C®H,), 4.54 (1H, dd, J, = 5.5, J, = 1.4 Hz,
C3H), 7.12 (1H, dd, J; = 7.5, J,= 4.7 Hz), 7.29 (1H, dd,J, = 7.8, J,= 4.5 Hz), 7.71 (1H,
dd,J;=17.5,J,=19Hz),791 (1H, dd, J; = 7.8, J/,= 1.9 Hz), 8.64 (1H, dd, J;=4.7, ,=1.9
Hz), 8.76 (1H, dd, J; = 4.5, J,= 1.9 Hz). 13C NMR (100 MHz, CDCls, §, ppm): 31.2 (1C, -CH-
, C-13), 32.9 (1C, bridged-CH,-, C-14), 51.4 (1C, -CH,, C-8), 53.4 (1C, bridged-CH,-, C-15),
60.2 (1C, -CH,CO, C-6), 123.6 (1C, Ar., C-11), 124.6 (1C, Ar., C-3), 124.9 (1C, Ar., C-4a),
128.7 (1C, Ar., C-12a), 128.9 (1C, Ar., C-4), 135.6 (1C, Ar., C-12), 149.2 (2C, Ar., C-2, C-10),
149.9 (1C, Ar., C-8a), 151.6 (1C, Ar., C-13a), 212.5 (1C, C=0, C-5). MS (EL, 70 eV) m/z (%),
266 (M*+1, 6), 248 (5), 230 (49), 201 (4), 195 (25), 184 (2), 167 (10), 154 (29), 139 (23), 111
(16), 90 (8), 77 (18). Anal. Calcd. for C;¢H;5N30 (265); C, 72.45; H, 5.66; N, 15.84. Found: C,
72.44; H, 5.70; N, 15.77%.

6,7,9,14-Tetrahydro-5H-8,14-ethanodipyrido[2,3-c:2',3'-flazecin-5-one (8h): Yield
0.73 g (89%, method 1), 0.71 g (86%, method II), 0.61 g (74%, method III), Gray crystals; mp
180 dec.°C (EtOAc); IR (KBr, v, cm'!): 3046, 2972, 1705, 1600, 1580, 1480, 1440, 1362, 1235,
1170, 789. 'H NMR (400 MHz, CDCls, §, ppm): 2.68 (2H, dddd, J; = 11.2, J,=17.7,J;= 6.3,
J,= 2.2 Hz, bridged-CH,), 3.09 (2H, ddd, J; = 6.8, J,= 6.3, J;= 2.2 Hz, C®H,), 3.36 (2H,
ddd, J; = 10.6, J,= 7.5, J3 = 2.6 Hz, bridged-NCH,), 3.49 (2H, ddd, J; = 11.1, J,=17.5, J3=
2.6 Hz, C"H,), 4.42 (2H, d, J = 15.8 Hz, C°H,), 4.64 (1H, dd, J; = 8.7, J, = 6.8 Hz, C'*H), 7.02
(1H, dd, J; =17.6,J,=4.6 Hz), 7.28 (1H, dd, J;=17.8,J,=4.6 Hz), 7.71 (1H, dd, J, = 7.6, J, =
2.0 Hz), 7.93 (1H, dd, J; = 7.8, J,= 1.9 Hz), 8.12 (1H, dd, J; = 4.6, J, = 2.0 Hz), 8.49 (1H,
dd, J; = 4.6, J,=1.9 Hz). 13C NMR (100 MHz, CDCls, §, ppm): 30.7 (1C, -CH-, C-14), 32.6
(1C, bridged-CH,-, C-15), 35.9 (1C, -CH,CO, C-6), 51.4 (1C, -CH,, C-7), 53.4 (lC, -CH,, C-
9), 63.3 (1C, bridged-CH,-, C-16), 123.7 (1C, Ar., C-12), 124.6 (1C, Ar., C-3), 124.9 (1C, Ar.,
C-4a), 128.7 (1C, Ar., C-13a), 128.9 (1C, Ar., C-4), 135.6(1C, Ar., C-13), 149.2 (2C, Ar., C-2,
C-11), 149.9 (1C, Ar., C-9a), 151.6 (1C, Ar., C-14a), 214.6 (1C, C=0, C-5). MS (EL, 70 eV)
m/z (%), 280 (M*+1, 18), 279 (M*, 100), 268 (12), 253 (25), 225 (23), 211 (17), 197 (4), 165
(5), 159 (38), 134 (45), 119 (62), 107 (42), 91 (47), 77 (20). Anal. Calcd. for C;7H;7N30 (279);
C,73.11; H, 6.09; N, 15.05. Found: C, 73.14; H, 6.15; N, 15.02%.
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Abstract: Glucagon is the main catabolic hormone in the human organism. Glu-
cagon has been well studied from the aspect of life and biomedical sciences.
However, no analysis of glucagon based on chemical thermodynamics can be
found in the literature. The approach of biothermodynamics would allow to study
the driving force of glucagon production, as well as provide an understanding of
the process from the aspect of the fundamental laws of nature. This research
reports an analysis of glucagon with the methodology of biothermodynamics.
Based on the protein sequences, chemical and thermodynamic characterization
of glucagon, proglucagon, preproglucagon and related peptides is performed,
with the atom counting method and Patel-Erickson—Battley model. Reactions of
translation at the ribosomes and post-translational processing are formulated and
their driving force (Gibbs energy change) is calculated. The process of trans-
lation at the ribosomes that produces preproglucagon is studied from the aspect
of chemical thermodynamics. Based on Gibbs energy, an analysis is performed
of the metabolic pathway for production of glucagon. The role of Le Chatelier’s
principle in coupling of the reactions in the metabolic pathway is studied. Fin-
ally, a discussion is made of applications of the biothermodynamic methodology
in omics research for determination of feasibility of metabolic pathways.

Keywords: enthalpy; entropy; Gibbs energy; mechanistic model; omics; post-trans-
lational processing.

INTRODUCTION

Glucagon is produced in the alpha cells of the islets of Langerhans in the
endocrine part of the pancreas. The physiological effects of glucagon are opposite
to those of insulin. Glucagon and insulin control the blood glucose level. Insulin is
the main anabolic hormone in the organism, which stimulates absorption of glu-
cose into cells, where it can be used for anabolic processes or as an energy source.
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Glucagon is the main catabolic hormone in the organism. Glucagon increases the
concentration of glucose in the blood, by stimulation of glycogenolysis and glu-
coneogenesis. Glucose is stored in the liver in form of the polysaccharide glyco-
gen. Glucagon stimulates liver cells to degrade glycogen and produce glucose,
which is released into the blood. This process is called glycogenolysis. Also, glu-
cagon inhibits formation of glycogen by glycogenesis in liver cells. Glycogen
represents the short-term energy storage of the organism. When it becomes dep-
leted, glucagon promotes production of glucose in liver and kidney cells through
gluconeogenesis. Gluconeogenesis is a metabolic process in which glucose is pro-
duced from substances that are not carbohydrates, like lactate, glycerol, alanine or
glutamine. Also, glucagon inhibits glucose degradation by glycolysis in liver cells.
Moreover, glucagon stimulates lipolysis in the adipose tissue and liver. Lipolysis
leads to release of fatty acids into the blood, which can be used in catabolism to
provide energy.

Glucagon is a polypeptide hormone that consists of 29 amino acid residues. It
is produced by translation at the ribosomes based on the mRNA transcribed from
the human glucagon gene.! The translation process produces the precursor mole-
cule preproglucagon,! which is schematically presented in Fig. 1. Preproglucagon
consists of seven domains: signal peptide, glicentin-related pancreatic peptide
(GRPP), glucagon, hexapeptide or spacer peptide 1 (SP-1), glucagon-like peptide
1 (GLP-1), spacer peptide 2 (SP-2) and glucagon-like peptide 2 (GLP-2).2 The
domains are connected by Lys-Arg (KR), Arg-Arg (RR) or Arg-Lys (RK) dibasic
sites.2

Signal GRPP GLP-1 GLP-2
peptide

(cR

SFSASQADPLSDPDQMNED | KR | | RR |
| R | HAEGTFTSDVSSYLEGQAAKEFIAWLVKGRG | RR |
WLIQTKITD | RK

Fig. 1. Domains of preproglucagon. Preproglucagon consists of seven domains: signal pep-
tide, glicentin-related pancreatic peptide (GRPP), glucagon, hexapeptide or spacer peptide 1
(SP-1), glucagon-like peptide 1 (GLP-1), spacer peptide 2 (SP-2) and glucagon-like peptide 2
(GLP-2). Each domain consists of one or more segments, which are marked by patterns and
colors. The lower part of the figure shows the amino acid sequence of preproglucagon. The
vertical lines separate the segments shown in the upper part of the figure by patterns and
colors.

After production at the ribosomes, preproglucagon is converted into glucagon
by post-translational processing, as shown in Fig. 2. The signal peptide domain
(Fig. 1) targets preproglucagon to the endoplasmic reticulum for excretion.3:#
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Inside the endoplasmic reticulum the signal peptide is cleaved to produce proglu-
cagon.d After that, proglucagon is cleaved by a prohormone convertase enzyme
(PC2) to produce glicentin-KR (glicentin with a Lys-Arg extension at the C-term-
inus) and major proglucagon fragment (MPGF).2:6.7 Then glicentin-KR is cleaved
to produce oxyntomodulin-KR (oxyntomodulin with a Lys-Arg extension at the C-
terminus).2 Oxyntomodulin is then transformed into glucagon-KR (glucagon with
a Lys-Arg extension at the C-terminus).2 After that, glucagon-KR is converted into
glucagon.? Finally, glucagon is excreted from the cells into the blood.®

Main product name Main product scheme Additional product

Preproglucagon

Proglucagon

—— L7 NN\l

Glicentin-KR
—————rep-kr [[IITE
Oxyntomodulin-KR I:E:E:E
{77 — KR f
Oxyntomodulin I:E:E]
{ B —+ Hexapeptide []
Glucagon-KR l:E:E
w—-,rw’_f — KR
Glucagon I:E:l

Fig. 2. Metabolic pathway for production of glucagon from preproglucagon. After production
at the ribosomes, preproglucagon is targeted to the reticulum by the signal peptide. At the
reticulum, preproglucagon is transformed into glucagon, which is excreted into the blood.

The figure presents the chemical reactions that transform preproglucagon into glucagon.
The process is catalyzed by a prohormone convertase enzyme.

Glucagon has been extensively studied from the aspect of life and biomedical
sciences. However, chemical and thermodynamic analysis of glucagon cannot be
found in the literature. Biothermodynamics applies the methodology of chemical
and nonequilibrium thermodynamics to study biological structures and pro-
cesses.3 136 Biothermodynamic analysis has been applied to study microbial
growth,37-38 metabolism39:40 and interactions,*1-43 as well as multicellular organ-
isms.35:44.45 Moreover, biothermodynamic methodology has been applied to bio-
logical molecules and metabolic reactions.23-24:46,47

Organisms are open nonequilibrium thermodynamic systems.36-48 This is why
the methodology of nonequilibrium thermodynamics is very important in analysis
of organisms.36:48 A cell is an open thermodynamic system out of equilibrium,
which means that it exchanges matter and energy with its environment.36:51 The
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cell takes nutrients from the environment.35:36:51 A part of the nutrients is deg-
raded into simple products in catabolism to provide energy.35:36:51 The rest of the
nutrients is used in anabolic processes to produce more complex products.35-36,51
For example, amino acids are taken by the cells of the pancreas as nutrients, which
are transformed by anabolic processes into glucagon. To perform metabolic pro-
cesses, a cell dissipates usable (Gibbs) energy released by degradation of nutrients
in catabolism.33-36:51 For example, during the process of translation amino acids
are activated by hydrolysis of ATP, which is obtained from catabolism.32-34 The
activated amino acids are in the form of aminoacyl-tRNAs, which react at the
ribosomes to produce polypeptides.32-34

Le Chatelier’s principle states that when a system at equilibrium is subjected
to an external perturbation, the composition of the system adjusts to minimize its
effect.14:50 For example, if there is a chemical reaction in the system, removal of
products will make the reaction proceed towards formation of more products. Le
Chatelier’s principle has been extended to systems under nonequilbrium condit-
ions.48-30

Biothermodynamic models allow calculation of thermodynamic properties of
biological matter, based on chemical composition.31:52,53 Biothermodynamic
models include the Patel-Erickson—Battley,25-27 Roels,>3 Sandler—Orbey,>*
Hurst-Harrison30-31 models, etc. Biothermodynamic models have been exten-
sively used in analysis of viruses, cellular microorganisms and multicellular org-
anisms.35:44.52,53.55 They give results for enthalpy and entropy in good agreement
with experiment.36-58 Moreover, biothermodynamic models have been applied in
analysis of macromolecules and macromolecular assemblies.23-24.58,59

The aim of this paper is to perform a chemical and thermodynamic character-
ization of human glucagon, proglucagon and preproglucagon, as well as to make a
biothermodynamic analysis of metabolic synthesis of glucagon. Empirical form-
ulas and thermodynamic properties of glucagon, proglucagon and preproglucagon
will be determined with the atom counting method and Patel-Erickson—Battley
model. Moreover, the chemical reaction of translation will be formulated, in which
preproglucagon is synthetized from amino acids at the ribosomes. Thermodynamic
properties of the translation reaction will be calculated. Thermodynamic properties
will also be calculated for the chemical reactions in the post-translational pro-
cessing of preproglucagon into glucagon. Furthermore, the driving force for bio-
synthesis of glucagon will be determined. Based on the determined thermodynamic
properties, an analysis will be made of the metabolic pathway for production of
glucagon in the alpha cells of the pancreas.

METHODS
Data sources

The amino acid sequences of human glucagon, proglucagon, preproglucagon and related
peptides were taken from.2-%12 The amino acid sequence of preproglucagon can be found under
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the UniProt access number P01275 (section Sequence)® and NCBI access number NP_002045.1
(Ref. 11).!! The amino acid sequence of glucagon can be found under the UniProt access
number P01275 (section PTM/Processing),? PubChem CID 16132283.2:10:12 The amino acid
sequences of proglucagon and related peptides can be found under the UniProt access number
P01275 (section PTM/Processing).2 More information can be found in the Supplementary
material to this paper (Table S-I).

Thermodynamic properties of ATP, AMP, Pi and amino acids were taken from.!3-2!

Atom counting method

Molecular formulas, empirical formulas and molar masses of glucagon, proglucagon and
preproglucagon and related peptides were calculated with the atom counting method, based on
amino acid sequences.?223 Atom counting method is a computational approach for calculation
of chemical properties of macromolecules and macromolecular assemblies. The inputs are gen-
etic sequences, protein sequences and morphology. The program goes along the nucleic acid
and protein sequences and adds atoms that come from the monomer residues to find molecular
formulas. Empirical formulas are obtained when numbers of atoms of all constituent elements
are divided by the number of carbon atoms.22-23

Patel-Erickson—Battley model
Changes in enthalpy, entropy and Gibbs energy of glucagon, proglucagon, preproglucagon
and related peptides were calculated with the Patel-Erickson—Battley model, based on mole-

cular and empirical formulas.2427 Empirical formula weas used to calculate the degree of red-
uction, £:

E =4nc +ny —2np —Ony + Snp + 6ng (N
where nc, ny, no, nN, p and ng are the numbers of C, H, O, N, P and S atoms, respectively, in

the empirical formula.2>27 Based on E, the change in enthalpy of combustion, AcH, was
calculated with the Patel-Erickson equation:2527

kJ

AcH(bio)=-111.14
cH(bio) C-mol

E (2)
AcH was used to find the change in enthalpy of formation, Agd, with Hess’s law:23:2

A¢H (bio) = nCAfH(C02)+n7HAfH(HZO) +%AfH(P4OIO)+

A3)
+I’lsAfH(SO3) - AcH(bIO)
Molar entropy, S,,, was calculated with the Battley equation:
Sm(bio)=0.187) Sw(), y 4)

ay
where S, (J) is standard molar entropy of element J, a; number of atoms of element J in its
standard state elemental form, and 7, the number of atoms of element J in the empirical formula
of live matter.2%-28 The summation is over all J elements that form the analyzed macromole-
cules.2%28 Change in entropy of formation, AgS, was calculated with the modified Battley
equation:26-28

Sm (/)

AgS(bio)=—0.813)
ay

ny (5)
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Change in Gibbs energy of formation, A;G, was calculated as:
A¢G(bio) = Ay H (bio) — TA;S(bio) 6)
where T is temperature. 429
Hurst—Harrison model
Heat capacities of glucagon, proglucagon, preproglucagon and related peptides were cal-
culated with the Hurst—Harrison model, based on molecular and empirical formulas, as des-

cribed.3%3! The Hurst-Harrison model calculates molar heat capacity at constant pressure, C,,
as:

Cp,m = ZJCJ”J @)
where C; is the contribution of element J to heat capacity.30-3!
Translation reaction
Translation is a chemical process in which amino acids activated by ATP hydrolysis
polymerize into a polypeptide.32-34 Amino acids are activated by ATP hydrolysis to AMP and
Pi (H,PO,") and are loaded onto tRNAs to form aminoacyl-tRNAs.32-34 The aminoacyl-tRNAs
react at the ribosomes to extend the growing polypeptide chain and the tRNAs are

regenerated.3234 For each peptide bond formed, an ATP molecule is hydrolyzed to AMP.
Therefore, the overall reaction of translation is

x(Amino acids) + (x—1)ATP + (x—1) H2O — (Polypeptide) + (x—1)AMP + 2(x—1)Pi  (8)
where x is the number of amino acids in the polypeptide.
Reaction thermodynamic properties at room temperature

Changes in thermodynamic properties during chemical reactions in the metabolic pathway
of production of glucagon were calculated with the methodology of thermochemistry.!423 The
determined reaction thermodynamic properties include: reaction enthalpy change at 25 °C, A H,
reaction entropy change at 25 °C, A.S, reaction Gibbs energy change at 25 °C, A,G, reaction

heat capacity change at constant pressure and 25 °C, A;C,.. They were calculated with Hess’s
law:

AH = Zprodws VARH =% o VALH ©
AS=) products VS = 2 reactantsVSm (10)
AG= medums VALG =3 ctants VALG (11)
ArCp = X productsV Com = Lireactanss Com (12)

where vrepresents a stoichiometric coefficient.!42
Reaction thermodynamic properties at physiological temperature

Changes in thermodynamic properties at the physiological temperature (37 °C) were cal-
culated as described.!42%-35 reaction enthalpy change at 37 °C, AH', at physiological tempe-
rature was calculated with Kirchhoff’s law:

AH'=AH +(Ty ~T)AC, (13)

where A H is the reaction enthalpy change at room temperature, A,C, reaction heat capacity at
constant pressure, 7, is the physiological temperature (37 °C) and T is room temperature (25
°().142935 Reaction entropy change at 37 °C, AS’, was calculated as:
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AS'=AS+AC, ln% (14)
1

where A,S is the reaction entropy change at room temperature.!42%-33 Reaction Gibbs energy
change at 37 °C, A,G’, was calculated as:142%:35

AG'=AH'-TA,S' (15)
RESULTS AND DISCUSSION

Glucagon is the antagonist of insulin. Both represent peptide hormones.
Chemical and thermodynamic properties of insulin are given elsewhere.23
Chemical and thermodynamic properties of glucagon have not been reported. The
dynamics of synthesis of glucagon depends on the driving force of the biosynthesis
process and occurs in the alpha cells in the pancreas. The driving force of the bio-
synthesis reactions of glucagon is Gibbs energy. Therefore, to understand the phys-
iology and pathophysiology of regulation of the blood glucose level, it is necessary
to know the chemical and thermodynamic parameters that characterize and regul-
ate insulin and glucagon. The empirical formula of glucagon is reported. !0

Glucagon is produced by translation at the ribosomes in the form of preproglu-
cagon, the structure of which is shown in Fig. 1. Preproglucagon is transformed
into glucagon in a series of reactions, which are presented in Fig. 2. Chemical and
thermodynamic properties of glucagon and related peptides are presented in Tables
I'and 11, and in the Supplementary material (Tables S-1I and S-III). Thermodynamic
properties of the chemical reactions of production of preproglucagon at the ribo-
somes and post-translational processing into glucagon are shown in Tables III and
IV, and in the Supplementary material (Table S-1V).

TABLE I. Molecular formulas and molar masses of glucagon, proglucagon, preproglucagon
and related peptides. The molecular formulas have the general form C,,.H,,;,0,,0 N, S g, Where
mc, my, Mo, Ny and mg represent the numbers of carbon, hydrogen, oxygen, nitrogen and sulfur
atoms in the molecular formula, respectively. The table also gives the molecular formula of the
entire molecules, Mr(tot) in Da

Name me my mo my mg Mi(tot) / Da
Preproglucagon 914 1414 287 268 5 20909
Proglucagon 804 1250 262 244 3 18622
GRPP 136 215 58 41 1 3384
GRPP-KR 148 239 60 47 1 3669
Glicentin-KR 352 556 121 114 2 8385
Glicentin 340 532 119 108 2 8101
Oxyntomodulin-KR 204 319 62 67 1 4734
Oxyntomodulin 192 295 60 61 1 4450
Glucagon-KR 165 249 51 49 1 3767
Glucagon 153 225 49 43 1 3483
Mini-glucagon 61 89 18 15 1 1352
Hexapeptide 27 48 10 12 0 701
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TABLE I. Continued

Name me my mo my mg Mr(tot) / Da
GLI9000 301 462 108 90 2 7133
MPGF 452 696 142 130 1 10255
GLP-1 186 275 59 51 0 4169
t-GLP-1 151 228 47 40 0 3356
GLP-2 171 266 56 48 1 3922
Signal peptide 110 166 26 24 2 2305
KR 12 26 3 6 0 302

TABLE II. Thermodynamic properties of entire molecules of glucagon, proglucagon, prepro-
glucagon and related peptides. Symbols: change in enthalpy of formation, A¢H, molar entropy,
Sm, change in Gibbs energy of formation, A¢G, molar heat capacity at constant pressure, C,, 1,
change in entropy of formation, AsS, change in enthalpy of combustion, Ac-H. The properties in
this table are for the entire molecules and are given per mole

Name AH Sm AG Cym AsS AcH
kJ/mol J/(molK) kJ/mol J/(molK) kJ/mol kJ/mol

Preproglucagon —-60708.91 28555.26 —23694.58 29578.96 —124146.67 —503019.64
Proglucagon -56098.55 25516.57 —23023.07 26331.24 —-110935.70 -440114.4
GRPP —12509.95 4620.18 -6521.10 4665.5 -20086.68 —72129.86
GRPP-KR —13104.51 5071.65 -6530.45 5116.9 -22049.48 -79687.38
Glicentin-KR -26050.94 11531.54 —11103.35 11821.54 -50134.47 -192716.76
Glicentin —25456.38 11080.08 —11094.00 11370.14 —48171.68 —185159.24
Oxyntomodulin-KR  —13232.27 6503.51 -4802.18 6733.18 -28274.63 -113029.38
Oxyntomodulin -12637.71 6052.05 -4792.83 6281.78 -26311.83 —-105471.86
Glucagon-KR -10553.89 5074.55 -3976.07 529433 -22062.08 -90356.82
Glucagon -9959.33  4623.08 -3966.72 484293 -20099.29 —-82799.3
Mini-glucagon -3443.85 1770.30 -1149.12 1872.15 -7696.55 -33675.42
Hexapeptide -2369.65 1021.11 -1046.05 101599 —4439.39 -15115.04
GLI9000 -22778.00 9651.12 —10267.88 9931.29 -41959.13 -162486.68
MPGF -30333.44 14028.65 —12149.01 14538.24 -60990.86 —247397.64
GLP-1 —12357.35 5597.16 -5102.11 5852.06 -24334.18 -100137.14
t-GLP-1 -9983.31 4559.58 -4073.03 4748.41 —-19823.18 —-82021.32
GLP-2 —11899.16 5366.44 494299 5536.55 -23331.10 -93802.16
Signal peptide -4896.19 3082.31 -900.80 3276.26 -—13400.61 -62905.24
KR -880.39  495.09 -238.64 479.94 215243 -7557.52

Chemical and thermodynamic properties of glucagon

Based on protein sequences, chemical and thermodynamic properties of gluc-
agon, proglucagon, preproglucagon and related peptides were calculated with the
atom counting method, Patel-Erickson—Battley model and Hurst—Harrison model.
Table I presents molecular formulas and molar masses. Table II presents thermo-
dynamic properties of entire molecules. For empirical formulas and thermodyn-

amic properties per C-mole please see the Supplementary material (Tables S-1I and
S-110).
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Change in enthalpies of formation, A¢H, of all the analyzed molecules are
negative. The reason for the negative standard enthalpies of formation is energy
released by the attraction of valence electrons of less electronegative C, H and S
by more electronegative O and N atoms. Molar entropies, Sy, and molar heat cap-
acities at constant pressure, Cp, iy, are positive for all the analyzed molecules, due
to the third law of thermodynamics. Change in Gibbs energies of formation, A¢G,
are negative for all the analyzed molecules. The negative AfG values originate
from the negative standard enthalpies of formation, A¢H, through the equation G =
=H-T8S.

Change in entropies of formation, A¢S, are negative for all the analyzed mole-
cules. AgS is the entropy change of the hypothetical reaction where the analyzed
molecules are formed from elements in their standard state: C + Hy + Oy + N + S
— (molecule). The reason for the negative AgS values is formation of compact and
ordered live matter from simple gaseous molecules like Hy, O; and N». Change in
enthalpies of combustion, AcH, are negative for all the analyzed molecules. The
reason for the negative AcH values is energy released by the acceptance of valence
electrons of less electronegative elements, (C, H and S) by oxygen during the com-
bustion process.

Biothermodynamic analysis of translation at the ribosomes

Fig. 3 and Table III show an analysis of changes in thermodynamic properties
(enthalpy, entropy, Gibbs energy) during the chemical reaction of translation at the
ribosomes that produces preproglucagon from amino acids. Table III shows
changes in thermodynamic properties for the entire process, while Fig. 3 shows
changes in thermodynamic properties per peptide bond formed (there are 179 pep-
tide bonds in preproglucagon).

The translation process can be divided into sub-processes: assembly of amino
acids into a polypeptide and activation of amino acids by hydrolysis of ATP. The
assembly part represents the changes in thermodynamic properties during poly-
merization of amino acids into a polypeptide without ATP. The activation part
represents hydrolysis of ATP into AMP and Pi to provide energy. The sum of the
subprocesses represents the entire reaction of polymerization where amino acids
activated by ATP polymerize to produce a polypeptide.

The reaction of assembly of amino acids into a polypeptide without ATP hyd-
rolysis has a positive enthalpy change. This means that the enthalpy change is
unfavorable. The assembly process also has a positive entropy change. The posi-
tive entropy change originates from the release of a water molecule during the
reaction in which the peptide bond is formed: R{—-COOH + H,N-Rp; —
R;—CO-NH-R;, + H»0, where R1—COOH and H;N-R; are the carboxyl and
amino ends of the amino acids that react and R{—CO-NH-R is the newly formed
peptide. Release of the water molecule makes the entropy of the reaction positive.

Available on line at: https://www.shd-pub.org.rs/index.php/JSCS

(CC) 2026 Serbian Chemical Society.



236 POPOVIC, PEI and MIHAILOVIC

The positive entropy change contributes favorably to the feasibility of the process.
However, the enthalpy change is dominant, which makes Gibbs energy change
positive for the assembly part. Therefore, assembly of amino acids into the poly-
peptide (preproglucagon) without activation of amino acids by ATP hydrolysis is
not favorable and will not occur spontaneously.

150 150

| Enthalpy Entropy Gibbs energy
123.02

100 100
8278
76.86

64 86

50 4024 50

I h
50 50

-19.70

AH° and A,G° (k)/mol)

72.76
-100 -100

Assembly Activation Translation

Fig. 3. Thermodynamic analysis of translation at the ribosomes. This graph shows standard
reaction thermodynamic properties at 25 °C, for polymerization of amino acids into a poly-
peptide (assembly), hydrolysis of ATP into AMP and Pi (activation), and total translation
reaction. The blue columns represent enthalpy change, gray columns entropy change and
orange columns Gibbs energy change. Changes in all thermodynamic properties
are presented per peptide bond formed.

The activation sub-process with ATP hydrolysis has a negative enthalpy
change, which is favorable. Moreover, it has a highly positive entropy change. The
positive entropy change originates from hydrolysis of pyrophosphate. During ATP
hydrolysis to AMP, ATP reacts with water to produce AMP and pyrophosphate
PPi, in the reaction ATP + Ho O — AMP + PPi. The pyrophosphate then spon-
taneously hydrolyzes into phosphates Pi in the reaction PPi + H,O — 2Pi. This
makes the entire reaction ATP + 2H,O — AMP + 2Pi have a highly positive
entropy change. The positive entropy change contributes favorably to the feasib-
ility of the reaction. Due to the negative enthalpy and positive entropy changes, the
Gibbs energy change of the ATP hydrolysis reaction is highly negative. This means
that the ATP hydrolysis reaction has a large driving force and is highly favorable.

The translation process is the sum of assembly of amino acids into the poly-
peptide and their activation by ATP hydrolysis. The enthalpy change of the trans-
lation process is positive, which is unfavorable. However, the entropy change is
highly positive. The reason is that entropy changes of the sub-processes (amino
acid assembly and ATP hydrolysis) are positive. The positive entropy contributes
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favorably towards feasibility of the translation reaction. The favorable entropy
dominates over the unfavorable enthalpy and makes the Gibbs energy change
negative and the translation process feasible.

TABLE III. Thermodynamic properties of translation. This table shows changes in thermodyn-
amic properties (enthalpy, entropy and Gibbs energy) during the translation process, in which
amino acids form preproglucagon. Thermodynamic properties are shown for assembly of amino
acids into preproglucagon without ATP, hydrolysis of ATP that activates the amino acids and
entire translation process in which preproglucagon is formed from amino acids activated by
ATP hydrolysis. Symbols: change in reaction enthalpy at 25 °C, A H, change in reaction entropy
at 25 °C, A,S, change in reaction Gibbs energy at 25 °C, A,.G

AH AS AG
kJ/mol  J/(molK)  kJ/mol
Assembly (of  13Ala+ 16Arg + 8Asn + 16Asp + 13Glu 13757.55 7202.25 11609.96
amino acids + 10GIn + 9Gly + 4His + 8lle + 12Leu +
into preproglu- 10Lys + 5Met + 11Phe + 3Pro + 17Ser +

Name Reaction

cagon) 9Thr + 4Trp +4Tyr + 8Val —
(Preproglucagon) + 179H,0
Activation (by 179ATP + 358H,0 — 179AMP + —8896.3  14817.62 —-13024.04
energy from 358H,PO,
ATP
hydrolysis)
Total trans- 13Ala +16 Arg + 8Asn + 16Asp + 13Glu  4861.25 22019.87 -1414.08

lation with ATP + 10GIn + 9Gly + 4His + 8Ile + 12Leu +
10Lys + 5Met + 11Phe + 3Pro + 17Ser +
9Thr + 4Trp +4Tyr + 8Val + 179ATP +
179H,0 — (Preproglucagon) + 179AMP
+ 358H,PO,

The favorable positive entropy change and unfavorable positive enthalpy
change imply that the translation process is overall entropy driven. The positive
entropy originates from release of a water molecule during polymerization of
amino acids and hydrolysis of the pyrophosphate released during ATP hydrolysis.
Therefore, even though many small amino acids polymerize into a large poly-
peptide molecule, the release of the small H,O and Pi particles allows the entropy
change of the process to be positive. The positive entropy change makes the Gibbs
energy change favorable, which provides the driving force for the translation
process.

Biothermodynamic analysis of post-translational processing

Table IV presents thermodynamic properties of the reactions of post-trans-
lational processing. Fig. 4 shows Gibbs energy changes of the reactions in the
metabolic pathway for production of glucagon. Reaction A is translation at the
ribosomes, where amino acids activated by ATP hydrolysis polymerize to produce
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preproglucagon (blue column in Fig. 4a). Reactions B—G represent post-trans-
lational processing of preproglucagon into glucagon (green columns in Fig. 4a).
Gibbs energy change of the translation reaction is highly negative. The reason for
the highly negative Gibbs energy change of the translation reaction is hydrolysis
of ATP that activates amino acids that are loaded to tRNAs before they react at the
ribosomes to produce the polypeptide. The highly negative Gibbs energy change
means that the translation reaction has a large driving force and is highly favorable.
On the other hand, the reactions of post-translational processing (B—G) have
slightly positive Gibbs energy changes. This means that these reactions alone are
not favorable and will not occur unless they are coupled with reactions with neg-
ative Gibbs energy change.

TABLE IV. Stoichiometry and thermodynamic properties of the reactions in the metabolic
pathway for production of glucagon from amino acids at the physiological temperature of 37
°C. Symbols: change in reaction enthalpy at 37 °C, A H', change in reaction entropy at 37 °C,
A.S', and change in reaction Gibbs energy at 37 °C, A,G'

AH AS  AG
kJ/molJ/(mol K) kJ/mol
A 13Ala + 16Arg + 8Asn + 16Asp + 13Glu + 10GIn + 9Gly +
4His + 8lIle + 12Leu + 10Lys + SMet + 11Phe + 3Pro + 17Ser

+9Thr + 4Trp + 4Tyr + 8Val + 179ATP + 179H,0 —

(Preproglucagon) + 179AMP + 358H,PO,4

(Preproglucagon) + H,O — (Proglucagon) + (Signal peptide) -0.56 -28.14  8.17
(Proglucagon) + H,O — (Glicentin-KR) + MPGF -0.56 -28.14 8.17
(Glicentin-KR) + H,O — (Oxyntomodulin-KR) + GRPP-KR -0.56 -28.14  8.17
(Oxyntomodulin-KR) + H,O — Oxyntomodulin + KR -0.56 -28.14 8.17
(Oxyntomodulin) + H,O — (Glucagon-KR) + (Hexapeptide) -0.56 -28.14  8.17
(Glucagon-KR) + H,O — (Glucagon) + KR -0.56 -28.14 8.17

Name Reaction

- - -1666.65

QaHMmgoaw

The initial reactant of the post-translational processing reactions is prepro-
glucagon, while their final product is glucagon (Fig. 4b). Preproglucagon is the
product of the translation reaction, which has a highly negative Gibbs energy
change. This means that the translation reaction is highly favorable and will con-
tinuously produce preproglucagon, which is the reactant of the post-translational
processing reactions. Therefore, the reactant of the post-translational processing
reactions is continuously produced by the translation reaction with its great driving
force. Moreover, the final product of the post-translational processing reactions is
glucagon, which is excreted from the cell into the blood. This means the product
of the post-translational processing reactions is continuously removed from the
system (cell). The continuous input of reactant (preproglucagon) and removal of
product (glucagon) shifts the post-translational processing reactions towards pro-
duction of more products, in accordance with the Le Chatelier’s principle. There-
fore, the Le Chatelier’s principle allows the coupling of the translation reaction
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that has a highly negative Gibbs energy change with the post-translational pro-
cessing reactions that alone are not favorable, which makes the entire metabolic
pathway for production of glucagon feasible. Indeed, the total Gibbs energy change
of the metabolic pathway is highly negative (grey column in Fig. 4a).

Translation Preproglucagon — Glucagon

A B c D E F G Total
200
o — — — — — —

-200

400

% 600
£
~

; 800

E‘Dg 1000
]

1200

-1400

-1600

-1800

Post-translational
Translation o Exocytosis
processing
Amino Prepro Glucagon Glucagon
acids glucagon (intracellular) (blood)

Fig. 4. Driving force of glucagon synthesis. This figure shows standard reaction Gibbs energy
at physiological temperature, A,G’, of the reactions in the metabolic pathway for synthesis of
glucagon. Reaction A (blue column) is translation at the ribosomes, where preproglucagon is
synthetized from amino acids activated by ATP. Reactions B—G (green columns) represent
post-translational processing of preproglucagon to produce glucagon. The last (grey) column
gives the total Gibbs energy change for the entire metabolic pathway.

In summary, the translation reaction A that produces preproglucagon from
amino acids at the ribosomes has a highly negative Gibbs energy change, due to
hydrolysis of ATP during activation of amino acids, which means that it has a large
driving force and is highly favorable. The post-translational processing reactions
B-G have slightly positive Gibbs energy changes and are not feasible unless
coupled with a reaction with a negative Gibbs energy change. The initial reactant
of the post-translational processing reactions is preproglucagon, which is con-
tinuously produced by the highly favorable translation reaction. Moreover, the
final product of the post-translational processing reactions is glucagon, which is
continuously removed from the cell (system) by excretion into the blood. The con-
tinuous input of reactant (preproglucagon) and removal of product (glucagon)
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makes the post-translational processing reactions proceed towards formation of
more product, due to the Le Chatelier’s principle.

In this research, the methodology of biothermodynamics was used to calculate
changes in Gibbs energy during the reactions of the metabolic pathway for pro-
duction of glucagon, based on protein sequences. Gibbs energy change represents
the driving force of chemical reactions and allows to determine their feasibility.
Based on the determined Gibbs energies, the feasibility of the metabolic pathway
for production of glucagon was analyzed. This approach could be useful in omics
research, where a lot of data on biomolecules is collected and based on it many
potential metabolic pathways can be proposed. The biothermodynamic method-
ology described in this research allows to determine which potential metabolic
pathways are feasible and can occur in the cell. This makes the biothermodynamic
approach presented in this paper useful for omics research.

CONCLUSIONS

Chemical and thermodynamic characterization was performed of glucagon,
proglucagon, preproglucagon and related peptides. The determined properties inc-
lude molecular formulas, empirical formulas, molar masses, enthalpies of formation,
A¢H, molar entropies, Sy, Gibbs energies of formation, AfG, molar heat capacities
at constant pressure, Cp, m, entropies of formation, AsS, and enthalpies of combus-
tion, AcH.

Biothermodynamic analysis was made of the translation process where amino
acids activated with ATP polymerize at the ribosomes to produce a polypeptide
(preproglucagon). The translation process is made feasible by ATP hydrolysis
during activation of amino acids. The translation process has a positive enthalpy
and positive entropy change, which means that the process is entropy driven.

The metabolic pathway for the production of glucagon was analyzed with the
methodology of biothermodynamics. The driving forces (Gibbs energy changes)
of the reactions in the metabolic pathway were determined. The reaction of trans-
lation has a highly negative Gibbs energy change and is favorable. The reactions
of post-translational processing have slightly positive Gibbs energy changes and
are not feasible unless they are coupled with a process with a negative Gibbs
energy change. The initial reactant of the post-translational processing reactions is
preproglucagon, while their final product is glucagon. Preproglucagon is continu-
ously produced by translation at the ribosomes, which has a large driving force —
highly negative Gibbs energy change. Moreover, glucagon is continuously rem-
oved by excretion into the blood. The continuous introduction of reactant and
removal of product allows the post-translational processing reactions to proceed in
accordance with the Le Chatelier’s principle. Therefore, the Le Chatelier’s prin-
ciple makes the entire metabolic pathway feasible, because it provides coupling
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between the highly favorable translation process and slightly unfavorable post-
translational processing reactions.

The biothermodynamic methodology used in this study can be applied in
omics research for metabolic pathway analysis. Based on protein sequences, dri-
ving forces of metabolic pathways were calculated. The driving forces were used
to find the feasibility of the metabolic pathway. Therefore, the methodology
presented in this paper can be used in omics research to find feasibility of metabolic
pathways.

NOMENCLATURE

GRPP, glicentin-related pancreatic peptide, GRPP-KR, glicentin-related pancreatic pep-
tide with a Lys-Arg extension at the C-terminus, glicentin-KR, glicentin with a Lys-Arg exten-
sion at the C-terminus, oxyntomodulin-KR, oxyntomodulin with a Lys-Arg extension at the C-
-terminus, glucagon-KR, glucagon with a Lys-Arg extension at the C-terminus, MPGF, major
proglucagon fragment, GLP-1, glucagon-like peptide 1, t-GLP-1, truncated glucagon-like pep-
tide 1, GLP-2, glucagon-like peptide 2, KR, Lys-Arg dipeptide.

SUPPLEMENTARY MATERIAL

Additional data and information are available electronically at the pages of journal web-
site: https://www.shd-pub.org.rs/index.php/JSCS/article/view/13558, or from the correspond-
ing author on request.
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H3BOI

JIE ITATEJBEOB IMPUHIIUIT U METABOJIMU3AM: BUOTEPMOIMHAMUYKA AHAJTTU3A
METABOJIMYKOTI ITYTA 3A CUHTE3Y I'NTYKATOHA

MAPKO E. TIOIIOBUR!, JOHT MEW? u MAPUJA MUXAUJTIOBUR!

"Ynueepsuitieini y Beoipagy, HHCliutiy i 3a XeMujy, TEXHOLOTUfy u memanypiujy, beiowesa 12, 11000
Beoipag u “Research Center for Natural Medicine and Chemical Metrology, Lanzhou Institute of Chemical
Physics, Chinese Academy of Sciences, Lanzhou 730000, China

['ykaroH je OCHOBHH KaTadOJMIMUYKK XOPMOH Y JbyJICKOM OpraHusmy. InykaroH je nodpo
NPOYYEH ca acrnexkTa SMOMOMKUX U MEIULIMHCKUX Hayka. MehyTum, y nutepaTypu ce He MOxe
HahM aHanWsa IJlyKaroHa 3acHOBaHa Ha XEMHMjCKoj TepMmopuHamuud. Ilpuctyn Suorepmo-
IovHaMuKe dM omoryhuo fa ce ogpeny MOTOHCKA CWIIa 3a MPOU3BOAMY IIykaroHa, kao U pasy-
MeBame ITpoleca ca acneKkTa GyHAaMEeHTaTHUX 3aKOHA IPUPOAE. Y OBOM UCTpaKUBamy U3BP-
IIEeHA je aHa/IM3a IIyKkaroHa momMohy meTonosoryje duorepmonrHamrke. Ha ocHOBY mpoTeuH-
CKUX CEKBEHIIH, U3BPLIEHA je XeMHjCcKa U TepMOAMHAMHYKa kapaKkTepu3alyja IJIyKkaroHa, mpo-
[JIyKaroHa, NpernporIykaroHa ¥ IoBe3aHuX NMenTuza, momohy meroza npedpojaBawma aToMa U
Patel-Erickson—Battley Mmonena. ®opMmynucaHe Cy peaklidje TpaHCIaLdje Ha pudo3oMuMa Kao
¥ TNOCTTpPaHC/IaLUOHE o0paje W M3padyHaTa je BHXOBa NMOroHcka cuina (nmpomena I'mbcose
eHepryje). Ilpouec TpaHcnanyje Ha pub030MHUMa KOjH MPOU3BOLM NPENPOTTYKaroH U3y4eH je
ca acmeKkTa XeMHjcke TepMmoguHaMuke. Ha ocHoBy T'mbcoBe eHepruje, U3BplI€EHA je aHanIHU3a
MeTabOJIMUKOT IyTa 3a MPOU3BOIY IykaroHa. M3ydena je yinora Jle IllatesseoBor mpuUHLMNIA
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y cripe3amy peaknuja y meradonnukom myty. Ha kpajy, pasmarpaHa je mpumMeHa duorepmo-
IVHAaMHYKe METOJOJIOTHje Y OMHIIM 3a ofpehiBame U3BOI/BUBOCTH METaDOMHYKUX My TEBa.
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Table S-I presents the amino acid sequences of glucagon, proglucagon,
preproglucagon and related peptides. The sequences were taken from [UniProt,
2025; PubChem, 2025; NCBI, 2025; Bataille, 1996; Thomsen et al., 1972]. The
amino acid sequence of preproglucagon can be found under the UniProt access
number P01275 (section Sequence) [UniProt, 2025] and NCBI access number
NP_002045.1 [NCBI, 2025]. The amino acid sequence of preproglucagon is:
MKSIYFVAGLFVMLVQGSWQRSLQDTEEKSRSFSASQADPLSDPDQMNE
DKRHSQGTFTSDYSKYLDSRRAQDFVQWLMNTKRNRNNIAKRHDEFER
HAEGTFTSDVSSYLEGQAAKEFIAWLVKGRGRRDFPEEVAIVEELGRRH
ADGSFSDEMNTILDNLAARDFINWLIQTKITDRK [UniProt, 2025; NCBI,
2025]. The amino acid sequence of glucagon can be found under the UniProt
access number P01275 (section PTM/Processing) [UniProt, 2025], PubChem CID
16132283 [PubChem, 2025] and in references [Bataille, 1996; Thomsen et al.,
1972]. The amino acid sequence of glucagon is
HSQGTFTSDYSKYLDSRRAQDFVQWLMNT [UniProt, 2025; PubChem,
2025; Bataille, 1996; Thomsen et al., 1972]. The amino acid sequences of
proglucagon and related peptides can be found under the UniProt access number
P01275 (section PTM/Processing) [UniProt, 2025] and in reference [Bataille,
1996].

Table S-II shows the empirical formulas of glucagon, proglucagon,
preproglucagon and related peptides. Empirical formulas express the numbers of
atoms present in a molecule per carbon atom. The empirical formulas have the
general form CH,yO,oNuNShs, Where ngg, no, ny and ng represent the numbers of
hydrogen, oxygen, nitrogen and sulfur atoms in the empirical formula,

* Corresponding author. E-mail: marko.popovic@ihtm.bg.ac.rs
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respectively. They were determined with the atom counting method, based on
protein sequences, as described in [Popovic et al., 2024a; Popovic, 2022].

Table S-II gives thermodynamic properties of empirical formulas of glucagon,
proglucagon, preproglucagon and related peptides. The determined
thermodynamic properties of entire molecules include standard enthalpy of
formation, AgH’, standard molar entropy, Sy,’, standard Gibbs energy of formation,
AsG?, standard molar heat capacity at constant pressure, C% y,, standard entropy of
formation, A8’ and standard enthalpy of combustion, AcH’. Thermodynamic
properties of empirical formulas are expressed per mole of carbon (C-mol). They
were determined with the Patel-Erickson-Battley and Hurst-Harrison models,
based on empirical formulas, as described in [Popovic et al., 2024b; Ozilgen and
Sorguven Oner, 2016].

Table S-IV shows the stoichiometry and changes in thermodynamic properties
of the chemical reactions in the metabolic pathway for synthesis of glucagon at
room temperature (25°C). The determined properties include standard reaction
enthalpy at 25°C, A,.H" standard reaction entropy at 25°C, A,.S standard reaction
Gibbs energy at 25°C, A,G’ standard reaction heat capacity at constant pressure
at 25°C, A,C,". They were determined based on the molecular formulas and
thermodynamic properties of the analyzed molecules, with the methodology of
thermochemistry, as described in [Popovic et al., 2024a; Atkins and de Paula,
2011].
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Table S-I: Amino acid sequences of glucagon, proglucagon, preproglucagon and related
peptides. All peptides in this table are derived by post-translational processing of
preproglucagon. For every sequence, the start and end amino acid within preproglucagon is
given, as well as its length. Abbreviations: GRPP glicentin-related pancreatic peptide, GRPP-
KR glicentin-related pancreatic peptide with a Lys-Arg extension at the C-terminus, Glicentin-
KR glicentin with a Lys-Arg extension at the C-terminus, Oxyntomodulin-KR oxyntomodulin
with a Lys-Arg extension at the C-terminus, Glucagon-KR glucagon with a Lys-Arg extension
at the C-terminus, MPGF major proglucagon fragment, GLP-1 glucagon-like peptide 1, t-GLP-
1 truncated glucagon-like peptide 1, GLP-2 glucagon-like peptide 2, KR Lys-Arg dipeptide.
Data taken from taken from [UniProt, 2025; PubChem, 2025; NCBI, 2025; Bataille, 1996;
Thomsen et al., 1972].

Name Start End Sequence Length
MKSIYFVAGLFVMLVQGSWQRSLQDTEEKSRSFSASQADP
LSDPDQMNEDKRHSQGTFTSDYSKYLDSRRAQDFVQWLM

Preproglucagon 1 180 NTKRNRNNIAKRHDEFERHAEGTFTSDVSSYLEGQAAKEFI 180

AWLVKGRGRRDFPEEVAIVEELGRRHADGSFSDEMNTILD
NLAARDFINWLIQTKITDRK

RSLQDTEEKSRSFSASQADPLSDPDQMNEDKRHSQGTFTSD

Proglucagon 51 1go YSKYLDSRRAQDFVQWLMNTKRNRNNIAKRHDEFERHAE | o
GTFTSDVSSYLEGQAAKEFIAWLVKGRGRRDFPEEVAIVEE
LGRRHADGSFSDEMNTILDNLAARDFINWLIQTKITDRK

GRPP 21 50 RSLQDTEEKSRSFSASQADPLSDPDQMNED 30

GRPP-KR 21 52 RSLQDTEEKSRSFSASQADPLSDPDQMNEDKR 32
— RSLQDTEEKSRSFSASQADPLSDPDQMNEDKRHSQGTFTSD

Glicentin-KR 29l YSKYLDSRRAQDFVQWLMNTKRNRNNIAKR 7

Glicentin 51 go RSLQDTEEKSRSFSASQADPLSDPDQMNEDKRHSQGTFTSD o

YSKYLDSRRAQDFVQWLMNTKRNRNNIA
Oxyntomodulin-KR 53 91 HSQGTFTSDYSKYLDSRRAQDFVQWLMNTKRNRNNIAKR 39
Oxyntomodulin 53 89  HSQGTFTSDYSKYLDSRRAQDFVQWLMNTKRNRNNIA 37

Glucagon-KR 53 83 HSQGTFTSDYSKYLDSRRAQDFVQWLMNTKR 31
Glucagon 53 81 HSQGTFTSDYSKYLDSRRAQDFVQWLMNT 29
Mini-glucagon 71 81 AQDFVQWLMNT 11
Hexapeptide 84 89 NRNNIA 6
GLI9000 71 31 RSLQDTEEKSRSFSASQADPLSDPDQMNEDKRHSQGTFTSD 61
YSKYLDSRRAQDFVQWLMNT
HDEFERHAEGTFTSDVSSYLEGQAAKEFIAWLVKGRGRRD
MPGF 92 180 FPEEVAIVEELGRRHADGSFSDEMNTILDNLAARDFINWLI 89
QTKITDRK
GLP-1 92 128  HDEFERHAEGTFTSDVSSYLEGQAAKEFIAWLVKGRG 37
t-GLP-1 98 128 HAEGTFTSDVSSYLEGQAAKEFIAWLVKGRG 31
GLP-2 145 178 RHADGSFSDEMNTILDNLAARDFINWLIQTKITD 34
Signal peptide 1 20 MKSIYFVAGLFVMLVQGSWQ 20
KR KR 2
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Table S-I1: Empirical formulas of glucagon, proglucagon, preproglucagon and related peptides.
The empirical formulas have the general form CH,yO,oN,NSLs, Where ny, np, ny and ng
represent the numbers of hydrogen, oxygen, nitrogen and sulfur atoms in the empirical formula,
respectively. The table also gives the molar masses of empirical formulas, Mr in grams per mole
of carbon (C-mole).
Name ny ngp ny ng Mr (g/C-mol)
Preproglucagon 1.5470 0.3140 0.2932 0.0055 22.88
Proglucagon 1.5547 0.3259 0.3035 0.0037 23.16

GRPP 1.5809 0.4265 0.3015 0.0074 24.89
GRPP-KR 1.6149 0.4054 0.3176 0.0068 24.79
Glicentin-KR 1.5795 0.3438 0.3239 0.0057 23.82
Glicentin 1.5647 0.3500 0.3176 0.0059 23.83

Oxyntomodulin-KR  1.5637 0.3039 0.3284 0.0049 23.21
Oxyntomodulin 1.5365 0.3125 0.3177 0.0052 23.18

Glucagon-KR 1.5091 0.3091 0.2970 0.0061 22.83
Glucagon 1.4706 0.3203 0.2810 0.0065 22.76
Mini-glucagon 1.4590 0.2951 0.2459 0.0164 22.17
Hexapeptide 1.7778 0.3704 0.4444 0.0000 25.95
GLI9000 1.5349 0.3588 0.2990 0.0066 23.70
MPGF 1.5398 0.3142 0.2876 0.0022 22.69
GLP-1 1.4785 0.3172 0.2742  0.0000 22.42
t-GLP-1 1.5099 0.3113 0.2649 0.0000 22.22
GLP-2 1.5556 0.3275 0.2807 0.0058 22.94
Signal peptide 1.5091 0.2364 0.2182 0.0182 20.95
KR 2.1667 0.2500 0.5000 0.0000 25.20
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Table S-III: Thermodynamic properties of empirical formulas of glucagon, proglucagon,
preproglucagon and related peptides. Symbols: standard enthalpy of formation, A#7° standard
molar entropy, S’ standard Gibbs energy of formation, A/G°, standard molar heat capacity at
constant pressure, C°, ,, standard entropy of formation, A/S°, standard enthalpy of combustion,
AcH’. The properties in this table are for the empirical formulas and are given per mole of

carbon (C-mol).

Name AH° SO AG° C%m AS° AcH®
(kJ/C-mol) (J/C-mol K) (kJ/C-mol) (J/C-mol K) (kJ/C-mol) (kJ/C-mol)
Preproglucagon -66.42 31.24 -25.92 32.36 -135.83  -550.35
Proglucagon -69.77 31.74 -28.64 32.75 -137.98  -547.41
GRPP -91.98 33.97 -47.95 34.31 -147.70  -530.37
GRPP-KR -88.54 34.27 -44.12 34.57 -148.98  -538.43
Glicentin-KR -74.01 32.76 -31.54 33.58 -142.43  -547.49
Glicentin -74.87 32.59 -32.63 33.44 -141.68  -544.59
Oxyntomodulin-KR  -64.86 31.88 -23.54 33.01 -138.60  -554.07
Oxyntomodulin -65.82 31.52 -24.96 32.72 -137.04  -549.33
Glucagon-KR -63.96 30.75 -24.10 32.09 -133.71  -547.62
Glucagon -65.09 30.22 -25.93 31.65 -131.37  -541.17
Mini-glucagon -56.46 29.02 -18.84 30.69 -126.17  -552.06
Hexapeptide -87.76 37.82 -38.74 37.63 -164.42  -559.82
GLI9000 -75.67 32.06 -34.11 32.99 -139.40  -539.82
MPGF -67.11 31.04 -26.88 32.16 -134.94  -547.34
GLP-1 -66.44 30.09 -27.43 31.46 -130.83  -538.37
t-GLP-1 -66.11 30.20 -26.97 31.45 -131.28  -543.19
GLP-2 -69.59 31.38 -28.91 32.38 -136.44  -548.55
Signal peptide -44.51 28.02 -8.19 29.78 -121.82  -571.87
KR -73.37 41.26 -19.89 40.00 -179.37  -629.79
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Table S-IV: Stoichiometry and thermodynamic properties of the reactions in the metabolic
pathway for production of glucagon from amino acids at 25°C. Symbols: standard reaction
enthalpy at 25°C, A,H", standard reaction entropy at 25°C, A,S?, standard reaction Gibbs energy
at 25°C, A,G°, standard reaction heat capacity at constant pressure at 25°C, A,C,°.

AH  AS®  AGY  ACS

EZ Reaction (kJ/m (J/mol (kJ/m  (J/mol
ol) K) ol) K)
13 Ala+ 16 Arg+ 8 Asn+ 16 Asp + 13 Glu
+10GIn+9Gly +4 His+ 8 1Ile + 12 Leu +
A 10 Lys+5Met+ 11 Phe + 3 Pro+ 17 Ser+  4861. 21047. 14-14
9 Thr +4 Trp +4 Tyr + 8 Val + 179 ATP + 25 55 08.
179 H,O — (Preproglucagon) + 179 AMP +
358 H,POy
B (Preproglucagon_) +H,0 - (Proglucagon) + 000 2629 784  -4675
(Signal peptide)
C (Proglucagon) + H,O — (Glicentin-KR) + 000 2629 784  -46.75
MPGF
(Glicentin-KR) + H,O — (Oxyntomodulin-
D KR) + GRPP-KR 0.00 -2629 784  -46.75
(Oxyntomodulin-KR) + H,0O —
E Oxyntomodulin + KR 0.00 -2629 784  -46.75
F (Oxyntomodulin) + H,O — (Glucagon-KR) 000 2629 784  -46.75

+ (Hexapeptide)
G (Glucagon-KR) + H,O — (Glucagon) + KR 0.00 -26.29 7.84 -46.75
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Abstract: In order to investigate the catalytic degradation efficiency of ZnO/
/Cu,O composite, the nanocomposite was synthesized via one-pot method and
the template of SDS. The crystal structure, microscopic morphology, chemical
composition, specific surface area, pore size distribution and optical absorption
property of the composite were characterized. Under the irradiation of xenon
lamp, the photocatalytic performance of the composite was evaluated by deg-
rading methylene blue (MB). The aforementioned characterization showed that
the synthesized composite consisted of ZnO (hexagonal wurtzite) and Cu,O
(cubic crystal). Due to the mediation of SDS template, the particles were nano-
scale with uniform distribution of Cu, Zn and O elements and contained abund-
ant mesopores. The photo-response range of the composite expanded to the vis-
ible region because of the combination of ZnO and Cu,0O. Degradation ratio of
MB catalyzed by ZnO/Cu,O maintained about 92 % within 100 min after five
recycling, demonstrating promising potentiality for photocatalytic applications.
The enhanced photocatalytic performance maybe related to the mediation of SDS
during the preparation process and the synergy effect between ZnO and Cu,O.

Keywords: SDS; template; ZnO/Cu,O; photocatalytic degradation.

INTRODUCTION

In recent years, wastewater pollution has increasingly become serious with the
rapid development of industrialization. Dyes, pesticides, antibiotics and other org-
anic pollutants which are difficult to degrade in wastewater critically threaten the
safety of water ecosystem and human health. Photocatalytic degradation, as a high-
-efficiency and environment-friendly wastewater treatment technology, has attracted
much attention in recent years.!~4 Zn0,3:6 CdS,” W03, TiO,,? Cuy0,10 Sn0,,!!
etc., have once been selected as semiconductor photocatalysts to degrade organic
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pollutants in wastewater; however, the photocatalytic performance of a single
catalyst is not good. Taking Cu,O as an example, as a p-type semiconductor with
a narrow band gap (Eg = 2.1 eV), it was once considered as a potential photo-
catalyst because of its low price, environmental friendliness and absorption of most
visible light.10 However, the electron-hole pairs generated in CuyO, after absorb-
ing light energy, were easy to recombine quickly. Moreover, CuyO was easy oxi-
dized in humid environment, so its photocatalytic performance was unsatisfact-
ory.12 To improve the photocatalytic performance of Cu,0, the deposition of
metals,!2 doping of nonmetallic elements,!3 recombination with other materials!4
or construction of heterojunction!S were selected.

As an n-type semiconductor with wide band gap (Eg = 3.37 €V), ZnO has
attracted significant attention in recent years by virtue of good chemical stability,
convenient preparation method, non-toxicity and low price.5-6-16 However, as a
photocatalyst, ZnO can only be excited by ultraviolet light with high energy, which
results in the low utilization efficiency for sunlight and limits its wide application
in photocatalytic field. Relevant literature suggested that the photocatalytic pro-
perty of the composite through combining ZnO with CuyO was improved signific-
antly. On one hand, the absorption spectrum of the composite declared a red shift,
which significantly improved the availability of sunlight. On the other hand, the
separation of photo-generated e~ and h™ was effectively promoted due to the
energy level matching of two semiconductor materials.17-18

Surfactants were often used as soft templates to effectively control the mor-
phology and enhance the dispersibility of materials.!9-20 Up to now, the prepar-
ation and photocatalytic performance of ZnO/CuyO composite have been stu-
died,!7:18.21-23 byt it is rarely reported that surfactants are used as templates to
regulate the formation of ZnO/Cu;0. So, it is worth exploring sodium dodecyl
sulfate (SDS) mediating the morphology and structure of ZnO/Cu,0 as well as its
properties. Here, ZnO/Cu;0 composite was prepared via one-pot method with the
template of SDS. The molecules of SDS self-assembled to form ordered aggregates
with specific structures, its hydrophilic groups attracted metal ions, thereby
changed the distribution of metal ions in the reaction system. Due to the mediation
of SDS template, the composite composed of flower-like nano-ZnO and CuyO
nano-spheres was prepared, which exhibited satisfactory photocatalytic degradat-
ion performance of MB under simulated sunlight. This provided a facile way for
the preparation of economical and efficient photocatalysts for wastewater treatment.

EXPERIMENTAL
Chemicals

Sodium hydroxide (NaOH, AR), glucose (C¢H;,04, AR), sodium dodecyl sulfate (SDS)
(C12H,5S04Na, AR), zinc acetate dihydrate (Zn(CH;COO),-2H,0, AR), copper acetate mono-
hydrate (Cu(CH;COO), H,0, AR), methylene blue (C;cH;gN3CIS, AR) and absolute ethanol
(C,H50H, AR). Deionized water was used in the whole experiment.

Available on line at: https://www.shd-pub.org.rs/index.php/JSCS

(CC) 2026 Serbian Chemical Society.



PHOTOCATALYTIC PERFORMANCE OF ZnO/Cu20 COMPOSITE 247

Preparation of ZnO/Cu,0 with SDS as a template

1.5 g SDS was added into a beaker containing the mixed solution of Zn(CH;COO), (0.5
mol/L, 50 mL), Cu(CH3;COO), (0.5 mol/L, 50 mL) and glucose (1 mol/L, 25 mL). The beaker
was placed in a water bath (60 °C) and kept magnetic stirring for 30 min. Later, NaOH solution
(2 mol/L, 50 mL) was added into it drop by drop. The mixing process was assisted by magnetic
stirring and lasted for 30 min. The sediment at the bottom of the beaker was collected by cen-
trifugation. It was washed alternately by water and ethanol three times each, and dried under
vacuum at 60 °C. The desired sample was prepared and named as S1.

Preparation of ZnO/Cu,0, ZnO and Cu,O

For comparison, ZnO/Cu,0, ZnO and Cu,O without SDS were also synthesized. The fol-
lowing procedure described the synthesis steps. The preparation of ZnO/Cu,O composite
without SDS mediating was similar as S1, except that SDS was not added. The obtained sample
was labeled as S2. 50 mL of Zn(CH;COQ), solution (0.5 mol/L) was placed in the water bath
(60 °C). Then 25 mL of NaOH solution (2 mol/L) was added into it drop by drop with magnetic
stirring for 30 min. Then, the white precipitation was centrifuged, washed, and dried in an oven
(60 °C) for 24 h. The obtained sample was named as ZnO (S3). 50 mL of Cu(CH;COO), (0.5
mol/L) and 25 mL of glucose (1 mol/L) were mixed with a water bath (60 °C). After 10 min of
magnetic stirring, 25 mL of NaOH solution (2 mol/L) was added into the mixture drop by drop
with a continuous stirring. 30 min later, the brick red precipitation was centrifuged, washed and
dried under vacuum. Then, it was collected and named as Cu,O (S4).

Characterization

The crystal structure was characterized using an X-ray powder diffractometer (XRD, TD-
-3500). The morphology and elemental mapping of the samples were examined using scanning
electron microscope (SEM, SU1510; Zeiss Sigma 360) coupled with an energy dispersive spec-
trometer (EDS). The X-ray photoelectron spectroscopy (XPS) was analyzed by Thermo Scient-
ific K-Alpha spectrometer. The specific surface area was measured by automated surface area
and porosimetry analyzer (Micromeritics ASAP 2460). The UV—Vis-DRS absorption spectra
were performed using spectrometer (U3900).

Photocatalytic degradation of MB

Using methylene blue (MB) as a model organic pollutant and a xenon lamp as a simulated
sunlight source, photocatalytic degradation experiments were carried out according to the pro-
cedure.® In short, 150 mg of photocatalysts were put into MB solution (150 mL, 2.0x10 mol/L)
with magnetic stirring continuously for 1 h in dark environment. After that, the mixed solution
was irradiated by a xenon lamp with the light intensity of 100 mW/cm?. The distance of lamp
and solution was 15 cm. The degradation solution (1 mL) was taken out every 20 min and
centrifuged in the dark. The absorbance of supernatant was monitored by an UV—Vis spectro-
photometer in the wavelength range of 550750 nm. The total illumination time was 100 min.
The degradation ratio R was calculated as:

R(%)=100% (1)

A and 4, represent the initial and time-dependent absorbance of MB at 664 nm, respect-
ively.
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RESULTS AND DISCUSSION

Material characterizations

The XRD patterns of the four samples are shown in Fig. 1. For comparison,
the standard powder diffraction files of Cu,O with cubic crystal structure
(PDF#65-3288) and ZnO with hexagonal wurtzite structure (PDF#36-1451) were
also presented. Fig. 1a is the XRD pattern of S4 sample. The diffraction peaks
(marked with *) matched well with those of cubic CuyO (PDF#65-3288), indi-
cating that sample S4 was CuyO with cubic crystal structure. The XRD pattern of
sample S3 is displayed in Fig. 1b. Comparison with the standard powder diffract-
ion file for hexagonal wurtzite ZnO (PDF#36-1451) indicated that the diffraction
peaks (marked with #) corresponded to hexagonal wurtzite ZnO in sample S3.
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Fig. 1. The XRD patterns of samples: S4 (a), S3 (b), S2 (c) and S1 (d).

Fig. 1c and d are the XRD patterns of S1 and S2 samples. The characteristic
diffraction peaks (marked with ) corresponded to the (100), (002), (101), (102),
(110), (103) and (112) crystal planes of ZnO with wurtzite structure, respectively.
At the same time, the peaks at 26 36.6, 42.5, 61.6 and 73.9° (marked with *)
matched with (111), (200), (220) and (311) crystal planes of cubic CuyO. These
evidences confirmed that the samples of S1 and S2 were the composite of ZnO/
/Cuy0O. Moreover, the crystal structure of the component was unchanged under the
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mediation of SDS. In addition, there were no other diffraction peaks in Fig. 1a—d,
and the sharp peaks declared the synthesized samples were with good crystallinity.

Fig. 2 is the XPS spectra of the ZnO/Cu,0 (S1) composite. The survey spec-
trum (Fig. 2a) indicated that Zn, O and Cu elements existed in the composite. In
the line spectrum of Zn 2p (Fig. 2b), two dominant peaks at 1021.8 and 1044.7 eV,
were attributed to the Zn 2p3/, and Zn 2py), of Zn2*, respectively.24 In the XPS
data of O 1s (Fig. 2¢), the first peak located at 530.4 eV, corresponding to the
lattice oxygen in ZnO and Cuy0,13:25 the second peak appeared at the binding
energy of 531.7 eV might be attributed to hydration.25-26 As shown in Fig. 2d, two
binding energy peaks of Cu 2p were observed at 932.4 and 952.3 eV, and ascribed
to those of Cu 2p3/; and Cu 2pj, from Cu't in Cu,O, respectively.!3:27.28 In addit-
ion, two satellite peaks located at 942.3 and 962.1 eV of Cu(Il) were identified,
indicating the existence of CuO.2% However, it is worth mentioning that no charac-
teristic peaks of CuO were detected in the XRD pattern of sample S1, demon-
strating that not much CuO was oxidized to CuO on the surface of the composite.
It might be due to the surface sensitivity of the XPS characterization technique. In
summary, the characterization of XPS demonstrated the successful synthesis of
ZnO/Cuy0 (S1) composite.
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Fig. 2. The XPS spectra of ZnO/Cu,O (S1): survey spectrum (a), Zn 2p (b), O 1s (c), Cu 2p (d).

Fig. 3 revealed the SEM images of ZnO, CuyO, ZnO/CuyO(S2) and ZnO/
/Cuz0 (S1), together with the EDS spectra and elemental mapping images of
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ZnO/Cuy0 (S1). It can be observed that the morphologies of ZnO particles were
irregular, which sizes were in the range of 0.2—1 pum (Fig.3a). CuyO particles,
ranging from 0.5 to 2.5 pm, exhibited polyhedral or spherical shapes with smooth
surfaces (Fig.3b). For ZnO/Cuy0(S2) composite (Fig.3c), it could be seen that
ZnO particles adhered to the surface of Cuy0, in which, the morphology and size
of CuyO particles showed little change compared to the pure Cu,O particles (Fig.
3b). Fig. 3d—f displayed that the composite of ZnO/Cuy0 (S1) was consisted of
nano-spherical CuyO aggregates and flower-like ZnO particles. The aggregates of
Cuy0O were formed by the self-assembly of Cu,O particles with a size of 50-100
nm. The size of nano-spherical CuyO aggregates was obviously smaller than that
of CuyO shown in Fig. 3b. Moreover, the size and morphologies of ZnO particles
underwent significant changes comparing with pure ZnO (Fig.3a). Through Fig.
3d-f, it could be found that the particle size of ZnO with flower morphology was
about 200 nm.

[alSfg] -] i
Fig. 3. SEM images of ZnO (a), Cu,0 (b), ZnO/Cu,0 (S2) (c), ZnO/Cu,0 (S1) (d-f);
EDS spectra (g-h) and elemental mapping images (i—k) of ZnO/Cu,O (S1).

From the EDS spectra (Fig. 3g—h), the elements of Cu, Zn, and O were det-
ected, and no other additional elements were found, which confirmed the compo-
sition of ZnO/Cuy0 (S1) composite. Additionally, it could be seen that Cu, Zn and
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O elements (Fig. 3i—k) were uniformly distributed which further verified the suc-
cessful synthesis of ZnO/Cu;0 (S1) composite with high purity.

The change of particle size and morphology of ZnO/CuyO (S1) composite was
closely related to the regulation of SDS. As a surfactant, the molecules of SDS
could form self-assembly aggregates with unique spatial structure when its concen-
tration reached a specific value. These aggregates with obvious structural inter-
faces could act as soft template to induce the formation of the materials with spe-
cific structures, morphologies, and properties. The hydrophilic group of SDS were
negatively charged and attracted Zn2" and Cu?™ to gather around them by electro-
static attraction.30-31 Then, the distributions of metal cations in the solution were
changed, and the crystal nucleation sites were regulated. Due to the template effect,
the crystal underwent a controlled growth. The structure and morphology of the
obtained sample were shaped and the desired property was endowed.

Fig. 4a displayed the N, adsorption—desorption isotherm of ZnO/Cuy0 (S1)
composite. The curve accorded with typical type IV isotherm and displayed an
obvious hysteresis loop of type H3, indicating the presence of a large number of
mesopores.32 The specific surface area measured by BET method was 17.15 m?/g.
The pore size distribution calculated by BJH method was shown in Fig. 4b. The
average pore diameter was 11.98 nm. The mesoporous channels can facilitate the
diffusion of reactant molecules into the interior of the material, which endow the
composite with the advantage of adsorption for pollutants and then enhance its
photocatalytic performance.
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Fig. 4. N, adsorption—desorption isotherm (a) and pore size distribution (b) of ZnO/Cu,0O (S1).

Fig. 5a showed the UV—Vis-DRS absorption spectra of ZnO, Cu,O and ZnO/
/Cuj0 (S1). It can be observed that ZnO/Cu,0O (S1) exhibited strong adsorption in
the region from 400 to 800 nm. Comparing with ZnO, the photo-response range
expanded to the visible region. According to the Kubelka—Munk transformation
and Tauc formulas,33-35 the band gap energies (Eg) of ZnO, Cuy0 and ZnO/
/Cuy0(S1) were calculated and displayed in Fig. 5b. The Ej value of Cu;0 and
ZnO were approximately 1.99 and 3.25 eV, respectively, which were basically
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consistent with previous reports.?’-32 Two E, values of 2.06 and 3.22 eV existed
for ZnO/Cuy0 (S1) composite. The Eg value of Cuz0 in the composite was 2.06
eV, which was larger than that of pure Cu0O (1.99 eV), it lowered the recombin-
ation rate of e /h*.33 At the same time, the Eg value of ZnO in the composite was
3.22 eV, instead of 3.25 eV of pure ZnO, the narrowing of the band gap induced
the red-shift of the absorption edge.32 The changes of band gap energy were attri-
buted to successful incorporation of ZnO and Cuy0O in the composite, which
resulted in the enhancement of photocatalytic properties.

20

(a) Zn0 [ (b) ——Zn0
12t Cu0 Cu,0
ZnO/CuO(S1) 15} Zn0/Cu.0(S1)
0.9F i
W
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2 o6l 2
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0.3} 5r
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Fig. 5. The UV—Vis-DRS absorption spectra (a) and Tauc plot (b) to calculate the band gap
energy.

Photocatalytic activity and stability analysis

Fig. 6 presented the UV—Vis spectra of MB solution which underwent photo-
catalytic degradation by the photocatalysts of ZnO/Cuy0 (S1), ZnO/Cuy0 (S2),
ZnO and Cuy0 after different times, respectively. The absorbance values of the
solution decreased at the wavelength of 664 nm (the maximum absorption peak of
MB36-38) with the elapse of illumination time, which suggested that MB was deg-
raded gradually.

To present the photocatalytic performance more intuitively, the degradation
ratio R was calculated and shown in Fig. 7a. The results showed the relationship
of R: R(ZnO/Cu;0 (S1)) > R(ZnO/Cuy0 (S2)) > R(ZnO) > R(Cuy0). Taking 100
min as an example, the degradation ratio R of MB by ZnO/Cu,0 (S1) reached 98.1
%, while R of MB by ZnO/Cu,0 (S2), ZnO and Cuy0O were only 80.8, 70.0 and
36.0 %, respectively. Therefore, the photocatalytic efficiency of ZnO/Cuy0 (S1)
was the best among the four photocatalysts.

In order to evaluate the degradation kinetics of MB by the synthesized photo-
catalysts, the curves of In (4o/4,)—t were plotted and shown in Fig. 7b. There was
a good linear relationship between In (4¢/4;) and the time of ¢, which accorded
with the kinetic characteristics of pseudo first-order. The kinetic parameters of the
fitting curves were summarized in Table I. From the data, it was demonstrated that
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the k value of the degradation reaction using ZnO/Cu;O (S1) as the photocatalyst
was about 2.4, 3.2 and 8.3 times that of ZnO/Cu,0 (S2), ZnO and Cu,O, res-
pectively. Therefore, the ZnO/Cu,0O (S1) nanocomposite presented an ideal deg-
radation efficiency under the same conditions, demonstrating promising poten-
tiality for photocatalytic applications.

¥ —MB (b ——MB
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— =40 min —— =40 min
=60 min £ =60 min
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Fig. 6. The UV—Vis spectra of MB solution degraded by ZnO/Cu,0 (S1) (a), ZnO/Cu,0 (S2)
(b), ZnO (c) and Cu,O (d).
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Fig. 7. R—t histogram (a) and the kinetic curves (b) of photocatalytic degradation of MB.

The enhanced photocatalytic performance of ZnO/CuyO (S1) may be attri-
buted to the mediation of SDS and the synergistic effect of ZnO and Cuy0 com-
ponents in the composite. The results of SEM suggested that the morphology of both
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TABLE 1. Parameters of kinetic curves

Sample Rate constant k / min™! R?

ZnO/Cu,0 (S1) 0.03814 0.92797
ZnO/Cu,0 (S2) 0.01585 0.97676
ZnO 0.01210 0.98707
Cu,O 0.00457 0.94903

ZnO and Cuy0O changed in shape as in size and became smaller. The BET
characterization revealed that the average pore diameter was 11.98 nm. The
changes of morphology and particle size, as well as the abundant presence of meso-
-pores in the composite were closely related to the template effect of SDS. It might
make it easier to contact with the molecules of MB and offer more surface ads-
orption sites, and then facilitate the further occurrence of oxidative decomposition.
In addition, another important factor could not be ignored. The energy level
matching of CuyO and ZnO in the composite promoted the separation of photo-
-generated charge carriers electron(e~)/hole(h") pairs,!7-33:38 and then improved
its catalytic ability. The possible mechanism was described,!7-23:33,39 and the cor-
responding mechanism diagram was shown in Fig. 8. The e~ in the valence band
(VB) of Cuy0 and ZnO transferred to the conduction band (CB) under the irra-
diation of light, and the h* was left in the VB. Because the CB position of Cu,O is
higher than that of ZnO, the photo-generated e~ in the CB of Cu;0O transferred to
the surface of ZnO; at the same time, the h* in the VB of ZnO transferred to the
surface of CuyO, thus effectively avoiding the recombination of ¢~ and h' on the
catalyst surface. h* and e~ with strong oxidation and reduction ability react with
H»O and O,, respectively, to form reactive hydroxide radicals (*OH) and super
oxide radical anion (O,~*), in which, O,~ can further turn into *OH.13,24,27.33,39
The *OH has perfect oxidation ability to degrade MB molecules into CO; and H,O.

0

Reduction
Oy R /‘ ..
1 ~r

OH

CO; + H:O

o

‘OH

““l Zn0
CO; + HO
Oxidation
e \-) H0 Fig. 8. Possible mechanism of photocat-
alytic degradation of MB by ZnO/Cu,O

® (S1).
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The stability of ZnO/Cuy0 (S1) was tested by recycling the sample in the
photocatalytic degradation experiment of MB. As shown in Fig. 9, after 5 times
cycling of photocatalytic degradation, R only decreased from 98.1 to 92.1 %,
indicating that ZnO/Cu,0 (S1) has good photocatalytic stability.

100

1 2 3 4 5 Fig. 9 Recycling experiments of ZnO/Cu,O (S1)
Recycle times composite.

CONCLUSION

In summary, ZnO/CuyO (S1) nanocomposite was prepared by one-pot
method. During the process of preparation, SDS served an effective template. The
characterizations confirmed that flower-like ZnO nanoparticles (hexagonal wurt-
zite) grew on the CuyO nanospheres (cubic crystal) self-assembled from single
Cu;0 particles, and Cu, Zn and O elements were uniformly distributed in the com-
posite. Abundant mesopores were in ZnO/Cu,O (S1) and the photo-response range
expanded to the visible region. The photocatalytic degradation tests indicated that
the degradation ratio R of MB by ZnO/Cu,0 (S1) reached 98.1 % after 100 min
illumination, significantly larger than that of ZnO (70.0 %), CuyO (36.0 %) and
Zn0O/Cuy0 (S2) (80.8 %), and R did not obviously decrease after 5 recycling,
demonstrating high photocatalytic degradation ability and good photocatalytic
stability. The enhanced photocatalytic property maybe attributed to the inducement
of SDS and the synergy effect of ZnO and Cuy0O. The advantages of smaller par-
ticle sizes, larger amount of meso-pores, more surface adsorption sites, stronger
absorption in the visible light range and easier separation of photo-generated car-
riers (e/h™) will help to improve its catalytic degradation ability. The ZnO/Cu0
nanocomposite assisted by SDS shows a good application prospect for sewage
treatment.
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H3BO[J

[TOBOJPIIIAHA ®OTOKATATUTHUYKA AKTUBHOCT ZnO/Cu20 KOMITO3HUTA 3A
PA3TPAIKY METUJIEH IVIABOT YCJIEL CHHEPTUCTUYKOTI EQEKTA

HONGYING LI,*2 LUWEN MA,' ZHENYANG WU' u CHENGLI YAO!

School of Chemistry and Pharmaceutical Engineering, Hefei Normal University, Hefei, Anhui, China u *Hefei
National Research Center for Physical Sciences at the Microscale, University of Science and Technology of
China, Hefei, Anhui, China

Y uuspy UCIUTHBaBba KaTanuThyke eukacHOCTH pasrpanke Zn0/Cuz20 KOMII03WTa, CHH-
TeTUCaH je HAHOKOMIIO3UT NMPUMEHOM ,0ne-pot* metone u SDS jenumema. KprcrtanHa cTpyk-
Typa, MHUKPOCKOINCKAa MOP(Oonoruja, XeMHjCKH cacTaB, crenudrvHa MOBPLUIMHA, pacrojena
BEJINYHMHE TI0pPa U ONTHYKA arCOPILIMOHA CBOjCTBA KOMIIO3MTA CY AETA/BHO OKAPaKTEPHCAHH.
HcnutrBaHa je ¢poTOKATaIUTHYKA aKTHBHOCT KOMIIO3UTa IPeMa pasrpafibyi METHUIIEeH IJIaBoT
(MB) y npucycTBy 3pauema KCEHOHCKe JlamMIle. Pe3ysnTaTi kapakTepusaldje Cy nokasaiH Jia ce
CHUHTETHCAaHH KOMIIO3HUT cacToju off ZnO (xekcaroHanHa BypuuTHa CTPykTypa) u Cu20 (xydHa
KpHUCTaJlHa CTPYKTypa). 3axBasbyjyhu nocpenosawy SDS jenumera, fodujeHe uecTulie Cy HaHO-
METapCKUX JUMEH3Hja, Ca paBHOMEPHOM pacrnogenoM eneMeHaTta Cu, Zn u O, Kao U ca BeIu-
kUM Opojem Mesomopa. Omncer POTOKATATUTUYKE aKTHBHOCTH KOMIIO3UTA je MPOLIXPEH Ha BUA-
JBUBH €0 crnekTpa yciaen komduHauyje ZnO u Cuz0. Crenel pasrpagmwe MB jenumemna y npu-
cyctBy ZnO/Cuz20 xoM1o3uTa U3HOCHO je MpudmmkHO 92 % 3a 100 min HaKOH MeT MOHOBJBEHUX
UUKITyca, LITO yKa3yje Ha 3HauyajaH MOTeHUHjal 3a dhoTokatanuThuke mpumene. ITobospirana
(poToxaTamuTHYKa aKTUBHOCT MOXKE OWUTH IOBE3aHa ca nocpefosameM SDS jemumema TOKOM
npoleca NPUNPEME U CHHEPTUCTHUKUM edexTom u3mehy ZnO u Cuz0.

(ITpumibeHo 15. HoBemOpa, peBunupaHo 27. HoBemdpa 2025, npuxsaheHo 29. janyapa 2026)
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Abstract: A comparative analysis of the composition and structure of freshly
precipitated iron(IIT) hydroxide precipitates obtained from a solution of iron(II)
sulfate in the presence of sodium sulfate (400 mg L'!) at pH 7 and 8, before and
after the sorption of nickel ions onto them, was carried out. Using IR and Raman
spectroscopy, X-ray phase and thermogravimetric analysis, it was shown that the
precipitates have the general (gross) formula Fe,03-2H,0 and contain small
amounts of goethite (a-FeOOH) and lepidocrocite (y-FeOOH). It has been estab-
lished that the sorption of nickel ions onto these precipitates is not accompanied
by chemisorption, i.e., no mixed compounds between iron and nickel are formed.
The point of zero charge of the precipitate particles is at pH 5.4, with a positive
zeta potential below and a negative zeta potential above this pH. The introduc-
tion of nickel ions into the solution leads to the appearance of a second zero
charge point at pH 10.2.

Keywords: iron(III) hydroxide; iron(Il) sulfate; nickel ions; IR and Raman spect-
roscopy; X-ray and thermogravimetric methods of analysis; zeta potential.

INTRODUCTION

In the first part of this work, it was shown that iron(Ill) hydroxide, formed
during the hydrolysis of the FeSO4 coagulant in the presence of sodium sulfate
(400 mg L-1) at pH 7 and 8, has a high sorption capacity with respect to divalent
nickel ions.! However, the structure and composition of the resulting precipitate
were not studied in detail. Therefore, it remained unclear which iron(I1l) compound
was acting as the sorbent in this case. The fact is that the precipitation of iron(III)
hydroxide from solutions of divalent iron salts occurs due to the oxidation of the

* Corresponding author. E-mail: linnikov@mail.ru

https://doi.org/10.2298/JSC25040708 1L

Available on line at: https://www.shd-pub.org.rs/index.php/JSCS

(CC) 2026 Serbian Chemical Society.



260 LINNIKOV et al.

latter by atmospheric oxygen present in dissolved form in the solution and, at low
concentrations of iron(Il) ions, can be described by a generalizing reaction equation:

4Fe2* + Oy + 2H,0 + 8OH~ — 4Fe(OH)3d

However, according to the literature data, the precipitate of iron(Ill) hydroxide
formed in this case does not always correspond to the general (gross) formula
Fe(OH)3.2-0 For example, previous studies of iron(Ill) hydroxide precipitates
formed by the hydrolysis of the coagulant FeCls in the presence of sodium sulfate
(400 mg L-1) at pH 7 and 8 showed the formation of two-line ferrihydrite with the
general (gross) formula Fe;O3-3H,0.7 At the same time, these precipitates also
have a high sorption capacity with respect to nickel ions.”

The purpose of this part of the work is to study the physicochemical properties,
composition and structure of the iron(Ill) hydroxide precipitate formed during the
hydrolysis of the FeSO4 coagulant.

EXPERIMENTAL

Iron(IIT) hydroxide precipitates with adsorbed nickel ions were obtained in coagulation
experiments according to the technique described earlier.! The studies were carried out under
laboratory conditions at room temperature (25+2 °C) using a model solution containing 400 mg
L! of sodium sulfate. Nickel ions were introduced into the solution in the form of a NiSO,
solution with a concentration of 10 mg L-!. Iron(IIl) hydroxide precipitates were obtained at pH
7 and 8 by adding a 10 g L'! NaOH solution to the model solution. The mixture was contin-
uously stirred on a magnetic stirrer to maintain the resulting iron(III) hydroxide precipitate in
suspension. After 30 min, the stirrer was turned off and the formed precipitate of iron(II) hyd-
roxide was separated from the solution by filtration through blue ribbon filter paper (Russia).
The next step was the washing of the iron(IIT) hydroxide precipitate several times on the filter
with distilled water, followed by drying at room temperature.

Iron(I1T) hydroxide precipitates without nickel ions adsorbed on them were obtained in a
similar manner without the introduction of nickel ions into the model solution.

Analysis and characterization

The morphology of the precipitates was studied using a scanning electron microscope
(SEM) JSM-6309LA from JEOL (Japan).

The zeta potential of iron(Il) hydroxide precipitate particles was determined using elec-
trophoretic light scattering with a Zetasizer Nano ZS device (Malvern Panalytical Ltd.) during
the precipitation reaction by taking aliquots at different pH values. To prepare the test solution,
the required amount of a FeSO, solution (13.57 g L'!) was introduced into a given volume of
the model solution with continuous stirring on a magnetic stirrer. After that, the solution was
slowly alkalized with a NaOH solution (10 g L-!). After each alkalinization and establishment
of equilibrium in the solution, an aliquot was taken and used for the zeta potential measure-
ments. The initial concentration of iron(II) ions in the solution was 12.5 mg L.

Another similar experiment was carried out in the presence of nickel ions in the solution,
which were introduced into the model solution before adding the FeSO, solution. The concen-
tration of nickel ions in the solution before alkalization was 10 mg L-1.

The IR absorption spectrum of iron (III) hydroxide precipitates in the wavenumber range
of 4000400 cm™! was recorded using a Vertex 80 infrared-Fourier spectrometer (Brooker),
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REMOVAL OF NICKEL(II) IONS 261

using an attenuated total internal reflection (ATR) MVP-Pro attachment (Harrick, prism material
diamond).

Raman spectra were recorded in the wavenumber range of 4000-50 cm™! at room tem-
perature using an InVia Reflex RENISHAW dispersive Raman spectrometer (A = 532 nm
wavelength, P, 1-5 mW laser power).

Thermogravimetric analysis of iron(IIl) hydroxide precipitates was performed using a
STA 449 F3 Jupiter thermal analyzer (Netzsch), combined with a QMS 403 quadrupole mass
spectrometer, in an air atmosphere at a heating rate of 10 °C min!,

X-ray phase analysis of the precipitates was carried out using a STOE STADI-P X-ray
powder diffractometer.

RESULTS AND DISCUSSION

SEM images of the iron(Ill) hydroxide precipitates formed in the model sol-
ution are shown in Fig. 1. All iron(I1I) hydroxide precipitates obtained in this study
consisted of very small particles that aggregated into larger structures. Externally,
they appear as loose, dark-brown formations. After filtration, washing with distil-
led water and air drying at room temperature, the precipitates compacted, became
more solid, and they significantly reduced in volume.
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Fig. 1. SEM image of the iron(II) hydroxide precipitate obtained from the model solution:
a and b — precipitation at pH 7 and 8, respectively; ¢ and d — precipitation in the presence of
nickel ions in solution at pH 7 and 8, respectively.

The diffraction patterns of iron(IIl) hydroxide precipitates are shown in Fig. 2
and indicate a similar structure of the precipitates. The blurred appearance of the
peaks in the diffraction patterns indicates the nanometer size of the precipitate
particles and their weak crystallinity.
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Fig. 2. X-ray powder diffraction patterns of iron(IIl) hydroxide precipitates after drying in air
at room temperature (25+2 °C): 1 and 2 — precipitation at pH 7 and 8, respectively; 3 and 4 —
precipitation in the presence of nickel ions in solution at pH 7 and 8, respectively; 5 — pre-
cipitate after thermal analysis obtained at pH 7 in the presence of nickel ions in solution.

XRD patterns analysis showed that when iron(IIl) hydroxide is precipitated at
pH 7 and 8 without nickel ions in the model solution, the resulting precipitates
consist of a mixture of two phases: goethite (a-FeOOH) and lepidocrocite (y-FeOOH)
(Fig. 2, curves 1 and 2). The ratio of these phases depends on the pH of the solution.
Thus, at pH 7, goethite comprises approximately 62 wt. % of the precipitate, while
lepidocrocite accounts for 38 wt. %. At pH 8, the proportion of goethite increases
to 81 wt. %, with lepidocrocite decreasing to 19 wt. %. In the presence of nickel
ions during precipitation, the phase composition of the resulting precipitates
changes insignificantly (Fig. 2, curves 3 and 4). At pH 7, the precipitate still con-
tains approximately 62 wt. % goethite and 38 wt. % lepidocrocite. However, at pH
8, lepidocrocite is replaced by magnetite (Fe3O4), which appears in an amount of
about 38 wt. %, while the goethite content remains unchanged at approximately 62
wt. %. This formation of magnetite may be facilitated by the higher pH of the
solution. None of the diffraction patterns indicated the presence of a new phase
containing nickel ions. Subsequent thermal analysis (see below) resulted in the
decomposition of the precipitates, and the samples consisted of hematite and mag-
netite. An example of such a diffraction pattern is shown in Fig. 2 (curve 5).

Raman spectra of the iron(IIl) hydroxide precipitates obtained at pH 7 and 8
and at different powers of the irradiating laser are shown in Fig. 3. It can be seen
from Fig. 3 that with increasing laser power (P), a change in the shape of the
obtained Raman spectrum is observed. If at P =1 mW the spectrum is a curve in
which not a single line is fixed (Fig. 3, curves 1), then at a laser power of 5 mW
(Fig. 3, curves 2) the shape of the spectrum changes, and lines corresponding to
hematite (a~Fey03) appear in it: 211-215 (Ayg), 272-283, 379-389, 457-476,
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568-588 and 616689 cm™! (E,), ~1300 cm™! (second harmonic). This indicates
the destruction of the precipitate at a given power of the irradiating laser. The
observed rise in the background is most likely associated with fluctuations in CO32~
and their overtones. It should be noted that thermogravimetric analysis (see below)
also showed the presence of small amounts of carbonates in the precipitates. The
observed decomposition of iron(IIl) hydroxide precipitate with an increase in the
power of the irradiating laser is in good agreement with the data,”-8 where a similar
destruction of ferrihydrite was recorded during the recording Raman spectra, as
well as the transformation of magnetite into maghemite and hematite.’
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Fig. 3. Raman spectra of iron(III) hydroxide precipitate obtained at pH 7 and 8: a and ¢ —
precipitation at pH 7 and 8, respectively; b and d — precipitation in the presence of nickel ions
in solution at pH 7 and 8, respectively; 1 —survey at P=1 mW; 2 — survey at P =5 mW
(survey duration in all cases is 10 s).

Thus, recording the Raman spectrum at low laser power (1 mW) did not record
lines characteristic of OH groups, which should be part of the precipitate if it
corresponds to the general (gross) formula FeOOH (or Fe(OH)3). In addition, the
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spectrum does not contain lines characteristic of goethite (a-FeOOH) and lepidoc-
rocite (p-FeOOH),3-10 which indicates the absence of these phases in the precip-
itate. This result does not agree with the X-ray phase analysis data (see above).

The IR spectra of the obtained iron(Ill) hydroxide precipitates are shown in
Fig. 4, from which it can be seen that they are close to each other. On all IR spectra
of iron(IIT) hydroxide precipitates, an intense wide band is present in the frequency
range of stretching vibrations of water molecules v(H,0) at 3139-3209 cm1. At
1628-1635 cm1, the bending mode of water molecules 8§(H,0) is recorded. The
bands at 11001122 cm! can be attributed to the stretching asymmetric vibrations
of v3(SO42°). The presence of these bands indicates the presence of traces of unwashed
sodium sulfate in the precipitates. The asymmetric and symmetric stretching vib-
rations v(CO32") appear as broad bands at 1493-1500, 1333-1359 and 1018—
—~1093 cm™!, and the deformation vibrations 8(CO32~) appear at 883-887 cmL.
These bands are probably caused by the presence of carbonates in the formed pre-
cipitates, the presence of which was mentioned above. The stretching asymmetric
and symmetric vibrations of the C—H bond are manifested at 2887-2890 cm~! and
2817-2925 cm™!, respectively. The appearance of these bands in the IR spectra of
the precipitates can be attributed, as the analysis indicates, to the presence of small
organic impurities in the initial NaOH reagent used to prepare a solution of sodium
hydroxide (10 g L-1) for alkalizing the model solution during experiments. In
addition, a small impurity of iron(IIl) hydroxocarbonate (FeOHCO3) may also be
present in the precipitate. This compound could have formed during the precip-
itation of iron(IlI) hydroxide with NaOH solution, as the latter typically contains
sodium carbonate (NapCQO3) as an impurity. Moreover, the absorption of carbon
dioxide from the air by the solution during the experiment may have contributed
to its formation.

For all samples, the bands from bending vibrations of C—H bonds are superim-
posed on modes with frequencies 883-885 cm~! belonging to the CO32~. Bands
786787 cm~! and 618-651 cm™! can be attributed to bending vibrations of C—H
and C—C bonds. Frequencies below 600 cm™! can be attributed to Fe—O vibrations.
The region below 1100 cm~! contains mainly bands belonging to CO32~ and
organic impurities. The observed differences in the IR spectra of the samples in
the region below 1100 cm™! are apparently explained by the different adsorption
values of these impurities on the formed iron(I1I) hydroxide precipitate. None of
the IR spectra, as well as earlier Raman spectra, showed intense absorption bands
characteristic of OH groups that are not part of water and belong to the iron(III)
hydroxide precipitate, if it corresponded to the general (gross) formula FeOOH or
Fe(OH)3.

Fig. 5 shows the results of thermogravimetric analysis of the formed iron(III)
hydroxide precipitated at pH 7 and 8 in the absence (Fig. 5a and c¢) and presence
(Fig. 5b and d) of nickel ions (10 mg L-1). As can be seen, thermograms of all
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REMOVAL OF NICKEL(II) IONS 265

precipitates demonstrate similar trends. Already with slight heating, water (MS
curves m/z = 18 a.u.m.) and carbon dioxide (MS curves m/z = 44 au.m.) begin to
be removed from precipitates. Moreover, much more carbon dioxide is released
from the precipitates obtained in the presence of nickel ions in solution (Fig. 5b
and d). This may be due to the higher content of organic impurities in these samples.

4

"
T T T T T T T | T
1000 3600 3200 2800 2400 2000 1600 1200 800 400
v, cm’
Fig. 4. IR spectra of iron(IIT) hydroxide precipitates: 1 and 2 — precipitation at pH 7 and 8,

respectively; 3 and 4 — precipitation in the presence of nickel ions (10 mg L'!) in solution at
pH 7 and 8, respectively.

o
I

The mass loss of the precipitates occurs in a stepwise manner. Approximately
9-12 % of the mass is lost at the first stage, followed by an additional loss of about
9% in the second stage, resulting in a total mass decrease of around 18 %. It should
be noted that several peaks in carbon dioxide release are observed, indicating the
sequential decomposition of carbon-containing compounds into CO». The process
is accompanied for all samples by weak exoeffects at temperatures 231-242, 281—
—295, 330-339 °C. The exoeffects observed at 365-423, 504 and 514 °C likely
correspond to the crystallization process of hematite (a~Fe,O3) and magnetite
(Fe3z0y), as confirmed by X-ray phase analysis. Thus, after thermogravimetric ana-
lysis, the precipitate corresponding to Fig. 5a consisted of hematite, whereas the
precipitate corresponding to Fig. 5b contained approximately 86.3 wt. % hematite
and 13.7 wt. % magnetite (Fig. 2, curve 5). The formation and stability of the mag-
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Fig. 5. Thermogravimetric (TG, green), DSC (red), and mass spectroscopy (MS, brown, blue)
curves of iron(I1I) hydroxide precipitated from the model solution at pH 7 (a and b) and 8 (¢
and d): a, ¢ — there are no nickel ions in the solution; b, d — precipitation in the presence of
nickel ions (10 mg L) in the solution. Am is the change in the mass of the precipitate; ¢ is the
temperature, °C.

netite during thermal analysis is probably attributed to the presence of carbonates
and organic compounds in the precipitates. The observed release of carbon dioxide
is probably due to both its desorption from the samples and the gradual thermal
decomposition of organic and carbonate impurities, the presence of which is rec-
orded by IR spectra (Fig. 4). Analysis revealed a total carbon content in the samples
ranging from 0.73 to 1.2 wt. %. Therefore, the mass loss during heating was mainly
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due to dehydration. Considering that Raman and IR spectra did not confirm the
presence of non-aqueous OH groups in the samples, and also taking into account the
observed mass loss of about 18 %, we assign them the general (gross) formula
Fe;03-2H50. It should be noted that if the precipitates consisted of goethite and
lepidocrocite, then, given the absence of non-aqueous OH groups in their structure,
they would have a general (gross) formula Fe;O3-H,O, and the loss of precipitate
mass during thermogravimetric analysis would be about 10 %. Furthermore, pub-
lished data indicate that the TG curves for dehydrating goethite or lepidocrocite
differ from those observed in our experiments.!1:12 Typically, when heated to 200
°C, there is an initial mass loss of no more than 5 % due to the loss of adsorbed
water, followed by a sharp inflection in the TG curve and a total mass loss of about
10 %. Moreover, dehydration, in contrast to the iron(IIl) hydroxide precipitates
obtained in this work, occurs in a single step.!1:12 Taking the above into account, it
can be concluded that in the present experiments, iron(IIl) hydroxide was formed
with the general (gross) formula Fe;O3-2H,0 with a minor admixture of goethite,
lepidocrocite, and magnetite.

The formation of iron(Ill) hydroxide with the general (gross) formula
Fe,03-2H,0 was previously found in the works.13:14 At the same time, the precip-
itate obtained in!4 was X-ray amorphous. The absence of OH groups in iron(III)
hydroxide precipitates obtained from ammonia solutions at pH 10 and 13 was est-
ablished by IR spectroscopy.!3

Thus, since the resulting iron(Ill) hydroxide precipitates (Fe;03-2H>0) are
amorphous and cannot be detected by X-ray diffraction analysis, the diffraction
patterns (Fig. 2) contain lines characteristic of goethite (a-FeOOH) and lepidocrocite
(y-FeOOH), which are present in the precipitates in small quantities and are pro-
bably impurities. Consequently, calculations of the phase composition of the pre-
cipitates based solely on X-ray diffraction data are incorrect. The low content of
goethite (a-FeOOH) and lepidocrocite (y-FeOOH) in the precipitates apparently
explains the absence of bands characteristic of these compounds in the Raman
spectra. The modes observed at 3740 cm™! in Fig. 4 can be attributed to goethite
and lepidocrocite. The low intensity of these modes further confirms that these
phases are present in the precipitates in small quantities.

Fig. 6 shows the effect of pH on the zeta potential of iron(III) hydroxide prec-
ipitate particles formed in the solution. It is evident that the zeta potential of the
iron(IlI) hydroxide precipitate particles formed in our experiments at pH < 5.4 has
a positive value, and at pH > 5.4 it becomes negative (curve 1). The point of zero
charge corresponds to pH 5.4. This finding aligns with data”’ reported for iron(III)
hydroxide in the form of two-line ferrihydrite but significantly differs from results
reported in previous studies,!5-16 where the pH of the point of zero charge for fer-
rihydrite particles was found to be 8.415 and 8.816. This discrepancy is attributed,
as noted previously,’ to the presence of sulfate ions in the model solution.
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Fig. 6. Dependences of zeta potential of iron(III) hydroxide particles on the pH of the solution
and the concentration of nickel ions in it.

Fig. 6 also shows that at pH < 5.4, the introduction of nickel ions into the
solution has an insignificant effect on the zeta potential of iron(Ill) hydroxide
particles (please see curves 1 and 2). This may indicate weak adsorption of nickel
ions on the precipitate particles surface in this pH range. In contrast, at pH > 5.4,
the adsorption of nickel ions on the surface of iron(I1l) hydroxide precipitate par-
ticles increases, as indicated by the rise in zeta potential (curve 2). At pH > 10, the
adsorption of hydroxide ions begins to predominate, and the zeta potential of
precipitate particles decreases (curve 2). This results in a shift of the point of zero
charge to the alkaline region, reaching a value of 10.2.

It is noteworthy that a similar relationship was previously discovered in the
work.” The study found an increase in the zeta potential of iron(IIT) hydroxide pre-
cipitate particles in the form of two-line ferrihydrite upon the introduction of nickel
ions, accompanied by a corresponding shift in the pH of the zero charge point to
the alkaline region.” Moreover, the pH shift of the zero charge point of iron(III)
hydroxide particles when arsenic anions were introduced into the solution was also
found in the work.17 At the same time, due to the negative charge of arsenic anions,
the zeta potential of the precipitate particles decreased, and the pH of the zero
charge point shifted, respectively, to the acidic region.!”

CONCLUSION

The studies of iron(IIl) hydroxide precipitates obtained at pH 7 and 8 from a
solution of iron(II) sulfate in the presence of sodium sulfate (400 mg L-1!) indicate
that they have the general (gross) formula Fe,O3-2H50, along with small amounts
of goethite (a-FeOOH) and lepidocrocite (y-FeOOH). This is supported by data
from X-ray and thermogravimetric analyses, as well as Raman and IR spectroscopy.
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The zeta potential of the precipitate particles shows a positive value at pH <
5.4, transitioning to a negative value at pH > 5.4, indicating that the point of zero
charge occurs at pH 5.4. Notably, the introduction of nickel ions into the solution
results in a second point of zero charge at pH 10.2.

Furthermore, the sorption of nickel ions onto the iron(IIl) hydroxide precipit-
ates does not involve chemisorption. Thus, no mixed compounds between iron and
nickel are formed during precipitation.

Acknowledgements. This work was carried out in accordance with the assignment by the
Ministry of Science and Higher Education of the Russian Federation (theme No.
124020600024-5) and also supported by Government of the Sverdlovsk region and the grant of
Russian Fund for Basic Research (Project No. 20-48-660038).

U3BOJ
YKITABABE HUKJI(IT) JOHA TOKOM ITPEYUIITRABAKBA BOJE 'BOXBE(IT)
CYJI®ATOM. 2. IEO. CTPYKTYPA U CACTAB ITPELJUITUTATA 'BOXBE(III)
XUOPOKCHUIA

OLEG D. LINNIKOV, IRINA V. RODINA, GALINA S. ZAKHAROVA, INNA V. BAKLANOVA,
YULIA V. KUZNETSOVA, ALEXANDER P. TYUTYUNNIK u ZILARA A. FATTAKHOVA

Institute of Solid State Chemistry, Ural Branch of the Russian Academy of Sciences, Pervomayskaya St., 91,
620990, Ekaterinburg, Russia

CripoBezieHa je yropelHa aHaau3a cacTaBa M CTPYKTYPe CBEXe HUCTal0KeHUX NpeLrIu-
tata reoxhe(111)-xunpokcuna nodujenux u3 pacrsopa reoxhe(1l)-cyndara y mpucycrBy Hat-
pujym-cyngara (400 mg L™!) Ha pH 7 u 8, mpe 1 nocie copnuyje joHa HUKIa. Kopuurhewem 1C
W paMaHCKe criekTpockonuje, ¢asHe peHAreHCKe U TEPMOrPaBUMETPHUjCKe aHaIU3e M0Ka3aHO
je ma Tanosu umajy onwty (dpyro) dopmyny Fe2032H20 u cagpxe Mamy KOTHUUHY TeTHUTa
(a-FeOOH) u nenupoxpoxuTa (y-FeOOH). YTBpheHo je na copnuyja joHa HUK/IA HA OBUM TaJIO-
3uMa Huje mpaheHa XeMHCOPNUHjOM, Tj. He [oja3u IO GOopMUpama MEUIOBUTHX jemumbera
reokba ¥ HUKIIa. Tauka HYJITOT HaeleKTpUcama YecTUIla Tajiora Hanasu ce Ha pH 5,4, mpu uemy
je 3eTa NMoTeHUMjal MO3UTHUBAH UCIOJ, a HeraTBaH M3Haj ose BpenHocTH pH. YBohewe joHa
HHUKJIa Y PacTBOP JOBOJH JI0 II0jaBe Jpyre Tauyke HYJITOT HaelekTpucamwa Ha pH 10,2.

(ITpumsbeHo 7. ampuia, peBunupano 28. anpuia, npuxsaheno 30. okrodpa 2025)
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Abstract: This study focuses on the use of cyclodextrins (-CD and HP-5-CD)
as host materials to immobilize 20 wt. % tungstophosphoric acid, H;PW,04
(HPW), and their application as catalysts for the esterification of oleic acid, a
fatty acid commonly found in many vegetable oils and frequently used as a bio-
diesel feedstock, into methyl oleate using methanol, the most commonly prefer-
red alcohol for this reaction. The catalytic performances of these hybrid materials
were compared with those of HPW incorporated into polyacrylamide hydrogel
(20 wt. % HPW/PAAm) and HPW supported on silica (20 wt. % HPW/Si0O,), a
conventional inorganic support. All materials were characterized by various
techniques. For all supports, the Keggin structure of H;PW;,0,4 was retained
after immobilization, as confirmed by FT-IR and Raman spectroscopies. XRD
and SEM analyses suggested the formation of inclusion complexes in the HPW/
/B-CD and HPW/HP-$-CD systems, as well as the successful incorporation of
HPW into the PAAm matrix. In the esterification reaction carried out at 60 °C
for 3 h, bulk HPW, HPW/PAAm and HPW/S-CD exhibited high catalytic activity,
achieving methyl oleate yields of 97, 94 and 69 %, respectively, significantly
higher than that obtained with the silica-supported catalyst (41 %).

Keywords: tungstophosphoric acid; polymer; cyclodextrin; esterification; meth-
anol; methyl oleate.
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INTRODUCTION

The transition from fossil fuels to renewable energy sources has become a
necessity if current environmental challenges are to be met. Among the viable alt-
ernatives, biodiesel has emerged as a promising candidate, alongside wind, solar,
hydrothermal and photovoltaic energy. Biodiesel is not only non-toxic and biodeg-
radable, but it also has similar physicochemical properties to those of conventional
diesel fuel, with the advantage of reducing emissions of hazardous substances,
thereby minimizing health risks.! Biodiesel, composed of fatty acid methyl esters,
is produced by homogeneous or heterogeneous catalytic processes, involving the
esterification or transesterification of renewable feedstocks such as vegetable oils
and animal fats.

In the heterogeneous phase, various catalysts have been investigated for this
purpose, including strontium-zinc bifunctional oxides! basic or acidic oxides,?
p-zeolite-supported sulphated metal oxide? and silica supported tungsten oxide.*
The methanolysis of oils using catalysts such as SiO»/Al,O3 incorporated in BEA
zeolite frameworks with alkaline earth oxides (MgO, CaO, SrO) has also been
studied.?

In the homogeneous phase, alkaline catalysts such as sodium or potassium
hydroxides, carbonates and alkoxides,2-> mineral acids (e.g., phosphoric, sulfuric)*
and heteropolyacids (HPAs®7 were found to be effective for fatty acids transester-
ification. However, although base-catalysed transesterification is generally more
cost-effective than acid catalysis, it is still very sensitive to the presence of water
and free fatty acids, and is also subject to undesirable side reactions such as hydro-
lysis and saponification,® which make it difficult to recover the desired product.

In acid catalysis, Keggin-type tungstophosphoric acid H3PW 1,049 (HPW), is
particularly preferred due to its high Brensted acidity and lower toxicity compared
with conventional mineral acids. However, its high solubility in polar media com-
plicates catalyst recovery and raises concerns about equipment corrosion and envi-
ronmental impact, similar to those encountered with mineral acids.® To address
these limitations, HPW has been immobilized on various solid supports, including
zirconia,!0 alumina,! !mesoporous silica’ and activated carbon.!2 In oleic acid est-
erification in the presence of 30 wt. % HPW supported on biomass-derived act-
ivated carbon!2 and 20 wt. % HPW on KIT-6 mesoporous silica, a maximum co-
nversion of 86 % was obtained. However, leaching is frequently observed with
these conventional supports, which limits the long-term efficiency and reusability
of the catalytic systems. The present study aims to reduce this drawback by incur-
porating HPW into polymeric matrices such as polyacrylamide (PAAm) hydrogels
and cyclodextrins (CD).

Hydrogels are cross-linked, three-dimensional, superabsorbent polymer net-
works capable of retaining large volumes of water without dissolving.!3 Their
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functional groups, including carboxylic, amide, amino, sulphonic acid and hyd-
roxyl groups, provide active sites for molecular interactions.!415 Due to their high
absorbency and interactive surface chemistry, hydrogels have been widely employed
in biomedicine, biotechnology and catalysis. For example, Dharmapriya et al.16
have demonstrated the efficiency of hybrid systems composed of hydrogels and
catalytic species in the conversion of carbohydrates to 5-hydroxymethylfurfural.
In order to improve the efficiency of hydrogels in acid reactions, several studies
have suggested incorporating H3PW 12,0409 (HPW), a heteropolyacid stronger than
H3PW 17040, into the polymer matrix. Thus, catalytic membranes constituted of
HPW embedded in PVA polyvinyl alcohol (HPW@PVA), tested in glycerol acet-
alization with acetone, showed high conversion (95 %) and high selectivity and
remained effective after ten reuse cycles without performance loss.!” HPW encap-
sulated inside microporous polymeric nanospheres (H-MPNs) using a hyper-cros-
slinked PLA-b-PS polymer exhibits excellent catalytic activity and stability thanks
to its hollow and permeable structure.!8 A series of composite materials (PLMTPA)
synthesized by incorporating HPW into a polyacrylamide matrix at different ratios
proved to be effective, recyclable and non-corrosive for the synthesis of 2-benzaz-
epines under mild conditions and reusable over six cycles without loss of activity.!°
The HPW/polymer hydrogel system synthesized from a triethylene glycol mon-
omer and a cross-linking agent, trapping heteropolyacid in the network through
hydrogen bonds, effectively catalyses the hydrolysis of ethyl esters in an aqueous
medium. It has been shown that HPW does not leach in water, allowing it to be
used as a stable heterogeneous catalyst.20

Cyclodextrins (CDs), in particular S-CD and its derivatives, have attracted
attention in pharmaceutical studies due to their ability to form host-guest inclusion
complexes.?! f-CD, composed of D-glucose units, has a hydrophobic internal cav-
ity and a hydrophilic external surface, allowing it to encapsulate a variety of guest
molecules. Its low water solubility, unique truncated cone shape, cost-effective-
ness and ease of functionalization make it highly suitable for catalytic applicat-
ions.22-25 In addition to its pharmaceutical interest, f-CD has shown catalytic
potential in various organic transformations.2 For example, Wu et al. synthesized
a hybrid complex [La(H0)9]{[PM0,,040]c[#-CD]»} (CD-POM-2), highlighting
its catalytic, photocatalytic and biomedical utility.27 Polyoxometalates (POM:s)
adsorbed in y-cyclodextrin-based polymers (PVW11@CD-EPI) through the chao-
tropic effect have been shown to form supramolecular hybrid materials exhibiting
rapid and efficient adsorption behaviour as well as excellent catalytic performance.
In the oxidation of benzyl alcohol, these hybrids achieved high conversion, sel-
ectivity and recyclability under mild reaction conditions.?® Computational inves-
tigations based on density functional theory (DFT) and molecular dynamics simul-
ations have revealed that POMs, such as H3PW 1,049 (HPW), can spontaneously
penetrate the hydrophobic cavity of y-cyclodextrin (y-CD) to form stable host—
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—guest complexes. This encapsulation significantly influences the electronic pro-
perties, reactivity and electron transfer behaviour of POMs, while the nanoconfin-
ement effect contributes to the spatial isolation and stabilisation of the catalytic
species.2? In addition to Keggin-type POMs, the immobilization of Wells—Dawson-
-type POMs within cyclodextrin-based nanosponges (WD@CDNS) has also been
reported to yield robust and durable catalytic systems. When applied to the Knoe-
venagel condensation reaction in aqueous media, the WD@CDNS catalyst demon-
strated enhanced reusability and excellent structural integrity, confirming its pot-
ential for sustainable heterogeneous catalysis.?® To our knowledge, the HPW/cyc-
lodextrin system has not been tested in esterification or transesterification reactions.

In previous work, a 20 wt. % HPW/PAA catalyst system was tested for the
esterification of oleic acid, a fatty acid commonly found in vegetable oils and fre-
quently used as a biodiesel precursor. Methanol was chosen because of its low cost,
small molecular size and wide availability.30-32 Under an oleic acid:methanol:cat-
alyst mole ratio of 1:29:0.025, a high conversion of 95 % was obtained with a
reaction temperature and time of 60 °C and 3 h, respectively.3! In the present study,
the quantities of alcohol and catalyst were significantly reduced, and the oleic
acid:methanol:catalyst molar ratio was adjusted to 1:9:0.008. Under these condit-
ions, the catalytic performance of 20 wt. % HPW/PAAm was re-evaluated and
compared with that of bulk HPW and three other catalytic systems: 20 wt. %
HPW/SiO; (with silica as a conventional support), 20 wt. % HPW/S-CD and 20
wt. % HPW/HP--CD. The HP--CD derivative was obtained by substituting the
hydroxyl groups of f-CD with hydroxypropyl functionalities.

EXPERIMENTAL
Material synthesis

All chemical reagents and solvents (from Biochem Chemopharma, Sigma—Aldrich and
Riedel-De Haen) were used without further purification.

Tungstophosphoric acid (H;PW[,049, HPW) was synthesized following a conventional
method previously described in the literature.3334

HPW (20 wt. %) was immobilized on silica (SiO,), incorporated into a polyacrylamide
hydrogel (PAAm), and included in S-cyclodextrin (f-CD) and hydroxypropyl-f-cyclodextrin
(HP-5-CD). For the cyclodextrin-based systems, a stoichiometric ratio of five cyclodextrin units
per Keggin unit was used.

Preparation of HPW/SiO,

In a 100 mL two-neck flask, 1 g of HPW was dissolved in 15 mL of distilled water. The
solution was heated in a sand bath (60—80 °C). Then, 4 g of silica (60-200 mesh) were gradually
added under stirring. The suspension was refluxed at 110 °C for 5 h, followed by drying using
a rotary evaporator. The resulting solid was placed in a vacuum oven at 50 °C for 6-7 h to
remove residual moisture.3’
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Preparation of HPW/PAAm

Polyacrylamide hydrogel synthesis. In a three-neck round-bottom flask, 1 g of acrylamide
monomer (C3HsNO) and 1x103 g of potassium persulfate (K,S,0g) as an initiator were dis-
solved in ~3 mL of distilled water. After dissolution, 3x102 g of N,N'-methylenebisacrylamide
(C;7H,yN,0O,) was added as the crosslinker. The mixture was stirred at 250 rpm and purged with
nitrogen (N,) for 30 min to eliminate oxygen. The flask was then immersed in a water bath
preheated to 60 °C and stirred for 20 min. A transparent PAAm formed at the bottom of the
flask. The hydrogel was cut into small pieces, washed three times with distilled water to remove
residual reagents and air-dried.3!

HPW/PAAm preparation. dried PAAm was immersed in an aqueous solution of HPW
(corresponding to 20 wt. % HPW). After complete absorption and air drying, the HPW-loaded
hydrogel (HPW/PAAm) was recovered.

HPW/B-CD preparation

The HPW/f-CD system was prepared by physical impregnation, following a method sim-
ilar to that used for HPW/SiO,. In a 100 mL two-neck flask, 0.4 g of HPW was dissolved in 20
mL of water and heated in a sand bath maintained at 50-60 °C. Then, 1.6 g of f-cyclodextrin
was gradually added. The suspension was refluxed at 80 °C for 5 h, followed by drying with a
rotary evaporator.

HPW/HP-B-CD preparation

A mixture of 0.4 g of HPW and 1.6 g of HP-f-CD was stirred in ethanol for 24 h. The
solvent was then evaporated using a rotary evaporator. The resulting white powder corres-
ponded to the HPW/HP-4-CD system.

Characterization

The FT-IR spectra of the prepared catalysts were recorded on a Fourier transform spect-
rometer model IRAffinity-1S, Shimadzu, including an ATR module.

X-ray diffractograms of the catalytic materials were recorded on a Siemens D5000 powder
diffractometer at room temperature over an angular range (26) of 0 to 70°, with CuKa radiation
(A=1.5406 A) at 45 kV and 40 mA. The step size and scanning speed were 0.026° and 2°/min,
respectively.

The microstructural observations were performed using a Hitachi SU3800 scanning elec-
tron microscope (SEM) operated in backscattered electron (BSE) mode, under partial vacuum,
at an accelerating voltage of 15 kV and a working distance (WD) of 10 mm. Energy-dispersive
X-ray spectroscopy (EDS) analyses were conducted using a Bruker Quantax EDS system
equipped with an XFlash detector.

Catalytic testing

The catalytic activities of bulk HPW and supported HPW systems (HPW/SiO,, HPW/PAAm,
HPW/S-CD, HPW/HP-$-CD) containing 20 wt. % HPW were evaluated for the esterification
of oleic acid with methanol. Reactions were carried out at 60 °C under atmospheric pressure
and reflux, with constant stirring at 300 rpm. The molar ratio of oleic acid:methanol:catalyst
was 1:9:0.008. The detailed description of the sample preparation was presented in Table 1. In
a glass reactor, oleic acid and methanol were heated to 60 °C before adding the catalyst. After
3 h, the condenser was rinsed with minimal distilled water to recover the entire reaction mixture.
The catalyst was separated by filtration (for supported catalysts), and the mixture was trans-
ferred to a separating funnel. Chloroform was added to facilitate phase separation. The organic
(chloroformic) phase containing methyl oleate was collected, and the aqueous phase was
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washed twice with chloroform to extract any remaining ester. The methyl oleate was recovered
by evaporating the chloroform using a rotary evaporator.

TABLE I. Material weight and volumes of methanol and oleic acid used in sample preparation

Material W(catalyst) /g V (oleic acid) /ml V(methanol) /ml
HPW 0.25 3 3.5
HPW/SiO, 1.25 3 3.5
HPW/PAAmM 0.0993 1.2 1.4
HPW/S-CD 0.625 1.5 1.75
HPW/Hp-4-CD 1.25 1.5 1.75
SiO, 0.25 3 3.5
PAAmM 0.0882 1.0584 1.2348
p-CD 0.25 3 3.5
HP--CD 0.25 3 3.5

The methyl oleate content was analyzed using gas chromatography (Agilent Technologies
7890A GC) equipped with a flame ionization detector (FID). The separation was performed on
a capillary column (Carbowax, 30 mx0.25 mm) with nitrogen as the carrier gas (flow rate: 1
mL/min). The injector temperature was set at 260 °C. The oven temperature program was: 120—
—180 °C at 10 °C/min, followed by 180-260 °C at 7 °C/min, then held at 260 °C for final
separation.

The yield of methyl oleate, the only product of the oleic acid esterification, considered in
this study, was calculated from the following equation:3¢

R=100 Cmethyl oleate X Fd X Qmethyl oleate

(M

Moeic acid

where Ceihyl oleate: methyl oleate concentration (mg/ul), Fy: dilution factor, Opeihyl olcate: methyl
oleate quantity (ml), m,)e;c acig: Oleic acid quantity (g).

RESULTS AND DISCUSSION

Characterizations

FT-IR and Raman spectroscopies. The FT-IR spectra of HPW, SiO; and
HPW/SiO; are shown in Fig. la. The Keggin structure of HPW is identified by
characteristic vibrational bands: asymmetric P-O, stretching at 1072 cm™!, asym-
metric W=0y4 at 964 cm™!, asymmetric W-Op—W at 887 cm~! and W-Oc—-W at
786 cm .37 The FT-IR spectrum of HPW/SiO; shows that the asymmetric stretch-
ing of Si~O in the 1200-1000 cm™! region envelops the P-O, vibration band (1072
cm1). Furthermore, the Si—O— band at 800 cm™! merges with those corresponding
to W—Op,—W (887 cm1) and W-Oc—W (786 cm™!). IR spectroscopy does not
allow the vibration bands of the heteropoly anion to be clearly distinguished from
those of silica. It should be noted that the preparation method is impregnation, so
the acid can only be fixed to the support after a strong interaction between the basic
sites of the silica and the protons of the acid.

Available on line at: https://www.shd-pub.org.rs/index.php/JSCS

(CC) 2026 Serbian Chemical Society.



CATALYST FOR OLEIC ACID ESTERIFICATION 277

(a) (b)

HPWISiO HPW/PAAM pe===s '

Transmitance (%)
Transmitance (%)

W-Oc-W .
L

C=0"]

r T T T T T T 1 r T T T T — “r - T ol
4000 3500 3000 2500 2000 1500 1000 500 4000 3500 3000 2500 2000 1500 1000 500

wavenumber (cm™) wavenumber (cm')

(©) (d)

HPW/B-CD 1629--1692  1028--1076 HPW/Hp-B-CD

1677

Transmitance (%)
Transmitance (%)

r T N T v T v , r r : T : T : )
4000 3500 3000 2500 2000 1500 1000 500 4000 3500 3000 2500 2000 1500 1000 500
Wavenumber (cm™) Wavenumber (cm)

Fig. 1. FT-IR spectra of SiO,, HPW and HPW/SiO, (a), PAAm, HPW and HPW/PAAm (b),
S-CD, HPW and HPW/S-CD (c) and Hp-$-CD, HPW and HPW/Hp-$-CD (d).

Fig. 1b displays the FT-IR spectra of PAAm and HPW/PAAm. The spectrum
of PAAm shows a strong band at 3334 cm™!, characteristic of N-H stretching of
primary amines, with two components at 3332 and 3189 cm™! corresponding to
asymmetric and symmetric N—H stretching, respectively. The intense band at 1640
cm! is assigned to C=0 stretching, and the band at 1322 cm~! to C—N bending
vibrations of primary amides.3! After incorporation of HPW into the hydrogel
network, the FT-IR spectrum of HPW/PAAm shows the metal-oxygen vibrations
of the heteropolyanion with reduced intensity, indicating that the structure of the
Keggin unit is preserved.

The FT-IR spectra of f-CD (Fig. 1¢) and HP-5-CD (Fig. 1d) are similar, disp-
laying a broad band in the 3400-3200 cm! range, associated with O—H stretching
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of primary alcohols in cyclodextrin, and a band near 2900 cm~! corresponding to
aliphatic C—H stretching. In the 10001150 cm! region, the observed bands are
characteristic of C-O—C and C—C stretching.24 Upon complexation with HPW, the
FT-IR spectra of HPW/$-CD and HPW/HP-$-CD show the appearance of charact-
eristic Keggin unit vibrational bands corresponding to the tungsten—oxygen and
phosphorus—oxygen bonds, in the 1200-500 cm™! region, with a slight shift tow-
ards high frequencies. Thus, the P-O, vibration band shifts from 1072 to 1135 and
1063 cm!; the W=04 band from 964 to 998 and 974 cm~!; W-Op—W from 887
to 917 and 888 cm™1, and W-O.-W from 786 to 822 and 797 cm~! for HPW/j-
-CD and HPW/HP-4-CD, respectively. These shifts can be attributed to the form-
ation of hydrogen bonds, as reported by some authors, thus indicating the complex-
ation of HPW with cyclodextrin.38.39

The Raman spectra of both supported and unsupported H3PW 1,049 (Fig. 2)
were also recorded. The spectrum of pure HPW exhibits typical metal-oxygen
vibrations of the Keggin structure: symmetric and asymmetric W=y stretching at
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Fig. 2. Raman spectra of different catalysts, HPW (a), HPW and HPW/SiO, (b), HPW and
HPW/PAAm (c) and Hp-#-CD, HPW and HPW/Hp-4-CD (d).
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1012 and 990 cm~!, asymmetric W—Op,—W at 932 and 525 cm™!, and asymmetric
W-0O.~W at 236 and 220 cm~1.37 In the support presence, the most intense vib-
ration band corresponding to W=0q4 shows a decrease in intensity, whatever the
nature of the support, which is consistent with the FT-IR results, suggesting a
strong interaction between the Keggin anion and the support, due to the high elec-
tron density of the tungsten-terminal oxygen bond.

The XRD patterns of HPW, SiO; and HPW/Si0O; are presented in Fig. 3a.
HPW shows sharp diffraction peaks in the 26 range of 5.6-34.6°, characteristic of
its triclinic phase (JCPDS Card No. 50-0655).40:41 SiO, displays a broad peak
between 15 and 23°, indicating its amorphous nature. The XRD pattern of HPW/
/Si0y shows weak peaks at 26 around 9 and 20°, confirming the presence of
HPW?’s triclinic structure. The low intensity of these peaks suggests a homogen-
eous dispersion of HPW (pore size: 84.3 A) on the SiO; surface (250-74 pm).”

()

HPW/PAAmM

Intensity (a.u.)

HPW

Intensity (a.u.)

PAAmM

e e et

r T T T r T T T
0 20 40 60 0 20 40 60
20(°) 20 (°)

(c) ()]

HPW/B-CD

Intensity (a.u.)
Intensity (a.u.)

HPW dranrl l i
M

Hp-p-CD
B-CD ;

0 20 40 60

20 ()

Fig. 3. X-ray diffraction patterns of SiO,, HPW and HPW/SiO, (a), PAAm, HPW and

HPW/PAAm (b), f-CD, HPW and HPW/f-CD (c) and Hp-f-CD, HPW and HPW/Hp-5-CD (d).
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Fig. 3b shows the XRD patterns of the PAAm and HPW/PAAm. With PAAm
alone, a broad peak extending between 26 17 and 32° was observed. After int-
roduction of the heteropolyacid, no peaks characteristic of its tricilinic structure
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were observed in the 26 range between 10 and 20°, and only the peak located at 26
27° was observed with higher intensity. These results show that HPW is well ins-
erted into the polymer cavities.

The XRD pattern of f-CD (Fig. 3¢) displays multiple sharp lines between 26
0 and 50°, with dominant peaks at 10, 40 and 48°, confirming its crystalline nat-
ure.42 In contrast, the XRD pattern of the HPW/S-CD complex shows the disap-
pearance of all characteristic peaks of HPW and f-CD, replaced by a broad dif-
fraction peak in the 10-20° 26 range. This result suggests that f-CD, with its hyd-
rophobic inner cavity and hydrophilic outer surface, can form inclusion complexes
via host—guest interactions and hydrogen bonds with cyclodextrin cavities which
can disrupt the f-CD structure.

Similarly, HP-$-CD exhibits a broad peak between 15 and 25°, along with
sharper peaks at 41 and 50°, indicating the presence of small crystalline domains
within an otherwise amorphous matrix.*3 After HPW incorporation, the XRD pat-
tern of HPW/HP-4-CD resembles that of HPW/S-CD, with a broad peak between
20 10 and 20°, confirming the formation of similar inclusion complexes in both
systems.

SEM

The SEM micrograph of HPW/Si0, (Fig. 4) reveals irregularly shaped blocks
and rod-like structures, characteristic of the SiO, support. HPW is observed as
white spherical nanoparticles, heterogeneously dispersed across the surface, form-
ing a relatively uniform layer. These morphological features are consistent with
the XRD analysis. Elemental mapping by EDX confirms the presence of silicon,
tungsten and oxygen, supporting the successful immobilization of HPW on the
silica surface.

coups (cps)/eV

$10644 Energie (keV)
Ch1 MAG:1000x HV:5kV WD: 10,2 mm

Fig. 4. SEM and elemental analysis (EDX) of HPW/SiO,.
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The SEM image of PAAm displays a smooth, dense surface with craters of
varying diameters, Fig. 5. Upon HPW incorporation, the HPW/PAAm system
exhibits a rougher surface morphology, with visible fissures and embedded HPW
nanoparticles both at the surface and within the hydrogel matrix. These changes
likely result from interactions between the HPW species and the functional groups
of the polyacrylamide network. The encapsulation of HPW and the formation of
cross-linking zones within the hydrogel are thus revealed by the morphological
transformation.

PAAMO.S% "4 PAAMO.5% .
MAG: 55X HV:15kV WD: 107 mm Px:550pm % MAG: 140X HV: 15KV WD: 10,7 mm  Px: 2,20 ym

o
2 l.(' PAAM/HPW20% 5 |
v |
A

4
?

PAAMHPW20%
MAG: 30x HV: 15KV WD:9,7 mm _Px: 10,26 m

Fig. 5.SEM images of PAAm and HPW/PAAm.

At 20-um magnification, the SEM images of HPW/-CD and HPW/HP-4-CD
materials reveal distinct morphologies. HPW/S-CD shows dark- and light-toned
blocks with relatively flat surfaces, whereas HPW/HP-S-CD presents cauliflower-
-like aggregates and flat blocks surrounded by fine particles. These differences
highlight morphological variations between the two systems. However, unlike in
hydrogel-based systems, it remains difficult to confirm complexation or the inc-
lusion of HPW within the cyclodextrin matrices based solely on SEM observat-
ions. EDX analysis confirmed the presence of tungsten in both systems, indicating
the successful incorporation of HPW despite the morphological differences (Fig. 6).

Available on line at: https://www.shd-pub.org.rs/index.php/JSCS

(CC) 2026 Serbian Chemical Society.



282 TOUMI et al.

B8-20 646
Ch1 MAG:1000x HV:10kV WD: 10,1 mm

% 0,001 coups (cps)/eV. ;
900 8201 2] 8201

coups (cps)/eV.
1,29

8001
700

6001

) S =

3007
2001

woi
i e EES22T Al

1 2 3 4 5 6 7 8 9 10 3 4 5
Energie [keV] Energie [keV)

ok

Fig. 6. SEM and elemental analysis (EDX) of HPW/3-CD and HPW/Hp-$-CD.

Catalytic results

The catalytic performances of bulk HPW and supported HPW systems,
namely HPW/SiO,, HPW/PAAm, HPW/S-CD and HPW/HP-$-CD, are summar-
ized in Table II. The supports alone exhibited varying levels of catalytic activity,
with methyl oleate yields of 40, 32, 9 and 8 % for -CD, SiO,, PAAm, and HP-f-
-CD, respectively. This intrinsic activity can be attributed to the basicity of the
supports, originating from functional groups such as hydroxyl (OH) groups on
silica and $-CD, and amino groups (NH») in polyacrylamide. It is well known that
esterification and transesterification reactions are favoured by basic catalysts such
as sodium or potassium methoxides, hydroxides and carbonates.> Bulk HPW
showed the highest activity, achieving a methyl oleate yield of 97 %, attributable
to its strong Brensted acidity and high availability of acid sites in a homogeneous
medium. However, upon immobilization, the catalytic performance of HPW dec-
reased, with yields of 94, 69, 41 and 29 % observed for HPW/PAAm, HPW/S-CD,
HPW/Si10, and HPW/HP-4-CD, respectively.

Among the supported catalysts, HPW/PAAm exhibited exceptional perfor-
mance with a methyl oleate yield (94 %) nearly matching that of the bulk HPW
(97 %). These results are similar to those obtained with an oleic acid:methanol:cat-
alyst mole ratio of 1:29:0.025,31 indicating that with less drastic conditions
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(1:9:0.008) good results can be obtained. The efficiency of the HPW/PAAm catalyst
is likely due to the three-dimensional cross-linked network of polyacrylamide,
which allows for homogeneous dispersion of active sites throughout the matrix.
The high catalytic activity can therefore be ascribed to the full availability of the
protonic acid sites of HPW, effectively catalysing the esterification reaction.

TABLE II. Methyl oleate yields (%) as a function of catalyst type. Reaction temperature and
time of 60 °C and 3 h, pressure:1 at, stirring: 300 rpm, oleic acid/methanol/catalyst mole ratio
was 1/9/0.008

Catalytic system Methyl oleate yield, %
HPW (bulk) 97
Si0, 32
HPW/SiO, 41
PAAm 9
HPW/PAAm 94
p-CD 40
HPW/B-CD 69
HP-5-CD 8
HPW/HP-$-CD 29

The HPW/-CD system produced 69 % methyl oleate, which is significantly
lower than the yield obtained with the HPW/PAAm system (94 %). This may be
due to the hydrophobic nature of f-CD, which can restrict the accessibility of polar
reagents such as methanol. The reduced catalytic activity of HPW/S-CD and
HPW7/Si0, is likely due to the strong hydrogen bonding interactions between HPW
protons and hydroxyl groups on the supports, which reduce the availability of
acidic sites for catalysis. Assuming a stoichiometric ratio of five f-CD units per
Keggin unit in the HPW/S-CD system, it is likely that the hydrophobic cavities of
B-CD develop a preferential affinity for the reactants, favouring the formation of
microreactors composed of f-CD, oleic acid and methanol. In this configuration,
HPW, being hydrophilic, acts peripherally to catalyse the surface reaction. This
hypothesis is supported by scanning electron microscopy observations, which
show that heteropolyacid molecules are surrounded by 5-CD units.

The HPW/HP-$-CD catalyst only gave a yield of 29 %, lower than that of the
B-CD (40 %) and SiO, (32 %) supports alone. This suggests not only a lack of
basic sites but also a reduction in accessible acidic sites. The difference in perform-
ance between HPW/HP-£-CD and HPW/f-CD — despite their similar structures obs-
erved in XRD, can be attributed to steric hindrance caused by hydroxypropyl sub-
stituents in HP-$-CD, which likely obstruct reagent access to HPW active sites.

The catalytic efficiency obtained with a reaction temperature and time of 60
°C and 3 h and oleic acid:methanol:catalyst mole ratio of 1:9:0.008, across the
systems follows the order: HPW (97 %) > HPW/PAAm (94 %) > HPW/S-CD (69
%) > HPW/Si0O; (41 %) > HPW/HP-$-CD (29 %).

Available on line at: https://www.shd-pub.org.rs/index.php/JSCS

(CC) 2026 Serbian Chemical Society.



284 TOUMI et al.

In the esterification of oleic acid, the HPW/PAAm catalytic system appears to
be a more promising candidate than PW/UiO/CNTs-OH** and HPW/OMS-SO3H45
because it achieves a similar yield (93-95 %) but with better operating conditions
(oleic acid/methanol/catalyst mole ratio of 1:9 versus 30:1 and 14.27:1, and a
reaction temperature of 60 vs. 69 and 120 °C, respectively). In addition, the system
can be reused several times without loss of catalytic activity. It should be noted
that the HPW/S-CD system can also be considered attractive with a yield of 69 %.

Catalyst leaching was investigated by performing the oleic acid esterification
reaction followed by FT-IR analysis of the reaction media (Fig. 7). After 1 h of
methanolysis with HPW/PAAm or HPW/f-CD, no characteristic bands of the
heteropolyacid were detected in the reaction mixture, confirming that HPW rem-
ained immobilized. This demonstrates the successful entrapment of HPW in the
PAAm hydrogel network and its effective complexation within the f-CD structure.

120

mixture HPW/B-CD

10, mixture HPW/PAAmM

100

90

80

Transmittance %

70

60

50 4

40 T |
1500 1000 500

Wavenumber (cm™)

Fig. 7. FT-IR spectra of esterification reaction mixtures in the presence of HPW/PAAm and
HPW/-CD.

Stability tests were conducted over multiple cycles (3 h each) under identical
reaction conditions (temperature: 60 °C; oleic acid/methanol/catalyst ratio: 1/9/0.008).
For HPW/PA Am, the catalyst was separated, washed, dried, and reused. In the case
of HPW/B-CD, the catalyst was kept at the flask bottom to minimize losses and
then washed with ether and reused. Fig. 8 shows the yields of methyl oleate as a
function of the number of cycles in the presence of the two catalyst systems,
HPW/PAAM and HPW/B-CD. After six cycles, HPW/PAAm maintained a con-
sistent methyl oleate yield of 94 %, indicating excellent recyclability and structural
robustness. This contrasts with previously reported polymer-based catalysts such
as hyper-crosslinked porous polymers, which showed a significant decrease in
FAME yield from 99.9 to 42.5 % after just two cycles.!5 These results indicate
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that, in this configuration, HPW is physically incorporated into the three-dimen-
sional cross-linked network of the polyacrylamide hydrogel. The polar functional
groups of the hydrogel (amide and carboxyl groups) provide interaction sites for
the HPW molecules, allowing uniform dispersion in the polymer matrix. The res-
ulting composite maintains the acid activity of HPW while preventing its leaching
during catalysis, as observed in similar systems like HPW/Si0,.35 Conversely, the
HPW/B-CD system exhibited structural degradation after only three cycles, in
agreement with previous studies,*:47 suggesting that CD-based materials may
lack long-term stability under reaction conditions.

BHPWPAAM BMHPWB-CD

100
e: I | l ‘ ‘ |
30
10
: 2 3 4 5 6

number of cycles

Fig. 8. Reusability of HPW/PAAm and HPW/-CD in esterification reaction.

ate yiel d(%)

methyl ole

CONCLUSION

The novelty of this work lies in the use of organic materials as supports to
immobilize a soluble polyoxometalate, tungstophosphoric acid (H3PW1204,
HPW). The resulting catalytic systems were tested in the esterification of oleic acid
to methyl oleate in the presence of methanol at 60 °C for 3 h. Polyacrylamide
hydrogel (PAAm) and cyclodextrins (f-CD and HP--CD) were selected as org-
anic supports, incorporating 20 wt.% HPW. For comparison, HPW supported on
silica, a conventional inorganic material, was also evaluated.

Spectroscopic analyses (FT-IR and Raman) confirmed that the Keggin struct-
ure of HPW remained intact upon immobilization, regardless of the nature of the
support. XRD and SEM results suggest the formation of host—guest inclusion com-
plexes in the HPW/A-CD and HPW/HP-4-CD systems, and the successful incorp-
oration of HPW into the PAAm hydrogel network.

Regarding their catalytic performance, HPW, HPW/PAAm and HPW/B-CD
showed high activity in oleic acid esterification, yielding 97, 94 and 69 % of methyl
oleate, respectively, which is significantly higher than the 42 % yield obtained with
HPW/SiO,.
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No leaching of the heteropolyacid was detected after 1 h of reaction in the
presence of HPW/PAAm or HPW/S-CD, as confirmed by FT-IR analysis of the
reaction medium after catalyst separation. This highlights the effective retention
of HPW within the PAAm network and its stable complexation with 5-CD.

Catalyst stability tests over multiple cycles (3 h per cycle) revealed excellent
reusability for HPW/PAAm, with a constant methyl oleate yield of 94 % even after
six cycles. In contrast, degradation of the f-CD matrix was observed after only
three cycles in the HPW/S-CD system.

These results highlight the potential of polyacrylamide hydrogels and cyclo-
dextrins as efficient and environmentally friendly organic supports for the immob-
ilization of a heteropolyacid, paving the way for cleaner and more sustainable
catalytic processes.

These new materials have been designed to retain the high Brensted acidity of
HPW while improving its recyclability, dispersion and stability, in particular by
minimizing leaching and improving compatibility with the reaction medium.

NOMENCLATURE

PAAm: Polyacrylamide hydrogel

p-CD: B-Cyclodextrin

Hp-f$-CD: Hydroxypropyl-B-cyclodextrin
CDs: Cyclodextrins

Si0;: Silica gel

HPW: Tungstophosphoricacid (H3PW12,040)
HPAs: Heteropolyacids

FT-IR: Fourier transform infrared spectroscopy
Raman: Raman spectroscopy

SEM: Scanning electron microscopy

XRD: X-Ray diffraction

EDX: Energy-dispersive X-ray spectroscopy

U3BOJ

JOBUJAILE KATAJIU3ATOPA 3A ECTEPUOHUKALINIY OJIEMHCKE KHUCEJIMHE
YKIbYUHMBAILEM H3PW1,040 Y HUKJIOOEKCTPUH

FERIEL TOUMI!, YASMINA IDRISSOU?*, TASSADIT MAZARI', NICOLAS KANIA?, ANNE PONCHEL®, ABDENOUR
BOUMACHHOUR®, NOUARA LAMRANI! n CHERIFA RABIA?

"Laboratory of Applied Chemistry and chemical engineering (LCAGC), Faculty of chemistry, University of
Mouloud Mammeri Tizi Ouzou (UMMTO),Tizi Ouzou, Algeria,’Laboratory of Natural Gas Chemistry
(LCGN), Faculty of Chemistry (USTHB), BP 32, 16111, Algiers, Algeria, *Jean Perrin Faculty of Sciences,
University of Artois, UCCS - UMR CNRS 8181, Lens, France, *Ecole Normale Supérieure Kouba (ENS),
Alger, Algeria u °Centre de Recherche Scientifique et Technique en Analyses Physico — Chimiques, Bou Ismail,
Algeria

Y oBom pany je uuknonexctpuH (S-CD u HP--CD) xopuinhen kao Matpuiia 3a UMOOH-
nusanujy 20 mac. % Bondpamdocdopre xucenune, HsPWi12040 (HPW) y numy nodujama
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KaTaju3aropa 3a ecrepuduKalljy oIeMHCKe KUCeTMHEe Y METH/I-0JleaT Kopuihewhem MeTaHoa,
KOju je Hajueurhe kopuurheHu askoxos 3a oBy peakuujy. OnmenHCKka KUCeIWHA je MacHa KHce-
JIMHA KOja Ce Hajla3u y MHOTMM ODM/BHUM yJbMIMa M 4EeCTO CE KOPUCTH Kao CHPOBHHA 3a fo0Hjame
duopunsena. Karanutnuke nepdopmaHce fodujeHor XudpugHOr Marepyjana cy ynopehese ca
MarepHjanrma Koju cy fodujeHr uHKopnopupaweM HPW y xunporen nonuaxpuinamupa (20
mac. % HPW/PAAmM) u nenonoBaeM HPW Ha SiO, ka0 KOHBEHIIHOHAJTHH HEOPTraHCKH HOCAY
(20 mac. % HPW/SiO,). CBu marepujanu cy okapakTepPHCaHU Pa3IMYUTHM TeXHUKaMa. Y CBUM
cyvyajeBuma, Kerun crpykrypa H3PW12040 je ouyBaHa HakOH UMOOUIM3aLMje, ITO je OTBP-
heno FT-IR u Paman cnekrpockonujom. XRD u SEM aHanuse cy ykasane Ha dopMupame
WHKIIY3UOHUX KoMIuleKkca y cucteMrma HPW/S-CD n HPW/HP-3-CD, kao U yCIleIHo UHKOp-
nopupase HPW y PAAm maTpuuy. Y peaxuuju ecrepudukanyje Ha 60°C 3a 3 h, HPW,
HPW/PAAm u HPW/B-CD cy noxasany BelIMKy KaTaTUTUUKY €(PUKACHOCT, JOCTUTABIIH MIPU-
Hoce meTtusi-osneara ofi 97, 94 u 69 %, penom, MHoro Behe off MpUHOCa KOjU je NOCTUTHYT ca 20
mac. % HPW/SiO, (41 %).

(ITpumsbeno 27. aprycra, peuaupano 14. oxrodpa, npuxsaheno 23. nenembpa 2025)
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Abstract: In this study, a hybrid modeling approach combining first-principles
equations with an artificial neural network was developed to reduce operating
costs and carbon emissions in process utility systems of an ethylene plant. The
artificial neural network accurately predicted turbine power outputs under vari-
ous operating conditions, with low maximum absolute percentage errors across
all three turbines, demonstrating its ability to effectively capture nonlinear sys-
tem behavior. The economic analysis showed that natural gas prices have a
greater cumulative impact on operating expenses than the carbon tax due to their
greater variability. Although the carbon tax has a higher local sensitivity, the
steady increase in natural gas prices represents a persistent economic burden.
This demonstrates the importance of managing fuel costs and monitoring
changes in carbon policy to mitigate sudden increases in operating costs. With
increasing output, the operating costs of the propylene and cracked gas turbines
rose almost linearly, with the costs per megawatt rising more sharply for the
propylene turbine. The ethylene turbine significantly impacted operating exp-
enses despite lower output, showing that small output changes can affect costs.
Overall, the proposed methodology provides a reliable framework for optimizing
energy performance, predicting fuel consumption and supporting operational
decision-making in large-scale processes.

Keywords utility system; modeling; artificial neural network; energy efficiency.

INTRODUCTION

Utility systems are fundamental components in a wide range of industrial
applications, from power generation and chemical processing to manufacturing
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and district heating. These systems typically involve complex thermodynamic pro-
cesses, including heat exchange, phase transformation, and mechanical work, often
facilitated through steam turbines, boilers, heat exchangers and multi-stage com-
pressors. They represent a notable example where optimizing operating parameters
can yield significant benefits, owing to their inherent susceptibility to energy effi-
ciency losses. Consequently, the optimization of operating parameters in utility
systems can lead to substantial energy savings and enhanced overall system per-
formance. To overcome the limitations of purely physical or purely data-driven
approaches, hybrid modeling has emerged as a promising framework. Hybrid
models integrate deterministic and stochastic elements to leverage the strengths of
both domains, achieving the precision and structure of rule-based systems while
incorporating the flexibility and uncertainty modeling of probabilistic approaches,
ultimately enhancing predictive accuracy, robustness and adaptability in complex
environments. In this context, stochastic elements refer to data-driven approaches
such as artificial neural networks, which, although deterministic at inference,
incorporate stochasticity during training and can effectively capture complex, non-
linear relationships under uncertainty. When applied to utility systems, hybrid
modeling can enhance fault detection, predictive maintenance, performance opti-
mization and real-time control.

Equipment like steam turbines and multi-stage compressors, after extended
periods of use, lose efficiency and are prone to mechanical wear, performance
degradation, and increased maintenance requirements. By leveraging data-driven
models, it is possible to monitor the performance of such equipment in real time
and implement optimization strategies that extend equipment life and maintain
energy efficiency.

Numerous studies have optimized the performance of utility systems using
various modeling approaches. Mavromatis and Kokossis! developed a turbine
hardware model based on Willan’s line, while Zhu et a/.? and Li et al.3 used mixed-
-integer nonlinear programming (MINLP) models to optimize multi-turbine utility
systems, achieving cost and coal reductions. Recent work#3 has integrated arti-
ficial intelligence (Al) techniques, such as artificial neural networks (ANN) and
machine learning, to predict performance and improve the operational efficiency
of steam turbines and related systems. Various machine learning approaches have
been applied to energy systems, including data envelopment analysis with artificial
neural networks for petrochemical energy optimization,* steam methane reforming
control,> extreme learning for steam turbine monitoring® and regression models
for boiler and turbine performance.” Despite these advances, few studies!! have
combined deterministic models with ANNSs to simultaneously increase steam pro-
duction efficiency and reduce costs. A reduction of 1.4 % in steam production costs
was achieved by using a hybrid ANN model to optimize turbine operating para-
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meters, as demonstrated by Li et al.® A hybrid ANN-mechanistic model was dev-
eloped to accurately characterize the performance of multistage compressors, as
shown by Chu et al.10 Another study!! modeled and optimized a steam turbine
power plant with fifteen design variables, resulting in up to a 3.76 % increase in
thermal efficiency and a 3.84 % reduction in total cost rate compared to actual
plant data. This highlights the potential for hybrid models that utilize both physical
principles and data-driven methods for better adaptability and accuracy.

Most existing approaches tend to rely heavily on deterministic models, which
may lack flexibility especially when experimental measurement of all required
operating parameters is not available. As a result, there is significant potential for
further exploration and development of hybrid modeling approaches that combine
the strengths of both physical principles and data-driven techniques. Such integ-
rated models may offer higher predictive power and adaptability of neural net-
works while maintaining the transparency and robustness of first-principles equations.

In this study, a hybrid modeling approach was developed to minimize the
operational expenditure of the utility system by integrating deterministic optimiz-
ation techniques with artificial neural networks, thereby enhancing the system’s
efficiency, reliability and cost-effectiveness under varying operational conditions.

PROBLEM STATEMENT AND MODEL FORMULATION

The utility system analyzed in this study is illustrated in Fig. 1. Steam is initially generated
in a boiler and routed to a high-pressure (HP) steam header, which serves as the central distri-
bution point for steam delivery across the plant. From the HP header, steam is directed to three
steam turbines, designated as RT-1, RT-2 and RT-3, each serving distinct process units asso-
ciated with cracked gas, propylene, and ethylene production, respectively. Additionally, a por-
tion of the HP steam is diverted through a pressure reducing valve (RV-1), which lowers the
pressure before routing it into the medium-pressure (MP) steam header and ultimately to the
condensate system.

BFW :l E

Boiler

HP steam v

RV-1 BFW
RT-1 RT-2 RT-3
MP steam @

EX-MP

Fig. 1. Utility system.
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Within the MP header, the medium-pressure steam is mixed with boiler feed water (BFW)
to adjust its thermal state. This mixing reduces the steam temperature to the corresponding
saturation temperature at the designated pressure level, thereby ensuring that the steam entering
downstream units is saturated rather than superheated. Maintaining saturated steam conditions
is essential to protect equipment and ensure optimal performance, particularly for compo-
nents designed to operate specifically under such conditions.

Although a deterministic model of the boiler is available and can be reliably used to
simulate steam generation across a range of operating conditions, modeling the rest of the utility
system poses significant challenges.

In particular, the absence of sufficient real-time measurements and detailed operating data
for key components — including the steam turbines (RT-1, RT-2 and RT-3), the pressure red-
ucing valve (RV-1), and the downstream steam network — limits the ability to construct a fully
deterministic model for the entire system. These components exhibit complex, nonlinear
behavior that cannot be accurately captured without comprehensive instrumentation and histor-
ical performance data.

To address this limitation, a hybrid modeling approach has been employed. The boiler is
modeled using a deterministic, first-principles framework grounded in thermodynamic laws,
ensuring accurate representation of steam generation processes. For the remaining components
of the utility system, an artificial neural network (ANN) is developed using available historical
operational data. The ANN is trained to capture the nonlinear relationships and dynamic
behavior of these units, effectively compensating for the lack of detailed physical models and
real-time measurements.

This hybrid approach combines the strengths of both modeling paradigms — physical
accuracy from the deterministic model and adaptive predictive capability from the ANN. As a
result, it enables a more comprehensive and practical representation of the entire utility system,
supporting improved performance analysis, operational optimization, and informed decision-
making under variable plant conditions. Therefore, the primary goal of this work is to optimize
the utility system with respect to steam generation, aiming to reduce operating expenses (OPEX)
and simultaneously lower CO, emissions. By minimizing the amount of steam generated (and
consequently the natural gas consumption required in the boiler) both economic and environ-
mental benefits can be achieved.

The boiler hardware model (BHM) was taken from the study of Shang and Kokossis, 2
which considers the relationship between fuel input, heat loss, and the resulting steam output.
The fuel requirement (Qy,) is calculated based on the heat added to the steam (Qgteam) and the
heat losses (Qjoss):

Oruel = Dsteam T Oloss (D
The heat, Ogeam, can be estimated from the following relation:
Osteam = Mpup (Cstat +9) 2

where C,, represents the specific heat of saturated steam (kJ kgl K1), Ty is the temperature of
the saturated steam (K), ¢ denotes the specific heat load of fuel (kJ kg!) and Myp is the mass
flow rate of high-pressure steam (t-h'!); the heat losses are estimated from:

Oloss = (@M ppmax +bMyp )(Cstat +q) (3)

where a and b represent regression parameters adjusted on the basis of the experimental data
and Mygpyay i the maximum steam mass flow rate through the boiler (t h'!).
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By combining Egs. (2) and (3), the total energy input from fuel combustion, QOg,¢j, can be
calculated using the following equation:

Oruel = (@M ygpmax + (1 +D)Mpp)(CpTat + ) “4)

The BHM is a deterministic model for predicting the fuel demand of a boiler based on its
size, load and operating conditions. It takes into account heat losses and thermodynamic pro-
perties, making the model more realistic compared to constant efficiency assumptions.

Due to the lack of measurement data for key operating parameters- in particular for the
outlets of the three turbines feeding into the MP header, their efficiencies, and the outlet con-
ditions of RV-1 — the remaining utility system cannot be accurately modeled using conventional
deterministic methods. Therefore, an artificial neural network (ANN), presented in Fig. 2, is
used to capture the system behavior under these conditions.

T out, boiler

W RT1, req

p out, boiler
M Rr1,in, 51
MRT1, in,52

M RT2,in,51 e—)

Fig. 2. The implemented artificial neural network.

The input data for the ANN — including the outlet temperature and pressure of the boiler
stream, the inlet steam mass flow rates to the two sections of turbine RT-1, to the two sections
of turbine RT-2, to turbine RT-3, to the pressure reduction valve RV-1 and the ambient tempe-
rature — are obtained directly from the plant measurement system.

By combining the above-mentioned BHM and the artificial neural network (details are
given in the Supplementary material to this paper), a new hybrid model was developed using
Python, specifically the Keras library.!3 Conventional linear and nonlinear models typically
require larger datasets and often struggle to capture complex system interactions. In contrast,
our hybrid model is more efficient and achieves comparable or improved performance with
substantially less data. Although it demonstrates improved prediction accuracy over the deter-
ministic model, its applicability is subject to certain constraints. The hybrid framework is valid
only within the operational range covered by the training data and underlying assumptions,
which include steady-state and dynamic conditions corresponding to boiler loads. Additionally,
the neural network component of this hybrid model cannot account for unmeasured distur-
bances. The primary purpose of this model is to reduce operating costs and simultaneously
lower CO, emissions, as quantified using the following equations:

Myp = Mrr1in * MRT2in + MRT3in T MRV-1,in (%)
Myip = MRT10ut + MRT2,0ut T MRT3,0ut T MRV-1,0ut T MBEW,MP,NN (6)

All the following mass flow rates, M;, are given in tons per hour (t h'!) and are defined as:
Mygp — required for the high-pressure steam; Mg ;, — required inlet for the cracked gas turbine;
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Mgt in — required inlet for the propylene turbine; Myr3 i, — required inlet for the ethylene tur-
bine; Myp — of the medium-pressure steam header; My o — Of the cracked gas turbine outlet;
Mg12,0ut — 0f the propylene turbine outlet; Mppw pmpNn — boiler feed water stream entering the
MP header, which is estimated using the ANN.

Eq. (5) defines the steam mass flow in the high-pressure steam header (HP) as the cumul-
ative sum of the inlet mass flows to the three steam turbines and the RV-1(MRV-1,in). Eq. (6)
defines the steam mass flow rate in the medium-pressure (MP) steam header as the cumulative
sum of the outlet mass flows from the three steam turbines, the outlet of RV-1(MRV-1,out) and
the boiler feed water stream entering the MP header. The boiler feed water stream is estimated
using the artificial neural network. The total heat output and natural gas (NG) flow rate, are
given by the following relations:

0 = Mppw(hy, — hppw) + Myp(hsy — hr) @)

= £ 8
0.85LHV ®)

where Q is the total heat output (MW), Mgy is the mass flow rate of the boiler feed water (t h'l),
hy is the specific enthalpy of the liquid water at operating pressure (kJ kg'!), hgpw is the specific
enthalpy of the boiler feed water (k] kg™!), gy is the specific enthalpy of the superheated steam
leaving the boiler (kI kg'!), Myg is the mass flow rate of natural gas (kg s!) and LHV is the
lower calorific value of natural gas (MJ kg™!).

Egs. (7) and (8) quantify the required fuel input for boiler heating and determine the cor-
responding amount of natural gas needed to provide this thermal energy. In Eq. (8), 0.85 means
that 85 % of the energy from the combustion of natural gas is actually transferred to the boiler
as useful heat. Eq. (9) defines the operational expenditure, OPEX, as the sum of the cost of the
required natural gas and the carbon tax associated with the corresponding CO, emissions res-
ulting from its combustion:

OPEX = MygXPr(NG) + MyGXEF(CO2)XCTX 9)

where Pr(NG) is the price of natural gas ($-kg™!), EF(CO,) is the emission factor for CO, (kg
COykg! NG) and CTX is the carbon tax ($-kg™!).
OPEX is minimized based on the following constraints:

|WRTi,req — WRTi,NNl < 001, fori= 1,2, 3 (10)
Myp 2 Myip req (11)

where Wrrireq i the required (or actual) power output of turbine i (MW), Wrr;ny is the pre-
dicted power output of turbine 7, obtained from the artificial neural network (MW) and Myp req
is the required mass flow rate in the medium-pressure steam header (t h'l).

Eq. (10) states that the discrepancy between the required output of the three turbines and
the values predicted by the neural network must be minimized, while Eq. (11) enforces the mass
balance condition for the medium-pressure steam line, which states that the incoming steam
mass flow must be equal to the medium-pressure steam demand.

The proposed hybrid model integrates a deterministic BHM, which is used to compute the
required fuel input based on thermodynamic principles, with an artificial neural network (ANN)
module that supplements the system by providing additional data necessary for imposing model
constraints.

My
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Parameter estimation

The parameters for this hybrid model of the boiler and the utility system given in Table I,
were estimated based on historical operating data from the utility system.

TABLE I. Parameters of the boiler and the utility system

Boiler Utility system
Myp /(] 169 Towponer/ °C 465
Mgpw / th! 178 Poutboiler (bar) 102
h BFW /kJ kg_l 502.4 MRTlAinA S1 /t h_1 86.0
By /K] kgl 1416.4 Mgriin <o/ th! 45.4
h SH /kJ kg-1 3280.1 MRTZ.in. S1 /thl 60.0
Q/MW 132.6 MRTZ.in. Sz/th-l 46.3
LHV / MJ kg'! 52.5 Myrs i/ thl 2.9
MNG / kg S_1 3 MRV—I.in /t h! 0.06
Migporas / t ! 260 To! °C 15
a 0.0126
b 0.2156

In addition, in estimating the ANN parameters, the optimization framework was used to
identify the optimal operating conditions of the utility system for input into the neural network.
These parameters were rescaled by normalizing the input parameters to a dimensionless range
between —1 and 1. For each variable, the normalized (optimized) values were computed accord-
ing to:

xoptzzm_l (12)
Xmax ~ ¥min
where xj, is the actual input value, and x;, and x,,, represent the lower and upper bounds of
the corresponding parameter. This transformation ensures that all parameters are optimized
consistently within their feasible range.

After constructing the neural network, the weight matrices were initialized for each layer.
Specifically, W, and W,, corresponding to the first and second hidden layers, were generated
with dimensions [12x9], while the output layer matrix W3 was generated with dimensions
[5x12]. In addition, bias vectors were created for each layer: ¢; and ¢, for the hidden layers
(each containing 12 elements) and c; for the output layer (containing 5 elements). Thus, both
hidden layers consisted of 12 neurons, whereas the output layer comprised 5 neurons.

For clarity and reproducibility, the complete numerical values of the generated weight
matrices (W, W,, W3) and bias vectors (c;, ¢, ¢3) can be provided upon request.

After the weight and bias matrices were generated, the pre-activation values Z and act-
ivation values 4 were estimated (see Supplementary material, Egs. (S1) and (S2), respectively).
The input values, as previously mentioned, were normalized prior to the calculations.

RESULTS AND DISCUSSION

The results obtained from the hybrid modeling framework demonstrate its
capability to accurately simulate the dynamic behavior of the utility system under
diverse operating conditions. Fig. 3 illustrates the relationship between operating
expenditure (OPEX) and two important economic factors: natural gas price (on the
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left y-axis) and carbon tax (on the right y-axis). Each variable is shown as a
function of its own OPEX range, reflecting its individual impact on system costs.

NaluralGasPrico!S'kg'1

o © © © © © ©

(%] & [d)] -] ~ -] [} -
1

o
N

10 20 30 4 S50 60 70 8 9 100
orex /10% 8

Fig. 3. Correlation between operational expenditure, natural gas price and carbon tax.

Fig. 3 shows that the price of natural gas has a much greater impact on oper-
ating expenses than the carbon tax. The trends show a positive linear correlation
between OPEX and both variables. While the carbon tax curve has a steeper local
slope, the natural gas price varies over a much wider range of operating expen-
ditures, implying that natural gas price exerts a greater cumulative influence on
OPEX over the entire operating window. The natural gas price exhibits a consistent
and gradual increase across a wide range of operating expenses, suggesting a stable
but cumulative economic burden. In contrast, the carbon tax exhibits higher local
sensitivity, suggesting that even small increases in carbon cost policies within
certain thresholds can lead to noticeable OPEX fluctuations.

In Fig. 4 the effects of cracked gas turbine power output, propylene turbine
power output and ethylene turbine power output, on operational expenditure are
presented. Fig. 4a shows that increasing the cracked gas turbine output from 7 to
14 MW leads to an almost linear increase in operating costs, from about $ 32.8
million to § 38.9 million. This indicates that the cracked gas turbine has a signific-
ant and direct impact on operating costs, likely because it provides most of the
mechanical power in the system. The steady increase indicates a cost-dependent
relationship, possibly related to fuel consumption, load conditions, or efficiency
degradation at higher loads.

Moreover, Fig. 4b demonstrates a similar trend for the propylene turbine,
where operating costs rise from about $ 41.3 million to $ 48.6 million as output
increases from 7 to 12 MW. The steeper increase compared to Fig. 4a suggests that
the propylene turbine has an even greater marginal cost per MW, possibly due to
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the particular operating conditions or energy conversion efficiency. This result
underlines the importance of carefully managing the output of this turbine to min-
imize cost impact. Similarly, Fig. 4c demonstrates the relationship between the
output of the ethylene turbine and OPEX, where the output range is smaller (1.25
to 2.4 MW). OPEX increases slightly from around $ 38.5 million to $ 39.6 million.
While the absolute increase is smaller than in the previous cases, the relatively
large increase over a narrow range indicates that even small increases in ethylene
turbine output can affect system costs.
@) i)

w

orex 11008

7 5 ° 10 " 2 13 " 7 8 ° e.o 1" 12
Cracked gas turbine power output, MW Propylene turbine power output, MW

96

(c)

94

®
~

orex 11058
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12 14 16 18 2 22 24

Ethylene turbine power output, MW

Fig. 4. Effect of: a) cracked gas turbine power output, b) propylene turbine power output and
¢) ethylene turbine power output, on operational expenditure

CONCLUSION

In this study, a hybrid modeling approach was developed that combines first-
-principles equations with artificial neural network models to reduce operating
costs and lower carbon emissions. The ANN model was trained to predict the
required turbine power outputs under different operating conditions. The deviation
between the predicted and actual turbine performance served as an important per-
formance measure to evaluate the accuracy of the model. The results show a high
agreement between the ANN predictions and the measured data, with low max-
imum absolute percentage error values for all three turbines. These results confirm
the ability of the ANN to effectively capture the nonlinear behavior of steam-
-driven systems under variable loads. The results also show that the natural gas
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price has a much larger cumulative impact on operating costs than the carbon tax,
primarily due to its broader range of variation within the operating window. While
the carbon tax demonstrates a steeper local slope, indicating high sensitivity to
incremental changes, the natural gas price trend is more gradual but sustained, sug-
gesting a consistent and growing economic burden. This difference highlights the
importance of fuel cost management and diversification strategies, as well as the
need to monitor evolving carbon policy thresholds that could trigger sudden inc-
reases in operating costs. The cracked gas and propylene turbines show a sharp,
near-linear increase in operating costs as output increases, with the propylene tur-
bine showing a greater increase in cost per MW. The ethylene turbine, while oper-
ating in a lower range, also has a noticeable impact on OPEX, indicating that even
small changes in output can affect system costs. The proposed methodology pro-
vides a reliable and efficient framework for optimizing energy performance, pre-
dicting fuel consumption and supporting decision-making in large thermal process
systems.

NOMENCLATURE

ANN - Artificial neural network

a — Regression parameter adjusted on the basis of the experimental data
BFW — Boiler feed water

BHM - Boiler hardware model

b — Regression parameter adjusted on the basis of the experimental data
C,, — Specific heat of saturated steam (kJ kgl K

CTX — Carbon tax ($ kg'!)

¢;—i=1,2,3, bias vector

EF(CO,) — Emission factor for CO, (kg CO, kg'! NG)

HP — High pressure

hgpw — Specific enthalpy of the boiler feed water (kJ kg™!)

hy — Specific enthalpy of the liquid water at operating pressure (kJ kg
hgy — Specific enthalpy of the superheated steam leaving the boiler (kJ kg!)
LHV — Lower calorific value of natural gas (MJ kg'!)

M — Steam mass flow rate (t h')

MINLP — Mixed integer nonlinear programming

MP — medium pressure

Mpgpw — Mass flow rate of the boiler feed water (t h'!)

Mgrw mp NN — Boiler feed water steam entering the MP header estimated by ANN (t hl)
Myyp — Mass flow rate of HP steam (t h'!)

Mygpmax — Max. steam mass flow rate through the boiler (t h'l)

Myp — Mass flow rate of MP steam (t h'!)

Myip req — Required mass flow rate of MP steam (t h")

My — Natural gas mass flow rate (kg s'!)

SUPPLEMENTARY MATERIAL

Additional data and information are available electronically at the pages of journal web-
site: https://www.shd-pub.org.rs/index.php/JSCS/article/view/13552, or from the correspond-
ing author on request.
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H3BOJ

OINITUMU3ALIUJA PAIIA CUCTEMA ITAPE Y ®ABPUIIU ETUJIEHA TIOMORY XUBPUITHOT
MOZEJIA BEIITAUYKE HEYPOHCKE MPEXE U MOJEJIA 3ACHOBAHOI HA
OYHOAMEHTAJIHUM IMTPUHIUTINMA

AJIEKCA MATIAIIMHOBUR', MUPJAHA KMJEBYAHUH?, JOBAH JOBAHOBUE?, SABLA ALNOURP?,
BJIAIUMUP CTUJENOBUR' u MUPKO CTUJENTOBUR?

"Hncinuitiym 3a xeMujy, TEXHOLOTUfY U METRALYpiujy, HHCTHUTIY T 0 HAUUOHATHOT 3HAUAjA 3d PeilyOnuxy
Cpbujy, Ynusepsutem y Beotpagy, Ebetowesa 12, 11000 Beoipag, “Texnonouko—memanypuxu Gaxyiiei,
Ynusepsutem y Beoipagy, Kapneiujesa 4, 11000 Beoipag u 3 Gas Processing Center, College of Engineering,

Qatar University, Doha, Qatar

Y oBOM pagfy je pasBUjeH MOoZe KOju KOMOUHYje (PyHIaMEHTaIHE jeJHAaUUHE U BELITauKy
HEYPOHCKY MPEXY Y LIU/by CMamemha ONlepaTUBHUX TpoIIkoBa U emucHje COz y onepaTUBHUM
cucremuma (pabpuke eTuneHa. Belitauka HeypoHCKa Mpeka MOXKe Ja Mpelu3HO IpeaBUAd
CHary Tpy TypOHHe IO/ pa3TMYUTUM ONEePaTUBHUM YCJIOBUMa Ca HUICKOM MaKCHMalHOM arco-
JyTHOM TPEIIKOM, IITO JIEMOHCTPUPA CIOCODHOCT MpeXe Ja MPELHU3HO NPUKaXKe HEJIMHEAPHO
NOHallame cucteMa. EkoHOMCKa aHanu3a cCHCTeMa je okasasa fia LieHe IPUPOAHOT raca UMajy
Behu, KyMy/lIaTUBHM yTHIla] Ha ONEpaTUBHE TPOIIKOBe of mope3a Ha CO: 30or wmuxose Behe
Bapujadunmnoctu. Uaxo nopes va COz uma Behu HemocpenaH yTULAj, CTaHU PacT LieHa IIPH-
POIHOT raca mpeficTaBba ZyTOPOUHO, eKOHOMCKO onTepeheme. OBO yka3dyje Ha 3Hauaj ympas-
Jhatba TPOLIKOBHMaA rOpHBa U mpaheme MpoMeHa Yy MONMUTULH 3aluTuTe o yTunaja COz kako ou
ce ybnaxxuna Harsia nosehama onepaTMBHUX TpolikoBa. Ca OpacToM CHare, olepaTUBHU TPO-
IIKOBU NMPONWIEHCKE U KpeK-rac TypduHe pacTy TOTOBO JUHEAPHO, IIPH YEMY j€ YOUEH H3pa-
JKEHHjH pacT TPOLIKOBA [T0 MeraBaTy KOf NponuieHcke TypdouHe. ETunencka typbuHa je umana
3HauajaH yTHLAj Ha ONEpaTHUBHE TPOIIKOBE YNPKOC HMW)KEM IMPOHU3BOAHOM KalaLUTETy, LITO
yKa3yje a 4ak ¥ Majie IpOMEeHe Y CHa3u MMajy YTHIaj Ha TpoukoBe. [IpennoxeHa MeToxno-
JIOTHja Mpy’ka Noy3iaH OKBUP 3a EHEpreTcky ONTUMHU3alLH]jy, Npeasruhame NOTPOLIkhE TOPHUBa U
NOAPIIKY Y IOHOUIEWY OJTyKa y BEIMKUM, UHIYCTPHjCKUM NIPOLIECUMA.

(TIpumsseno 17. centemdpa, peBuanpano 22. HoemOpa, mpuxsahero 3. genemdpa 2025)
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PROBLEM STATEMENT AND MODEL FORMULATION

Artificial neural network (ANN) is used to capture the system behavior
(illustrated in Fig. 1 in the main body of the paper).

This configuration defines the input layer of the ANN with nine nodes, each
corresponding to one of the input parameters. Specifically, the input data was
normalized to the range [-1,1] using min-max normalization and fed into a
feedforward neural network consisting of two hidden layers with twelve nodes
each and an output layer with five nodes. The forward pass of the hidden layers of
the network is calculated by applying a linear transformation followed by a non-
linear activation function. The linear transformation consists of a weighted sum of
the inputs plus a bias term:

Z = (21{;0 Wle) +c (Sl)

where Z is a pre-activation value, W is a weight matrix associated with the i
neuron, ¢ is a bias vector, and X is an input vector for the neuron i.

The used non-linear activation function (4) is the hyperbolic tangent function,
which is implemented in the following equivalent form:

2
A=rpr—1 (S2)

The output layer consists of five nodes representing the required power of the
three turbines (Wer1,req » Wrr2,req a1d Wgr3 req) the temperature of the MP steam
before mixing with the BFW and the mass flow rate of the BFW in the mixing
process. This level only uses the linear transformation.
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The neural network was trained with a data set that was split 80 % for training,
10 % for validation and 10 % for testing. The Levenberg—Marquardt
backpropagation algorithm, which is characterized by its efficiency and fast
convergence in non-linear regression problems, was used for training. The number
of training epochs was set to 10000 to ensure sufficient training iterations. The
maximum absolute percentage error (MAPE) was used to evaluate the prediction
accuracy, as it is a more representative measure of the model's performance,
especially when the data contain variables with different magnitudes.

The performance of the neural network component during the training phase
is illustrated in Fig. S-1, demonstrating its effectiveness in learning the underlying
patterns and relationships within the operational data.
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Fig. S-1. Correlation plots of neural network predictions during training, validation, and
testing.

The model was trained for 1772 epochs, monitoring the mean squared error
(MSE) for the training, validation and test datasets. The training curve shows a
rapid initial decrease in error, followed by a slower convergence phase, finally
reaching a minimum validation error of 4.4136 x 10~° at epoch 1766. The close
agreement between the training, validation and test curves indicates good
generalization and shows that the model was not over-fitted to the training data.

To further evaluate the prediction accuracy, the maximum absolute percentage
error (MAPE) was calculated for each of the five output variables. The resulting
MAPE values were 0.148 %, 0.221 %, 0.491 %, 0.023 % and 0.199 %, confirming
the high precision of the model for all outputs.
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Abstract: Since rainwater extracts toxic metals from landfills, creating harmful
leachate, developing methods to remove these metals is necessary. This work
presents a method of toxic metal ions removal from a loam-type soil consisting
of washing the soil with a mild washing agent to extract toxic metals in a leach-
ate, and a purification of the leachate by filtering it through a synthesized graph-
ene oxide (GO) membrane. As washing agents, the pure water and a mild solut-
ion of HCI (0.01 M) were tested. The GO membrane was synthesized using nat-
ural Madagascar graphite. The solution of HCI showed a significantly higher
washing efficiency of Zn(II), Cd(IT) and Pb(II) cations than pure water due to its
acidic nature. An intrinsic GO membrane with an interlayer distance of 0.68—
—0.74 nm (before and after filtration) and a thickness of ~0.70 um yielded reject-
ions 0f 99.80, 96.15 and 44.00 % for Pb(II), Cd(IT) and Zn(II) ions, respectively.
Molecular dynamics simulation showed that ions retained in the GO interfaces
due to the narrow interlayer distance, leading to membrane fouling. Neverthe-
less, the high rejections of Pb(IT) and Cd(II) support the possibility of purifying
landfill soil leachate by the GO membrane.

Keywords: landfill soil; washing; cations; graphene oxide; membrane.
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INTRODUCTION

Soil contamination by metals in landfills poses a significant global problem.
Since the Industrial Revolution, the presence of metal contaminants in soil has
steadily increased due to a range of human activities, including manufacturing,
coal combustion, petrochemical spills, atmospheric deposition, mining, waste dis-
posal, wastewater irrigation, the use of agrochemicals (such as pesticides and fer-
tilizers) and soil amendments.! Recent studies indicate that metal concentrations
in soil are already reaching critical levels, with some approaching or exceeding
agricultural threshold values of 1417 %.2 Certain metals, such as cadmium and
arsenic, can accumulate in food crops at concentrations that are unsafe for human
consumption.? Hazardous waste landfills are notable sources of toxic metals, inc-
luding lead, arsenic, chromium, cadmium, zinc, cobalt and nickel, all of which
have been detected as common soil contaminants in such areas.3 Waste decom-
poses over time in the presence of infiltrated water, forming a dark liquid called
leachate.4 This leachate leaks from the landfill into the surrounding soil, contamin-
ating ecosystems.> Over time, it migrates through the soil layers, leading to severe
and persistent pollution.® Given these risks, the contamination of landfill soils with
metals represents a critical environmental challenge that must be addressed to ens-
ure a sustainable future.

Researchers have been actively working on finding new methods for soil
remediation and consequent metal removal from contaminated water. Most of the
scientific papers deal with soil washing using acids of a bit higher concentration,
such as 3 M HCI to remove Cd or a mixture of 0.6 M H>SO4 and 0.6 M H3POy4 to
remove As, Cu, Pb and Zn.”-8 These methods reach high removal efficiencies, but
the soil remains acidic with low production potential. Hence, methods for mild and
environmentally friendly landfill soil and leachate treatments are yet to be devel-
oped.

Treating washing leachate that contains toxic metals is essential to prevent
secondary pollution. Membrane technology for metal ion removal is efficient and
has advantages over other methods because of its low energy consumption, envi-
ronmentally friendly nature, compact design, and scalability.® GO membranes are
atomically thin and have interlayers that act as natural nanopores for ion separ-
ation.10 Other membrane materials, such as polymers, MOFs, zeolites, MXenes,
their composites and mixed-matrix membranes could also be used for ionic separ-
ation.!! These membranes have large pores and cracks that are not suitable for
ionic separations, while polymer and mixed-matrix membranes offer high effi-
ciency but low water permeance. On the other hand, GO-based membranes have
been widely studied for metal ion filtration in water desalination.!2 To the best of
our knowledge, the integrated approach involving landfill soil washing followed
by leachate filtration has not yet been documented in the existing literature. While
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graphene oxide (GO) membranes have been extensively studied for metal ion rem-
oval in various aqueous systems, their application in the treatment of landfill
leachate remains underexplored.

This work presents an efficient and environmentally friendly method for soil
washing and subsequent leachate membrane filtration. Thus, as mild and environ-
mentally friendly washing agents, pure water and a 0.01 M HCI solution were
tested for washing the landfill soil. Further, the novelty of this research lies in using
an intrinsic graphene oxide (GO) membrane for leachate filtration and employing
molecular dynamics simulation to understand the mechanism of retention. Thus,
the objectives of this work are the development of an environmentally friendly
landfill soil washing method, the subsequent use of a GO membrane for landfill
soil wastewater purification, and elucidation of the metal ion filtration mechanism.
The aim is to examine the effectiveness of soil washing with water and diluted acid
for future practical implementation, as the simple preparation of an intrinsic GO
membrane via vacuum filtration makes the overall method desirable for future
application.

EXPERIMENTAL
Landfill soil treatment

Soil from the “Cicanovic Forest”, landfill near the Bijeljina region in Bosnia and Herze-
govina, was collected from the surface at one location and preserved in a fridge at 5 °C, for the
experiments. The jar test method was used to determine the type of soil.!> A jar was filled with
soil up to a third of its volume, and filled with 10 g of detergent and water. The mixture was
shaken, and the heights of the sand, silt, and clay layers were measured after 1 min, 2, and 48
h, respectively (Fig. S-1 of the Supplementary material to this paper). The soil composition of
12.5 % clay, 37.5 % silt and 50 % sand according to the soil texture pyramid, was determined
to be a loam type of soil. 14

Pure water and a 0.01 M solution of HCI (prepared from concentrated HCI of analytical
purity grade, purchased from Sigma—Aldrich) were used as washing agents. As acidification of
soil can affect plant health and productivity,'> we have used a low concentration of HCI for soil
washing to minimize the decrease of the pH and to simulate environmental conditions. The
washing process involved mixing of 20 g of soil with 150 mL of H,O or 0.01M HCI and exp-
osing the mixture to the sonication in an ultrasonic bath (Bandelin, DT 102H, Germany) at a
frequency of 50 kHz and a power of 150 W for 15, 30, 45, 60 and 120 min at room temperature
so to enhance extraction of metals by breaking the soil aggregates. Samples were then filtered
to obtain leachates for further treating by membrane filtration.

Graphene oxide (GO) membrane preparation and leachate filtration

GO was prepared from natural Madagascar graphite using a modified Hummers’
method.!6 A dispersion of GO (10 mL) at a concentration of 0.001 wt. % was filtered through
a polytetrafluoroethylene membrane (Omnipore, 5 um PTFE membrane, 47 mm diameter). A
thin GO membrane was formed after 2 h of filtration at a pressure of 8x10* Pa (Fig. S-2a of the
Supplementary material). The leachate containing toxic metals (10 mL) was filtered through the
GO membrane at a vacuum of 8x10* Pa (0.8 bar, Fig. S-2b of the Supplementary material). The
metal ion composition in the permeated water was then analysed.
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The membrane’s thickness was estimated from the density and mass of the GO membrane
on the polytetrafluoroethylene (PTFE) substrate. A GO membrane with a mass of 1 mg on a
PTFE substrate (19.625 cm? with a membrane diameter of 5 cm) has a thickness of ~0.7 pm,
considering the density of GO at room temperature (0.75 g cm3)!7.

Materials characterizations

A Fourier transform infrared (FTIR) spectrophotometer with attenuated total reflectance
(ATR-S, IRSpirit Shimadzu, Japan) was used for soil characterization before and after washing.
A Raman spectrophotometer (Renishaw, UK), equipped with lasers of 4 532 and 780 nm, was
used with a grid resolution of 1200 lines/cm and an integration time per pixel of 5 s. A 100x
magnification objective with a numerical aperture of 1.25 was used. Cosmic Ray Removal and
baseline correction tools were applied to the spectra before univariate analysis.

A X-ray diffraction (XRD) system (Bruker, Cu K-alpha, A = 1.5406 A, X-ray lamp power
1600 W, I=40 mA and U =40 kV) was used to characterize the GO membrane before and after
water filtration. A Gobel mirror, a 2.5° soller, and a 0.3 mm pinhole were inserted along the
primary beam path. A 0.6 mm slit and a 2.5° soller were mounted on the secondary beam path.
The 26 range was from 6 to 90°, with a step size of 0.01° and an integration time per step of 3
s. The surface morphology of the membrane, both before and after water filtration, was charac-
terized using a scanning electron microscope (SEM, JEOL JSM-7800F FESEM, France). The
instrument was equipped with an in-lens thermal field emission gun with a Schottky emitter
(W-filament). The accelerating voltage was 5 kV, and the probe current was 10 pA. The detector
used was an in-chamber Everhart-Thornley SE detector or a lower electron detector (LED).

The ionic conductivity (Hanna, EC 214 Conductivity Meter) and pH (Hanna, pH 211
microprocessor pH meter) were measured in the samples before and after soil washing. A UV—
—Vis spectrophotometer (UV-1800, Shimadzu, Japan) was used to measure the optical absorb-
ance spectra of the water before and after filtration through the GO membrane. An atomic
absorption spectrometer (Perkin Elmer Analyst 400, USA) was used to measure the metal ion
concentrations in the water for the future estimation of ion rejection by the membrane.

The rejection percentage of metal ions separated by the GO membrane was calculated
using the following expression:

C
Rejection =100(1— L) (1)
ce
where ¢y is the concentration of a component in the feed (mg kg™!), and ¢p s the concentration
of ions in permeate (mg kg™!).

Computational details

Molecular dynamics simulations were performed using the large-scale atomic/molecular
massively parallel simulator (LAMMPS)!8 to investigate the ion separation mechanism through
the GO membrane. The simulation model consisted of two graphene layers with nanowindows,
along with water molecules containing Pb(II), Cd(II) and Zn(II) ions in chloride form to main-
tain overall charge neutrality. Snapshots were visualized using DS Visualizer.

The GO-GO interlayer distances in the model were varied to be 0.33, 0.40, 0.50, 0.60,
0.70, and 0.90 nm. Circular nanowindows were created on the basal planes of the graphene,
applying periodic boundary conditions along the X and Y axes, while the Z axis was defined as
a repulsive wall. The simulation box dimensions (in A) were set as follows: X, —12.31175 to
12.31175, Y:,—34.104 to 34.104 and Z, —150 to 50, with the graphene layers at the center of the
coordinate system.
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Simulations were carried out in the NVT ensemble, with temperature regulated by the
Nosé-Hoover thermostat. The SPC/E!® water model was employed, and charges for the Pb(II)
cations and CI(I) anions were assigned using the Lennard—Jones (LJ) parameters given in Table
S-I of the Supplementary material. A timestep was 1 fs. By varying the interlayer distance, the
model evaluated the potential permeance of metal ions through the GO membrane.

RESULTS AND DISCUSSION
Washing of the metal cations of Cd(1l), Zn(Il) and Pb(Il) from landfill soil

Throughout the washing process, both washing agents, i.e., pure water and
0.01 M HCl solution, proved to extract the toxic metals into the landfill wastewater
(Fig. la and b). The 0.01 M HCl yielded higher percentages of toxic metal cations
extraction from the landfill soil than H»O, likely due to the acidic nature of HCI,
which facilitates the dissolution of metals and the formation of metal cations. The
landfill soil washing with diluted HCI is the most efficient for Cd (7.58 %), while
the removal percentages for Pb and Zn were lower (Table S-1I of the Supplement-
ary material). Metal cations diffuse through the soil particles, reaching the outer
surface and forming leachate that should be further purified to avoid secondary
pollution.
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o | — —
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Fig. 1. Landfill soil washing. a) Washing procedure with 0.01 M HCl and H,O. b) Removal
percentage of Zn (II), Cd (IT) and Pb (II) cations after ultrasonication.

Surface functional groups on the landfill soil before and after washing

The landfill soil, composed of sand, silt, and clay, also contains Si in the
structure. FTIR spectra of the soil washed with HyO and 0.01 M HCI show a
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distinct band at ~1000 cm~! from stretching vibrations of the Si—O group,20 and a
band at ~3500 cm~! from the O—H group in water adsorbed in the soil (Fig. 2 and
Figs. S-3 and S-4 of the Supplementary material). The Si—O band is slightly shifted
to a lower frequency region after washing with HO and 0.01 M HCI, which could
be due to possible interactions of HT with active sites on the Si—O band (Fig. 2).
The Si—O bands of the soil after washing with H,O and 0.01 M HCI became
narrower, and the absolute peak area decreased from 182 to 135 cm!. The dec-
rease in the Si—O absorption peak area is likely from the removal of vibrational
fragments that follow the primary Si—O vibration. The small band at ~1300 cm™!
could be assigned to metal-oxygen (Me—O) vibrations in the loam. This Me-O
vibrational band disappears after washing with HyO and 0.01 M HCI, which is
attributed to the removal of metal from the soil.

(©) | Washed soil | Q
with H,0 o

—_

b) t f o
L Washed soil

with 0.01 M HCI

Absorbance

—_

1300 1200 1100 1000 900 800 Fig. 2. FTIR spectra of the Si—O band in loam-
) -type soil. a) Pristine soil. b) Soil washed with
Wavenumber (cm”) 0.01 M HCI for 60 min. ¢) Soil washed with H,O.

lonic conductivity of the leachate

Metal ions dissolved from the soil increased the electrical conductivity of the
landfill leachate (Fig. S-5 of the Supplementary material). The electrical conduct-
ivity of the soil dissolved in 0.01 M HCI and H,O increased to ~1800 and ~600 uS
cm!, respectively. The electrical conductivity shows an increasing tendency with
washing time due to the evolution of ions from the soil, while the pH remains
constant and nearly neutral because of the absence of acidic or basic ions in the
leachate (Fig. S-5). An increase in the electrical conductivity was anticipated due
to the evolved Pb(II), Cd(II) and Zn(Il) cations. These metal cations in leachate
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were separated using the GO membrane, as will be further discussed from expe-
rimental and the GO structure modelling results.

Purification of leachate using an intrinsic GO membrane

Separation of toxic metal cations from a leachate was conducted using an
~0.70 um thick GO membrane (Fig. 3a—c). The rejection of metal ions by the GO
membrane increases with the metal ion hydrated diameter (Fig. 3d). The ionic
diameter depends on the number of ligands surrounding the ions, having an inc-
reasing tendency in the order of Zn(Il) < Cd(II) < Pb(II) cations. Metal ions and
molecules can diffuse through nano-windows or defects on graphene-like surfaces,
being transferred through the interlayers of GO. The Pb(II) and Cd(II) cations have
difficulty permeating between the layers of GO because of the narrow effective
width at the GO-GO interfaces, giving rejection as high as ~100 %. Zn(II) cations
have a smaller ionic diameter than the GO interlayer distance, permeating between
the GO layers at a relatively low rejection of ~40 %. High cation rejection can be
assigned to the stacking of GO layers under vacuum. The thin membrane was pro-
duced to ensure rapid water filtration through the membrane. The water permeance
during metal cation separation shows a decreasing tendency against time from 20.3
L m2h!bar! after 0 hto7.8 L m2h! bar! after 4 h (Fig. S-6 of the Supple-
mentary material). The decrease in water permeance occurs due to membrane foul-
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Fig. 3. Toxic metals from landfill soil and their separation. a) Landfill soil contaminated with
toxic metals. b) Water containing metal cations of Pb(II), Cd(Il) and Zn(II). ¢) Separation of
toxic metals through the GO membrane. d) Rejection of metal cations in 0.01 M HCI and
water against their size.
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ing. The leachate contains a small quantity of suspended soil particles, which rem-
ain on the membrane surface as evidenced by a decrease in the UV—Vis spectra
before and after filtration (Fig. S-7 of the Supplementary material).

The structure of the GO membrane before and after leachate filtration

The GO membrane on the PTFE support, produced by vacuum filtration (Fig.
S-2), has a layer-like structure. The membrane is composed of GO layers stacked
together, forming a compact structure (Fig. 4a; and by). GO layers have a lateral
size of ~0.7 pm,2! covering the surface of the porous PTFE support. The surface
morphology of the GO membrane changed slightly after filtering the landfill water
contaminated with metal cations (Fig. 4a; and by). This can be attributed to the
deposition of contaminants onto the GO membrane surface. The GO membrane,
both before and after metal cation separation, has a flat surface morphology due to
the uniform and flat PTFE substrate on the rigid vacuum filter support. The mem-
brane has a compact structure without cracks, which is important for the future
large-scale production of crack-free membranes for landfill cation separation.

Fig. 4. SEM micrographs of the GO membrane before and after filtration of 10 mL of landfill
water contaminated with metal cations; a; and b;: low and high magnification of the
membrane before filtration; a, and b,: low and high magnifications of the membrane after
filtration. The low and high magnifications were used for better understanding the
membrane surface.

The interlayer distance of the GO—GO was examined from XRD patterns in
the two-theta region of 8 to 37°. The GO diffraction peak from the (002) crystal
plane and the bands from defective GO are prominent both before and after metal
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ion filtration (Fig. Sa and b). The absolute intensity of the GO bands decreased
after water filtration, which is likely due to the deposition of soil particles onto the
surface of the GO membrane. The small soil particles that cause the turbidity of
the soil dispersion were separated by filtration through the GO membrane, as
confirmed by a decrease in the optical absorbance intensity in the UV—Vis region
of 220-500 nm (Fig. S-6 of the Supplementary material). After metal ion separ-
ation, the intensity of the XRD peaks decreased, and the position of the (002) band
shifted from 12.50 to 11.86° (26) due to an increase in the interlayer distance.
According to Bragg’s law (2dsin 6 = 1),22 the interlayer distance d increased from
0.70 to 0.74 nm. This increase is likely due to the intercalation of water and metal
ions into the GO—GO interlayer space.23 Fortunately, this increase in the interlayer
distance is insignificant, which contributes to stable ion separation over time.
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Fig. 5. XRD patterns of GO membranes. a) GO membrane before cation separation;
b) GO membrane after ion separation.

The crystallinity of GO membranes before and after ion filtration was exam-
ined using Raman spectroscopy with a laser wavelength of 532 nm. Defects were
created in the GO during the exfoliation process, and the edges of these defects
(referred to as nanowindows) can be identified by oxygen functional groups such
as carboxyl, carbonyl, hydroxyl and epoxy.2# The GO membrane has a prominent
G-band from crystalline sp? carbon atoms that vibrate in-plane and a D-band from
defective sp3 carbon atoms that are bound with oxygen functional groups (Fig. 6).
Metal ions permeate through the GO nanowindows, which are a few nanometers
in size.25 The GO membrane is highly defective, as indicated by a high value of
Ip/g = 0.96. After metal ion permeance, the D-band intensity ratio slightly inc-
reased to /p,g = 0.99, suggesting an increase in the defects of GO. The slight shift
in the G-band suggests the presence of charge transfer interactions between metal
cations of Zn(II), Cd(II) or Pb(Il) and graphene. Electron charge transfer interact-
ions between unhybridized p. electrons of sp? carbon atoms and d-states of metal
cations should occur,26 leading to the shift in the G-band of GO. The metal ions
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could be trapped on the basal plane of GO and in between the layers, leading to the
metal ion separation.

—— Before metal ion separation

—— After metal ion separation
3
&
2
7]
c
]
£

" 1 1 1 1
1000 1200 1400 1600 1800 2000

Raman shift (cm™)

Fig. 6. Raman spectra of the GO membrane recorded at a laser wavelength of 532 nm. The
spectra of the GO membranes were recorded before water filtration (black line) and after
water filtration (red line).

Metal ion separation mechanism

The mechanism of toxic metal cations retention by GO membrane was
modelled using MD simulations. The GO membrane model of two layers served
for examination of the ion separation mechanism (Fig. 7). The GO layers have

Layer 1 Layer 2
(a) D . . DD

Pb?*, Cd?*, Zn?*

permeation path
© @ I 0.33nm
UL RS T T TA T, | oy cr 1 0.50 nm
s —_— — 0.60 nm

0.70 nm
0.90 nm

Fig. 7. A unit cell of the GO membrane models with the periodic boundary conditions for
molecular dynamics simulation of Pb(II), Cd(Il) and Zn(II) cation permeance. a) GO layer 1
with nano-windows of ~1 nm in diameter. b) GO layer 2 with nano-windows of ~1 nm in
diameter. ¢) GO layers with denoted permeance paths for metal ions between the GO layers
through the nano-windows. d) Internuclear distances between GO layers used for MD
simulations of metal cation permeance.
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nano-windows on the basal planes, serving for examination of the ion separation
mechanism between the layers (Fig. 7a and b). The metal ions can enter the nano-
-windows on the basal planes and penetrate between the layers of GO at the
interlayer distances of 0.33—0.90 nm (Fig. 7c). The rejection of metal ions by the
GO layered membrane depends on the interlayer distance. lons can freely enter the
nano-windows on GO, whose size can reach nearly ~1 nm?27 in diameter. The sizes
of the nano-windows on GO cannot be precisely controlled during synthesis. Given
that these nano-windows are substantially larger than the metal ions, the interlayer
spacing probably constitutes the primary barrier to metal ion rejection.28 Adjusting
the interlayer distance from the completely stacked GO layers at the distance of
0.33 nm to a distance larger than the sizes of the metal ions should lead to ion
separation performances that are similar to the experimental results.

The GO membrane with an interlayer distance of 0.33 nm is impermeable to
metal ions due to the narrow gap, which leads to their complete exclusion (Fig. S-
-8 of the Supplementary material). The GO membrane with an interlayer distance
of 0.50 nm is permeable to Cd(Il) and Zn(II) cations (Fig. S-8), but is impermeable
to Pb(II) cations, resulting in their complete rejection (100 %). The experimentally
obtained rejection results are compared to the simulated ones for the membrane
model with interlayer distance of 0.70 nm (Fig. 8). While the simulation results
underestimate the rejection of Zn(Il) and Cd(II), they show good alignment with
the experimental membrane regarding Pb(II) rejection. The discrepancy in separ-
ation performance likely arises from the experimental membrane containing ~500
times more GO layers than the model. Thus, the membrane with an interlayer
distance of 0.70 nm would achieve complete rejection of Pb(II) cations.

I I Experiment _
I Simulation

100

80

60

40

Rejection (%)

20

Zn cd Pb

Metal cation

Fig. 8. Rejection against the metal cation for simulated and experimental membrane. We
selected the interlayer distance of 0.70 nm for the membrane model because the experimental
membrane had the similar interlayer distance, as determined from the XRD pattern using
Bragg’s law.
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CONCLUSION

Landfill soil washing was conducted using H,O and 0.01 M HCI under
ultrasonication, yielding washed-off metal cations of Zn(II), Cd(Il) and Pb(II). The
soil’s structure, determined to be the loam-type, remained similar after washing
with both H>O and 0.01 M HCI, suggesting that further development and enhance-
ment of soil washing with water solvents are promising. The surface area of the
loam-type soil increased to 235 m2 g1 due to soil activation. The washed-off metal
cations were filtered using a GO membrane prepared by vacuum filtration. The
GO membrane reached rejections of 99.80, 96.15 and 44.00 % for Pb(I1I), Cd(II)
and Zn(II), respectively. Water permeance showed a decreasing tendency from
20.3 to 7.8 L m2 h~! bar! after 4 h of monitoring, which is due to membrane
fouling by suspended particles in the leachate. This suggests that the membrane
should be used in a series and replaced or washed frequently to achieve stable
separations. Molecular dynamics (MD) simulations showed that ion separation
occurs at the GO interfaces. Thus, we showed a possibility for a closed cycle of
metal cation removal from the soil, which includes both soil washing and GO
membrane implementation for metal cation separation.
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YKJIABBARE Pb(II), Cd(II) U Zn(11) CA 3EMJBUIITA JEITOHWUJE U ITPOLUETHUX BOOA
[TOMORY I'PA®EH-OKCUIHE MEMBPAHE

JOPATAHA CTEBWR!, CYHUHULIA CYKYP?, PATOBAH KYKOBAT?, CY3AHA TOTOBALI ATJIATWR?, ITPEJPAT
WIWR*, FRANCESCO SIRIO FUMAGALLI®, ANDREA VALSESIA®, PASCAL COLPO® u CBETJIAHA [1OTIOBUR!
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XEMUJCKO UHNeepCieo u texHonoiujy, Yuueepsutiewi y Bawoj JIyyu, Bynesap eojeoge Cuiietie Citietianosuha
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Peniyonuxe Cpticke, bawa JIyxa, bocna u Xepueiosuna u *European Commission, Joint Research Centre
(JRC), Ispra, Italy

Bynyhu na kuIHHIIA eKCTpaxyje TOKCHYHE MeTalle U3 3eMIbHLITA JernoHuja hopmupajyhu
LITeTHe IpolieiHe Boje, MOTPedHO je pa3BUTH MeTOoJe 3a HBHUXOBO yKIamawe. Y pafy je mpen-
CTaB/beHa METOZA YKIabakha TOKCHIHUX METATHUX jOHA U3 3eMJbe-HIOBaue, koja ce obyxBaTa
IIpame 3eMJbHULITA OJIaruM peareHCHMMa 3a UCNHpame, kako OU ce U3IBOjUIH MeTasIH Y IpoLel-
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HOj BOIH, W mpeyHirhaBame mpolenHe Bome (unrpanujom kpo3 rpaden-oxcun (GO) mem-
Opany. Pearencu 3a npawe H20 u 0,01 M HCI cy Tectupanu. GO membpaHna je cuHTeTHCaHa
kopucrehu rpadut Manarackap. Pactsop HCl je noxasao 3HaTHO Behy epuKacHOCT yKiIamamba
Pb(I1), Cd(II) u Zn(II) Hero yucTa Boja 3axBasbyjyhu kucemnoctd. Yucra GO membpana ca
pactojakem usmely nucrtosa rpadena 0,68-0,74 nm (npe ¥ nocie punrpauuje) U nedmrHe
0,70 pm je nokasana npouexTe oxdujama 99,80 % 3a Pb(II), 96,15 % 3a Cd(II) u 44,00 % 3a
Zn(I1). MonexynapHO-ITUHaAMHYKa CUMYJallfja je mokas3aia Ia ce 3aJp/kaBame joHa OIBHja HA
mehynospmrHama GO ciojeBa, ITO je ZOBEJIO A0 Mpibatba MeMOpaHe. Mak, BACOKU MPOIIEHTH
yknawawa Pb(II) m Cd(II) joa ykasyjy Ha moryhHocT mpeuuinhaBama MpoOLiegHE BOJIE
3emsbHILTa JenoHuje momohy GO memOpaHe.

(ITpumsbeHo 5. Maja, peBUAUpaHo 27. jyHa, npuxsaheHo 29. okrodpa 2025)
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T clay (h=0.5cm)
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Sand (h=2 cm)

Figure S-1. Soil type was determined from the soil texture pyramid after sedimentation of 48
h. The soil fractions including clay on the top, silt in the middle and sand on the bottom were
formed during the sedimentation process. The heights of each soil fraction are given in the
figure.
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(a) GO membrane preparation (b) Waste water filtration
GO dispersion > GO membrane
(0.001 wt. % GO)
PTFE support (Analysis: Metal composition
Vacuum GO membrane Vacuum using AAS).
~— ——

o —_— (Analysis: Membrane composition
500 ML 500 mL- with Raman spectroscopy,
SEM and FTIR.)

Figure S-2. Vacuum filtration. (a) Filtration of 10 mL of GO dispersion (0.001 wt. %) through
polytetrafluoroethylene membrane at the vacuum of 8 x 10 Pa. (b) Filtration of washed off
water through the GO membrane.
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Figure S-3. FTIR spectra of the soil before and after washing with 0.01 M HCI for 60 min.
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Figure S-4. FTIR spectra of the soil before and after washing with H,O for 60 min.

(@) 14 — T T T T T 5 1800 (b) 14 — T T T T T — 600
Washed soil / 11600 — Washed soil —
121 with0.01MHCI =" ~—a E 12 with H,0 1500 £
L] —" 41400 ; ;
10 4 10 o

41200 ; - g—" 1400 ;
8 . . o LB I o 3
£ {300 §
T G lso S T §f g
T© -}
le00 § 1200 §
4 o 41 o
{400 ® w
O O
2 4100 2
2r J200 § 2r S
[} [T}
0 L 1 1 1 1 1 f 0 w 0 1 1 1 1 1 1 L 0 w

0 10 20 30 40 50 60 0 10 20 30 40 50 60

Time (min) Time (min)

Figure S-5. pH and electrical conductivity of the landfill leachate. (a) The soil washed with
0.01 M HCIL. (b) The soil washed with H,O. The washing time of soil was 60 min.
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Figure S-6. Permeance of landfill soil wastewater against time.
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Figure S-7. UV-vis spectra of the soil suspension before and after filtration through GO
membrane.
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Figure S-8. Number of permeated ions through the GO membrane against simulation time. (a
—¢) The interlayer distance was increased from the completely stacked GO layers of 0.335 to
0.90 nm. Zn2" ions are in red, Cd2" ions in black, and Pb2* ions in green color.

Table S-I. Force field parameters including atomic weights, charges, and Lennard-Jones(LJ) ¢
and € parameters for MD simulations of metal ion permeance through the GO membrane.

Molecule Mass Charge | Lo (nm) | LJe | References
(1.66 x 1027 kg) (e) (K)
C (-Co) 12.011 0 0.336 28
C (C-0O-H) 12.011 0.15 0.355 35.2
O (C-O0-H) 15.9994 -0.585 0.307 85.5
H (C-O-H) 1.00794 0.435 0 0 (1)
C (C-0-0) 12.011 0.25 0.38 352
0 (C-0-0) 15.9994 -0.5 0.3 59.5
C(C-H) 12.011 -0.115 0.355 352
H (C-H) 1.00794 0.115 0.242 15.1
Pb 207.2 2 3.829 0.662
Zn 65.38 2 2.763 0.124 2.3)
Cd 112.411 2 2.537 0.228 ’
Cl 35453 -1 44 0.1
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Table S-II. The efficiency of toxic metals removal by washing from soil and from leachate by

GO membrane separation.

Metal cations content in washing medium Water filtration by GO membrane
Metals Washed Washed with Rejection after Rejection after
with H,O 0.01 M HC1 washing with H,O  washing with 0.01 M
(%) (%) (%) HCI (%)
Zn 0.21 0.52 43.80 44.00
Cd 0.10 7.58 95.20 96.15
Pb 0.10 1.14 99.05 99.80
REFERENCES

1. H. Khanmohammadi, B. Bayati, J. Rahbar-Shahrouzi, A.-A. Babaluo, A. Ghorbani,
J. Environ. Chem. Eng. 7 (2019) 103040
(https://doi.org/10.1016/j.jece.2019.103040).

2. F. Vallejos-Burgos, F.-X. Coudert, K. Kaneko, Nat. Commun. 9 (2018) 1812
(https://doi.org/10.1038/541467-018-04224-6).

3. Y. Zheng, A. Zaoui, Solid State Ion. 203 (2011) 80
(https://doi.org/10.1016/1.ss1.2011.09.020).

Available on line at: https://www.shd-pub.org.rs/index.php/JSCS

(CC) 2026 Serbian Chemical Society.



Journal of
the Serbian
Chemical Society

JSCS-info@shd.org.rs » www.shd.org.rs/JSCS
J. Serb. Chem. Soc. 91 (3) 317-330 (2026) Original scientific paper
JSCS-5494 Published 26 February, 2026

Ameliorating heavy metal-induced oxidative stress in valerian:
The role of melatonin
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Abstract: Heavy metals ubiquitously found in soil and water, represent a serious
environmental problem that disrupts plant mineral nutrition homeostasis, osmo-
tic balance and metabolism. The application of some biostimulants can alleviate
these disruptions. Melatonin as a signal molecule, and antioxidant plays an imp-
ortant role in plant growth and stress tolerance due to its ability to directly neut-
ralize reactive oxygen and nitrogen species. The reduction or mitigation of heavy
metals adverse effects in valerian plants grown in open field conditions using
melatonin was investigated in this study. High-pressure liquid chromatography
coupled with a fluorescence detector was used to identify and quantify melatonin
concentration in valerian root extracts. Also, the physiological and biochemical
status of plants under abiotic stress was examined, especially in 100 pM mela-
tonin pre-treated plants. Higher concentrations of endogenous melatonin were
measured in roots of Cd and Zn treated plants. Melatonin application alleviated
the negative effect of Cd, particularly evident in Cd-melatonin treatment which
restored or enhanced bioactive compound levels. Melatonin effectively mitigates
Cd and Zn-induced stress in valerian by enhancing both non-enzymatic and enz-
ymatic antioxidant systems and promoting the synthesis of protective com-
pounds. These findings highlight melatonin’s potential as a sustainable biostim-
ulant to support plant resilience and productivity in heavy metal-stressed envi-
ronments.

Keywords: abiotic stress; heavy metals; phytomelatonin; Valeriana officinalis L.

INTRODUCTION

Melatonin has been known as a non-toxic and universal molecule, naturally
occurring in plants and humans.! Melatonin (N-acetyl-5-methoxytryptamine), an
indoleamine synthesized from tryptophan and secreted by the pineal gland in

* Corresponding author E-mail: elvisa.hodzic@unbi.ba
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animals, has also been detected in plant chloroplasts and mitochondria, where it is
synthesized through several metabolic pathways. It has been found in almost all
forms of organisms (invertebrates, algae, fungi and bacteria). The established
melatonin concentration in different plant species vary from 2 to 5000 pg/g of dry
matter. The measured concentrations are affected by plant genotype, development
stage, plant tissue analyzed and environmental conditions (salinity, temperature,
ultraviolet light, heavy metals).2

Melatonin actively reacts with free radicals and stimulates various physio-
logical, morphological and biochemical plant features, from seed germination to
biological yield.3 Melatonin is involved in development processes, circadian
rhythms regulation, promotion of photosynthesis, fruit ripening, chlorophyll pre-
servation and leaf senescence, among others.2:#4 The role of melatonin in reducing
plants’ stress is achieved by upregulating stress-related genes that scavenge
reactive oxygen species (ROS) and improve antioxidant capacity of plants.5:6

Abiotic stress, which influences plant growth and reducibility is associated
with osmotic and oxidative stress, ionic imbalance and cell metabolism dysho-
meostasis.” Most heavy metals, assigned as abiotic stressors, cause continuous
production of ROS in the chloroplast, mitochondria, and peroxisomes, which can
cause oxidative stress in plants and result in the unexpected consequence of heavy
metal toxicity.8

Valeriana officinalis is a well-known medicinal plant widely used in phyto-
therapy for its calming, sedative and anxiolytic effects, primarily attributed to its
root extracts. It is commonly used to alleviate sleep disorders, anxiety, and nervous
tension. In human phytotherapy, polyphenols are valued for their strong anti-
oxidant, anti-inflammatory and protective properties, contributing to the prevent-
ion of chronic diseases such as cardiovascular disorders, neurodegenerative con-
ditions and certain cancers.”

The negative effect of different heavy metals can be mitigated through exo-
genous melatonin, directly improving the stress tolerance of different plant species
by scavenging ROS, and indirectly, by increasing antioxidant activities, photo-
synthetic efficiency and metabolite content.!0

The identification and quantification of endogenous melatonin in valerian
leaves and roots, as well as the modulation of secondary metabolites, reactive
species detoxification and antioxidant upregulation by exogenous melatonin and
heavy metals, cadmium and zinc, have not been carried out so far. To better under-
stand the role of melatonin in plants subjected to the maximum allowed concen-
trations of cadmium and zinc, a set of experiments was conducted on valerian (V.
officinalis L.). The assessment of potential protective role of melatonin in mitig-
ating heavy metal stress effects in valerian, enhancing antioxidant defense mechan-
isms, regulating nutrient and protein metabolism and modulating enzymatic act-
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ivity related to oxidative stress was determined. The study highlights a strong cor-
relation between phenolic content and antioxidant activity, particularly in leaves.
Melatonin pre-treatment improved plant tolerance to oxidative stress caused by
heavy metals, suggesting its potential role in enhancing valerian resilience and its
suitability for phytoremediation in contaminated environments.

EXPERIMENTAL

Valerian seedlings were obtained from a local herb collector. The valerian seedlings were
immersed in water and 100 uM melatonin solution for 48 h, in the dark, after which the plants
were planted in open field conditions. The soil showed a slightly acidic pH reaction, with pH in
KCl being 5.56, suitable for growing most medicinal plants. The experiment included six treat-
ments: i) control (valerian seedlings immersed in water for 48 h; ii) Cd (15 mg/L cadmium
sulfate solution treatment after planting in open field conditions); iii) Zn (3 g/L zinc sulfate
solution treatment); iv) melatonin (valerian seedlings were immersed in a 100 pM melatonin
solution, for 48 h, in the dark, prior to planting); v) melatonin and Cd (melatonin pre-treatment
and cadmium sulfate treatment); vi) melatonin and Zn (melatonin pre-treatment and zinc sulfate
treatment). Three replicates (9 plants per replicate) were used for each treatment. Plants were
sampled at the end of October, lyophilized at —50 °C for 25-30 h (VaCo 2, Zirbus Technology,
GmbH, Germany) and stored at 4 °C until extraction. All analyses were performed in triplicate.

Chemicals

All solvents and reagents were of analytical or the highest grade available. Water (HPLC
grade), methanol (HPLC grade), ethanol (HPLC grade), melatonin (HPLC grade), quercetin-3-
-beta-D-glucoside, 2,2-diphenyl-1-picrylhydrazyl (DPPH), Folin—Ciocalteu reagent, 2,4,6-Tris-
(2-pyridyl)-s-triazine (TPTZ), Tween 20, phenylmethylsulfonyl fluoride (PMSF) were pur-
chased from Sigma—Aldrich. Hydrochloric acid, nitric acid, hydrogen peroxide, acetic acid,
sodium hydroxide, zinc(II) hydroxide, cadmium(II) hydroxide, sodium bicarbonate were pur-
chased from Lachner. Gallic acid, Trolox, ferric chloride anhydrous, ferrous sulfate heptahyd-
rate, sodium acetate trihydrate, magnesium carbonate, polyvinylpyrrolidone (PVP), copper(II)
chloride, ammonium acetate, sodium dihydrogen phosphate, potassium-sodium tartrate, neo-
cuproine and pyrogallol were purchased from Acros. All solutions were prepared in distilled water.

Melatonin analysis

Melatonin direct extraction with methanol was performed under dark artificial light.!!
Weighted lyophilized valerian roots were mixed with methanol in total volume of 10 mL. After
15— 17 h of shaking at 4 °C in the dark, 30 min ultrasonic treatment was performed at the same
temperature (WiseClean WUC, Witeg GmbH, Germany). Prior to vacuum evaporation (Rota-
vapor R-215, Buchi Switzerland), the tubes were centrifuged at 6000 rpm for 30 min (Alresa
Mod, Digicen). The extracts were dissolved in 1 mL of methanol, filtered (0.45 pm) and ana-
lyzed with high-pressure liquid chromatography (HPLC, Agilent 1100 Series) coupled with a
fluorescence detector (FLD), reversed phase C18 gravity column (Nucleodur, 3 um particle
diameter, Macherey-Nagel, Germany) and integrated pre-cell as well as programmed mobile
phase consisting of 20 % methanol: 80 % water. The flow rate of the analyte was 1.5 mL/min,
at 25 °C.

Heavy metal and macro-elements determination

Perkin—FElmer Analyst 400 atomic absorption spectrophotometer (AAS) was used to deter-
mine heavy metal concentrations. Lyophilized valerian leaves and roots were digested with 3
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mL of concentrated HNO3, 3 mL of H,O, and 1 mL of concentrated HCI in closed polytetra-
fluoroethylene (PTFE) vessels in a microwave oven. All determined metals were atomized in
an oxidizing light blue flame formed by mixture of compressed air (10 L/min) and acetylene
(2.5 L/min). Contents of Cd, Zn, Mg and Ca were established respectively at the wave lengths:
228.8,213.7, 285.2 and 422.7 nm, using the deuterium background for correction of signal for
Cd and Zn.

Total phenol and flavonoid determination

Folin—Ciocalteu (FC) colorimetric method in alkaline medium was used to analyze the
total phenols from 30 % ethanol extracts.!? Samples or gallic acid standards (200 pL) were
mixed with 1 mL of FC reagent, followed by 800 uL. Na,CO; after S min. After 2 h incubation
in the dark, absorbance was read at 760 nm. The results were expressed as mg of gallic acid
equivalents (GAE) per g of extract. Chang ef al. colorimetric method was used to determine the
flavonoid content.!3 Quercetin was used for the calibration curve. Samples or standards were
mixed with ethanol, aluminum chloride, potassium acetate and water, then incubated for 30 min
at room temperature. Absorbance was measured at 415 nm, with blanks prepared by replacing
aluminum chloride with distilled water.

Antioxidant activity

Benzie and Strain method was used, for the determination of ferric reducing antioxidant
power.!4 Reduction potential substances react with potassium ferricyanide in forming the ferro-
cyanide (absorption maximum at 593 nm). Also, the antioxidant capacity of extracts was mea-
sured on the basis of the stable 1,1-diphenyl-2-picrylhyorazyl (DPPH) free radical scavenging
activity according to the method described by Soler-Rivas and coworkers.!> Apak et al. method
was used to measure the cupric reducing antioxidant capacity of plant root and leaf extracts.
Trolox was used as a standard, and the reduction potential was expressed as TEACcyprac i
mmol equivalents of trolox g dry matter (mmol/L).16 All experiments were measured using
PhotoLab 6600 UV—Vis spectrophotometer (Xylem Analytics Germany Sales GmbH & Co.
KG, WTW).

Protein content determination

Protein concentration was determined by Lowry ef al., and calculated by comparison with
a standard curve using BSA as a standard.!” For protein and enzyme activity determination,
lyophilized valerian leaves and roots were powdered in liquid nitrogen and kept at —20 °C to
analysis.

Spectrophotometric analysis of peroxidase activity (E.C. 1.11.1.7)

For the peroxidase activity determination, modified Teisseire and Guy method was used.!8
The increase in absorbance at 430 nm (g43p = 12 mM-! cm™!') was monitored. The reaction was
initiated by adding 3.43 mM H,0, to a mixture containing 50 puL of sample, 10.3 mM pyrogallol
and Na phosphate buffer (pH 6.4) at 37 °C. The activity is expressed as pmol/(mg protein min).

Statistical analysis

The data were analyzed using SPSS Statistics, v. 23.0. Analysis of variance (ANOVA)
was conducted and significance of differences among treatments and time dependence were
tested using the least significant difference (LSD). Differences were significant at the *p < 0.05
probability level.
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RESULTS AND DISCUSSION

Having ascertained that melatonin could effectively ameliorate Cd and Zn-
-induced phytotoxicity in valerian, the actions were taken to estimate whether this
toxicity had an effect on melatonin biosynthesis. Fig. 1 shows the results of endo-
genous melatonin in the roots of valerian after treatment with exogenous melatonin
(100 uM) and heavy metals. Valerian, as a plant with exceptional medicinal pro-
perties, showed significant concentrations of melatonin in roots, with values of
3.14+0.102 ng/g dry weight and 2.75+0.006 pg/g.
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Fig. 1. Melatonin in valerian roots under heavy metal treatment and melatonin pre-treatment.
M — melatonin; *Tukey test; p < 0.05.

The results indicate that melatonin concentration in the roots increased in
response to heavy metal treatments, both in the presence and absence of exogenous
melatonin. However, this increase was not observed in the Zn and melatonin
treatment, suggesting a possible interaction that limits melatonin accumulation
under this specific condition. As shown in Fig. 1, the highest concentration was
observed in the roots of plants treated with Zn ions, and with melatonin and Cd
ions (4.491 and 4.879 ng/g), which are 30 and 35 % higher concentrations com-
pared to the control roots. There was a decrease in endogenous melatonin content
in samples pre-treated with melatonin. This observation aligns with earlier find-
ings, suggesting a complex regulation of melatonin biosynthesis in response to
external stress factors like heavy metals.

There are lots of evidences that confirm a great influence of heavy metal ions
on the content of compounds with hormonal function. Melatonin synthesis occurs
in parallel with melatonin degradation in the chloroplasts and cytoplasm, and the
resulting melatonin metabolite, 2-hydroxymelatonin, also acts as a signaling mole-
cule for the induction of defense genes. Melatonin content in paddy rice shoots
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was increased under the influence of Cd, suggesting that melatonin could play a
crucial role in adjusting the response of different parts of the plant to Cd.19 In
wheat seedlings, exogenous melatonin increased endogenous melatonin and, as a
result, enhanced root and shoot growth under cadmium toxicity.20

Valerian shows a significant ability to accumulate cadmium in both roots and
leaves (Fig. 2A). Higher concentrations of Cd were observed in all three treatments
with exogenously added melatonin (melatonin, melatonin+Zn, melatonin+Cd).
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Fig. 2. Cd (A) and Zn (B) concentration in valerian roots and leaves. The data are presented as
means of three replicates. M — melatonin; *Tukey test; p < 0.05.

The accumulation of Cd in valerian organs treated with Zn was increased
compared to the control (0.851 and 0.868 mg/kg in root and leaf) with amounts to
1.038 mg/kg in root and 1.121 mg/kg in valerian leaf. Cd ions showed a greater
possibility of translocation, which is a prerequisite for efficient phytoextraction
and accumulation of metals in the aerial parts of plants. Melatonin also showed a
positive effect in plants pre-treated with this hormone in terms of the accumulation
of larger amounts of Cd. Increased accumulation occurs in examined plant species
treated with both Zn and Cd. Thus, the concentration of Cd in the roots of plants
treated with Zn and melatonin was 2.431 mg/kg of valerian root, which is twofold
higher compared to treated plants with zinc without melatonin (1.310 mg/kg). A
similar increased accumulation of Cd was observed in the leaves.

It is important to note that of the total amount of ions that are bound by the
roots, only a part is absorbed into the cells. Melatonin may enhance the effective-
ness of valerian in phytoremediation, particularly in the context of Cd contamin-
ation. By promoting the accumulation and translocation of Cd, melatonin could
support the use of valerian in soil decontamination efforts, especially in slightly
polluted soils.

Zinc belongs to a group of moderate mobility within plant tissues. In the case
when its concentration in the soil is low, the intensity of transmission from older
to younger parts of the plant was extremely weak. In case the concentration in the
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external environment is high, it accumulates in the roots.2! The study demonstrates
that melatonin, both exogenously applied and naturally present in valerian, plays a
significant role in ameliorating the phytotoxicity induced by heavy metals. The
results suggest that melatonin enhances the concentration of endogenous mela-
tonin in roots, especially under the influence of Cd, which may contribute to the
plants defense mechanisms against heavy metal stress.

Potato weed is a hyper accumulator of Cd with high Cd tolerance. Under
conditions of low Cd concentration, melatonin not only improved the activity of
antioxidant enzymes, but also improved the transfer of Cd to the cell wall and
vacuoles, removing Cd away from sensitive parts of the cell, and accelerating its
absorption.22

The influence of melatonin and heavy metals on the content of macro elements
is shown in Fig. 3. The results showed the presence of a high concentration of Mg
(Fig. 3A), and even higher Ca contained in valerian leaves (Fig. 3B).
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Fig. 3. Mg (A) and Ca (B) concentration in valerian roots and leaves. The data are presented
as means of three replicates. M — melatonin; *Tukey test; p < 0.05.

Under higher Cd levels, macronutrients are somewhat decreased. Because Cd
and mineral nutrients share identical pathways for transport, they have similar
effects on balance at an ionic level.!9 Exogenously added melatonin did not pro-
minently affect the changes in Mg and Ca concentrations compared to the control.
A statistically significant decrease in magnesium concentration occurred in plants
pre-treated with melatonin and treated with Cd and Zn. The reduction referred to
both analyzed plant organs, compared to the control. Ca levels remained relatively
stable across treatments, with no significant changes. The heavy metal interaction
with soil matrix is decisive for the phytoremediation concept. In principle, soil
particles sorption reduces the activity of metals in the system. Higher capacity of
cation exchange leads to higher sorption and immobilization of metals. In acidic
soils, the desorption of metals bound in the soil solution is stimulated due to the
participation of H*.23
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The uptake of metals into plant roots is a complex process involving the
transfer of metals from the soil to the root surface and within the root cells. Under-
standing the uptake process is difficult due to the complex nature of the rhizo-
sphere, which is in continuous dynamic change in interaction with the plant root,
the soil that creates it, and the microorganisms that live within the rhizosphere.23

The results of spectrophotometric determination of total phenols and flavon-
oids concentration in ethanol extracts of valerian roots and leaves are shown in
Table I. The concentration of phenolic compounds in valerian root ranged from 26
to 37 mg/g of lyophilized root material, while in its leaves the values ranged from
70 mg/g in melatonin pre-treated plants to 95 mg/g of lyophilized leaf in melatonin
and Zn treated plants. Treatment of valerian with Cd ions had an inhibitory effect
on the content of total phenolic compounds in the roots of this plant, although the
reduction was not statistically significant.

TABLE I. Total phenol and flavonoid content (mg/g) in valerian roots and leaves under different
treatments; 2b¢ — different letters indicate statistically significant difference; *Tukey test,

p<0.05
Total phenol content Flavonoid content
Treatment
Roots Leaves Roots Leaves

Control 27.5440.6612b 83.79+0.4574 3.04+0.0852 45.34+0.9720
Cd 26.58+0.6132 73.67+0.5812 3.23+0.1672 35.03+1.9722
Zn 37.31£0.1444 77.44+0.687¢  5.14+0.285>  45.08+1.047°
Melatonin 31.6740.977¢ 69.43+0.688>  5.37+0.259®  35.37+0.5912
Cd + Melatonin 31.11+0.681b¢ 77.66+0.622¢ 4.88+0.294b 52.69+0.740¢
Zn + Melatonin 28.36+0.8082bc 94.36+0.547¢ 6.61+0.235¢ 56.62+0.538¢

Heavy metal concentration is considered a crucial parameter that affects the
response of plants in secondary metabolism production. Lower levels of heavy
metals enhance the production and higher concentrations inhibit the synthesis of
secondary metabolites in plants.24 Treatments induced different responses in val-
erian leaves. Namely, under the influence of Cd and Zn ions, and with melatonin
and Cd ions, there was a statistically significant decrease in the phenol content
compared to the control. Plants pre-treated with melatonin, with and without zinc
contamination, show a higher content of total phenols.

The content of flavonoids in valerian roots ranged from 3 to 7 mg/g of lyophil-
ized plant material, while in valerian leaves, flavonoid concentrations were from
35 to 57 mg/g. The valerian leaf shows a seven to fifteen times higher concen-
tration of flavonoids than the root. A statistically significant increase in the con-
centration of flavonoids in valerian root occurs in all included treatments, except
for the treatment with Cd ions which inhibited the production of these secondary
metabolites. Zinc and melatonin treatment showed the highest flavonoid content
in valerian leaves, followed by cadmium and melatonin treatment. Cd reduced
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flavonoid levels substantially. Variations in the content of phenolic compounds in
plants result from a large number of factors, which, in addition to genetic factors,
include the area of cultivation as well as numerous environmental factors. Biotic
and abiotic stress (pathogens, viruses, mechanical damage, temperature extremes,
UV radiation, imbalance in mineral nutrition, heavy metal and herbicide pollution,
drought, salinity) cause an increase in the level of phenolic compounds in veget-
ative shoots and roots.25 The addition of melatonin improved the anthocyanin con-
tent in tomato plants under Ni stress and in rosemary herb under Cr stress.2® Mela-
tonin has many physiological functions in plants, and the most researched function
is the prevention of oxidative damage caused by various abiotic stressors such as
salinity,27 low temperatures2® and the toxic effects of cadmium. The content of
total phenols, flavonoids and proanthocyanides gradually improved with melato-
nin treatment in berries.2%

In the results of the CUPRAC test, significantly higher ability of valerian
leaves to reduce Cu ions was observed (two to three times) compared to the root
(Fig. 4A).
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Fig. 4. Antioxidant activity estimated by CUPRAC (A), FRAP and DPPH (B) test. The data
are presented as means of three replicates; *Tukey test, p < 0.05.

In all five treatments, the ability to reduce Cu2* in valerian roots was signific-
antly increased, while in leaves, the reduction ability was reduced in plants treated
with Cd and Zn ions (243.05 and 253.05 pg/g) compared to the control (273.93
ug/g). Exogenous melatonin in combination with heavy metal treatment also shows
a significant positive effect on the reduction of Cu ions, in both roots and leaves.

According to the test results, the ability to neutralize DPPH radicals in valerian
roots treated with Cd ions is higher (0.8 mg/mL) compared to untreated roots (0.93
mg/mL, Fig. 4B). Exogenous melatonin also increased the ability to neutralize
DPPH radicals in valerian root (0.91 mg/mL) compared to the control. Likewise,
the roots of plants pre-treated with melatonin show a greater ability to neutralize
DPPH radicals with an increased concentration of Cd (0.83 mg/mL) and Zn (0.77

Available on line at: https://www.shd-pub.org.rs/index.php/JSCS

(CC) 2026 Serbian Chemical Society.



326 HODZIC et al.

mg/mL) ions, which indicates an increase in antioxidant capacity in situations of
oxidative stress caused by cadmium ions. The valerian leaf, with higher content of
phenolic compounds found, shows a several times greater ability to neutralize
DPPH radicals than the root. Valerian leaves grown on soil contaminated with cad-
mium (0.45 mg/mL) and zinc (0.46 mg/mL) ions, as well as plants pre-treated with
exogenous melatonin (0.49 mg/mL), show a significantly reduced ability to neut-
ralize DPPH radicals.

Valerian plants grown on soil contaminated with cadmium and zinc ions show
an increased root reduction capacity (0.41 and 0.49 pg/g, respectively, Fig. 4B).
Exogenous melatonin also caused a significant increase in reducing power (0.41
ug/g) compared to the control root (0.35 pg/g). Unchanged reducing capacity is
observed only in valerian roots treated with zinc and melatonin. In contrast to the
roots, a slightly reduced reducing capacity of valerian leaves occurs in plants
treated with Cd and Zn (0.94 and 1.06 pg/g), as well as in those pre-treated with
melatonin (1.03 pg/g). The increase in the concentration of cadmium and zinc in
plants pre-treated with melatonin influenced the increase in the reducing capacity
of valerian leaves.

The research results show increased antioxidant activity of plants, especially
in the leaf in all applied biochemical tests. The increased antioxidant activity of
the leaves of both plant species can be attributed to the increased content of total
phenols, compared to the root. There is a very high correlation between the content
of phenol and the ability to reduce Fe3* and Cu?*, as well as to neutralize DPPH
radicals. The antioxidant activity of melatonin is enhanced in the roots of the ana-
lyzed plants, as the root is probably the most frequently mentioned plant organ in
earlier research as a potential site of melatonin biosynthesis. The results suggest
that melatonin might boost the plants’ reducing capacity, enhancing their ability to
counteract oxidative damage and potentially assisting in metal detoxification pro-
cesses.

An increased content of soluble proteins is observed in valerian roots treated
with Cd (21.70 mg/g) and Zn (21.70 mg/g) ions compared to the control (11.76
mg/g) as shown in Fig. SA.

Pre-treatment with melatonin slightly increased the protein content of valerian
root, but the increase was not statistically significant. However, melatonin pre-
-treatment and cadmium ions significantly increased the protein content of valerian
roots. Zn with melatonin did not have the same effect. In the valerian leaf, on the
other hand, in all six treatments, a statistically significant increase in soluble pro-
teins concentration was observed, compared to the control. There was no increase
in peroxidase activity in the leaves (Fig. 5B). It is possible that the defensive
activity of peroxidases is based on the protection of plants in the roots, where a
statistically significant increase in enzyme activity is observed. Also, the applied
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concentration of cadmium ions might not have been toxic for these very resistant
plant species.
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Fig. 5. Total soluble protein concentration (A) and peroxidase activity (B) in valerian roots
and leaves under heavy metal treatment and melatonin pre-treatment. The data are presented
as means of three replicates; * Tukey test, p < 0.05.

Enzyme activity in the leaves was reduced in all applied treatments compared
to untreated plants. In general, the most significant increase in peroxidase activity
occurs in valerian roots pre-treated with melatonin, plants grown on soil con-
taminated with zinc ions (2.80 pmol/(mg protein min)).

Melatonin enhances plant metabolism and antioxidant enzymes activity and
initiates the ascorbate—glutathione cycle to counteract the effects of heavy metal
stress.30 Heavy metal stress disrupts the balance between reactive oxygen species
generation and detoxification by the antioxidative protection system in plants.3!
Plants resist stress-induced ROS production and related adversities by directly
neutralizing and removing them or indirectly by controlling the uptake, transport,
translocation and sequestration of heavy metals. In the earlier study, authors
showed melatonin may act as a free-radical scavenger and broad-spectrum anti-
oxidant, protecting plant tissues from oxidative damage. It could also stimulate
antioxidant enzyme production or enhance the activity of other antioxidants to
further protect the plant.32 The increase of endogenous melatonin mitigates cad-
mium toxicity by balancing HoO, homeostasis and activating antioxidant defense
systems in wheat.33 Melatonin treated plants improve their growth and yield under
heavy metal stress conditions. Exogenous melatonin applications can be the trigger
for endogenous melatonin production in plants, thereby building up heavy metal
tolerance.2-34 Melatonin application methods vary, including pre-treatment of
roots or foliar application just before stress exposure, with some studies exploring
repeated applications. Interestingly, seed priming with melatonin has shown last-
ing effects on stress tolerance, even with a single application, especially for crops
like rice, soybean and cucumber, often grown in large-scale agriculture. However,
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more research is needed to understand the long-term effects of melatonin treatment
and its impact on unpredictable stress conditions.

CONCLUSION

Cadmium and zinc exposure induce significant physiological and biochemical
stress in Valeriana officinalis, disrupting antioxidative balance, reducing phenolic
and flavonoid contents and impairing nutrient homeostasis, particularly in leaves.
The application of melatonin alleviates these stress effects and enhances the plant
defense mechanisms by elevating antioxidant activity, increasing peroxidase enz-
yme levels, promoting the accumulation of protective compounds and enhancing
soluble protein levels. The heavy metal concentration and exposure duration could
be the controlling factors for the synthesis of endogenous melatonin. Melatonin
might help to confer the heavy metal stress tolerance in valerian due to the increase
of endogenous melatonin under Cd and Zn stress conditions, and modulated metal
uptake.

Melatonin acts as a potent bio-stimulant and stress-mitigating agent, impro-
ving antioxidant capacity, biochemical composition and nutrient balance in valer-
ian under heavy metal exposure. These findings highlight melatonin’s potential as
a sustainable and effective strategy to enhance plant resilience and phytochemical
quality in contaminated environments. Gaining deeper insight into melatonin-
-mediated signaling and responses could help maintain crop productivity in soils
contaminated with heavy metals. However, additional research is essential to fully
uncover the roles of melatonin and enable its effective and sustainable application
in agriculture.

H3BOJ

MEJIATOHHWH KAO MOAYJIATOP TOKCUYHOCTH TEINKHWX METAJIA U
AHTUOKCHUIATHBHA 3AIITUTA Y BAJIEPUJAHU

EJIBUCA XOLIWR!, MUTTULIA BAJTABAH?, CEBUJIA PEKAHOBUR! u XAJIUJ MAKUR!

"Buotuexnuuxu paxynimei, Ynusepsuiueiwi y Buxahy, Jlyke Mapjanosuha bb, 77000 Buxah, Bocha u
Xepuetosuna u *TIpupogro—mamemamiuury Gpaxynmem, Ynusepsumew y Bawa JTyyu, Muagena
Ciuojanosuha 2, 78000 Bawa JIyka, Bocua u Xepueiosuna

Tewku Metany, CBENPUCYTHH Yy 3EM/BUILTY YU BOAU, Kao 030M/baH €KOJIOWIKH IpOdiIeM,
pemMeTe XOMeOCTasy MUHEpa/IHe UCXpaHe Dubaka, 0CMOTCKY paBHOTEXY U MeTadonusam. I1pu-
MeHa HeKHX drocTuMyIlaHaTa Moxe yonakutu mopemehaj. MenaTOHUH Kao CUTHAJIHU MOJIEKYT
W QHTHOKCHUJAHT UTpa BAXKHY YJIOTY y PacTy dubaka M TOJEepaHLHjH Ha cTpec 300r cBoje cro-
CODHOCTH J1a AUPEKTHO HeyTpasulle peakTHBHE BPCTe KMCEOHHWKa WM a3oTa. Y OBOM pany je
UCNUTaHO CMamehe WIK ydnakaBame ITETHUX epexaTa TEIKUX MeTasa Koz Oubaka Balepy-
jaHe y3rajaHMX Ha OTBOPEHOM IOJbY YNIOTpPedoM MenaToHMHA. TeyHa XxpomaTorpaduja BUCOKOT
MIPUTHUCKA ca (IyOpPECLEHTHUM AETEKTOPOM KOpHITheHa je 3a UoeHTU(hUKALHUjy U KBAaHTU(H-
KalHjy KOHIIEHTpalije MelIaTOHHHA ¥ eKCTpakTHMa KopeHa BanepujaHe. Takohe, ucrnuTaH je
(u3noNoWKKU U HMOXeMHjCKH cTaTyc Ousbaka ImoJ; aDHOTCKUM CTpecoMm, mocedHo kox duspaka
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NPEeTXO0JHO TpeTUpaHuX menaToHHHOM of 100 pM. Behe xoHIeHTpalUje eHJOTeHOr MenaTo-
HUHa M3MepeHe Cy y KopeHy Oumaka TperupaHux Cd ¥ Zn, ca CIMYHMM pesyiaTaTuma y
KOHIIeHTpallijaMa ITpoTerHa. IIpuMeHa MenaToHUHa ydnaxkuia je HeratueaH edexar Cd, mro
je mocebHo ouurnenHo kof TpeTMaHa Cd-MeslaTOHMHOM KoOju je 00HOBHO WM nosehao HUBOE
OMOaKTHUBHUX jefumerna. MenaToHNH edukacHo ydnaxasa cTpec u3a3saH Cd ¥ Zn Kof BajnepH-
jaHe moborpinaBajyhu 1 HEEH3UMCKE W €H3UMCKe aHTHOKCHIATHBHE CUCTEME W TPOMOBHLIYhU
CUHTe3y 3alUTHUTHUX jenumera. OB HalasyW MCTHUY NOTEHLWjal MeJaTOHHHA Kao OfIp’KHUBOT
frocTrMysaHca 3a MOAPUIKY OTIOPHOCTH U MPOAYKTUBHOCTH DM/baka y OKpY’KelhHMa ONTepe-
heHuM TeIKUM MeTanuma.

(TIpumsseHo 1. anpuna, pesuaupano 17. anpuna, npuxsaheno 16. jyna 2025)
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