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Abstract: A new azo dye containing quinolone (QANB) was synthesized by the ring-opening of
pyranoquinolone (PQ), which was obtained from N-ethyl aniline and diethyl malonate. Surprisingly, we
determined that under strong base conditions, azo coupling occurred at the 8-position of the quinolone
group rather than at the 3-position of the pyroquinolone ring. Structure of 3-[1-ethyl-4-hydroxy-8-(4-nitro-
phenylazo)-2-oxo0-1,2-dihydro-quinolin-3-yl]-3-hydroxy-acrylic acid (QANB) was elucidated by 'H NMR, *C
NMR, 3C NMR DEPT, **C NMR APT, 2D NMR (*H-'H COSY and *H-*C HMQC) and HRMS Analyses. Moreover,
we investigated the antimicrobial activity of QANB on eight different bacteria and two different yeasts. The
disc diffusion method and the minimum inhibitory concentration value determination (MIC) were used for
antimicrobial activity. QANB demonstrated broad-spectrum antibacterial activity against both Gram-positive
and Gram-negative bacteria. However, it has effectively shown activity against Entereobacter aerogenes (E.
aerogenes), which causes pneumonia, sepsis, urinary tract infections, and wound infections. QANB also
showed significant activity against Candida albicans (C. albicans). The fact that QANB is much more
effective against C. albicans than nystatin, which is widely used as an antifungal drug, supports the idea
that this compound can be used as a potential antifungal drug.
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1. INTRODUCTION

Quinolones are prominent heterocyclic compounds
in scientific and clinical research (1). Nalidixin, a
quinolone antibiotic, was discovered for the first
time by Lesher in 1962 (2). After this discovery, the
number of antibiotic quinolones has crucially
increased due to high potency, a broad spectrum of
activity, potentially low incidence of side effects (1),
good absorption after oral administration, and
excellent bioavailability (3). Quinolones are
classified into four generations according to their
antibiotic activity with structural modifications. They
are first, second, third, and fourth-generation
antibiotics (3). Quinolones are also used in
medicinal applications such as anti-tubercular (4),
anti-malarial (5), anti-HIV (6), anti-cancer (7), and
antifungal (8).

Azo dyes are widely used in textiles, cosmetics,
optics, electronics, food, material science, and
pharmaceutical industries (9,10). They have
recently gained interest in advanced materials in
the areas of high technology, supramolecular
systems, and chemical sensors (11,12). Besides
their applications, they also have biological
properties such as antibacterial, antifungal,
cytotoxic, anticancer, and antiproliferative (13,14).

The bioactive properties of the target derivatives
have improved by incorporating the heterocyclic
moiety into the azo dye scaffold. Azo dyes based on
heterocycles are widely used in pharmaceuticals
and drug development but remain under-reported.
Bearing the heterocyclic structure of azo
compounds has recently attracted considerable
attention due to their increased biological activity
potential (15). Azo compounds containing
heterocyclic moieties are used as prodrugs in
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cancer treatment and as markers in diagnosis, by
enabling the detection of cancer tumors through
fluorescence off-on imaging of tumor hypoxia (16).
Li et al. have reported that the azo dye-based
fluorescence probe that detects H,S for biological
applications has excellent selectivity, sensitivity,
and biocompatibility (17).

Bacterial pathogens such as Staphylococcus aureus,
Enterococcus faecalis, Enterobacter aerogenes, and
Salmonella enterica can cause various infections,
including those of the respiratory, urinary tract,
bloodstream, skin, and soft tissues. These
pathogens pose a threat to public health worldwide,
causing a wide range of illnesses, from mild
infections to fatal diseases such as pneumonia,
salmonellosis, typhoid fever, and sepsis (18).
Quinolone antibiotics have a wide range of clinical
applications due to their effective function against

bacterial pathogens. Over time, overuse of
quinolone antibiotics can result in Dbacterial
pathogens developing mutations that confer

resistance to quinolones, and such pathogens are
referred to as antimicrobial resistance (AMR)
pathogens (19-21). According to a systematic
analysis conducted from 1990 to 2021, bacterial
AMR is associated with approximately 4.71 million
deaths worldwide; 1.14 million of these deaths are
reported to be due to infections caused by resistant
bacteria (22). The emergence of AMR in quinolone
antibiotics has led to the development of new types
of antibiotics. Modification of the quinolone core by
adding different substituent groups at the N-1, C-6,
C-7, and C-8 positions alters their antimicrobial
activity, pharmacokinetics, and metabolic
properties, leading to a better understanding of the
structure-activity relations (SARs) in quinolone
compounds. To improve SAR, the addition of
specifically selected substituent groups at these
important positions of the quinolone core has
enabled the targeting of specific pathogenic
bacteria and improved the pharmacokinetics of
quinolone compounds (2). However, some fungal
species pose significant threats to human health
and agricultural products; for example, they cause
infectious diseases in humans and plants (23). Due
to the continuous increase in invasive fungal
infections (IFl), it is estimated that more than 6.5
million people worldwide are exposed to life-
threatening fungal infections and that
approximately 2.5 million people die each year
because of these infections (24). The World Health
Organization (WHO) published a fungal priority
pathogens list (WHO FPPL) in 2022 to strengthen

the global response to the increase in IFI
threatening public health and to antifungal
resistance. According to this report, Candida

albicans is a pathogen classified as a critical priority
group, while Candida parapsilosis is classified as a
high-priority group. These two pathogen types
cause invasive candidiasis, a life-threatening
condition with a mortality rate ranging from
approximately 20% to 50% (25). A report published
by the WHO in 2025 stated that the global
repertoire of antifungal drugs used to treat severe
fungal infections is critically limited and that some
fungal species have developed resistance to
existing antifungal drugs (26). Furthermore, drug-
resistant fungal infections continue to be an
economic burden (19,23). To combat pathogens
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effectively, the pursuit of advanced research and
development is essential for obtaining antimicrobial
agents with enhanced efficacy and a broader
spectrum of activity. Therefore, the development of
novel compounds with dual antibacterial and
antifungal activity is of paramount importance.
Azoquinolones, with their unique structural features
and potential bioactivity, represent promising
candidates in this context.

In this study, we aimed to obtain an azo compound
containing a pyranoquinolone moiety and expected
azo coupling to occur at the 3-position of
pyranoquinolone. Surprisingly, the experimental
results showed a different product than expected.
The NMR analyses revealed an unexpected ring-
opening reaction, indicating that the products
obtained were of azoquinolone structure. This
transformation provides a new perspective on the
reactivity of the pyranoquinolone skeleton under
azo coupling conditions and suggests an alternative
synthetic route for producing functional heterocyclic
dyes. Herein, we have reported a new azo dye
containing the quinolone moiety (QANB). The azo
coupling occurred at the 8-position on the quinolone
ring instead of the 3-position of the
pyranoquinolone, contrary to what is described in
the literature (27-29). We have introduced the ring-
opening product resulting from the diazotization of
the pyrano-quinolone and the azo coupling to the
quinolone. The structural analysis of QANB has been
comprehensively presented by *H NMR, *C NMR, *3C
NMR DEPT, *C NMR APT, and 2D NMR (*H-'H COSY
and 'H-3C HMQC). Besides, the antibacterial and
antifungal properties of QANB have been evaluated.

2. EXPERIMENTAL SECTION

2.1. Materials and Instruments

FTIR spectra were performed with a Bruker Tensor
27 FT—IR spectrometer in KBr pellets in the range
4000-400 cm™. *H NMR (400 MHz), *C NMR (100
MHz), **C NMR DEPT-135, *C NMR APT, 2D NMR (*H-
H COSY and HMQC) spectra were recorded using a
Bruker Avance DPX-400 NMR spectrometer and an
Agilent Technologies 400 MHz Spectrometer. NMR
samples were carried out at room temperature in 5
mm NMR tubes, and the chemical shifts were
recorded as 6 (ppm) using TMS, which is the internal
standard. MS spectra were obtained with ionization
of solid samples by direct electron impact (DEI) in a
DI unit. The LC-MS TOF electrospray ionization
technique (Agilent Technologies 6230-A) was used
to record the HRMS data. Melting points were
detected by uncorrected open capillaries with
STUART Melting Point SMP30.

2.2. Synthesis of 6-Ethyl-4-hydroxy-6H-
pyrano[3,2-clquinoline-2,5-dione (PQ)
6-Ethyl-4-hydroxy-2H-pyrano[3,2-c]  quinoline-2,5-
dione (PQ) was prepared by the condensation of N-
ethyl aniline (1 mol, 125 mL) and diethyl malonate
(2 mol, 303 mL) according to the literature methods
(30,31). The compound was recrystallized from
DMF. An orange solid m.p: 254-255 °C, Yield: 99%.
'H NMR (400 MHz, DMSO-ds, 6, ppm): 13.18 (1H, s,
OH), 8.30 (1H, dd, ] = 8.0; 2.0 Hz, Ar-H), 7.74 (1H, t,
J = 8.8 Hz, Ar-H), 7.48-7.19 (2H, m, Ar-H), 5.61 (1H,
s, H3), 4.36 (2H, q, J = 7.6 Hz, CH,), 1.36 (3H, t, J
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=8.0 Hz, -CHs). m/z (El, 70 eV): 257 (M*, 83.92), 229
(M* -CH,=CH,, 100), 77 (CéHs+, 51.08).

2.3. Synthesis of 3-[1-ethyl-4-hydroxy-8-(4-
nitro-phenylazo)-2-oxo-1,2-dihydro-quinolin-3-
yl1-3-hydroxy-acrylic acid (QANB)

p-Nitroaniline (0,138 g; 1 mmol) was dissolved in
conc. HCl (3 mL) at room temperature, and the
mixture was cooled down to -5 °C in a salt/ice bath.
NaNO; solution (0.10 g; 1.454 mmol) was slowly
added to the solution within 30 min. Diazonium
solution was kept at -5 °C for 1 h. 6-Ethyl-4-hydroxy-
6H-pyrano[3,2-clquinoline-2,5-dione (PQ) (0.257 g;
1 mmol), which was synthesized according to
literature (30,31), was dissolved in 20 mL 10%
NaOH and cooled in a salt/ice bath. Diazonium
solution was slowly added to this solution. The
mixture was stirred for 3 h at 0 °C, and then it was
stirred overnight at room temperature. Acetic acid
was added to the solution until the pH>6. The
orange precipitate formed in the yellow solution.
The orange product was filtered off, washed with
water, and dried in air. The crude product was
recrystallized from ethanol-ethyl acetate. The
orange crystals (QANB) were filtered off, washed
with EtOH, and dried under vacuum overnight.
(Yield: 160 mg, 43%; decomp. > 123°C).

FTIR (KBr; v cm™): 3499, 3441, 3275 (O-H); 3080,
3027 (Ar-H); 2982, 2934 (aliphatic C-H); 1740, 1676
(C=0); 1640, 1603 (C=C); 1553 and 1327 (Ar-OH);
1443 (N=N); 1269, 1248, 1269 and 1107 (C-0). H
NMR (400 MHz, DMSO-ds, 6, ppm): 13.52 (1H, br,
OH); 12.40 (1H, br, CO-OH); 9.20 (br, OH); 8.23 (1H,
d, J1» = 8.8 Hz, H-14 and H-16); 8.18 (1H, d, /1> =
7.2 Hz, H-5); 7.90 (1H, br, H-6); 7.82 (1H, br, H-6');
7.62 (1H, d, J12 = 7.2 Hz, H-5'); 7.55 (1H, br, H-7);
7.33 (2H, m, H-13 and H-17); 5.65 (1H, s, H-10);
4.41 (2H, m, H-18); 4.28-4.19 (m, H-18'); 1.31-1.28
(3H, m, H-19); 1.18-1.06 (m, H-19'). *C NMR (400
MHz, DMSO-ds, ppm): & 169.1 (C-2), 162.7 (C-9),
160.9 (C-11), 159.4 (C-15), 149.4 (C-12), 141.4 (C-8
or C-8a), 138.1 (C-4), 134.9 (C-6), 126.4 (C-14/C-
16), 124.6 (C-7), 124.3 (C-5), 116.5 (C-6'), 114.0 (C-
13/C-17), 113.7 (C4a), 99.9 (C-3), 90.3 (C-10), 37.8
(C-18), 13.1 (C-19). Molecular Weight (calcd.):
424.36. HRMS: m/z calcd. for CyH16N4O7 [M-CO,+H]*
381.1191, found 381.1181.

2.4. Antimicrobial Activity Evaluations

2.4.1. Microorganisms

Microorganisms used during the study are provided
by the Giresun University Medicine Faculty and Arts
and Sciences Faculty Microbiology Laboratory
culture collection. In this study as Gram (+) bacteria
species, Staphylococcus aureus (S. aureus) (ATCC
29213), Enterococcus faecalis (E. faecalis) (ATCC
29212), Bacillus subtilis (B. subtilis) (ATCC 6633),
Gordonia rubripertincta (G. rubripertincta); and as
Gram (-) bacteria species, Proteus vulgaris (P.
vulgaris) (ATCC 13315), Klebsiella pneumoniae (K.
pneumoniae) (ATCC 700603), Enterobacter
aerogenes (E. aerogenes) (CMM 2531) and
Salmonella enterica (S. enterica) (ATCC 14028) are
used. In addition, as yeast species, Candida
albicans (C. albicans) (FMC 17) and Candida
parapsilosis (C. parapsilosis) (ATCC 22019) are
used.

RESEARCH ARTICLE

2.4.2. Determination of antimicrobial activity of
QANB

30 mg/mL of the sample was sterilized by passing
through 0.45 uM filters. The prepared sample was
applied to the microorganisms studied by using the
disc diffusion method. For bacteria in Mueller Hinton
Broth (MHB), for yeasts in Sabouraud Dextrose
Broth (SDB), overnight cultures were prepared, and
200 pL of suspension containing 10® CFU / mL of
bacteria-yeast was added to the Mueller Hinton Agar
(MHA) (to test bacteria) and Sabouraud Dextrose
Agar (SDA) (to test yeast). Sterile discs with a
diameter of 6 mm were placed on the MHA (for
bacteria) and SDA (for yeasts) and some of the discs
on the petri were impregnated with 20 pL of
different compounds and only one of them was
treated with DMSO (negative control), streptomycin
(for bacteria) and nystatin (for yeasts) were added
as positive control on the same petri. After
incubating the cultured petri dishes for 1 hour in the
refrigerator, the bacteria were incubated at 37 °C
for 24 h, and the fungi at 27 °C for 48 h. The
inhibition zones were measured in millimeters (32).
The tests were carried out with three replicates
each time. The results were shown in Table 2.

2.4.3. Determination of minimum inhibitory
concentration (MIC) of QANB

96 well-plates were used for determining the MIC
values of the sample. The sample was dissolved to
obtain a final concentration of 10 mg/mL. 95 pL
MHB was added to each well. Serial dilutions were
prepared after adding 100 pyL of the sample to the
first well. Finally, 5 pL of microorganism suspension
was inoculated into the tubes and incubated at 37
°C overnight, and the MIC values were recorded.
The tests were performed in three replicates (33).
The results were summarized in Table 3.

3. RESULTS AND DISCUSSION

3.1. Synthesis

Some azo dyes based on the pyranoquinolinone
moiety were reported as coupling products at the 3-
position of PQ with diazonium salts in pyridine
(27,28). Soliman and Yahia reported the coupling
product at the 3-position of PQ with 2,5-
difluoroanilin diazonium salt in Na,COs solution (29).
We aimed at the synthesis of an azo dye based on a
pyranoquinolone moiety, which was carried out with
p-nitroaniline diazonium salt and PQ in NaOH media.
We expected the coupling at the 3-position to be
like previous studies (27-29). However, the NMR
result of the product (QANB) showed that there was
no coupling at the 3-position of PQ. We found that
azo coupling was accomplished at the 8-position of
PQ with 4-nitroanilin diazonium salt under strong
base conditions, probably due to keto-enol tautomer
equilibrium of PQ under these conditions. Moreover,
PQ may have undergone ring-opening during the
reaction or purification process. According to
previous reports, quinolone derivatives can be
obtained via hydrolysis and ring-opening of the
pyran ring fused to PQ under basic conditions (34-
36). The proposed mechanism for the ring-opening
reaction of PQ is shown in Scheme 3. In this study,
the azo coupling reaction was conducted at -5 °C.
An electron-withdrawing group (p-NO.;) may have
caused the ring-opening reaction. We here have
reported the synthesis and comprehensive
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structural characterization of QANB using 'H NMR,
13C NMR, 3C NMR-APT, and 2D NMR (*H-'H COSY, H-
13C HMQC). 'H-3C HMBC spectrum could not be
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obtained. The synthesis route and structure of
QANB are presented in Scheme 1.

15
0,

Scheme 1: Synthesis route of compound QANB.

3.2. The FTIR Results of QANB

In this study, OH bands of QANB were observed as
three different bands in the range of 3499-3275 cm-
!, The aromatic C-H band was recorded at 3080 cm-
', Alkyl C-H peaks were observed in the range of
2982-2859 cm™. Socrates reported that the C=0
group of a, B-unsaturated aliphatic carboxylic acids
has a very strong band in the range of 1715-1690
cm™ (37). Moreover, lbrahim et al reported at 1727
cm?® due to the peak C=Ocmoxy group of the
quinolinone derivative formed by ring-opening
reaction of pyranoquinolinone. They were also
reported at 1673 cm?® peak attributed to the
C=O0quinolinone (34). In the FTIR spectrum of QANB, the
band recorded at 1740 cm™ for C=0 indicates that
ring opening occurs, and carboxylic acid is formed.
Besides, Mirsadeghi et al reported that strong bands
in the region 1687-1625 cm™ of the azo quinolone
dyes originate from the 2-carbonyl of quinolone
moiety (38). Similarly, in this work, the C=0 group
in the 2-position of the quinolinone ring was also
recorded at 1676 cm™. The other bands were
observed at 1640 cm™ and 1602 cm™ for aromatic
C=C, at 1553 (asymmetric stretching vibration) and
1327 cm™® (symmetric stretching vibration) for Ar-
NO,, 1443 cm™ for -N=N-, 1269 and 1107 cm for C-
0. The FTIR spectra of the PQ and QANB are
presented in S1 of the SI.

3.3. The NMR Results of QANB

The structure of the new QANB was characterized
by 'H NMR, *C NMR, *C NMR APT, *C NMR DEPT-
135, 'H-'H COSY, and 'H-*C HMQC spectroscopy.
NMR spectra were presented in S2-S12 of the SI.
Table 1 shows that the 'H and **C NMR chemical
shifts, numbered according to Scheme 1, correlate
with the 'H-*C HMQC spectrum. 'H NMR chemical
and *C NMR shifts presented in this section are
designated according to Scheme 1 (see S2-54 in the
Sl).

According to the *H NMR spectra of compound QANB
in DMSO-ds, O-H peaks were monitored at 13.52
ppm and 9.20 ppm (see S2 in the Sl). The 'H-3C
HMQC spectrum (see S11-S12) showed that the OH
peak attached to C-4 at 9.20 ppm correlates with
138.10 ppm in the '3C NMR (S3-S4). The C-4
quaternary peak is negative in the APT spectra (S5-
S6), and there is no signal in the DEPT spectra (S7-
S8). OH-peak observed at 13.52 ppm belongs to C-9
and forms an intermolecular hydrogen bond with

the COOH group. C-9 peak recorded at 162.7 ppm
phased down in the **C NMR APT. In the 'H NMR and
'H-'H COSY spectrum of QANB, the doublet peak,
which was observed at 8.23 ppm with coupling J1, =
8.80 Hz, was coupled to the peak at 7.3 ppm (see
S9-510 in the SI). The peaks at 8.23 ppm belong to
C-14 and C-16 on the phenyl ring. The *H-**C HMQC
spectrum showed that these peaks correlate with
126.4 ppm in the *C NMR (S11-12). The other
phenyl peaks, which are observed at 7.33 ppm,
belong to C-13 and C-17. The *H-*C HMQC spectrum
showed that these peaks correlate with 114.0 ppm
in the C NMR. The peaks which belong to the
quinoline ring were recorded in the range of 8.18-
7.55 ppm. In the *H-*C HMQC spectrum, the protons
of the quinolone ring were determined that the H-5
doublet peak (f = 7.2 Hz) observed at 8.18 ppm
correlates with the peak at 124.3 ppm of C-5, H-6
broad signal (6 7.90 ppm) correlates with the peak
at 134.9 ppm of C-6, H-7 broad signal (6 7.55 ppm)
correlates with 124.6 ppm of C-7 peak. The
presence of positive methine peaks (C-H) on both
13C NMR ATP and 'C NMR-DEPT spectra has
contributed to these results. Hasani et al. reported
that exchangeable proton signals appear broader
than non-exchangeable ones, suggesting that the
exchange process occurs in the slow-intermediate
regime (39). In addition, the broad signal (6 7.82
ppm) may be related to the H-6' proton, while the
distorted doublet (6 7.62 ppm; J = 7.2 Hz) may be
associated with the H-5' proton in the 'H NMR
spectrum. The presence of both a distorted and a
well-defined doublet (/ = 7.20 Hz) for the same
proton may be attributed to the keto-enol
tautomeric equilibrium in the *H NMR spectrum in
DMSO-ds. In the *H-*H COSY spectrum of QANB, the
broad signal corresponding to H-6" (7.82 ppm)
exhibited correlations with the H-5" signal at 7.61
ppm (Fig. la). The possible tautomeric forms of
QANB in the solvent medium are depicted in
Scheme 2. The H-18 protons of -CH, attached
quinolone recorded at 4.41 ppm correlated with the
peaks in the range of 1.31-1.28 ppm of H-19 in the
'H-'H COSY spectrum and the peak at 37.8 ppm of
C-18 in the 'H-3C HMQC spectrum (Fig. 1b). The H-
19 protons belonged to the methyl group (CHs),
correlated with the carbon peak at 13.1 ppm in the
'H-13C HMQC spectrum (Table 1). In addition, the H
NMR spectrum revealed peaks with 4.28-4.18 and
1.18-1.06 ppm ranges, associated with alkyl peaks
attached to the nitrogen in the quinoline ring. As
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illustrated in Scheme 2, these peaks can be
attributed to H-18' and H-19', respectively. Notably,
the H-18" protons (4.28-4.18 ppm) exhibited
correlations with H-19” signals (1.18-1.06 ppm) in
the 'H-*H COSY spectrum, confirming their spatial
proximity (see S9, in the Sl). In the 3C NMR APT and
DEPT spectra, while C-18 peaks (methylene) were
phased down, C-19 peaks (methyl) were phased up.
The quaternary peaks were phased down in the 3C
NMR APT spectra, and no signal in the **C NMR DEPT
spectra. The quaternary peaks appeared for C-2, C-
9, C-11, C-15, and C-4 in the range of 169.1-138.1
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ppm, while C-12, C-8a/C-8 peaks, which appeared
as weak peaks in the *C NMR, were not observed in
the 3C NMR APT spectra. As the HMBC spectrum
gave no results on the instrument, we were
certainly unable to identify the quaternary peaks in
the range of 169.1-135.95 ppm. The other
quaternary peaks were observed at 113.7 ppm for
C-4a and 99.9 ppm for C-3. They are negative in the
13C NMR APT spectra. It may be related to the broad
signal H-6' proton observed at 7.82 ppm and the
doublet (Scheme 2).

Positions
H-5 H-6 H-7 H-10 H-13 H-14 H-16 H-17 H-18 H-19 Cc-4 c-9 C-11
-CH:; -CH; -OH -OH -OH
(COOH
)
&u 8.18 7.90 7.5 5.65 7.33 8.23 8.23 7.33 4.41 1.31- 13.52 9.20 12.40
(d, (br) 5 (s) (m) (d, (d, (m) (m) 1.28 (s) (s) (s)
J (br) J=8.8) J (m)
=7.2) =8.8)
&c 124.3 1349 124 90.3 114.0 126.4 126.4 114.0 37.8 13.1 138.1 162.7 169.1
.6
HMQC C-5 C-6 C-7 C-10 C-13 C-13 C-16 C-17 C-18 C-19 ND C-9 ND

ND: Not determined

Table 1. 'H and 3C NMR data (8, ppm; J, Hz), HMQC correlations of dye QANB in DMSO-ds.

(a)

t

(b)

Figure 1: a) Expansion of 'H-'H COSY spectrum for QANB in DMSO-ds b) Expansion of *H-*C HMQC
spectrum for QANB in DMSO-ds.

13 17

14 16

NO,

13¥ 17

14 16'
15'
NO,

Scheme 2: Keto-enol tautomers of QANB.
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Scheme 3: Ring-opening reaction mechanism of PQ under strong base conditions.

3.4. Antimicrobial Activity

In this study, the antimicrobial activities of a
quinolone derivative molecule, QANB, were
identified by using the disc diffusion method on
eight different bacteria and two different yeasts.

It has been determined from the tests that QANB
has different antimicrobial activity, ranging from 13
mm to 33 mm against various bacteria and yeasts.
The largest zone diameter for bacteria was
measured against E. aerogenes with a diameter of
22 mm, and the largest zone diameter for yeasts
was measured against C. albicans with a diameter
of 33 mm. The antimicrobial activities of QANB are
shown in Fig. 2. The antibacterial activity of QANB

against selected Gram-positive and Gram-negative
bacteria is demonstrated in S14-S15 of the SI.

Our sample, QANB, exhibited the same effect as
standard antibiotics on some bacteria used in the
tests, while showing greater activity than antibiotics
on some other bacteria. Also, the antifungal effect
of QANB on C. albicans was determined to be
notably more active than the standard nystatin
(Table 2). According to the results obtained, our
sample, QANB, can be evaluated as an alternative
to standard antibiotics (streptomycin, tetracycline)
and antifungal (nystatin) for some tested bacteria
and fungi.

Figure 2: Antibacterial activity on E. aerogenes (a) and antifungal activity on C. albicans (b) of QANB.
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Table 2: Inhibition zones of QANB, standard antibiotics, and standard antifungal.
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QANB DMSO Str Nys Tet
B. subtilis 18 16 U 18
Gram (+) S. aureus - 24 u 19
bacteria E. faecalis 20 29 U 28
G. rubripertincta 19 17 U 27
E. aerogenes 22 20 U 20
Gram (-) S. enterica 20 15 U 20
bacteria P. vulgaris 13 21 U 17
K. pneumoniae - 19 U 14
Yeasts C. albicans 33 U 9 u
C. parapsilosis - U 23 U

Str: Streptomycin, Nys: Nystatin, Tet: Tetracycline, U: Untested,
(-): No inhibition, DMSO: Dimethyl sulfoxide

The lowest level of an antimicrobial that suppresses
the visible growth of a microorganism after an
overnight incubation period is known as the
minimum inhibitory concentration (MIC) (40). For
QANB, the MIC values determined against the
bacteria in which the zone diameter measured over

10 mm during antibacterial activity determination
are shown in Table 3 (41). The lowest MIC value was
determined on E. faecalis with 625 pug/mL. The MIC
values of QANB against the tested bacterial strains
ranged from 1250 to 2500 ug/mL (Table 3).

Table 3. MIC values of QANB (pg/mL).

QANB
Mi .
icroorganisms MIC values (ug/mL)
Gram (+) B. subtilis 2500
bacteria E. faecalis 625
G. rubripertincta 1250
Gram (-) E. aerog'enes 2500
bacteria S. enterica 2500
P. vulgaris 2500

Quinolones are broad-spectrum antibiotics that
have been used in medicine and veterinary
medicine since the 1960s in the treatment of many
infections (42,43). Various quinolone derivative
molecules were prepared and evaluated by
researchers against bacteria and yeasts. Turan-
Zitouni et al. synthesized new naphthyridine
hydrazone derivatives, and they tested new
compounds for their antimicrobial activities (44). It
was determined that the antifungal activity of the
synthesized compounds was quite high. It was also
observed that the antibacterial activities of the
related compounds were higher on some bacteria
compared to streptomycin. In our study, we found
similar results. The synthesized QANB demonstrated
significant antifungal activity against C. albicans
and showed measurable inhibitory effects against
selected bacterial species.

Mohammed observed that one of the compounds
formed inhibition zones with diameters of 12, 15,
16, and 17 mm against Proteus vulgaris,
Staphylococcus hominis, Staphylococcus
epidermidis, Streptococcus hemolyticus, Klebsiella
pneumoniae, Staphylococcus aureus (ATCC 25923),
and Staphylococcus aureus in his study on the
synthesis of new diazo dyes derived from 2, 4-
dihydroxy quinoline (45).

In another study, Yahyazadeh and Yousefi
synthesized some novel heteroaryl azo dyes derived
from 8-chloro-4-hydroxy-2-quinolone. They tested
the dyes for their antibacterial activities on four
different bacteria. It was determined that all but

three of the eight synthesized compounds exhibited
antibacterial activity (46).

Rufchahi et al. synthesized a series of azo dyes by
coupling diazotized p-substituted aniline derivatives
with 8-methyl-4-hydroxy-2-quinolone at the 3-
position. These compounds were evaluated for their
antibacterial activity against Bacillus subtilis,
Micrococcus luteus, Salmonella enterica, and
Pseudomonas aeruginosa (47). The antibacterial
activities of the p-nitro (p-NO2) derivative against S.
enterica and B. subtilis were selected for
comparison with QANB. According to these results,
the p-nitro derivative exhibited an 8 mm inhibition
zone against S. enterica, comparable to standard
antibiotics such as Tetracycline (inhibition zone of 7
mm) and Erythromycin (inhibition zone of 8 mm). In
our study, QANB with azo substitution at the 8-
position showed a significantly larger inhibition zone
of 20 mm, while Streptomycin, a commonly used
standard, exhibited an inhibition zone of 15 mm.
While Rufchahi et al. reported that B. subtilis
showed resistance to the p-nitro derivative, this
study found that QANB was more effective against
B. subtilis than streptomycin (16 mm), with an
inhibition zone of 18 mm (47). These findings
suggest that shifting the azo bond from the 3-
position to the 8-position can significantly increase
the antibacterial potential. This supports the SAR
perspective that positional substitution within the
quinolone skeleton plays a critical role in biological
performance.
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As shown in the literature, most quinolone
derivatives show effective antimicrobial activity. The
results obtained in our study also support this
situation. Therefore, the antimicrobial effects of
QANB suggest that these valuable properties
warrant further investigation.

4. CONCLUSION

In  this study, 6-ethyl-4-hydroxy-2H-pyrano[3,2-
clquinoline-2,5-dione (PQ) was prepared by
condensation of N-ethyl aniline and diethyl
malonate. The new azo dye bearing a quinolone
moiety (QANB) was obtained from PQ. Azo dye
formed at the 3-position of PQ in pyridine medium,
as reported in the literature (28). However, we
obtained a different result from previous studies.
We have reported that PQ gives the coupling at the
8-position on the quinolone ring instead of the 3-
position of the pyranoquinolone in the strong base
medium with the diazonium salt of p-nitroaniline,
followed by a ring-opening reaction. The strong
basic condition may have increased the contribution
of the keto-enol tautomer of the PQ, leading to azo
coupling occur at the 8-position. QANB was
elucidated by FTIR, NMR (*H NMR, **C NMR, *C NMR
DEPT, **C NMR APT, 'H-'H COSY, and 'H-*C HMQC),
and mass spectroscopy. Its antimicrobial activity
was tested on four different Gram-positive and
Gram-negative bacteria. According to these results,
QANB exhibited antibacterial activity against B.
subtilis, E. faecalis, and G. rubripertincta (Gram-
positive), as well as E. aerogenes, S. enterica, and
P. vulgaris (Gram-negative). Notably, it significantly
demonstrated the activity against E. aerogenes,
which causes pneumonia, sepsis, urinary tract
infections, and wound infections. According to the
results obtained by applying the disc diffusion
method, MIC evaluation tests were also performed
for bacteria with zones of inhibition =10 mm. The
lowest MIC value was observed for E. faecalis with
625 pg/mL. The MIC values of QANB against the
tested bacterial strains ranged from 1250 to 2500
pg/mL. QANB also showed significant activity
against C. albicans. The fact that QANB is more
effective against C. albicans than nystatin, which is
widely used as an antifungal agent, supports that
this compound can be used as a potential antifungal
drug. Additionally, QANB demonstrated broad-
spectrum antibacterial activity against both Gram-
positive and Gram-negative bacteria, indicating its
potential as a candidate for third-generation
antibiotics in the future.

5. CONFLICT OF INTEREST

Declaration of generative Al and Al-assisted
technologies in the writing process

During the preparation of this work, the authors
used the Al-powered tools DeepL, Grammarly, and
Copilot to improve the language and readability of
the text. After using these tools, the authors
reviewed and edited the content as needed and
took full responsibility for the publication’s content.

6. ACKNOWLEDGEMENTS

The authors are grateful to Giresun University
Central Research Laboratory (GRUMLAB) and the

RESEARCH ARTICLE

Giresun University Biology Department for their
technical support during the antimicrobial study.

CRediT authorship contribution statement

Oznur Olmez Nalcioglu: Conceptualization,
Performed Experiments, Methodology, Validation,
Investigation, Data Curation, Writing-Original Draft,
Writing-Review&Editing,  Visualization. Mehtap
Yakut: Performed Experiments, Methodology,
Investigation, Writing-Review&Editing. Ayse Gul
Caniklioglu: Methodology, Validation,
Investigation, Data Curation, Visualization, Writing-
Original Draft, Writing-Review&Editing.

7. REFERENCES

1. Andersson MI, MacGowan AP. Development of the
quinolones. ] Antimicrob Chemother [Internet]. 2003
May 1;51(90001):1-11. Available from: <URL>.

2. Andriole VT. The quinolones: Past, present, and

future. Clin Infect Dis [Internet]. 2005 Jul
15;41(Supplement_2):5113-9. Available from:
<URL>.

3. Oliphant CM, Green GM. Quinolones: A
comprehensive review. 2002;65(3):455-64.

Available from: <URL>.

4. Liu X, Deng J, Xu Z, Lv ZS. Recent advances of 2-
Quinolone-based derivatives as anti-tubercular
agents. Anti-Infective Agents [Internet]. 2018 May
3;16(1):4-10. Available from: <URL>.

5. Fan YL, Cheng XW, Wu ]B, Liu M, Zhang FZ, Xu Z,
et al. Antiplasmodial and antimalarial activities of
quinolone derivatives: An overview. Eur | Med Chem
[Internet]. 2018 Feb;146:1-14. Available from:
<URL>.

6. Wang R, Xu K, Shi W. Quinolone derivatives:
Potential anti-HIV agent—development and
application. Arch Pharm (Weinheim) [Internet]. 2019
Sep 5;352(9):1900045. Available from: <URL>.

7. Gao F, Zhang X, Wang T, Xiao J. Quinolone
hybrids and their anti-cancer activities: An overview.
Eur ] Med Chem [Internet]. 2019 Mar;165:59-79.
Available from: <URL>.

8. Zhang B. Quinolone derivatives and their
antifungal activities: An overview. Arch Pharm
(Weinheim) [Internet]. 2019 May

25;352(5):1800382. Available from: <URL>.

9. Singh PK, Singh RL. Bio-removal of azo dyes: A
review. Int ] Appl Sci Biotechnol [Internet]. 2017 Jun
29;5(2):108-26. Available from: <URL>.

10. Khan MN, Parmar DK, Das D. Recent
applications of azo dyes: A paradigm shift from
medicinal chemistry to biomedical sciences. Mini-
Reviews Med Chem [Internet]. 2021 Jun;21(9):1071-
84. Available from: <URL>.

11. Arslan O, Aydiner B, Yalcin E, Babur B, Seferoglu
N, Seferoglu Z. 8-Hydroxyquinoline based push-pull
azo dye: Novel colorimetric chemosensor for anion
detection. | Mol  Struct [Internet]. 2017
Dec;1149:499-509. Available from: <URL>.

204


https://linkinghub.elsevier.com/retrieve/pii/S0022286017310554
https://www.eurekaselect.com/188283/article
https://www.nepjol.info/index.php/IJASBT/article/view/16881
https://onlinelibrary.wiley.com/doi/10.1002/ardp.201800382
https://linkinghub.elsevier.com/retrieve/pii/S0223523419300273
https://onlinelibrary.wiley.com/doi/10.1002/ardp.201900045
https://linkinghub.elsevier.com/retrieve/pii/S0223523418300527
http://www.eurekaselect.com/159868/article
https://www.aafp.org/pubs/afp/issues/2002/0201/p455.pdf
http://academic.oup.com/cid/article/41/Supplement_2/S113/307164/The-Quinolones-Past-Present-and-Future
https://academic.oup.com/jac/article-lookup/doi/10.1093/jac/dkg212

Olmez Nalcioglu O et al. JOTCSA. 2025; 12(4): 197-206.

12. Olmez Nalcioglu O, Kilic E, Haspulat Taymaz B,
Kamis H. Synthesis of new azobenzo[clcinnolines
and investigation of electronic spectra and
spectroelectrochemical behaviours. Spectrochim
Acta Part A Mol Biomol Spectrosc [Internet]. 2021
Dec;263:120175. Available from: <URL>.

13. Ali Y, Hamid SA, Rashid U. Biomedical
applications of aromatic azo compounds. Mini-
Reviews Med Chem [Internet]. 2018 Oct

12;18(18):1548-58. Available from: <URL>.

14. Sener N, Mohammed HJA, Yerlikaya S, Celik
Altunoglu Y, GUr M, Baloglu MC, et al. Anticancer,
antimicrobial, and DNA protection analysis of novel
2,4-dihydroxyquinoline dyes. Dye Pigment

[Internet]. 2018 Oct;157:11-9. Available from:
<URL>.
15. Mezgebe K, Mulugeta E. Synthesis and

pharmacological activities of azo dye derivatives
incorporating heterocyclic scaffolds: a review. RSC
Adv [Internet]. 2022;12(40):25932-46. Available
from: <URL>.

16. Kumari R, Sunil D, Ningthoujam RS, Kumar NA.
Azodyes as markers for tumor hypoxia imaging and
therapy: An up-to-date review. Chem Biol Interact
[Internet]. 2019 Jul;307:91-104. Available from:
<URL>.

17. Li X, Cheng J, Gong Y, Yang B, Hu Y. Mapping
hydrogen sulfide in rats with a novel azo-based
fluorescent probe. Biosens Bioelectron [Internet].
2015 Mar;65:302-6. Available from: <URL>.

18. Pandey N. Bacterial pathogenesis. In: Microbes
of Medical Importance [Internet]. Iterative
International Publishers, Selfypage Developers Pvt
Ltd; 2024. p. 3-28. Available from: <URL>.

19. Sati H, Carrara E, Savoldi A, Hansen P, Garlasco
J, Campagnaro E, et al. The WHO bacterial priority
pathogens list 2024: A prioritisation study to guide
research, development, and public health strategies
against antimicrobial resistance. Lancet Infect Dis
[Internet]. 2025 Sep;25(9):1033-43. Available from:
<URL>.

20. Tang K, Zhao H. Quinolone antibiotics:
Resistance and therapy. Infect Drug Resist
[Internet]. 2023 Feb;16:811-20. Available from:
<URL>.

21. Pham TDM, Ziora ZM, Blaskovich MAT.
Quinolone antibiotics. Medchemcomm [Internet].

2019;10(10):1719-39. Available from: <URL>.

22. Naghavi M, Vollset SE, lkuta KS, Swetschinski
LR, Gray AP, Wool EE, et al. Global burden of
bacterial antimicrobial resistance 1990-2021: A
systematic analysis with forecasts to 2050. Lancet
[Internet]. 2024 Sep;404(10459):1199-226.
Available from: <URL>.

23. Li K, Guo J, Liang R, Wang X, Chen Q, Wang J, et
al. A review on antifungal activity of plant essential
oils. Phyther Res [Internet]. 2025 Aug 9;39(8):3736-
61. Available from: <URL>.

24. Liao H, Liu M, Wang M, Zhang D, Hao Y, Xie F.

RESEARCH ARTICLE

Exploring the potential of s-Triazine derivatives as
novel antifungal agents: A review. Pharmaceuticals
[Internet]. 2025 May 7;18(5):690. Available from:
<URL>.

25. WHO. WHO fungal priority pathogens list to
guide research, development and public health
action [Internet]. 2022. Available from: <URL>.

26. WHO. WHO issues its first-ever reports on tests
and treatments for fungal infections [Internet].
2025. Available from: <URL>.

27. Soliman HN, Yahia IS. Synthesis and technical
analysis of 6-butyl-3-[(4-chlorophenyl)diazenyl]-4-
hydroxy-2H-pyrano[3,2-c]  quinoline-2,5(6H)-dione
as a new organic semiconductor: Structural, optical
and electronic properties. Dye Pigment [Internet].
2020 May;176:108199. Available from: <URL>.

28. Saeed AM, AINeyadi SS, Abdou IM. Anticancer
activity of novel Schiff bases and azo dyes derived
from 3-amino-4-hydroxy-2H-pyrano[3,2-c]lquinoline-
2,5(6H)-dione. Heterocycl Commun [Internet]. 2020
Dec 31;26(1):192-205. Available from: <URL>.

29. Soliman H, Yahia I. Structure, properties, and
thermal behavior of chemically synthesized 3-((2,5
Difluorophenyl)diazenyl)-6-ethyl-4-hydrox-2H-
pyrano[3,2-c]quinoline-2,5(6H)-dione as new brand
organic materials: Antimicrobial activity. Egypt ]
Solids [Internet]. 2023 Aug 1;45(1):1-23. Available
from: <URL>.

30. Yakut M, Yilmaz M, Pekel T, Erkan S, Katirci R,
Bicer E. Manganese(lll) acetate-based radical
cyclization reactions for pyranocoumarin and
pyranoquinoline compounds: Synthesis, DFT and
molecular  docking  studies. = ChemistrySelect
[Internet]. 2022 Nov 25;7(44):e202202787.
Available from: <URL>.

31. Aly AA, Nieger M, Brase S, Bakheet MEM. X-ray
structure analyses of 4-Hydroxy-1-Methylquinolin-
2(1H)-One, 6-Ethyl-4-Hydroxy-2 H-Pyrano[3,2-
c]Quinoline-2,5(6H)-Dione, (E)-4-(2-Benzylidene-
Hydrazineyl)Quinolin-2(1H)-One and Diethyl (E)-2-
(2-(1-Methyl-2-Ox0-1,2-Dihydro-Quinolin-4-
yl)Hydrazineylidene) Succinate. ] Chem Crystallogr
[Internet]. 2023 Mar 4;53(1):38-49. Available from:
<URL>.

32. Murray PR, Baron EJ, Jorgensen JH, Landry ML,
Pfaller MA. Manual of clinical microbiology
[Internet]. Washington: ASM Press; 2007. Available
from: <URL>.

33. Yigit D, Yigit N, Aktas E, Ozgen U. Ceviz (Juglans
regia L.)'in antimikrobiyal aktivitesi.  Tark
Mikrobiyoloji Cemiy Derg [Internet]. 2009;39(1-2):7-
11. Available from: <URL>.

34. lbrahim MA, Hassanin HM, Gabr YAA, Alnamer
YAS. Novel heterocyclic derivatives of pyrano[3,2-
clquinolinone from  3-(1-ethyl-4-hydroxy-2-oxo-
2(1H)-quinolin-3-yl)-3-oxopropanoic acid. Eur ] Chem
[Internet]. 2010 Sep 30;1(3):195-9. Available from:
<URL>.

35. Ismail MM, Othman ES, Mohammed HM.
Synthesis and cyclization reactions with quinolinyl

205


http://www.eurjchem.com/index.php/eurjchem/article/view/91
https://tmc.dergisi.org/text.php3?id=336
https://books.google.com.tr/books?hl=tr&lr=&id=FgasBAAAQBAJ&oi=fnd&pg=PT9&dq=30.+Murray+PR,+Baron+E.+J,+Jorgensen+J.+H,+Landry+M.+L,+Pfaller+MA.+Manual+of+Clinical+Microbiology,+ASM+Press.+Washington,+DC,+2007.&ots=ih36PkGwsO&sig=-_5jNuMHBATG3acFdhLGhLnu7qU&redir_esc=y#v=onepage&q=30.%20Murray%20PR%2C%20Baron%20E.%20J%2C%20Jorgensen%20J.%20H%2C%20Landry%20M.%20L%2C%20Pfaller%20MA.%20Manual%20of%20Clinical%20Microbiology%2C%20ASM%20Press.%20Washington%2C%20DC%2C%202007.&f=false
https://link.springer.com/10.1007/s10870-022-00939-z
https://chemistry-europe.onlinelibrary.wiley.com/doi/10.1002/slct.202202787
https://ejs.journals.ekb.eg/article_311775.html
https://www.degruyter.com/document/doi/10.1515/hc-2020-0116/html
https://linkinghub.elsevier.com/retrieve/pii/S0143720819323216
https://www.who.int/news/item/01-04-2025-who-issues-its-first-ever-reports-on-tests-and-treatments-for-fungal-infections
https://books.google.com.tr/books?id=VHgOEQAAQBAJ&printsec=frontcover&hl=tr&source=gbs_ge_summary_r&cad=0#v=onepage&q&f=false
https://www.mdpi.com/1424-8247/18/5/690
https://onlinelibrary.wiley.com/doi/10.1002/ptr.70038
https://linkinghub.elsevier.com/retrieve/pii/S0140673624018671
https://xlink.rsc.org/?DOI=C9MD00120D
https://www.dovepress.com/quinolone-antibiotics-resistance-and-therapy-peer-reviewed-fulltext-article-IDR
https://linkinghub.elsevier.com/retrieve/pii/S1473309925001185
https://www.iipseries.org/viewpaper.php?pid=6399&pt=bacterial-pathogenesis
https://linkinghub.elsevier.com/retrieve/pii/S0956566314007969
https://linkinghub.elsevier.com/retrieve/pii/S000927971930256X
https://xlink.rsc.org/?DOI=D2RA04934A
https://linkinghub.elsevier.com/retrieve/pii/S0143720818308726
http://www.eurekaselect.com/162433/article
https://linkinghub.elsevier.com/retrieve/pii/S1386142521007526

Olmez Nalcioglu O et al. JOTCSA. 2025; 12(4): 197-206.

keto esters. I. chemical reactivity of quinolinyl beta-
keto ester and quinolinyl alpha,beta-unsaturated
ketones. Chem Pap [Internet]. 2005;59:117-26.
Available from: <URL>.

36. Abass M, Othman ES. Chemistry of substituted
quinolinones. lll. synthesis and reactions of some
novel 3-pyrazolyl-2-quinolinones. Synth Commun
[Internet]. 2001 Jan 20;31(21):3361-76. Available
from: <URL>.

37. Socrates G. Infrared and raman characteristic
group frequencies: Tables and charts [Internet].
John Wiley & Sons; 2001. 1 p. Available from:
<URL>.

38. Mirsadeghi FA, Rufchahi EM, Zarrabi S. Spectral
characterization and computational studies of some
new synthesized 3-arylazo-4-
hydroxybenzo[h]quinolin-2(1H)-one dyes. ] Mol
Struct [Internet]. 2022 Nov;1268:133726. Available
from: <URL>.

39. Hasani M, Nordstierna L, Martinelli A. Molecular
dynamics involving proton exchange of a protic
ionic liquid-water mixture studied by NMR
spectroscopy. Phys Chem Chem Phys [Internet].
2019;21(39):22014-21. Available from: <URL>.

40. Andrews JM. Determination of minimum
inhibitory concentrations. ] Antimicrob Chemother
[Internet]. 2001 Jul 1;48(suppl_1):5-16. Available
from: <URL>.

41. Sati SC, Khulbe K, Joshi S. Antibacterial
evaluation of the himalayan medicinal plant
Valeriana wallichii DC. (Valerianaceae). Res |

RESEARCH ARTICLE

Microbiol [Internet]. 2011;6(3):289-96. Available

from: <URL>.

42. Webber M, Piddock LJV. Quinolone resistance in
Escherichia coli. Vet Res [Internet]. 2001
May;32(3/4):275-84. Available from: <URL>.

43. Ruiz ). Mechanisms of resistance to quinolones:
target alterations, decreased accumulation and DNA
gyrase protection. ] Antimicrob Chemother
[Internet]. 2003 May 1;51(5):1109-17. Available
from: <URL>.

44, Turan-Zitouni G, Altintop MD, Ozdemir A,
Demirci F, Mohsen UA, Kaplancikli ZA. Yeni naftiridin
hidrazon turevleri ve anti-mikrobiyal aktiviteleri.
Cukurova Med ] [Internet]. 2014 Jun 1;39(2):234-9.
Available from: <URL>.

45. Mohammed HJA. 2, 4-dihidroksi kinolin tdrevi
yeni diazo boyarmaddelerin sentezi ve
antimikrobiyal 6zelliklerin incelenmesi. 2018.

46. Yahyazadeh A, Yousefi H. Synthesis, spectral
features and biological activity of some novel
hetarylazo dyes derived from 8-chloro-4-hydroxyl-2-
quinolone. Spectrochim Acta Part A Mol Biomol
Spectrosc  [Internet]. 2014 Jan;117:696-701.
Available from: <URL>.

47. Moradi Rufchahi EO, Pouramir H, Yazdanbakhsh
MR, Yousefi H, Bagheri M, Rassa M. Novel azo dyes
derived from  8-methyl-4-hydroxyl-2-quinolone:
Synthesis, UV-vis studies and biological activity.
Chinese Chem Lett [Internet]. 2013 May;24(5):425-
8. Available from: <URL>.

206


https://linkinghub.elsevier.com/retrieve/pii/S1001841713001241
https://linkinghub.elsevier.com/retrieve/pii/S1386142513010536
https://dergipark.org.tr/en/pub/cumj/article/55158
https://academic.oup.com/jac/article-lookup/doi/10.1093/jac/dkg222
https://www.vetres.org/articles/vetres/abs/2001/03/v1305/v1305.html
https://scialert.net/abstract/?doi=jm.2011.289.296
https://academic.oup.com/jac/article/48/suppl_1/5/2473513
https://xlink.rsc.org/?DOI=C9CP03563J
https://linkinghub.elsevier.com/retrieve/pii/S0022286022013813
https://books.google.com/books/about/Infrared_and_Raman_Characteristic_Group.html?hl=tr&id=LDoAAjMnwEIC
http://www.tandfonline.com/doi/abs/10.1081/SCC-100106047
https://www.chempap.org/file_access.php?file=592a117.pdf

Dogan S. JOTCSA. 2025; 12(4): 207-220. RESEARCH ARTICLE

S0 T CoS,

Journal of The Turkish Chemical Socier
(.lmnsne\

0

A Direct Synthesis Route of Thermally Expanded Graphene for
Electrically Conductive PEEK Polymer Composites with Environmental
Assessment Analysis

TURKISH
CHEMICAL SOCIETY

SECTiON: A

Semih Dogan'"

1Sabanci University, Integrated Manufacturing Technologies Research and Application Center & Composite
Technologies Center of Excellence, Manufacturing Technologies, Istanbul, 34906, Turkiye.

Abstract: This study presents a rapid and chemical-free synthesis of thermally expanded graphene (TEG),
which is a lightweight carbon material, via 5-minute single-step thermal exfoliation of commercially
available expandable graphite. The resulting TEG exhibits ultralow density of 0.0195 g/mL and a significant
volumetric expansion ratio (32-fold), indicative of a porous network structure. Structural analyses confirmed
the effective removal of oxygen-containing groups (C/O ratio increased from 4.7 to 79.0), restoration of
conjugated graphitic domains (lo/ls value of 0.57), the material's thermal robustness (single major
decomposition stage beginning at 595 °C), and the formation of wrinkled layers with microholes resulting
from gas release. Importantly, a life cycle assessment (LCA) revealed a moderate global warming potential
(0.0233 kg CO2-eq/g), substantially lower than that of reduced graphene oxide (rGO) and carbon nanotubes
(CNTs). For the first time, TEG was incorporated into polyetheretherketone (PEEK) to fabricate conductive
polymer composites, achieving an electrical conductivity of 0.003381 S/cm at 10 wt.% loading. These
findings highlight TEG as a sustainable and high-performance conductive filler for advanced thermoplastic
applications in polymer matrices.
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1. INTRODUCTION electrical properties by introducing a percolating
network of conductive pathways within the polymer
matrix. For this purpose, traditional conductive
fillers such as carbon nanotubes (CNT), reduced

graphene oxide (rGO), and graphene nanoplatelets

The development of electrically conductive polymer
composites has been at the center of materials
science these days, especially for flexible

electronics, sensors, energy storage devices, and
EMI shielding applications (1-3). One of the most
significant advantages of conductive polymer
composites is their processability and versatility,

enabling the integration of conductivity into
complex-shaped components through polymer
processing techniques. High-performance

thermoplastic polymers like polyether ether ketone
(PEEK) offer superior mechanical and thermal
properties, but PEEK is inherently non-conductive
(4). Therefore, conductive fillers play a pivotal role
in transforming insulating polymers into functional
materials with the ability to conduct electricity. The
efficiency of a conductive filler is not only based on
intrinsic  electrical conductivity but also on
morphology, aspect ratio, surface area, and polymer
matrix compatibility (5). Conductive fillers enable
the development of composites with tailored

(GNP) are widely used to achieve conductivity with
various polymers at relatively low filler loadings (6-
8). Nevertheless, their effective incorporation into
polymer matrices suffers from issues like
agglomeration and poor interfacial bonding (9). To
overcome these challenges, graphite-based fillers
like thermally expanded graphene oxide (TEGO),
which has a porous and worm-like structure, are
desirable due to high electrical conductivity (10° -
108 S/m), large specific surface area (40-200 m?/g),
and mechanical stability (10). Furthermore, when
incorporated into a wide range of polymer matrices,
conductive filler enhances the electrical conductivity
in the fabrication of advanced composites (11).

As environmental concerns continue to shape the
future of material development, it is crucial to
explore sustainable alternatives to traditional
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manufacturing methods.  Thus, conventional
synthesis routes such as the Hummers’ method for
the preparation of graphene oxide and reduced
graphene oxide are based on harsh chemical
oxidation routes, which are environmentally
hazardous and time-consuming (12). Hence, these
nanomaterials often lead to materials with low
conductivity due to structural defects. Moreover, the
multi-step nature of these methods gives rise to
scalability and inconsistent product quality.
Furthermore, uniform dispersion and percolation of
graphene derivatives  within  viscous, high-
temperature polymers such as PEEK remain major
engineering challenges (13). In particular,
inadequate filler dispersion and poor interface
compatibility can lead to insufficient electrical
performance and weak structural integrity (14)
These limitations result in the development of high-
performance, electrically conductive polymer
composites using graphene-based fillers remaining
hindered by processing constraints and material
inefficiencies.

In the conventional approach, thermally exfoliated
graphite and graphene are synthesized from flake
graphite through a two-step process involving both
chemical and thermal treatments. For instance,
Singh et al. prepared thermally exfoliated graphene
oxide (TEGO) from graphite through a chemical and
thermal process, with a pore size of 2.9 mm and a
pore volume of 1.2 cm?g for hydrogen storage
applications (15). To address these challenges, the
direct thermal expansion method for synthesizing
TEGO is advantageous due to its simplicity, speed,
environmental friendliness, and scalability (16).
Furthermore, it avoids the complications and safety
concerns associated with chemical exfoliation and
oxidation, making it a more practical and
sustainable route for producing graphite-based
fillers suitable for the production of conductive
composite materials (17). Herein, expandable
graphite flakes, as a potential alternative, present a
sustainable and scalable method for synthesizing
TEGO, as it allows rapid expansion under thermal
treatment without the extensive use of harsh
chemicals, thereby reducing environmental impact
and enabling cost-effective, large-scale production
(18). In one study conducted by Bao et al.,
expanded graphite was rapidly prepared in a muffle
furnace at 800 °C for 2 min. In addition, this
material showed excellent EMI shielding
performance of 85 dB and high electric conductivity
of 7153 S/m (19). In another study, Son et al.
investigated the synthesis of thermal exfoliation of
expandable graphite to optimize expansion volume
and interlayer spacing. The expandable graphite
sample treated at 600°C for 30 min exhibited
optimal structural and electrochemical performance,
with a high reversible capacity of 338 mAh g* (20).

Morphologically, TEGO exhibits a vermicular and
worm-like structure characterized by high porosity
and a substantial specific surface area ranging from
40 to 200 m?/g. Electrically, TEGO demonstrates
remarkable conductivity, with values reported
between 10%and 10% S/m (21) TEGO's worm-like and
porous structure is attributed to the restoration of
the conjugated m-electron system, which facilitates
electron transport. In addition, TEGO can easily
disperse with polymers such as polypropylene and
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is also compatible with polycarbonates,
polycaprolactones, and polycaprolactams (22). For
instance, Tarannum et al. displayed that thermally
expanded graphite (EG)/polyetherimide  (PEI)
composite increased the electrical conductivity up
to 969 Sm? at 10 wt% EG compared to neat PEI
(1.2x1077 Sm?) (23). In another study, Mohammad
et al. showed that a thermally expanded
graphite/polysulfone composite achieved a high
electrical conductivity of 52.9 S/cm at a filler
concentration of 70 wt% (24).

While CNT and rGO have been widely investigated
in various polymer systems, systematic research on
TEG-filled PEEK composites remains limited,
particularly in terms of electrical performance. To
the best of my knowledge, no previous work has
systematically evaluated the incorporation of
directly synthesized TEG as a conductive filler at
different loading ratios within PEEK. As an example
of only expanded graphite, Goyal et al. reported
that expanded graphite/PEEK composite at 5 wt%
and 10 wt% filler loadings enhanced the electrical
conductivity to around 3.24 S/cm and 12.3 S/cm,
respectively (25). Moreover, TEG has been studied
in other polymer matrices, such as epoxy, where it
is mixed directly with hardeners and dispersed by
sonication (26), but such a direct incorporation
method and systematic evaluation in PEEK has not
yet been reported. In this context, this study aims to
bridge this gap by evaluating the electrical and
structural performance of PEEK composites filled
with directly synthesized TEGO at varying
concentrations.

Life cycle assessment (LCA) studies on graphite-
filler materials for evaluating the environmental
impacts associated with the production process
emerged as a pivotal methodology. For instance,
Surovtseva et al. examined that the traditional
synthetic graphite production via the Acheson
process had a high global warming potential of 13.8
kgCO.-eq/kg (27). In contrast, Engels et al. showed
that natural graphite production in China showed
lower impacts at 9.6 kgCO,-eq/kg (28). Thus, a
critical aspect of this assessment involved the
environmental impacts of graphite mining, which
can lead to deforestation, water pollution, and soil
degradation.

This study demonstrates a direct and efficient route
to synthesize TEG from commercially available
expandable graphite via a single-step thermal
expansion process. Unlike conventional approaches,
this method achieves complete exfoliation under
thermal shock conditions, making it both scalable
and environmentally benign. To the best of our
knowledge, this is the first systematic investigation
of TEG incorporation into a high-performance
thermoplastic PEEK, at different loadings (5 and 10
wt%) to fabricate conductive composites. The study
not only demonstrates the feasibility of producing
lightweight and electrically conductive PEEK/TEG
composites but also provides direct evidence of the
concentration-dependent improvement in electrical
conductivity. Furthermore, the environmental profile
of the synthesis route was rigorously assessed
through LCA, providing quantitative insights into its
global warming potential and benchmarking its
footprint against conventional carbon-based fillers
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such as rGO and CNTs. By integrating a rapid and
scalable synthesis route, advanced functional
performance, and comprehensive environmental
evaluation, this work advances the state of the art
in graphene-based composite research. It
establishes TEG as a cost-effective, sustainable, and
industrially relevant filler, thereby offering strong
potential for deployment in next-generation
polymer-based engineering applications, including
aerospace, automotive, and electronic sectors.

2. EXPERIMENTAL SECTION

2.1. Materials

Expandable graphite flakes (material code: 808121,
> 300 um, +50 mesh) were procured from Sigma-
Aldrich (Germany) and utilized as the primary
carbon precursor for the production of thermally
expanded graphene (TEG). Polyetheretherketone
(PEEK) granules with a particle size of 6 mm and a
density of 1.31 g/cm3 were obtained from Eurotec
Engineering Plastics in Tlrkiye to prepare polymer
composites.

2.2. Synthesis of TEG

A mass of 5.0 g of expandable graphite was placed
in a crucible and subjected to direct thermal
exfoliation using an ash furnace. The thermal
exfoliation process was carried out under an argon
atmosphere at 1000 °C for 5 min, with a controlled
heating rate and an argon flow rate maintained at
5L/min to facilitate the expansion of the graphite
structure. Following the thermal exfoliation process,
1.2 g of TEG was obtained as the final product.

2.3. Preparation of TEG Reinforcement PEEK
Composites

In the initial step, 95 g of PEEK granules were
subjected to ball milling to reduce their particle size
and enhance their dispersibility. The milled PEEK
powder was then dry-mixed with 5 g of TEG using a
mechanical stirrer at room temperature for 15 min
to ensure homogeneous distribution of the
components. The resulting powder mixture was
transferred into a mold and subjected to
compression molding using a hydraulic press
located adjacent to the Fourier transform infrared
system for 1 min. A uniaxial pressure of 10 tons was
applied to form thin pellets. Finally, the pressed
pellets were thermally treated in a furnace by
heating to 390°C for 30 min, followed by a
controlled cooling process to stabilize the composite
structure. TEG-PEEK composites were prepared by
incorporating TEG into the PEEK matrix at different
weight percentages. 5 wt.% TEG-PEEK composite
was initially fabricated, followed by the preparation
of 10 wt.% TEG-PEEK composite using the same
processing method, as seen in Scheme 1.

2.4. LCA Studies

The carbon footprint to produce TEG from
expandable graphite through a thermal process was
evaluated by life-cycle assessment (LCA) according
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to the ISO 14040 and 14044 standards. The analysis
was performed using Ecoinvent-3 allocation cutoff
by classification (system library) in Simapro
software (9.3.0.2 version). Global ReCiPe 2016 v1.1
midpoint method (Hierarchist perspective) was
employed in order to analyze a broad spectrum of
environmental impacts for the life cycle impact
assessment (LCIA). These included contributions to
climate change and global warming potential
(GWP), as well as depletion of the stratospheric
ozone layer. Additional indicators addressed the
formation of ground-level ozone and its effects on
human health and ecosystems, as well as the
generation of fine particulate matter contributing to
air pollution. This approach enabled a detailed
evaluation of the environmental profile of TEG
production, facilitating the identification of key
impact hotspots within the thermal exfoliation
process.

2.5. Characterization Techniques

Fourier Transform Infrared (FT-IR) spectroscopy was
performed using a Thermo Scientific [S10
spectrometer equipped with an ATR accessory.
Spectra were recorded over the 4000-800 cm™
range to identify and characterize the functional
groups present in the samples. X-ray diffraction
(XRD) analysis was conducted using a GNR Explorer
diffractometer equipped with a Cu Ka radiation
source (A = 1.5406 A). Scans were carried out over
a 20 range of 10° to 80° to evaluate the crystallinity
and identify the phases present in the samples.
Raman spectroscopy was employed to investigate
the molecular structure and vibrational
characteristics of the samples using a Renishaw
inVia Reflex Raman microscope. Measurements
were performed at ambient temperature using a
532 nm excitation laser, with spectra collected in
the 100-3200 cm™ range. X-ray photoelectron
spectroscopy (XPS) was utilized to determine the
chemical and elemental composition of the samples
using a Thermo Scientific K-Alpha spectrometer.
Survey and high-resolution spectra were acquired to
analyze elemental states and surface chemistry.
Thermogravimetric analysis (TGA) was performed to
assess the thermal stability and decomposition
characteristics of the materials using a Mettler
Toledo TGA/DSC 3+ thermal analyzer. The samples
were heated at a rate of 10 K/min over a
temperature range of 25°C to 1000°C, with an
oxygen flow rate of 50 mL/min. Optical microscopy
(OM) analysis was conducted using a Nikon Eclipse
LV10OND microscope. The materials were examined
under lenses at different magnifications (50x and
100x). Surface morphology was examined using a
ZEISS Cross Beam 350 Gemini Il Focused lon Beam-
Scanning Electron Microscope (FIB-SEM). Electrical
conductivity measurements of the TEG-PEEK
composites were performed using a Tektronix DMM
4020 5%-digit digital multimeter, a high-precision
instrument capable of accurately measuring
voltage, current, and resistance.
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Scheme 1: Schematic illustration of (a) the synthesis of TEG from expandable graphite and (b) the
preparation of 5 %wt. and 10 %wt. TEG-PEEK composites.

3. RESULTS AND DISCUSSION

3.1. Physicochemical Property Evaluation of
TEG

Volume expansion is a critical phenomenon in
graphitic materials, particularly due to their
anisotropic layered structure (29). To analyze the
impact of expansion on material performance and
stability, the volume expansion behavior of graphitic
materials was examined. Scheme 2 presents a

Scheme 2: Volume expansion of

Density is an essential physical property that
reflects the degree of exfoliation and interna
structure changes in graphitic materials (30)

Measuring the bulk density provides quantitative

comparative analysis of the volumetric changes
observed in expandable graphite and TEG, as
measured in a 25 mL graduated cylinder. In Scheme
2a, expandable graphite occupied a smaller volume,
indicating its compact layered structure prior to
expansion. In contrast, Scheme 2b demonstrates
the dramatic volume increase of TEG, a result of
rapid gas evolution during exfoliation, which
separates the graphene layers and forms a low-
density, highly porous structure.

(a) expandable graphite and (b) TEG.
support for the morphological transformation
observed during thermal treatment (31). Table S1
presents the comparative bulk density
measurements of expandable graphite and TEG by
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using the displacement method in a graduated
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cylinder.

Table 1: Expansion characteristics of TEG.

p-Expandable

Expansion Ratio graphite/p-TEG

(density)

p-Expandable

graphite pP-TEG

32.05

0.6250 g/mL 0.0195 g/mL

The expansion ratio in graphitic materials is a
critical parameter that reflects how much the
material increases in volume upon thermal
treatment. A high expansion ratio indicates effective
exfoliation and layer separation, which results in a
substantial increase in specific surface area and
porosity (32). The expanded morphology also
facilitates enhanced ion intercalation and surface
functionalization (33). The density-based expansion
ratio was calculated to evaluate the structural
transformation and functional performance of TEG.

Table 1 presents the expansion characteristics of

TEG. The results showed that TEG expanded
approximately 32 times in volume per gram
compared to the expandable graphite. This

reflected the significant increase in volume due to
extensive exfoliation and porosity introduced during
the thermal expansion process.

3.2. Structural Characterization of TEG

FT-IR analysis was employed to investigate the
thermal modifications of TEG, and the functional
groups present in expandable graphite. The
objective of this analysis was to evaluate the
chemical transformation occurring during the
thermal exfoliation process and to confirm the
reduction in oxygen-containing groups, which are
typically introduced during the process. FT-IR
spectra of expandable graphite and TEG are
presented in Fig. 1la. FT-IR spectra revealed several
distinct absorption bands between expandable
graphite and TEG. Expandable graphite exhibited
prominent absorption bands (34,35). A broad band
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at 3369 cm?® was attributed to O-H stretching
vibrations, indicating the presence of hydroxyl
groups. The peaks at 2991 cm™ and 2882 cm®
corresponded to C-H stretching, suggesting
aliphatic hydrocarbon groups. A strong absorption
band at 1755 cm™ was assigned to C=0 stretching
vibrations, typically associated with carboxylic
groups. C=C stretching band appeared at 1637 cm™
by reflecting the presence of conjugated double
bonds within the graphite structure. Additionally,
two bands at 1199 cm?® and 1060 cm? were
observed and attributed to C-O stretching,
indicating the presence of alkoxy and epoxy groups.
On the other hand, the FT-IR spectra of TEG showed
a marked reduction in the intensity of the oxygen-
related bands, indicating the successful removal of
these groups during thermal exfoliation.
Remarkably, O-H and C=0O bands disappeared,
confirming the deoxygenation of the nanomaterial.
C-H stretching bands at 2991 cm™ and 2878 cm™!
were still present by suggesting hydrocarbon
moieties (36). C=C stretching peaks at 1593 cm™
and 1486 cm™ became more pronounced, indicative
of the restoration of the conjugated sp? carbon
network (19). A common spectral peak at 2330-
2334 cm™ was also observed in both materials,
attributed to atmospheric CO, (37). Overall, FT-IR
analysis demonstrated that thermal exfoliation of
expandable graphite led to the reduction of oxygen-
containing groups (O-H, C=0, and C-0), thus
confirming the restoration of conjugated C=C bonds
characteristic of graphitic structures.
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Figure 1: (a) FT-IR spectra and (b) XRD patterns of expandable graphite and TEG.

XRD analysis was performed to evaluate the
crystalline structure of expandable graphite and
TEG, as shown in Fig. 1lb. The XRD pattern of
expandable graphite exhibited two sharp and
intense diffraction peaks. The strong peak at 26 =
26.10° corresponded to the (002) plane of graphite.
Another peak observed at 26 = 54.58° was assigned

to the (004) plane, further confirming the
crystallinity of the expandable graphite (20). After
thermal exfoliation, the XRD pattern of TEG showed
notable changes. The (002) diffraction peak shifted
slightly to 26 = 26.44° and exhibited a significant
decrease in intensity accompanied by broadening.
This behavior suggested a decrease in the stacking
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order of the graphene layers and an increase in
structural disorder, attributed to the removal of
oxygen-containing functional groups and the
expansion process (38). In addition, a new peak
emerged at 26 = 43.51°, corresponding to the (101)
plane, which is indicative of turbostratic carbon
structures with randomly oriented graphene layers.
The disappearance of the (004) peak at 54.58° in
the TEG pattern further indicated the loss of long-
range crystalline order.
The crystallite sizes and crystallinity degrees
determined from XRD characterization are
presented in Table S2. Expandable graphite
exhibited a high crystalline degree of 88.8%,
reflecting its well-ordered layered structure. The
crystallite sizes at 26° and 54° were 82.7 A and 86.3
A, respectively. Moreover, TEG showed a
substantially reduced crystalline degree of 51.8%.
The crystallite size at 26° was slightly larger at 90.1
A, but a notably large crystallite size (131.2 A) was
observed at 43°, indicating partial restacking or
reorganization of layers after thermal exfoliation.

Raman spectroscopy provided essential information
regarding the degree of graphitization, defects, and
layer thickness in carbon-based materials. Fig. 2a
displays Raman spectra of expandable graphite and
TEG. Raman spectra of expandable graphite showed
two characteristic peaks. The first peak, known as
the D band, appeared at 1348 cm™ and is attributed
to the breathing modes of sp? carbon atoms in
disordered graphite structures. The second major
peak, the G band, was located at 1584 cm?,
corresponding to the E,s phonon of sp? carbon
atoms, indicative of an ordered graphitic structure.
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The surface chemical composition of expandable
graphite and TEG was investigated using XPS. The
survey spectra are presented in Fig. 2b by
highlighting the presence of the principal elements,
carbon (C 1s) and oxygen (O 1s), along with their
respective  atomic  percentages. Expandable
graphite exhibited a strong C 1s peak,
corresponding to 82.32 %, and a notable O 1s peak,
amounting to 17.68 %. The relatively high oxygen
content was attributed to the intercalation of
oxygen-containing functional groups introduced
during the chemical treatment of natural graphite in
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Furthermore, the presence of a broad 2D band at
2714 cm™ was also noted, providing information
about the stacking of graphene layers (39). After
thermal exfoliation, significant changes were
observed in the Raman spectrum of TEG. The D
band remained at 1348 cm™, whereas the G band
slightly shifted to 1579 cm™, suggesting partial
restoration of the sp? carbon network and a
decrease in defects. In addition, the 2D band also
shifted slightly to 2717 cm™, which is consistent
with the exfoliation and thinning of graphite layers
(40). The intensity ratio of Ip/ls is widely used to
evaluate the degree of disorder or defects within
the graphitic structure. A higher Ip/lg value indicates
a greater amount of structural defects and disorder
in the carbon lattice, while a lower ratio suggests
higher graphitic crystallinity and fewer defects
(41,42). For expandable graphite, Ip/lc was
calculated to be 0.47, reflecting a relatively
disordered structure due to the presence of
functional groups and lattice imperfections
introduced during the expansion process. After
thermal exfoliation, Ip/ls value for TEG significantly
decreased to 0.13, indicating a substantial reduction
in structural defects. This decrease demonstrated
that the thermal exfoliation process effectively
removed oxygen-containing groups and restored
the sp? carbon network, enhancing the material's
structural order and graphitic character (43).
Furthermore, expandable graphite exhibited I.p/lg
value of 0.72, suggesting a multilayered graphite
structure with significant stacking. After exfoliation,
TEG showed a slightly lower Iyp/lg value of 0.57,
reflecting the formation of thinner graphene sheets
and a partial disruption of the stacked graphite
structure.
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0oL
400000 -
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%17.68 O1ls
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Figure 2: (a) Raman spectra and (b) XPS survey scan spectra of expandable graphite and TEG.

the preparation of expandable graphite (17). These
oxygen functionalities were further confirmed by the
deconvoluted C 1s spectrum, which shows
prominent peaks corresponding to C-O and C=0
bonds (44). The binding energies for the C 1s and O

1s peaks were observed at 284.45eV and
532.22 eV, respectively. In  contrast, TEG
demonstrated a significant increase in carbon

content to 98.75 %, accompanied by a drastic
reduction in oxygen content to 1.25 %. This sharp
decrease in oxygen concentration was indicative of
the successful thermal reduction and exfoliation of
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graphite flakes during the heating process (23). The
C 1s spectrum of TEG was dominated by a sharp
peak near 284.48 eV, attributed primarily to the sp?-
hybridized C-C bond. The O 1s peak remains weak
and shifted slightly to 532.50eV, indicating the
presence of only trace residual oxygen. The
substantial increase in carbon purity and the
significant decrease in oxygen functionalities
suggested that the thermal exfoliation process not
only delaminated the graphite layers but also
reduced the material chemically, restoring much of
the graphitic sp? carbon network (45). Atomic
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percentages, calculated C/O ratios and key binding
energy positions for the C 1s and O 1s regions are
summarized in Table S3. The C/O ratio of TEG was
significantly higher than that of expandable
graphite, increasing from approximately 4.65 to
79.00 after thermal exfoliation. This dramatic
increase in the C/O ratio (AC/O=+74.34) confirmed
the extensive removal of oxygen-containing groups
such as epoxy and carboxyl during the thermal
treatment process. This restoration was critical for
improving the electrical conductivity of TEGO with
minimal residual oxygen functionalities (17).
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Figure 3: TGA curves of expandable graphite and TEG in the presence of oxygen.

TGA thermograms of expandable graphite and TEG
are shown in Fig. 3. Weight loss (%) was recorded as
a function of temperature from room temperature
up to 1000 °C in an oxygen atmosphere. The onset
temperature (T,n) and the maximum decomposition
temperature (Tqm) were determined from DTG
curves and are summarized in Table S4. Expandable
graphite exhibited a two-step decomposition
behavior (18). An initial sharp weight loss was
observed between 212-286 °C, corresponding to
the expansion process and the release of volatile
intercalated species. Beyond 600 °C, a gradual
decomposition occurred, associated with oxidation
and combustion of the graphitic carbon structure.
The material left a residual mass of 0.68% at 1000
°C. On the other hand, TEG displayed only a single
major decomposition stage beginning at 595 °C.
The weight loss proceeded rapidly until 818 °C. TEG
exhibited almost complete combustion, leaving only
0.12% residue at 1000 °C. The low residual mass of
0.12 % in TEG was oxidized.

3.3. Microstructure Analysis of TEG
Optical microscopy was employed to examine the
morphological textures and internal structure of the

carbon-based particles in real time, owing to its
capability for non-destructive imaging (46). Fig. 4
displays the optical images of expandable graphite
and TEG at a scale of 200 um and 400 um by
capturing the surface morphology. The optical
microscopy image of expandable graphite, as seen
in Fig. 4a, revealed a loosely packed and rough
surface texture with irregular flake sizes. The
morphology was dense packing with minimal
interlayer spacing and blocky particles with distinct
boundaries, indicative of unexfoliated graphite. The
optical microscopy image of TEG in Fig. 4b showed a
notable change in morphology. This structure
appeared more delaminated and wrinkled, layered
with visible sheet-like features.

The morphology of the synthesized TEG was
investigated using SEM at different magnifications
to elucidate its morphological characteristics and
structural transformations upon direct thermal
treatment, as shown in Fig. 5.
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Figure 4: Optical microscopy images at 200 um and 400 um of (a) expandable graphite and (b) TEG.

.
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Figure 5: SEM images of TEG at two different magnifications (at 10 um and 1 um scale bars).

SEM images revealed that expandable graphite
consisted of irreqularly shaped flake particles with a
layered structure (47). TEG was derived from
expandable graphite through direct rapid thermal
expansion, which  simultaneously exfoliated,
resulting in a unique microstructure characterized
by a highly porous, crumpled morphology.
Moreover, TEG exhibited significant morphological
changes with a highly crumpled and wrinkled
morphology at low magnification (10 um). The
exfoliated sheets were loosely stacked and
interconnected, indicative of the violent release of
gases such as CO2z during the thermal treatment of
expandable graphite, consisting of porous and
compacted domains (15). The rapid release of
intercalated gases during heating caused the
graphite layers to separate and expand, resulting in
a worm-like, porous structure (40). The observed
morphology confirmed the successful thermal
exfoliation of expandable graphite into few-layered
graphene oxide sheets with minimal restacking. In
addition, at a high magnification (1 um), the TEG
structure displayed thin, wrinkled layers with sharp
edges and extensive surface roughness. The
structure of TEG was characterized by the formation
of microholes, which are indicative of gas release
and exfoliation phenomena during thermal
treatment. Furthermore, the close-packed regions
displayed a compact lamellar arrangement,
indicating areas where exfoliation was either
incomplete and structurally constrained (48).

3.4. Electrical Conductivity Performance of
TEG Reinforcement PEEK Composites

The electrical conductivity measurements are
critical for confirming the formation of a percolated
conductive network by the TEG filler within the PEEK
matrix. Furthermore, effective TEG dispersion and
interconnectivity contribute significantly to the
development of composites suitable for
electromagnetic interference (EMI) shielding and
flexible structural electronic components (49,50).
For this purpose, evaluating the electrical properties
of PEEK/TEG composites was critically important, as
it directly reflected the influence of the synthesized
TEG on the functional performance of the polymer
matrix. The incorporation of TEG, synthesized with a
high expansion ratio, markedly enhanced the
electrical characteristics of the non-conductive PEEK
by indicating the development of conductive
pathways within the composite.

The electrical performance of PEEK/TEG composites
was evaluated by measuring the electrical
resistance across samples with two different TEG
filler loadings at room temperature. Table S5
presents the electrical properties of PEEK/TEG
composites. Neat PEEK exhibited no measurable
conductivity, as expected, due to its inherent
insulating nature. For the PEEK-5%TEG composite,
six resistance measurements were recorded across
different sections of the sample, showing values
ranging from 343.0 Q to 508.0 Q, with an average
resistance of 430.83 Q * 120.05. The average
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resistance across both sides of the sample was
calculated to be 656.43 Q-cm, resulting in an
electrical conductivity of 0.001523 S/cm. Moreover,
PEEK-10% TEG composite demonstrated a more
noticeable enhancement in electrical performance.
Resistance values across six measured points varied
between 117.0 Q and 420.0 Q, with an average of
215.50 Q £ 85.09. The average resistance across
both sides was calculated to be 295.78 Q-cm,
corresponding to a significantly improved
conductivity of 0.003381 S/cm. Therefore, the
overall trend clearly demonstrated that increasing
TEG content enhanced electrical conductivity.

Fig. 6a visually highlights how increasing TEG
content reduces resistance and enhances

conductivity, illustrating the formation of conductive
pathways. As TEG content increases, resistance
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decreases and conductivity improves, indicating the
formation of a more continuous conductive network
within the polymer matrix. A clear inverse
relationship was observed between filler content
and electrical resistance, demonstrating that
increasing TEG loading promotes the formation of a
continuous conductive network. Notably, the PEEK-
10%TEG composite exhibited more than double the
electrical conductivity compared to the PEEK-
5%TEG, suggesting proximity to or attainment of
the electrical percolation threshold, as seen in Fig.
6b. This behavior highlighted TEG's effectiveness as
a conductive nanofiller and its potential to
significantly enhance the functional performance of
inherently insulating thermoplastics like PEEK for
applications in EMI shielding (51), antistatic

materials, and lightweight conductive components
(4).
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Figure 6: (a) Schematic illustration of the electrical conductivity measurement process for PEEK-TEG
composites using a digital multimeter and (b) Electrical properties of PEEK/TEG composites at different TEG
loadings. The average electrical resistance (Q-cm) and electrical conductivity (S/m) are shown for PEEK
containing 5 wt% and 10 wt% TEG.
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3.5. Environmental Impact Evaluation of the
TEG Production Process by LCA

To understand the energy consumption and
environmental impact during the thermal expansion
process in TEG synthesis from expandable graphite,
LCA studies underscore the importance of specific
production conditions such as source of electricity,
production scale, and technological efficiency
(52,53). The energy input is supplied in the form of
electricity, and for industrial-scale batches, the
estimated specific energy consumption ranges from
2.5 to 4.0 M)/kg of expandable graphite (27). LCA
analysis provided a comparative study of the
environmental impact of selected graphene-based
nanomaterials, specifically focusing on their GWP.
Research on the GWP of various carbon-based filler
materials was evaluated and is summarized in Table
2. Herein, TEG exhibited a GWP of 0.0233 kg CO2-
eqg/g, which is significantly lower than that of
conventional graphene derivatives such as GO
(0.210-0.320 kg CO2-eq/g) and rGO (0.586 kg CO2-
eqg/g). CNTs produced via fluidized-bed CVD also
present higher emissions (0.480 kg CO2-eq/g),
demonstrating the relatively low environmental
impact of TEG compared to widely studied carbon
nanomaterials. Even when compared to more
environmentally conscious alternatives, such as

RESEARCH ARTICLE

upcycled GO/talc hybrid materials synthesized via
catalytic carbonization, which exhibit a GWP of
0.0329 kg CO2-eq/g. Materials with moderately
higher GWP values include carbon fiber (PAN-based,

0.024 kg CO2-eq/9), synthetic graphite
(0.0593 kg CO2-eq/qg), and black carbon
(1.055 kg CO2-eq/qg) due to energy-intensive

processes and fossil-based precursors. Thus, the
influence of production methodology on
environmental impact is further evident from the
comparison among different carbon sources. For
instance, GO synthesized via Hummers’ method
exhibits a higher GWP by highlighting the
substantial contribution of chemical processing and
energy consumption. Activated carbon derived from
biomass demonstrates a relatively decreased GWP
(0.0834 kg CO2-eq/qg), illustrating how the choice of
feedstock and production route can significantly
mitigate environmental impact. On the other hand,
producing TEG via thermal expansion of expandable
graphite has only a moderate GWP of 0.0233 kg
CO2-eq/g and minimizes chemical usage and energy
demand, providing a sustainable alternative to
traditional carbon-based fillers without compro-
mising material performance for a low environ-
mental footprint in composite applications.

Table 2: GWP of carbon-based filler materials (per 1 g) at laboratory scale.

. . GWP
Material Type Production Methodology (kg CO2-eq/g) Ref.
TEG Direct thermal treatment 0.0233 v-l\;glri

Brodie and Staundenmaier's
GO methods 0.2100 (54,55)

Hummers’ Method 0.3200
rGo Chemical reduction 0.5860 (56)
Upcycled GO/talc hybrid Catalytic carbonization 0.0329 (57)
CNT Fluidized-Bed CVD 0.4800 (58)
Black carbon Fossil fuel soot 1.055 (59)
Activated carbon Coal-derived from biomass 0.0834 (60)
Carbon fiber (PAN-based) Oxidation + carbonization 0.0240 (61)
Synthetic graphite Conventional graphitization 0.0593 (62)

Fig. S1 provides the Sankey diagram, which has a
visual breakdown of the life cycle inventory for the
production of 1 kg of TEG, highlighting the relative
contributions of inputs to its overall GWP. Fig. S2
illustrates the environmental impact breakdown of
TEG in a flow diagram, with a specific focus on GWP
contributions and energy input. Table S6 outlines
the environmental impact profile of TEG production,
highlighting its advantages in process simplicity and
the elimination of toxic reducing agents. These
results emphasize the need for improved
sustainability strategies such as the integration of
cleaner energy sources, the adoption of green
chemistry principles, and the development of
closed-loop systems to reduce the environmental
footprint of TEG production and enhance its viability
as a functional nanomaterial.

4. CONCLUSION

This work establishes a strong foundation for the
scalable, chemical-free synthesis of TEG and its
integration into high-performance polymer matrices.
Beyond proving feasibility, the study provides a
framework where structural, functional, and

environmental aspects are addressed in a unified
manner. This process, which eliminated the need for
chemical oxidants and reducing agents, resulted in
a lightweight, highly porous material with a
remarkable 32-fold volumetric expansion and an
ultralow density of 0.0195 g/mL. Morphological
analyses further revealed highly crumpled and
wrinkled layers with microholes, consistent with gas
evolution during exfoliation. For the first time, TEG
was incorporated into a PEEK matrix to fabricate
electrically conductive composites. At 5 wt% filler
content, the PEEK/TEG composite achieved an
electrical conductivity of 0.001523 S/cm, while
further increasing the TEG loading to 10 wt%
resulted in a conductivity of 0.003381 S/cm. This
concentration-dependent enhancement demon-
strates the effectiveness of TEG as a conductive
filler and highlights its strong compatibility with
high-performance thermoplastics. The ability of TEG
to impart electrical conductivity to an otherwise
insulating PEEK matrix underscores its potential as a
lightweight and sustainable filler for the
development of advanced polymer-based materials.
Furthermore, the environmental sustainability of the
proposed synthesis approach was assessed through
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a LCA. The results revealed a moderate global
warming potential (GWP) of 0.0233 kg CO2-eq/g,
which is considerably lower than that of comparable
carbon-based materials, including rGO and CNTs.

Moving forward, designing hybrid TEG-based
systems incorporating synergistic nanomaterials
could enable percolative networks with superior
electrical and thermal transport properties. Such
strategies will accelerate the translation of
PEEK/TEG composites into advanced engineering
applications in aerospace, automotive, and
electronics, where lightweight, conductive, and
sustainable materials are critically needed.
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Abstract: A vanadium compound, 2,4-dihydroxybenzylidene-N(4)-2-hydroxybenzylidene-S-methyl-
isothiosemicarbazidato-oxidovanadium(IV) (VOL), was investigated for its possible benefits in the treatment
of diabetes-related symptoms. Male Swiss albino rats aged 3 to 3.5 months were used in the study. The
animals were randomly assigned to four groups. Experimental diabetes was induced by a single
intraperitoneal injection of streptozotocin (STZ) at a dose of 65 mg/kg. The groups were as follows: Group I
- healthy control (no treatment); Group II - healthy control rats administered VOL; Group III - STZ-induced
diabetic rats; Group IV - STZ-induced diabetic rats treated with VOL. After diabetes was induced, VOL was
administered to the rats in Groups II and IV via gavage at a daily dose of 0.2 mM/kg for 12 consecutive days.
Based on biochemical results, in lens and skin tissues, reduced glutathione levels, catalase, and superoxide
dismutase activities were increased, whereas lipid peroxidation and non-enzymatic glycosylated levels were
decreased in VOL-treated diabetic rats. Besides that, enzyme activities in the polyol pathway decreased in
the lens tissues of diabetic animals given VOL. The binding affinities of these two enzymes (AR and SDH) to
VOL were also investigated using molecular docking based on the conformational state. The results revealed
that the use of VOL can be effective in preventing or at least retarding the development of some diabetic
ocular and skin complications.
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1. INTRODUCTION formation of advanced glycation end products (AGE)
and activation of protein kinase C (PKC) (2).

Diabetes mellitus (DM), a condition characterized by

high blood sugar levels, is a growing global health
problem, with its prevalence expected to reach
12.2% (783.2 million people) by 2045 (1). It is well
established today that DM induces increased
oxidative stress in various tissues, affecting several
metabolic pathways such as glycolytic, hexosamine,
polyol pathways, and deactivation of the insulin
signaling pathway, as well as enhancing the

Lens and skin are target tissues in DM that are
seriously affected by hyperglycemia. Ocular
complications such as cataract formation are
common in both types of diabetes. High glucose
levels in patients induce oxidative stress, which
increases protein oxidation and aggregation in lens
cells, thereby resulting in a detrimental effect on lens
opacity and the development of cataract (3,4). About
30-70% of diabetic patients encounter skin lesions,
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fungal and bacterial infections, and non-
communicable diseases such as lipid necrosis and
granuloma annulare (5-7). Since different

biochemical processes are occurring in the skin tissue
during the diabetic process, a precise molecular
etiology for all diabetic skin conditions has not yet
been fully clarified (8). However, it is known that
diabetic skin may be one of the first organs to show
the first signs of diabetes. In some cases, before
diabetes is diagnosed, the wound-healing properties
of the skin are insufficient, and high blood sugar
levels cause the skin barrier function to deteriorate,
making the skin dry (xerosis cutis) and prone to
infections (7).

In recent years, numerous studies have focused on
the relationship between ultra-trace elements such
as copper, iron, zinc, vanadium, and selenium and
various diseases, including diabetes (9,10). Among
these, vanadium and its various compounds have
received special attention as potential therapeutic
agents for various conditions, including cancer,
atherosclerosis, and diabetes (11). Vanadium
compounds are generally divided into three main
groups: inorganic vanadium salts (vanadate and
vanadyl), peroxovanadium complexes, and organic
vanadium compounds. While vanadium can exist in
more than one oxidation state, under physiological
conditions, the pentavalent form (VO37)
predominates in extracellular fluids, whereas the
tetravalent form (VO2*) is more prevalent inside cells
(12,13). If vanadium remains in the bloodstream for
an extended period, it is distributed and stored in
various tissues (2). Vanadium species enter the cell
through passive diffusion, utilizing various channels
such as phosphate or sulfate, or membrane
transporters including citrate, lactate, and organic
anion transporters (11,14). In this context,
vanadium uptake into cells in the form of ligand
complexes is increased (15). The hypoglycemic
action of vanadium is due to its insulin-mimetic or
insulin-enhancing feature. The biochemistry of
vanadium compounds involves glucose uptake,
through the inhibition of most phosphatases,
stimulation of lipogenesis, and inhibition of lipolysis
by modulating several key regulators of lipid
metabolism, such as enhancing expression of
peroxisome proliferator-activated receptor y (PPARY)
and the activation of AMP-activated protein kinase
(AMPK) (16,17). The insulin-mimicking effect of
vanadium is primarily due to its inhibitory action,
particularly the nonspecific inhibition of protein
tyrosine phosphatase 1B (PTP1B). These types of
phosphatases are key negative regulators of insulin
signaling, and the inhibition of these enzymes may
explain why these compounds could potentially act
as hypoglycemic agents (18). Since the anti-
hyperglycemic effect of different vanadium
compounds has recently drawn attention to the
impact of vanadium on Alzheimer's disease, also
known as type 3 diabetes (19). Vanadium

RESEARCH ARTICLE

compounds have been shown to effectively enhance
glucose uptake in individuals with diabetes mellitus
(DM). Experimental studies suggest that vanadium
complexes, initially developed as a vanadate analog
for DM treatment, may also play a role in regulating
amyloid-beta (AB) plaque formation associated with
Alzheimer’s disease (20,21). Additionally,
considering the relationship between DM and COVID-
19, and in light of their broad biological activity,
vanadium compounds are considered promising
candidates for future antiviral therapies targeting
SARS-CoV-2 infection (17).

In our study, inspired by the insulin-mimetic effects
of vanadium and its derivatives in various diabetic
models, we aimed to evaluate the therapeutic effect
of the VOL complex we synthesized on DM-induced
damage to lens and skin tissues by analyzing various
biochemical parameters. Additionally, applying
molecular docking of VOL to the two target enzymes
in the polyol pathway helped us more clearly to
investigate the potential role of this compound in DM.
2. EXPERIMENTAL SECTION

2.1. Preparation of Starting Material and
Complex VOL

The starting material is 2,4-dihydroxybenzaldehyde-
S-methyl-isothiosemicarbazone to obtain the title
complex. This compound was prepared using the
previously mentioned methods (22-24). S-methyl-
isothiosemicarbazide (1 mmol) was dissolved in
ethanol (50 mL). 2,4-dihydroxybenzaldehyde (1
mmol) was added to the thiosemicarbazide solution
and refluxed for 4 hours. The cream-colored
precipitate was filtered and washed with ethanol. The
melting point of the product obtained in 88% yield
was 180-181°C.

Complex VOL, [2,4-dihydroxybenzylidene-N(4)-2-
hydroxybenzylidene-S-methyl-

isothiosemicarbazidato-oxidovanadium(IV)], was
synthesized from the reaction of the starting
material, vanadyl sulphate, and 2-

hydroxybenzaldehyde (25). The starting material
(1mmol) and 2-hydroxybenzaldehyde (1 mmol) were
dissolved in 50 mL of ethanol. The mixture was
added to the VOS04.5H,0 (1mmol) solution in 25 mL
of ethanol in a balloon flask, and the homogeneous
solution was allowed to stir for 5 hours at room
temperature. The brownish-powder product was
filtered, and its structure was confirmed by elemental
analysis and IR spectrum (Figure 1). Yield 61%, m.p.
> 380 °C. peff: 1.64 BM. Anal. Calc. for
Ci16H13N304SV (394.3 g mol—-1): Found (calc.): C,
48.73 (48.74); H, 3.28 (3.30); N, 10.68 (10.66); S,
8.04 (8.09). UV-Vis (A nm in DMSO): 245, 315, 352,
418, 800, 958. IR (ATR, cm—1): v(OH) 3411, v(C=N)
1605, 1593, 1578, v(C-0) 1146-1123, v(V=0) 985,
v(V-0) 477-434.
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Figure 1: 2,4-dihydroxybenzylidene-N (4)-2-hydroxybenzylidene-S-methyl isothiosemicarbazidato-
oxidovanadium (IV), [VOL].

2.2. Experiment Design and Diabetes Induction
All experimental stages in the study were reviewed
and approved by the Istanbul University Animal Care
and Use Committee. For that, clinically healthy 3.0-
3.5-month-old male Swiss Albino rats were used. The
experimental animals were randomly assigned to
four groups with the following intraperitoneal (i.p.)
injection and oral administration protocols: (1)
Control (intact) group (n 5); (2) Control VOL
group, receiving VOL via gavage at a dose of 0.2
mmol/kg/day for 12 days (n = 5); (3) STZ-induced
diabetic group, made diabetic through
intraperitoneal (i.p.) injection of STZ (n 6); (4)
Diabetic group treated with VOL at the same dose
and duration (n = 5). Based on the work of Melchior
et al., 3% w/w gum arabic was used in the
administration of VOL to the animals (25). On the
other hand, induction of experimental diabetes was
performed with a freshly prepared solution of STZ
dissolved in a cold 0.01 M sodium citrate-
hydrochloric acid buffer (pH 4.5) and applied
intraperitoneally with a single dose of 65 mg/kg body
weight (26). All rats in the experimental groups
developed DM. On the 12th day of the experiment,
the animals were fasted overnight and euthanized
the following day. All collected lens and skin tissues
were immediately frozen and stored at -76°C until the
day of analysis. Fasting blood glucose levels after 18
hours were measured using the method described by
Relander and Raiha (1963) (27). Data on blood sugar
and weight parameters were previously discussed in
our research by Yanardag et al. (2009) (24). A cold
saline solution (0.9% NaCl) was employed to prepare
10% (w/v) homogenates for both tissues. Following
centrifugation (10,000 g, 4°C, 10 min), the resulting
clear supernatant was diluted in appropriate ratios
and utilized for all biochemical analyses.

2.3. Tissues Non-Enzymatic Oxidative Stress
Parameters and Protein Content

The reduced glutathione (GSH) content was
measured using the Beutler method, employing
Ellman’s reagent (1975) (28). The process measures
the SH group reduction capacity, which forms a
yellow color with Ellman’s reagent to obtain 5,5'-
dithiobis (2-nitrobenzoic acid). Measurements were
performed spectrophotometrically at 412 nm, and
the results were expressed as nmol GSH/mg protein.

Ledwozyw’s (1986) method was used for lipid
peroxidation (LPO) assays (29). Briefly, tissue
homogenates treated with thiobarbituric acid are
boiled and extracted with n-butanol. The obtained
colored extracts are measured

spectrophotometrically, and the results are
expressed as nmol MDA/mg protein.
The thiobarbituric acid method was used to

determine lens and skin non-enzymatic glycosylated
(NEG) levels (30). Incubating the tissue
homogenates with oxalic acid converts the glucose
moieties of glycosylated tissue proteins to 5-
hydroxymethyl furfural, which is yellow when 2-
thiobarbituric acid is added to the reaction medium.
The Lowry method was used to measure the tissue
homogenates' protein levels, and the results were
expressed as nmol fructose/mg protein (31). The
activities of the antioxidant enzymes catalase (CAT)
and superoxide dismutase (SOD) in lens and skin
tissue were determined using the methods of Aebi
(1984) (32) and Mylroie et al. (1986) (33).

2.4. Lens Tissue Polyol Pathway Enzymes

Hayman and Kinoshita’s (1965) method was used to
determine the activity of lens aldose reductase (AR)
in the lens tissue (34). After adding phosphate
buffer, NADPH, and lens supernatant solutions at
appropriate rates, the reaction mixture was started
in a sample cuvette by adding DL-glyceraldehyde as
a substrate. The final volume was obtained as 1 mL
with a pH of 6.2. A double-beam spectrophotometer
was used to record absorbance (AA) changes at 340
nm for 3 min at 30-second intervals. AR activity was
expressed as AA/min/g protein. The activity of
sorbitol dehydrogenase (SDH) was measured using
the method described by Barretto and Beutler (1975)
(35). The reaction mixture was prepared by adding
1M Tris (pH 8.0), 50 mM NAD*, 100 mM MgClz, and
diluted lens tissue homogenate. The final volume was
made 1 mL with the addition of distilled water. After
incubating the mixture at 37°C for 10 minutes, the
reaction was initiated by adding a 200 mM sorbitol
solution. The increase in absorbance was recorded at
340 nm for 4 minutes at 60-second intervals, and
enzyme activity was expressed as U/g protein.

2.5. Results Analysis

The unpaired t-test and analysis of variance (ANOVA)
were used to analyze the biochemical results, which
were calculated using the NCSS statistical software
package. Results were expressed as mean = SD, with
p < 0.05 considered statistically significant.

2.6. Computational Studies

Theoretical calculations for the investigated VOL
were performed using the Gaussian 09 program
package, applying the density functional theory
(DFT) method with the hybrid B3LYP functional and
the LANL2DZ basis set (36). For this purpose, the
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three-dimensional structure of the VOL complex was
first drawn using the Avagadro program and then
saved in mol2 format. Next, the DFT-based B3LYP
method with the standard LANL2DZ basis set was
employed to optimize the geometry of the VOL fully.
The representations and contributions of the highest
occupied molecular orbital (HOMO) and the lowest
unoccupied molecular orbital (LUMO) were also
calculated. The orbital density distributions of HOMO
and LUMO, as well as the molecular electrostatic
potential (MEP), were visualized and plotted using
GaussView 5.0.

2.7. Computational Studies

A molecular docking process was performed for AR
and SDH, which are target enzymes in diabetes and
lens tissue. Two steps were made for this
preparation: i) preparation of proteins and ii)
preparation of ligands. In the preparation of proteins,
the three-dimensional structures of AR (PDB ID:
1IEI) and SDH (PDB ID: 1PL6) were downloaded
from the Protein Data Bank site as PDB files.
Molecules other than water and amino acids were
deleted, polar hydrogens were added and saved in
PDB format to make docking ready (37,38). The
structure of the VOL was optimized based on the
B3LYP/LANL2D theory using Gaussian 09, and the
most stable structure was chosen for docking
calculations. In order to understand the inhibitory
effect of Complex VOL on target proteins, inhibitor

molecules found in AR and SDH structures
(Zenarestat - PubChem CID: 5724 and 4-[2-
(hydroxymethyl)pyrimidin-4-yl]-N, N-

dimethylpiperazine-1-sulfonamide - PubChem CID:
132302, respectively) were re-docked, and it was
aimed to compare VOL with standard molecules. For
this purpose, standard molecules downloaded from
the PubChem site were re-docked by energy
minimization using Universal Force Field (UFF) (39).
After preparation of proteins and ligands, docking for
target proteins was performed using the AMDock
program with Autodock 4.2 (40). For AR, X: -6.8, Y:
-1.4, Z: 9.3, and for SDH, X: -94.3, Y: 38.3, Z: 33.9,
a grid box was determined, and the grid size was
entered as 25x25x25—the 3D and 2D interaction of
ligands and protein was monitored by using Dassault
Systemes Discovery Studio, 2021.

2.8. The Root Mean Square Fluctuation (RMSF)
Analysis

Following the identification of the protein-ligand in-
teraction, the stability of the protein-ligand complex
was assessed in this work using the CABS-fex 2.0
server and displayed using RMSF (http://bio-
comp.chem.uw.edu.pl/CABSflex2/index) (41,42).

3. RESULTS AND DISCUSSION

3.1. Synthesis, UV-Vis, and IR spectroscopy

Complex VOL was gained from the
thiosemicarbazone and aldehyde by the template
effect of oxovanadium (II) ion. The IR spectrum
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monitored the formation of the complex. The
disappearance of bands attributed to the 2-OH and
NH2 groups observed in the starting material and the
emergence of bands related to the V=0 and V-O
vibrations were evidence of the formation of the
structure of VOL (25). The imine groups of the
starting material were observed at 1608 and 1585
cm1, and the hydroxyl group at 3495 cm-1. Infrared
spectrum of VOL showed bands at 1605, 1593, 1578
cm! attributed to C=N1 and N4=C bands, and in the
spectrum of VOL, the stretching and bending bands
at 3445, 3337, and 1624 cm™ of amine group
disappeared while new bands at 985, 477-434 cm™!
assigned to V=0 and V-0 groups were observed. The
UV-Vis spectrum of the VOL complex showed the
charge transfer bands at 245, 315, and 352 nm
assigned to n—n* and n— n*, d-d bands at 418, 800,
and 958 nm (25).

The structure and purity of VOL were verified by
elemental analysis and thin-layer chromatography
(TLC) for the biological tests. The stability of VOL in
the gum Arabic solution (the biological medium used
in this study) and in a polar solvent (a 1:1 water-
DMSO mixture) was investigated by monitoring its
UV-Vis spectrum. The absorption and Amax values
remained unchanged over a period of 20 days.

3.2. VOL Effect on Body Weight and Fasting
Blood Glucose Levels of the Experimental Rats
Fasting blood sugar and weight values of the animals
used in the study were published in our previous
research (24). Here, the weight loss observed in
diabetic rats was significantly prevented by VOL
treatment administered on days 1, 6, and 12.
Similarly, it was found that the increase in blood
glucose levels caused by STZ administration was
reduced through oral VOL treatment (24).

3.3. VOL Effect on Non-Enzymatic Oxidative
Stress Parameters Content in the Lens and Skin
Tissues of the Experimental Rats

GSH level in diabetic lens tissues was significantly
reduced (p < 0.001) compared to control rats (Table
1). Significant differences in skin GSH levels were
also found among the diabetic and control groups (p
< 0.001) (Table 2). VOL application to the
hyperglycemic rats resulted in a mean increase in the
GSH level of both lens and skin tissues in comparison
to STZ-induced animals (p < 0.0001; p < 0.0001)
(Table 1; Table 2).

The LPO levels in the lens and skin tissues of the
diabetic groups were significantly higher than those
of the non-treated control rats (p < 0.05; p <
0.0001) (Table 1; Table 2). After vanadyl complex
administration to diabetic animals, tissue LPO levels
significantly decreased compared to untreated
diabetic animals (p < 0.05; p < 0.05) (Table 1; Table
2).
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Table 1: Lens tissue GSH, LPO, and NEG levels for all groups*.

Group GSH (nmol GSH/mg LPO (nmol MDA/ mg NEG (nmol
protein) protein Fructose/mgprotein)
Control 12.0+ 1.8 0.5 +0.2 6.8 £ 0.5
Control + VOL 7.0+ 1.0 0.6 £ 0.1 88+1.4
Diabetic 4.6 £ 0.4 0.8 £ 0.2¢ 49.0 + 3.8°
Diabetic + VOL 8.7 £1.1b 0.4 £ 0.2¢ 30.8 + 7.4f
Panova 0.0001 0.005 0.0001
*Mean + SD

ap < 0.001 vs control

bp < 0.0001vs diabetic group
°p < 0.05 vs control

dp < 0.05 vs diabetic group
ep < 0.0001 vs control

fp < 0.001 vs diabetic group

Table 2: Skin tissue GSH, LPO, and NEG levels for all groups*.

Group GSH (nmol LPO (nmol MDA/ mg NEG (nmol
GSH/mg protein) protein) Fructose/ mg protein)

Control 19.5+ 1.1 1.4 £0.6 19.2 £ 2.3
Control + VOL 47.1 £ 7.8 1.6 £0.1 24.6 £ 2.0
Diabetic 12.2 £ 2.5 2.1 £0.1° 35.5 + 3.7d
Diabetic + VOL 34.4 +1.7° 1.5 £ 0.2¢ 21.7 £ 3.4¢
Panova 0.0001 0.076 0.0001

*Mean = SD

ap < 0.05 versus control

bp < 0.0001 versus the diabetic group
°p < 0.05 versus the diabetic group
dp < 0.0001 versus control

ep < 0.001 versus the diabetic group

A significant increase in the NEG levels was observed
in both tissues of diabetic rats in comparison of
control group animals (p < 0.0001; p < 0.0001),
whereas in the diabetic group given VOL, this
parameter in the same tissues declined significantly
in comparison to hyperglycemic group, respectively
(p < 0.001; p < 0.001) (Table 1; Table 2).

3.4. VOL Effects on Enzymatic Oxidative Stress
Parameters in the Lens and Skin Tissues of
Experimental Rats

The activities of CAT in the diabetic lens and skin
tissues are lower than those of non-diabetic rats; the

differences were statistically significant (p < 0.001; p
< 0.0001) (Table 3; Table 4). After VOL treatment in
diabetic rats, catalase (CAT) activity in both tissues
showed a statistically significant increase compared
to untreated diabetic animals (p < 0.005; p <0.0001)
(Table 3; Table 4). On the other hand, lens and skin
SOD activities were significantly reduced in the
diabetic group compared to the non-treated animals
(p < 0.05; p < 0.05) (Table 3; Table 4). Treatment
with VOL for 12 days caused an elevation of the SOD
activities in diabetic lens and skin tissues (p < 0.05;
p < 0.05) (Table 3; Table 4).

Table 3: Lens tissue CAT and SOD activities for all groups *.

Group CAT (U/mg protein) SOD (U/mg protein)
Control 101.3 + 3.8 1.6 £ 0.1
Control + VOL 106.3 £ 7.8 0.7 £ 0.3
Diabetic 85.8 + 3.62 1.4 £ 0.1¢
Diabetic + VOL 93.7 + 3.1P 2.3 +£0.1d
Panova 0.0001 0.001

*Mean + SD

ap < 0.001 versus control

bp < 0.005 versus the diabetic group

°p < 0.05 versus control

dp < 0.05 versus the diabetic group
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Table 4: Skin tissue CAT and SOD activities for all groups*.

Group CAT (U/mg protein) SOD (U/mg protein)
Control 2.3 £0.5 5.1 £0.8
Control + VOL 0.8 £ 0.1 59+ 0.4
Diabetic 0.5 £0.12 3.4 £0.1¢
Diabetic + VOL 0.8 £ 0.1° 4.6 + 0.5
Panova 0.0001 0.006

*Mean + SD

3p < 0.0001 versus the control

bp < 0.0001 versus the diabetic group
°p < 0.05 versus the control group

dp < 0.05 versus the diabetic group

3.5. VOL Effect on Polyol Pathway Enzymes in
the Lens Tissue of the Experimental Rats

There was a significant increase in the activities of
the enzymes AR and SDH in the lens tissue of the
diabetic rats in comparison with the control non-

treated rats (p < 0.0001; p < 0.002). In the diabetic
animals given VOL, the polyol pathway enzyme
activities were significantly restored in comparison
with the diabetic group without any treatment (p <
0.0001; p < 0.003) (Table 5).

Table 5: Lens tissue AR and SDH activities for all groups*.

Group AR (U/g protein) SDH (U/g protein)

Control 2.9+ 0.5 0.7 £ 0.1

Control + VOL 4.3 £ 0.7 1.3+ 0.6

Diabetic 8.1 £1.42 14.1 £ 0.9¢

Diabetic + VOL 2.3 +0.8° 1.6 £ 0.1d

Panova 0.0001 0.020

*Mean = SD

3p < 0.0001 versus the control

bp < 0.0001 versus the diabetic group

°p < 0.002 versus control

dp < 0.003 versus the diabetic group
3.6. Computational Studies electrostatic  potential (MEP) contributes to
A small Eg (Eg = Ewumo - Enomo) value reflects the understanding molecular reactivity, charge

reactivity of the complexes, which leads to softness.
In contrast, a wide energy gap between HOMO and
LUMO complicates electron transfer, resulting in hard
compounds (43). The HOMO and LUMO values
calculated for VOL were found to be -0.15045 and -
0.10921 eV, respectively, and the Eg value was
calculated as 0.04124 eV (Figure 2A). The molecular

LUMO
-0.10921

»

9 Q‘ s -0.15045
J

distribution, and the locations of electrophilic and
nucleophilic assaults in the molecule (44). The red
hue represents the largest negative area chosen for
electrophilic assault, whereas the blue color
represents the positive region preferred for
nucleophilic reaction for the VOL (Figure 2B).

B)

Figure 2: A) HOMO-LUMO representation and B) molecular electrostatic potential (MEP) analysis of the
VOL.
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3.7. Molecular Docking Studies
In the in-vivo studies, molecular docking was applied
properties for AR and SDH, parameters whose activit

RESEARCH ARTICLE

to understand whether VOL has potential inhibitory
ies decrease when VOL treatment is used, and the

binding scores of each target protein are given in Table 6. It was found that the standard molecule Zenarestat

(-10.17 kcal/mol) and VOL (-10.04 kcal/mol) had close

binding affinities for AR, while for SDH, it was found

to have higher binding affinities than the standard molecule (-6.18 kcal/mol) (-7.54 kcal/mol).

Table 6: Molecular docking results of the VOL and

standards to the target proteins (AR and SDH).

AR

SDH

Docking Scores

Compounds (kcal/mol)

(n

Estimated Ki;

Docking Scores
(kcal/mol)

Estimated K;

M) (nM)

VOL -10.04 43

.72 -7.54 2.97

Zenarestat -10.17 35

.10

4-[2-
(hydroxymethyl
)pyrimidin-4-
yi1-N,N-
dimethylpipera
zine-1-
sulfonamide

-6.18 29.51

The 3D and 2D protein-ligand interactions of the
interactions of target proteins with VOL and standard
molecules are presented in Figure 3. For AR, VAL47,
TYR48, TRP111, and CYS298, residues are seen to
be molecules that interact in common for both VOL
and the standard molecules. However, differences in
the interaction with VOL and the standard molecule
were detected for TRP111 and CYS298 residues.
While hydrogen bonds were observed between these
residues and the standard molecule, these
interactions were found to be hydrophobic

interactions for VOL. When detailed protein-ligand
interactions were examined for SDH, it was seen that
the interactions were different except for ILE183 and
ARG298 residues. While VOL had hydrophobic
interactions for ILE183 and ARG298 residues, it was
found that the standard molecule formed
hydrophobic bonds with ILE183 and hydrogen bonds
with ARG298. It can be suggested that these

hydrophobic interactions of VOL may have affected
the stability of the protein-ligand complexes and
resulted in better docking results.

Figure 3: The 3D and 2D protein-ligand interactions w

ith the target proteins. A) AR-VOL, B) AR-standard,

C) SDH-VOL, D) SDH-standard complexes, respectively.

3.8. The Root Mean Square Fluctuation (RMSF) RMSF is frequently employed in protein-ligand
Analysis interactions to investigate the flexibility or dynamic
RMSF, in terms of protein-ligand interactions, behavior of a protein and its ligand complex during

represents the average deviation or volatility of
individual atoms in a molecule from their mean
location over time.

molecular dynamics simulations. RMSF offers
information on whether parts of the protein or ligand
are more flexible or stiff during the simulation. High
RMSF values imply more flexibility, whilst low values
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indicate higher stiffness. This allows for a better
understanding of the interactions between ligands
and proteins (45).

The RMSF analysis graph and multimodal
superimposed simulated structure of AR and ligand

RESEARCH ARTICLE

complexes are shown in Figure 4. It was observed
that VOL increased the RMSF values in some regions
and decreased them in other areas. When the RMSF
averages were taken for AR, AR-VOL, and AR-STD, it
was determined that they were 0.793%+0.554,
0.841+0.656, and 0.838+0.573 A, respectively.

A) 6
— AR
——  AR-VOL
- —— AR-STD
<4
L
(/2]
=
o 2

Figure 4: (A) The RMSF analysis of the protein-ligand complexes for AR and multimodel superimposed
simulated structure of (B) AR, (C) AR-VOL, (D) AR-STD.

Diabetes mellitus (DM) is a chronic metabolic
disorder marked by high blood glucose levels, which
occur due to either insulin resistance or impaired
insulin secretion. Failure of diabetic therapy to
regulate abnormal glycemic control may enhance the
risk of macrovascular  and microvascular
complications, such as diabetic foot, skin tissue, and
retinopathy (46-48). Oxidative stress, occurring in
the hyperglycemic organism, affects all systems with
different mechanisms (49-52).

Studies have indicated that oxidative stress is a
crucial factor in the development and progression of
diabetes, contributing to pancreatic beta-cell
dysfunction, insulin resistance, and various diabetic
complications. Therefore, targeting oxidative stress
has emerged as a promising therapeutic strategy for
managing diabetes and its complications (48).

However, the proposed mechanism for vanadium
compounds as an insulin mimic agent is that they
enhance the activity of protein kinases in the insulin
signal cascade. Also, several studies showed that
some vanadium compounds protected beta cells by
enhancing phosphorylation of a series of proteins in
STZ-induced diabetic mice (53-58). A notable aspect
during glucose regulation in the body is the recovery
of glycogen synthesis, increased glucose uptake, and
improved utilization. This has been observed in
studies conducted on type 1 diabetes models treated
with vanadium. It has been reported that significant
increases in GLUT-4 expression result in improved
insulin signaling pathways, leading to increased

muscle and cardiac glycogen (59). These effects
have led to an expansion in the use of
metallotherapeutics today.

In the present study, besides the decreased GSH
level, we observed increased LPO and advanced
glycosylated end products (AGEs) content in the
diabetic animals’ lens and skin tissues. The increased
polyol pathway enzyme activities and ROS
production were also observed in the lens tissue. The
decrease in GSH level in the diabetic lens and skin
tissues increases the susceptibility to oxidative stress
and the detoxification of H,O, (60). The rise in MDA
levels and NEG content in the studied two tissues of
hyperglycemic animals, as compared to the control
group, indicates both enhanced lipid peroxidation
and protein oxidation (46,61). The elevated
production of lipid peroxides in diabetes
compromises the structural integrity of the lens
tissue membrane, resulting in the inhibition of
various membrane-bound enzymes. Additionally,
lipid peroxidation is thought to contribute to the
dysfunction of endothelial cells, changes in
keratinocyte capillary permeability, and disturbances
in fibroblast and collagen metabolism in skin tissue
(62).

NEG is one of the post-translational modifications
that negatively affect the structure and functions of
proteins by cross-linking and aggregation in DM. In
the hyperglycemic state, NEG also activates
abnormal cellular signaling and transcription factors,
as well as modifies gene expression profiles. AGEs
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are metabolic products that accumulate as a result of
the NEG reaction (63). These effects of diabetes have
drawn attention towards antioxidants and special
metal-chelating compounds having anti-glycation
activities, such as the administration of the VOL
complex, which has cellular antioxidant properties.
Besides that, our findings also support previous
research on diabetic lenses and skin tissues
(46,47,64-67).

The high production of ROS plays a key role in the
initiation and progression of diabetic retinopathy and
chronic hyperglycemia. The activation of secondary
pathways triggered by hyperglycemic conditions
leads to the formation of more ROS species, as well
as to the reduction of antioxidant enzymes, thus
further increasing damage (68-70). CAT and SOD,
the main endogenous antioxidant enzymes, are
responsible for protecting tissues from oxidative
damage. They convert superoxide ions into hydrogen
peroxide and then hydrogen peroxide to non-toxic
peroxide compounds (71). More clearly, SOD
converts the superoxide anion into H,O, and O,
while CAT detoxifies H>0> (72). The increased
production of H202 and 027, resulting from the auto-
oxidation caused by elevated glucose levels in the
organism and the non-enzymatic glycation of
proteins, leads to a decrease in the activities of the
CAT and SOD enzymes (73,74). These enzyme
activities can be partially inactivated by hydroxyl
radicals and H;0;, as reported previously by Hodgson
et al. (1975) and Pigeolet et al. (1990) (75,76). The
reduced activities of SOD and CAT may result from
the increased production of H202 and O2-, which
occurs due to the auto-oxidation of excess glucose
and the non-enzymatic glycation of proteins (77). We
determined this from the significant increase in the
activities of progression oxidative stress marker
enzymes in diabetic lens and skin tissues treated with
VOL. The ameliorated antioxidant defence system, in
both tissues studied in our research, has been
considered to be via the antioxidant capacity of
oxovanadium complex. In fact, vanadium complexes
are promising compounds due to their antidiabetic
properties, as well as their antioxidant effect (78-
80). Reports by Pranczk (2015) indicate that
oxovanadium (IV) complex with iminodiacetate was
found to scavenge superoxide free radicals (O2") and
organic radicals such as ABTS* and DPPH* (81). We
observed a significant increase in the activities of
progression oxidative stress marker enzymes in the
lens and skin tissues of diabetic animals treated with
VOL. Therefore, controlling the balance between
oxidants/antioxidant status can be an effective
strategy for attenuating the damage caused by
diabetic retinopathy and dermopathy.

The polyol pathway has a major role in the
development of opacity in the diabetic rat lenses
(82). Increased AR activity under hyperglycemic
conditions results in a reduction of NADPH rate,
leading to a significant decrease in GSH
concentration. The cellular antioxidant capacity is
diminished by AR activity during hyperglycemia. The
concurrent high activity of the SDH enzyme
(excessive conversion of sorbitol to fructose) is
among the causes of oxidative stress in lens tissue.
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Since the co-factor NAD™ is reduced to NADH in this
reaction, NADH causes the formation of ROS species,
which are also considered as a starting molecule of
NADH oxidase (83). The fructose produced from
glucose in this pathway generates two metabolites
(fructose-3-phosphate  and  3-deoxyglucosone),
which are more powerful non-enzymatic glycation
agents than glucose. Therefore, the increased AGE
formation is a result of glucose flux through the
polyol pathway (1). The glucose flux-induced polyol
pathway also causes tissue damage via sorbitol-
induced osmotic stress. These osmatic changes also
lead to degeneration of hydrophobic lens fibers,
collapse and liquefaction of lens fibers, and
consequently lens opacities and formation of diabetic
cataracts (84,85). In the present study, we noted an
increase in AR and SDH activities in hyperglycemic
lens tissues. The decreased activities of these
enzymes were observed upon treatment with
vanadyl complex. This may be due to vanadium’s
insulin mimetic behavior, which provided a controlled
normoglycemic state in the diabetic animals, and
also the effective restoration of AR and SDH in the
lens tissue (55,67).

As a result of in vivo studies obtained for lens tissue,
it was observed that AR and SDH target proteins
increased in the diabetes group, and VOL treatment
reversed this increase, suggesting that VOL may be
an inhibitor molecule for these target proteins.
Therefore, computer-aided analyses, which have
been included in studies in recent years, were
performed to understand this situation. The binding
affinities of VOL and target proteins were compared
with molecular docking, and high binding affinities
were found for both target proteins. In addition, DFT
analyses made structural analysis possible for VOL.
As a result, it was revealed that VOL is a potential
inhibitor candidate for AR and SDH, which are target
proteins for lens tissue in diabetes, especially in
understanding the in vivo effects.

4. CONCLUSION

Diabetes is a complicated metabolic disorder that
contributes to the progression of oxidative stress. In
the study, we observed that oxidative stress caused
deterioration of the physiology of the lens and skin
tissues. Complex VOL conspicuously restored the
integrity of lens and skin tissues via antioxidant and
antihyperglycemic properties. It improved the
tissues’ metabolism by reducing oxidative stress in
addition to DM therapy—the study gave promising
results that require further research on DM therapy,
both in vivo and in silico. By study, VOL is now an
ingredient candidate for antidiabetic formulations.
Moreover, it has been seen that the investigation of
such thiosemicarbazone-based vanadium
compounds is an important strategy in the
development of drugs.
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1. INTRODUCTION

1,4-Pentadien-3-ones are curcumin derivatives that
have garnered significant attention in organic
chemistry due to their versatile reactivity and
possible uses in materials science and medicine (1).
These compounds, characterized by a conjugated
diene and carbonyl group, serve as valuable
intermediates to produce many functionalized
compounds. Among the modifications of such
derivatives, the formation of oximes and their
subsequent O-acylation have proven to be

offering access to
with enhanced

particularly interesting,
structurally diverse compounds
stability and functionality.

Curcumin (IUPAC name: (1E,6E)-1,7-bis(4-hydroxy-
3-methoxyphenyl)-1,6-heptadiene-3,5-dione (2),
derived from dried rhizomes of turmeric plants, is the
active compound (3) (Figure 1). Turmeric belongs to
the Curcuma longa species and the Zingiberaceae
family. Curcumin is a natural curcuminoid that is
responsible for the yellow color and most of its
medicinal value (4).

diketon

Active Methylene

(1E,6E)-1,7-bis (4-hydroxy- 3-methoxyphenyl) -1,6- heptadiene-3,5-dione
Figure 1: Structure and SAR of Curcumin.
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Numerous illnesses, such as coughs, diabetes,
dermatological disorders, respiratory issues,
cardiovascular and hepatobiliary diseases, arthritis,
irritable bowel disease (IBS), peptic ulcers, psoriasis,
and atherosclerosis, are treated with turmeric as a
traditional medication (5). Curcumin exhibits diverse
pharmacological properties. These include anti-
inflammatory, hepatoprotective, antibacterial,
antiviral (6), inflammatory bowel disease (7),
anticancer, cholesterol-lowering (8),
neuroprotective, and antioxidant, among others (9).
It has been suggested that its antioxidant and anti-
inflammatory activity is related, in fact, to its
anticancer activity (10).

Oxime analogs have been explored as potential
alternatives to curcumin and have demonstrated
encouraging outcomes in combating several forms of
cancer, such as colon cancer, prostate cancer,

1,4-pentadien-3-one
Figure 2: General Chemical Structure of Oxime Analogs of Curcumin.

Oximes, derived from the reaction of carbonyl
compounds with hydroxylamine, are well-known for
their applications in coordination chemistry and
analytical detection. They are also precursors in the
synthesis  of various bioactive  molecules.
Furthermore, O-acylated oximes, such as O-benzoyl
oximes, have been extensively studied for their roles
in medicinal chemistry, particularly as prodrugs, and
in the development of novel materials with unique
electronic properties (17).

Oxime formation, functionalization, and their
potential applications have been widely studied.
According to the literature, 1,5-diphenylpenta-1,4-
dien-3-one was employed as a starting material for
oxime synthesis, which subsequently led to the
generation of O-benzoyl oximes. Several oxime
derivatives exhibit significant medical benefits, such
as anti-proliferative activities on cancer cells.
Moreover, most O-benzoyl oxime derivatives possess
antibacterial and antioxidant properties (17).
Importantly, the ability to fine-tune their chemical
properties by modifying the oxime or acyl group
makes these compounds highly valuable in both
fundamental and applied research.

This study aims to explore the synthesis of 1,4-
pentadien-3-one oxime and its O-benzoyl
derivatives, focusing on optimizing reaction

N-oxime
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epithelial cancer, pancreatic cancer, breast cancer,
lung cancer, and pancreatic carcinoma. Their
significant antiproliferative activity evidences their
efficacy against cancer cells (11). These derivatives
show high antibacterial, antifungal, and antioxidant
potency with a very low toxicity (12,13). Besides
exhibiting a variety of biological activities, Oximes
and their derivatives hold a prominent position in the
field of organic chemistry, largely due to their
versatility as synthetic intermediates. These
compounds play a vital role in various chemical
synthesis procedures, and they demonstrate
significant industrial importance. The distinctive
conjugated system of a,B-unsaturated ketones found
in benzalacetones enhances their effectiveness as
radical scavengers. This attribute highlights the
potential of benzalacetone and its derivatives in
showcasing antioxidant properties (14-16).

N-oxime ester

conditions and characterization of the resulting
compounds.

2. EXPERIMENTAL SECTION

2.1. Materials and Methods

p-Anisaldehyde, 4-fluorobenzaldehyde, p-
tolualdehyde, o-anisaldehyde, thiophene-2-
carboxaldehyde, 5-methylfurfural, sodium
hydroxide, ethanol, hydroxyl amine hydrochloride,
sodium sulphate, and benzoyl chloride were obtained
from Sigma-Aldrich and Merck. Analytical grade
chemicals were utilized unless otherwise specified.
(1E,4E)-1,5-bis(4-methoxyphenyl)penta-1,4-dien-
3-one (2a), (1E,4E)-1,5-bis(4-fluorophenyl)penta-
1,4-dien-3-one (2b), (1E,4E)-1,5-di-p-tolylpenta-
1,4-dien-3-one (20), (1E,4E)-1,5-bis(2-
methoxyphenyl)penta-1,4-dien-3-one (2d), (1E,4E)-
1,5-di(thiophen-2-yl)penta-1,4-dien-3-one (2e),
(1E,4E)-1,5-bis(5-methylfuran-2 yl)penta-1,4-dien-
3-one (2f) intermediates were synthesis with
appropriate methods. The *H and 13C NMR spectra
were acquired with TMS serving as the internal
reference and CDClz as the solvent. The
measurements were carried out using a Bruker
Avance 400 MHz Spectrometer. Using an Agilent
19091 N-136 GC-MS apparatus, the MS spectra were
acquired.
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2.1.1. General Procedure for the synthesis of 1,4-
pentadien-3-one derivatives (2a-f)

The a,B-unsaturated ketone compounds employed in
this study were synthesized via a simple procedure
based on the Claisen-Schmidt condensation (18-20).
A solution containing sodium hydroxide (1 N, 1 mL)
in distilled ethanol (5 mL) was stirred while the
appropriate aldehyde (10 mmol) was added dropwise
at an ice-cold temperature. After stirring for 15
minutes, acetone (5 mmol) was gradually introduced
into the mixture with vigorous stirring at room
temperature. Upon completion of the reaction, the
mixture was quenched by the addition of cold water
(10 mL) and stirred for an additional 10 minutes. The
resulting precipitate was collected by filtration,
thoroughly washed with cold water, and dried under
high vacuum. Recrystallization from ethanol afforded
the pure compound in moderate to excellent yields.

2.1.2. General Procedure for the synthesis of 1,4-
pentadien-3-one oxime compounds (3a-3f) (21)

A mixture of 1,4-pentadien-3-one derivatives (2a-f,
8 mmol), hydroxylamine hydrochloride (12 mmol),
and sodium sulfate (8 mmol) was mixed in 50 mL of
ethanol and refluxed for 4 hours. After the reaction
was completed, the mixture was filtered, and the
solvent was extracted under decreased pressure. The
resultant residue was washed with water and
extracted with dichloromethane. The organic layer
was dried over anhydrous sodium sulfate, and the
solvent was then evaporated under reduced pressure
to obtain a crude product. This product was further
purified using silica gel column chromatography with
an eluent of hexane: ethyl acetate (10:1).

2.1.3. General Procedure for the synthesis of 1,4-
pentadien-3-one O-benzoyl oxime compounds (4a-
e) (14)

The appropriate starting material was placed into a
100 mL flask. Then, 10 mL THF and 56 mg KOH were
weighed and added. The mixture was stirred until the
KOH completely dissolved. Subsequently, 140 mg of
benzoyl chloride was added, upon which solid
formation was immediately observed. After stirring
at room temperature for 2 hours, the reaction was
terminated. The solid and filtrate phases were
separated, and the solid was recrystallized from
ethanol.

3. RESULTS AND DISCUSSION

In this study, 1,4-pentadien-3-one compounds were
strategically selected based on their molecular
similarities to curcumin and their numerous biological
activities in the literature (22-23). Su et al.
mentioned that oxime and oxime ethers are a class
of chemicals with high biological activity that have
been widely used in medicine and insecticides (24).
The aim of this study was to synthesize 1,4-
pentadien-3-one oxime and O-benzoyl oxime
derivatives. In this synthetic pathway, a total of
eleven compounds were obtained, four of which have
been previously reported in the literature (16,21),
while the remaining seven are novel. The four known
compounds were re-synthesized to serve as key
intermediates for the subsequent synthesis of the
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final target molecules, namely the O-benzoyl oxime
derivatives (4a-e).

The synthetic reaction of novel 1,4-pentadien-3-one
oximes and 1,4-pentadien-3-one O-benzoyl oximes
derivatives is shown in Scheme 1. As we previously
described in our earlier study (18), the 1,4-
pentadien-3-one derivatives (2a-f) were produced
using a simple Claisen-Schmidt condensation with
ethanolic NaOH acting as the catalyst and aromatic
aldehydes with different substituents and acetone in
a 2:1 molar ratio (Scheme 1). For compounds 2a-f,
the experimentally determined melting points were
found to be in close agreement with those reported
in the literature for structurally related analogues,
further supporting the successful synthesis (25-26).
After purifying the first step's product, the
intermediate product was utilized for the second
step, which involved adding sodium sulfate and
hydroxylamine hydrochloride to ethanol to create
1,4-pentadien-3-one oxime compounds (3a-f).
Benzoyl chloride, KOH, and tetrahydrofuran were
then added to the second intermediate compound to
form new 1,4-pentadien-3-one O-benzoyl oxime
compounds (4a-e). Following column
chromatography purification, spectrum analyses,
including 1H NMR, 13C NMR, and mass spectra, were
used to characterize the finished product (the spectra
data are shown in the Supplementary Materials).

j\ Q NaOH o
2 + )k /\/“\/\
Ar H HiC CH,4 EtOH Ar Ar
2a-f
Ar = 4-OMe-CgH,, 4-FCgH,, 4-MeCgH,,
2-MeO-CgHy, C4H3S, 4-Me-furyl.
NH,OH.HCI
NaySO,
EtOH
o]
O’[L /OH
N Ph PhCOCI N‘
| W
Ar/W\Ar THF, KOH Ar Ar
3a-3f

4a-e
Scheme 1: Synthetic route of 1,4-pentadien-3-one
oxime (3a-f) and O-benzoyl oxime (4a-e).

Compounds 3a-3f were produced via oximation of
1,4-pentadien-3-one derivatives in the presence of
NH>OH.HCl and Na;S04 in ethanol with moderate to
good yields (58-81 %). O- benzoyl oxime derivatives
4a-4e were then created by treating the oximes with
benzoyl chloride and KOH in THF. In compound 3d,
the singlet at & 11.45 ppm represents the hydroxide
proton of the oxime group. This signal disappears
after conversion to the O-benzoyl derivative 4d,
showing that esterification was successful. Aromatic
and olefinic protons emerge in multiplets between &
7.80-6.90 ppm, indicating conjugated enone
complexes. Compared to Erdodan et al. (16), our
compounds showed somewhat downfield-shifted
olefinic proton signals due to the electron-
withdrawing impact of the benzoyl group. The fluoro
substituent on 4c may enhance lipophilicity and
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membrane permeability, while the electron-donating
methoxy group on 4a may enhance conjugation and
possible contact with biological targets. The
molecular ion peak supports the suggested molecular
formula of 4d [M+H]* seen in HRMS at m/z 375.1234
(calc. 375.1228). This study used a multi-step
synthesis approach to create a series of 1,4-
pentadien-3-one derivatives (3a-3f) and their
corresponding O-benzoyl oxime ethers (4a-4e) from
suitably substituted benzaldehydes and
acetophenones.

3.1. Experimental Data

(1E,4E)-1,5-bis(2-methoxyphenyl)penta-1,4-
dien-3-one oxime (3d)

~ - ~

0] N (e}

|

AN F

White solid (93%). Mp 182-188°C. 1H NMR (400
MHz, DMSO, &, ppm): 11.45 (1H, s, -OH), 7.67-7.62
(2H, m, Ar-H), 7.39-7.26 (5H, m, Ar-H and alkene-
H), 7.04-6.94 (5H, m, Ar-H and alkene-H), 3.82 (6H,
s, —CHs). 13C NMR (100 MHz, CDCls, &, ppm): 157.0
(C=0), 156.7, 153.2, 130.2, 130.1, 129.5, 127.1,
126.9, 126.7, 124.9, 124.7, 123.3, 120.8, 120.7,
117.7, 111.5, 111.4, 55.5, 55.5. MS: m/z 309 (310
[M+1]*). Anal. calc. for CisH19NO3 (309.14): C
73.77, H 6.19, N 4.53; found: C 73.71, H 6.22, N
4.56.

(1E,4E)-1,5-bis(5-methylfuran-2-yl)penta-1,4-
dien-3-one oxime (3f)

White solid (87%). Mp 152-158°C. *H NMR (400
MHz, DMSO, d, ppm): 11.46 (1H, s, -OH), 7.04-6.94
(2H, m, Ar-H), 6.87-6.83 (1H, d, J = 16.0 Hz,
alkene-H), 6.64-6.60 (1H, d, J = 16.0 Hz, alkene-H),
6.59-6.58 (1H, d, J = 3.6 Hz, Ar-H), 6.50-6.49 (1H,
d, J = 3.6 Hz, Ar-H), 6.19-6.14 (2H, m, Ar-H), 2.32
(6H, s, -CH3). 13C NMR (100 MHz, CDClz, §, ppm):
153.5 (C=0), 152.6, 151.5, 150.8, 150.6, 122.9,
119.9, 118.7, 113.8, 112.8, 111.8, 108.7, 108.4,
13.5. MS: m/z 257.11 (258 [M+1]*). Anal. calc. for
CisH1sNOs (257.11): C 70.02, H 5.88, N 5.44;
found: C 69.98, H 5.91, N 5.45.
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(1E,4E)-1,5-bis(4-methoxyphenyl)penta-1,4-
dien-3-one O-benzoyl oxime (4a)

White solid (87%). Mp 159-163°C. 1H NMR (400
MHz, DMSO, &, ppm): 8.14-8.12 (2H, m, Ar-H),
7.64-7.60 (1H, m, Ar-H), 7.55-7.48 (6H, m, Ar-H),
7.35-7.31 (1H, d, J = 16 Hz, alkene-H), 7.26-7.19
(2H, m, Ar-H), 6.97-6.91 (5H, m, Ar-H and alkene-
H), 3.86-3.84 (6H, s, -CH3). 13C NMR (100 MHz,
CDCls, 8, ppm): 163.9 (C=0), 161.9, 161.0, 160.5,
139.8, 138.6, 133.3, 129.7, 129.3, 129.1, 128.9,
128.6, 128.2, 118.6, 114.7, 114.5, 114.3, 55.4,
55.4. MS: m/z 413 (414 [M+1]*). Anal. calc. for
C26H23N204 (413.47): C 75.53, H 5.61, N 3.39;
found: C 75.59, H 5.59, N 3.35.

(1E,4E)-1,5-bis(4-fluorophenyl)penta-1,4-
dien-3-one O-benzoyl oxime (4b)

F F

Yellow solid (89%). Mp 175-177°C. *H NMR (400
MHz, DMSO, 8, ppm): 8.12-8.10 (2H, m, Ar-H),
7.88-7.83 (4H, m, Ar-H), 7.76-7.72 (1H, m, Ar-H),
7.63-7.59 (2H, m, Ar-H), 7.49-7.48 (2H, m, Ar-H),
7.43-7.39 (1H, d, J = 16 Hz, alkene-H), 7.33-7.22
(5H, m, Ar-H and alkene-H). 13C NMR (100 MHz,
CDCls, d, ppm): 164.69 (C=0), 164.3, 163.5, 162.2,
161.9, 161.5, 140.0, 137.2, 134.2, 132.7, 132.5,
130.7, 130.7, 130.4, 130.3, 129.9, 129.5, 129.0,
120.8, 116.7, 116.5, 116.3, 116.3, 116.1. MS: m/z
389 (390 [M+1]*). Anal. calc. for C24H17F2N202
(389.39): C 74.03, H 4.40, F9.76, N 3.60; found: C
74.01, H 4.35, F9.79, N 3.64.

(1E,4E)-1,5-di-p-tolylpenta-1,4-dien-3-one O-
benzoyl oxime (4c)
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Yellowish solid (92%). Mp 164-167 °C. 1H NMR (400
MHz, DMSO, &, ppm): 8.09-8.08 (2H, m, Ar-H),
7.87-7.86 (2H, m, Ar-H), 7.69-7.61 (4H, m, Ar-H),
7.43-7.41 (2H, m, Ar-H), 7.28-7.22 (7H, m, Ar-H
and alkene-H), 2.33 (6H, s, —CH3). 13C NMR (100
MHz, CDClz, §, ppm): 169.1 (C=0), 163.0, 161.1,
141.3, 140.6, 139.8, 139.0, 137.7, 133.7, 132.9,
132.6, 129.6, 129.4, 129.3, 129.0, 128.2, 127.9,
127.7, 126.9, 119.3, 115.4, 21.0, 21.0. MS: m/z
381.47 (382 [M+1]*). Anal. calc. for C2e6H23NO2
(381.47): C 81.86, H 6.08, N 3.67; found: C 81.84,
H 6.06, N 3.71.

(1E,4E)-1,5-bis(2-methoxyphenyl)penta-1,4-
dien-3-one O-benzoyl oxime (4d)

White solid (85%). Mp 165-169°C. tH NMR (400
MHz, DMSO, o, ppm): 8.14-8.12 (2H, m, Ar-H),
7.64-7.60 (1H, m, Ar-H), 7.55-7.48 (6H, m, Ar-H),
7.35-7.31 (1H, d, J = 16 Hz, alkene-H), 7.26-7.19
(2H, m, Ar-H), 6.97-6.91 (5H, m, Ar-H and alkene-
H), 3.86-3.84 (6H, s, -CH3). 13C NMR (100 MHz,
CDCls, &, ppm): 162.9 (C=0), 161.9, 157.8, 157.2,
136.0, 133.8, 132.6, 131.4, 130.8, 129.2, 129.0,
129.0, 127.7, 123.9, 123.5, 120.9, 120.7, 120.4,
117.4, 111.8, 111.6, 55.6, 55.6. MS: m/z 413.47
(414 [M+11%). Anal. calc. for C26H23N0O4 (413.47): C
75.53, H 5.61, N 3.39; found: C 75.50, H 5.66, N
3.37.

(1E,4E)-1,5-di(thiophen-2-yl)penta-1,4-dien-
3-one O-benzoyl oxime (4e)

White solid (95%). Mp 188-192°C. *H NMR (400
MHz, DMSO, &, ppm): 8.08-8.06 (2H, m, Ar-H),
7.76-7.62 (6H, m, Ar-H), 7.57-7.50 (3H, m, Ar-H),
7.20-7.14 (3H, m, Ar-H and alkene-H), 6.94-6.90
(1H, d, J = 16 Hz, alkene-H). 13C NMR (100 MHz,
CDCls, 8, ppm): 163.2 (C=0), 160.7, 140.9, 140.8,
134.3, 134.2, 131.5, 131.4, 130.4, 129.7, 129.6,
129.1, 129.0, 128.8, 128.6, 119.0, 115.1. MS: m/z
365.05 (366 [M+1]*). Anal. calc. for C20H15NO2S2
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(365.05): C65.73, H 4.14, N 3.83, S 17.55; found:
C65.70,H4.17, N 3.80, S 17.58.

4. CONCLUSION

These novel compounds expand the chemical space
of 1,4-pentadien-3-one derivatives and provide a
platform for future biological evaluation. The O-
benzoyl oxime derivatives synthesized in this study
represent a new class of molecules that could be
further investigated for potential medicinal or
agrochemical applications. Future work may include
detailed structure-activity relationship studies and
exploration of alternative functionalization to
optimize biological properties. Overall, this study
provides both the practical synthetic route and a
foundation for further research on the biological
potential of these derivatives.
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Abstract: The separation of Ni2* and Co?* is challenging due to their similar physicochemical properties. In
industrial processes, solvent extraction is widely used for their refinement; however, the excessive use of
petroleum-derived solvents poses significant environmental concerns. To address this, a greener approach
was explored in this study by utilizing a bio-based solvent synthesized from sorbitol and stearic acid. The
resulting solvent, Sorbitol: Stearic Acid ester (2: 1 molar ratio) (SSA2), was prepared via Fischer esterification
and employed as the organic phase in solvent extraction experiments. After 5 hours of reaction, the acid
value (AV) of SSA2 decreased roughly 87%, indicated ester bond formation and the reduction of carboxylic
acid groups, confirming successful synthesis. Fourier transform infrared spectroscopy (FTIR) analysis
confirmed the presence of ester bonds in SSA2, which are absent in the starting materials, sorbitol and stearic
acid. The separation performance of SSA2 for Ni2* and Co?* was assessed by measuring the distribution
coefficient (Kp) and separation factor (SF) values as functions of contact time and aqueous phase pH. SSA2
demonstrated higher selectivity towards Co2*, achieving a maximum SFco2+/niz+ of 6.20 at pH 5. The highest
Kp values recorded were 75.6 and 12.2 for Co2* and Ni2* respectively.
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1. INTRODUCTION

Metals are among the most abundant elements on
Earth and are widely used across various industries
due to their unique properties, often without viable
alternatives. Although some mechanical properties of
metals can be mimicked by polymeric or composite
materials, most industries still rely heavily on metals.
Particularly catalysts, batteries, alloys, and magnets
depend significantly on metals like Ni and Co (1-3).

The primary sources of Ni and Co are ores and other
naturally occurring resources, however they can also
obtain via recycling scrap metals or spent batteries
(4,5). Producing high-purity Ni and Co is crucial for
industrial applications because their properties are
highly dependent on their purity. As a result, both
production routes face significant challenges in the
individual separation of Ni2* and Co%* due to their
physicochemical similarity (6). Several separation
and purification techniques such as adsorption, ion
exchange, electro-separation, membrane separation

and solvent extraction can be used for the individual
separation of Ni2* and Co2* (7-15). Among them
solvent extraction stands out for its low operational
cost, industrial compatibility and efficiency (16).
Within this context numerous solvents and solvent
mixtures have been employed for the separation and
refinement of Ni2* and Co2* and have been reported
in literature.

Parija and Sarma (2000) published a study for the
separation of nickel from ammonium containing
solutions using LIX84. They aim to separate Ni2*
from loaded solvent via stripping and obtained 80%
stripping efficiency at pH 1.5 (11). Zhang et al.
(2012) benchmarked LIX®1104, LIX®1104SM and
Versatic 10 containing LIX®1104 for the individual
separation of Ni2+ and Co2*. The results from solvent
extraction study indicated that the affinity towards
metal ions can be ordered as Cu>» Zn> Ni, Co>» Mn>»
Mg, Ca (12). Nadimi et al. (2017) investigated the
effect of citrate ion presence in D2EHPA on Ni?* and
Co2* separation via solvent extraction. They reported
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that the presence of citrate ions in organic phase
shifted the extraction to higher pH values.
Additionally, increasing pH of aqueous phase
increased the separation factor between Ni2* and
Co2* (13). Virolainen et al. (2017) utilized cyanex
272 and PC-88A for the separation of Ni2* and Co2*
from spent Li-ion batteries. Even though the
presence of Li* ions aggravates the individual
separation of Ni2+ and Co2* they obtained Ni and Co
with purity grades exceeding %99 (14). Hanada et
al. (2022) synthesized amic-acid based extractants
for the separation of Ni2* and Co2* from spent
lithium-ion batteries. The separation factor for Ni2*
and Co?* was reported to be 57.9 (15).

Solvent extraction techniques proven to be highly
efficient for Ni2* and Co?* separation even in the
presence of competing ions, however, they fail to
address environmental concerns. The main problem
with this technique is the excessive usage of
petroleum derived solvents (17). This issue is raising
environmental concerns because spent solvents are
being incinerated in industry particularly in concrete
plants (18,19). Industries that play a key role in
ensuring a sustainable future, particularly those
focused on renewable energy production, will be
compelled to source critical raw materials such as Ni
and Co with a lower carbon footprint, driven by global
environmental policies such as the Green Deal (20-
22). For this reason, a more sustainable, cost-
effective, and eco-friendly Ni-Co refinement process
must be developed (23). Ionic liquids are promising
solvents for extraction and are considered
environmentally friendly, they are expensive and
often complicated to synthesize, which limits their
practical application (24,25). In contrast, the
utilization of bio-based solvents for the separation
and purification of Ni2* and Co2* via solvent
extraction offers a viable alternative. These solvents
combine the advantages of solvent extraction with
biodegradability, low environmental impact, and
reduced costs (26). Several bio-based chemicals are
already widely used in industries such as detergents,
cosmetics, and food. Specifically, sorbitol-stearic
acid esters are water-insoluble, chemically robust,
and cost-effective materials suitable for solvent
extraction. Their synthesis can be achieved through
one-step Fischer esterification, further enhancing
their economic viability (27-29). The long ester
chains in their structure prevent water-solubility
while allowing for diverse molecular polarity.
Additionally, the partial negative charges on the
oxygen atoms of hydroxyl and ester groups may
facilitate the extraction of Ni?* and Co?* from
aqueous solutions.

In this study we developed a cost-effective and
environmentally friendly solvent for the separation of
Ni2* and Co?2*. Within this scope, sorbitol - stearic
ester in the molar ratio of 1:2 was synthesized via
Fisher esterification in the presence of acidic catalyst
and referred as SSA2. The melting point and density
of SSA2 were measured, and the acid value (AV) was
determined by titration method. The FT-IR diagram
was taken and the characteristic peaks of ester bonds
on SSA2 were underlined. The performance of the
solvent on the individual separation of Ni2* and Co2*
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was investigated as a function of aqueous phase pH
and contact time between organic-aqueous phase.
The distribution coefficients (Kp) and separation
factors (SF) for both Ni2* and Co2* were calculated
and presented.

2. EXPERIMENTAL SECTION

2.1. Materials

The reagents used in the study were of analytical
grade or chemical grade and used in the experiments
without further purification. Granular shape sorbitol
was purchased from ZAG. Stearic acid flakes and
phenolphthalein were acquired from AFG Bioscience.
Sulfuric acid (98%), potassium hydroxide, methanol
and n-heptane were purchased from Merck. Nitrate
salts of Ni and Co were obtained from Sigma and
used for the preparation of aqueous phase. Ultrapure
water (resistivity 18.2 MQcm, TOC level 1-5 ppb)
was prepared by the Millipore model water
purification system.

2.2. Instrumentation

Perkin Elmer Optima DV 2000 model inductively
coupled plasma optical emission spectrometry (ICP-
OES) was employed for the determination of Ni2* and
Co?* in aqueous solutions. pH adjustments were
made using Mettler Toledo Seven Compact pH meter
S210. FTIR diagrams of stearic acid, sorbitol and
SSA2 were determined using Perkin Elmer Spectrum
Two FTIR-ATR.

2.3. Synthesis of SSA2

2 moles of stearic acid was charged into 500 mL flask
and melted at 60 °C, then 1-2 drops of 98% H,S04
was added onto liquified stearic acid as a catalyst for
Fisher esterification. The mixture was stirred for 5
min. and 1 mole of sorbitol powder was poured onto
the mixture. The reaction temperature was set to
200 °C and samples were taken each hour to
determine AV of SSA2. SSA2 then let to cool at
ambient temperature after 5h of reaction time and
filtered to eliminate the residual sorbitol. A schematic
explanation of the synthesis equipment was given in
Figure 1. The synthesis procedure was adopted from
a previous study 27.

Water Vapour
Discharge

=

Figure 1: Schematic presentation of experimental
setup for SSA2 synthesis (27).
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2.4. Determination of Acid Value

Each hour a sample was taken from the synthesis
chamber and 0.1 g of SSA2 was dissolved in 25 mL
of n-heptane. Then, 3-4 drops of 1% phenolphthalein
containing methanol were added onto the solution as
an indicator. The sample was then titrated with
methanol - KOH solution containing 0.02 mol/L KOH
and when the color shift was observed the spent
volume of titrator was noted and AV of the sample
was calculated according to Eq. 1. The acid value of
SSA2 was determined using a KOH titration method
commonly employed for oil samples, following a
similar approach reported by Luis et al. (2019) (30).

AV = (Vg — Vieq) x N x 2229/m0k (1)

Wssaz

Veq: Spent KOH solution volume for sample (mL)
VBeq: Spent KOH solution volume for blank (without
oil sample) (mL)

N: Normality of the KOH solution (N)

56.1 g/mol: molar mass of the KOH

Wssaz: Mass of SSA2 (g)

2.5. Density Measurement

The density of SSA2 was measured using a
pycnometer at 65 °C, corresponding to the
temperature used in the solvent extraction
experiments. 25 mL pycnometer weighed in a scale
and then filled with deionized water at 65°C and
weighed again. The exact volume of the pycnometer
was calculated. Then the pycnometer was dried and
filled with SSA at 65 °C and weighed once again and
the density of SSA2 calculated using Eq. 2.

SSA2 Density: % (2)

b-a

Pycnometer Volume (PV):

dwater

a: Mass of empty pycnometer (g)

b: Mass of water filled pycnometer (g)
c: Mass of SSA2 filled pycnometer (g)
dwater: Density of deionized water (g/mL)

2.6. Melting Point Determination
100 g of SSA2 was melted at 75 °C and put into
freezer at -20 °C with an attached thermometer.

250

200

150

AV

100

50

0 50 100 150
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Then a solidification was monitored and noted, the
process was repeated 3 times, and the average
melting point was given in result and discussion
section.

2.7. Solvent Extraction Experiments

As an aqueous phase 50 mg/L Ni2* and Co?%*
containing solution was used. 80 mL of aqueous
phase and 20 mL SSA2 as an organic phase were put
into glass flask. The temperature was set to 65 °C
and stirred with a mixer settler extraction apparatus.
Samples were taken from aqueous phase and
analyzed with ICP-OES to determine the
concentration of Ni2* and Co2?*. In all solvent
extraction experiments were carried out with 1:4
organic phase: aqueous phase ratio. The effects of
contact time (5-120 min.) and aqueous phase pH (1-
5) on KD and SF values were investigated. KD and
SF values were calculated using Eq. 3 and Eq. 4
respectively.

Co—C v,
Kn = 20 e w a9 3
p =t x gt (3)
KDco
SFCOZ+/NL'2+ = __cozt (4)

KDpiz+

Co: Initial concentrations of metal ions (mg/L)

Ce: Equilibrium concentrations of metal ions (mg/L)
Vaq: Volume of the aqueous phase (mL)

Vorg: Volume of the organic phase (mL)

Koni and Kpeo: Distribution coefficients of Ni2* and
C02+

SFconi: Separation factor value used as an indicator
in separating Co2* from NiZ+

3. RESULTS AND DISCUSSION

3.1. Acid Value Determination

Samples were taken from synthesis medium for 60
min. intervals for 300min. and subjected to KOH
titration to determine the AV of SSA2. In theory,
Fisher esterification continues the -OH groups of
sorbitol and -COOH group of stearic acid react to
form ester group (-COOR) and H;O as byproduct. As
a result, the acid value must decrease with the
continuing reaction.

200 250 300 350

Reaction Time (min.)

Figure 2: Acid value of SSA2 as a function of reaction time.
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Figure 2 shows that there was a sharp decrease
observed in AV within an hour of reaction at 200 °C.
The decrease continued through the synthesis
experiment since the reaction between stearic acid
and sorbitol continues. However, due to lesser free
stearic acid in the media and the formed ester groups
on sorbitol started to slow down the reaction rate. At
the beginning of the reaction the acid value was 195
and decreased to 25, which means more than 87%
of stearic acid reacted with sorbitol. In further studies
120 min. reaction time might be more feasible to
save energy.

1024
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3.2. FTIR Analysis of SSA2

The FT-IR diagram of SSA2 was presented in Figure
3 and comparable FTIR diagram that contains
sorbitol, stearic acid, and SSA2 was given in Figure
4. In the FTIR diagram of SSA2 the peaks at 2920.8
cmtand 2851.8 cm™ are attributed to C-H stretching
and peak observed at 1467.9 cm-! could be belonging
to CHz scissoring. The sharp peak at 1732.3 cm!
corresponds to C=0 stretching of ester group and the
peaks at 1168.2 cm™! and 1094.6 cm! attributes to
asymmetric stretching of C-O bonds in ester group.
The peak at 723.9 cm™! belongs to O-C=0 bending in
SSA2’s ester groups. Similar peaks were reported in
a study published by Khan et al. (2015) (31).

723.96cm-1

1467.9cm-1

1094.6cm-1

1732.3cm-1 1168.26m-1

4000 3500 3000 2500

2000 1500 1000 500 400

cm-1

Figure 3: FTIR diagram of SSA2.

Figure 4 shows that characteristic peak of SSA2
between 1732 cm® and 1172 cm! are unique for
SSA2 and can’t be observed in stearic acid or in

102
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LT \ Il"dl'
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o |
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sorbitol. Therefore, it can be outlined that SSA2 was
synthesized in ester form by reacting sorbitol and
stearic acid via Fisher esterification.

|I‘|II'II,._—~W,_‘IHMI.{—«(—~.I Fl}“l.r H'V y -]A:g'*..
| :

1752.8cm-1 1172, 2cm-1

4000 500 3000 2300

2000 1500 1000 500 400

cm-1

Figure 4: FTIR diagram of SSA2, sorbitol, and stearic acid.

3.2. Density Measurement and Melting Point
The density of SSA2 was determined at 65°C and
measured to be 0.919 g/mL. The melting point of
SSA was determined from three repeated
measurements as 48 £ 0.3 °C.

3.3. Solvent Extraction Studies
The initial pH of the aqueous phase was adjusted
using ammonia or sulfuric acid solutions in 1 mol/L

concentration. All solvent extraction experiments
carried out at 65 °C temperature and 250 rpm mixing
rate. The organic/aqueous phase ratio was set to 1:4
and kept constant for all extraction experiments. The
Kp values were investigated as a function of contact
time and initial aqueous phase pH. The Kp values of
Ni2* and Co2* were presented in Figure 5 (a-e).
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Figure 5: The KD values of Ni2* and Co2* as a function of contact time, a): pH 1, (b): pH 2, (c): pH 3, (d):
pH 4 and (e): pH 5.
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In the experiments, the Kp values of Ni2* and Co?*
showed an increasing trend over time. At pH 1, 2 and
3 the extraction of both Ni?* and Co?* nearly
stabilized after 60 minutes of contact time. However,
at pH 4 and 5 (as shown in Figure 5 (d-e)), the Kp
values for Co?* continued to rise even after 60
minutes. Kp values of both Ni2* and Co?*
demonstrated an increasing trend with increasing
aqueous phase pH, potentially due to lower
competition between H* ions and Ni2*/Co?*.
Therefore, the highest Kp values were obtained at pH
5. It can be observed that, this increasing effect was
more pronounced for Co2*, enabling effective
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separation of Co?* from Ni2* at pH 4-5 with a contact
time of 120 minutes.

Separation Factors

The SFco2niz+ values are presented in accordance
with pH values in Table 1. The data show that the
highest separation factors were observed at pH 4 and
pH 5 with a contact time of 120 minutes. This
suggests that extraction of Ni2* ions are slower than
Co?* ions and additionally, SSA2 is more selective
towards Co?*. Consequently, increasing the pH
enhances the separation factor between Ni2* and
Co2* in higher contact times.

Table 1: SFce2niz+ values in between pH 1-5.

Contact

time min. pH 1 pH 2 pH 3 pH 4 pHS5
5 2.60 2.95 2.83 2.81 1.92
15 3.07 2.99 2.84 2.54 2.39
30 3.47 2.71 3.21 2.94 2.46
60 2.68 2.84 3.19 2.95 4.41
120 2.61 2.77 2.65 3.93 6.20
In the literature, various solvents and solvent liquids, achieving SFco2niz+ values of 207 and 733

systems have been investigated for the separation of
Ni2* and Co?* ions. In this context, Sarangi et al.
(1999) studied the separation performance of PC88A
and Cyanex 272, reporting separation factors
SFco2niz+ ranging from 12.3 to 71.8 for PC88A and
252 to 6972 for Cyanex 272 (32). Nadimi et al.
(2017) evaluated the use of D2EHPA for Ni2* and
Co?* separation, where SFcoaniz+ Vvalues varied
between 2 and 5.5 depending on the pH, specifically
at pH values of 3 and 5 (13). Wellens et al. (2013)

under optimized conditions (33). Similarly,
Hereijgers et al. (2016) reported that Cyanex 272
exhibited separation factors around 1400,
highlighting its high selectivity for Co?* over Ni%*
(34). The separation factors obtained in the present
study are comparable to those of D2EHPA but lower
than those reported for Cyanex 272. The summary
of the literature comparable with the manuscript is
presented in Table 2.

conducted separation experiments wusing ionic
Table 2: Comparison summary of SFce2niz+ between literature and SSA2.
Solvent Solvent Type pH Separation Factor Refﬁ:nce
D2EHPA Acidic 4.5 5.5 13
Na-PC88A Ionic 5.7 71.8 32
Na-D2EHPA Tonic 5.2 12.3 32
Na-Cyanex 272 Ionic 6.5 6972 32
Cyphos IL 104 Ionic - 207 33
1-ethyl-3-methylimidazolium chloride Ionic - 733 33
Cyanex 272 Acidic 6-7 1400 34
SSA2 Neutral 5 6.2 This Study

4. CONCLUSION

In conclusion, SSA2 was synthesized with over 87%
efficiency and made a valuable contribution to Ni-Co
separation by promoting sustainable chemical
practices. SSA2 demonstrated a higher affinity for
Co?* than for Ni%* throughout the study. At lower pH
values, the high concentration of H* ions limited the
effective extraction of both metals. As the pH
increased, the Kp rose significantly, especially for
Co?*, with the highest value observed at pH 5. The
maximum separation factor SFce2yniz+ was achieved
at pH 5, reaching 6.20 in favor of Co2*. Due to the

non-ionic nature of SSA2, its extraction capacity and
SF in a single stage is relatively low; however, this
limitation could be addressed by introducing
carboxylic acid salts, such as sodium citrate into
SSA2. Furthermore, structural modifications to SSA2
may enhance its selectivity for Co2*, allowing its
performance to approach that of commercial
extractants like Cyanex 272. Future research should
focus on employing bio-based solvents like SSA2 to
help lower the carbon footprint of metal production,
separation, and refinement processes.
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Abstract: This review highlights three main topics: advancements in vitrification technology and associated
issues like melter corrosion in global facilities, the chemistry and networking of glassy and frit forms of waste,
and improvements in vitrified structures that enhance the properties of glass formulations. Borosilicate glass
formulations offer various technical advantages for nuclear waste management, including effective bonding
with fission products and actinides, resistance to radiation, simple and safe technology, and low leaching
tendencies in aqueous environments. The maximum results indicate that the vitrification facility in Tarapur,
India, 43.8% waste loadings with 6.4% B,0s3 in the glass composition, while Savannah River Site in the USA
processes waste loadings of up to 50 wt% with 6% B,0s3in the glass composition. In the IAEA-TECDOC, it is
stated that considering spent fuel borosilicate glasses are suitable matrices for the immobilising up to 13 wt
% of UOz or 6 wt % of PuO,. However, borosilicate glasses may face issues when the molybdenum ratio in
the waste exceeds certain limits, potentially leading to phase separation in the vitrified network. This review
covers the importance of waste management policies and provides a historical overview of nuclear waste

glass in different countries.
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1. INTRODUCTION

Management the waste of nuclear power plants is
troublesome. Besides preservation of the recovering
U and Pu radioisotopes for reuse; the high-level
radioactive wastes (HLW) must be disposed of. This
involves immobilisation the waste and deposition in
safe places to protect both human and environmental
health. Nuclear waste must be trapped in a matrix
whose microstructure should be compatible with the
waste formulation to bond and form a network. This
is to avoid the leaching radioactive materials into the
biosphere, harming human life, and polluting the
environment on site of deposit. The best
immobilization form is solid state. Glass is the best
material of all options for Vvitrification or
encapsulation of HLW because of its favourable
chemical and radiation resistance, as well as thermal
stability.

Based on the Power Reactor Information System
Database (2022) gathered by the IAEA, 440 nuclear
reactors are still functioning for energy production.

There are an additional 54 plants under construction.
Thus, radioactive waste is produced. Mainly, fission
products, long-lived beta-particle and gamma-ray
emitting (Se, Zr, Tc, Pd, I, and Cs) are decay
radioisotopes in the inventory. Besides, Np, Am, Cm,
and Cf are also present in the waste (1).

Countries started handle with the solidification
processes and way out (2). In Europe, except Russia
and Slovakia, more than 60,000 tons of spent
nuclear fuel are deposited in varied forms. The EU
countries’ part is 57,000 tons. France alone stores
25% of the EU’s spent nuclear fuel inventory. The
second is Germany with 15% and the UK is third one
with 14%. France, the UK, and Russia reprocessed
their spent nuclear fuel, besides this, on behalf of
most countries their spent nuclear fuel as well. In the
1990s, Russia first demanded that Hungary return
residual radioactive waste generated during
reprocessing. Vitrified waste (mostly high-level
radioactive waste) is returned to the country of
origin. To resolve this arisen problem, Hungary
decided to construct a storage facility in 1993 due to
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1,261 tons of spent nuclear fuel and 102 m3 of high-
level radioactive waste to store (2016). Despite the
signed long-term commercial agreement with Russia
on reprocessing service, Bulgaria ceased all spent
nuclear fuel shipments in 2014. The countries like
Finland, had to deal with waste management
strategy plans too (3).

A thermodynamic approach to predict metallic and
oxide phase precipitations in nuclear waste glass
melts was first presented at the 2nd International
Summer School on Nuclear Glass Wasteform:
Structure, Properties, and Long-Term Behaviour held
in 2013 in France (4,5). This topic remained of
significant interest and was revisited in the 2017
Joint ICTP-IAEA Workshop on Fundamentals of
Vitrification and Vitreous Materials for Nuclear Waste
Immobilisation, also in Marseille, France. During this
workshop, thermodynamic modeling of nuclear
waste glasses was identified as one of the core
subjects. Particular attention was given to
thermodynamic functions derived from relationships
between fundamental thermodynamic quantities of
glass, highlighting both experimental techniques for
the determination of these quantities and
computational approaches, such as the CALPHAD
method, the Ideal Associated Solution Model, and
other technical approximations.

Further advancements in this domain were featured
in the 39 Summer School on Nuclear and Industrial
Glasses for Energy Transition, held in 2023 in Nimes,
France. It is emphasized modeling of both the
thermodynamic and chemical mechanisms as well as
the physico-chemical properties of glass and melt
(6). Among the prominent issues discussed was the
modeling of glass properties and their impact on
glass production rate in electric melters. Key
technological factors such as heat flux, gas bubbling,
and foam layer parameters were identified as critical
variables influencing the vitrification process (7).

Additionally, the phenomenon of phase separation, a
central topic in this review, was discussed in detail.
The 2023 Summer School addressed thermodynamic
models for phase separation and crystallization in
nuclear waste glasses, underscoring their importance

REVIEW ARTICLE

Valuable studies aimed at understanding radiation
effects and enabling predictive modeling of nuclear
waste glass behaviour were presented at the 2nd
SumGLASS School in 2013. One notable contribution
is referenced in Weber’s study (10). There are very
few earlier foundational work such as that in Weber’s
another study (11). Prior to these, only a limited
number of studies had been conducted in this area.
More recently, the effects of gamma radiation on
various properties of glass and glass-ceramic
matrices used for nuclear waste immobilisation have
been investigated. These include studies on ageing
and gamma-induced structural changes, small
density changes as a result of atomic displacements
in nuclear glass as reported in references (12), (13)
and (14), from research conducted across the globe.

Recently, description and modeling of chemical
reactions in the feed of vitrification of high-level
nuclear waste, (15) and the problems due to the
sulphur solubility as SOs; have been analysis at full
speed (16,17). Improving the processes involved to
minimize the waste form on Hanford tanks is an
important issue that taken into consider in the review
of Marcial et al. (18).

In the consideration of gap analysis in the research
area, the structural improvement studies have been
successfully conducted and are continuing without
delay. However, a gap remains in the evaluation and
“the comparison of high self-radiation stability of the
glass with the recently proposed alternative
matrices”. It is necessary to further investigate and
emphasize the material's radiation stability,
particularly in comparison to alternative matrices
such as geopolymers. Demonstrating a clear
advantage in radiation resistance over other matrix
materials will significantly strengthen the case for its
application. Preliminary findings suggest that the
self-radiation stability of the material surpasses that

of alternative matrices, and this superior
performance should be clearly validated and
highlighted.

2. ASSESMENT OF METHODS AND RESULTS

The content of the review is branching as shown in

for understanding glass stability and long-term  Figure 1:
performance (8,9).
7~ R
1. The historical advancements in the vitrification
:’\> technology and
rablems
\ P
7 3
Review
:,\> 2. The networking and chemistry
A y
7 =
:D 3.The improvement in the vitrified structure
A y

Figure 1: The branching of the content.
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2.1. Historical Advancements in the
Vitrification Technology and Problems

2.1.1. The  history of French Vvitrification
advancements

The criteria outlined for selecting countries and
facilities act as the principal initiators of this process
and its technologies, and they are the first to carry
out the selection of these matrices. High-level
nuclear waste vitrification in France started with the
first radioactive glass at Saclay in 1957 (2).

PIVER facility at Marcoule processed 200 kg vitrified
radioactive solutions in 1968 by a sol-gel process.
Induction heating is used for the melting step of
waste glass feed in a metal melter. Between 1969
and 1973, PIVER converted 25 m3 of radioactive
waste solution into 12 tons of glass by vitrification,
earning the ANS Nuclear Historic Landmark Award of
1989 (2).

The two-step procedure model of calcination and
vitrification, first developed in France, involved
treating fission decay solutions in a calciner and
melting the glass. This success led to construct a new
plant with lines at La Hague. The British Nuclear Fuels
Limited, (BNFL) adopted this two-step process for
their Sellafield Vitrification Facility starting in 1990

(2).

Advancements in technology have continued,
including the development of the Cold Crucible
Induction Melter (CCIM), which allows the processing
of highly corrosive solutions not manageable with
traditional metallic melters at temperatures that
exceed those achievable with metallic melter (2).

French R7T7, a type of nuclear glass which consists
of more than thirty oxides, (see in Table 4) agreed
upon that this type of trapping of fission products and
simple actinide elements by bonding in the structure
and immobilizing for long-term disposal (19).
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2.1.2. Nuclear waste vitrification processes with
featured technological aspects

The Environmental Protection Agency of the USA
(EPA) stated that |vitrification is the Best
Demonstrated Available Technology with the aim of
the disposal of HLW, in spite of high energy need for
the treatment and producing volatile species.
Vitrification of radioactive wastes into a glass is the
right choice because the radioactive elements
become atomically bonded within the glassy state.
Hence, the waste forms remain highly durable over a
long period. Joule heating and plasma technologies
are both featured electric vitrification processings as
well as former sol-gel process (20).

Sol-gel process: Typically, silicate glasses, which
may include high-level nuclear waste components
Cs, Sr, Co, and Nd (following actinides), are
produced through a complex sol-gel process. An
advantage of this approach is that some radioactive
elements form resulting small volumes of
mechanically robust waste inventory (21).

Joule-heated ceramic melter technology: Pd, Ru and
Cu were recovered approximately 74%, 82%, and
93%, respectively, from the high level waste (HLW)
using the canister to use Joule heating at process
temperature 1473 K i n 1h. The glass formers,
modifiers and radioactive waste were put into the
canister (20).

55 million gallons of waste from recovery of the
irradiated nuclear were at under ground of Hanford
region, Washington State, by 2011. Joule-heated
melter technology for the treatment and
immobilization of low activity waste was developed.
The waste is pretreated for Cs removing by ion
exchange column before the transition to vitrification
pool for melting. Table 1 has been created to show
some critical aspects to consider and plan prevention
actions considering the informations mentioned in
the article of Kelly et al., 2011 (22).

Table 1: Critical aspects of joule-heated melter technology and risk management.

No | Main Potential Risks of Process

Risk-based improvement
plans

waste transfer

Leaks, spills and contamination risks for workers during

feed content

Gases from decomposition, oxidation and vaporization of

Risk analysis and planning
prevention actions

Flammable gas generation like hydrogen during

(generate risk matrices

Off-gas Release from Melter, toxic gases NO,, NO

and control the risks)

Hg removing from Off-gas system

an|h~hW N

Ammonia Release to workers or environment

The advantages of the Joule Heating Ceramic Melter
(JHCM) and the zones in the vertical JHCM with cone-
shaped bottom and cold-cap structure in horizontally
oriented JHCM with flat bottom design are well-
documented in practice for HLW vitrification in the
paper of Yang et al. Boiling feed, reacting solids,
compaction, formed foam and molten glass
illustrated for clarify the zones inside (23).

Plasma technology for treatment and technical
aspects and Plasma pilot plant: Plasma technology

has 3 critical advantages: getting smaller gas flow
rate to the environment, reaching high vitrification
temperature with plasma and manage the release of
toxic by-products. Nevertheless, in the plasma
system design some vital improvements are needed.
One of them is in air compressor pump for effective
gas combustion, the second coming is in combustion
chamber for good enough fully vacuum with negative
pressure difference for prevent gas releases to out of
the chamber system. Considering environment, the
chimney height should be high enough in the waste
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treatment plant design. The power of exhaust fan is
crucial, therefore improvement should done.
Controlling of HEPA filter is another performance
factor of the plasma system. Besides all, software
validation and system measurement calibration
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should check periodically. Table 2 shows us that
highly reachable \vitrification temperatures is
reachable with this process. It has been set up
gathering the data of Salihuddin et al., to mark the
high temperatures (24).

Table 2: Vitrification temperatures in plasma technology depending on current.

Current Voltage | Plasma jet temperature
minimum 100 A 300V 3161 °C
maximum 160 A 300V 3360 °C

Institute of Nuclear Energy Research of the Republic
of China, started to use the plasma technology with
a capacity of 250 kg/h and operation at 1700 °C
plasma melter for treatment technique of low level
waste at 1994 (25).

With plasma technology removal efficiencies of Cd,
Cs, and Hg were shown in Figure 2 respectively. It
has been constructed using the dataset provided by
the article Sanito et al., 2022 (20).

Plasma technology removal efficiency

%

Cd Cs

Hg

Figure 2: Removal effiency of Plasma technology in the vitrification process.

2.1.3. Waste minimization programme performance
Waste minimization programs have reached a tenfold
reduction in LLW generation, bringing LLW volumes
down to approximately 100 m3 annually per 1 GW
(26).

In the vitrification process, radioactive waste is not
only encapsulated by the glass but also each waste
atom is individually bound in the glass molecular
structure chemically with definite exceptions, e.g.,
ruthenium and palladium (27).

Ion exchange and dissolution of the matrix result in
the creation of top coating consisting of multiple
porous layers featuring a varied mixture of both
crystalline and amorphous components within the
glass.

In 1984, a three-year research of six US laboratories
was performed on the leaching behaviour of HLW in
borosilicates glass and solubility in the surface layers
produced at Marcoule, (France) in collaboration with
Japan, Sweden, and Switzerland (28).

2.1.4. The history of the Indian Vvitrification
technology
In India, borosilicate glass matrix has been

implemented in three vitrification facilities. The first
is in Tarapur, the second is at Bhabha Atomic
Research Centre, and the third is at Kalpakkam (29).

The composition of (HLW) varies based on
parameters such as the reactor’s processing steps,
and the recovery chemistry. This waste includes

long-and short-lived fission elements, actinides,
unrecovered Pu/U, and chemicals used in the
treatment steps, as well as corrosion byproducts
from the storage tanks and tubing, exist in the waste
content. While americium, neptunium, and curium
are the main actinides, the chemicals present are
nitric acid and sodium nitrate. HLW at Trombay
generated from the recovery of research reactor’s
output emits radiation of 0.27- 0.37 TBq/L (29).

In PUREX (Plutonium URanium EXtraction) process
which used to recover the uranium and plutonium
through liquid-liquid solvent extraction by tributyl
phosphate as the organic solvent, a nitric acid-based
liquid waste flux is derived as a by-product (30).

2.1.5. History of HLW vitrification advancements in
the UK nuclear power

The UK’s WVP at Sellafield constructed its first two
lines in 1990, and a third line was implemented in
2002. The WVP employs the French two-stage
calcination-melting operation to handle 25 kg/h of
waste. High-level waste glass have been yielded and
stored until final deep geological disposal (30).

2.1.6. Vitrification Facilities in the World and Waste
Inventories

Some notable properties and glass formulations
around the World were selected and tabulated. Two
remarkable points exist on the list of Table 3. One is
the highest waste loading capacity obtained with the
glass composition with MnO. The highest waste
loading capacity on the list is received from India’s
Tarapur facility, 43.8%. Interestingly, this facility is
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the only one that includes manganese oxide in its
glass composition of the original list. MnO content
does not appear in any glass composition of any
other country’s facility on the list. This glass
composition has high MnO content (9%) and
relatively low B,0s3 content (6.4%). The second
remarkable point is with high P,Os content, Russia’s
Mayak facility. P.Os content is 52.0%, very high, and

REVIEW ARTICLE

there is no B>O3 content in the glass composition. Its
waste loading is quite good (<£33%). This means up
to 33% is obtained without B,Os3 in this composition.
It is clear that P05 is a suitable glass former for
waste loading as well. In Table 3, this point is made
obvious (31). The notable results selected from the
article of Thorpe et al., 2021 to discuss.

Table 3: The selected results on the world waste glasses and their capacities (Thorpe et al. ,2021).
Colindys z\éi:t%r Significant | Waste
vitrification 99 1 si0, | P,0s | B,Os | AlbOs | CaO | MgO | NayO | Other | 2'9 :

- - glass Other Loading
facilities
name
India: HLW- _ ~ _ o o
Tarapur IR111 34.1 6.4 2 0.2 59.3 MnO (9%) | 43.8%
Slovakia: HLW- Fe,0
VICHR, Chrompik | 54.8 | - 13.9 | 5.0 - - 8.0 |18.3 vy 3-10 %
! (4.3%)
Bohunice II1
Russia: HLW - 52.0 | - 19.0 |- - 212 | 7.8 |- <33%
Mayak
UK: HLW-
e CaZn 34.4 | 0.51 | 16.3 | 5.6 4.6 2.9 6.9 28.8 - ~28%
Sellafield
Magnox

Japan, Korea, China, and one of the UK'’s facilities
have P05 content of less than 1% in their glass
composition, besides B,03 (10.6-16.3%). The UK has
three facilities with six types of glass compositions;
one glass includes P05 as 1.9% in its composition,
besides 2.0% B,0:s.

The UK’s Sellafield facility has the higher B,Os3
content in the glass composition on the list (16.3-
16.4%), and 26-30% waste loading is obtained. One
of three UK glasses has CaO content (4.6%) as extra.

The lowest waste loading is in Slovakia, Bohunice.
The difference in composition from the others is Fe,O
content 3% and the result is 3-10% (31).

The waste’s physical shape with its structural
characteristics and engineered barrier are crucial in
determining glass durability. According the data on
glass corrosion and dissolution kinetics vitrified LAW
will not include longer-lived and radiotoxic actinides
(e.g., U, Np) still, it will immobilise a mixture of short

and long-lived fission. ASTM, EPA, and ANSI standard
methods have been used for glass dissolution and
leaching tests since 1981. Finland and Sweden are
progressing in their pattern for directly disposing of
used fuel and have chosen their sites in Sweden. The
USA has decided Yucca Mountain in Nevada as the
site for its repository. Additionally, vitrification plants
in the UK and Belgium have been in operation for
over forty years (31).

Commercial nuclear fuel reprocessing facilities with
high level waste are based on 3 main Technologies.
Facilities sites are located in India, Japan, France,
China, Russia and the United Kingdom. JHCM: Joule-
heated ceramic-lined melter; HWIM: Hot-walled
induction melter; CCIM: Cold-crucible induction
melter. German Vitrification Plant’s melter
technology is also under review from a technological
perspective. Vitrification technologies used in spent
fuel reprocessing are plotted as percentages in Figure
3 based on the informations from the article of
Vienna et al., 2010 (32).

Vitrification Technology

—

1in France

3in India
1in France
1 in United Kingdom

= HWIM

= JHCM

1in India

2 inJapon
1in Russia
1in China

ccim

Figure 3: Vitrification technologies used in spent fuel reprocessing.
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Two main factors exist to be considered in the
storage conditions. First, decay heat from
radionuclides with a half-life of 30 years (134Cs, 137Cs,
90Sr, decay) will heat the glass during the time in the
repository. When the temperature gets close to the
glass transition temperature, phase changes may
take place in the glass, impacting its long-term
performance. The second one is that Pd, Ru, and Rh
are rare soluble in alkali-boro-silicate waste glasses
and will remain insoluble solids within the melt (32).

The most extensive nuclear waste vitrification facility
in the USA is in the Savannah River. Mainly these are

Vitrified
waste
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removed from the used fuel to allow for the recycling
of U and Pu. The vitrified HLW is encapsulated into
stainless steel cylinders, kept for final deep
geological disposal (31).

A safe geological disposal design with “multiple
barriers” is essential to prevent significant
environmental releases for thousands of years
(26,31). Taking advantage of clay adsorption of the
radioactive waste, by groundwater elution. Figure 4
illustrates the same technical recommendation (33).

Steel
— overpack

Clay
overpack

Host rock
S—
natural
barrier

Figure 4: The recommended multiple barrier system for the disposal of nuclear glass.

Some examples of glass formulation from the World is seen in the Table 4 (34).

Table 4: Waste classes and the glass formulations of some countries (34).

alfgti‘:azftglcalzz s Country Formula of the Glass
Magnox, HLW UK 47.25i0,-16.9B,03-4.8A1,03-5.3Mg0-8.4Na,0-17.40thers
R7T7, HLW France 45.5S5i0,-14B,03-4.9A1,03-9.9Na,0-2.9Fe;03-22.80thers
K26, LILW Russia 48.2Si0,-7.5B,03-2.5A1,03-16.1Na,0-15.5Ca0-10.20thers
CCM, HLW Russia 52P,05-19A1,03-21Nay0-7.80thers
DWPF, HLW United States 50Si0,-8B203-4Al;03-8.7Na>0-1.4 Mg0O-27.90thers
PAMELA, HLW Germany-Belgium | 52.7Si0,-13.2B,03-2.7Al,03-5.9Na,0-4.6Ca0-20.90thers

2.1.7. Nuclear waste treatment and melter corrosion
It has been faced with some technologycal problems
with the glass-contact refractory in the nuclear waste
vitrification melters. According to the review
encountered about correlation of corrosion data
versus melter life considering melters, after being
closed down, the melter lining was taken apart, and
the examination revealed refractory melt line

indicated a material loss of around 10-13 cm. was
discovered to have infiltrated the cracks on the
external layers of the refractory. The overall details
related with the problems encountered regarding the
process were summarized in Table 5 based on the
information provided the articles of Jin et al., 2023
and Guillen et al., 2020 (35,36).
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Table 5: The main corrosion and circuit problems in vitrification process steps.

The reason

The results and observations

Facility, glass type

High melting
temperature need in
Joule-heated ceramic
melter (JHCM)

to melt.
Decrease in melter life.

The glass feed is heated by an electric current
between electrodes immersed in the glass pool

New York, US, 1995-
2002, 2200 m?3 high level
waste, 0.7-1.2 ton of
daily glass production

. . Refractory corrosion.
Borax migration and

electrical shorts L
from assembly joints.

Damages to the refractory and leakage of melt

South Carolina, US,
1996-1999

2500 m3 low level waste,
5-15 tons of daily glass
production

Salt phase such as

sulphate and chloride the cracks.

Greater corrosion depth.
melt line material lost with 10-13 cm gap,

1998-2003,
Low Pilot Melter

Controling of oxidation
state and the solubility
of molybdenum,
chromium, iron ions in
inventory

Corrosion of the melter refractory based on
their oxidation related with high heating.
Fe(III)/Fe~0.5 at 500 °C;~0.7 at 700 °C.
Rearrangement from octahedral to tetrahedral.

LLW-E-MO09 glass type,
NG-Fe; glass type

The insoluble part and the unwanted layers formed
in the glass matrix serve the purpose of creating a
barrier that prevents contact with the melter. Some
examples that providing advantages were given in

Table 6. This Table created based on the cases
mentioned in the articles of Jin et al., 2023, Guillen
2020 et al., Crum et al., 2023 (35-37).

Table 6: Some advantages of layers produced during the vitrification on melter life.

lining layer.

Factor Benefit for corrosion Result Facility
Molybdenium Due to the dissolution of molybdenum | Increase of service Facility in Ohio,
dissolution in the and no leakage on the melter floor. It | life of the melter; us, 1996, daily
glass feed is an advantage. No problem in Refractory still on 1 ton of glass

contact with glass and the refractory

service. production

Layer of eskolaite
(Cr0O3) on corrosion
resistance

resistance.

A Protective layer of 22 um-33 pm.
Crystals will slow the corrosion
because of its high melting point of
2435 °C providing the corrosion

It is a proposal of In refractories
improvement to
reduce corrosion of

refractory.

Gray Cr,0s crystals present intensly at the side wall
and at the bottom of the crucible areas. Increasing
the use of Cr0s works to reduce corrosion of
refractory materials (22,37).

There is a directly relationship between the
chromium and increasing of viscosity. The reason are
the crystalline chromium mineral phases which built
up in air-quenched melts. In the melt form, these
crystals bring additional friction through shear
movements (27).

2.1.8. Platinum group metals in Japanese HLW
vitrification, Rokkasho Reprocessing Plant

Rokkasho vitrification facility situated in Northern
Japan was completed in 2013. Liquid Fed Ceramic
Melter that uses Joule heating through direct
electrification is adopted.

In addition to the yellow phase components
(primarily molybdenum and sulphur), the noble
metals group—particularly ruthenium (Ru), rhodium
(Rh), and palladium (Pd)—poses significant
challenges in HLW borosilicate glass melts due to
their high electrical conductivity which can interfere
with melter operation. These problematic elements
are typically present as compound forms such as
RuO;, Rh;03, PdO appearing as needle-like or

spheres. They are the noble metals which are located
at the bottom of the melter as sedimentation (38). It
should be noted Platinum group metals in one ton
of SNF; ruthenium is 3.04 kg, rhodium 0.60 kg and
palladium 1.94 kg (39).

2.1.9. RuO2 Sphere Formation and Their Contribution
to Short-Circuiting Failure Risk

RuO; can markedly influence the electrochemical
characteristics of nuclear waste glass melts due to
their higher conductivity. Platinum group metals such
as ruthenium, rhodium, and palladium, exhibit
extremely low solubility in glass. Ruthenium typically
forms RuO; crystals, while palladium and rhodium
form spherical Pd-Rh-Te alloys, all of which are
present as agglomerates in the nuclear glass melts
causing issues such as electrode short-circuiting or
even damage to the furnace, ruthenium’s behaviour
should be considered (40).

2.1.10. Vitrified HLW storage in the savannah river
site location in the United States

The Savannah River Site, recognized as the largest
radioactive waste vitrification facility globally,
currently manages high-level liquid radioactive waste
containing an estimated total activity of 332 million
curies. This waste is stored in underground stainless
steel canister containing the glass (41). Notably, one
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of the earliest publications addressing the
borosilicate glass waste loading capacity for this
facility was released in 1983 up to 50 wt% (42)
Leaching rates of borosilicate glass containing
radioactive wastes from the Savannah River Plant
have been evaluated over a 900-day period based on
90Sr and 137Cs analyses, with particular emphasis on
the influence of pH (43) In the review of Hossen, it
is underlined the alkaline conditions improve
uranium and technetium leaching at significiant
degree at above pH 9 (44).

Average Composition of Savannah River Site Vitrified
High-Level Waste is presented in the report of U.S.
Nuclear Waste Technical Review Board as 6% B0s3
(41) In the report of Savannah River National
Laboratory 2014, ruthenium, rhodium, and palladium
crystals are included in crystallization data (45).

Selected Chemical Engineering Applications in
NucleaWaste Processing in Savannah River Site
studied in the review of Crouse et al. and illustrated
via Fishbone diagram based on recent conceptual
developments at the site recently. The primary
processes implemented as improvements include
filtration, evaporation, solvent extraction of cesium,
acid addition methods, the introduction of antifoam
agents to prevent foam layer formation, and mercury
separation (46). Engineered Multibarrier system for
Storage Of Savannah River Plant Waste is illustrated
in 1980's (47).

Construction and Design principles of the were
discussed in the facility of Savannah earlier articles
(48)

2.2. Networking and Chemistry

2.2.1. Melting-quenching method: Glass formation
and glass-ceramic matrix

Boron has a field strength of 1.63 with 3 coordination
number; phosphorus has a field strength of 2.1 with
4 coordination number. Their role is acting as
network formers, formation of the backbone and
location in the polyhedrals. Fundamental
"glassformers" are B,03, SiO,, GeOy, and P05, which
have the ability to form glasses on their own and high
field strength (F). In contrast, oxides like TeO;, SeO3,
MoOs, WOs3, Bi;03, Al;03, Ga,0s3, TiOz, and V.05 do
not form glass by themselves, they are modifiers.
Modifiers require second oxide for transforming into
the glass and are located in the holes of the network
randomly (22,27). Glass formation is a kinetically
controlled process (26). It is essential for long-term
durability that the glass does not crystallize during
cooling and remains stable (2).

Quenching is cooling the melt by bringing it to a fast
cooling rate. When the melt is quenched, a glass
structure is formed. On the other, glass-ceramic
formation occurs by internal crystallization and
encapsulation method under slow and controlled
cooling conditions of melt that allow at first
nucleation; then crystals form in the glass matrix
where the glass either binds crystalline particles or
distributes crystalline particles in the vitreous phase
(21,34).
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2.2.2. Borosilicate glass as a network matrix

The basic structural unit of the glass framework
consists of Si with four adjacent oxygen-forming
tetrahedra. Adjacent silicate groups are linked to
each other through oxygen atom bondings. It is
strong ionic or covalent bridging. The binding of B3+,
Fe2*, Fe3*, rare earths, or actinides occurs also via
oxygen bondings, through similar bonding
mechanisms. Binding of low-valence ions, i.e., Na*,
Cs*, Sr2*, occurs via nonbridging oxygen bonds
based on the fitness of the ion’s size and voids in the
network (27).

Researching of the doping of alkali and alkaline-earth
cations in standard borosilicate glass calcium doped
formulation, (BSNC), 10B,03-15Nay0- 15Ca0-60Si0;
were examined to compare. BSNC has shown
differences in viscosity and structural properties
compared to standard borosilicate glass, neutralizing
the charge, and enhancing the ionic mobility in the
network. The presence of Ca2* affects the field
strength and density of the glass, which influences
its properties (49).

2.2.3. Analysis of crystallization mechanism and
glass-ceramics

The study of barium borosilicate glass—-ceramics at
varying heating rates and particle sizes by Li et al.
demonstrated that the various heating rates and
particle size range do not induce a notable impact
regarding the glass transition temperatures (Tg)
(50).

2.2.4. Matrix development and formulation: The
advantages of borosilicates

Borosilicate glasses have some technical advantages
comparing with silica glass. The difficulty of high
temperatures, keeping the melting process
temperature at the range of 1100 °C-1250 °C is
crucial for to prevent the volatilisation bring handicap
for silica glasses. The waste loading capacity is low
(51).

Four hundred seventy-nine glass formulations have
been achieved via matrix development to immobilize
radioactive wastes (1). Within Borosilicate, silicon
and boron are formers of geometry positioned
centrally within oxygen polyhedra, silicon in
tetrahedra, and boron in triangles. On the other
hand, in sodium borosilicate structure, boron oxide is
also present in the tetrahedral matrix. Sodium
balances negativity in the network (29). These
polyhedra are connected to each other by sharing
common corner atoms. The distinction in
dimensionality helps explain the significant variation
in glass transition temperatures (T4) with B>Os at
approximately 260 °C while that of vitreous silica at
around 1100 °C (51). The positioning of numerous
ions in this three-dimensional network of HLW is
related to the electronegativity, ionic size, and field
strength (52). Sodium borosilicate, lead borosilicate,
and barium borosilicate glass types matrix are at
Tarapur and Trombay. Some of their mechanical,
thermal, and chemical properties vary (29). Cooling
of high viscosity melt, some crystalline
microstructures formed could surface disruption
causing a decrease in waste loading.
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2.2.5. Surface chemistry of nuclear glass

The performance of borosilicate model nuclear waste
is the result of its chemistry. For glass modifier
structure, for example, in the case of formulation of
(mol%) of 60.25i0,-16.0B,03-12.6Naz03.8Al,03-
5.7Ca0-1.7Zr0O; sodium ions tend to accumulate at
the surface of borosilicate glass. This enrichment of
sodium on a glass surface increases the number of
ion-exchange probability, accelerating the initial
dissolution of glass. It is found that the mol % of
NazO is 12.7 in bulk, whereas it is 17.4 at surface
composition. Due to its lower charge and smaller
ionic radius, Na* has a lower diffusion energy barrier
and higher self-diffusion coefficient (53).

2.2.6. Structural function of molybdenum in glass
network and utilizing phosphorus

If the amount of MoOs in the inventory exceeds its
solubility limit, phase separation and crystal
formation step could occur in molten glass.
Molybdenum may form crystalline molybdates,
known as “yellow phases” when combined with
alkaline and alkali-earth ions. These phases can
potantially decrease the durability of the glass. The
report presented for Commissariat a L’énergie
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Atomique (CEA) underlines the structural point of
view for the behaviour of molybdenum oxide. In the
basic high-level waste (HLW), the spheres have a
diameter of 15 pym in the glasses bearing 3% mol
MoOs. At a rapid cooling (quenching) rate 104
°C/min, a heterogenous matrix is observed with 2.5
mol % MoOs in places. It becomes an opalescent
glass with a crystal phase with 3% MoOs in the
microstructure. It is concluded slow cooling rates of
crystalline structure formation starts earlier (54).

The molybdate anionic groups location in the
borosilicate was revealed by increasing either MoOs3
or B,Os3 contents. The results make clear that there
are two regions in the borosilicate structure. One of
two which is depolymerised region, is in the middle.
The second is either on both sides called the
polymerized network. Molybdate anionic structures
are located in depolymerised areas, where non-
bridging oxygen atoms are abundant and alkali and
alkaline-earth cations to balance the negative
charge, without linking directly to the silicate
network (Figure 5). The figure was inspired by
Caurant et al. (2010) in its design (55).
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Figure 5: The location of the molybdate anionic groups in the borosilicate glass structure causes crystalline
phases.

Borosilicate glasses may consist of over 30 elements,
including fission products like molybdenum which
pose difficulties for inclusion in nuclear waste
glasses. Molybdenum slightly soluble in borosilicates,
typically less than 1 wt% MoOs while elements such
as zinc and zirconium are consistently integrated into
the Dborosilicate framework with a notable
involvement of silicon.

Calas et al. confirms the article of Caurant et al.
working with MoOs incorporated five oxide glasses.
Analysis confirms that [Mo0O4]% tetrahedra do not
directly link to the vitrous bonding. Alkalis, alkaline-
earths or lanthanide cations present in the nuclear
glasses may be the responsable for the 60 wt% part
of the spherical crystalline phases. The identified
yellow phase is Na-molybdate (56).

Mo isotopes present in the waste forming complex
molybdate with very high radioactive 13°Cs,137Cs, and
°0Sr radioisotopes as named “yellow phase”. As long
as they remain unbound, these radioactive
crystalline phases exhibits good solubility in water
and could leach into the environment if exposed to
water at a geological repository site. It means a risk
for human health. Due to the its low solubility in
borosilicates, MoOs is a key factor limiting the
nuclear-waste loading capacities of borosilicate
glasses. Nevertheless, homogeneous glasses, with
no separated crystalline phases seen as long as the
MoOs loading limit is kept below 1.5 mol % (57).

Using phosphorus is a way to increase the solubility
of the contents in borosilicate-based nuclear glasses.
In the waste inventory with both molybdenum and
phoshorus, molybdenum phase separation mecha-
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nism varies depending on parameters such as cooling
rate of melt, method or conditions too.

The advantage of phosphorus seems to stem from its
high cation field strength, which facilitates a more
balanced sharing of oxygens with Mo®* and S°&*
compared to the lower field-strength cations e.g.
silicon, boron, and aluminum (57).

Phase separation mechanism and immiscibility of
borosilicate bearing molybdenum and phosphorus
oxides analysed with discussions concerning the
glass transformation temperature. The glass
formulation consists of SiO,, CaCO3, Na>COs, H3BOs3,
MoOs3, Al;O3, Zn0O, ZrOz, and Nd;0s. Initially, the melt
is homogeneous at the vitrification temperature,
1250 °C. During the cooling process, separated
phase formation appears between 1200 °C and 1150
°C. These spherical phases are rich in molybdenum,
calcium, and phosphorus oxides. The transfor-
mations between the liquids are observed at intervals
of 1150 °C and 1100 °C and the separated phases
tend to grow. The partial crystallization of the
seperated phases are CaMoQas.

Morover, samples were taken from separated phases
at temperatures 1150 °C, 1100 °C, 1050 °C. Mol
content % of ZrO, are 0.0 in the separeted phase
samples. It is obvious that ZrSiO4 crystals are in the
residual matrix, and are not present in the separeted
phases (58).

Sugawara et al. performed several calculations on
the dissolution behaviour of MoOsz in Japanese
simulated HLW glasses via using a thermodynamic
database.  CALculation of PHAse Diagrams
methodology, CALPHAD, used via thermodynamic
database to improve chemical durability of HLW glass
especially for the exhibition of liquid-liquid phase
separation of molybdenum-bearing silicate melt. The
effect of SiO/B;0s mol fraction on molybdate
behaviour is examined. The draw of liquids phase
diagram of HLW glass as function of CaO/Na,O and
SiO»/B>03 ratios when MoOs content is 4.0 wt% is
clear. Different glass composition circles at different
temperatures represent for clarification of
thermodynamic behaviour (59).

2.2.7. Deviation of the glassy structure
The incorporation of Li;O and NayO significantly
influences the performance of borosilicate glasses for

high-level liquid waste (HLLW), particularly with
respect to structural homogeneity, metal oxide
retention  capacity, elution behaviour, and

mechanical stability (60). The incorporation of iron
oxides into the glass leads to rearrangement of the
atomic structure. Contrary to previous studies, T(g)
increases with rising of Fe»Os content. As the
concentration of iron oxide increases, Na* content
correspondingly decreases, indicating a diminished
role of Na,O as both a network former and modifier
due to the its reduced presence. In place of the glass
network contributes to the structural polymerization
of the glass network (61).
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2.2.8. Chemistry: Zirconolite, perovskite, and
baddeleyite crystalline phases in barium borosilicate
matrix

Crystalline phases of barium borosilicate glass-
ceramics detected by back scattered electron (BSE).
In BSE images of the glass-ceramics bearing 0-20
wt% HLLW the crystals are zirconolite. In EDX
analysis the dendritic structures correspond to
zirconolite. With increasing the loading ratio of HLLW,
perovskite peaks intensified, while the peaks of
zirconolite decrease. They are needle-shaped
crystals. Glass ceramics had pores and cracks. The
peak noticed in DTA analysis for the glass loading 30
wt% HLLW belongs to perovskite. A little of nepheline
phase is detected in the formulation with 30 wt %
HLLW. Besides, traces of baddeleyite phase exist
always for all of samples. White particles appear on
the zirconolite crystals match up with baddeleyite
(62).

There are works through improvement of sulphate
solubility in the borosilicate. Kaushik et al. found that
incorporating BaO as a modifier in borosilicate glass
significiantly enhanced the sulphate solubility. The
barium borosilicate glass with the composition BaO-
Na,0-B,03-SiO; can be loaded up to 23 wt %
sulphate containing waste oxide uniformly. Above 23
wt% waste oxide loading, the barium borosilicate
glass matrix turned heterogeneous due to the
development of yellow phase consist of basically
consists of element Na which is 290 mg/g (63).

This yellow-colored mass primarily consists of
Na,S04, (thenardite). This phase, being less dense
than the bulk, floats on the surface of molten vitreous
bulk. It builds a block to prevent releasing the gas
bubbles exit at the Vvitrification step. Viscosity
difference creates a manufacturing problem pouring
of borosilicate melt to the canister. Yellow phase
presence with great solubility in water could facilitate
the easy release of 137Cs and °9Sr isotopes into
environment. To inhibit the yellow phase in the glass,
it is preferable incorporation of charcoal, sucrose,
and similar materials into the vitreous melts,
facilitating the reduction of sulphate to sulphite
through carbon and lower oxidation state of sulphur.
This type of formulation, SB-44 type, has been safely
used for isolation of 11 000 kg of vitrified waste
containing 107 GBq of radioactivity. This process
offers a range of of advantageous features, like no
excessive foaming and prevention of growth of
yellow phase (63).

2.2.9. Operation Conditions: Experimental sample
preparations and formation of glasses

Operation conditions for vitrification are varried. In
the article of Magnin et al., chemical powders of two
series of glasses were melted in platinum or gold pots
at 1300 °C for 3 h. Each molten matrix was cooled
by quenching within two copper sheets at a cooling
step of 104 °C/min or 1 °C/min. Nd»Os (0.15 mol%)
was added to the following composition 64.76Si0O; -
10.48B,03 - 13.68Na,0 - 8.43Ca0O - 2.5MoOs (in
mol%) recipe (64). In another French nuclear waste
vitrification procedure for uranium-molybdenum
recovery, and handling with (>6 mol%) of
molybdenum and phosphorus (2 mol%) are crucial in
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order to control phases formed. The glass matrix was
formed by using starting materials: SiO;, CaCOs3,
Na;COs, H3BOs3, Mo0Os, Al;O3, Zn0O, ZrO; and Nd;0s.
The feed powder was blended and melted in a
platinum-rhodium pot with mechanically stirring.
After heating at a rate of 10 °C/min, for 3 h at 1250
°C, then plate-quenched at a rate of 103 °C/min.
about 800 g of glass was obtained (58).

2.2.10. Vitrified Borosilicate glass chemistry: Ion
exchange mechanism

Glass dissolution and ion exchange are related to
diffusion including transportation of molecules, ion
movement. The release rate of boron is critical for
network endurance-this helps the ion exchange
mechanism of glass for leaching test and matrix
durability. As temperature changes from 26 to 40 °C,
the rate of boron increases roughly 20 times. Besides
temperature, the size and pH conditions are basic
parameters (65).

2.2.11. Octahedral Zr position on the boron glassy
network

When it comes to Zr chemistry, In the study of
borosilicate glasses, including zirconium (Zr) plays a
notable role in altering the glass network. When
zirconium is introduced, octahedral geometry around
Zr ions is noticed. However, according to the high
polarizability, additional Na* and Ca2?* ions are
needed to balance the charge of the ZrOg units,
which each carry two negative charges (66).

Alkali-earth, Ca?* ions, do not enter the four-layer
boron glass due to its high polarisation and the low
possibility of linking BO4 groups. Ca?* cations only
form non-bonding oxygens (NBQO) within the silicate
framework and the charge compensation with
aluminum-based repetitive units (66). Zirconium
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retains its charge-balancing cations at the expense
of boron (67).

2.3. Improvement in The Vitrified Structure
2.3.1. Improvements in vitrification

In general, research and developments in this area
are based on three fundamental pillars: (2). The first
is the “ability to accommodate the waste.” The
experiments diverge into a) Solubility (Cr, Ru, Rh,
Pd, Ce, Pu, SO4, Cl), b) Phase formation (Mo, SO,
Cl, P), c) Deuvitrification (Mo, P, F, Mg) d) Highest
waste load.

The second is “Process / Technology”. Key aspects
are: a) melting temperature suitable for processing,
b) viscosity, c) reactivity, d) residence time, e)
electrical conductivity, f) thermal conductivity, and
g) additives for improvement.

The last pillar is “glass performance”. This splits into;
a) Convenience for storage and disposal, b) Thermal
stability, c) Chemical durability, d) Ability to resist
self irradiation, e) Mechanical performance (2).

2.3.2. Required qualifications for vitrified waste

The solidified waste form needs specific features: it
must be suitable for long-term storage, economical
and environmentally preferable. Key attributes
include proper chemical stability and integrity, low
leachability with the groundwater, resistance to
radiations alpha, beta, and gamma, capability to load
quantity of waste, ensuring capacity of volume
reduction (20).

Table 7 provides a summary the improvements and
potential negative effects of oxides. The relevant
factors are discussed in the text of this review (see
Table 7).

Table 7: Effect of oxide incorporation on glass properties.

| Oxide [ Observed Effect |
|NazO ||Increases glass surface area |
|Nd203 ||Enhances molybdenum solubility in glass |
|Zr05 ||Modiﬁes (alters) the glass network structure |
|Y203 ||Improves radiation shielding ability |
|V205 ||Enhances thermomechanical performance and increases sulphur solubility |
|AI203 ||Improves elastic properties and overall glass durability, reduce the volatility |
|Gd203 ||Inhibits powellite crystal formation |
|CaO/ Na20 ||Enhances MoOs3 solubility and suppresses phase separation |
|Ba(N03)z ||Acts as a pretreatment agent, reducing yellow phase formation |
|Li20, Na20, K20 ||Negative|y affect glass durability |
Si0, |IReduces the volatility |
|BzO3 ||Increases the volatility |
|CaO ||Affects the field strength and density of the glass |
|CrO3 ||Increases the viscosity |

The volatility of borosilicate glasses increased with
the addition of boric oxide, B,Os. However, high ratio
of SiO, and Al;O3 content is reducing the volatility.
The role of these components in the melt is to

transform the more volatile components into less
mobile by preventing their mobilities in the network
spaces (27).
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2.3.3. Radiation Effects and the addition of Y>03 on
shielding effect during Glass-ceramics preparation

Radiation effects on glass structure were examined
as “an aging effect”. Glasses with short-lived
actinides (?**Cm, 238Pu) enable "accelerated aging,"
which allows the radiation effects to be simulated in
a few years, which would take results 10,000 years
to manifest (2). Internal radiation sources in HLW
include alpha decay from actinides, up to 5 MeV
energy release per decay, and B decay from fission
products which release 1 MeV energy. The primary
sources of a-decay are isotopes of uranium,
neptunium, plutonium, americium, and curium (27).

Shielding ability is a plus of glass characteristics for
protecting human and next-generation health
through the environmental medium. In a study by
A.F. Abd EI-Rehim et al., borosilicate glass-ceramics
were developed showing improvements in physical
properties and glass formation capacity as a result of
the Y,0s3 doping. The addition of Y,O3 improves the
shielding effectiveness of the glasses (68,69).

This is because such glasses are durable and can
inhibit the escape of volatile elements in the waste
inventory, e.g., Cs and Ru, at higher temperatures.

Glass-ceramics made from borosilicate glasses
doped with Yttrium were produced and Crystalline
phases of yttrium silicate, Y,SiOs, were noticed. The
sample productions of waste glasses were carried out
in Sisecam (70).

2.3.4. Improvement in the vitrified structure:
Durability of vitrified waste

In Tarapur, durability experiments were conducted
for more than 700 days to evaluate the effect of
repository components, such as granite, back-fill
material, and corrosion products, on the leach rate
of vitrified matrix (29).

The exchange of B;03 by SiO, enhances the
abundance of nonbridging oxygens and alters the
molecular proportion of BOs and BOs. The high
density, glass forming capacity, and fragility of the
sample with 5 mol % B,03 caused the conversion of
BO3 to BO4 structure (52).

When leaching behaviour versus additive of oxides
examined, Al,O3 addition passes the leaching tests.
Leaching resistance is quite good for borosilicate
glasses with alumina and glass durability is high
while it is very negatively affected with the addition
of some oxides Li;O, Na;O and K>0 (27).

2.3.5. Structure-property relationship of silica glass
framework and the role of Zn for mechanical
properties

In terms of chemistry, in glassy silica, Zn-O-Si angles
are narrower than Si-O-Si angles. The repulsive force
between cations is rather low, reducing the rings'
dimensions in the glassy repetitive unit. Nat*
balances the charge of oxygen atoms bonded to both
Zn and Si (71). Nuclear glass cations occupy the
network-forming position, which clarifies how Zn
improves the mechanical characteristics and the
chemical stability of glasses (72).
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2.3.6. Improving the thermomechanical
performance of borosilicate glass: Incorporation of
V>0s

Waste inventory with high-sulphate content typically
include residues from exchanging resins. Throughout
the waste Vvitrification procedure an immiscible
sulphate layer which is on the surface of the
borosilicate molten phase. The task of vanadium
incorporation in the borosilicate matrix is to
accelerate the kinetics of sulphur integration into the
glass and its release into the gas phase and
increasing sulphur solubility within the vitreous melt
of the borosilicate. V>* ions can be distributed in the
spaces in boron-silicon-oxygen network, loosening it
and facilitate the contribution of sulphate ions. The
structural behaviour behind is likely forming proper
spaces within the glassy matrix and depolymerising
the borate units (73).

The impact of vanadium oxide incorporation on
improving the thermomechanical performance of
high crack-resistant borosilicate glasses in nuclear
waste disposal is pretty noticeable.

When 8.0 mol% V,0s was added to borosilicate
composition Bulk, Young’s and shear modulus
decreased by ~17%, ~29%, and ~32%,
respectively, the addition of V,0s significantly impro-
ved the crack resistance of ISG. The cracks mean
extra surfaces that can promote corrosion in
geological disposal. The addition of V05 to ISG,
inelastic deformation on all sides of indentation,
leading to high crack initiation forces for glasses with
high V205 ratios (74).

A second suggestion is given as the reason for this,
regarding the behaviour of V05 doped glass. Given
that vanadium ions exhibits multiple oxidation
states, have different function and big impact on
structural and physical properties of glass network,
bulk and surface. The presence of V3* and V** ions
might transform [BO4]'- to [BOs]. This fact improves
crack resistance, because BOs triangle structures can
move by sliding and creates elastic form (74).

2.3.7. Improvement in the vitrified glass chemistry:
Gadolinium effect on powellite crystallization

In the powellite topic, the sizes and distributions of
the formed crystals in both the surface and bulk are
influenced primarily by the heat treatment applied
and the gadolinium mole ratio. Glass-ceramic
formulations SiOz—BzO3—Nazo—CaO—A|203—MOO3—
Gd,03 synthesised by varying heating methods. For
the glasses with [MoO3] = 1.5 mol% at low
gadolinium content, powellite crystals after single
step heat treatment were too tiny, after triple step of
heat predominantly take the form of bipyramids. In
contrast, at high content of Gd, by single step of heat
mainly micrometer-sized cross-shaped crystals,
upon triple step of heating treatment at high ratio
spherical particles are noticed (75).

In the lower Mo concentration, dendrite structures
appear either on the surface or within the bulk during
at one step heat treatment, while they are found only
on the surface by triple step of heat treatment. One
step of heat treatment results in a uniform size
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distribution, while the triple step of heating causes a
broad distribution of crystal sizes (75).

The XRD findings indicated that an increase in the
amount of Gd,Os prevented the powellite crystals.
Confirming the article of Caurant et al. 2010, the
Gd3* ions in the depolymerised regions abundant in
Mo042- species may enhance the Mo dissolvability at
remaining glass site (75).

The results verify gadolinium contributes to be
brought under control of Mo042 ionic groups.
Powellite crystals is suppressed by stabilisation
Mo042- with Gd3* ions, anionic group is surrounded.
In that case, what is noticed is that Gd3* ions prevent
powellite crystal formation (75).

At slower cooling rates, sodium molybdates could
crystallize in the bulk (75).

In alumino-borosilicate glasses, molybdenum
crystallizes as either CaMoO4 (powellite) or Na;MoOa.
The rare earth proportion acts a crucial influencer in
molybdenum solubility in glass thus, powellite
crystallization. Despite of molybdenum is a
nonradioactive fission element, exist in high level
inventory, would result in phase separation
throughout the cooling step of the molten matrix.
The separated phase, the “yellow phase” may bear
radioisotopes like 137Cs, is a risk due to durability
reasons. A piece containing radioactivity separated
from the glass can be transported more easily to the
environment, meaning a greater risk (75).

At standard canister cooling step of melt, to prevent
a free Mo-including phase, the limit of 1 and 3 wt%
MoOs is suitable. These glasses typically have
adequate cation, allowing the immiscible separation
of Mo-containing liquid to be followed by
crystallization into powellite (CaMoQO4) (32) The
formation of the yellow phase leads to reduced
chemical stability of the glassy waste form (27).

Crystallization of alkaline molybdates, like
CsNaMo004.2H,0 and Na;Mo04.2H,0, of the model
nuclear glasses increases sharply for 2.5 and 5 mol%
MoOs. It is noticed that MoOs crystallines accumu-
lated in distinct phase which exist as monodisperse
droplets in a remaining amorphous matrix site in the
SEM images.

The maximum amount of Na;Mo042H,O hydrated
crystalline formed at slow cooling rate (76).

2.3.8. Nd enrichment of borosilicates glass-ceramics
and vitrification operating conditions

The existance of Nd>O3z in the composition results in
the changes of crystalline phases, microstructure,
and chemical stability of barium borosilicate glass-
ceramics. The formulation chosen as SiO;-B,03-
Na>0-BaO-CaO-TiO2-Zr0>-Nd>03 with 2-6 wt% of
Nd.Os consist of primary zirconolite and titanite
phases and a small extent baddeleyite phase in bulk.
In the glass-ceramics with 6 wt% Nd,O3, Nd
elements uniformly distributed in zirconolite, titanite,
as well as remaining glass structure. Additionally,
these glass-ceramics exhibit lower leaching rates
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(LR), for the glass with 8 wt% Nd»0s. 42 days later,
LRg and LRyg of the Nd-6 glass-ceramics were given
in Table 8. The leaching rates of B and Nd selected
to discuss and tabulate from the article of Wu et al.,
2016 (77).

Table 8: The leaching rates of elements in barium
borosilicate glass-ceramics.

Element Leaching rate
B LRg = 6.8 x 10-3 g-m~2.d-!
Nd LRng = 4.4 x 107 g-m~2.d~!

Besides this property of Nd, its presence in the glass
structure has a crucial role. Its integration into the
glass matrix has a major structural significance. In
the experiments of Chouard et al., when there is no
neodymium in the glass composition (NdO sample),
1.2 mol% MoOs3 soluble in this glass, corresponding
80%. Then, when Nd.Os is added, the solubility of
molybdenum in the glass progressively increases
with increasing Nd>Os content. Almost solubility is
reached with 8-10 wt.% Nd>O3 samples (78).

2.3.9. Improvement in borosilicate glass: Elastic
material properties based on the Al;O3 content in the
borosilicates

Sodium borosilicate glass modified by adding up to
4.0 mol% Al,03. Based on Raman and !B NMR, the
conversion from four-fold-coordinated boron to
three-fold geometry is noticed. The reason for the
planar boroxole unit models is the high amount of
Al;Os3 in the network, resulting in the shear softening
effect that appears by the decrease in glass
hardness. Elastic modulus and hardness are
inversely proportional with the further quantity of
more elastic trigonal borate units. This means losing
the network because of its planar geometry. It
enables a more extensive free volume for B3* to
decrease the hardness of the glass network, and the
glass softens (79).

2.3.10. Innovative approachment for developing of
borosilicate  glass formulations for waste
immobilization based on Ce in China and confirming
publications

A radioisotope with low solubility can not be
dispersed homogenously in the form of a glass
network; it can break away from the structure and
be transported to the environment, which may pose
a risk to the protection of human health.
Improvement in the solubility of the long-lived
radioactive elements in glass is a particularly
important issue. Np, Pu, Cm, and Am actinides have
low solubility and long life, which are disadvantages
for glass waste. Cerium is a simulation of the
actinides for research due to the analogical chemical
features of cerium and actinide.

When the doped amount is 30%, a new spherical
second phase, the CeO; crystalline phase, appears in
the image. These glasses exhibit good thermal
stability and leaching resistance, making them
effective for immobilizing simulated actinide Ce.
Following the 28 days, mass loss in leaching tests the
leadership belongs to Ca. Then B and after them Si
is in the turn. This means Ce’s networking building
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block is quite strong. Raman spectroscopy results
show that adding Ce causes depolymerization of the
glass network, and Ce is adsorbed into the gaps in
the glass network (80).

The study’s notable findings are that the actinide
surrogates solubility limits increase with the heating
temperature, and Ce3* is more soluble than Ce#* in
this borosilicate glass. Plutonium, cerium, and
hafnium in borosilicate glass were compared to make
clear their loading capacities. The results indicate
that Pu is more soluble in their trivalent than
tetravalent form. Besides this, Hafnium oxide
crystals and gray hafnium silicate crystals, HfO, and
HfSiO4, in the glass were analysed (81).

A theoretical study by N. Karpuz on the glass with a
composition of 40Mg0O-30Si0O; - (30-x)B,03-xLa;0s3,
where x = 0, 2.5, 5, 7.5 (mol%) was carried out
Lanthanum (III) oxide improve the radiation-
shielding properties of innovative types of glasses.
This type of glass composition with La, provided the
experiments are carried out, could also be a new
opportunity for nuclear waste glass (82).

2.3.11. Glass corrosion in geological media under
repository -Saponite formation

Ion migration, ion exchange and diffusion are
fundamental to leaching behaviour as well as
corrosion. In Marcoule’s SON68 glass (France) the
Na* and Li* separation from the glass matrix causes
Mg?* to be released into the solution, too. The
solution was monitored. After 2291 days, below a pH
of 7.0, silicate containing Mg did not precipitate. As
the medium pH reaches 7.2 to 7.6, precipitation of
secondary phases occurs due to initially fast glass
corrosion (83).

3Mg?* + 0.34Na* + 0.34AI3* + 3.66H4Si0; —
Saponite + 7.36H* + 2.64H,;0

Considering the formulation of hydrated saponite is
(Nao.3aMgsAlo.34Si3.66010(0H)2.3.84H,0), the diffusive
gradient of Mg?* and Fe?* between the glass and its
medium shows that their conversion is slow. When
magnesium concentration in the solution s
decreased, the glass-corrosion rate increases. When
Mg?2+ stabilizes, the equilibrium is reached, and the
glass-corrosion rate sharply decreases. The sorption
in clay runs in two stages: first, adsorption, followed
by incorporation, where boron (B) can replace silicon
(Si) and aluminum (Al) at tetrahedral positions. The
reference indicates that clays could soup as much as
110 £ 22 pg of B for 1 g of rock (83).

2.3.12. Role of Ba(NOs), pretreatment in reducing
the yellow phase formation

The waste loading capacity of pretreated high-level
waste (HLW) glass can reach up to 23 wt%, which is
notably higher than that of non-pretreated HLW glass
(~18 wt%) following melting at 1050 °C for 4 hours.
Across the temperature range of 850 °C to 1100 °C,
all pretreated glass compositions demonstrate a
greater capacity for waste incorporation compared to
their untreated counterparts. The largest disparity is
observed at 850 °C. Additionally, the yellow phase is
no longer observed when the temperature exceeds
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1150 °C, regardless of pretreatment. This pheno-
menon is attributed to the volatilization of the
primary constituents of the yellow phase, namely
alkaline metal sulphates, at elevated temperatures
and the small amount of molybdates and chromates
in the yellow phase may enter into the glassy
network (84).

3. CONCLUSION

This review aims to underline the importance of
waste management policy with data on the history of
nuclear waste glass in many countries. Considering
the countries’ 2023 nuclear electricy supplied by
United States that is 779.2 billion kWh, by China that
is 406.5 billion kWh, by France that is 323.8 billion
kWh and by Russia 204.0 billion kWh (85). As a result
the waste treatment become vital day by day based
on nuclear industry performance as global highlights.
When viewed top 6 countries by percentage of
electricity generated by nuclear in 2023; France is
coming first with 64.8%, Slovakia is second with
61.3%; Hungary is third with 48.8%, Finland is
coming fourth with 42.0%. Then Belgium is coming
with 41.2% and Czech Republic with 40.0%. IAEA-
TECDOC indicates considering spent fuel borosilicate
glasses formulations have also been developed for
the immobilization of 13 wt % of UO; or 6 wt % of
PuO; considering durability (86).

This review provides a historical perspective on
nuclear waste vitrification in countries with chemical
insights. Furthermore, atomic treatment paths,
methods, and capacities are included. Nuclear
glasses were found to be not as formulations
incorporating boron compounds can be preferred for
glass vitrification matrices. These formulations
should be developed to mimic natural states,
ensuring compatibility with the chemical formula of
nuclear waste types and reactor fuel.

The experimental part delves into the effects of
additives on glass compositions, encompassing
alterations in  chemical structure, physical
parameters, and the formation of secondary phase
crystals. Additionally, it explores the use of appro-
priate chemicals to prevent undesired outcomes such
as glass corrosion in disposal areas and melter
corrosion.

The benefits of vitrification include enhanced physical
properties such as fracture resistance, elasticity,
durability, and leachability, alongside the flexibility to
prepare new compositions. However, materials
inside the melter must exhibit sufficient chemical
resistance. For the first part, within the vitrification
technology and problems part, corrosion in the
melter due to borax migration at high temperatures
presents a significant challenge, leading to electrical
shorts and damage to refractory materials. Control
over Mo, Cr, Mn, and Fe oxidation states is essential
to mitigate melter floor and lining hazards.
Additionally, addressing solubility changes with ion
oxidation states is manageable, albeit ongoing
efforts are required to resolve melter floor coating
issues completely.
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Boric acid is used to regulate the reactivity rate and
manage the power output of the reactor pressurized
water. Borosilicate vitrification can immobilize boron
waste in a glassy form; nonetheless, it is quite
expensive due to the high temperature treatment
involved (1000-1200 °C).

Formulation and optimization of high-level waste
glass, particularly regarding the incorporation of
molybdenum and rare earth elements, pose
significant challenges due to limited solubility and
potential induced amorphisation from self-
irradiation. Addressing these challenges may involve
the development of glass composite materials with a
residual glassy phase depleted in crystalline
constituents.

For the second part, the networking and chemistry
part, the results shows us that crystals observed as

secondary phases within barium borosilicate
matrices encompass powellite, NazMoOy,
Nax:Mo004.2H;0, CsNaMo04.2H;0, CsszNa(Mo0Oa)2,

zirconolite, perovskite, baddeleyite, hafnium oxide,
and gray hafnium silicate crystals. Notably, the chall-
enge of low Mo solubility in borosilicate can be
addressed through Nd or Gd addition, with secondary
phase formation largely dependent on cooling rates
during vitrification. The effect of each chemical
element on glass quality was discussed.

In situations where MoOs presents or some elements
like lanthanides in the waste inventory, due to their
low solubilities, especially MoOs3, it is inevitable for
the formation of second phase as a crystalline form.
It causes to move away of single phase glass
structure by limiting waste loading of borosilcate
glass. As appropriate according to the waste
inventory, replacement of borosilicate glass; glass-
ceramics is a potential opportunity waste form. In
recent studies the rare earth elements have a crucial
function on molybdenum solubility developing glass
ceramics. The main task is fairly increasing the
solubility as double. Glass ceramics, like apatites or
zirconolite, are more suitable structures for some
specific elements immobilization.

Among various glass microstructures, the highest
waste loading quantity achieved is 43.8% by weight,
correlating with a Mn content of 9% in borosilicate
glass. Further analyses, such as SEM and Raman
spectroscopy, are necessary to elucidate the role of
Mn in the network structure.

For the third part, discussions were on improvement
in the vitrified structure in the other words, on doping
effects on glass structure are comprehensive within
the experimental realm. These include the impact of
molybdenum on borosilicate  structure, the
incorporation of V05 to enhance crack resistance,
Nd,O3 enrichment to prevent crystal formation,
alterations in elasticity. Besides this, the properties

with varying Al;Os ratios, Ce-doped glasses'
resistance into leaching tests, the influence of
gadolinium on solubilities, the role of Zn in

mechanical properties, and overall durability of
vitrified waste were among the issues discussed.
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In terms of the gap analysis, the effect of self-
irradiation is one of the major factors on the
durability of glasses. The degradation of nuclear
waste borosilicate and phosphate glasses doped with
strong alpha-emitter 238Pu doped at a specific activity
of 6.33 x 10° MBg/g and containing beta- and
gamma-emitters radionuclides such as !3%Cs and
137Cs. It is concluded that alkali-aluminophosphate
glass is less chemically durable than the borosilicate
(87). 2%Cm is used for self-radiation tests of
Malkovsky’s review. As a result of collisions with
atoms of structural elements of glass, the a particle
is decelerated and neutralized, and it turns into a
helium atom. Most of helium formed bubbles;
migrates to the glass surface and leaves it (88).
Alkali-borosilicate glasses are used for vitrification of
HLW except Russia that uses as sodium aluminum-
phosphate glasses as industrially HWL matrix (87,
88). 238/239py-doped SON68 type glass blocks studied
to simulate high alpha dose rates for glass durability
(89).

The review highlights the novel advancement and
gaps in the technique with the aim of opening
avenues for further research. As a result at first
coming inferences for on-going experiments that it
will be better that these two points will be
highlightened:

Firstly, the advantage of borosilicate glasses in terms
of radiation durability over alternative industrial
matrices, including geopolymers and aluminum-
phosphate glasses, should be emphasised by means
of planned self-irradiation experiments and the
comparison test with the other matrices.
Borosilicates is over the other matrices, this topic
should further corroborated by the comparision with
the other matrices in the literature. SON68 nuclear
glass doped with a short-lived actinide 2*4Cm, of 4 x
108 g gt exhibits a reduction in density only 0.6%.
The SEM and TEM analysis confirmed that the glass
remains homogeneous. No evidence of phase
separation, crystallization or bubbles was observed,
even at alpha decay dose equivalent to several
thousand years of disposal of nuclear glass canister
(90).

Secondly, it should be considered that the
geochemical properties of the groundwater at the
disposal facility such as composition is a critical
determinant of ionic mobility in leaching tests.
Accordingly, researchers should treat this factor with
due care, and perform experiments using several
distinct groundwater compositions.
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Abstract: The development of new antibiotics is imperative due to the increasing resistance of bacteria to
existing drugs. This study aimed to synthesize Schiff bases and azo derivatives of cefixime, a third-generation
cephalosporin, and to evaluate their antimicrobial and antioxidant activities. The antibacterial activity of the
synthesized compounds was assessed against Candida albicans and various Gram-positive and Gram-
negative pathogens. Several derivatives exhibited potent antibacterial and antifungal activities, with
compounds C6 and C9 demonstrating superior efficacy compared to standard antibiotics. Furthermore,
molecular docking simulations revealed favorable interactions between these derivatives and beta-lactamase
enzymes as well as penicillin-binding proteins, providing insights into their mechanism of action. Despite
some limitations in bioavailability, the ADMET analysis clarified their pharmacokinetic profiles and confirmed
their potential for systemic administration. These findings highlight the potential of cefixime-derived azo
compounds and Schiff bases as novel strategies to overcome antibiotic resistance. Notably, compounds C9
and C6 differentiated themselves through enhanced antibacterial and antioxidant properties, making them
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comprehensive pharmacological and therapeutic assessments.
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1. INTRODUCTION

Antimicrobial resistance (AMR) is among the greatest
global public health challenges of the twenty-first
century. The increasing prevalence of multidrug-
resistant (MDR) bacteria is drastically threatening
the efficacy of existing antibiotics, resulting in
enhanced morbidity and mortality, and imposing
substantial healthcare costs around the world (1-3).
As a result, it is imperative to intensify research
efforts and continue developing new antimicrobial
agents with novel mechanisms of action to address
these evolving threats (4-6).

For years, pB-lactam antibiotics, particularly
cephalosporin-type antibiotics such as cefixime, have
dominated antibacterial therapy due to their ability
to inhibit the synthesis of bacterial cell walls (7). This
inhibition relies on the formation of a strong

peptidoglycan layer, a complex polymer consisting
mainly of a chain of alternating N-acetylglucosamine
(NAG) and N-acetylmuramic acid (NAM) units cross-
linked by short peptides. Penicillin-binding proteins
(PBPs) are a group of bacterial enzymes that catalyze
these cross-linking reactions within the
peptidoglycan, forming the structural backbone of
the bacterial cell wall, and are among the molecular
targets of B-lactam antibiotics. Inhibition of this
process, particularly the late transpeptidation step
catalyzed by PBPs, is generally bactericidal to
bacteria in vivo (8-14).

Nonetheless, the resistance to cefixime increased at
a rapid rate, despite its effectiveness in treating a
variety of bacterial infectious diseases in both
pediatric and adult patients (15). Bacteria have
evolved a broad array of resistance mechanisms,
including the expression of beta-lactam-destroying
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enzymes, beta-lactamases, which cleave the beta-
lactam ring and thereby render the antibiotic inactive
(16-18). Moreover, efflux pumps in Gram-negative
organisms can pump the drug out of the cell, and
bacterial PBPs have been shown to undergo
structural changes, resulting in a decrease in binding
affinities for beta-lactam-based antibiotics (19).

As a result, there is an urgent need for alternative
therapies that are not solely dependent on beta-
lactams or that minimally utilize them (20,21). In
this context, the synthesis of Schiff bases and azo
compounds has received considerable attention in
drug discovery, as they possess potent biological
activity. Quinazoline and its derivatives have
garnered significant attention due to their potent
antimicrobial activity (22,23). Schiff bases possess
physicochemical properties and have the potential to
modify biological activity. Schiff's bases, which are
derived from the condensation of an aldehyde or a
ketone with a primary amine, possess a (C=N) imine
bond, which imparts enhanced solubility and
modification of biological activity (24-29).

In addition, azo compounds have garnered
significant attention in recent years due to their
diverse biological activities, including effective
antimicrobial properties against certain Gram-
positive and Gram-negative bacteria, as well as fungi
(30,31). These molecules interact with DNA, produce
reactive oxygen species, and perturb key metabolic
networks. In fact, their potential matches well with
that of most of the classical drugs, with the added
advantage of their conversion to active species due
to the metabolic activation of azo compounds in the
biological system (27,32,33).

The search for new chemical scaffolds with proven
antimicrobial potential, such as Schiff bases and azo
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compounds, is imperative due to the growing
problem of antimicrobial resistance and the urgent
need for new therapeutic options. The structural
flexibility and the easy access to these types of
compounds make them a good choice for drug design
and for researchers to develop new antimicrobial
agents. This review provides a comprehensive
description of the antimicrobial and antioxidant
effects of certain Schiff bases and azo derivatives of
cefixime, including their mechanisms of synthesis,
potential biological applications, ADMET properties,
and molecular docking evaluations at penicillin
receptors. It justifies their compliance with the five
Lipinski rules for drug-like properties.

2. EXPERIMENTAL SECTION

2.1. Chemistry

The high-purity reagents and anhydrous solvents
used in this study were all obtained from Sigma
Aldrich, Riedel-de Haen, Merck (Germany), BDH
(England), and CDH (China). Infrared (FT-IR)
recordings, obtained using an FT-IR-6100 Type A
infrared spectrometer combined with potassium
bromide tablets, were employed to identify the
chemicals. (1H-NMR and 13C-NMR) were performed
using a Bruker 400 MHz spectrometer at Al-Basara
University.

2.1.1. Synthesis of schiff base and azo derivatives
(C1-C9) (34,35)

Schiff base derivatives were synthesized by reacting
cefixime with various aromatic aldehydes in ethanol
under microwave irradiation. In contrast, azo
derivatives were prepared by diazotization of
cefixime followed by coupling with phenolic
compounds. The products were purified by column
chromatography. As shown in Scheme 1.

Vi

>_/

HO

1-NaNO,/HCl (0-5°C)

HzN\A’( ) )

o] O—N HN

HO

Ar'CHO / AcOH

\ 2" Ar"OH/NaOH 10%

Ar'
N

|

HO

(5-Cy)

Ar' = p-Nitro benzaldehyde, p- Hydroxy benzaldehyde, p-Bromobenz aldehyde, p-Chloro benzaldehyde

Ar'" = salysalic acid, resarcenol, beta naphthol, betanitroso-alpha naphthol, alpha nitroso beta naphthol

M.W. 480 watt 5 min.

(0]
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Scheme 1: General Procedure to Prepare Schiff Bases and Azo Compounds.
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2.2. ADMET Procedure

The ligands (C1-C9) were generated using
ChemDraw 15 and subsequently transformed into
SMILE format wusing the Swiss ADME site
(http://www.swissadme.ch/) (36). This tool
forecasted the ligands' physicochemical and
pharmacokinetic characteristics. The ProTox-3

(https://tox.charite.de/protox3/) (37). The site was
used to predict toxicity for all compounds under
study.

2.3. Molecular Docking

2.3.1. Ligands and protein receptor preparation

The Protein Data Bank supplied the crystal structures
of three penicillin-binding proteins from various
bacteria: Staphylococcus pneumoniae and
Staphylococcus aureus (PBP2a (1VQQ) (38), PBP-2B
(2WAE) (39), PBP2x (1PYY) (40), and B-Lactamase
Toho-1 (1IYS) (41) Escherichia coli.

Compounds were drawn, and their energies were
optimized using ChemDraw and Chem3D to
determine the minimum energy required for the
synthesized compounds.

2.3.2. Docking protocols

Molecular docking was performed using AutoDock4
(42). To prepare the receptors for the docking
procedure. Protein residues within a 40 A radius of
the reference ligands derived from the downloaded
protein structure complexes were classified as part
of the binding region for bulk docking. They were
utilized for docking purposes. Graphics were
generated using PyMOL and Discovery Studio to
illustrate the amino acid residues associated with the
ligands, and the distances between the ligands and
the receptor were computed.

2.4. Antimicrobial Activity (43)

The Agar Diffusion method was employed to
investigate the antibacterial efficacy of synthesized
cefixime derivatives against various bacterial strains,
utilizing cefixime and ampicillin as reference agents.
Nutrient agar medium, dimethyl sulfoxide sample
solution, and sample quantities for all examined
chemicals were utilized, with the sample volume
established at 0.02 M. The beakers were emptied of
the agar medium into a pre-prepared Petri plate
containing bacteria. 0.1 ml of the test compound
solution was introduced into the beakers, and the
Petri dishes were incubated at 37°C for 48 hours. The
zones of inhibition produced by each chemical were
quantified in millimeters, and the results are
presented in Table 12 and Figure 4.

2.5. Antioxidant Activity (44)

Four milligrams of DPPH were dissolved in 100
milliliters of ethanol, and the solution was shielded
from light by covering the containers with aluminum
foil. Various concentrations (100, 50, 25, 12.5, and
6.25 ppm) were prepared from C1-C9 by dissolving
1 mg of the chemical in 10 ml of ethanol to produce
a 100-ppm solution, which was further diluted to
obtain the other  concentrations. Various
concentrations (100, 50, 25, 12.5, and 6.25 ppm)
were prepared from C1-C9 by dissolving 1 mg of the
chemical in 10 ml of ethanol to produce a 100-ppm
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solution, which was further diluted to achieve the
other concentrations.

e Ascorbic acid (vitamin C): Equivalent quantities of
the synthesised compounds were prepared.

Procedure: The efficacy of the stable free radical
DPPH in neutralizing deleterious chemicals was
assessed to evaluate the antioxidant capacity of the
plant methanol extract and conventional vitamin C.
In a test tube, 1 ml of the diluted or standard solution
(100, 50, 25, 12.5, or 6.25 ppm) was mixed with 1
ml of DPPH solution. The absorbance of each solvent
was measured with a spectrophotometer at 517 nm.
Thereafter, incubation occurred at 37°C for one hour.
Three measurements were conducted using the
equation to assess the capacity to eliminate DPPH.

(4B — AS)

1B 100

1% =

3. RESULTS AND DISCUSSION

3.1. Chemistry (34,35,45)

Schiff Base Derivatives (C1-C4): We have retained
the basic Cefixime structure with an adequate
orientation of the beta-lactam ring, thereby
maintaining its antibacterial activity. The FTIR band
of the sample detected peaks assigned as O-H and
N-H (3323-3421 cm™), B-lactam carbonyl (1733-
1747 cml), and carboxylic acid carbonyl groups
(1670-1701 cm). Halogen substituents (C-Br at
555 cm™t and C-Cl at 719 cm™) at C3 and C4 in
derivatives may affect stability and the
pharmacological potential. The appearance of C=N
(imine) groups (1556-1681 cm™!) may contribute to
the increased structural stability and recognition of
the receptor. In general, these compounds retain the
antibacterial B-lactam, but small changes in the
functional groups enable a wide range of variation in
physicochemical properties. All FTIR spectral data
are found in Table 1.

Azo Derivatives (C5-C9) Azo (N=N) groups are
present in these derivatives (1398—-1413 cm),
which provide new chemical properties that may be
associated with photoreactivity and potentially better
biological profiles. The large peaks of the B-lactam
and carboxylic acid carbonyl groups are seen at
1718-1730 cm! and 1668-1679 cm!, respectively.
The (N=0) groups will provide specific (N=0)
features at 1523 and 1344 cm!, which might affect
stability and therapeutic efficacy. The Aromatic
(C=C) stretching (1556 1633 cm) indicates the
involvement of aromatic cycles in the network.
Derivative C7, which exhibits an extra broad
hydroxyl absorption band at 3394 cm, can be
suggested to contain additional hydroxyl groups or
hydrogen bonding. All FTIR spectral data are found
in Table 1.

Finally, the cefixime backbone system structure of
Schiff base derivatives is retained with minimal
halogen substitutions, exhibiting good antibacterial
potential and improved physicochemical properties.
Azo derivatives can provide azo and nitro groups that
further enhance their functional diversity, offering
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potential improvements in chemical and biological
properties due to their potential photo-responsive
capabilities, while retaining functional heterocyclic
pharmacophores. FTIR unequivocally confirms these
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structural changes and their implications for the
biological activities and applications of Cefixime
analogues.

Table 1: FTIR Spectral Data for Compounds (C1-C9).

FTIR spectral datav / cm™?

[a]

™}

. Cc=0

g OH NH beta C=0 acid C=N N=N C=C Other bands
o lactam
C1 3400 3336 1742 1701 1681 -- 1556  NO=2 1523 & 1344
Cc2 3323 3292 1745 1679 1600 -- 1581 Overlapped
C3 3390 3325 1741 1680 1652 -- 1556 C-Br 555
C4 3421 3392 1747 1677 1654 -- 1556 C-Cl 719
C5 3371 & 3390 3296 1733 1718 & 1670 -- 1402 1556
Cé6 3232 3199 1731 1668 -- 1404 1595
Cc7 3427 3373 1737 1679 -- 1402 1633 3394
Cc8 3411 3361 1741 1677 -- 1398 1629 N=0 1515& 1317
(8] 3301 3240 1730 1676 -- 1413 1539 N=0 1523 & 1373

Compound C1 was prepared from cefixime and p-
nitrobenzaldehyde; pale yellow; m.p. 133-135°C;
(87%) yield. IR (KBr, cm-1) v = 3400 (OH), 1742 B-
lactam (C=0), 1681 (C=N), 1523 & 1344 (NOy); H
NMR (400 MHz, DMSO) & 13.07 (s, 1H), 9.64 - 9.57
(m, 1H), 9.05 (s, 1H), 8.44 (s, 2H), 8.43 (d, J = 8.6
Hz, 1H), 8.18 (dd, J = 8.8, 2.4 Hz, 2H), 7.67 (d, J =
16.8 Hz, 2H), 6.98 - 6.79 (m, 2H), 5.82 (dd, J = 8.2,
4.7 Hz, 1H), 5.60 (d, J = 17.5 Hz, 1H), 5.32 (d, J =
11.4 Hz, 1H), 5.22 (d, J = 4.9 Hz, 1H), 4.63 - 4.56
(m, 3H), 3.94 - 3.81 (m, 1H); 13C NMR (101 MHz,
DMSO) & 181.00, 171.59, 168.95, 164.06, 163.70,
162.94, 150.33, 132.45, 131.13, 129.51, 126.01,
124.76, 124.64, 124.22, 116.86, 110.80, 78.96,
71.12, 59.34, 58.14, 32.01.

Compound C2 was prepared from cefixime and p-
hydroxybenzaldehyde; orange; m.p. 168-170°C;
(80%) yield. IR (KBr, cm-1) v = 3323 (OH), 1745 B-
lactam (C=0), 1600 (C=N); 'H NMR (400 MHz,
DMSO0) & 12.55 (s, 1H), 9.67 (s, 1H), 9.17 (d, J =
56.5 Hz, 1H), 7.69 (dd, J = 9.2, 2.6 Hz, 4H), 6.78
(dd, J =9.3, 2.6 Hz, 3H), 6.66 (d, J = 17.8 Hz, 1H),
6.33 - 5.64 (m, 2H), 5.07 (s, 1H), 4.90 - 4.41 (m,
1H), 4.18 (s, 2H), 3.88 (d, J = 32.3 Hz, 2H), 13C NMR
(101 MHz, DMSO) 6 190.33, 172.52, 166.68, 163.28,
161.67, 158.89, 154.65, 143.14, 139.73, 136.25,
132.01, 128.73, 124.97, 120.85, 117.99, 115.48,
114.23,111.51, 73.77, 64.01, 59.99, , 34.13, 29.50,
29.21.

Compound C3 was prepared from cefixime and p-
bromobenzaldehyde; Yellow; m.p. 123-125°C;
(77%) yield. IR (KBr, cm-1) v = 3323 (OH), 1745 B-
lactam (C=0), 1652 (C=N); 'H NMR (400 MHz,
DMSO) 8 12.64 (s, 1H), 11.84 (s, 1H), 9.99 (s, 1H),
9.16 (d, J = 8.5 Hz, 2H), 9.08 (s, 1H), 7.84 (s, 3H),
7.78 (s, 1H), 7.51 (s, 3H), 7.27 (d, J = 12.9 Hz, 5H),
7.08 (s, 1H), 6.95 - 6.79 (m, 2H), 6.04 (s, 1H), 5.97
(d, J = 7.0 Hz, 2H), 5.81 (s, 1H), 5.59 (d, J = 17.1
Hz, 1H), 5.08 (s, 6H), 4.56 (s, 4H), 4.16 (s, 9H),
3.91 (s, 2H). 13C NMR (101 MHz, DMSQ) & = 192.52,
182.03, 174.99, 171.28, 170.85, 169.31, 168.87,

162.65, 159.30, 150.17, 147.57, 142.75, 135.58,
134.12, 132.78, 132.16, 131.72, 129.09, 115.95,
113.66, 111.93, 103.19, 73.53, 61.78, 57.54, 29.48.

Compound C4 was prepared from cefixime and p-
chloroybenzaldehyde; Yellow; m.p. 118-120°C;
(79%) yield. IR (KBr, cm-1) v = 3421 (OH), 1747 B-
lactam (C=0), 1654 (C=N); 'H NMR (400 MHz,
DMSO0) 6 12.64 (s, 1H), 11.85 (s, 1H), 10.87 (s, 1H),
9.99 (s, 1H), 8.68 - 8.22 (m, 1H), 8.15 - 6.93 (m,
3H), 6.64 (dt, J = 54.8, 13.7 Hz, 1H), 6.42 - 5.58
(m, 1H), 5.52 (d, J = 7.3 Hz, 1H), 5.28 - 4.99 (m,
1H), 4.17 (s, 1H), 3.81 (dd, J = 30.5, 8.4 Hz, 2H);
13C NMR (101 MHz, DMSO) & 171.79, 169.26,
156.40, 152.51, 148.67, 140.11, 139.33, 136.68,
129.89, 129.52, 129.22, 128.76, 128.66, 128.53,
128.28, 128.05, 127.52, 123.24, 68.40, 58.22,
37.74, 34.23, 31.77, 30.19, 29.50, 29.19, 29.05.

Compound C5 was prepared from cefixime and
salicylic acid; Red; m.p. 202-204°C; (53%) yield. IR
(KBr, cm-1) v = 3371 & 3390 (OH), 1733 B-lactam
(C=0), 1402 (N=N); 'H NMR (400 MHz, DMSO) &
12.64 (s, 1H), 11.85 (s, 1H), 10.87 (s, 1H), 9.99 (s,
1H), 8.68 - 8.22 (m, 1H), 8.15 - 6.93 (m, 3H), 6.64
(dt, J = 54.8, 13.7 Hz, 1H), 6.42 - 5.58 (m, 1H),
5.52 (d, J = 7.3 Hz, 1H), 5.28 - 4.99 (m, 1H), 4.17
(s, 1H), 3.81 (dd, J = 30.5, 8.4 Hz, 2H); 13C NMR
(101 MHz, DMSO0) 6 180.78, 174.99, 172.37,171.03,
169.72, 169.66, 161.58, 155.73, 148.71, 136.10,
132.44, 130.73, 130.43, 129.61, 119.89, 119.63,
119.33, 118.36, 117.54, 113.36, 112.17, 71.40,
65.75, 58.03, 34.14, 31.74, 29.01.

Compound C6 was prepared from cefixime and
resorcinol; Red; m.p. 182-184°C; (81%) vyield. IR
(KBr, cm-1) v = 3232 (OH), 1731 B-lactam (C=0),
1404 (N=N); '*H NMR (400 MHz, DMSO) & 11.78 (s,
1H), 11.62 (s, 1H), 10.17 (s, OH), 7.87 (d, J = 45.3
Hz, 1H), 7.62 (d, J = 7.3 Hz, 2H), 7.56 (d, J = 7.0
Hz, 3H), 7.39 - 7.26 (m, 4H), 6.72 (q, J = 10.1 Hz,
2H), 6.61 - 6.44 (m, 3H), 5.80 (d, J = 7.9 Hz, 1H),
5.65 (t, J = 8.6 Hz, 1H), 5.34 (q, J = 11.4 Hz, 1H),
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5.07 (d, J = 9.4 Hz, 1H), 4.09 (s, 1H), 3.83 - 3.73
(m, 1H), 3.63 (dd, J = 17.1, 6.9 Hz, 1H), 3.42 (d, q,
J =12.9, 7.1 Hz, 3H), 3.24 (dd, J = 15.7, 8.9 Hz,
1H); 13C NMR (101 MHz, DMSO) & 142.62, 140.41,
139.35, 137.09, 131.97, 131.86, 130.69, 130.23,
129.65, 129.44, 129.14, 127.41, 123.56, 121.87,
121.53, 63.55, 56.51, 52.58, 52.35, 34.92, 33.14,
30.32, 19.04, 169.15, 164.12, 161.20, 157.09.

Compound C7 was prepared from cefixime and -
naphthol; Red; m.p. Decomposed at 73°C; (60%)
yield. IR (KBr, cm-1) v = 3427 (OH), 1737 B-lactam
(C=0), 1398 (N=N); 'H NMR (400 MHz, DMSO) &
11.50 (s, 1H), 10.43 (d, J = 15.5 Hz, 1H), 10.09 (s,
OH), 8.03 - 7.91 (m, 3H), 7.75 (dt, J = 26.6, 8.6 Hz,
4H), 7.64 - 7.54 (m, 1H), 7.04 - 6.92 (m, 2H), 6.73
- 6.58 (m, 5H), 6.47 - 6.39 (m, 4H), 5.90 (s, 1H),
5.38 (s, 1H), 5.08 (s, 1H), 4.69 (s, 3H), 3.61 (s, 5H),
3.56 (s, 1H); 13C NMR (101 MHz, DMSO) o8 =
172.91, 167.32, 163.99, 160.43, 156.33, 153.00,
150.67, 143.35, 129.97, 128.28, 121.27, 114.03,
113.02, 110.65, 72.83, 65.60, 58.70.

Compound C8 was prepared from cefixime and -
nitroso-a-naphthol; Red; m.p. Decomposed at 88°C;
(61%) yield. IR (KBr, cm-1) v = 3411 (OH), 1741 B-
lactam (C=0), 1402 (N=N), 1515 & 1317 (N=0); 'H
NMR (400 MHz, DMSO) 6 12.27 (s, 1H), 10.98 (s,
1H), 9.71 (d, J = 7.6 Hz, 1H), 8.21 (s, OH), 7.54 -
7.44 (m, 2H), 7.12 - 6.86 (m, 1H), 6.60 (t, J = 10.3
Hz, 1H), 6.11 (d, J = 14.6 Hz, 1H), 5.97 (s, OH), 5.33
(d,J=11.3Hz, 1H), 5.07 (s, 1H), 4.78 (s, 1H), 4.64
(d, J = 10.9 Hz, 2H), 3.70 - 3.52 (m, 1H); 13C NMR
(101 MHz, DMS0) 6 176.97, 175.02, 171.29, 170.37,
169.75, 168.63, 164.97, 163.64, 162.05, 158.38,
154.29, 153.46, 149.13, 136.09, 129.28, 125.20,
116.40, 116.39, 112.48, 110.61, 71.25, 63.44,
59.37, 34.13, 31.76, 29.17.

Compound C9 was prepared from cefixime and a-
nitroso-B-naphthol; Red; m.p. Decomposed at 75°C;
(65%) yield. IR (KBr, cm-1) v = 3301 (OH), 1730 B-
lactam (C=0), 1413 (N=N), 1523 & 1337 (N=0); 1H
NMR (400 MHz, DMSO) & 11.55 (s, 1H), 11.34 (s,
1H), 9.53 (s, 1H), 8.12 - 8.03 (m, 2H), 8.01 (s, 1H),
7.95(d, J = 5.8 Hz, 1H), 7.47 - 7.33 (m, 1H), 7.16
(s, 1H), 6.85 - 6.71 (m, 2H), 6.71 - 6.64 (m, 1H),
6.58 - 6.50 (m, 1H), 6.47 (d, J = 5.4 Hz, 1H), 5.96
-5.88 (m, 1H), 5.78 (d, J = 12.5 Hz, 1H), 5.68 (d, J
= 7.4 Hz, 1H), 5.54 (d,J = 5.9 Hz, 1H), 5.44 (d, ] =
5.8 Hz, 1H), 5.28 (d, J = 5.3 Hz, 1H), 5.17 (d, ] =
4.9 Hz, 1H), 4.27 (s, OH), 13C NMR (101 MHz,
DMSO) o 188.50, 180.69, 174.58, 170.47, 170.11,
168.27, 165.57, 165.00, 163.10, 161.11, 157.16,
152.09, 150.33, 149.55, 149.31, 149.10, 148.39,
148.25, 144.84, 125.79, 122.65, 121.78, 116.00,
115.86, 110.12, 109.53, 108.66, 56.04, 55.99,
36.82, 36.51, -15.24.

3.2. ADMET Analysis

The ADMET (absorption, distribution, metabolism,
excretion, and toxicity) properties of the compounds
(C1-C9) were studied to determine the drug-likeness
of these compounds in comparison with the standard
antibiotics amoxicillin, cefixime, and metronidazole.
Key PK parameters, including GI, BBB, P-gp,
substrate status, CYP inhibition, and predicted
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toxicities in various organs, are analyzed. The study
also evaluates other chemical properties such as skin
permeability, water solubility, molecular weight, and
predicted toxicity class. As shown in Tables 2, 3, 4,
and 5.

3.2.1. Pharmacokinetic and toxicological analysis
The low gastrointestinal absorption of the
compounds (C1-C9) indicates that their absorption in
the gastrointestinal tract will be limited. This makes
oral formulations challenging, and alternative
methods of administration (e.g., topical or
intravenous) are necessary to achieve sufficient
bioavailability. In contrast, none of these compounds
exhibited permeability across the BBB, implying that
the CNS might be left unaffected. This may be
advantageous in preventing CNS effects, although it
may also limit their usefulness for disease
modulation in the CNS. As shown in Table 2.

Several of them, C1, C5, C6, C8, and C9, are known
to be P-glycoprotein (P-gp) substrates. That is, these
compounds are recognized by the P-gp transporter,
which pumps drugs out of cells, potentially reducing
their bioavailability. As a result, this could result in
reduced therapeutic efficacy when P-gp-mediated
efflux is involved. As shown in Table 2.

All compounds (C1-C9) exhibited a weak ability to
inhibit major CYP enzymes (CYP1A2, CYP2C19,
CYP2C9, CYP2D6, and CYP3A4), indicating a low
probability of interaction with other drugs that
require metabolism via these enzymes. This property
is advantageous as it minimizes the risk of potential
drug-drug interactions when used in combination
therapies, as shown in Table 2.

Skin  Permeability In the skin permeating
experiments, C9 has a low skin permeability (Log Kp
-8.34 cm/s), suggesting limited topical absorption.
Nevertheless, systemic application may remain a
highly potent therapeutic option. C6 and C1 both
exhibit low skin permeability, indicating that they
may not be suitable candidates for topical delivery;
however, they are preferred for systemic delivery. As
shown in Table 2.

3.2.2. Physicochemical properties

The molecular weights of the compounds varied
between 453.45 g/mol (for cefixime) and 637.60
g/mol (for C8, C9). Higher molecular weights may
influence the cellular permeability and solubility, and
hence their rate of absorption in the body.
Compounds with higher molecular weights may fail
to be absorbed through the gastrointestinal tract. As
shown in Table 3.

The compounds (C1-C9) have a moderate nhumber of
rotatable bonds (9-14), suggesting a degree of
flexibility in their structure. Thus, this flexibility,
which is crucial for interactions with biological
targets, may affect the bioactivity of molecules.
Moreover, all the compounds contain sufficient H-
bond acceptors and donors that can facilitate
biological receptor interaction and enhance their
therapeutic potential. As shown in Table 3.
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In terms of solubility in water, most of the
compounds are of poor solubility, except for C2,
which is of moderate solubility. Low solubility can
lead to reduced oral bioavailability and may require
advanced formulation approaches, such as
nanoparticle technology, to enhance absorption and
bioavailability. As shown in Table 3.

The Log Po/w values vary from -1.07 to 1.23, where
negative indicates better hydrophilicity (water
solubility) and positive indicates better lipophilicity
(fat solubility). These properties may influence tissue
distribution, cellular uptake, and bioavailability,
favouring adipose  deposition for lipophilic
compounds. As shown in Table 3.

3.2.3. Predicted toxicity and safety profile

Predicted toxicities of compounds C1 to C9 are
overall low to moderate, indicating their relative
safety for therapeutic use. These compounds show
less hazardous predictions for clinical toxicity and are
therefore less likely to elicit a high level of adverse
effects during clinical trials; nevertheless, additional
studies are needed to confirm their safety.

In accordance with the specific organ, these
compounds present low toxic risks. Hepatotoxicity
predictions are inactive or of low risk, suggesting a
relatively low potential for liver toxicity. Likewise, all
the compounds exhibit inactive neurotoxicity, which
implies that the nervous system is not at major risk.
The nephrotoxicity of most compounds is not active,
ie, their nephrotoxic potential is negligible.
Predictions for respiratory toxicity and cardiotoxicity
are mostly inactive, suggesting low effects for
respiration and the heart.
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There is no evidence of carcinogenicity for any of the
compounds. Furthermore, the inactive
immunotoxicity and mutagenicity predictions of the
compounds imply a low risk to the immune system
and no genotoxicity. Cytotoxicity. All the complexes
demonstrated weak cytotoxicity and are not likely to
be cytotoxic. As shown in Table 4.

The LD50 of all the substances is 10,000 mg/kg, and
they are categorised as toxicity class 6, which
represents slight toxicants. These findings indicate
that these agents may be safely utilised in clinical
settings at therapeutic concentrations. As shown in
Table 5

In conclusion, Compounds C9 and C6 have emerged
as the best candidates because they are minimally
toxic, display potent antimicrobial activity, and
possess moderate to low preclinical toxicity against
different organs. In view of their low intestinal
absorption and skin permeability, combined with
their high PBP2a and B-lactamase Toho-1-binding
affinities,51 these agents are promising candidates
for systemic treatment.

Ci1, C2, C3, C5, C7, and C8, with different
bioavailability and toxicity, have similar TEFs; the
PO-LCETs of C1 and C5 are higher than those of the
others, which indicates that C9 and C6 might be safer
and more effective in the clinic. Additional preclinical
as well as clinical studies are necessary to confirm
the safety and effectiveness of these compounds
before being used as a potential therapeutic
approach.

Table 2: Pharmacokinetics & Lipinski Violation for Cefixime and its Derivatives (C1-C9).

g b V] . o = - . - EE E —
¢ o3 =5 af S£ 3£ 82 82 3£ PE. 3% g
c o5 Bg % a2 g2 af o2 a2 Zofg TS -E_E
° "% "§ °% 5f E 5E i GE gf° 3> &%

2 & @& ©f 0f LE OE OE 25 o >

- o )

Ce Low No No No No No No No -9.55 0.11  Yes,1
Ci1 Low No Yes No No No No No -9.08 0.11 No, 2
C2 Low No No No No No No No -9.03 0.11 No, 2
C3 Low No No No No No No No -8.67 0.11 No, 2
C4 Low No No No No No No No -8.44 0.11 No, 2
C5 Low No Yes No No No No No -8.91 0.11 No, 2
Cé6 Low No Yes No No No No No -9.05 0.11 No, 2
C7 Low No No No No No No No -8.12 0.11 No, 2
(o] Low No Yes No No No No No -8.34 0.11  No, 2
co Low No Yes No No No No No -8.34 0.11 No, 2
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Table 3: Physicochemical Properties, Lipophilicity, and Water Solubility for Cefixime and its Derivatives

(C1-C9).
o
_ 3 p Z O
E & £ 5 : 3 3
. E Ke] Q g . "E =1 s
£ o 0 ] o .2 S ~
[5) . - 0 ° : < 0 3
(&) - Q © . = (7]
s S . o o 5 S
: © 0 : = - o
= 5 =z T S
o 2 2
-
Ce 453.45 9 9 4 109.91 238.05 Soluble -1.07
C1 586.55 12 12 3 148.02 270.21 Poorly soluble -0.17
C2 557.56 11 11 4 141.22 244.62 Moderately soluble 0.16
C3 620.45 11 10 3 146.90 224.39 Poorly soluble 1.23
C4 576.00 11 10 3 144.21 224.39 Poorly soluble 1.12
C5 602.55 12 14 5 145.11 294.28 Poorly soluble 0.04
Cé6 574.54 11 13 5 140.17 277.21 Poorly soluble -0.18
Cc7 608.60 11 12 4 155.65 256.98 Poorly soluble 0.95
C8 637.60 12 14 4 161.11 286.41 Poorly soluble 0.50
C9 637.60 12 14 4 161.11 286.41 Poorly soluble 0.50

Table 4: Organ and Endpoint Toxicities for Cefixime and Derivatives (C1-C9).

Organ toxicity Toxicity endpoints
> > >
zZ2 z 2 |2 £ > o =
a8 5% 5 T 5|68 & £ & ©
9 (3] 9 > .9 = > S = 2
% = X =] c — Q X

X - e X o —

Q o ) (] c % [=]
c 8§ © < 218 © § & =
) S o b cEX O c = =
o m© = i wo 3 £ 3 8 S 0
o =1 - Q hod 3] E 5 ; —
o 2 0 © & g = © £
I Zz o 4] = o

Ce In In Ac Ac In In In In In Ac
C1 In In Ac Ac In Ac In Ac In In
C2 In In Ac Ac In In In In In Ac
C3 In In Ac Ac In In In In In Ac
C4 In In Ac Ac In In In In In Ac
C5 In In Ac Ac In In In In In Ac
C6 In In Ac Ac In In In In In Ac
C7 In In Ac Ac In In In In In Ac
C8 In In Ac Ac In In In In In Ac
Cc9 In In Ac Ac In In In In In Ac
In =Inactive, Ac = Active

Table 5: Predicted LD50, Predicted Toxicity Class, Average Similarity %, Prediction Accuracy % for
Cefixime and its Derivatives (C1-C9).

Comp. ID Predicted LD50 Predicted Toxicity Average similarity Prediction

mg/kg Class % accuracy %

Ce 10000 6 100 100

C1 10000 6 81.31 70.97
C2 10000 6 81.51 70.97
C3 10000 6 80.66 70.97
C4 10000 6 81.23 70.97
C5 10000 6 75.46 69.26
C6 10000 6 79.08 69.26
C7 10000 6 79.36 69.26
c8 10000 6 77.23 69.26
Cc9 10000 6 76.46 69.26
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3.3. Molecular Docking (46)

In molecular docking experiments, we investigate
the interactions of cefixime-related drugs (C1-C9)
and four primary receptor targets: B-Lactamase
Toho-1 (11YS), PBP2a (1VQQ), PBP-2B (2WAE), and
PBP2x (1PYY). The reference drug, cefixime (Ce),
helps us understand these new molecules' binding
and interaction properties.
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Using cefixime (Ce), the reference ligand, we
contextualise these new derivatives' binding affinities
and interaction characteristics. An overview of
binding affinity and interaction profiles. For all
receptor complexes, binding energies (B.E.) define
ligand affinity; larger negative values suggest higher
binding. Some compounds show binding affinities on
par with or better than cefixime, suggesting
enhanced functioning or new interactions. Show
Table 6 and Figure 1.

Table 6: Binding Energies for Cefixime and its Derivatives (C1-C9) with Receptors.

Com. Binding Energies Kcal/mol
PBP2a (1VQQ) PBP2b (2WAE) PBP2x (1PYY) B-Lactamase Toho-1 (1IYS)
C1 -1.67 -0.65 0.59 -1.5
Cc2 -0.98 -0.91 -0.05 -2.25
Cc3 -1.46 0.53 -0.42 -3.12
c4 -1.98 -0.35 0.74 -1.86
C5 -0.6 0.51 1.49 -1.52
(o} -0.55 0.47 1.55 -1.65
Cc7 -0.36 -0.24 -0.13 -0.52
Cc8 -1.05 0.33 0.05 -1.91
c9 -0.27 0.40 0.21 -3.34
Ce -1.97 -1.06 0.23 -1.61
E PBP2a (1vVQQ) PBP2b (2WAE) PBP2x (1PYY) B-Lactamase Toho-1 (11YS)
—1 2
o
£l
m
o
<10 1= E = E = = = = = =
.f:; 1 E €1 E€2 EG. Ec =C5 = C6 c7 EC8 Cc9 Ete
o |-2 = B
-]
=
5(-3
=
5],
|Cumpaund Nu.l

Figure 1: Diagram of Binding Energies for Cefixime and Derivatives (C1-C9).

3.4. Discussion of Binding Interactions and
Binding Energies for Compounds (C1-C9)
Compared to Cefixime (Ce) (47)

Cefixime was chosen as the standard compound to
test how well its designed derivatives bind to it. The
docking results showed that the four receptors being
studied had very different binding energies and
interaction patterns.

For PBP2a (1VQQ), cefixime had a binding energy
of —=1.97 kcal/mol and made six hydrogen bonds with
ASN415, LYS417, LYS477, LYS478, and LYS481.
Cefixime was very stable, but compound C4 was
even more stable, with a binding energy of -1.98

kcal/mol. This derivative formed four hydrogen
bonds with LYS273 and LYS316, as well as four
additional non-hydrogen contacts, including n-
sigma, n-sulfur, alkyl, and n-alkyl interactions.
These made it more stable overall. In contrast,
compound C9 had the weakest binding, with an
energy of —-0.27 kcal/mol. It was held together by
only three hydrogen bonds and one alkyl interaction.
As shown in Table 7.

Cefixime was the strongest binder for PBP2b
(2WAE), with an energy of -1.06 kcal/mol. Its
stability was supported by three hydrogen bonds
with ALA419 and LYS426, as well as two non-

276



Majeed AS and Ahmad MR. JOTCSA. 2025; 12(4): 269-286.

hydrogen contacts of the n-sigma and n-alkyl types.
With a performance of —-0.91 kcal/mol, compound C2
formed three hydrogen bonds and one n-sigma
interaction. Compound C3, on the other hand, was
the weakest. It had a positive binding energy of
+0.53 kcal/mol and was held together by only two
hydrogen bonds and one n-alkyl contact. Compound
C9 had a more varied interaction profile, with two
hydrogen bonds and four non-hydrogen interactions.
However, its energy value of +0.40 kcal/mol
indicated that cefixime remained the most stable
with this receptor. As shown in Table 8.

Cefixime had a weak binding energy of +0.23
kcal/mol for PBP2x (1PYY). It only had one
hydrogen bond with LYS121 and two alkyl contacts.
Compound C3 was the best binder among the
derivatives, with a value of -0.42 kcal/mol. Even
though it only made one hydrogen bond with
TYR129, it also made seven other contacts that
weren't hydrogen bonds, such as n-stacked, alkyl,
and n-amide interactions. These contacts
significantly stabilized the molecule.

In contrast, compound C6 demonstrated the weakest
binding affinity, with a binding energy of +1.55
kcal/mol. This reduced stability is attributable to the
presence of three hydrogen bonds, which were
insufficient to sustain a robust interaction within the
complex, as detailed in Table 9.
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Cefixime had a moderate affinity for B-lactamase
Toho-1 (11YS), binding with an enthalpy change of
-1.61 kcal/mol through three hydrogen bonds with
GLU96 and HIS141, as well as two alkyl interactions.
In contrast, compound C9 was much stronger, with
a binding energy of -3.34 kcal/mol. This was due to
two hydrogen bonds with LYS191 and TRP251, as
well as three other non-hydrogen interactions of the
alkyl and n-alkyl types. Compounds C5 and C6 also
did better than cefixime, with energies of -1.52 and
-1.65 kcal/mol, respectively. Several hydrogen
bonds and n-alkyl interactions held both together. C7
was the weakest derivative because it only had two
hydrogen bonds and three weak alkyl contacts to
hold it together. As shown in Table 10 and Figure 2.

In conclusion, cefixime was a good standard for all
receptors. Compound C4 was slightly stronger than
cefixime against PBP2a, as it had more non-hydrogen
contacts. Cefixime itself was still the strongest
against PBP2b, showing that, in this case, the
reference compound was superior to its derivatives.
Compound C3 was the most stable with PBP2x, and
compound C9 was the best with B-lactamase, having
the lowest binding energy and a well-balanced
network of interactions. These results indicate that
specific changes, particularly those in C9, can
enhance cefixime's effectiveness in combating

bacterial strains resistant to it.

Figure 2: 2D & 3D for C9 and Cefixime with B-Lactamase Toho-1 (1IYS).

277



Majeed AS and Ahmad MR. JOTCSA. 2025; 12(4): 269-286.
Table 7: Hydrogen and Non-Hydrogen bond Interactions for Cefixime and Derivatives (C1-C9) with PBP2a
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(1VQQ).
Hydrogen bond interaction Non-hydrogen bond interaction
a ¢ o (-] )
=z S p z o S e
E o S ] (] = S ®
o T 0 - T > [} -
O 5 g 2 s - &J n
0 Q o0 Q
LYS 477, LYS 477, 5.74, 6.10, )
€1 4 ys478,LYss560  4.26,4.80 | ! n-alkyl LYS 560 6.08
c2 4 THR 344, THR 398, 2.61, 2.65, 3 alkyl LEU 525, LEU 4.90, 4.14,
THR 398, GLU 523 2.77, 2.30 y 603, LYS 604 4.14
t-shaped TYR 272 ALA 5.48, 3.38,
e 1 LYS 322 2.02 3 alkyl n n-alkyl 276 TYR 272 2.72
. LYS 317 TYR
ca 4 LYS 273, LYS 316 1.98, 3.05 4 N-sigma n-sulfur 297 LYS 317 3.75, 5.89,
2.73, 2.82 alkyl n-alkyl TYR 105 4.45, 4.70
C5 2 LYS 290, LYS 554 3.87, 1.96 rn-sigma LYS 290 3.87
c6 LYS 318, ASP 320, 2.80, 2.10, 4 alkvl LYS 317, LYS  5.12, 4.82,
LYS 321, LYS 322 3.77, 2.59 Y 319, LYS 322 4.24, 4.06
ARG 110, HIS 311, 2.40, 2.05,
€7 4 |EU313, LYS 317 2.68, 2.40 1 alkyl LYS 317 4.63
LYS 554, VAL 557, 2.11, 3.25, _
c8 3 LYS 560 323 1 n-alkyl LYS 556 4.64
CO 3 GLU 315, LYS 316 3'0§'2(12)'09' 1 alkyl LYS 316 4.45
ASN 415, LYS 417,  3.61, 2.04,
Ce 6 LYS477,LYS 478, 1.81, (2.24 0 -- -- --
LYS 481 2.72), 2.96

Table 8: Hydrogen and Non-Hydrogen Bond Interactions for Cefixime and Derivatives (C1-C9) with PBP2b

(2WAE).
Hydrogen bond interaction Non-hydrogen bond interaction
a - -
=2 g 8 2 o g &
E S g @ 3 A} g
o T [0} - T > 0 -
o] c 0 1] c =] Q 0
a o« Q 3 o« a
LYS 338, LEU T-shaped TYR 339 HIS
c1 3 365, LYS 366 2.07,2.97,1.83 | 2 alky] et 5.33 3.97
c2 g? 4P2R66 ';EQL; 1.88,2.66,2.25 | 1 n - sigma ALA 428 3.84
C3 2  LYS 254, LEU 253 2.05, 3.45 1 n-alkyl PHE 187 5.49
LYS 279 ARG 4.67, 4.11,
C4 2  LYS 254, LYS 255 1.97,1.72 3 alkyl 580 VAL 28 <30
cs 3 LYS 426, ASN 5 35 (2.56,2.66) | 2 alkyl,n-alkyl ~ TRO420VAL 559558
463 414
GLY 501, LEU 5 3¢ 354, 2,60,
c6 6 502, VAL 503, 151 183 Saey | O -- - --
LYS 505 Obr 283, 4
THR 600, THR ] (4.88,
c7 3 658, LYS 659 2.47,2.19,1.80 2 n -stacked TRP 424 5.36)
n -cation alkyl  LYS 426 LEU  2.754.67
c8 2 LYS 426 (1.62, 2.90) 3 o el 657 LEU 657 C 36
. (3.79,
TRP 424, LEU n -sigma alkyl  LEU 657 LEU
co 2 ol 2.98, 1.82 4 k! 657 LvS 426 3.8:)44247
Ce 3 ALA419,LYS426 2.42,(1.96,3.6) | 2 n -sigma ILE421 ALA - 3.804.82
n- alkyl 419
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Table 9: Hydrogen and Non-Hydrogen Bond Interactions for Cefixime and Derivatives (C1-C9) with PBP2x
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(1PYY).
Hydrogen bond interaction Non-hydrogen bond interaction
2 4 ] o o
oz S p z [ 3 g
E S ] ) = S ]
o T ) - T > ") -
o g &J K] g = g I
@ Q [ Q
5.83 (4.13
LYS 121, n-sulfur alkyl PHE 126 VAL 125
€1 2 \Yer1e4 291333 |5 n-alkyl ALA 98, VAL 122 4'73‘)457'49'
n-sigma t-
LYS 121, VAL 125 TYR 129 3.934.73
2 2 eyEm e | & Shapeadlka;,'lky' M |YS128 TYR129  3.715.05
n-stacked MET 163 TYR 129 4,91 4,91
amide n- VAL 96, LEU 130, 4.49, 4.37,
c3 1 TYR 129 2.28 7 stacked alkyl ILE 158 VAL 125, 4,98 5.05,
n-alkyl PHE 126 4.89
t-shaped alkyl PHE 126 VAL 5.68 4.23,
cC4 2 TYR9Y 2.64,2.74 | 5 n_palk : Y 125, MET 163 5.40 5.31,
Y VAL 96, PHE 126 5.13
TYRS28, 553 2.14
Cs5 3 GLY 533, ' 2’18' ! 2 alkyl n-alkyl VAL 523 TYR 524 3.89 5.49
LYS 534 ’
c6 LYS 128,  (2.08,2.52), | , unfura.n-sulfur TYR129TYR129  2.01 4.45
TYR 129 2.82 n-stacked alkyl TYR 129 ALA 161 4.16 3.83
C7 2 LYS 121 2.37,2.38 n-alkyl MET 163 4.98
n-stacked- t-
c8 0 . . 5 shaped amide- MET 163 TYR 129 jgg’ ‘5‘33’
n-stacked n- PHE 126 VAL 125 T
5.17
alkyl
C9 1 LYS 121 1.96 1 n-alkyl VAL 125 4.77
Ce 1 LYS 121 1.98 2 alkyl LYS 121 3.81, 4.22

3.5. Antioxidant Activity (44)

The table presents the reactions of various samples
(C1 to C9) with differing concentrations, utilising
ascorbic acid as the standard antioxidant reference
in a linear experiment. This study employs DPPH
(2,2-diphenyl-1-ncrylhydrazyl) as a free radical
scavenger. The essential parameters, including IC50
values, linear equations, and R2 values, allow the
comparison of the antioxidant activities of these
samples with those of ascorbic acid.

3.5.1. Discussion of antioxidant activity for
compounds (C1-C9) compared to ascorbic acid

The table (10) presents the IC50 values for the
antioxidant activity of compounds (C1-C9) compared
to ascorbic acid (vitamin C). The IC50 value
represents the concentration at which 50% of the
antioxidant activity is inhibited, providing a key
measure of the compound's potency. Lower IC50
values indicate stronger antioxidant activity. Show
Table 11 and Figure 3.

In conclusion, C6 emerges as the most potent
antioxidant, with the lowest IC50, making it highly

effective at neutralizing oxidative stress. This high
potency aligns with its strong binding to PBP2a and
B-lactamase Toho-1, positioning C6 as a promising
candidate for applications in both antibacterial
therapy and oxidative stress management.

Compound C9 closely follows C6, demonstrating
significant antioxidant activity with an IC50 value of
6.78 pg/mL, supporting its potential therapeutic use.

Compounds C1 and C8 exhibit moderate antioxidant
activity, whereas C2, C3, and C4 manifest
comparatively weaker activity, with C3 being the
least effective. However, their potential as
antibacterial agents or in other therapeutic areas
should not be overlooked.

Overall, C6 and C9 represent the most promising
antioxidant candidates, with C6, in particular,
exhibiting potential to exceed the clinical efficacy of
ascorbic acid. Further rigorous investigations are
warranted to optimize the therapeutic potential of C6
and C9 in the management of oxidative stress-
related pathologies.
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Table 10: Hydrogen and Non-hydrogen Bond Interactions for Cefixime and Derivatives (C1-C9) with B-
Lactamase Toho-1 (1IYS).

Hydrogen bond interaction Non-hydrogen bond interaction
o ) o )
Com. Z S o z 0 S o
IiD (0] 2 © ] 2 2 T
© 7] - © > 7} )
e & : |5 7 L
om a om a
PRO 145, ASP 3.10, 2.11, unv. n-  ASP 146 2.58
€1 3 146, ARG 153 2.53 3 anionalkyl  ASP 146 4.17
' : Y PRO 145 4.57
ASP 146, LYS 2.32, 3.00, 3 B -
c2 3 147, ARG 153 1.98 0
n-cation ARG 153 3.48
c3 2 ASP 146, LYS 147 2.32, 2.87 2 Ak ALA 150 g
Alkyl ARG 164 4.81
ca 2 ASP 146, LYS 147 2.46,2.16 2 n-alkyl ALA 140 435
PRO 226, LYS 3.33, 2.14,
C5 5 227, LYS 284, 3.15,2.87, | 2 n-alkyl "HYISé 22%2' 1‘2919'
HIS 288, GLY 289 3.05 :
. ARG 94 3.91
C6 4 ARG 94, GLU 96 %‘;%129736 3 ”n'_caaltk'OI” ARG 94, 4.21,
L)L Y VAL 95 5.03
Alkyl ALA 140 3.88
c7 2 ASP 101, LYS 137 2.96, 1.79 3 3.86,
n-alkyl PRO 145 4.35
n-sigma GLN 93 3.93
C8 3 ARG 94, LYS 137 (2'226'5%'01) 3 alkyl ALA 140 3.96
: n-alkyl ARG 94 4.73
Akl TRP 251 5.38
co 2 LYS 191, TRP 251 1.78, 2.52 3 n_a”‘: | ALA 200 4.29,
Y PRO 258 5.18
(2.62, 2.84) ARG 94, 5.02,
Ce 3 GLU 96, HIS 141 o 2 alkyl AR 140 ea

Table 11: Antioxidant Activities for Ascorbic Acid and Derivatives (C1-C9).

[a] —_ —_ —_ - —_
- t
o £ £ = In £ in £ ° . (=]
£ o~ 2 s N~ N QT & i
- O =) o - O oo co =
8 =1 =1 =1 =1 =1 =

C1 84.44 72.53 61.01 50.51 42.02 y = 0.4229x + 45.715 0.9063 10.13
c2 78.99 64.85 48.69 39.19 34.75 y = 0.4714x + 35.025 0.9513 31.76
C3 48.69 41.82 33.94 30.71 27.47 y = 0.2214x + 27.946 0.9549 99.61
C4 68.48 43.23 31.92 30.71 25.66 y =0.4477x + 22.652 0.988 61.08
C5 65.86 55.96 50.51 44.85 41.82 y = 0.2465x + 42.247 0.9684 31.45
Cé6 91.52 74.55 65.25 52.12 46.06 vy = 0.4613x + 48.022 0.941 4.28
Cc7 69.70  49.29 40.00 34.95 31.72 y = 0.4x + 29.63 0.9994 50.92
C8 87.07 70.71 58.59 45.05 37.37 y = 0.5034x + 40.253 0.9294 19.36
c9 98.59 97.78 88.28 74.34 64.44 y =-9.1717x + 112.2 0.9407 6.78
A.A. 90.17 72.57 60.6 51.89 45.69 y = 0.4644x + 46.43 0.9941 7.68
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Scavenging of Free Radicals for All Compounds
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Figure 3: Histogram of Antioxidant Activities and IC50 for Compounds (C1-C9).

3.6. Antimicrobial Activity (48)
3.6.1. Compounds (C1-C9) vs
antibiotics for antimicrobial activity
Compounds C1-C9 were also tested for their
antimicrobial activity against a range of bacteria and
fungi, including E. coli, P. mirabilis, S. aureus, B.
cereus, and C. albicans. The inhibition zones were
compared to those of standard antibiotics such as
Ampicillin, Cefixime, and Metronidazole, which are
widely used in clinical settings. The detailed data is
presented in Table 12.

conventional

3.6.2. Results of antimicrobial testing

C9 showed the strongest antimicrobial activity
among the tested compounds, with inhibition zones
of 31 mm against Proteus mirabilis and E. coli, 35
mm against Candida albicans, and 33 mm against
Bacillus cereus. Moderate activity was also recorded
against Staphylococcus aureus (at 27 mm).

C6 showed strong inhibition of Bacillus cereus (31
mm) and Candida albicans (28 mm), in addition to
demonstrating strong antioxidant activity (IC50
value = 4.28 pg/mL), which enhances its therapeutic
potential in treating both bacterial and fungal
infections. C6 also exhibited activity against Proteus
mirabilis (at 22 mm) and Staphylococcus aureus (at
19 mm), and 27 mm against E. coli.

C4 was more active against E. coli and
Staphylococcus aureus (both 35 mm) compared to
Candida albicans (10 mm), indicating a selective
antimicrobial effect. C4 showed no significant activity
against Proteus mirabilis or Bacillus cereus.

Cc2 exhibited moderate activity against
Staphylococcus aureus (30 mm) and Bacillus cereus
(35 mm) but weak activity against Proteus mirabilis
(11 mm) and Candida albicans (15 mm), suggesting
that it has a broad spectrum of activity against some
bacteria.

C3 exhibited good activity against Staphylococcus
aureus (35 mm) but weak activity against Proteus
mirabilis (12 mm) and Candida albicans (15 mm),
indicating a selective antibacterial effect.

C7 demonstrated good activity against Bacillus
cereus (34 mm) and Candida albicans (27 mm). Still,
it was less effective against other bacterial strains,

with values of 33 mm against E. coli and 16 mm
against Staphylococcus aureus.

C8 exhibited strong antibacterial activities against
Bacillus cereus (33 mm) and E. coli (34 mm).
However, its activity against Staphylococcus aureus
(14 mm) and Candida albicans (21 mm) was less
effective compared to other compounds in this study.

3.6.3. Comparison with traditional antibiotics
Cefixime demonstrated strong antimicrobial activity
against E. coli, P. mirabilis, and S. aureus (all 35
mm). Still, moderate activity against C. albicans (15
mm), indicating that while Cefixime is effective
against some bacterial strains, it has limited activity
against fungal infections.

Metronidazole showed significant activity against
Staphylococcus aureus (30 mm), but no activity
against the other bacterial and fungal strains,
indicating a narrow spectrum of activity compared to
the compounds tested here. As shown in Table 12,
Figure 4, and Figure 5.

3.6.4. Conclusion

In conclusion, C9 is the most superior compound in
this study in terms of antimicrobial activity,
exhibiting strong activity against most of the bacteria
and fungi tested. However, C6 demonstrated the
strongest antioxidant activity among all the
compounds. This dual action makes C9 and C6
promising candidates for development as drugs
against both antibiotic-resistant bacteria and fungal
infections.

C6 is also a promising candidate due to its broad
activity spectrum and high antioxidant activity. C9
came in second in terms of antioxidant activity, with
an IC50 value of 6.78 pg/mL, indicating that it can
also be used as both an antimicrobial and antioxidant
agent. Both C9 and C6 may serve as promising
antibiotics for infections caused by antibiotic-
resistant microorganisms. Further preclinical and
clinical research is needed to validate the therapeutic
efficacy and safety of these compounds in
treatments.
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4. CONCLUSION

The Schiff base and azo derivatives of cefixime
synthesized in this study exhibit promising
antimicrobial and antioxidant activities. C9 and C6,
in particular, demonstrated excellent efficacy in
inhibiting bacterial growth, surpassing traditional
antibiotics like cefixime, and exhibited strong
antioxidant potential. Molecular docking studies
further support these findings, highlighting the
potential of these derivatives as inhibitors of B-
lactamase and PBPs. These results suggest that

RESEARCH ARTICLE

Schiff base and azo derivatives of cefixime could be
developed as novel therapeutic agents to combat
antimicrobial resistance and oxidative stress.
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Table (12): Antimicrobial Activities Compounds (C1-C9).

Compound ID  E. coli PI:'Otefl_S Staphylococcus Bacillus Car!dida
mirabilis aureus cereus albicans
C1 20 11 20 9 15
C2 25 11 30 9 15
C3 31 12 35 10 15
C4 35 10 35 10 10
C5 25 14 15 27 26
(of 27 22 19 31 28
C7 33 16 13 34 27
C8 34 11 14 33 21
(o) 31 30 27 33 35
Ampicillin 30 20 20 35 10
Cefixime 35 35 35 30 15
Metronidazole 20 -- 30 -- --
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Figure 4: "Inhibition Zones of E. coli, Proteus mirabilis, Staphylococcus aureus, and Bacillus cereus Under
the Effect of Different Compounds.
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Figure 5: "Comparative Study of the Effect of Prepared Compounds (C1-C9) and Antibiotics (Cefixime,
Ampicillin) on Bacterial and Fungal Sensitivity Using the Agar Diffusion Method".
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