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Editorial

Alexander G. Zestos, Ph. D
American University

Nayiri M. Kaissarian, Ph.D
Montgomery College

Dear readers,

As we announce another version of The Chemist, we would like to
acknowledge significant advancements in the field of chemical sciences
despite the challenges that scientists, researchers, and educators alike have
had to endure. Just recently, the Fall 2025 Conference of the American
Chemical Society (ACS) was hosted at the Walter E. Washington
Convention Center and surrounding venues in Washington, D.C. The
return of the American Chemical Society national conference to the
nation’s capital puts chemistry and related applications to the forefront of the
nation’s and world’s priorities for scientific advancement.

During the American Institute of Chemists (AIC) Chemical Pioneers
Symposium in May of this year, Prof. Dale Boger was honored as a 2025
Chemical Pioneer and presented research from his laboratory at the
Scripps Research Institute in La Jolla, California. In the headlining article for
this year’s issue, Dr. Boger highlighted the total syntheses of a series of natural
products targeted by virtue of their biological properties. These complex
structures inspired divergent synthetic strategies and synthetic methodology
designed especially for the natural products of interest. Many of the
molecules synthesized include vancomycin, maxamycins, ramoplanin,
vinblastine, vincristine, bleomycin A, and several others including more
than 100 natural products have been prepared by total syntheses, of which
most represent biologically active natural products chosen by virtue of their
properties. Many of these products contain cyclic peptides including
glycopeptide antibiotics and several DNA binding natural products such as
DNA binding, alkylation, and cleaving agents that exhibit antitumor activity.

Other papers in this issue also detail total synthesis including current
trends in esters synthesis and the synthesis of dimethyl methylene
phosphate, which is an innovative phosphorylated compound with broad-
spectrum potential. Several adsorption studies were also part of the issue
including humic acid adsorption on natural fiber surface-modified
polypropylene and the adsorptive removal of Congo red dye by a
synthesized dual ligand. The synthesis and characterization of several
natural products were also discussed and detailed in this journal issue
including the structural elucidation of ethanol extraction of Plectranthus
zeylanicus and the antimicrobial and antioxidant properties of extracts from
the leaves of Syrian Juniperus excelsa M. Bieb. Furthermore, more
fundamental articles were also published on metal complexes of ligan 6-amino
penicillanic acid (6-APA) including biological activity and molecular docking
applications and the reactions of C2H502 and C2H5 radicals on acidic and
basic surfaces.

As the summer comes to an end and the academic year begins, we wish you
the very best going forward and hope to receive your submissions to The
Chemist!
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Supernatural Products

Dale L. Boger

Department of Chemistry, The Scripps Research Institute, La Jolla, California 92037, USA

(E-mail: boger@scripps.edu)

Abstract: The total syntheses of a series of natural products targeted by virtue of their
biological properties are highlighted. Their complex structures inspired the development of
new divergent synthetic strategies and synthetic methodology designed especially for the
natural products of interest. The subsequent extensions to the divergent total syntheses of key
analogues that bear deep-seated structural changes are summarized. They were used to define
the structure—function properties of the natural products, to identify their biological target if
unknown, to define fundamental features of their interaction with their biological target, and
ultimately, to improve their properties, producing supernatural products endowed with
features not found expressed by the natural products themselves.

Key Words: natural products, supernatural products, total synthesis, divergent synthesis,

medicinal chemistry

1. Introduction

Natural products have provided and
continue to define unique opportunities to
address problems in biology and medicine.
These opportunities have grown as the
methods to identify their mechanisms of
action and biological targets have improved
and as the techniques used to directly
determine their target bound structures have
advanced [1]. With advances in organic
chemistry and especially the total synthesis
of complex natural products, the exam-
ination of key partial structures, compounds
that contain deep-seated structural modi-

© The AIC 2025. All rights reserved.

fications, their unnatural diastereomers, and
even their enantiomers provide a powerful
complement to such studies [2-4]. Well-
designed modifications in natural products
may be used to address the structural basis
of their interaction with biological targets, to
define fundamental relationships between
structure and activity, functional reactivity,
and biological properties, or to mitigate
liabilities. Because natural products inte-
grate a constellation of properties into com-
pact, highly-functionalized molecules, each
structural feature and substituent are often
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thought to contribute to the biological
activity. This is especially true when their
targeted properties are directly related to
their emergence in nature where they have
undergone natural selection optimization.
However, as highlighted herein, there are
many examples where even a single atom
change can substantially improve on their
biological properties [5]. In such work, a
challenging feature with natural products is
to understand the subtle design elements
integrated into their structures and then to
rationally extend them to provide more
selective, more potent, or more efficacious
compounds.

The studies are enabled by the development
of divergent synthetic strategies and meth-
ods that advance the underlying systematic
medicinal chemistry, targeting compounds
bearing deep-seated structural changes not
accessible by semisynthetic or biosynthetic
means. In the work summarized, key struc-
tural modifications were designed to also
improve defined properties, to endow the
natural product with new properties or
additional mechanisms of action, or to over-

2. Naturally Occurring Cyclic

Peptides Including the Glycopeptide
Antibiotics

A long-standing program has focused on the
total synthesis and evaluation of naturally
occurring biologically active cyclic peptides.
The most recognized of the efforts are the
total syntheses of naturally occurring glycol-
peptide antibiotics including vancomycin
and its aglycon, teicoplanin, ristocetin and
ramoplanin aglycons, chloropeptin I and II,
and the complestatins [10]. Along with these
studies, we rationally redesigned the
structure of vancomycin to achieve dual
binding to both D-Ala-D-Ala and D-Ala-D-

© The AIC 2025. All rights reserved.

come intrinsic limitations of the natural pro-
duct itself. The efforts provided supernatural
products, a term introduced by my
colleague, Ryan Shenvi, with properties
superseding the parent natural product [6].
Although introduced with tongue and cheek
humor by Shenvi just before Halloween, we
have become enamored by the ability of the
term “supernatural product” to describe such
advances for not only experts in the field but
especially for a general audience who may
not appreciate the nature or magnitude of the
accomplishments [7-9]. The design prin-
ciples for creating the supernatural products
highlighted include those that improve
potency, increase selectivity, enhance dura-
bility toward raising resistance, broaden the
spectrum of activity, improve chemical or
metabolic stability, overcome limiting phy-
sical properties, add new additional mech-
anisms of action, enhance PK properties,
overcome drug resistance, and/or improve in
vivo efficacy. While some improvements
may be regarded as iterative enhancements,
others live up to their characterization as
supernatural products.

Lac, altering a single atom in the binding
pocket such that it remains active against
vancomycin-sensitive bacteria (e.g.,
MRSA), but is equally active against
vancomycin-resistant bacteria (e.g., VRSA,
VRE). The studies first defined the origin of
the destabilized binding to the altered D-Ala-
D-Lac target in resistant bacteria (100-fold
derived from repulsive lone pair/lone pair
interaction, 10-fold from lost H-bond) [11].
This led to the design and total syntheses of
[P[CH2NH]Tpg*]vancomycin and

Volume 96 Number 1 | The Chemist | Page 2



[W[C(=NH)NH]Tpg*] vancomycin and their
earlier aglycons, both of which displayed the
dual ligand binding affinity and reinstated
activity against vancomycin-resistant bac-
teria while maintaining activity against van-
comycin sensitive bacteria. This was
followed by the syntheses of peripherally-
modified derivatives that we named
maxamycins that: (1) contain a binding
pocket and two synergistic peripheral modi-
fications, (2) are endowed with three
independent mechanisms of action only one
of which is dependent on D-Ala-D-Ala

Enzymatic Glycosylation
two-step, one pot, 84%

3 | SNAr Cyclization 4
substrate control

8:1 dr, 84% \,
2

HO,,
Macrolactamization
>30:1 dr, 85%

>20:1dr, 93%

o Aglycon: 17 (15) steps LLS, 5% overall yield

« 5 of 7 from inexpensive commercial chiral SM

S\Ar Cyclization
Substrate control

( 14:1 dr, 82%
cl

1  Atroposelective Suzuki
catalyst control

binding, (3) display broad spectrum activity
(e.g., MRSA, VanA/VanB VRSA and VRE)
at remarkable potencies (MICs 0.01
pg/mL), and (4) are durable antibiotics
incapable of raising resistance in vitro and
are potentially capable of extensive use for
decades without fear of raising resistance
[12,13]. With the discovery of the potent
and durable activity of the maxamycins, §
next generation total synthesis of van-
comycin was developed that substantially
improved synthetic access (Figure 1) [14].

Kinetic Control of Atroposelectivity

« Altered macrocyclzation order

o Catalyst control of AB atropisomer

o Improved AB macrolactamization

o Conformational and subtle substituent
effects for CD/DE atropisomer control

o Streamlined subunit incorporations

« One-pot enzymatic glycosylation

o Improved subunit syntheses

« Faithfully extended to thioamide

Vancomycin Total Synthesis
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19 4% | >20:1 8:1 14:1

* 5 of 6 >50% overall, <5 steps, 1 commercial
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o Each prepared on >20 g scales, ca. 500 g of each prepared to date

Figure 1. Next Generation Total Synthesis of Vancomycin

This divergent synthetic approach was
subsequently ~ further = improved  and
implemented for the total syntheses of any
maxamycin from a single late-stage inter-
mediate, permitting traditional medicinal
chemistry optimization on the complex gly-
colpeptide antibiotic [15]. The residue 4-
thioamide of this late-stage intermediate,

© The AIC 2025. All rights reserved.

[W[C(=S)NH]Tpg*]vancomycin, can be and
was directly converted to any pocket-mod-
ified derivative that displays the dual ligand
binding and paired with any combination of
two different peripheral modifications, each
introducing independent synergistic mech-
anisms of action without the use of pro-
tecting groups (Figure 2).
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Cl
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single late-stage intermediate
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efficacious antibiotics 2. transglycosylase
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LLS = 18 steps,12% overall yield
>5 g prepared, common precursor

Characterization of new maxamycins:

Three independent mechanisms of action
Potent synergistic antimicrobial activity
Dual D-Ala-D-Ala/D-Ala D-Lac binding that

NHMe overcomes vancomycin resistance, and
W

reinstates indirect transpeptidase inhibition
Direct transglycosylase inhibition (CBP)

Cell permeabilization via G3 modification

¢ Durable, no evidence of raising resistance

* No mammalian membrane hemolytic activity
No added acute toxicity with modifications

PK improvement vs vancomycin and analogs
Potent in vivo efficacy vs MRSA/VRSA strain

¢ Direct thioamide introduction * Protecting group free synthesis from thioamide aglycon to maxamycins

* Potency: 3 >2>1 MOA

¢ Durability: 3 >2 > 1 MOA

Figure 2. Maxamycins

A class of true supernatural products that
supersede the natural product, the maxa-
mycins possess pocket modifications that
overcome vancomycin resistance, reinstating
transpeptidase inhibition and cell wall syn-
thesis inhibition by binding to the altered
target substrate D-Ala-D-Lac, while main-
taining binding to the original target D-Ala-
D-Ala of vancomycin.

In addition, the peripheral modifications
introduce two new synergistic mechanisms
of action not seen with vancomycin itself.
One peripheral modification (CBP modi-
fication) results in the direct competitive
inhibition of transglycosylase affecting a

© The AIC 2025. All rights reserved.

separate step in cell wall biosynthesis and
the second (G3 modification) induces cell
permeability reducing cell wall integrity
likely through cell wall teichoic acid binding
and induced autolysin release, both of which
are independent of one another and of D-
Ala-D-Ala/D-Lac binding [15]. The synergic
enhancement in activity derived from each
modification, each of which increases both
potency and durability against raising resis-
tance, requires incorporation into a single
molecule, indicating that it arises from the
simultaneous expression of all three
mechanisms of action at the same time and
at the same place in the cell wall (Figure 3).
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Figure 3. Left: Resistance acquisition upon serial passaging of a VanA VRE strain in the
presence of compound and daily MIC determination. Lack of resistance acquisition for the
maxamycin G3,CBP-[¥[C(=NH)NH]|Tpg*|] vancomycin vs CBP-vancomycin, G3-
vancomycin, and the frontline therapies daptomycin, linezolid, and tigecycline. Right: In
vivo efficacy of the G3,CBP-[¥|C(=NH)NH]Tpg*]vancomycin vs linezolid and vancomycin
plotted as a dose-dependent bactericidal effect relative to 2 h baseline against the feared
multidrug-resistant and vancomycin-resistant S. aureus strain VRS-2 in the mouse thigh
infection model.

In the first such study, a prototypical
maxamycin (G3,CBP-
[W[C(=N)NH]Tpg*]vancomycin) was shown
to exhibit efficacious in vivo activity against
the feared multidrug-resistant (MRSA) and
vancomycin-resistant (VRSA) S. aureus
bacterial strain (VanA VRS-2) for which
vancomycin is inactive (Figure 3). More-
over, it was found that the C-terminus
modifications (C1 and G3) offset the impact
of hydrophobic vancosamine substitution,
providing compounds with near ideal in vivo
PK properties mitigating the short terminal
half-life (0.5-1.3 h, #i2), low exposure
(AUC), inconsistent volume of distribution
(Vd), and rapid clearance (CL) of
vancomycin and the poor dose pro-
portionality and problematic long terminal
half-life of CBP-vancomycin [15].

A reduction in the complexity of the glycol-
peptide structure through addition of two

© The AIC 2025. All rights reserved.

benign aryl chlorides that remove two
synthetically challenging atropisomer ele-
ments (tetrachlorovancomycin [16] and the
corresponding tetrachloromaxamycins [17])
permits an even more streamlined and sca-
lable total synthesis and new opportunities
for deep-seated core modifications.

The ramoplanins are naturally occurring
lipoglycodepsipeptides that are 2-10-fold
more active than vancomycin against Gram-
positive bacteria [18]. Ramoplanin A2
disrupts bacterial cell wall biosynthesis,
inhibiting the intracellular conversion of
lipid intermediate I to lipid intermediate II
and the more accessible extracellular
transglycosylase-catalyzed incorporation of
lipid II into the glycan strand, steps that
precede the site of action of vancomycin.
Resistance to ramoplanin has not been
detected, and cross resistance between ramo-
planin and vancomycin has not been ob-
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served. Thus, it remains equally active
against vancomycin-resistant organisms, in-
cluding VanA/VanB VRE. Like vanco-
mycin, ramoplanin acts by binding pep-
tidoglycan precursors (lipid II > lipid 1),
sequestering these substrates from enzyme
access, although the structural details of
these interactions are not yet defined. In
fact, ramoplanin embodies all the charac-
teristics of vancomycin that contribute to its
durability against resistance development.
However, its instability derived from rapid
depsipeptide hydrolysis precludes use for

Macrocyclization site
D- Hpg7 OH

aThr®

Phe9
HN1L'* o

o £ H o £
D- Orn“' D-aThr'2 Gly“‘
NH,

Hpg" OH

Figure 4. Structure of ramoplanin A2 (X = O) and [L-Dap?|ramoplanin A2 (X =

systemic infections and has limited its
clinical exploration. Our development of the
first and still only convergent total synthesis
of the ramoplanin A1-A3 aglycons set the
stage for its use in the preparation of key
analogues. In these efforts, we demonstrated
that synthetic [L-Dap?Jramoplanin A2
aglycon, which bears a linking amide in
place of the sensitive depsipeptide ester in
the backbone of the 49-membered macro-
cycle, is roughly 2-fold more potent
ramoplanin A2 and its aglycon, and stable t6

hydrolytic cleavage (Figure 4) [19].
p-Hpg?® §H OAsn1
Hpg D-aThr® D Orn* 0N
N F
);E J\,N NH H A
E o H A2, but
variable
acyl side
OH OH chain
~h A I
D-Ala' Chp"
W/Leu15 X=0
X=NH
Hpg™ OH amide NH vs ester O
NH)

aglycons and the single heavy atom exchange in the 49-membered macrocycle that
mitigates hydrolytic instability that limits the clinical use of ramoplanin.

Here, the single atom exchange in the
compound does not impact the interaction of
the natural product with its biological target
or substantially alter its functional activity,
but it mitigates its limiting metabolic insta-
bility. In our studies and on this stable amide
template, an alanine scan of the complete
structure was conducted (15 analogues
prepared by total synthesis), establishing the
impact and potential role of each residue and
providing insights into the nature of its
complex with lipid II [20]. Highlights
derived from the alanine scan include: (1)
the verification of the dominant role of Orn
(10) (>500-fold reduction) consistent with

© The AIC 2025. All rights reserved.

an integral role in lipid II diphosphate bind-
ing, (2) the more modest impact of Orn (4)
(44-fold), suggesting that its role in binding
lipid II is not as critical, (3) the disparate
importance of each residue in a putative
lipid II recognition domain proposed in early
work (residues 3-10), (4) the significant
impact (>20-fold) of nearly every residue in
the dimerization domain (residues 11-14)
later defined by Walker reflective of its
greater importance, and (5) the lack of
importance of the hydrophobic residues 16—
17 within the flexible loop that represents
the membrane interacting domain (residues
15-17, 1-2). We also showed that the lipid

Volume 96 Number 1 | The Chemist | Page 6



side chain is essential for antimicrobial
activity (200-800-fold reduction) and, in
collaboration with Walker, showed it has no
impact on lipid II binding or trans-
glycosylase inhibition, indicating that its
role is likely to anchor the antibiotic to the
bacterial cell wall [19]. Complementing
these studies on the stable amide-modified
ramoplanin and other related studies, Walker
used inhibition kinetics and binding assays
to establish that ramoplanin preferentially
inhibits the transglycosylase versus MurG
catalyzed reactions of their substrates lipid 11
versus lipid I, that it exhibits a greater
affinity for lipid II (Kp = 3 nM) than lipid I
(Kp = 170 nM), and that it binds with a 2:1

3. Vinblastine

The discovery of vinblastine and its anti-
tumor activity led to the identification of
tubulin as an especially effective oncology
drug target [22]. Vinblastine binds at the
tubulin o/f dimer—dimer interface where it
destabilizes microtubulin assembly derived
from the repetitive head-to-tail tubulin
binding. Even by today’s standards,
vinblastine and the related natural product
vincristine are superb clinical drugs. They,
and their biological target tubulin, remain
the subject of intensive investigations
because of their clinical importance in
medicine, complex structures, low natural
abundance, and unique mechanism of
action. Following work that provided total
syntheses of vinblastine and vincristine, our
studies have probed the importance and role
of the vindoline C16 methoxy group, C4
acetate, C5 ethyl substituent, C6—C7 double
bond, and vindoline core itself, as well as
the upper subunit C20° ethyl substituent,
C16’ methyl ester, and added C10°/C12’
indole substituents [23]. We defined the
importance and anchoring role of the C20°

© The AIC 2025. All rights reserved.

stoichiometry consistent with functional
dimerization [21].

Additional studies include efforts
culminating in the total syntheses of the
series of antitumor agents that act as DNA
bisintercalators (sandramycin, luzopeptins
A—C, quinoxapeptins A-C, thiocoraline,
BE-22179, and triostin A), inhibitors of
protein  synthesis  including  cycloi-
sodityrosine,  deoxybouvardin, = bouvar-
din/RA-VII, inhibitors of p53/MDM2
binding including chlorofusin and its
diastereomers, as well as the natural
products K-13, OF4949, piperazinomycin,
HUN-7293, and streptide.

Et group and introduced the concept of
“added benign complexity (ABC)” with an
example that increased functional activity
and tubulin binding affinity 10-fold. These
and related studies showed that essentially
every feature of the vinblastine core
structure, every functional group and every
substituent productively contributes to its
properties. Unlike the removal of structural
features or substituents that have a detri-
mental impact, the additions of new
structural features not found in the natural
product have been found that enhance target
tubulin binding affinity and functional
activity while simultaneously disrupting Pgp
binding, transport, and functional resistance.
Enabled by methodology that we introduced,
a series of previously inaccessible vinblas-
tine C20’ modifications were disclosed that
display remarkable properties: 20’ ureas
(30-fold increase in potency, reduced resis-
tance due to Pgp efflux) [24], ultra-potent
20’ ureas (stunning 100-fold increase in po-
tency derived from further disruption of the
tubulin protein—protein interaction) [25], and
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vinblastine 20 amides that completely
overcome and mitigate resistance derived

from Pgp overexpression and drug efflux
(Figure 5) [26].

o Simultaneously disrupts Pgp binding & efflux
X Modulate H-bond
Vinslasting R = CH, | d Et ;::f::;; .J\ii .u;zlrl‘r; (o]
Vineristine R = CHO HNN w= _ OH y and polency bond
MeO.C~ % ~ wvinblastine N - P N - H-bon
eO,C e l:“h C ’E\'\j« (9] "‘wzv O H-bond donc acceptor
(new)
Cso ("M). HCT118 6.8 0.5 49 45 S
Csp(nM). HCT116/VM46 600 (88)* 1.8(38 8.7(1.8% 76(1.7)7 20 -
. 3‘ e Et Echpsed
-6 b a conformation
Pagp (x 107 omis), Btec A 38220 186%202 20206 32=089
Efflux ratic® 16.2 22 1.3 1.5
% Pgp ATPase activity® 87% nd 0% nd

*Fold resistance derived from Pgp overexpression. *Cacs-2 cells, bidirectional

permeability. “Pgp ATPase activity in membranes. nd = not done

Figure 5. Left: Structures of vinblastine and vincristine. Right: Representative vinblastine
C20' amides that match or exceed the potency of vinblastine, eliminate Pgp binding and
efflux, and overcome vinblastine resistance derived from Pgp overexpression.

These studies were based on well-founded
rationales, used systematic well-designed
analogues (>400 analogues) to answer
fundamental questions on the molecular
interaction of vinblastine with its biological
target (tubulin) or targeting its source of
resistance (Pgp), enlisted traditional med-
icinal chemistry correlations to optimize act-
ivities, were accessed by new methodology
developed for this purpose, and relied on a
series of key functional and on-target assays
to produce supernatural products far ex-
ceeding the potency and properties on the
natural product.

Approaches to improve the biological
properties of natural products often strive to
identify the essential pharmacophore to
simplify the structure or make functional

© The AIC 2025. All rights reserved.

group changes to improve biological target
affinity or functional activity, change
physical properties, enhance stability, or
introduce conformational constraints. Aside
from accessible semi-synthetic modifi-
cations of existing functional groups, rarely
does one consider using chemical synthesis
to add molecular complexity to the natural
product. In part, this may be attributed to the
added challenge intrinsic in the synthesis of
an even more complex compound. We
discovered synthetically-derived, structure-
ally more complex vinblastines inaccessible
from the natural product itself that are a
stunning 100-fold more active (ICso’s 5075
pM vs 7 nM, HCT116) [25], and that are
now accessible because of advances in the
total synthesis of the natural product (Figure
0).
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Figure 6. Representative ultrapotent vinblastine and correlation of cell growth inhibition
with tubulin binding measured by displacement of tubulin-bound BODIPY -vinblastine.
Model of the ultrapotent vinblastine 3 in the tubulin binding site with the interacting a-

subunit removed. The extended C20'-urea group continues to bind in a small groove along
the extended dimer-dimer interface (in tan), making additional a-tubulin contacts and
further disrupting the head-to-tail tubulin o/p dimer—dimer interface.

The  newly  discovered  ultra-potent
vinblastines bind tubulin with much higher
affinity and further disrupt the tubulin head-
to-tail o/ dimer—dimer interaction by virtue
of the strategic placement of an added con-
formationally =~ well-defined, rigid, and
extended C20° urea along the continuing
head-to-tail  tubulin o/f  dimer—dimer
interface. In this case, the added molecular
complexity was used to markedly enhance
target binding and functional biological
activity (100-fold) [25].

In these efforts, vinblastine served as the
inspiration for the discovery of a powerful

© The AIC 2025. All rights reserved.

intramolecular  1,3,4-oxadiazole cascade
[4+2]/[3+2] cycloaddition reaction for the
synthesis of the vindoline-derived lower
subunit [27], development of a diastere-
ospecific Fe(Ill)-mediated biomimetic coup-
ling of vindoline with catharanthine to pro-
vide anhydrovinblastine [28-30], and dis-
covery of a powerful free radical hydrogen
atom transfer functionalization of alkenes
(Fe(Il)-NaBHa/radical traps, [31,32]) that
permits the in situ C20° functionalization
used to install the vinblastine C20’ alcohol
or corresponding amine for amide and urea
derivatization, stimulating further develop-
ments in the MHAT field (Figure 7).
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Figure 7. A: Key cycloaddition cascade. B: Fe(I1I)-promoted coupling of vindoline and
catharanthine. Fe(IIl)-mediated MHAT free radical oxidation for C20’ alcohol
introduction and generalization of methodology for alkene functionalization. C: Three-step
synthesis of ultrapotent vinblastine C20’ ureas and amides.

Over 400 analogues of vinblastine were
prepared, and it is a tribute to the advances
in organic synthesis that such work can now
be conducted on a natural product of a
complexity once thought refractory to such
an approach. Although it could not have

© The AIC 2025. All rights reserved.

been imagined at the stage that we initiated
our efforts, the C20° vinblastine analogues
are now available in three steps from
inexpensive commercially available mate-
rials (catharanthine, $16/g; vindoline, $36/g;
Figure 7) [25].
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4. DNA Binding Natural Products:
Total Synthesis, DNA

Recognition, and Biological
Properties

An early focus of our work targeted DNA
binding, alkylation, and cleaving agents that
exhibit antitumor activity [33,34]. These
studies include work on a class of natural
products composed of CC-1065, duocar-
mycin A and SA, and yatakemycin where

we not only conducted total syntheses of
each natural product [35-37], defining the
absolute stereochemistry and correcting a
misassigned structure (yatakemycin), but
also characterized their DNA alkylation
properties [38—42] (Figure 8).

MeO,C Meozc o
(+)-CC-1065 (+)-Yatakemycin OMe
HN_ P

HN__ HN_ =

/ OMe N
O

N O / |

H

B (+)-Duocarmycin SA OMe (+)- Duocarmycm A H
OMe (0]
c HY Binding Induced Conformational
N/ “HH Change: Shape Selective Catalysis
ar’ )‘I \> MeO,C (+)-Duocarmycin SA
MeO, C N Adenine N3 — 1 =25-40°
- / HR Alkylation HN__J 7 X
HN N wy  x2=0°
o] N % OMe
HO N OCH3 4
d °c N OMe
N OCH;3 OMe
OCHj
(+)-DSA 5% GACTAATTGAC-3 (-)-DSA * Preferred binding in narrower * DNA bound agent adopts helical
3.CTGATTAACTG-5 deeper AT-rich minor groove conformation, twist adjusted at linking amide

Figure 8. A: Natural product structures. B: NMR-derived structures of natural (+)- and
ent-(—)-duocarmycin SA bound in the same orientation at an AT-rich site of a
deoxyoligonucleotide that illustrate the alkylation sites on complementary DNA stands
offset by one base pair. C: Adenine N3 alkylation reaction and DNA binding-induced
conformational change that activates the cyclopropane for nucleophilic attack.

In these studies, we defined their DNA
alkylation selectivity including that of their
biologically active unnatural enantiomers,
established their alkylation rates, revers-
ibility, stereoelectronically-controlled reac-
tion regioselectivity, and characterized their
adenine N3 adducts. We defined the source
of their DNA alkylation selectivity (non-

© The AIC 2025. All rights reserved.

covalent AT-rich binding selectivity — shape
selective recognition [43]) and identified the
source of catalysis for the DNA alkylation
reaction (DNA binding induced conform-
ational change disrupting the stabilizing
vinylogous amide conjugation — shape
dependent catalysis [44,45]). We provided
high-resolution NMR-derived structures of
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the natural products bound to DNA [46—48]
and established that they are subject to an
exquisitely selective “target-based active-
tion”.

More than 2000 analogues of the natural
products that contain deep-seated structural
changes have been disclosed in our work
and were used to define the relationships be-
tween structure and reactivity or structure
and activity [49], and their contributions to
the expression of the DNA alkylation prop-
erties and biological activity of the natural

products (e.g., “hydrophobic binding-driven-
bonding” [50] and a predictive parabolic
relationship between reactivity and bio-
logical potency [51]). A compilation of the
data derived from more than 30 deep-seated
modifications in the alkylation subunit,
many of which entailed single atom
changes, resulted in the establishment of the
predictive parabolic relationship between the
alkylation subunit reactivity and the
resulting cell growth inhibition potency that
spanned a 10*-10° range of reactivity and
activity[51](Figure9).

A HoN
2 Me Nj(OtBu X=$S e = 206,,” 4  Stable in human serum/buffer
Single atom exchange (] / | > k=93x10"s
to enhance potency N X ICs0 =30 nM o Intracelluar free drug release
¢ Me OH o « Activation in cell cytosol
S\ - § = gH' CC-1065 om « Slow, sustained rate (>72 h)
D = e
7Y \ NH cleavage of H « Enantioselective activation
N-O bond . . .
o N N « Exclusively protein-mediated
4 o « Robust cancer cell activation
°© N OH XENH  tooarn O ¢ O . « Minimal normal cell activation
- 12 = N N,
OMe k=53x10%s" o O — 0 I « Cysteine or selenocysteine
X=NH X=§ 1Cs0= 330 nM MeHN N MehN N participation via nucleophilic
IC M) 20 7 . .
s0 (PM) seco-derivative O)\R free drug O)\R N-O bond cleavage

Figure 9. A: Predictive parabolic relationship between structure, reactivity, and biological
potency. B: Prodrug design taming the extraordinary potency of the natural products and
allowing selective targeting of cancer versus normal cell lines.

Presumably, this fundamental relationship
reflects the fact that the compound must be
sufficiently stable to reach its biological
target yet remain sufficiently reactive to
alkylate DNA once it does. The parabolic
relationship defined this optimal balance
between reactivity and stability, providing a
fundamental design feature that was used to
improve the potency of CC-1065 by a single
heavy atom exchange [52] (Figure 9).

Our recent work led to the discovery of a
new class of reductively activated prodrugs
specifically designed for this class of natural
products, mapping seamlessly onto their

© The AIC 2025. All rights reserved.

core structures [53]. This new class of
prodrugs proved especially efficacious in
vivo, yet are remarkably non-toxic, dis-
playing no myelotoxicity and effectively
taming the potent cytotoxic activity of the
natural products (Figure 9). Notably, the
prototype members of the prodrug class bear
structural simplifications that emerged in
our studies that improve stability, enhance in
vitro potency and in vivo efficacy, and
simplify synthetic access. Ongoing pre-
clinical studies of one of our lead com-
pounds defined the site (intracellular, cancer
vs normal cell lines), slow sustained rate,
and mechanism of the exclusively protein-
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mediated prodrug cleavage and free drug
release mediated by protein cysteine residue
[54]. Optimization of these compounds for
tolerability, safety, and therapeutic efficacy
may provide a breakthrough in the clinical
treatment of cancer, defining a new targeted
precision therapy.

Bleomycin is a clinically employed
antitumor drug that derives its properties
through the sequence-selective cleavage of
DNA in a process that is both metal ion and
O2 dependent [55-57]. Through devel-
opment of a modular synthesis capable of

Me
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A ’ o YH Me/SV\/N o
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~" CONH, L‘
G triplet-like metal binding swivel N
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B OCONH,

OH

Bleomycin A,

Valerate C3-OH
H-bonding

C2/4 methyls induce
rigid conformation

H-bonding interactions
Guanine recognition

modifying each region of the molecule,
seminal studies (ca. 70 analogues) that
probed each substituent and each subunit in
the structure confirmed the origin of DNA
cleavage selectivity derived from G triplex-
like H-bonding in the minor groove, defined
fundamental conformational properties of
the linker region contributing to the ef-
ficiency of DNA cleavage, identified a con-
formational swivel point accounting for
double-strand DNA cleavage from a single
bound site, and provided a high-resolution
NMR-derived structure of DNA bound
deglycobleomycin A2 [58,59] (Figure 10).
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Figure 10. A: Structure of bleomycin A and functional role of subunits. B: NMR-derived
structure of bleomycin bound to DNA cleavage site. C: Minor groove triplex-like G
recognition and cleavage selectivity. D: Rigid linker region and underlying conformational

Combined, the studies helped define a role
not only for each subunit, but also the
importance of each substituent in this
remarkable molecule.

© The AIC 2025. All rights reserved.

origin.

In the course of our work, we also prepared
a >9000-membered screening library of
distamycin analogues [60], discovered and
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defined the DNA cross-linking properties of
ischrysohermidin and established the origin
of its selectivity [61], and studied the
naturally occurring bis-intercalators (sand-
ramycin, luzopeptins, BE-22179, quinox-
apeptins, thiocoraline), defining their DNA
binding selectivity, its origins, kinetics of
binding, and established a high-resolution
NMR-derived structure of sandramycin

5. Natural Products Total Synthesis,

New Synthetic Methodology

In our work, more than 100 natural products
have been prepared by total syntheses, of
which most represent biologically active
natural products chosen by virtue of their
properties. Their structures inspired the
development of new synthetic methodology
designed for the natural products of interest.
Many were first total syntheses, defining or
correcting the stereochemistry or structure,
and often constitute concise, efficient total
syntheses easily identifiable with our efforts.
Highlights, including those that subse-
quently probed or defined structure—function
properties not described elsewhere, targeted
the total syntheses of streptonigrin (1983),
juncusol (1984), rufescine and imelutine
(1984), colchicine (1985), lavendamycin
(1985), PDE-I and PDE-II (1987),
prodigiosin and prodigiosene  (1988),
trikentrin A (1991), combretastatin (1991),
(-)-pyrimidoblamic acid (1993),
streptonigrone  (1993), isochrysohermidin
(1993), (+)-P-3A (1994), fredericamycin
(1995), grandirubrine and imerubrine
(1985), nothapodytine B and (—)-mappicine
(1998), ningalin A, lamellarin O, lukianol A,
and storniamide A (1999), phomazarin
(1999), ningalin B (2000), distamycin
(2000), hippadine (2000), rubrulone (2000),
fostriecin  (2001), (—)-roseophilin (2001),
(+)-camptothecin (2002), anhydrolycorinone

© The AIC 2025. All rights reserved.

bound to DNA [62]. In these studies, we
introduced a powerful fluorescent inter-
calator displacement (FID) assay for
establishing DNA binding selectivity or
affinity [63,64] that complements DNA
footprinting and developed a convenient
M13-derived alternative to 3?P-end-labeling
of restriction fragments for DNA cleavage
studies[65].

(2002), minovine (2005), piericidin Al and
B1 (2005), ningalin D (2005), (-)-
vindorosine (2006), (-)-vindoline (2006), N-
methylaspidospermidine (2006), cytostatin
(2006), phostriecin (2010), (+)-fendleridine
and (+)-acetylaspidoalbidine (2010), (-)-
vindorosine (2010), lycogarubin C and
lycogalic acid (2010), (—)-aspidospermine
(2012), (+)-spegazzinine (2012), kopsinine
(2013), asymmetric synthesis of (+)-P-3A
and (—)-pyrimidoblamic acid (2014), (-)-
kopsifoline D (2014), (—)-deoxoapodine
(2014), (—)-kopsinine (2015), dihydrolyser-
gol and dihydrolysergic acid (2015), meth-
oxatin (2016), streptide (2019), meayamycin
(2020), (—)-pseudocopsinine (2020), (-)-
minovincinine (2020), (—)-strempeliopine
(2021), and (+)-paucidactine D (2025). In
this work, new synthetic methodology or
synthetic strategies have been introduced.
Most recognized of these efforts include the
inverse electron demand Diels—Alder rea-
ctions of heterocyclic azadienes [66], in-
cluding the first reported organocatalytic
Diels—Alder reaction, the first general
method for catalyzing such reactions
(solvent H-bonding of HFIP), the successful
use of 1,2,3-triazine cycloaddition reactions
utilizing powerful substituent effects, and
the first synthesis and cycloaddition reac-
tions of 1,2,3,5-tetrazines [67]. We intro-
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duced and developed the cycloaddition
reactions of acyclic 1-azadienes (N-sulfonyl-
l-azabutadienes), identified a unique
transition state anomeric effect responsible
for their remarkable endo diastereo-
selectivity, and developed a powerful asym-
metric variant of the reactions [66]. We in-
troduced and developed the powerful
cascade [4+2]/[3+2] cycloaddition reactions
of 1,3,4-oxadiazoles [27], and pioneered the
cycloaddition reactions of cyclopropenone
ketals ([4+2] cycloaddition) including the
discovery of their reversible thermal (80°C)
ring opening to mn-delocalized singlet
vinylcarbenes and subsequent substrate
dependent cycloaddition reactions [66]
([1+2], [3+2], and [4+3] cycloadditions).
We introduced the use of acyl radical
generation from phenyl selenoesters and

6. Conclusions

Enabled by the development of divergent
synthetic strategies and methods that ad-
vance the underlying systematic medicinal
chemistry, the discovery of natural product
analogues bearing deep-seated structural
changes not accessible by other means is
highlighted. Many display biological proper-
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Abstract: Dimethyl Methylene Phosphate was synthesized and its chemical and
antimicrobial properties were investigated. Its structure was corroborated by advanced
spectroscopic methods (IR, NMR and UV-Visible spectroscopy), underscoring the important
role played by the phosphate group. The compound showed potent antibacterial activity with
inhibition zones against Gram-negative bacteria such as Alcaligenes faecalis reaching 47
mm. Furthermore, UV-Visible quantitative analysis showed the maximum absorption at 260
nm, affirming its electronic properties. The results establish its potential as a broad-spectrum
antimicrobial agent, warranting further exploration into its biological applications and
mechanisms of action.

Key Words: Dimethyl Methylene Phosphate (DMP), IR spectroscopy, NMR spectroscopy,
antimicrobial activity, phosphate compounds

1. Introduction

Phosphate-containing compounds play a piv-
otal role in both biological and chemical
systems, serving as integral components in
cellular energy transduction, signal trans-
duction pathways, and as scaffolds for ad-
vanced drug development. The escalating
crisis of antimicrobial resistance has

© The AIC 2025. All rights reserved.

underscored the urgency of discovering
innovative compounds capable of targeting
resistant pathogens effectively.

Dimethyl Methylene Phosphate (DMP), a

novel phosphorylated compound, represents
a significant advance in this domain. Its
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distinctive structural features, particularly the
phosphoryl (P=0O) bond, enable unique
interactions with bacterial membranes,
potentially disrupting essential cellular
functions. In this study, we report the
synthesis of DMP, provide a comprehensive

2. Experimental

Chemical Part

The synthesis protocol for Dimethyl
Methylene Phosphate

Dimethyl Methylene Phosphate (DMP) was
synthesized using pulegone as a precursor. In
a typical procedure, pulegone (0.35 g, 2.25
mmol) was dissolved in diethyl ether, and
diethylamine was added dropwise while
stirring to ensure homogeneity. The resulting
mixture was phosphorylated by the gradual
addition of phosphoric acid (12 mL) under

Characterization methods

» IR Spectroscopy: The IR spectrum
of DMP exhibited key absorption
bands corresponding to its functional
groups: 2985 cm™! (C-H stretching),
1250 cm™ (P=0 stretching), and 1023
cm™' (P-O-C stretching). These find-
ings confirm the successful incorp-
oration of phosphorylated functional
groups.

» NMR Spectroscopy:

o '‘H NMR: Notable signals
included a triplet at 0.9 ppm
(methyl protons), a singlet at
2.1 ppm (methyl group
adjacent to C=0), and
multiplets between 4.0-5.0
ppm, attributed to methylene
groups interacting with polar
moieties.

© The AIC 2025. All rights reserved.

evaluation of its antimicrobial activity, and
investigate its structural and chemical
properties using advanced spectroscopic
techniques. These findings aim to shed light
on the potential of DMP as a new tool in the
fight against antimicrobial resistance.

controlled conditions at 60°C for 3 hours.
Upon completion, the reaction mixture was
cooled to ambient temperature, promoting
crystallization of the product. Purification
was achieved via recrystallization employing
a diethyl ether/benzene solvent system,
yielding DMP in high purity as confirmed by
analytical techniques.

o C NMR: The spectrum
revealed peaks characteristic
of distinct carbon environ-
ments: 0-50 ppm (aliphatic
carbons), 120-150  ppm
(aromatic carbons), and 160-
180 ppm (carbonyl carbons).

o P NMR: A single, sharp peak
at 10 ppm confirmed the
presence of a single phos-
phorus environment, indica-
tive of the compound’s
organo-phosphate nature.

» UV-Visible Spectroscopy: DMP
exhibited maximum absorption at 260
nm, with an extinction coefficient (€)
of 0.127 L-mol™cm™.  This
absorption is consistent with the
electronic transitions associated with
the phosphorylated moiety, providing
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further evidence of the compound’s
structural framework.

Biological Part
Antimicrobial evaluation

The antimicrobial efficacy of Dimethyl
Methylene Phosphate (DMP) was evaluated
using the disk diffusion method across six
clinically-relevant bacterial strains:
Escherichia coli, Staphylococcus aureus,
Pseudomonas aeruginosa, Bacillus subtilis,
Klebsiella pneumoniae, and Alcaligenes
faecalis. Sterile disks impregnated with DMP

3. Results and Discussion

v Chemical Characterization

The chemical structure of DMP was
confirmed through a comprehensive suite of
analytical techniques:

o IR  Spectroscopy: The
spectrum (Figure 1) revealed
prominent absorption bands
at 1250 cm™ (P=O0 stretching)
and 1023 cm™! (P-O-C stretch-
ing), consistent with the func-
tional groups characteristic of
organophosphates.

o NMR Spectroscopy: The 'H
NMR spectrum displayed key
signals, including a triplet at
0.9 ppm (methyl protons), a
singlet at 2.1 ppm (methyl
adjacent to C=0), and multip-
lets at 4.0-5.0 ppm (methy-
lene groups). The C NMR
spectrum exhibited peaks at

© The AIC 2025. All rights reserved.

at concentrations of 1, 2, 5, and 10 mg/mL
were applied to Mueller-Hinton agar plates
inoculated with bacterial suspensions.
Following 24 hours of incubation at 37°C,
inhibition zones were measured, providing
quantitative data on the compound's
antimicrobial potential.

0-50 ppm (aliphatic carbons),
120-150 ppm  (aromatic
carbons), and 160-180 ppm
(carbonyl carbons). A sharp
3P NMR signal at 10 ppm
confirmed the presence of a
single phosphorus environ-
ment.

o UV-Visible Spectroscopy:
DMP exhibited a maximum
absorption peak at 260 nm,
attributed to electronic transi-
tions within the phosphate
moiety, which underscores its
optical and electronic prop-
erties.
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Figure 1. IR Spectrum of Dimethyl Methylene Phosphate

v' Concentration and Solubility:

Quantitative  analysis determined
DMP’s solubility at 0.25 mol/L in
ethanol, indicating excellent solu-
bility in polar solvents. This property
enhances its applicability in biolog-
ical systems, where solubility signifi-
cantly impacts bioavailability and
efficacy.

Antimicrobial Activity: The
antimicrobial activity of DMP was
assessed across various bacterial
strains, with inhibition zones sum-
marized in Table 1. At a concen-
tration of 10 mg/mL, DMP exhibited
remarkable efficacy against Gram-
negative bacteria, including Alcali-
genes  faecalis (47 mm) and
Escherichia coli (46 mm). Gram-

© The AIC 2025. All rights reserved.

positive bacteria, such as Staphy-
lococcus aureus and Bacillus subtilis,
exhibited moderate inhibition zones
of 38 mm and 32 mm, respectively.
The enhanced activity against Gram-
negative strains likely results from
DMP's ability to penetrate the outer
membrane, destabilizing the bacterial
cell envelope and interfering with
essential intracellular targets. Figure
2 illustrates the significant inhibition
zone observed for A. faecalis, further
demonstrating  the  compound’s
broad-spectrum activity. The inter-
action of the phosphate group with
bacterial membranes likely disrupts
structural integrity, leading to cellular
lysis and death.
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Figure 2. The Inhibition Zone for Six Bacterial Strains (0.25 mol/L Dimethyl Methylene
Phosphate on Mueller-Hinton Agar)

Table 1. Antimicrobial Activity of Dimethyl Methylene Phosphate

Bacterial Strain

Inhibition Zone (mm)

Escherichia coli
Staphylococcus aureus
Pseudomonas aeruginosa
Bacillus subtilis
Klebsiella pneumoniae

Alcaligenes faecalis

46+ 2
38+1.5
30 +£1

v" Mechanism of Action: The proposed
mechanism involves membrane dis-
ruption and enzymatic interference.
Phosphorylated compounds, such as
DMP, integrate into bacterial lipid
bilayers, increasing membrane per-
meability and impairing critical cel-
lular processes. This mechanism pro-
vides a plausible explanation for
DMP’s significant activity against re-
sistant pathogens, including Pseudo-
monas aeruginosa.

© The AIC 2025. All rights reserved.

Comparative Analysis: Compared
to existing antimicrobial agents, DMP
demonstrates several advantages,
including high chemical stability,
excellent solubility, and consistent ef-
ficacy across a range of concen-
trations. Its robust performance ag-
ainst nosocomial pathogens positions
it as a promising candidate for com-
bating antimicrobial resistance. These
properties make DMP a valuable ad-
dition to the repertoire of anti-
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microbial agents with potential clin-
ical applications.

Dimethyl Methylene Phosphate (DMP)
represents a breakthrough in the development
of antimicrobial agents. Its significant act-
ivity against both Gram-positive and Gram-
negative bacteria, combined with its favor-
able chemical properties, underscores its pot-
ential as a versatile therapeutic candidate.
This study establishes a robust foundation for
further exploration, including optimization of
its structure and elucidation of its molecular
interactions in biological systems.
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Graphical Abstract:

Steglich Esterification Reaction

Abstract: Esterification is a fundamental organic reaction that forms the basis of ester
synthesis, a process integral to numerous industrial, pharmaceutical, and biochemical
applications. This review provides a detailed evaluation of the esterification process,
focusing on the synthesis of esters, the factors influencing the reaction, their diverse
applications, and the associated toxicity. Generally, the synthesis of esters is achieved
through the reaction of carboxylic acids with alcohols in the presence of catalysts. Here,
emphasis is laid on both traditional and advanced methodologies, including enzymatic
catalysis and the utilization of alternative energy sources like microwave and ultrasonic
irradiation. Factors such as the nature of the reactants, catalyst type and concentration,
temperature, and solvent choice are well discussed, highlighting their impact on reaction
efficiency and selectivity. Furthermore, this review provides broad range of ester
applications, from their role as intermediates in drug synthesis and components of flavors
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and fragrances to their use as solvents, plasticizers, and lubricants in various industries.
However, the potential toxicity of some esters, particularly in pharmaceutical and
environmental contexts, is also evaluated. While many esters are considered safe, certain
esters exhibit toxicity that necessitates careful evaluation and regulations particularly for

pharmacological and environmental concerns.

The insights provided herein serve as a guide for future studies and applications of esters in

various scientific and industrial domains.

Key Words: esters synthesis, transesterification, microwave, esters toxicity

1. Introduction

Esterification is a foundational reaction in
organic chemistry, producing esters, a
versatile class of compounds widely used
across industries. These carbonyl-containing
molecules, both acyclic and cyclic, serve as
essential building blocks in organic trans-
formations, finding applications in fine
chemicals, polymers, pharmaceuticals, cos-
metics, and personal care products [1]. Esters
have been integral to industrial chemistry
since their first synthesis by German chemist
Leopold Gmelin [2]. They remain one of the
most abundant functional groups in both
synthetic and natural compounds, empha-
sizing their central role in chemical synthesis
and their extensive applications.

Typically, esters are synthesized through the
esterification reaction, wherein carboxylic
acids and alcohols react in the presence of a
catalyst. Other methods, such as reactions
with carboxylic anhydrides or halides, are
also employed for ester production [2]. This
synthesis is increasingly significant due to
esters' unique applications in various fields,
including biodegradable polymers, thermo-

© The AIC 2025. All rights reserved.

plastics, pharmaceuticals, agrochemicals,
cosmetics, and food additives. For instance,
esters like polylactic acid and polyethylene
terephthalate are pivotal in producing bio-
degradable plastics, while others add flavors
to foods or fragrances to personal care pro-
ducts [3]. Additionally, ester derivatives,
such as benzyl benzoate, methyl benzoate,
and benzyl acetate, demonstrate therapeutic
and antimicrobial properties, further high-
lighting their importance in pharmaceuticals

[4].

This review aims to provide an in-depth
analysis of current advancements and emerg-
ing trends in ester synthesis, with particular
attention to new catalytic strategies and green
synthesis approaches. These recent method-
ologies address critical industrial needs for
more efficient, sustainable, and application-
specific ester production processes. By ex-
amining these advancements, we highlight
the innovative pathways that researchers are
exploring to enhance ester synthesis, expand-
ing its practical and commercial potential
across multiple fields.
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2. Synthesis of Esters

Esters are structurally versatile compounds
with  significant industrial relevance,
synthesized primarily via esterification
processes that vary in terms of reactivity,
catalyst requirements, and environmental
impact [5]. Traditional esterification methods
in-volve the reaction of carboxylic acids with
alcohols, acid anhydrides with alcohols, or
acid chlorides with alcohols. Each route
presents unique advantages and challenges,
with current research focusing on enhancing
efficiency, reducing energy consumption,
and minimizing environmental footprint.

The classical esterification of carboxylic
acids with alcohols is one of the most utilized
methods due to the accessibility of carboxylic
acids and alcohols. This reaction, however, is
limited by its equilibrium nature and
typically requires a strong acid catalyst, such
as sulfuric acid, to protonate the carboxyl
group, thereby enhancing electrophilicity.
Traditional approaches to drive this
equilibrium toward ester formation involve
high reaction temperatures and the
continuous removal of water [6]. Recent
advancements have introduced
heterogeneous acid catalysts such as
sulfonated carbon, zeolites, and mesoporous
silicas which provide advantages in terms of
recyclability = and  reduced  catalyst
contamination [7]. Furthermore, studies on
microwave and ultrasonic-assisted
esterification have demonstrated enhanced
reaction kinetics and increased yields under
milder conditions, which supports a
reduction in energy consumption while
maintaining high reaction efficiencies. These
physical activation methods are gaining
prominence in green chemistry frameworks,
particularly for large-scale applications.

Esterification via acid anhydrides with
alcohols offers a more reactive pathway than

© The AIC 2025. All rights reserved.

carboxylic acid-alcohol esterification. The
electrophilic nature of acid anhydrides
permits reaction under milder conditions and
often without the need for a strong acid
catalyst [8]. Acetic anhydride is frequently
utilized in both laboratory and industrial
contexts due to its reactivity and lower cost.
This reaction pathway also minimizes the
water by-product, facilitating higher yields
and purer ester products. However, the
generation of acetic acid as a by-product
necessitates downstream separation,
increasing processing costs. To address these
limitations, recent studies have explored the
use of biodegradable anhydrides and
alternative green solvents to reduce the
environmental impact of this synthesis route.
Additionally, ionic liquids have shown
promise as dual-function reaction media and
catalysts, enhancing the sustainability of acid
anhydride  esterification in  synthetic
applications.

The reaction of acid chlorides with alcohols
represents one of the most efficient routes for
ester synthesis, characterized by rapid
reaction kinetics due to the high
electrophilicity of acid chlorides. This
method, which does not require a catalyst,
typically yields high-purity esters at ambient
temperatures, making it favorable in
synthetic applications where reaction speed
and efficiency are critical [9]. However, the
by-product hydrogen chloride gas poses
challenges, such as equipment corrosion and
the need for neutralization. To mitigate these
issues, novel activating agents like N,N'-
carbonyldiimidazole (CDI) and dicyclo-
hexylcarbodiimide (DCC) have been
investigated as substitutes for acid chlorides,
enabling ester formation while reducing the
environmental and  safety  concerns
associated with hydrogen chloride [10].
Additionally, recent advancements in green
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chemistry have focused on replacing
conventional acid chlorides with more benign
electrophiles, thereby reducing toxic by-
products while maintaining high reactivity.

To align ester synthesis with green chemistry
principles, recent research has explored alter-
native reaction media and catalytic systems
that reduce or eliminate traditional organic
solvents. Methods such as transesterification
using renewable feedstocks (e.g., vegetable
oils) have been employed to produce
biodiesel and other biodegradable esters,
providing an eco-friendly approach to ester
synthesis. The application of deep eutectic

Fischer Esterification

Fischer esterification is a traditional and
widely used method for synthesizing esters,
involving the reaction of carboxylic acids and
alcohols in the presence of a catalyst under
heated conditions (Figure 1). Typically, this

o)

solvents (DES) and supercritical fluids as
reaction media has been shown to increase
reaction efficiency while facilitating catalyst
recovery and recycling [11]. These solvents
exhibit unique physicochemical properties
that support high selectivity and yield,
making them suitable for large-scale ester
production with minimized environmental
impact. Additionally, the use of metal-
organic frame-works (MOFs) and supported
ionic liquid phases (SILPs) as catalytic
materials is emerging as a promising strategy
for enhancing catalyst reusability and
optimizing reaction conditions.

process uses refluxing excess alcohol with
organic acids, catalyzed by a concentrated
mineral acid, at an elevated temperature for
several hours [12].

0

- . e
OH Fischer Esterification - o
@M H>SO4 or pTSA @(\/&OMe

Figure 1. Synthetic Route to Fischer Esterification

Recent research has focused on optimizing
Fischer esterification to enhance reaction
efficiency, sustainability, and industrial
applicability. Heterogeneous acid catalysts,
such as sulfonated polymers and zeolites,
have been developed as alternatives to
traditional homogeneous acids like sulfuric
acid. These catalysts offer higher catalytic
efficiency, recyclability, and reduced
environmental impact. For instance, studies
[13] reported the use of sulfonated graphene
oxide, resulting in improved yields and
reusability. Additionally, ionic liquids and

© The AIC 2025. All rights reserved.

deep eutectic solvents (DES) have been
reviewed as eco-friendly solvents that
enhance esterification rates and minimize
hazardous reagent use. Nonetheless, the
process has some limitations, such as the high
boiling point, slow reaction rate, and
occasionally low yields [6]. Studies have
shown that conventional ester synthesis
typically requires between 1 to 4 hours for
completion.  Research  revealed that
synthesizing methyl esters requires over 1
hour to achieve complete conversion under
standard reflux conditions [14].
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Table 1. Advantages and Disadvantages of Fischer Esterification

Aspect Advantages Disadvantages
Reaction Uses relatively mild conditions  Requires strong acid (e.g., H,SO,),
Conditions (acid catalyst, heat) which can lead to side reactions
Uses inexpensive and readily Reaction is reversible, requiring excess
Reagents available carboxylic acids and  reactants or removal of water to drive
alcohols equilibrium
Mechanism Simple, WeII-underlstood acid- Can.be slow, requiring prolonged
catalyzed mechanism heating
Product Purity Produceg e§ters with good purity P'ur!flce.\tlon may require extraction and
when optimized distillation
Produces water as the only by- Loss of reactants due to equilibrium
Atom Economy e
product limitations

Can be applied to a wide range Some substrates (e.g., sterically

Versatility of carboxylic acids and alcohols hindered ones) may react poorly
Acid catalvst is catalvtic and Acidic conditions may lead to unwanted
Catalyst y y side reactions (e.g., dehydration of
reusable
alcohols)
- Suitable for both small- and Removal of water in large-scale
Scalability . . .
large-scale synthesis reactions can be challenging
Steglich Esterification
Steglich  esterification  involves  the
conversion of acids and alcohols into esters
under neutral and mild conditions (Figure 2).
O DMAP, DCM
)L + R,OH  R3yN:C:N-Ry ji
Ri OH 0°C, RT R{ OR,

Where:

R1, R2 = alkyl, aryl

R3 =R4 =DCC
R3=R4 =DIC
R3 =EDC

R4 = 3-dimethyiamino propyl

Figure 2. Synthetic Method for Steglich Esterification
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It is considered one of the most efficient
methods for ester synthesis [15]. This reac-
tion typically employs carbodiimide coupling
reagents, such as N,N'-dicyclohexyl-
carbodiimide (DCC), N,N'-diisopropyl-
carbodiimide (DIC), and N-ethyl-N'-(3-
dimethylaminopropyl)carbodiimide (EDC).
For example, DCC reacts with a carboxylic
acid in the presence of dimethylamino-

The reaction mechanism involves the initial
interaction between the carboxylic acid and
carbodiimide to form an intermediate, known
as O-acyl urea. The acyl group from this
intermediate is then transferred by DMAP,
which interacts with the alcohol to produce
an ester. Here, DMAP acts as an activating
agent to transfer the acyl group [16]. Steglich
esterification has been used to synthesize

pyridine (DMAP) to facilitate ester several natural products, including anaen-
formation. amides, cephalosporins, laterocidine,
havellockate, and higginasianin [15].
Table 2. Advantages and Disadvantages of Steglich Esterification

Aspect Advantages Disadvantages
Reaction Mild, room temperature ~ Requires anhydrous conditions to prevent
Conditions conditions side reactions

Compatible with acid- Uses expensive reagents like DCC (N,N'-
Reagents sensitive functional Dicyclohexylcarbodiimide) and DMAP (4-

groups Dimethylaminopyridine)

. Avoids strong acid/base  Carbodiimides can lead to side products

Mechanism

catalysts

Produces high yields and

Product Purity . ' celectivity

Does not require excess

Atom alcohol or acid to drive
Economy ;

reaction

Works well for sterically
Versatility

substrates

Uses DMAP as an
Catalyst effective nucleophilic

catalyst

Suitable for lab-scale
Scalability synthesis and peptide

coupling

like urea derivatives

DCC by-products (dicyclohexylurea) must
be carefully removed

Produces additional by-products (e.g.,
dicyclohexylurea)

Less effective for simple, non-

hindered or acid-sensitive functionalized carboxylic acids and

alcohols

DMAP is toxic and requires careful
handling

DCC can be hazardous on large scales
due to urea precipitation

© The AIC 2025. All rights reserved.
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Enzymatic Esterification

Enzymes are non-toxic biocatalysts that
accelerate the rate of reactions [17]. They are
used in reversible reactions and are highly
versatile in the catalysis of various types of
reaction using mild conditions. Enzymes
have gained considerable attention in synth-
etic chemistry due to their versatility, high
specificity, chemo-selectivity, stereo-
selectivity, regio-selectivity, their broad
substrate array as well as their high reaction
yield ability in organic chemistry. Notably,
enzymes can selectively catalyze the
formation of esters at specific positions on a
molecule and can produce a single
enantiomer (chiral molecule) preferentially.
Enzymes are environmentally friendly due to
the use of mild conditions and
biodegradability. They avoid the use of
hazardous  chemicals, reduce  waste
generation, and often allow for aqueous or
solvent-free reactions, aligning with the
principles of green chemistry [18]. As aresult
of enhanced regioselectivities, synthesis of
sucrose esters gives a higher purity form. In
enzymatic esterification, the enzyme binds to
the substrates (the alcohol and the acid) at its
active site, stabilizing the transition state and
lowering activation energy to accelerate the
reaction. The process typically proceeds
through the formation of an acyl-enzyme
intermediate, followed by the nucleophilic at-
tack of the alcohol, leading to the release of
the ester and regeneration of the enzyme.
Enzymes as a catalyst have gained
importance and significant use in the
biotechnology  sector globally today.
Enzymatic  esterify-cation  has  been
experiencing a resurgence in interest and
innovation due to its potential for more
sustainable and efficient chemical synthesis
[19]. The use of enzymes as a catalyst in the
synthesis of esters are economically friendly.
Although enzymes are expensive, their

© The AIC 2025. All rights reserved.

recyclability and the reduced need for
purification steps offset the costs. Enzymes
are often reused multiple times without
significant loss of activity, contributing to the
overall cost-efficiency of the process [20].
Enzymatic esterification is one of the friendly
and biological ways of producing biodiesel,
compared to that of chemical means in term
of temperature, reaction time, purification,
desired product, recovery and lot more [21].
Several types of enzymes, including lipases,
esterases, pro-teases, carboxylesterases, and
phosphor-lipases, can promote ester
formation. Among these, lipases are the most
commonly used due to their ability to
catalyze esterification and transesterification
of a wide range of substrates, as well as their
high stability, versatility, and relatively low
cost [22].

Lipase, also known as triacylglycerol ester
hydrolase, is a hydrolase enzyme widely
utilized in  organic  synthesis and
biotechnology due to its broad temperature
and pH stability, high enantioselectivity, and
substrate specificity [23]. Lipases catalyze
the hydrolysis of lipids into fatty acids and
glycerol and can facilitate reactions involving
alcohols and carboxylic acids, esters and
alcohols, esters and acids, and acyl group
transfer from esters to nucleophiles. Al-
though lipases are found across various
organisms, industrial applications primarily
utilize those derived from yeast and fungi.

Lipases are instrumental in biodiesel
production from waste cooking oil. In ester
syn-thesis, lipase functions at equilibrium
(Figure 3) and requires a small amount of
water to maintain catalytic activity. When
anhydrous organic solvents are used, product
ester hydrolysis can occur, affecting yield
[24].

Volume 96 Number 1 | The Chemist | Page 32



Lipase

Esterification

C,(H,0), + RCO,H

= C,(H,0),,(OCOR) + H,0

" Hydrolysis

Figure 3. Esterification Reaction Using Lipase Catalyst

Esterase is another enzyme wused in
esterification, recognized for its specificity
and efficiency under mild conditions. As a
member of the hydrolase enzyme class,
esterases act on ester bonds and can operate
in  both esterification (forward) and
hydrolysis (reverse) reactions. In esterase-
catalyzed esterification, the enzyme catalyzes
the formation of an ester from a carboxylic
acid and an alcohol [25]. Unlike lipases,
which hydrolyze long-chain, insoluble
carboxylic  acids, esterases typically
hydrolyze short-chain acids and play a
significant role in the metabolism of various
biomolecules. Esterases act on substrates like
fats, oils, and other ester-containing
compounds. They are used in the synthesis of
flavors, fragrances, pharmaceuticals, and
biofuels [26]. The mechanism involves
nucleophilic attack by the hydroxyl group of
the alcohol on the carbonyl carbon of the
acid, forming a tetrahedral inter-mediate that
subsequently collapses to release water and
form the ester bond. The enzyme stabilizes
the transition state, lowering the activation
energy and enhancing the reaction rate [27].

© The AIC 2025. All rights reserved.

Protease, another enzyme involved in
esterification, traditionally cleaves peptide
bonds but can also catalyze ester bond
formation under specific non-aqueous or
low-water conditions, broadening its utility
in organic synthesis and biotechnology [28].
This versatility makes proteases valuable in
syn-thetic applications where traditional
hydrolysis activity is minimized.

Carboxylesterases, another hydrolase sub-
class, hydrolyze carboxylic esters into
alcohols and carboxylates and are essential
for drug metabolism and detoxification. They
play a significant role in pharmaceutical
research, where they transform ester-
containing drugs into active or inactive forms
[29]. In addition, carboxylesterases are used
in agrochemical detoxification, bioreme-
diation, and the synthesis of fine chemicals
and bio-fuels [30]. Their catalytic mechanism
involves a nucleophilic attack on the
carbonyl carbon of the ester, forming a
tetrahedral intermediate and an acyl-enzyme
complex. Subsequent hydrolysis of this
complex by water releases the carboxylate
product and regenerates the enzyme.
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Table 3. Advantages and Disadvantages of Enzymatic Esterification

Aspect

Advantages

Disadvantages

Reaction
Conditions

Reagents

Mechanism

Product Purity

Atom Economy

Versatility

Catalyst

Scalability

Mild, environmentally-friendly
conditions (room temperature,
aqueous or organic solvents)

Highly selective for specific

Requires strict control of pH and
temperature to maintain enzyme
activity

Enzymes can be expensive and

substrates, reducing side reactions may require co-factors

Biocatalytic, avoids harsh acids or
bases

High chemo-, regio-, and
stereoselectivity

Minimal by-products, greener
alternative

Works well with sensitive
functional groups and complex
molecules

Enzymes (e.g., lipases, esterases)
are reusable and biodegradable

Potential for industrial-scale
applications in pharmaceuticals
and food industries

Reaction rates are often slower
compared to chemical methods

Product isolation may require
additional purification steps

Some reactions may require
excess reactants to drive
equilibrium

Not suitable for all types of
esterification, especially those
requiring extreme conditions

Enzymes may lose activity over
time and require special storage
conditions

Large-scale enzymatic processes
can be costly and may require
immobilized enzymes for
efficiency

Microwave- Assisted Esterification

Microwave-assisted  esterification is a
versatile and energy-efficient synthetic route
for ester synthesis, offering advantages such
as reduced reaction times, cost-effectiveness,
and positive environmental impacts [31].
Microwaves are electromagnetic waves with
frequencies ranging from 300 MHz to 300
GHz, used widely in organic synthesis. This

© The AIC 2025. All rights reserved.

technique relies on dipolar polarization and
ionic conduction, with low energy input,
allowing for efficient energy transfer through
electromagnetic ~ waves [32]. During
microwave-assisted esterification, the reac-
tion medium is irradiated, causing polar
molecules, such as alcohol, to align with the
oscillating magnetic field. This alignment,
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coupled with molecular dipole interactions molecular friction, thereby accelerating
with the electric field, generates heat through reaction rates.

Table 4. Advantages and Disadvantages of Microwave-Assisted Esterification

Aspect Advantages Disadvantages
Reaction Rapid heating, leading to shorter Requires specialized microwave
Conditions reaction times equipment

Can work with conventional
Reagents esterification reagents (e.g., acids,
alcohols, catalysts)

Enhances reaction rates and yield

Mechanism 4, ough localized heating

Often leads to higher yields and

Product Purity fewer side products

Reduces the need for excess

Atom Economy reagents and solvents

Works for a variety of esterification
Versatility methods, including Fischer and
enzymatic esterification

Some reagents may degrade
under microwave irradiation

Not all substrates absorb
microwave radiation effectively

Can cause overheating, leading
to unwanted by-products

Some reactions may still require
catalysts or excess reactants

Scale-up can be challenging
due to non-uniform heating in
larger volumes

Can reduce or eliminate the need for Some catalysts may degrade

Catalyst . . By

y strong acids/bases under microwave conditions
Microwave-assisted synthesis has proven Esterification reactions using microwave ir-
effective for biodiesel production and has radiation can be conducted in various setups,
been successfully applied to the synthesis of including batch systems and continuous flow
esters like methyl levulinate, ethyl ferulate, reactors [33].

and methyl salicylate, as shown in Figure 4.

© The AIC 2025. All rights reserved.
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Figure 4. Microwave Irradiation for the Production of Methyl Levulinate, Ethyl Ferulate
and Methyl Salicylate [6]

This  technique addresses limitations
associated with conventional esterification
methods, making it a valuable approach for
synthesizing ester compounds.

Table 5, below, provides a comparative
analysis of reaction times and yields for

synthesizing various esters using microwave
irradiation versus conventional heating
methods, highlighting the efficiency and
benefits of microwave-assisted synthesis in
terms of both reaction speed and product
yield.

Table S. Reaction Time of Microwave Irradiation Compared to the Conventional Heating
in the Synthesis of Some Esters

Esters Temperature (°C) Microwave Irradiation Conventional Heating
Time (h) % Yield Time (h) % Yield

1 120 0.5 85 5 63

2 90 4 96 4 90

3 70 3 79 3 60

4 60 1 94.84 1 69

5 60 1 80 10 30

6 90 0.5 90 3 65

© The AIC 2025. All rights reserved.
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Studies show that microwave irradiation
significantly reduces the reaction time
compared to conventional heating. [34]
reported the synthesis of methyl levulinate
(1) at 120°C, takes only 0.5 h with 85% yield
using  micro-wave irradiation, while
conventional heating requires 5 h and yields
only 63% [34]. This trend is similarly
observed for ascorbyl palmitate (5), where
microwave irradiation at 60°C yields 80% in
just 1 h, whereas conventional heating
requires 10 h and produces a much lower
yield of 30% [35].

The effectiveness of microwave irradiation is
further demonstrated in the synthesis of ethyl
ferulate and citronellyl acetate. At 90°C,
ethyl ferulate (6) synthesis takes only 0.5 h
with microwave heating, yielding 90%,
whereas it requires 3 h with conventional

© The AIC 2025. All rights reserved.

12

heating and achieves a lower yield of 65%
[6]. Similarly, for citronellyl acetate (4) at
60°C, microwave irradiation yields 94.84%
in 1 h, compared to 69% yield with
conventional heating over the same time
period [36].

However, esters like sorbityl laurate and
geraniol ester, the reaction times are similar
across both methods, suggesting that micro-
wave irradiation does not always drastically
reduce reaction time. For sorbityl laurate (2),
both methods require approximately 4 h,
though microwave heating provides a slightly
higher yield of 96% compared to 90% with
conventional heating [37]. Also, the synthesis
of geraniol ester (3) at 70°C takes 3 h with
both methods, though the yield with micro-
wave irradiation (79%) is higher than that of
conventional heating (60%) [38].
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Microbubble Esterification

Microbubble technology is an innovative
method for enhancing  esterification
efficiency, particularly in  biodiesel
production from vegetable oils, as well as in
synthesizing esters for pharmaceuticals and
fragrances. Microbubbles, generated using a

© The AIC 2025. All rights reserved.

micro-bubble generator, have diameters
between 10 and 100 micrometers [39]. This
technique can be implemented through
methods such as ultrasonics, gas sparging
through porous materials, and mechanical
agitation.  Studies have shown that
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microbubbles significantly improve mass
transfer at the gas-liquid interface, providing
a stable surface area where reactants can
easily diffuse to the reactive sites [6]. The
small size and high surface area of
microbubbles allow for uniform distribution
and effective mixing within the liquid

14

medium, optimizing reaction conditions. For
example, reactions between carboxylic acids
and alcohols, such as oleic acid with
methanol or ethyl acetate production,
demonstrate higher yields in shorter reaction
times when using microbubble reactors [40].

Table 6. Advantages and Disadvantages of Microbubble-Assisted Esterification

Aspect Advantages Disadvantages
. Enhances mass transfer and Requires specialized
Reaction : . . : .
" interfacial area for better reaction microbubble generation
Conditions o :
efficiency equipment
Can reduce the need for excess Some solvents and reactants
Reagents reagents due to improved reactant may not form stable
dispersion microbubbles effectively
Increases reaction kinetics by Limited knowledge and
Mechanism improving gas-liquid or liquid-liquid optimization for certain

interactions

Can lead to higher yields and fewer
Product Purity side products by promoting uniform

mixing

Atom Economy enhances efficiency

Reduces reagent waste and

esterification reactions

Potential bubble collapse or
instability may affect reaction
control

Additional gas input may be
needed for bubble formation

Works for various esterification types, Not widely studied or

Versatility including enzymatic and catalytic
methods

Catalyst reactivity

Scalability Promising for industrial applications

due to enhanced efficiency

commercialized for all
esterification reactions

Some catalysts may be

Can improve catalyst dispersion and deactivated by bubble

interactions or gas phase
effects

Large-scale implementation
requires advanced reactor
design and cost considerations

© The AIC 2025. All rights reserved.
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Acid- and Base-Catalyzed Esterif-
ication

Esterification of alcohols with carboxylic
acids in the presence of an acid catalyst is

Ve o 4, ROH
R—C R—C
AN AN
OH OH,*

15

known as acid-catalyzed esterification. This
process (Figure 5) involves the protonation of
the carboxylic acid, which increases the
electrophilicity of the carbonyl carbon,
making it more susceptible to nucleophilic
attack by alcohol.

o)
o ;
/o M _d
. R C‘o—R'
+(I)—R'
H

Figure 5. Acid-Catalyzed Esterification

Following nucleophilic attack and sub-
sequent proton transfer, the product under-
goes dehydration to form the ester. Common
acid catalysts include sulfuric acid (H2SOa4)
and hydrochloric acid (HCI), and the reaction
mixture is typically heated under reflux to
facilitate the reaction [41].

Base-catalyzed esterification refers to the
reaction between an ester and an alcohol in
the presence of a base catalyst to form a new
ester (Figure 6). This reaction is widely used
in the synthesis of fatty acid esters and in
biodiesel production from natural products
[42-44].

0 'C|> //o
R—c? = ‘OR" R—C—OR" =~—== R—C T OR
OR OR' o

Figure 6. Base-Catalyzed Esterification

In this process, the base deprotonates the
alcohol, generating an alkoxide ion, a strong
nucleophile that attacks the carbonyl carbon
of the ester. This forms a tetrahedral
intermediate, which then undergoes further
rearrangement to produce a new ester and an
alkoxide ion. Base-catalyzed esterification

© The AIC 2025. All rights reserved.

generally proceeds faster than acid-catalyzed
esterification [45]. However, one limitation
of base-catalyzed transesterification is the
risk of saponification, where fatty acids react
with the base to form soap, leading to phase
separation issues in the reaction mixture.
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Table 7. Comparison Between Acid-Catalyzed and Base-Catalyzed Esterification

Aspect Acid-Catalyzed Esterification

Base-Catalyzed Esterification

Reaction Requires strong acids (e.g.,
Conditions H,SO,, HCI) and heat

Reagents Uses carboxylic acid and alcohol

Protonation of carboxyl group
increases electrophilicity

May require extensive purification
Product Purity due to side reactions and

Mechanism

reversibility

étom Produces water as a by-product

conomy
Versatilit Works well for a broad range of
y carboxylic acids and alcohols

Acid catalyst is catalytic and

Catalyst reusable but can cause side
reactions

Scalability Suitable for large-scale synthesis

but requires water removal

Requires strong bases (e.g.,
NaOH, KOH), usually under milder
conditions

Uses carboxylate salts and alkyl
halides or esters

Nucleophilic attack by carboxylate
anion on alkyl halide/ester

Often produces high-purity esters
but may require excess reactants

Produces inorganic salts (from
base neutralization)

Limited to substrates that can
undergo nucleophilic substitution

Base catalyst often consumed in
neutralization, increasing waste

Scalable, but strong bases can
lead to unwanted side reactions

Reaction Mechanism of Esterification

O:/\ (.\ ﬂ_H

+ g, ———> R—C—

R1_ C - OH
Carboxylic acid

OoH A:

Acid Oxonium Lewis base

Protonation of carbonyl group of the carboxylic acid by catalyst

O—H O—H

+ I

‘((ﬁ_H + R,—O—H ——> R—C—

«

; [ I
AN g w—o
Alcohol

O—H ——>  R—C—O%

Nucleophilic attack on carbonyl by acohol and cleavage of pi bond
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AN, "
” + ‘A r R—C——0——R,

R1_C_O_R2

Protonated eter lewis base

Acid

Deprotonation of protonated esters given rise to the desired ester

Membrane Technology Esterification

Membrane technology has gained significant
attention for its role in the synthesis and
purification of esters. This technique utilizes
selectively permeable membranes to enhance
various stages in ester production, including
separation, purification, and catalysis [46]. It
has proven especially valuable in
applications such as biodiesel synthesis.
Membrane  technology  enables  the
continuous removal of by-products (e.g.,
water) from esterification reactions, shifting
the reaction equilibrium toward product
formation and increasing both yield and
reaction rate. It also allows selective removal
of impurities and unreacted starting
materials, resulting in high-purity ester
products. Membrane technology is suitable
for both laboratory-scale synthesis and
industrial production of esters, offering
advantages n energy efficiency,
sustainability, and cost-effectiveness.
Various mem-brane technologies are used in
ester syn-thesis, including pervaporation,
membrane distillation, membrane
bioreactors, nano-filtration, and catalytic
membranes, each classified by mode of
action and application in the esterification
process.

© The AIC 2025. All rights reserved.

Pervaporation, a widely used membrane
technology in ester synthesis, selectively
removes water from the esterification
reaction mixture [47]. This method is
especially useful for separating close-
boiling-point mixtures and low-
concentration compounds. In pervaporation,
a hydrophilic membrane separates reactants
from the permeate side, where water vapor is
continuously removed. literature reported
successful synthesis of ethyl acetate via the
esterification of acetic acid and ethanol, using
polyvinyl alcohol (PVA) and polyacetate
membranes with high selectivity for water
removal [48]. This selective removal of water
shifted the equilibrium toward ester
formation, achieving higher yields.

Membrane distillation employs a hydro-
phobic membrane to separate water based on
differences in vapor pressure and is
frequently used in high-temperature reactions
[49]. Research has demonstrated the
application  of  polytetrafluoroethylene
(PTFE) membranes in the esterification of
lactic acid with methanol [50]. This study
found that PTFE membranes offer stability
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and selectivity, making them suitable for
continuous water removal at elevated
temperatures, significantly enhancing both
reaction rate and ester yield.

Membrane  bioreactors (MBRs) are
commonly used in enzymatic esterification,
combining enzymatic catalysis with mem-
brane separation to provide controlled
reaction environments and efficient product
recovery [51]. Enzymes immobilized on the
membrane surface offer a high surface area
for reactions, while the membrane selectively
removes water, resulting in high conversion
rates and purity of the ester products.

Nanofiltration membranes, characterized by

nanometer-range pore sizes, are also
frequently used in ester synthesis for their

© The AIC 2025. All rights reserved.
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ability to separate small molecules [52].
These membranes retain the ester product
while allowing the passage of water and
unreacted alcohol, which increases ester
concentration and yield [53].

Catalytic membranes, incorporating catalytic
sites within the membrane matrix, integrate
reaction and separation into a single unit and
have shown significant promise in ester
synthesis. [54] reported the use of a
sulfonated polyether ether ketone (SPEEK)
catalytic membrane for the esterification of
oleic acid with methanol. The SPEEK
membrane provided catalytic sites for the
reaction and allowed for continuous water
removal, enhancing the overall efficiency
and yield of the esterification process.
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Table 8. Advantages and Disadvantages of Membrane Technology-Assisted Esterification

Aspect Advantages Disadvantages
Reaction Oper.a.tes under ”.“"d Requires specialized membrane materials
" conditions, reducing )

Conditions : and equipment

thermal degradation

Can enhance reaction

efficiency by selectively Membrane fouling can occur, reducing
Reagents . . .

removing water or by- efficiency over time

products

Improves ester yield by

. shifting equilibrium via Some esterification reactions may not be

Mechanism . . : . .

selective permeation of compatible with membrane separation

water or alcohol
Product Eroducfes hlghl—purlty e§ters Membrane selectivity and efficiency depend
Purity y contindously removing ., , operating conditions

undesired by-products
Atom Reduces excess reactant Membrane replacement and maintenance

usage and minimizes
Economy add to process costs

waste

- Can be mtegrgted with Not all esterification reactions benefit
Versatility enzymatic, acid- or base- S )
e significantly from membrane separation

catalyzed esterification

Can reduce catalyst . . .
Catalyst degradation by maintaining Some catalysts may be incompatible with

. ) ” membrane materials
optimal reaction conditions
Suitable for industrial . .
_ applications, particularly in Large-scale |mplemenftat|9n can be costly

Scalability ’ due to membrane fabrication and operational

biodiesel and
pharmaceutical synthesis

constraints

Non-Catalytic Thermal Esterifica-
tion

Non-catalytic thermal esterification is
another synthetic route for ester production
conducted without the use of catalysts,
relying solely on thermal energy to facilitate
the reaction between carboxylic acids and
alcohols [55]. In this approach, heat provides
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the activation energy required for the reaction
to proceed.

Non-catalytic thermal esterification employs
alcohol in either supercritical or subcritical
states [56]. In the supercritical state, alcohols,
such as methanol, are heated above their
critical temperature and pressure, resulting in
a fluid with properties between those of a
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liquid and a gas, which enhances solubility
and reaction rates. Supercritical fluids
promote efficient mixing, diffusion, and
reaction kinetics, resulting in desirable
yields. For example, [57] reported the
synthesis of methyl oleate from oleic acid
using supercritical methanol. Another study
documented the production of fatty acid
methyl esters (biodiesel) from waste beef
tallow using  supercritical  methanol,
demonstrating that the supercritical approach
enables a green synthetic pathway with high
conversion rates. At supercritical
temperatures, methanol’s dielectric constant
is reduced, forming a single-phase mixture
that favors the esterification reaction.

In the subcritical state, alcohol is heated to
high temperatures without reaching its
critical point, allowing it to act as a liquid or
gas [58]. Subcritical fluids offer reduced
solubility and diffusion rates, potentially
resulting in slower reaction kinetics but with
operational advantages. For instance,
esterification of fatty acids with ethanol in
subcritical water can produce ethyl esters
[59]. Additionally, reported the synthesis of
fatty acid methyl esters from fatty acids
derived via subcritical water hydrolysis of
fresh and waste cooking oil. This study

© The AIC 2025. All rights reserved.

20

highlighted that subcritical water hydrolysis
enhances esterification by increasing the
ionic product, thus facilitating the reaction,
and reducing the need for extensive feedstock
purification.

The mechanism of action in non-catalytic
thermal esterification involves nucleophilic
acyl substitution [6]. At elevated
temperatures (150-250°C), the hydroxyl
group (-OH) from the carboxylic acid and the
hydrogen atom (H) from the alcohol combine
to form water (H20). The continuous removal
of water from the reaction shifts the
equilibrium toward ester formation.

Non-catalytic thermal esterification offers
several advantages, including the elimination
of  catalyst-related costs, reduced
contamination, and fewer purification steps.
These benefits are particularly valuable in
biodiesel and fragrance production, where
catalyst residues can complicate product
quality. However, this method also has
limitations, such as the need for high
temperatures (often above 200°C), which
increases energy consumption and can limit
reaction rates, particularly with bulky or less
reactive substrates [6].
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Table 9. Advantages and Disadvantages of Non-Catalytic Thermal Esterification

Disadvantages

Aspect Advantages

Reaction Avoids the need for acid or base

Conditions catalysts, reducing side reactions
Simple reaction setup using only

Reagents carboxylic acids and alcohols

Mechanism towards ester formation

Product Purity Avoids catalyst contamination,

Atom Economy

Suitable for esterification of simple

Versatility and stable carboxylic acids and
alcohols
Catalyst gﬁi Ilceoer?l flor gatalysts, reducing costs
plexity
Scalability Can be applied in industrial settings

for bulk ester production

leading to cleaner products

Produces only water as a by-product,
making it environmentally friendly

Requires high temperatures (often
above 200°C), leading to high
energy consumption

Some reactants may degrade or

undergo unwanted side reactions at
high temperatures

Driven by heat, shifting equilibrium  Reaction is often slow and may

require prolonged heating

Risk of polymerization or
decomposition of reactants at high
temperatures

High temperatures can lead to side-
product formation, reducing
efficiency

Not ideal for thermally sensitive or
sterically hindered substrates

Requires excess reactants or
continuous water removal to drive
equilibrium

High energy demand makes it less
sustainable compared to catalytic
methods

Factors Affecting the Synthesis of
Esterification

Esterification is a widely studied organic
synthesis process due to its applications in
pharmaceuticals, industry, cosmetics, food,
beverages, and personal care products.
However, several factors impact the reaction
chemistry of esterification. The mode of
reaction during synthesis significantly affects
esterification. According to [6], esterification
involves the equimolar reaction of a
carboxylic acid with an alcohol. However,
the equilibrium constant for this reaction is

© The AIC 2025. All rights reserved.

influenced by both temperature and the ratio
of reactants. Typically, only two-thirds of the
acid reacts in an equimolar mixture; thus,
increasing  the alcohol concentration
enhances product yield. However, an excess
of alcohol can reduce the catalyst
concentration, which may hinder the forward
reaction and lead to catalyst deactivation due
to binding at the active site [60].

The structure of the reactants also affects

esterification chemistry (Figure 7). Alcohols
are classified as primary, secondary, or
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tertiary, based on the position of the hydroxyl
group.

R—-0 C-OH
O e

where R = methyl
R' = ethyl
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Il
R-O C-OR'
+ H,0

Figure 7. Presence of Some Functional Group Affecting Reaction Mode in Esterification
Reaction

This classification impacts ester yield and by-
product formation. Primary alcohols are
reported to yield high ester levels within a
short reaction time, secondary alcohols yield
an average ester percentage, and tertiary
alcohols tend to produce a low yield and
require a longer reaction time due to steric
hindrance around the hydroxyl group [6].

Water is another critical factor influencing
esterification chemistry. Water shifts the
reaction equilibrium toward the reactants,
which can reduce ester yield. However,
continuous removal of water from the
reaction mixture promotes the forward
reaction, resulting in a higher ester yield.
Water presence can also lead to ester
hydrolysis, impacting the reaction rate. Acid-
catalyzed esterification is particularly
sensitive to water, as it can lower catalytic
activity and slow down the reaction rate [61].

© The AIC 2025. All rights reserved.

Catalysts play a vital role in esterification by
lowering activation energy, increasing
reaction rates, and influencing reaction
conditions [62]. The choice of catalyst affects
process efficiency, selectivity, and sustain-
ability. Solvents also impact reaction rates;
excessive solvent use, especially polar or
hydrophilic solvents, can reduce ester yield.
Polar solvents may interact with the enzyme's
water layer, altering its activity, whereas non-
polar solvents enhance enzyme dispersion at
active sites, resulting in a higher reaction rate
and yield [63]. Additionally, polar solvents
can stabilize ionic intermediates and
transition states, which can benefit the
reaction rate. In acid-catalyzed esterification,
polar solvents dissolve the carboxylic acid,
alcohol, and catalyst, facilitating the reaction.
However, an excess of polar solvent may
slow down the reaction.
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Transesterification

Transesterification is a reaction method that
involves the conversion of oils and fatty acids
into alkyl esters. The process involves a
reaction of triglycerides with an alcohol
(alkane) to form alkyl ester of fatty acids and
glycerol. It is a versatile reaction that is
widely used in the production of biodiesel,
polymers, and fine chemicals [64].
Transesterification, also known as
alcoholysis, entails the reaction of lipids and
low carbon alcohol in the presence of a
homogeneous or heterogeneous catalyst [65].
It is also used in the production of hardened
vegetable oil as it reduced its viscosity and
improved its fuel properties. Methanol and
ethanol are wusually employed in the
transesterification process, but methanol is
preferred because of it is economically
friendly nature and steady availability. As
many underutilized seed oils are emerging,
the transesterification to fatty acid methyl or
ethyl esters prior to analysis have been
widely adopted [66,67]. The application of
the transesterification techniques extended to
analysis of triacylglycerol (fats and oils) from
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animal sources [68]. Transesterification
process can be carried out through
homogenous or heterogeneous acid or base
catalysts. Generally, it is believed that
homogeneous catalysis undergoes a fast
reaction when compared to the heterogenous
catalyst; yet, it cannot be reused, which
serves as a major setback. However, the use
of heterogenous catalysis in continuous
biodiesel production results in high activity,
high selectivity, ease of separation from
product and catalyst reusability, although its
reaction often takes longer [69]. Despite the
time taken for the reaction to complete,
heterogeneous plays a major role in
overcoming the challenges faced by
homogeneous catalysis. This includes the
ability to regenerate and recycle the products,
quick separation and purification of product.
There are some factors affecting the
transesterification process which include the
type of catalyst used and concentration, mole
ration, reaction time, temperature, and free
fatty acid [70].

General equation for transesterification reaction

RCOOR' + R"OH

Catalyst

RCOOR" + R'OH (1)

Transesterification of triglyceride

1
H,C—OCOR! H,C-OH R'COOCH;
| Catalyst I +
HC—OCOR? + 3CH;0H =~———=o== HC-OH + R’COOCH;
! 3 H,C—OH +
H2C—OCOR 2 R3COOCH;
Triglyceride Methanol Glycerol Methyl esters )

Application of Esters

Ester compounds are one of the major
compounds used across different industries
due to their distinctive chemical properties.

© The AIC 2025. All rights reserved.

Synthetic esters are extensively used as
intermediates in the formation of a variety of
organic compounds. Literature revealed its
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application in the pharmaceutical industry,
food and beverage industries, biochemistry,
material sciences and so on.

Reactive capacity of esters, particularly in
esterification and hydrolysis reactions, makes
them invaluable in the synthesis of
pharmaceuticals, where they are used to
create prodrugs [71]. These prodrugs
improve  the solubility of  active
pharmaceutical ingredients. Esters enhance
the pharmacokinetic properties of active
drugs. An example is the ester enalapril, a
prodrug that is hydrolyzed in vivo, then
converts to the active form of

enalaprilat, used to treat hypertension and
heart failure. Also, aspirin (acetylsalicylic
acid), an ester that undergoes hydrolysis to
produce salicylic acid, provides both anti-
inflammatory and analgesic effects when
used. These ester modifications improve
solubility, stability, and absorption of drugs,
enhancing their therapeutic efficacy [72].

In the food and beverage industry, according
to [73], ester compounds are widely used as
flavoring agents due to their ability to impart
fruity and floral aromas. Different ester
compounds such as ethyl acetate, isoamyl
acetate, ethyl butyrate, methyl butyrate were
studied. They impart fruity and floral scents
to enhance the aroma and taste of a wide

© The AIC 2025. All rights reserved.
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range of products. Natural and synthetic
esters are added to candies, beverages, and
baked goods to achieve desired flavor
profiles. In fragrances, esters are major
components in the formulation of perfumes
and cosmetics, contributing to the pleasant
scents [74].

Esters have also been found useful in
biochemistry, especially in biological
processes for the formation of essential
biomolecules. Esters are found in DNA and
RNA as phosphodiester bonds, linking
nucleotides together to form the backbone of
genetic materials [75]. Literature has
revealed acetylcholine, a neurotransmitter
used in muscle contraction and neural
signaling [76].

Ester compounds have also been widely used
in material science, particularly in the
production of polymers. Polyesters, such as
polyethylene terephthalate (PET), are
synthesized through the polycondensation of
diols and dicarboxylic acids or their ester
derivatives. These materials are used in the
production of textiles, packaging, and plastic
bottles due to their durability and flexibility
[77]. Additionally, esters serve as plasticizers
in the manufacturing of plastics, enhancing
the flexibility and workability of polymers
like polyvinyl chloride (PVC) [78].
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APPLICATIONS OF

ESTERS

Pharmaceuticals Food and Beverages
- Prodrugs - Flavoring agents
(e.g.,enalapril) like ethly acetate,

- Aspirin (hydrolyzed isoamyl acetate

to salicylic acid) - Enhances aroma in
- Improves drug beverages, candies
solubility and - Used in perfumes
absorption and cosmetics

Esters Toxicity

Esters are widely used across industries,
including food flavoring, fragrances,
pharmaceuticals, and as solvents, making it
essential to understand their toxicity profiles.
Generally, esters exhibit low toxicity com-
pared to other organic compounds, which
makes them relatively safe for many
applications. However, toxicity can vary
significantly depending on ester structure and
functional groups. Common esters, like ethyl
acetate and methyl acetate, are low in toxicity
and are frequently used in the food and
beverage industries without significant health
concerns when regulated appropriately [79].

However, the metabolic breakdown of esters
can produce potentially toxic metabolites.
For example, methanol (a breakdown product
of methyl esters) is highly toxic and can lead
to serious health effects, including blindness
and central nervous system damage. Ad-
ditionally, aromatic esters such as benzyl
acetate can metabolize into benzyl alcohol
and acetic acid, which may exhibit toxicity

© The AIC 2025. All rights reserved.

Material Science

Biochemistry

- Polyesters (e.g., PET) - Phosphodiester
- Packaging, textiles
- Plasticizers in PVC

bonds in DNA/RNA
- Acetylcholine
(neurotransmitter)

depending on exposure dose and duration
[80].

Long-term exposure to certain phthalate
esters, widely used as plasticizers, is linked to
adverse health effects such as endocrine
disruption, reproductive  toxicity, and
developmental toxicity in humans and
animals. Phthalates like diethyl phthalate
disrupt hormone functions, posing risks to
reproductive  health and development,
especially in infants, following prolonged
exposure [81]. Regulatory bodies are
working to limit the use of certain phthalates
in consumer products, especially those
intended for children and pregnant women, to
reduce potential risks.

In industries, exposure to high concentrations
of ester vapors may lead to respiratory
irritation, dizziness, headaches, and, in severe
cases, central nervous system depression
[82]. Thus, implementing protective
measures, like proper ventilation and
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personal protective equipment, is essential to
minimize these risks. Many esters are
biodegradable and environmentally low risk,
but breakdown products like certain
phthalates can accumulate and impact aquatic
ecosystems [83].

In response to concerns about ester toxicity,
several studies have proposed solutions to
reduce toxicity by modifying ester structure,
controlling exposure, enhancing biodegrade-
ability, and strengthening regulatory frame-
works. Structural modifications can enhance
compound safety by focusing on esters that
yield non-toxic metabolites. [84] reported
that switching from methyl to ethyl or

This study provides a comprehensive
overview of esterification, synthesis
methods, influencing factors, applications,
and toxicity of esters. Esterification, a
fundamental reaction in organic chemistry,
plays a critical role in the synthesis of esters,
which are widely utilized across industrial,
pharmaceutical, and biochemical sectors.
Esters are synthesized through the reaction of
carboxylic acids and alcohols in the presence
of catalysts, highlighting the versatility and
efficiency of this chemical process.
Advanced methods, including enzyme-
catalyzed esterification and the use of
alternative energy sources like microwave
and ultrasonic irradiation, have further
broadened the scope of ester synthesis,
offering  environmentally-friendly  and
efficient pathways.

Several factors influence esterification, such
as the nature of the reactants, catalyst type

© The AIC 2025. All rights reserved.
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isopropyl esters in various applications
reduces toxic metabolite  formation,
particularly avoiding methanol release,
which has neurotoxic effects. Additionally,
research shows that improving ester
biodegradability has led to the development
of alternative plasticizers, such as citrate and
adipate esters, which are less toxic and more
environ-mentally friendly than phthalates,
decom-posing readily without harmful
byproducts [85]. Advanced ventilation
systems and the use of PPE effectively reduce
inhalation risks for workers exposed to
volatile ester compounds, as high
concentrations of ester vapors can cause
respiratory and neurological issues.

and concentration, temperature, and solvent
choice. Understanding these factors is
essential for optimizing reaction conditions
to achieve high yields and selectivity. Esters
have a wide range of applications across
various sectors. In the pharmaceutical
industry, esters are used as intermediates in
the synthesis of drugs and prodrugs. The
flavor and fragrance industries rely heavily
on esters for their pleasant aromas and
flavors. Additionally, esters serve as
solvents, plasticizers, and Ilubricants in
industrial ap-plications, underscoring their
multifunctional nature.

The toxicity of esters is an important con-
sideration in pharmaceutical and environ-
mental applications. While many esters are
generally regarded as safe, some can exhibit
toxicity, necessitating thorough evaluation
and  regulation.  Understanding  the
toxicological profiles of esters is crucial for
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mitigating potential risks and ensuring safe
usage.

Research in esterification and ester synthesis
is a dynamic and evolving field, driven by the
ongoing pursuit of more efficient, sustain-
able, and environmentally-friendly synthetic
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Abstract: The adsorption of Congo red dye from water by a synthesized Cu(Il) coordination
compound formulated as [Cu(BTCA)(AMB)] is herein reported (BTCA= 1,2,4,5-bezene tetra
carboxylic acid; AMB= 4-aminomethylbenzoic acid). Characterization of the compound was
achieved by X-ray diffraction (XRD), Fourier-transform infrared (FTIR) spectroscopy,
scanning electron microscopy (SEM), and thermogravimetric analysis (TGA). The
adsorption performance of the compound was assessed through batch adsorption
experiments. Kinetic and isotherm models were employed to elucidate the adsorption
mechanism and establish a comprehensive understanding of the interaction between the
compound and Congo red dye molecules. The SEM analysis results before and after
adsorption showed the presence of the dye molecules on the adsorbent. Adsorption data were
seen to be best for the pseudo-second order kinetics model. Thermodynamic parameters
indicated that the adsorption process is spontaneous by AG values ranging from -0.38 KJ/mol
to -2.15 KJ/mol.

Key Words: coordination compound, adsorption, Congo red dye, characterization, pseudo
second order

1. Introduction

Coordination polymers have been noted to be tibility to attain a variety of architectures built
a group of functional materials that have up from an extended range of molecular
found applications in multiple processes. The building blocks with varying interactions.
study of coordination polymers has expanded Coordination compounds with backbones,
rapidly in the past decade due to its suscep- constructed from metal ions as connectors
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and ligands as linkers, have been utilized in
various processes due to their interesting
characteristics [1]. Coordination networks
having porous features have advanced nano-
porous compounds for processes, which
include catalysis, adsorption, and gas sepa-
ration, among others, due to their tunable
pore sizes, large surface areas, high poro-
sities, and good thermal and mechanical sta-
bilities [2,3].

The study of coordination compounds
involves the study of metals, which perform
a variety of roles in many biological, cata-
lytic, and materials applications and are es-
sential parts of coordination chemistry. To
harness their reactivity and fully utilize their
potential in various domains, it is crucial to
comprehend the behavior and characteristics
of metal centers in coordination compounds
[3]. Their electrical structure determines the
bonding and reactivity of metal centers.
Metal ions frequently display varying
oxidation states which cause coordination
compounds to develop with various elec-
tronic configurations [4]. The stability and
spectroscopic characteristics of metal com-
plexes are influenced by the distribution of
electrons in the metal d orbitals [5]. Specific
coordination geometries, such as octahedral,
square planar, or tetrahedral, are adopted by

2. Experimental

Materials and Methods

The reagents used for this study were of
analytical grade and used without further
purification. The absorbance measurements
were taken using a SHIMADZU UV-1650
Synthesis of the [Cu(BTCA)(AMB)]

The compound was synthesized using a
solvent-based method. Solutions of the lig-

© The AIC 2025. All rights reserved.

metal centers in coordination complexes.
These geometries are determined by the type
of ligands used and the metal ion's electronic
state [3].

Dyes, such as Congo red, are reportedly
utilized as coloring agents for materials such
as leather, textile, and paper, among others
[5-7]. The reactiveness of some dyes makes
them suitable for use due to their brightness
and fastness when used [4,5]. These dyes,
however, present the problem of toxicity and
carcinogenicity when used, causing harm
directly to aquatic life and humans, thus,
generating conditions that include lung
cancer and neurological disorders. The
removal of these toxins from the environment
is hindered by the structural complexity of
synthetic dyes and their highly water-soluble
nature [7-9].

We herein report the sorption of Congo red
dye from water by a synthesized Cu(Il)
complex containing mixed 1,2,4,5-bezene
tetra carboxylic acid (BTCA) and 4-amino-
methyl benzoic acid (AMB) ligands, as
adsorbents for the removal of Congo red dye
from aqueous solution. The compound was
successfully characterized and formulated as
[Cu(BTCA)(AMB)].

UV-Vis spectrophotometer. Scanning elec-
tron microscopy (SEM) was carried out using
a JEOL JSM-7600F Scanning Electron
Microscope.

ands (BTCA and AMB; 1 mmol each) were
dissolved in 10 mL each of dimethyl
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formamide and distilled water separately and
transferred into a round-bottom flask con-
taining the dissolved Cu?" salt. The mixture
was stirred thoroughly to ensure homog-
eneity and refluxed for 2 h at 120°C with

Batch Adsorption Studies

Adsorption of Congo red (CR) dye onto
[Cu(BTCA)(AMB)] was studied using a
Congo red stock solution of 1000 mg/L. This
was prepared by dissolving 0.25 g of the
Congo red dye in 250 ml of deionized water.
Absorbance of the Congo red solution was
then observed using a UV-Visible spectro-
photometer to obtain the wavelength of
maximum absorption which was found to be

0.6
0.5
0.4
0.3
0.2
0.1

0
0 10

ABSORBANCE

constant stirring. The precipitate formed was
thereafter isolated by filtration, washed with
50:50 DMF and distilled water, dried, and
stored.

500 nm. Lower concentrations of the dye (5—
30 mg/L) were prepared from the stock
solution by serial dilution with deionized
water and absorbance readings taken with the
UV-Visible spectrophotometer at a Amax
value of 500 nm [6]. The graph of absorbance
against concentration was plotted to give the
calibration curve (Figure 1).

20 30 40

CR CONCENTRATION (MG/L)

Figure 1. Calibration Curve for Congo Red Dye Adsorption onto [Cu(BTCA)(AMB)]

The effect of concentration, temperature,
time, pH, and the dose of adsorbent on the
adsorption process was investigated. To de-

qe =

where Co and Ce (mg/L) are the initial and
final concentrations of the adsorbates,
respectively, v is the volume of the solution
used (L), and m is the mass (g) of the
adsorbents.

The effect of concentration was studied using
5-30 mg/L of the adsorbate, while the effect

© The AIC 2025. All rights reserved.

CO_ Ce

termine the quantity adsorbed (qe in mg/g) at
equilibrium, equation 1 was utilized:

) (1)

of temperature was studied at the temperature
range of 30-70°C. The effect of pH was
investigated by varying the pH between 2 and
13 using 0.1 M HCI or 0.1 M NaOH, while
the effect of adsorbent dosage was studied
using 0.01-0.05 g of the adsorbents, and the
investigation of effect of time was done at
time interval of 60—-300 min [7].
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3. Result and Discussion

Result of SEM Analysis

Figure 2a and 2b depict the SEM images of
[Cu(BTCA)(AMD)] before and after adsorp-
tion.

<

Figure 2. SEM Images of [Cu(BTCA)(AMD)] a) Before Adsorption; b) After Adsorption

The surface morphology showed the pres- shows the incorporation of the dye into the
ence of voids in-between the particles before voids in-between the particles (Figure 2b).
adsorption while the image after adsorption

Result of PXRD Analysis
The PXRD pattern of the [Cu(BTCA)- compound, before and after adsorption, are
(AMD)] presented in Figure 3 (a and b).
3000- ( )
a
- (b)

=3
=4

Intensity (a.u)

10 15 20 25 30 35 40 45

2Theta degree

Figure 3. PXRD Analysis Result of a) Before Adsorption; b) After Adsorption
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A comparison of the patterns showed a
reduction in intensity of peaks generally for
the PXRD pattern after adsorption of CR dye.

Result of TGA Analysis

The TGA of the compound showed two
stages of decomposition within a temperature
range of 0-650°C [9-11]. The first stage of
decomposition results to about 12% weight
loss, ranging from a temperature of 0—290°C.

This is attributed to the presence of the dye
molecules on the adsorbent [8-10].

The second decomposition stage, which
starts from 290°C and ends at 500°C, results
in a weight loss of 79%. Figure 4 shows the
TGA curve of the sample.

Figure 4. TGA Curve of [Cu(BTCA)(AMD)]

Result of FTIR Analysis

Using a Shimadzu FTIR spectrophotometer,
the functional groups present in the
[Cu(BTCA)(AMD)] compound, before and
after adsorption, were obtained by studying
the spectral as shown in Figure 5. Peaks
observed at 3496.99 cm™! and 3444.96 cm™!
were attributed to the presence of hydroxyl
(O-H) and amino group (N-H), respectively.
The peak observed at 1710 cm’' was

© The AIC 2025. All rights reserved.

attributed to the carbonyl group of the
carboxylate. The diagnostic region of the
compound, before and after adsorption, were
observed to be similar. However, the
presence of the Congo red dye on the
compound, after adsorption, causes a
significant difference in the fingerprint
region (Figure 5, a and b).
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Figure 5. FTIR Spectroscopy Analysis of [Cu(BTCA)(AMB)] a) Before Adsorption; b)

The peak observed at 732 cm™! in the spectra
after adsorption was attributed to the char-
acteristic FTIR band of the v(S-O) group in

Adsorption Study

Effect of Congo Red Dye Concentration

The findings from investigating the effect of
Congo red dye concentration on the ad-

(mg/g)
O = N W H U1 OO N 00 O

Quantity adsorbed

0 10

After

the Congo red dye. This peak was observed
to be absent in the spectra before adsorption
study.

sorption process using the adsorbents is
presented in Figure 6.

20 30 40

Concentration (mg/L)

Figure 6. Effect of Concentration on the Adsorption of Congo Red Dye by
[Cu(BTCA)(AMB)]

© The AIC 2025. All rights reserved.
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It was observed that as the concentration of
the dye increased, the amount of Congo red
dye adsorbed onto the adsorbents also
increased, reaching its maximum at 25 mg/L.
As the dye concentration increased, the
adsorption sites on the adsorbents became
saturated, resulting in the subsequent release
of the dye as the process continued. This
phenomenon occurred because there was

Effect of Time

The impact of time on the adsorption of
Congo red dye onto the [Cu(BTCA)(AMB)]
material, as presented in Figure 7, suggests
that as the contact time increased, the ef-

=
= N

o
o

o
>

Quantity adsorbed (mg/g)
p o
N [<)]

o

3

intensified competition among Congo red
dye molecules for the available adsorption
sites on the adsorbent, causing an initial surge
in the adsorption rate, followed by a gradual
deceleration of the process. This behavior can
be attributed to the fact that at lower dye
concentrations, there is a higher ratio of
solute to vacant adsorbent sites, leading to
increased quantity adsorbed [8].

ficiency of adsorption gradually rose and
reached its maximum value after 120
minutes, after which it remained constant.

Time (hour)

Figure 7. Effect of Time on the Quantity of Congo Red Dye Adsorbed

This experiment was conducted at a pH of 7.0
with a dye concentration of 25 mg/L. A
dosage of 0.01 g of adsorbent was used for
durations ranging from 60 to 360 minutes to
determine the equilibrium time for the

© The AIC 2025. All rights reserved.

adsorption process. The initial increase in
adsorption is attributed to the presence of
available adsorption sites on the materials,
which gradually became occupied over time
[9-12].
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Effect of pH

The impact of change in pH on the adsorption
of Congo red dye by [Cu(BTCA)(AMB)] is
presented in Figure 8. Equilibrium concen-
trations of dye at 25 mg/L over 240 min were
employed. Adjusting the pH within the range

3.5
2.5
1.5

0.5

Quantity adsorbed (mg/g)
N

of 2.0 to 11.0 using either 0.1 M HCI or 0.1
M NaOH [9] indicated that at lower pH
(between 3.0 and 6.0), sorption of Congo red
dye onto [Cu(BTCA)(AMB)] decreases.

pH

Figure 8. Effect of pH on the Quantity of Congo Red Adsorbed

This phenomenon is attributed to an acid-
base interaction between the dye molecules
and the surface of the [Cu(BTCA)(AMB)].
Conversely, at higher pH values (ranging
from 8.0 to 12.0), the Congo red dye adopts

Effect of Temperature

an anionic nature due to the presence of
hydroxyl ions in its solution. This leads to an
increased adsorption of the dye onto the
surface of the adsorbent [9,13,14].

The effect of temperature change on the adsorption process was monitored using 0.01 g of the
adsorbent for this study. The temperature was varied within the range of 30 to 70°C, and each

experiment lasted for 4 hours.

© The AIC 2025. All rights reserved.
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Figure 9. Effect of Temperature on the Quantity of Congo Red Dye Adsorbed

The findings presented in Figure 9 revealed
that the quantity adsorbed increases after an
increase in the temperature to 40°C and later
decreases at a further increase in temperature.

Effect of Adsorbent Dose
The impact of varying the dosage of

adsorbents on the adsorption of Congo red
dye was examined in this study (Figure 10).

10

Quantity adsorbed (mg/g)

The decline in quantity adsorbed may be
attributed to the increased kinetic energy ac-
quired by the dye molecules at temperatures
beyond 40°C [15-17].

Specifically, a constant equilibrium dye con-
centration of 25 mg/L. was maintained, and
the study was done at a temperature of 40°C.

Adsorbent dose (g)

Figure 10. Effect of Adsorbent Dose on the Quantity of Congo Red Adsorbed on the
Adsorbents

The quantity of adsorbent used in the
experiment was adjusted, ranging from 0.01

© The AIC 2025. All rights reserved.

to 0.05 g. It was observed that as the amount
of adsorbent increased, the quantity adsorbed
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decreased. This can be attributed to an
agglomeration of the adsorbent particles due

Adsorption Isotherms Studies

To assess the adsorption of congo red dye
over [Cu(BTCA)(AMB)], three different
models, Langmuir, Freundlich, and Temkin,
were employed in an effort to determine
which isotherm model best describes the

to the increased quantity of adsorbents em-
ployed [10,14,18].

adsorption process [8]. The parameters
obtained from subjecting the adsorption data

to the various isotherm models are given in
Table 1.

Table 1. Isotherm Parameters for Congo Red Dye Adsorption on [Cu(BTCA)(AMB)]

Isotherms Equation Constants Values
Langmuir Ce 1 Ce Qm (mg g) -0.693
R + —
ge KaQm Qm
ka -0.09
R = 1
" 1+ KaCo R 0.8
R? 0.116
i 1
Freundlich Inge = Ink; + ElnCe Kr 0.089
n 0.635
R? 0.359
Temkin Qe = BInA + BInCe A 0.553
B 2.930
R? 0.9487
The Langmuir adsorption isotherm (equation
2) was studied by plotting a graph of Ce/Qe
against
Ce ﬁ
q_e - KaQm Qm (2)

© The AIC 2025. All rights reserved.
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Ce (Figure 11), where Ce is the final
concentration, and Qe is the quantity of
Congo red adsorbed.

Ce/Qe (g/L)
e &8k

o wn

0 5

10

L._._./.

15 20 25

Ce (mg/L)

Figure 11. Langmuir Isotherm Model Plot for the Adsorption of Congo Red Dye by
[Cu(BTCA)(AMB)]

The linear form of the Langmuir isotherm
model gave the values of Ka [the Langmuir
adsorption constant (L/mg)] and Qm
[theoretical maximum adsorption capacity
(mg/g)] obtained from the intercept and slope
of the plot of the graph [9]. Adsorption is
speculated to be a monolayer adsorption with

Rl=

where Ka (L/mg) is the Langmuir constant,
and Co (mg/L) is the initial concentration.
The adsorption process can be determined as
favorable when the RL value lies between 0
and 1. The Qm value was found to be -0.6922
and the constant Ka to be -0.09. The RL was
calculated to be -0.8, which falls below 0 and

1
Inge = InKy + ;lnCe

The Freundlich isotherm model parameters
such as the 1/n and as Kt [(mg g ")/(mg L™)]
were obtained from the intercept and slope of

© The AIC 2025. All rights reserved.

1+KaCo

no Interaction between the adsorbate

molecules.

The linear form of the Langmuir model and
the equation used in calculating the
separation factor (RL) (equation 3) are given
in equations below:

1

€)

indicates unfavorable adsorption, while the
R? value was obtained as 0.1166.

The relationship of the amount adsorbed per
unit mass or mole with concentration is

demonstrated by the Freundlich model
(equation 4) given as:

(4)

the linear plot of InQe versus In Ce (Figure
12), respectively.
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In Ce

Figure 12. Freundlich Isotherm Model Plot

The K, Freundlich constant is the adsorption
capacity, that is the adsorptive power, and the
1/n, heterogeneity factor, indicates the energy
of adsorption. The 1/n value of 1.527 ob-
tained indicates the unfavorable adsorption of
Congo red dye for adsorption onto the
adsorbents, while lower R? value of 0.359 for

the adsorbents indicates that the Freundlich
model less fits the experimental data

The Temkin isotherm model (equation 5) was
used to estimate the heat of the adsorption
and the adsorbent—adsorbate interaction.

Q, = BlnA + BInC, (5)

It is evaluated using the equation given below
by plotting the graph of Qe against In Ce
(Figure 13), and the constants A (g/L) and B
(J/mole) corresponding to the maximal

12

10

(o]

Qe (mg/g)

equilibrium binding energy and heat of
adsorption, respectively, were calculated
using the linearized Temkin equation.

© The AIC 2025. All rights reserved.

2
In Ce (mg/L)

Figure 13. Plot of Temkin Isotherm Model
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The obtained values of A and B are given as
0.553 and 2.930, respectively. The R? value
of 0.9487 obtained indicated the best-fit of

the Temkin adsorption isotherm to the

Adsorption Kinetics

The experimental adsorption data for the
adsorption of Congo red dye by
[Cu(BTCA)(AMB)] was analyzed using the
kinetic models of pseudo-first order, pseudo-

adsorption data obtained for uptake of Congo
red dye by [Cu(BTCA)(AMB)]. This sug-
gests the occurrence of adsorbent—adsorbate
interactions in the adsorption process [16].

second order, intraparticle diffusion model
and Elovich diffusion model. Parameters
obtained were summarized in Table 2.

Table 2. Kinetic Parameters for Congo Red Adsorption by [Cu(BTCA)(AMB)]

Models Equations Parameters values
Pseudo-first order In (ge—qt) = In(qe)—Kit ki1 0.0091
ge (cal) 0.79
R? 0.748
Pseudo-second order t 1 1 K2 0.018
—= ot ()t
9. K;q:
Qe (cal) 1.25
R? 0.99
Intra-particle diffusion ge= Kiaitr t1/24 C C 0.5318
Kiditt 0.0349
R? 0.949
i 1 1
Elovich 0 = Eln(aﬁ) +ine B 4.87
R? 0.9389

© The AIC 2025. All rights reserved.
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Pseudo First Order Kinetics (Lagergren Model)

The Lagergren model (equation 6)
parameters for the uptake of Congo red dye
by the [Cu(BTCA)(AMB)] absorbent was

In (qe_qt) = ln(qe)_Klt

Values of ki and qe were determined from the
slope and intercept. The qge value was
obtained as 0.79, and ki was obtained as
0.0091. The discrepancy between the inter-
cept and the actual experimental Qe value

In (Qe - Qt)
(o]
n (WS} u N

derived by plotting In (qe—qt) against time
from the linearized form of the equation
given below.

(6)

signifies that this model does not accurately
describe the experimental data, indicating
that the adsorption rate does not conform to
this equation [16].

300 400

Time (min)

Figure 14. Pseudo First Order Kinetics Plot for Congo Red Adsorption by
[Cu(BTCA)(AMB)]

Pseudo-Second Order Kinetic Model

The adsorption data for uptake experiment of
Congo red dye by [Cu(BTCA)(AMB)] was
analyzed using the pseudo-second-order
kinetic model. A linear relationship was ob-

© The AIC 2025. All rights reserved.

served from the plot t/Qt versus t (Figure 15),
exhibiting a notably strong correlation
coefficient (R?) value.
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Figure 15. Pseudo-Second Order Kinetics Plot for Congo Red Adsorption by
[Cu(BTCA)(AMB)]

Both the equilibrium adsorption capacity
(Qe) and the rate constant (k2) were
computed by extracting these values from the
slope and intercept, respectively. The Qe and
ko values were calculated to be 1.27 and
0.018, respectively. The pseudo-second-
order model proves its applicability to the ad-

t

qdtc

Intraparticle Diffusion Model

The intraparticle diffusion model is often

represented by a plot of the amount of

adsorbate adsorbed (Qt) against the square

K, q2

sorption experiment due to the high
correlation coefficient (R?) value of 0.99
obtained, and also indicates it best explains
the adsorption process [17]. The linearized
form of the pseudo-second order rate equa-
tion (7) is given as:

+ ()t ()

root of time (t"?) using the equation (8)
below:

q=Kidirr "2+ C (8)

The values of Kaifr [the intraparticle diffusion
rate constant (mg/g/min'?)] and C (thickness
of the boundary layer) were calculated from
the slope and intercept of the plot of qt versus
t"2 (Figure 16) and obtained as 0.0349 and

© The AIC 2025. All rights reserved.

0.5318, respectively. The R? value was found
to be 0.949 which indicates that the
experimental data can be explained by the
intraparticle diffusion adsorption Kkinetics
model [15,16].
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Figure 16. Intraparticle Diffusion Model Plot

Elovich Kinetics Model

The adsorption of Congo red onto the Elovich equation, plot of qt against In(t),
adsorbent surfaces was analyzed using the presented a slope of (1/ B) and an intercept of
Elovich model. This model accounts for the (1/B) In (af). The value of p was calculated
non-linear behavior that is frequently seen to be 4.87, and a to be 0.16 (Figure 17).

during the early phases of adsorption. The

1.2

0.8

q; (mg/g)

In t (min)

Figure 17. Elovich Kinetic Model Plot

However, it's worth noting that the high with a value of 0.9389, indicating that
correlation coefficients (R?) were found to be this model is suitable for an assessment of the
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adsorption process [17]. The linearized
equation (9) for the Elovich kinetic model is
given as:

qc = 5in(@p) + 7ln (1) ©)

The data presented in Table 2 suggests that
the Congo red dye adsorption experiment
best-fits the pseudo-second-order kinetics
with a correlation coefficient value of 0.99.
This fit was superior compared to alternative
kinetic models across the entire adsorption
process. Consequently, it can be inferred that
the pseudo-second-order equation provides a

Adsorption Thermodynamics

To obtain the thermodynamics data of the
adsorption study of Congo red dye on the
adsorbent, an investigation of the
thermodynamics was done at five different
temperatures ranging from 30° to 70°C. The

more accurate description of the adsorption
kinetics of Congo red dye on the adsorbent.
This suggests that occurrence of chemical
interaction between the adsorbate and the
adsorbent as suggested by the Temkin
isotherm model earlier analyzed [14,16,18-
20].

change in Gibbs free energy (AG®), change in
entropy (AS°) and change in enthalpy (AH®)
were calculated based on the equations 10, 11
& 12 [11]:

K = 2 (10)

AG = AH - TAS (11)

AH

Log Kc =

In the equations above, Kc is the equilibrium
constant, Ca and Ce represent the quantity of
Congo red dye adsorbed on the adsorbent and
the final concentration of the solution,

© The AIC 2025. All rights reserved.

2:303xR  2:303xRxT

(12)

respectively. T is the temperature in kelvin
and R= molar gas constant which is 8.314 J
K-'mol ™.
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Figure 18. Thermodynamic Plot for Congo Red Dye Adsorption by [Cu(BTCA)(AMB)]

The Gibbs free energy change (AG®) values
for the adsorption experiment at different
temperatures were obtained as negative
values (Table 3), indicating that the sorption
process was spontaneous [13,15]. The change
in enthalpy value calculated was obtained as
15.721 KJ/mol, and the change in entropy
was 53.15 J/mol. The positive value of these

two thermodynamic parameters depicts an
endothermic process [13]. Since the range of
the free energy is less than 20 KJ/mol, the
thermodynamic investigation could be
concluded as a physical sorption process
which 1s spontaneous and endothermic
[9,11].

Table 3. Thermodynamic Parameters for Congo Red Dye Adsorptions on to

[Cu(BTCA)(AMB)]
Temperature (K) AG° (KJ/mol) AH° (KJ/mol) AS° (J/mol)
303 -0.38 15.721 53.15
313 -0.91
323 -0.14
333 -1.92
343 -2.51

© The AIC 2025. All rights reserved.
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This research focused on the synthesis and
characterization of a Cu (II) coordination
compound containing mixed carboxylate and
nitrogen donor ligands for dye adsorption.
The study aimed to contribute to the field of
environmental remediation and wastewater
treatment by investigating the potential of
this compound as an effective dye adsorbent.

Throughout this research, a systematic
approach was followed, starting with the
synthesis of the Cu (II) coordination
compound through a well-defined procedure.
This involved the selection of suitable
ligands and optimization of reaction
conditions to obtain a stable and efficient ad-
sorbent. Optimum conditions for Congo red
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Abstract: Plectranthus zeylanicus, is an aromatic herb in the family of Lamiaceae. It is
widely used in Sri Lanka for making herbal medicines. Plectranthus zeylanicus is often
called Coleus zeylanicus, and is locally known as iruveli in India. It is used in Aayurvedic
medicines and effective in the treatment of asthma, cough, vomiting, diarrhea, throat
infection, dysentery, fever, chronic ulcers, dental and eye diseases. This plant contains
enzymes and flavonoids. The leaf and stem of the plant were subjected to solvent extraction
and the ethyl acetate fraction is purified for obtaining a single compound. The compound was
characterized by UV Visible, FT-IR, '"H NMR, and LC-MS studies and investigated for its

possible structure.

Key Words: Plectranthus zeylanicus, UV Visible, 'H NMR , FT-IR and LC-MS

1. Introduction

Plant based medicines (Aayurveda) are safer
alternatives to many synthetic medicines.
They have fewer side effects, and the body
can absorb these bio-compounds easily [1-
4]. Even though this natural medicine is
considered to have many advantages, the
main drawback is that it needs more curing
time, and larger amounts of the plants are
essential for the drug’s preparation [5-9].
The main alternate solution for such
problems is to concentrate the particular

© The AIC 2025. All rights reserved.

components of the plant which cures and to
synthesize the same chemically [10-11]. So,
we may have to consider the whole plant
extract and it’s chemical components, which
are actually responsible for healing [12].
While choosing the synthesis of the same
chemically, we can minimize its excess use
and presence of other components in the
plant which may cause complications [13].
That is, we may suggest the medicinal com-
pound in pure form through chemical
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synthesis without destroying the natural
sources.

Plectranthus zeylanicus (PZ) is a perennial
herb, cultivated in Sri Lanka and in India.
This plant is known as karpuravalli and
iruveli in Malayalam and kannikkaurkka in
Sanskrit. Because of the presence of
bioactive secondary metabolites, PZ is used
in many traditional drugs [14-16]. The
plants as a whole or as various extracts are
used for the treatment of dysentery, eye
disorders, vomiting, dermatitis, throat in-
fection, cough, fever, and ulcers. The major
component of this plant is a-terpeneol [17].
More than 100 compounds of this plant were
detected, presented in small amounts. That
is, only 60% of the components were
identified. P-cymene, geraniol and geranyl
acetate were found. 6P, 7p- dihydroxy-
royleanone were also identified. It contains
aromatic chemical compounds and essential
oils, and has anti-inflammatory, antifungal,
antimicrobial and disinfectant activities.
These plants are very important for the
perfume and medical industry [18].

Mayuri Napagoda et al. [19] have isolated
dichloromethane extract of PZ and obtained

the compound 7a-acetoxy-6fB-hydroxy-
royleanone. In another study, Mayuri

2. Experimental

Materials

Plectranthus zeylancius (Figure 1), Hexane,
Ethyl Acetate (E Merck, India), Ethanol

© The AIC 2025. All rights reserved.

Napagoda et al. [21] revealed 5 lipoxy-
genase(5-Lo) inhibition of PZ, which has an
important role in preventing disorders like
asthma or atherosclerosis. They have studied
the anti-inflammatory activity of the isolated
phytoconstituent in-vitro. They also studied
its antibacterial and antifungal activities and
claimed this as a remedy for inflammatory
disorders and microbial infections.

Sudhara G. De Soyaza et al. [20] studied the
antimicrobial activity of silver nanoparticle
prepared from PZ. They have studied the
hexane extract of this plant and indicate the
potent inhibition of 5-lipoxygenase enzyme.
They have also claimed the presence of
diterpenoids, pentacyclic triterpenes, fatty
acids, phytosterols, etc., in the extract.

In this paper, we describe the extraction of
PZ using ethanol solution. The green plants
planted in our farm were collected, washed
and dried in shade [21-23]. The plant was
identified by a botanical expert. They were
subjected to polarity index extractions, using
organic solvents. For the specific study, we
collected the ethanol extract. Our aim was to
extract the phytochemical components,
separate and purify and reproduce them in
high concentration and use them in the
affected areas [24-26].

(commercial grade). All solvents were
distilled before use.
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Fig 1. Image of Plectranthus zeylancius

Instruments

UV spectra were recorded on an Ultraviolet-
visible spectrophotometer (Jasco V-650),
FT-IR spectrum was produced by Fourier
transform infrared spectrometer (FT-IR)
(Jasco model 4100) using KBr pellets. Li-
quid Chromatography Mass Spectrum was
obtained by Agilent 6100 Series Quad-

Procedure

The dried and powdered sample was used
for the analysis. It was extracted using
solvents of increasing polarity. First, hexane
was used. The components soluble in
hexane were separated out. The second
extraction was carried out with ethyl acetate
and the compounds were separated. In the
third step, we selected ethanol as a solvent.
30 g of the powder of stem and leaf of PZ
was transferred to the round bottom flask

rupole. The NMR spectral study was carried
out at 400 ('H) and 100 ('*C) MHz on a
Bruker-400 MHz spectrometer instruments.
The chemical shift values are reported
relative to MesSi ('"H) and CDCl3 (13C) as
internal standards. The value of coupling
constant (J) was stated in Hertz (Hz).

and extracted using ethanol as a solvent for a
time span of three hours. It was filtered and
the ethanol extract was collected. The
solvent was removed. The dry army green
coloured compound, thus obtained, was
subjected to TLC and then purified by col-
umn chromatography. A single component
was obtained (Figure 2) and used for further
study.

Fig 2. Image of the Extracted Compound

© The AIC 2025. All rights reserved.
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The structural elucidation was carried out and information from literature.
using UV, IR, NMRs and LC-MS spectra

3. Results and Discussion

As a whole, we have obtained a very low dation of the compound, the following spec-
yield of 800 mg pure compound from 30 g tra were recorded.
of starting material. For the structure eluci-

Extract Colour Yield [Melting point (°C) [Nature
Ethanol extract |Army Green 800mg [> 360 Powder
Spectral Details
Figure 3 shows the UV-visible spectrum of (m-m* transitions) and the second peak (310
ethanol extract of PZ. It shows three peaks nm) for a carbonyl group (n- w*transitions).
at 286, 310 and 664 nm. The first peak (286 The peak obtained in the visible region (664
nm) indicates the presence of unsaturation nm) is of its colour.
[dsPZE]
07 \
g 0.5+ \
g 0.4 | \\
i/ \

T T T T T T T
200 300 400 500 600 700 800
Wavelength(nm)
plectranthus zeylanicus Ethanol extract

Fig 3. UV-Visible Spectrum of Ethanol Extract of PZ
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Fig 4. IR Spectrum of Ethanol Extract of PZ

Figure 4 shows the IR spectrum of ethanol 1716 (C=0), 1644 (C=C bend), 1603 (C-N),
extract of PZ. The peaks (cm™') obtained are 1383 (C-H bend), 1262 (C-O aromatic),
at 3557 (OH), 3345 (C-H str of C=C), 2918 1116(C-Oaliphatic).

(C-H str of CHs), 2849 (C-H str of CH),
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Fig 5. '"H NMR Spectrum of the Compound
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Fig 6. 3C- NMR Spectrum of the Compound

Figures 5 and 6 give the NMR spectra of the
compound. The!H- NMR spectrum of the

compound shows the peaks (ppm) at 8.10 (s)
(CHO), 7.48 (d), (ar H), 7.26 (solvent
CDCl) 6.37 (s) (CH=C), 2.36 (s), 2.11 (s),
1.61 (s), 1.25 (s), 0.89 (t), 0.08 (t) (aliphatic

Figure 7 shows LC-MS spectrum of the
ethanol extract of the PZ. The maximum
molar weight obtained is 305. The most

hydrogen). From '3C-NMR spectroscopy,
we obtained peaks (ppm) at 170.98 (C=0),
150.5, 130.4, 128.8, 123.2 (ar C), 112.2
(C=C), 36.6, 31.9, 29.37, 24.66, 22.7, 14.5
(aliphatic C).

abundant peak is observed at 185. The frag-
mentation pattern is given in Table 1.

Fig 7. LC-MS Spectrum of the Ethanol Extract of the PZ

© The AIC 2025. All rights reserved.
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Table 1. The LC-MS Fragmentation Pattern of Ethanol Extract of the PZ

Mol. Mol. peaks  Mass lost Inference
peaks Subtraction
414 Molecular ion peak
305 414-305 109 Loss of
@OH
OH
265 305-265 40 Loss of
-H2C-CH=CH-
219 305-219 86 O
Ho—{/
Loss HaC
200 229-200 29 Loss of C2Hs
183 265-183 17 Loss of OH
167.7 199-167.7 31 Loss of OCHs
144 199-144 55 Loss of
HaC -0
X -CHs
116 159-116 43 Loss of CsHz
As per the UV spectrum, we have a C=0 N, OH and C-O groups. The mass spectrum
and unsaturation in the molecule. From IR gives the possibility of groups that are
spectrum, we have C=C, CHs, CH, C=0, C- shown in Table 1.
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From the literature values of various extracts
of PZ, the following structure (Figure 8) is

almost suited for our extract.

H
::E>\/\/ OH
H = “
o N
H o OH

Fig 8. Structure of the Ethanol Extract of the PZ

The positions of the substituents are
maintained at the same place. The phenolic
groups may be substituted with alkyl chains.

Phytomedicines are more important in
curing various chronic diseases. Plant bodies
contain many chemical components in
different ratios. When we analyze the
therapeutic application of phytochemicals,
the structural details are necessary. In this
paper, the extraction of Plectranthus
zeylancius using ethanol has been carried
out. Spectroscopic techniques such as UV,
IR, NMR and LCMS were used for struc-
tural elucidation. The peaks in the UV-

1. Arambewela L, Wijesinghe A in Sri
Lankan Medicinal Plant Monographs
and Analysis, 1st ed., National Science
Foundation, Colombo, Sri Lanka: klm,
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2. Chiang N, Fredman G, Béackhed F, Oh
SF, Vickery T, Schmidt BA, Serhan
CN. Infection regulates pro-resolving
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As per the mass spectrum, the molar mass is
414 (M" peak) and the proposed structure
has the molar mass of 416.

visible spectrum show the presence of an
unsaturation and carbonyl group. IR spect-
rum indicates the presence of C-H str of
C=C, C-H str of CHs, C-H str of CH, C=0,
C=C bend, C-N, C-H bend, C-O aromatic,
C-O aliphatic groups. NMR spectroscopy
also suggests the existence of aliphatic and
aromatic carbons and CHO group. Con-
sidering the UV, IR, NMR and LCMS
spectroscopic details, the structure of the
compound obtained is shown above.
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Abstract: Polypropylene, a commercially abundant polymer, has widely been used for
industrial applications but due to its low surface charge, the use of polypropylene as an
adsorbent to remove humic substances from water and aqueous solution has never been
explored. The objective of this study is to explore opportunities for removal humic acid (HA)
from aqueous solutions using a composite of polypropylene with inexpensive and abundant
natural materials such as palm date leaf fibers and seaweed (Posidonia). Composites with
different percentages were prepared by a melt extrusion method and were then used
individually as a granular adsorbent for the removal of humic acid aqueous solution. Batch
adsorption experiments were conducted under various conditions of process parameters
(initial HA concentration, pH, contact time, and adsorbent weight) to examine the HA
removal efficiency. The experimental results showed that optimal conditions for humic acid
removal were initial humic acid concentration (20 mg/l), low pH (2.0), low adsorbent weight
(0.2 g) and contact time of 50 minutes. At these conditions the best removal of humic acid
was achieved by polypropylene seaweed composite (68%). From this study, it can be
concluded that seaweed mixed with polypropylene (at low concentration) could be an
effective and low-cost, natural and abundant material for the removal of humic acid from
water sources.

Key Words: polypropylene, polypropylene natural fiber composite, surface modification,
humic acid
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1. Introduction

Natural organic matters (NOM), which are a
mixtures of decomposition product of plants
and animals, are major constituents com-
monly present in water that require removal
[1,2]. Humic acid (HA) accounts for a
significant portion (40-90%) of the NOM [3]
and has a harmful effect on the water
quality, such as undesirable color (yellowish
to brownish) and taste; serves as food for
bacterial growth; binds with heavy metals
and other organic substances to yield high
concentrations of these substances and
enhance their transportation in the water;
reacts with chlorine during water treatment
leading to the evolution of chlorinated
organic compounds, some of them know as
human carcinogens (trihalomethanes) [3-7].
As a result, humic acid is considered as im-
purities and needs to be measured for water
studies.

In the past years, several methods have been
employed for removal of humic acid from
aqueous solution. adsorption is one of the
most-effective methods in removal of humic
acid. Several kinds of adsorbents have been
employed for humic acid adsorption includ-
ing zeolite [8], polypyrrole-coated granules
[9], chitosan [10-13], clay [14], activated
carbon [15-17], and resins [18]. However,
some of the previously mentioned adsorbent
compounds have some shortcomings; for
example, activated carbon is expensive and
requires high operating cost and require fre-
quent regeneration [3]. In recent years, many
efforts have been focused on low-cost and
abundant natural minerals sorbents for water
and wastewater treatment adsorbents.

The conventional filtration process, which
uses sand as the filter media, has been found
to be ineffective in removing humic sub-

© The AIC 2025. All rights reserved.

stances. In water filtration, there has been a
considerable interest in the use of granular
media that can enhance the removal of
humic substances [19]. One option is to
replace the sand with modified polyolefin as
the filter media.

Polyolefin’s and polypropylene have a very
low surface charge due to the non-polarity
nature of the polymer and thus because the
surface tension of these polymers ranges
between 30 and 40 dynes/cm, the polymers
would not attract any polar chemicals and
hence the removal of these compounds
would not be achieved. The polarity can be
changed of this family of polymers by
ionizing the surface. However, this is not a
permanent surface change as it tends to
reverse with time. For this reason, natural
materials such as natural fibers (palm date
leaf) and seaweed (Posidonia) were chosen
in this study to be melt mixed with
polypropylene and investigate the humic
acid removal by the modified poly-
propylene.

To date, no study related to adsorption of
humic acid by natural fiber-modified
polypropylene has appeared in the literature.
The aims of this study are (1) to determine
the ability of modified polypropylene to
adsorb humic acid from aqueous solutions
and (2) to examine the effect of different
parameters such as contact time, adsorbate
concentration, adsorbent weight and initial
pH value on the adsorption process. It is
hoped that this modest effort may substitute
the deficiency in the literature on the
modification of polypropylene using natural
fibers materials such as palm date leaf and
seaweed.
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2. Materials and Methods

Materials

A commercially available polypropylene in
the form of granular pellets from LUKOIL
and used as the matrix [(Polypropylene
Buplen 6631), melt index = 1-3 g/10 min
(230°C, 2.16 Kg), density of 898-905

Preparation of Modified Polypropylene

The method of production that was chosen
for the modified polymer was extrusion as
this method could lead to a large production
volume and the physical size could be
maintained relatively easily.

Dried polypropylene pellets were melted,
mixing once with palm date leaf fibers and

Characterization Techniques

The contact angle measurements were
carried out using rame-hart instrument co.
Model 200-F4 at room temperature. Two uL
volume drops of water were deposited on
the surface of the samples using a syringe.
Pictures of the water drops were acquired
through a digital camera positioned on a
static contact angle analyzer. The 0 of the
contact angle was measured automatically

Batch Adsorption Experiments

Humic acid solution was prepared by
dissolving a certain amount of humic acid in
a known volume of deionized water. The
solution was stirred for 2 h and filtered
through a Whatman membrane filter (0.45
um) before conducting the adsorption tests.

A series of batch adsorption experiments

were conducted to examine the adsorption
isotherm, and the effect of solution pH

© The AIC 2025. All rights reserved.

kg/m®]. The natural fibers (palm date leaf)
and seaweed (Posidonia) were provided
from the Libyan Polymer Research Center,
while humic acid was purchased from

agricultural equipment market.

once with seaweed fiber powder by using
HAAKE mini twin-screw extruder CTW,
with average screw speed of 35 rpm, and
barrel temperature of 190°C. Blend samples
of different percentages (1, 3 and 5 w%)
were prepared and then were grinded and
prepared for analysis and adsorption
experiments.

from the image setup. Each contact angle
value is an average of five measurements.

Unmodified and modified forms of the
polypropylene were characterized using
Fourier-transformed infra-red spectroscopy
(630 FTIR, Agilent). Measurements were
taken in transmission mode at the range of
4000-580 cm™! with resolution of 4 cm™'.

values on the adsorption behaviors. In the
adsorption experiments, a number of 100-ml
flasks contained 20 ml of the humic acid
solution with an initial pH value of 6 and an
initial humic acid concentration in the range
of 10-100 mg/l, respectively, were used. A
0.2-gram  amount of the modified
polypropylene was added to each of the
flasks and the contents were stirred on a
shaker at 120 rpm and at room temperature
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(25°C) for 1 h for adsorption to take place
and reach equilibrium. The initial and final
humic acid concentration in the solutions in
each of the flasks was determined with an
UV-visible spectrometer (Photolab 7600
UV-vis, Xylem Analytics, Germany) at 254
nm in 1 cm quartz cell.

R (%) = %x 100

The amount of humic acid adsorbed on the
modified polypropylene at adsorption equili-

C0—-Ce)V
o — (C0=Ce)

where Co and C. are the initial and
equilibrium humic concentrations, respect-
ively (mg/L), V is the total volume of the

Adsorption Isotherms

The adsorption capacity is the value that
gives information about the feasibility of the
adsorbents for removing the humic acid as a

pollutant from water.

The two classical models of Langmuir and
Freundlich were tested to describe the

1

All experiments were performed in triplicate
and average values were wused for
calculations. The percentage of HA removal
(%) was calculated from initial HA
concentration (Co, mg/L), and final HA
concentration (C., mg/L) according to
equation 1:

(1)

brium, ge (mg/g) was calculated from the
equation 2:

2)

m

suspension (L), and m the adsorbent mass

(g)-

adsorption equilibrium of HA onto both
modified polypropylene with 1% palm leaf
fibers and modified polypropylene with 1%
seaweed. The Langmuir mode in the
linearized form can be written as follows
[20]:

1 1

—= + 3
qge qmax*Kl*Ce qmax )
Int t = ! 4
ntercept = gmax 4)

Sl = ! 5
Ope_qmax*l{l ®)

where ge is the amount of humic acid
adsorbed per unit weight of the modified
polypropylene granules at equilibrium
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concentration (mg g'), Ce is the final
concentration in the solution (mg I'"), gmax
is the maximum adsorption at monolayer
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coverage (mg g'), and K/ is the adsorption
equilibrium constant (1 mg".

The experimental isotherm data are also
modeled with log-linearized Freundlich
model in the format [20]:

1
logqezglogCe-i—logKf (6)

were ge and Ce have the same definitions as
in equation 3, Kf is a Freundlich constant
representing the adsorption capacity (mg g)

3. Results and Discussion

Characterization of Modified Polypropylene

Surface polarity

The surface polarity or the repulsion of
water was determined by means of the water
droplet method and subsequent measure-
ment of the contact angle of the water to the
substrate.

A one microliter droplet of distilled water
was placed on the surface of the substrate to
be measured. A photo was then taken with a
stereomicroscope that was connected to a
computer. The contact angle of the water
droplet with the surface of the substrate was

(1 g") ", and n is a constant depicting the
adsorption intensity (dimensionless).

thus measured and reported as angle theta

(0).

Data presented in Table 1 states that the
presence of palm date leaf fiber and seaweed
vastly reduces the surface tension, thus
increases the polarity of the polypropylene.
Furthermore, the lowest average contact
angle or the highest polar surface was
achieved with 1% seaweed followed by 1%
palm date leaf fiber. Therefore, these two
composites were used in the adsorption
experiments.

Table 1. Average Contact Angle Data vs. Polymer Composition

Polymer Co-extrudate Co-extrudate (%) Average Contact angle (0)
Polypropylene --- --- 95.3
Polypropylene Palm date fiber 1% 64.3
Polypropylene Palm date fiber 3% 66.9
Polypropylene Palm date fiber 5% 74.3
Polypropylene Seaweed 1% 63.5
Polypropylene Seaweed 3% 73.1
Polypropylene Seaweed 5% 72.9

© The AIC 2025. All rights reserved.
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FTIR

To obtain a clear understanding of the
polypropylene structure characteristics, and
the effects of natural fibers modifications,

FTIR analysis was carried out. The obtained
FTIR spectrum is shown in Figure 1.

Figure 1. FTIR Spectrum of Polypropylene and Polypropylene Palm Date Leaf Fibers and
Polypropylene Seaweed

Figure 1 shows the FTIR spectrum of poly-
propylene, before modification (original)
and after modification with a 1% of palm
dates leaf fibers, and with a 1% of seaweed.
From Figure 1, FTIR spectra of poly-
propylene showed characteristic bands of
polypropylene, stretching vibration of —C-H
at 2959-2823 cm’! and bending vibrations of
—CH2 and CH3 at 1471-1417 cm™! and 1383-

© The AIC 2025. All rights reserved.

1349 ¢cm™'. When polypropylene was mixed
with palm date leaf fibers and seaweed, new
bands appeared that are characteristics of
natural fiber and correspond to cellulose and
lignin. O-H stretching vibration at 3448-
3169 cm! and carbonyl stretching C=0O and
C-O at 1770-1567 cm™ and 1084-1043 cm’!,
respectively.
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Adsorption of Humic Acid into Modified
Polypropylene

Effect of adsorbent weight on humic acid
removal

To investigate the effect of the modified
polypropylene as an adsorbent on the
efficiency of the humic acid adsorption

process, the experiments were carried out
with  different weights of modified
polypropylene ranging from 0.1, 0.2, 0.3 and
0.4 g; the other conditions were fixed for the
adsorption process (initial humic acid
concentration 20 mg/L, solution pH 2,
temperature 25°C, and adsorption time 60
min, 120 rpm). Results are presented in
Table 2.

Table 2. Effects of Adsorbent Weight of Palm Date Leaf Fibers and Seaweed on HA

Removal
HA removal
No Weight (gram)
R% (Palm fibers) SD R% (Seaweed) SD

1 0.1 28.06 0.011 48.14 0.021
2 0.2 33.67 0.013 47.86 0.014
3 0.3 32.27 0.012 42.80 0.13
4 0.4 30.87 0.011 41.20 0.015

As was expected from the literature, when
the adsorbent’s weight increased, the humic
acid removal increased [21,22], but the
results showed that the increase was not
clearly noticeable and there was a
fluctuation in the readings, especially in the
case of the seaweed samples. However, the
highest humic acid removal on both
modified polypropylene samples was
achieved when a weight of 0.2 g/20 mL was
used at 25°C. From the results, it is clear

Effect of pH on humic acid removal
The effect of pH on the adsorption of humic

acid onto modified polypropylene was
studied by varying the pH of the solution

© The AIC 2025. All rights reserved.

that an increase in the adsorbent weight
above 0.2 g had no important effect on the
adsorption efficiency of humic acid from the
aqueous solution. Additionally, regarding
the efficiencies of two modifications, it is
clearly noticed that more efficient removal
of humic acid was achieved with
polypropylene modified with seaweed than
with polypropylene modified with palm date
leaf fibers.

from 2.0 to 5. The results are shown in
Table 3 and Figure 2.
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Figure 2. Effects of pH on HA Removal Using (m) Palm Fibers, and (o) Seaweed (HA
concentration = 20 mg/l, weight=0.2 g, T =25 °C, V solution = 20 ml, t = 60 min, 120 rpm)

It was observed that the maximum adsorp-
tion was achieved at pH 2.0. As the pH of
the solution was increased from 2.0 to 4.0,
the percentage removal of humic acid on
modified polypropylene with palm date leaf
fibers decreased from 25.25 to 3.76% at an
initial concentration of 20 mg/L, while in the
case of modified polypropylene with sea-
weed the humic acid percentage removal
decreased from 67.77% at pH 2.0 to 6.5% at
pH 4.0. On the other hand, results showed

that there was almost no reduction in humic
acid removal above pH 4.0. This can be
explained by the following: as pH increases,
both the adsorbent surface and the humic
acid lose their protons and become nega-
tively charged, and, consequently, repel each
other. The decrease in humic acid adsorption
with increasing pH suggests that electro-
static interaction plays a role in the adsorp-
tion process [23].

Table 3. Effects of pH on HA Removal on Modified Polypropylene with Palm
Leaf Fiber and Seaweed

HA removal
No pH
R% (palm fibers) SD R% (seaweed) SD
1 2.0 25.25 0.022 67.66 0.018
3.0 12.05 0.019 19.77 0.021
3 4.0 3.76 0.011 6.50 0.016

© The AIC 2025. All rights reserved.
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The high adsorption of HA at lower pH
values can be attributed to the external
hydrogen bonds formed between phenolic
hydroxyl groups of HA and hydrogen
bonding sites on the modified polypropylene
[24]. The large increase in adsorption be-

Effect of initial humic acid concentration

In order to investigate the effect of initial
humic acid concentration, experiments were
carried out at room temperature (25°C) and
at the initial pH 2.0. Initial humic acid
concentrations ranging from 10 to 50 mg/L
were prepared; 0.2 g of modified poly-

tween pH 3 and 2 could also be attributed to
a reduction in the size of the humic acid
molecules at low pH [25]. Smaller
molecular size enables more molecules to be
adsorbed on the adsorbent’s surface.

propylene was added to 20 ml of humic acid
solution and agitated magnetically at 120
rpm for 60 min. Obtained results of humic
acid removal are shown in Table 4 and
Figure 3.

04| —m— R% Palm date leaf

—0— R% seaweed

65 -
60 -
55 4
50 -
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Percentage removal (R%)
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Figure 3. Effects of Initial Concentration on HA Removal Using (m) Palm Fibers, and (0)
Seaweed
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Table 4. Effect of Initial Humic Acid Concentration on HA Removal

No Concentration HA removal
(ppm) R% (palm date leaf SD R% SD
fibers) (seaweed)

1 10 13.90 0.023 14.58 0.019
2 20 27.15 0.014 56.60 0.022
3 30 37.05 0.021 61.94 0.017
4 40 37.03 0.011 61.52 0.018
5 50 37.43 0.016 67.30 0.019

It can be observed that as the concentration
increased from 10 to 50 mg/L, humic acid
removal percentage increased from 13.9 to
37.43% in the case of modified poly-
propylene with palm date leaf fibers, while
in the case of modified polypropylene with
seaweed, humic acid removal percentage
increased from 14.58 to 67.3%. This is at-

Effect of contact time

The effect of agitation time on the ad-
sorption of humic acid onto modified poly-
propylene was determined within the fol-
lowing contact time intervals: 5, 10, 20, 30,
40, 50, 60 and 120 minutes. Experiments
were performed at room temperature (25°C),
at a fixed modified polypropylene weight of
0.2 g, pH 2 and initial humic acid con-
centration of 20 mg/L. Samples were stirred
for 120 minutes. The results of humic acid
removal as a function of time are presented

© The AIC 2025. All rights reserved.

tributed to the increase in the mass driving
force which allows more humic acid
molecules to pass from the solution to the
surface of the modified polypropylene. It is
clear that the initial humic acid concen-
tration plays an important role in the
adsorption process.

in Table 5 and Figure 4. The results showed
that the time of 50 minutes was sufficient to
achieve the maximum adsorption for both
modified polypropylene types. As can be
seen in the Figure 4, the adsorption process
can be divided into two phases: the humic
acid removal was initially rapid (fast) and
then slowed down until it reached equi-
librium at around 50 min for polypropylene
modified with palm date leaf fibers and
polypropylene modified with seaweed.
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Figure 4. Effects of Contact Time on HA Removal by (0) 1% Seaweed and (m) 1% Palm
Fibers

This can be attributed to the fact that in the beginning, a large number of vacant surface sites are
available for humic acid. After a while, the remaining vacant surface sites are hardly occupied

due to repulsive forces between the humic acid molecules in the aqueous solution and those on
the adsorbent surface [26-28].

Table S. Effects of Contact Time on HA Removal on Modified Polypropylene (a) with
1% Palm Date Leaf, (b) with 1% Seaweed

No Time (minutes) R% (Palm fibers) SD R% (Seaweed) SD

1 0 25.67 0.017 63.45 0.012
2 10 28.90 0.011 65.56 0.016
3 20 29.32 0.011 67.66 0.023
4 30 30.87 0.018 67.66 0.021
5 40 30.87 0.019 68.08 0.012
6 50 32.27 0.011 68.23 0.014
7 60 30.03 0.015 68.23 0.025
8 120 28.62 0.012 68.23 0.019
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Adsorption Isotherm Models

Two non-linear adsorption isotherm models
were used to describe the humic acid ad-
sorption onto tested modified poly-
propylene: Langmuir and Freundlich. The
equilibrium adsorption data were processed
by adsorption equations at temperatures of
20°C, 30°C, 40°C and 50°C, and the
obtained adsorption parameters for humic
acid adsorption onto two modified
polypropylene adsorbents are presented in
Table 6. The results show that the Langmuir
isotherm model represents somehow well
the experimental sorption data, since similar

range of correlation coefficients (%) were
obtained. Namely, the r? values for the
Langmuir adsorption model were in the
range from 0.513 to 0.986 at 20°C, and from
0.704 to 0.890 at 30°C. The calculated
isotherm parameters revealed that HA
adsorption onto polypropylene
modifications (palm date leaf fiber and
seaweed) followed the order: Langmuir.
Therefore, HA adsorption onto
polypropylene modified with (a) palm date
leaf fiber and (b) seaweed can be
characterized as monolayer adsorption.

Table 6. Langmuir Isotherm Model for HA Adsorption by Tested Modified Polypropylene

Temperature ("C)
Isotherm | Parameter
20 30 40 50
PP +1% PP +1% PP +1% PP +1% PP +1% PP +1% PP +1% PP +1%
palm fibers | seaweed | palm fibers | seaweed | palm fibers | seaweed | palm fibers | seaweed
Qmax 0.0169 KX R 0.0618 0.244 0.131 0.0179 0.0401 1.511
Langmuir (mg/g)
KL (Limg) 0.0056 0.0661 16.81 0.113 2258 0.0730 23.85 0.0402
R2 0.9857 0.5131 0.7044 0.8902 0.5556 0.4405 0.6447 0.2608

It can be seen from Table 6 that the Lan-
gmuir maximum adsorption capacity Qgmax
was found to be 33.11 mg/g for poly-
propylene modified with 1% seaweed at

polypropylene with 1% palm date leaf fiber
prepared in this work showed a low ad-
sorption capacity of 0.0169 mg/g at the same
conditions.

20°C. On the other hand, the modified
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While polypropylene has not been studied
for humic acid removal due to its polarity, it
is possible to modify its surface with some
local natural materials to extend the ap-
plication of polypropylene as an adsorbent
to remove charged organic compound such
as humic acid from water and wastewater.

In this study, the removal of humic acid
from aqueous solution using commercially
available polyolefin (polypropylene) mod-
ified with natural fibers materials (palm date
leaf fiber and seaweed) was investigated.
The following conclusions are extracted
from this study:

e Adsorption of humic acid onto
modified polypropylene granules
was pH dependent and a significant
amount of humic acid could be
adsorbed under acidic pH conditions.

e Higher adsorption capacity and re-
moval efficiency values were ob-
tained with polypropylene modified
with seaweed at low concentration
(1%). The quantity of adsorbed
humic acid ranged from 0.0169 mg
g! for polypropylene
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seaweed in form of a monolayer.
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Preparation and characterization of Complexes (Cr*3, V*3, Ti*%)
with ligand 6-amino penicillanic acid (6-APA): Evaluation of the
Biological Activity and molecular docking applications
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Abstract: In this study, we have synthesized and characterized three complexes of titanium
(III), vanadium (IIT), and chromium (III) with 6-aminopenicillin acid as a ligand. The
complex prepared was a 1:2 ratio (metal:ligand). The characterized complexes were prepared
by using different techniques, including Fourier transform infrared (FT-IR), atomic
absorption spectroscopy, ultraviolet-visible spectrophotometry, conductivity, mass
spectroscopy for complexes of titanium (III), and X-ray diffraction (XRD) patterns of three
complexes. In FTIR spectra, the absorption band in ligand 6-APA observed at 1773 cm™ was
attributed to the v f(C=0); this band changed in the spectra of the complexes. The results
indicate that there is no crystalline structure of the three complexes. The solid state of the
complex showed an octahedral geometric structure (d’sp®). Finally, antibacterial
effectiveness was determined for the complexes against two distinct bacteria strains
(Staphylococcus aureus and Pseudomonas aeruginosa). Using two concentrations (1x10°¢ M,
1x10-3 M), it was discovered that the complexes had high inhibitory activity against the
bacteria (Staphylococcus aureus, Pseudomonas aeruginosa). Consequently, the chemicals
produced could serve as viable alternatives to commonly used medications. To investigate
the molecular interactions of the 6-aminopenicillin acid, molecular docking studies were
conducted to evaluate their binding affinity with Salmonella global domain 191 proteins.

Key Words: Molecular docking, -Lactam, 6-amino penicillanic acid, antibacterial, ligand,
complex
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1. Introduction

As a result of the vast diversity of transition
metal coordination chemistry, prospects for
the design of coordination compounds, in
more recent times, have been a subject of
great interest [1]. The pharmacological
activity of these metal compounds depends
on the metal ions, ligands, and the structure
of the compounds [2]. These factors are
partly responsible for the ability of these
coordination compounds to locate the proper
target site of activity and, consequently,
their pharmacological activity [3]. It is
known that certain metal ions penetrate
through bacteria cell walls, in the form of
complexes, into the cell and inactivate
certain enzymes, thus killing such bacteria
[4]. Through the synthesis of organic ligands
containing various donating groups, coor-
dination chemistry is constantly expanding,
and it grows in importance, particularly
when these ligands possess biological
significance [5]. Amino acids are a distinct
class of organic compounds and serve as
components of chiral compounds (except
glycine), so they play a crucial role in
biochemical  processes  within  living
organisms [6].

B-Lactam antibiotics have been successfully
used in the treatment of infectious diseases
for many years, and compounds containing a
B-Lactam ring are a class of important
compounds in the medicinal and pharma-
ceutical field. Since the discovery of -
Lactam antibiotics in 1907 by Scantest and
its clinical introduction as an anti-bacterial
agent in the early 1950s [7], P-lactam
antibiotics have remained the most popular
drugs for treating bacterial infections of
many diseases [8]. Since that time, the
biological applications of these compounds
have attracted remarkable attention, partic-
ularly 6-aminopenicillin [9]. 6-Amino-
penicillin acid is the most widely used class
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of antimicrobial agents [10]. This acid has
been shown to exert pronounced biological
effects on various bacterial strains [11].

Ibtisam M. Ali et al. (2021) utilized Schiff
bases and 6-amino penicillanic acid (6-
APA) to create azomethine ligands (HLI,
HL2, HL3, and HL4). These ligands were
complexed with four fresh ligands of copper
(IT), nickel (IT), and iron (II) metal ions,
forming  octahedral complexes. The
synthesized ligands and their complexes
exhibited strong biological activity [14]. N.
Ghufran Kareem et al. (2021) prepared a
novel azo-azomethine ligand [6{2-hydroxy-
4-((3-nitrophenyl)diazenyl)-1-phenyl}imine

penicillanic acid] (HNDIP) through the
interaction of [2-hydroxy-4-(3-nitro-
phenyl)diazenyl] benzaldehyde with 6-
aminopenicillanic acid (6-APA). The ligand
was then complexed with Cu(Il), Ni(Il),
Co(Il), Zn(IT), and Fe(IT) metal ions. These
complexes were identified using FTIR, UV-
Vis, molar conductance, magnetic sensitivity
theory, and atomic absorption analysis [15].
In another study, Haneen Saadi et al. (2023)
prepared three novel ligands by reacting 6-
amino penicillin acid (6-APA) with aromatic
amines to synthesize triazene ligands LI,
L2, and L3. The complexes were then pre-
pared by reacting these ligands with copper
(II), cadmium (II), and zinc (II). The
resulting bonds facilitated the formation of
dimeric complexes [17].

Titanium is the ninth most abundant element
in the earth's crust and the fourth most
abundant element. Its elemental abundance
is about five times less than iron and 100
times greater than copper [18,19]. Vanadium
is a trace metal that is found naturally, both
in soil and water [20]. Vanadium com-
pounds have been prepared in many oxi-
dation states, three of which are vana-
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dium(III), (IV), and (V) [21].The catalytic
activity of vanadium compounds and their
role in biological systems chromium (Cr), a
chemical element of Group 6 (VIb) of the
periodic table, is a hard steel-gray metal that
takes a high polish and is used in alloys to
increase strength and corrosion resistance.
Chromium was discovered in 1797 by the
French chemist Nicolas-Louis Vauquelin
and isolated as a metal a year later [22]. In
another study, Tabark Mohammed et al.
(2024) synthesized three novel ligands by
reacting 6-amino penicillin acid (6-APA)
with aromatic amines to produce triazene
ligands L1, L2, and L3. The complexes were
subsequently prepared by reacting these
ligands with chromium (III), vanadium (III),
and titanium (III) metals. The resulting
bonds facilitated the formation of dimeric
complexes with octahedral geometry. The
synthesized ligands and their complexes
demonstrated good biological activity [23]

Staphylococcus aureus 1s a gram-positive
spherically-shaped bacterium, a member of
the Bacillota phylum, and is a usual member
of the microbiota of the body, frequently
found in the upper respiratory tract and on
the skin. It is often positive for catalase and

2. Experimental

Chemicals

6-Amino penicillanic Acid, Purity 99.98%,
Chemical Formula CsHi20O3N,S, Company
Sigma-Aldrich, Ethanol C>HsOH, Purity
99.98%, Chromium (III) Chloride CrCls,

Study Mole Ratio

The mole-ratio way was followed to deter-
mine the metal:ligand [M:L] ratio in

© The AIC 2025. All rights reserved.

nitrate reduction and is a facultative anaer-
obe, meaning that it can grow without
oxygen [24]. Although S. aureus usually
acts as a commensal of the human
microbiota, it can also become an
opportunistic pathogen, being a common
cause of skin infections including abscesses,
respiratory infections such as sinusitis, and
food poisoning [25].  Pseudomonas
aeruginosa 1is a common encapsulated,
gram-negative, aerobic—facultatively anaer-
obic, rod-shaped bacterium that can cause
disease in plants and animals, including
humans [26]. It is a species of significant
medical importance, known for being a
multidrug-resistant ~ pathogen. It s
recognized for its widespread presence and
advanced mechanisms of antibiotic resis-
tance, which are associated with serious
illnesses, including hospital-acquired infec-
tions such as ventilator-associated pneu-
monia and various sepsis syndromes. P.
aeruginosa can selectively prevent certain
antibiotics from penetrating its outer mem-
brane, contributing to its high resistance to
multiple antibiotics. According to the World
Health Organization, P. aeruginosa repre-
sents one of the greatest threats to human
health in terms of antibiotic resistance [27].

Purity 97.98%, Titanium (III) Chloride
TiClz, Purity 97.88%, Vanadium (III)
Chloride VCls, Purity 97.98%, Company
BDH.
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absolute ethanol as solvent. The data
suggested that the metal-to-ligand ratio

Synthzesis of Metal-Ligand Complexes

The complex was prepared by the following
procedure: 1:2 ratio (metal:ligand) 0.50 gm
(0.002 mole) of 6-APA was mixed with 20
ml of absolute ethanol. It was completely
dissolved by heating at a temperature of (30-
40°C), and then 0.001 mole of the salts
TiCls, VCl; and CrCl; (0.28 ml, 0.27 g, 0.25
g) were, respectively, dissolved successively
with 5 mL of ethanol and serially added,
step by step, to the 6-APA solution, with a
noticeable color change upon addition. The

[M:L] was [2:1] for complexes.

mixture was stirred continuously for two
hours after the reaction was completed. The
complex solution was dried at 25°C. The
precipitate colors of the complexes that were
formed differed from the original materials,
and pure ethanol was used for washing and
recrystallization to get rid of impurities, as
shown in Table 1 and Figure 1. To describe
the synthesis of the three complexes by the
chemical equations 1-3.

Figure 1. Preparation of Metal-Ligand Complexes

TiClz3 +2L —— [Ti(L):Cl2] CI
VCI3 2L ——» [V(L).CL>] Cl1

CrCl; +2L ——» [Cr(L):CL2] CI

© The AIC 2025. All rights reserved.

(1
(2)
3)
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Table 1. The Physical Properties of the Ligand and Its Complexes

Symbol Chemical Formula M. Wt (g/mole) Color M.P°C
L CsH1203N2S 216.25 Colorless 198
[TiL2 Cl2] CI [Ti(CsH1203N2S)2Cl2] CI 586.72 Yellow 205
[VL2 ClI2] CI [V (CgH1203N2S )2Cl2] Cl 589.79 Olive 199
[CrL2 Cl2] CI [Cr(CsH1203N2S)2Cl2] CI 590.85 Dark green 209

Evaluation of Antibacterial Activity

The in vitro biological screening effects of
the investigated compounds were tested
against the bacteria (Staphylococcus aureus,
Pseudomonas aeruginosa). This was carried
out by the disk diffusion technique, using
agar nutrient as the medium [28]. The stock
solution (1x10¢ M,1x10° M) of new
complexes was prepared by dissolving the
compounds in DMSO. In a standard
procedure, a well was created in an agar

Molecular Docking (Salmonella typhi) As
an Against Typhoid Fever-Causing Agent

Molecular docking was utilized to estimate
the binding mechanism between 6-amino-
penicillin acid and the Salmonella typhi
enzymes that are involved in bacterial mem-
brane proteins (PDB ID: 5I5F). The crystal-
lographic structure of the 6-aminopenicillin
acid was obtained from the Material Project

3. Results and Discussion

Sample Characterization
FT-IR spectrum

The FTIR spectra provided valuable
information regarding the nature of the func-
tional group attached to the metal atom [29].
The most important infrared spectral bands
that provided conclusive structural evidence

© The AIC 2025. All rights reserved.

medium that had been inoculated with
microorganisms. Using a micropipette, the
test solution was added to the well, and the
plate was then incubated for 24 hours at
37°C. During this incubation period, the test
solution was diffused and impacted the
growth of the inoculated microorganisms.
Afterward, the diameter of the inhibition
zone was measured.

database in CIF format. Subsequently, the
transformation of these crystallographic
structures into 3D was performed by
Avogadro software and saved as an a. mol2
data file. One type of protein from
Salmonella typhi was selected (PDB ID:
5I5F) to evaluate the effect of 6-
aminopenicillin acid on the protein selected
for molecular docking.

for the coordination of the ligand to the
central metal ions are given in Table 1. The
FT-IR spectrum of the ligand shows char-
acteristic bands at 3525 cm™!' due to the (N-
H) functional group [30]. The (N-H) and
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band in the free ligand shift for the complex;
these shifts confirm the coordination of the
ligand via the nitrogen of the amine group to
metal ions [31]. The absorption band in
ligand 6-APA observed at 1773 cm™ is
attributed to the vB(C=0); this band changed
in the spectra of their complexes [32]. New
bands are attributed to the appearance of
v(M-N) and (M-O) vibrations in all

complexes. It was established that the ligand
functions as a bidentate ligand, coordinating
with metal ions through the oxygen atom of
the carbonyl group in B-lactam and the
nitrogen atoms of the imine groups. Table 2
presents the main absorption values
observed in the spectra of the prepared
compounds, while Figure 2 displays the FT-
IR spectrum of these compounds.

T%

T T
4000 3500 3000

T
2500

T
2000

T T
1500 1000 500

Wavenumber (cm™)

Figure 2. FT-IR Spectrum of Ligand 6-APA and Complexes

Table 2. The FT-IR Spectrum of the Ligand and Its Complexes

Compound O-H N-H C=0 (b-lactam) C-N M-O, M-N
cm’! cm’! cm’! cm' cm’
L 3400 3525 1773 1300 -
[CrL2Cl2]CI 3409 3420 1742 1337 495
412
[TiCL2CI2]CI 3380 3338 1738 1371 463
405
[VL2CI2]CI 3437 3340 1742 1371 495
410

© The AIC 2025. All rights reserved.
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Electronic spectra

In ethanol absolute solution, the electronic
spectrums of complexes were determined to
be between 200-1100 nm at room
temperature [33]. The UV-visible spectra of
the ligand include absorption peaks at wave-
lengths 280 nm n-n* transition for the non-

bonding pair of electrons of a nitrogen
amine group. The UV-Vis spectrum of
complexes exhibits two peaks due to the
(C.T) [34]. The UV-Vis data of ligands and
complexes are reported in Figure 3 and
Table 3.

24

2.0

1.6

1.2

Absorbance

0.8

0.4

0.0

T T T
200 240 280

T T
320 360 400

Wavenumer (nm)

Figure 3. UV Absorption Spectrum of Ligand 6-APA and Its Complexes with Ti(III),
V(II), and Cr(I1I)

Table 3. Electronic Spectra Data of Ligand and Metal Complexes

Complexes Absorption band nm a Assignment
L 280 n-1r
[TiCL2CI2]CI 230, 310 n-m,C.T
[VL2CI2]CI 250, 315 n-r*, C.T
[CrL2CI2]CI 270, 300 n-r*, C.T

© The AIC 2025. All rights reserved.
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Mass spectroscopy for the complex of Ti(III)

A peak in the complex of Ti(IIl) mass spect- mass spectrum for (Complex), -corres-
rum appeared at 585.7, attributed to the ponding to the proposed molecular formula
parent molecular ion. Figure 4 shows the (586.74).

Figure 4. Shows the Mass Spectrum for the Complex of Ti(III)

The spectrum recorded other peaks cor- where 549.75 for [Ti(APA).Cl]", 514.9 for
responding to the Complex molecule's frag- [Ti(APA)C1]", 478.85 for [Ti(APA):]",
ments. These peaks are listed in Table 4, 434.8 for (APA): and 216.24 for (APA).

Table 4. Mass Fragments for Complex of Ti(III)

M\Z ABUNDANCE
585.7 5

549.75 8

514.9 10

478.85 68

434.3 30

303.85 98

216.24 15
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XRD

The X-ray diffraction (XRD) patterns of
three complexes (L-V, L-Cr, and L-Ti) were
analyzed. The results indicate that none of
the three complexes exhibit a crystalline

structure, as illustrated in Figure 5. Peaks
observed at 20 values of 19.12° and 26.24°
suggest a transition from an amorphous
state.

002

101

M

2

N W
002

——acCr-L)
—bV-L)
——c Ti-L)

10 20 30

50 60 70 80

2 theta (degree)

Figure 5. X-ray Diffraction (XRD) Patterns of Three Complexes a) Cr-L , b) V-L , ¢) Ti-L

The broad peak noted in the complexes
confirms the involvement of ligand grafting
with the metal. The broadness of the XRD
patterns indicates the dispersion of the metal
within the ligand. Additionally, the shifting

Magnetic Susceptibility

For coordination complexes, the Magnetic
Susceptibility properties of all complexes
were measured and compared with the lit-
Atomic Absorption

The atomic absorption of the transition
metal complexes was measured, and the

experimental results closely matched the
theoretical values. This consistency supports

© The AIC 2025. All rights reserved.

of peaks to 20 values of 22.12° and 28.12°
suggests the presence of non-crystalline
planes. A comparative analysis of the three
complexes reveals shifts in the diffraction
peaks and a reduction in crystallinity.

erature, which has been reached from the
vacuum of these complexes and was found
to be an octahedral shape.

the accuracy of the proposed formulas and
the mixing ratios between the metals and
ligands in the complex structure.
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Molar Conductivity

Looking at the molar conductivity results
using ethanol absolute as a solvent at a
concentration (0.003M), it has been found
that all complexes are conductive (the be-
havior of these complexes was conductive)

[35]. According to these results and those
obtained from the IR study, an octahedral
geometry around Ti (IIT), V(III), and Cr(III)
ions can be suggested, as shown in Table 5
and Figure 6.

Table 5. Magnetic Susceptibility, Atomic Absorption, and Conductivity at the Molar
Level for Coordination Complexes

Complexes peff(B.M) Hybridization Atomic Molar
and Shape absorption conductivity
Cal. Exp. Cal. Exp. ps/cm
[TiLCI2]CI  1.73 1.5 d?sp? 8.15% 9.8% 44 ps/cm

Octahedral

[VL:Cl2JCI 2.8 23  d%spd

Octahedral

8.63% 10.2% 39 us/cm

[CrL.Cl.]JCI 3.8 32  d?sp

Octahedral

8.8% 10.7% 43 us/cm

Figure 6. Suggested Prepared Ti(IIl), V(III), and Cr(I1I) Complexes with 6-APA Ligand

Biological Activity for the Complexes

Several factors influence the biological
activities of ligands and metal ion
complexes. These factors include the type of
ligand, the specific metal ion, the electron
configuration of the metal ions, the transi-

© The AIC 2025. All rights reserved.

tion series, and the geometry of the comp-
lexes. The results of the biological activity
tests for the prepared metal complexes are
presented in Table 6. For each treatment, we
measured the diameter of the inhibition zone
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(including the disk diameter) in millimeters. antibacterial activity against all the
The complexes demonstrated maximum organisms used in this study [36].

Table 6. Biological Activity for the Complexes

Complexes Inhibition Zone
Staphylococcus aureus (+) Pseudomonas aeruginosa (-)
1x10°M 1x10° M 1x10°M 1x103 M
TiL - 8mm - 6mm
CrL 4mm 15mm 4mm Smm
VL 5mm 17mm 5mm 14mm
A: At a lower concentration, such as 1x10¢ However, B: when the concentration was
M, the inhibition of bacterial growth was increased to 1x103 M, a stronger inhibitory
found to be minimal. This suggests that the effect was observed against both Gram-
complex has a limited ability to prevent the positive and Gram-negative bacteria [37], as
growth of bacteria at this concentration. shown in Figures 7 and 8.

Figure 7. Effect of Metal Complexes on a) control, ¢) Pseudomonas aeruginosa at
concentration 1x10°¢ M and b) control, d) Staphylococcus aureus at concentration 1x10¢ M
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Figure 8. Shows the Effect of Metal Complexes on a) control, ¢) Pseudomonas aeruginosa at
concentration 1x10~* M, and b) control, d) Staphylococcus aureus at concentration 1x103 M

Molecular Docking

This study aims to understand how the
ligand 6-aminopenicillin acid inhibits the
enzymes and transcriptional regulatory re-
ceptor proteins of Salmonella typhi through
molecular docking analyses. Initially, a
model protein was created, allowing for the
evaluation of its geometric conformations
and stereochemical quality using various
structural ~ validation  algorithms.  The
VADAR tool was utilized to assist in
calculations for generating the
Ramachandran plot. Auto Dock 4.2.6 was
employed to simulate the molecular docking
of all target compounds with 6-amino-
penicillin acid [31]. This powerful in silico

© The AIC 2025. All rights reserved.

approach modeled atom-level interactions
between the ligand (6-aminopenicillin acid)
and the receptor proteins, elucidating their
behavior within the binding sites. A total of
50 active sites were identified, with the
largest one selected for further analysis of its
docking interactions with each protein.
Active sites are the pockets or grooves that
serve as functional indicators of a protein's
role. Typically constituting only 10%—-20%
of a protein's volume, these sites are crucial
as they directly facilitate binding reactions.
The docking results (see Figure 9) indicated
that one enzyme, SISF from Salmonella
typhi, exhibited energy values of -5.02 [32].
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Figure 9. 2D Structure of 6-Aminopenicillin Acid and Protein Interaction (a) ID: SISF (A);
b) e binding mode simulation of 6-aminopenicillin acid to the S. fyphi active sites in ID:
SISF (A); ¢) Ramachandran plot of SISF (A) with 6-aminopenicillin acid

The synthesis of titanium, vanadium, and
chromium ion complexes wusing 6-
aminopenicillin acid as a ligand resulted in
the formation of novel compounds with
unique chemical structures. These comp-
lexes were characterized through various
analytical techniques, which confirmed their
successful synthesis. Furthermore, they
demonstrated significant biological activity
against both Staphylococcus aureus (Gram-
positive  bacteria) and  Pseudomonas
aeruginosa (Gram-negative bacteria), indi-

© The AIC 2025. All rights reserved.

cating their potential as effective anti-
bacterial agents. This research opens ave-
nues for the development of new metal-
based antimicrobial drugs, particularly in
response to the increasing resistance of bac-
teria to traditional antibiotics. The findings
suggest that 6-aminopenicillanic acid is a
promising candidate for multiple applica-
tions, such as biofilm control, antimicrobial
treatment, antioxidant activity, and environ-
mental pollution mitigation. To explore the
molecular  interactions of  6-amino-
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penicillanic acid, molecular docking studies
were conducted to evaluate its binding with
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Abstract: This study explores the chemical and biological properties of dried leaves of
Syrian Juniperus excelsa M.Bieb., highlighting their potential applications in the
pharmaceutical and functional food industries. Two types of extracts—aqueous and 70%
ethanol—were prepared. Proximate analysis revealed moisture, protein, fat, carbohydrate,
crude fiber, and ash contents of 7.94%, 5.7%, 10.6%, 22.2%, 49.1%, and 4.5%, respectively.
Mineral analysis (ppm) showed concentrations of calcium (2500), potassium (830), sodium
(125), and iron (0.1). Total phenolic content was measured using the Folin—Ciocalteu
method, and antioxidant activity was evaluated via the DPPH radical scavenging assay. The
ethanol extract exhibited higher phenolic content and antioxidant activity than the aqueous
extract. Antimicrobial activity, assessed using the disc diffusion method, demonstrated
effectiveness against Gram-negative bacteria (E. coli, P. aeruginosa), Gram-positive bacteria
(S. aureus, B. subtilis), and yeast (Candida albicans). These findings suggest that J. excelsa
leaf extracts hold promising therapeutic potential for developing treatments for various

diseases.

Key Words: Juniperus excelsa M.Bieb., antioxidant activity, antimicrobial, extract, total

phenol content, DPPH

1. Introduction

Over the past two centuries, extensive
investigations into the chemical and
biological activities of plants have catalyzed
advancements in synthetic organic chem-

© The AIC 2025. All rights reserved.

istry, giving rise to the field of medicinal
chemistry. This evolution has paved the way
for the development of more potent thera-
peutic agents [1]. As observed in recent
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years, multiple drug resistance in human
pathogenic microorganisms have developed
due to indiscriminate use of commercial
antimicrobial drugs commonly used in the
treatment of infectious diseases. This
situation forced scientists to search for new
antimicrobial substances from various
sources, like medicinal plants, which are
good sources of novel antimicrobial chemo-
therapeutic agents [2]. Medicinal plants have
been used for centuries as remedies for
human diseases because of their biochemical
constituents, which have therapeutic sig-
nificance [3]; also because of their ability to
biosynthesize a diverse array of chemical
compounds with profound physiological
significance. They are harnessed for human
use across various domains including per-
fumery, culinary arts, cosmetics, and phar-
maceuticals. These plants can synthesize a
large variety of chemical substances that are
of physiological importance [1,4].

This paper is concerned with studying the
plant Juniperus, classified as a conifer plant
within the Cupressaceae family. It is
estimated that 70 species of Juniperus are
distributed throughout the world, primarily
North America, Europe, and Asia [5,6].
Juniperus represents the third largest genus
among global conifers, characterized by its
monophyletic nature. Remarkably long-
lived, some Juniperus specimens have
demonstrated a lifespan of up to 2000 years
and have shown a variety of sizes from
small shrubs to towering forest giants [6,7].
Notably, Juniperus exhibits a unique
resilience to extreme temperature fluctu-
ations, enabling its growth in arid environ-
ments that prove inhospitable to many other
flora [8]. In addition, the wood derived from
Juniperus is distinguished by its aromatic
qualities and its resistance to decay. This
unique combination of attributes has made it
highly sought after for a variety of appli-
cations, including the manufacture of furn-
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iture, panels and barriers. Conifers such as
Juniperus are an excellent source of fire-
wood, and tend to produce minimal ash and
smoke when burned [6]. Moreover, the
genus Juniperus has earned recognition for
its prominent role in traditional medicine

[9].

J. excelsa: this medicinal plant has been
historically employed in the treatment of
various conditions including dysmenorrheal,
cough, bronchitis and colds, jaundice and
tuberculosis, and to induce menses and
expel fetuses [2,5], abdominal spasm,
asthma, diarrhea, fever, headache, gonor-
rhea, and leucorrhoea. It is also considered
useful as an antihypertensive, appetizer,
diuretic, carminative, and stimulant [10].
Juniperus excelsa M.Bieb. is a large shrub
or tree, spread mainly throughout the eastern
Mediterranean, starting from north-eastern
Greece and southern Bulgaria, across
Turkey, to the Middle East countries (Syria
and Lebanon) and the Caucasus Mountains.
Its presence is also noted in Iran, Pakistan
and Oman [11]. J. excelsa is rich in phenolic
compounds and demonstrates various bio-
logical effects, such as antimicrobial,
antifungal, antioxidant, anti-inflammatory,
anticancer, antiviral, and cytotoxic activities.
Phytochemical analyses have unveiled the
presence of sterols, flavonoids, lignans,
polysaccharides, some aromatic compounds,
and fatty acids across various anatomical
components of the Juniperus genus [12].

Since antioxidants were discussed, it must
be mentioned that it has recently been ob-
served that reliance on synthetic anti-
oxidants in food production leads to a de-
terioration of the taste and biologically
active qualities of food and may lead to
conditions suitable for the occurrence of
food allergies. This has spurred researchers
to seek alternative sources of reactive com-
ponents capable of counteracting oxidative
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processes, which have negative effects on
cellular metabolism. Knowledge of the
antioxidant properties of many plant species
allows their usage as a means of preserving
food quality by slowing down or preventing
lipid oxidation processes. The pursuit of
novel and safe antioxidants from natural
sources has garnered substantial interest in
their application for natural antioxidants,
functional foods, and nutraceuticals [12-14].

2. Materials and Methods

The study was conducted in the laboratories
of Syrian Private University, Atomic Energy
Commission of Syria, and the National

Plant sample

The leaves of Juniperus excelsa M.Bieb.
were collected in July 2023 from the al-
Khusha in the mountains of al-Qalamoun,
Ras al-Ma'arra village, Yabroud area,
Damascus countryside, Syria. The fresh
leaves were separated from the bark and
then washed with water thoroughly and
dried for 24 hours at room temperature in

© The AIC 2025. All rights reserved.

Based on the above, the goals of the present
study were to assess the antimicrobial
potential of aqueous and ethanolic extracts
Juniperus  excelsa  M.Bieb.  against
Gram-positive bacteria, Gram-negative bac-
teria, and yeast; to evaluate the antioxidant
activity of plant extracts; and to determine
the total phenolics content of plant extracts
and perform the phytochemical screening of
dried leaves of the plant studied.

Commission for
Damascus.

Biotechnology  in

shadow. The leaves were stored at -20°C
until use, then crushed immediately before
using into small pieces using an electric
grinder, where the particle dimensions were
less or equal to 0.2 mm. Figure 1 shows
Juniperus excelsa M.Bieb. trees with the
taxonomy of the plant [15].
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Figure 1. Juniperus excelsa M.Bieb. Trees in the Qalamoun Mountains in Syria with Their
Taxonomy [15]

Proximate Composition Analysis

The proximate analysis of dried leaves of
Juniperus excelsa M.Bieb. was carried out
for moisture content, protein, fat, carbo-
hydrate, crude fiber and ash content as des-

Mineral Composition Analysis

Dried leaves of Juniperus excelsa M.Bieb.
were mineralized at 450°C. The residue was
first dissolved in concentrated HCI and
evaporated to dryness, then the remainder
was dissolved in 0.1 mol/L HNO3 solution.
Mineral contents were determined on an
atomic absorption spectrophotometer (AAS)
Perkin Elmer/ HGA 500 (Norwalk, USA),
under the following instrumental parameters

Preparation of Plant Extracts

50 g of dried Juniperus excelsa M.Bieb. leaf
powder was extracted with 200 mL of water
or ethanol with continuous stirring by a
magnetic stirrer at 25°C and 6 rpm for 6

© The AIC 2025. All rights reserved.

cribed by the Association of Official
Analytical Chemists (AOAC) (2000). All
chemical analysis results were calculated
relative to the oven dry sample weight [16].

for the flame AAS: sodium (Na) 589.6 nm;
potassium (K), 766.5 nm; calcium (Ca),
3170 nm; and iron (Fe), 2383 nm.
Identification of metals was carried out by
comparison to a standard solution of metal
salts, and metal concentrations were
calculated from a calibration curve, built by
using a standard ppm solution [17].

hours; after which, each mixture was soaked
for 24 hours at 4°C and then was filtered
using Whitman No. 1 filter paper. Each
supernatant was evaporated using a vacuum
rotary evaporator to concentrate the extracts.
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The volume of the resulting aqueous extract
was 3.5 mL, while the volume of the

Total content of phenolic compounds

Phenolics are secondary metabolites that are
omnipresent in plants. They are a large
group of bioactive compounds comprising
about 8000 compounds [18]. The two major
classes of phenolic compounds include flav-
onoids and phenolic acids [19]. The total
phenolics of Juniperus excelsa M.Bieb.
extracts were determined by the Folin—
Ciocalteu method with some modifications
commensurate with laboratory work. 0.0025
mL of each extract was mixed with 0.5 mL
of Folin—Ciocalteu reagent in complete
darkness for 10 min, and then 1 mL of

=]
w [

00

(=2}

n

Absorbance

=]
()s

ethanolic extract was 3 mL.

sodium carbonate solution 15% was added.
The extracts were kept in the dark for 30
min and the absorbance was measured at
740 nm. A calibration curve with gallic acid
(1 mg/mL) was established, where (0.01,
0.03, 0.06, 0.125, 0.25, 0.5, 1) mg/mL of
gallic acid solution were used instead of the
studied sample, and the total phenolic
content was expressed in milligrams of
gallic acid per mL of Plant extract. Figure 2
shows the standard curve of gallic acid
[20,21].

0.6 0.8 1 12

Concentration (mg/ml)

Figure 2. Standard Curve of Gallic Acid

Determination of DPPH-Free Radical
Scavenging Ability

The antioxidant activity of extract samples
was assessed on the basis of radical
scavenging effect of the stable DPPH (1,1-
diphenyl-2-picrylhydrazyl) free radical. The
DPPHe test is based on the ability of the

© The AIC 2025. All rights reserved.

stable 2,2-diphenyl-1-picrylhydrazyl free
radical to react with hydrogen donors. The
DPPHe radical displays an intense UV-VIS
absorption spectrum. In this test, a solution
of radical is decolourized after reduction
with an antioxidant (AH) or a radical (R¢) in
accordance with the following scheme:
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DPPHe + AH — DPPH-H + Ae
DPPHe + R — DPPH-R

This method is very simple and quick for
manual analysis [20]. In a test tube, 1 mL of
ethanolic DPPH solution (4 mg/100 mL
absolute ethanol) was combined with 50 pL
of each extract. After that, the tubes were

kept in darkness for 30 min. The absorbance
was therefore determined at 517 nm. The
scavenging rate of a DPPH-free radical was
calculated according to the following
formula:

Inhibition of free radical DPPH in percent (I1%) = 100 x (A control — Asample) /AControl

where, Acontrol 18 the absorbance of the
control reaction (containing all reagents ex-

Antimicrobial activity

Screening of the antimicrobials was
investigated on Gram-negative bacteria (E.
coli, K. pneumoniae, Citro. freundii, P.
aeruginosa), Gram-positive bacteria (St.
aureus, B. subtilis, St. epidermidis) and
yeast (C. albicans). The disc diffusion
method was employed to determine the
antimicrobial activities of the studied
extracts. The parent cultures of each micro-
organism were set up to 24 hours before the
assays to reach the stationary phase of
growth. Briefly, a suspension of the tested
microorganism that contained 10° colony-
forming unit/mL. was prepared and then
spread on a solid medium (nutrient agar) by

3. Statistical Analysis

Statistical analysis was carried out using the
STATISTICA 12.0 version (StatSoft, Inc.,
USA). Each experiment was conducted 3
times; all data were presented as mean
values with their standard deviations
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cept the test compound), and Asample is the
absorbance of the test compound [23].

a swab. Paper disks (diameter 6 mm) were
impregnated with different amounts of each
extract (50 and 100 pL), placed on
inoculated plates and left for 15 minutes at
room temperature. The plates were
incubated at 37°C for 24 hours for bacteria
and at 27°C for 48 hours for the yeasts. The
diameters of inhibition zones were measured
in millimeters [5]. The sensitivity to the
extracts was determined by the diameter of
the inhibition zones: not sensitive for
diameters <8 mm,; sensitive for diameters 9—
14 mm; very sensitive for diameters 15-19
mm: and extremely sensitive for diameters
>20 mm [10].

(mean£SD). The analysis of variance
(ANOVA) was performed, with a
confidence interval of 95% (P < 0.05).
Means were compared by Duncan multiple
range test.
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4. Results and Discussion

Knowledge of proximate, micronutrients
and phytochemical composition is funda-
mental to the understanding of modes and
mechanisms of action of medicinal plants in
general and play a crucial role in assessing
its nutritional value and significance (<0.05)
[24].

The main chemical, nutritional and mineral
composition of J. excelsa M.Bieb. dried
leaves was determined, and the data per-
taining to various chemical and mineral
composition are illustrated in Table 1 and
Table 2.

Table 1. Proximate Composition of J. excelsa M.Bieb Dried Leaves

% o o/ £ o % %
Sample protein % fat % fibre % ash carbohydrate  moisture
J. excelsa
M.Bieb. 5.710.22 10.610.05 49.1+0.23 4.5+0.09 22.2+0.02 7.9410.19
leaves

Values are mean+SD; n =3

Table 2. Mineral Constituents of J. excelsa M.Bieb. Dried Leaves

Sample (ppm) Ca

Na K Fe

J. excelsa M.Bieb. leaves 2500+ 4.23

830+ 0.64 125+1.02 0.1+0.21

Values are mean+SD; n = 3.

Results given in Table 1 indicated that the
plant is a rich source of basic food nutrients
such as proteins, fats, fibre, and carbo-
hydrates. The values of these substances
amounted to 5.7%, 10.6 %, 49.1%, and
22.2%, respectively, while the moisture and
ash contents were 7.94% and 10.6%,
respectively. All these substances have an
important place in human nutrition. Dietary
fibres are constituents of many fruits and
vegetables. Clinical studies suggest fiber can
exert a wide range of benefits in areas such
as bowel function, gut health, immunity,
blood glucose control, and serum lipid levels
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[25]. On the other hand, high fibre content
for the leaves of the plant is usually a major
drawback in human nutrition as it can cause
intestinal irritation and it is low in nutrient
availability as humans cannot digest them
easily [26]. Additionally, dietary fibre de-
lays gastric emptying or increases viscosity
of GIT content thereby suppressing diges-
tion and carbohydrate absorption. This me-
chanism is selectively advantageous in that
the threat or risk of hypoglycaemia, hyper-
insulinemia and undue weight-gain is
absolved [24].
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Carbohydrates are useful as they supply
energy to cells such as brain, muscles and
blood. They contribute to fat metabolism
and spare proteins as an energy source and
act as a mild laxative for human beings.
They generally add to the bulk of the diet
[26,27]. The protein content of the leaves
shows the plant is a good protein
supplement for animal feed [26], however,
the content is not as high as the 12.5%
reported for Nauclea latifolia leaves,
20.42% for Moringa leaves and 14.73% for
Ageratum conyzoides leaves [25-27]. The fat
content (10.6% for the leaves of J. excelsa
M.Bieb.) is low and compares with the
results for Agbafor ef al. (2015) and Eze et
al. (2014), who concluded that the leaves of
Ageratum conyzoides are poor sources of
lipids [25,26]. Our results agree with Dike et
al. (2016) [28]. The total moisture content is
considered low, and this low moisture
content of the leaves indicates that the plant
materials can be stored over a long period
with lesser susceptibility to microbial attack
[28]. The total ash content of the plant
materials is low (4.5%) indicating low total
mineral elements in the plant materials [29].

Minerals have an important place in human
nutrition. The importance of these minerals,
also known as trace elements, has been well
understood in recent years, since when
missed, causes diseases and major disorders

Total Content of Phenolic Compounds

The amounts of the total polyphenols in the
aqueous and ethanol extracts of J. excelsa
M.Bieb. leaves are shown in Table 3. The
total phenolic content found in water and
ethanol extracts was 0.631 and 1.27 mg/mL,
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in the human body [30]. The mineral
composition of J. excelsa M.Bieb. dried
leaves was analyzed and the results revealed
that iron was 0.1, calcium 2500, potassium
830, and sodium 125 ppm. These minerals
play significant roles in several biological
processes. Bone growth and turnover are
influenced and regulated by the metabolism
of Ca and other minerals, in addition to its
role in muscle contraction and blood
clotting. Iron is an essential trace element
for normal functioning of the central
nervous system. It is known to be a
component of some metalloenzymes, myo-
globin and hemoglobin, which is needed in
the transport of oxygen and carbon dioxide
during respiration or cellular metabolism.
This hemoglobin (containing iron) also
serves as a buffer to regulate changes in
blood. Potassium and sodium, which are
presented in the intracellular and
extracellular  fluid, help to maintain
electrolyte balance and membrane fluidity
pH [29]. Also, potassium is involved in
inducement of calmness [25]. The amount of
Ca was close to its content in Momordica
charantia leaves while the amount of Na, K,
and Fe was lower [29]. The balanced
nutritional composition of J. excelsa
M.Bieb. makes it a potential source of

nutrients that can be included in a number of
foods.

respectively. The values were reported as
mg of gallic acid equivalent (GAE) per 1
mL of extract with reference to gallic acid
standard curve.
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Table 3. Total Phenolic Content of J. excelsa M.Bieb. Leaves Extracts

extract

aqueous

ethanol

Total phenolic content (mg/ml)

0.6312+0.15

1.27°+0.44

Values are meanSD; n = 3.

Values with different superscripts are significantly different (P<0.05).

Results given in Table 3 indicate that the
ethanol extract shows high total phenol
content. The result is similar to those
reported by Rebaya et al. (2014) and Do et
al. (2014) [13, 31]. Phenolics are the most
predominant phytochemicals present in
nature, and to date, about 10,000 different
structures are currently described [32].
Phenolic components represent the largest
class of secondary metabolites which are
known as exceptional antioxidants, and their
antioxidant activity is based on their redox
potential. They include phenolic acids,
flavonoids, tannins, stilbenes, curcuminoids,
coumarins, lignans, quinones and others.
Various bioactivities of phenolic compounds
are responsible for their biological
properties, like antimicrobial, anticarcin-
ogenic, anti-inflammatory and therapeutic
effects [33], and also play a major role in

DPPH Radical Scavenging Activity

Determining antioxidant activity as radical
scavenging activities are critically important
due to the detrimental role of free radicals in
foods and biological systems. Plants rich in
secondary metabolites such as phenolics and
flavonoids  exhibit antioxidant activity
attributable to their oxidative properties and
chemical compositions. The DPPH assay is

modifying gene expression [18]. Phenolic
substances have important contributions to
human health. These compounds have been
reported to play an effective role in pre-
venting cancer and cardiovascular diseases
by preventing free radical formation in the
body [30].

The presence of phenolic compounds en-
ables the plants to act as reducing agents,
hydrogen donators and singlet oxygen
quenchers. During cell metabolism, all
living cells generate free radicals as part of
normal cellular functions that are highly
reactive may cause oxidative stress, leading
to cellular damage and subsequently various
diseases, such as atherosclerosis, diabetes
mellitus, arthritis, ischemic heart disease,
gastritis, immunosuppression, neurodegen-
erative diseases, ageing, and cancer [19].

one of the indispensable tests when
assessing the antioxidant activity of extracts
and is widely used to test the free radical-
scavenging activity of several natural
products. The results of the antioxidants for
aqueous and alcoholic extracts of J. excelsa
were demonstrated in Table 4.

Table 4. DPPH Free Radical Scavenging Activity of J. excelsa M.Bieb. Leaves Extracts

extract

aqueous

ethanol

DPPH test

27.632+0.23

65.13°+0.11

Values are mean+SD; n = 3.

Values with different superscripts are significantly different (P<0.05).
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DPPH reacted, as a stable free radical,
interacting with any molecule capable of
donating an electron or hydrogen to it,
which lead to DPPH bleaching (color
change from violet to yellow). The absor-
bance was measured at 517 nm [34]. The
data presented in this study supports the
prevailing mechanism which designates
DPPHe as a primary, if not exclusive,
hydrogen acceptor [35]. The enhanced
DPPH scavenging activity observed may be
attributed to higher phenolic contents [34].
The results also indicate that the ethanolic
extract exhibits greater activity compared to
the aqueous extract. That is due to the
phenolic compounds' major contribution to
antioxidant properties of the used plant. This
may be explained by the fact that different
types of phenolic compounds possess dif-
ferent antioxidant capacities which is related
to their chemical structure. The results of
this study are in agreement with the results
of many studies that reported that the plant
extracts with high total phenolic content

Antimicrobial Activity Assay

In the present study, the antimicrobial
compounds from the leaves of J. excelsa
M.Bieb. were extracted against wide range
of microorganisms on the basis of disc-
diffusion assay using a suspension con-
taining contained 10° colony-forming unit/
mL microorganism spread on nutrient agar.
The discs (6 mm in diameter) were
impregnated with 50 and 100 pL separately
of each extract and placed on the inoculated
agar. The antimicrobial activities of J.
excelsa M.Bieb. ethanol and aqueous ex-
tracts against microorganisms were exam-
ined in the present study, and their potency
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showed high radical scavenging activity,
formed from very complex mixtures of
different molecules, and the proton donating
hydroxyl groups with a particular position in
the structure of molecules might be cont-
rolling the radical scavenging properties of
these extracts [36]. The results could be ex-
plained by the sensitivity of the Folin-
Ciocalteu reagent towards a wide range of
phenolic compounds, whereas DPPH free
radicals display varying sensitivity to dif-
ferent antioxidants. The Folin-Ciocalteu
reagent reacts with both free and bound
phenolics present in the extracts and other
samples, whereas the DPPH assay exclu-
sively quantifies free antioxidants and
phenolics [14]. The existing literature pro-
vides evidence of a significant correlation
between total phenolic content and
antioxidant activity, suggesting that phenolic
compounds make a substantial contribution
to the antioxidant properties of the
respective plant materials [36].

was quantitatively assessed by the presence
or absence of inhibition zones and zone
diameters. The inhibition zone, measured in
millimeters, including the diameter of the
well, was used as the criterion for measuring
the antimicrobial activity.

The results are as shown in Table 5 showed
that the ethanol and aqueous extracts have
an inhibition effect on the growth of all
microorganisms tested with varying degrees
of inhibition, depending on the bacterial
strains and volume of extract applied.
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Table. 5 Antibacterial Activities (inhibition zone measured in mm) of the Ethanol and

Aqueous Extracts of J. excelsa M.Bieb. Leaves

11

Microorganisms Ethanol Aqueous Ethanol A;Z?;;S
extract 50 extract 50 extract 100 100

E. coli 15+0.24 1540.32 20+0.28 20+0.15

n(:;jt‘i"\;e K. pneumoniae  18+0.56  16:0.17  2320.31 19+0.49

bacteria Citro freundii 19+0.44 1810.52 25+0.11 23+0.34

P. aeruginosa 18+0.13 15+0.46 21+0.58 1810.27

Gram- St. aureus 20+0.45 18+0.38 28+0.71 25+0.36

positive B. subtilis 18+0.11 15+£0.19 20+0.23 30+0.08

bacteria St epidermidis  20+0.29  18+0.09 3040.28 27+0.62

yeast C. albicans 20+0.53 15+0.22 30+0.61 25+0.18

Values are meantSD; n = 3. Sensitivity — not sensitive for diameters < 8 mm; sensitive for diameters

9-14 mm; very sensitive for diameters 15—19 mm; and extremely sensitive for diameters >20 mm.

The diameter of inhibition zones was
obtained in the range of 15 to 30 mm. The
ethanol extracts of the leaves showed the
highest activity on all microorganisms,
except B. subtilis at 100 pL, probably
because of more efficient extraction by eth-
anol. Behbahani et al. (2013) reported that
alcoholic extract of Eucalyptus
camaldulensis leaves has a greater impact on
all strains compared to aqueous extract [37].
Also, extracts (100 pL) showed higher
activity than extracts (50 pL). For Gram-
positive, the most sensitive microorganisms
were St. aureus, St. epidermidis with 20 mm
inhibition for ethanol extract (50 pL), and
St. epidermidis with 30 mm inhibition for
ethanol extract (100 uL), St. aureus and St.
epidermidis with 18 mm inhibition for
aqueous extract (50 pL), and B. subtilis with
30 mm for aqueous extract (100 uL). On the
other hand, the most sensitive Gram-
negative bacteria was Citro. freundii at all
extracts with the range 18-33 mm inhibition.
This bacterial inhibition is mainly related to
the chemical composition of the extracts [4].
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These kinds of differences in susceptibility
among the microorganisms against anti-
microbial substances in the plant extracts
may be explained by the differences in cell
wall composition and/or inheritance genes
on plasmids that can be easily transferred
among bacterial strains [2].

Our data indicate that Gram-positive
bacteria are the most sensitive tested strain
to the different extracts; the tendency of
polyphenols, flavonoids, tannins, and
anthocyanins to react could be explained by
that. The structures of the cell envelope,
including cytoplasmic membrane and cell-
wall component, are different between
Gram-positive and Gram-negative bacteria.
Gram-negative bacteria possess an outer
membrane surrounding the cell wall, which
restricts diffusion  of  hydrophobic
compounds through its lipopolysaccharide
covering. Without the outer membrane, the
cell wall of Gram-positive bacteria can be
permeated more easily and disturb the
cytoplasmic membrane, disrupting the
proton motive force, electron flow, active
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transport, and coagulation of cell contents.
Therefore, the structural difference of
bacteria plays an important role in their
susceptibility [9]. In many studies, the
mechanism of the cell wall is considered.
Kotzekidou et al. (2008) find that the
antimicrobial compounds in the plant extract
have interaction with the phospholipids’ two
layers membrane, and affect the perme-
ability of the bacterial cell membrane, and
released the intracellular components. Also,
they have reported that cell wall and cell
membrane affected and changed their
permeability, causing the release of
intracellular contents, which can be ass-

Medicinal  plants are useful and
economically essential. J. excelsa M.Bieb. is
a plant of medicinal importance due to its
activity against microorganism. The extracts
obtained by J. excelsa M.Bieb. plant showed
significant antimicrobial and antioxidant ac-
tivities, which can be used as anti-microbial
agents in new drugs for therapy to treat
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ociated with impaired membrane function,
such as electron transfer, enzyme activity or
nutrient uptake [37,38]. In conclusion, it can
be suggested that J. excelsa M.Bieb. leaves
extract in vitro have considerable
antimicrobial ability over the studied strains.
More studies are needed to identify the
effective dose of the extract on the micro-
organisms, and introduce the extract as a
natural and novel antimicrobial compound.
Therefore, using J. excelsa M.Bieb. as a
natural antimicrobial compound in vitro
requires further research on the mechanism
of the pharmacy plant on microorganisms.

many infectious diseases. Two extracts were
obtained, i.e. ethanolic extract and aqueous
extract from J. excelsa M.Bieb. leaves. The
quantitative analysis of J. excelsa M.Bieb.
showed that the phenol content was 1.27 and
0.631 mg/mL and antioxidant activity was
65.13 and 27.63% for ethanolic and aqueous
extract, respectively.

and Methodology; A. H, Manar. All authors
have read and agreed to the published
version of the manuscript.
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Reactions of C2:HsO2 and C2Hs Radicals on Acidic and Basic Surface
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Abstract: The analysis and discussion of the kinetic data obtained by studying the effect of
the nature of the reactor surface (H3BO3, KCI) on the oxidation of C:HsCHO allowed us to
provide experimental evidence for the heterogeneous reaction of C2HsO: radicals with
aldehyde and the heterogeneous formation of ethylene and hydroperoxide through the
involvement of CoHs radicals. In this context, elucidating the possibility of heterogeneous
reactions involving C2HsO2 and C2Hs radicals is important for advancing our understanding
of the oxidation and ignition reactions of aldehydes. It was also concluded that the interaction
of peroxy radicals with an organic compound is more general and not limited to CH302

radicals.

Key Words: reaction mechanism, radicals, oxidation and ignition reactions, surface

1. Introduction

The possibility, of heterogeneous inter-
actions between CH3O:2 radicals with alde-
hydes and hydrocarbons has been estab-
lished in recent studies [1-9]. However,
there is no direct evidence of such hetero-
geneous reactions concerning C2HsO:2 and
C2Hs radicals. In this study, we sought to
provide such evidence by analyzing and

discussing the kinetic data obtained from the
investigation of the influence of the reaction
vessel surface (H3BOs, KCI) on the oxi-
dation process of propionaldehyde at atmos-
pheric pressure in air flow [10,11]. This
reaction proceeds via a chain degenerate
branching mechanism [12].

C2HsCO3H — C:Hs5CO2 + OH (1)
C2H5CO2 — C2Hs + CO2 ()
C2Hs + O2 — C2Hs502 3)

© The AIC 2025. All rights reserved.
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Eq. 1-3, where the branching stage at rela-
tively low temperatures, involves the hetero-
geneous radical decay of C2HsCOsH (Eq. 1).
The leading active centers in this process are
C2HsCOs radicals (Eq. 1-3). As the oxi-
dation process develops, the contribution of
C2Hs02 radicals, formed as a result of the
heterogeneous decay of peracid, increases

(Eq. 1).

Based on the dependence of the yields of
such reaction products as ethylene and ethyl
hydroperoxide on the nature of the reactor
surface [10,11], it was possible to identify
their heterogeneous formation with the
participation of C2Hs radicals (Eq. 2, 3).

Gas-phase oxidation reactions of aldehydes,
proceeding via a chain degenerate branching
mechanism, are a source of valuable
oxygen-containing compounds. Depending
on the nature of the reaction vessel, both the

2. Results and Discussion

rate and the direction of the process can
change [12]. For example, during the oxi-
dation of C2HsCHO in the boric acid-treated
reactor, peroxypropionic acid (C2HsCOs3H)
can be formed with high selectivity (80%),
while in the potassium chloride-treated
reactor, the selectivity for propionic acid
(C2HsCO2H) is 90%.

The heterogeneous reactions of peroxy radi-
cals such as CH3Oz play a crucial role in the
combustion of CH3CHO + O: mixtures,
initiated by peroxy radicals formed during
the heterogeneous radical decay of RCOsH
[13].

Thus, investigating the possibility of
heterogeneous reactions involving C2HsO2
(Eq. 3) and C2Hs (Eq. 2) radicals is essential
for understanding the mechanism of
oxidation and combustion reactions of
aldehydes.

Reaction of C:H50:2 Radical with Aldehyde on Solid Surface

Figures 1 and 2 demonstrate the kinetic
curves of the consumption of C2HsCHO and
the accumulation of some reaction products
including peroxy radicals, C2HsCOsH and

© The AIC 2025. All rights reserved.

C2Hs0:2H, obtained in the aforementioned
two reactors at 291°C [11].
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Fig. 1. Kinetic Curves of C2HsCHO Consumption (1) and of Accumulation of Peroxy Radicals
(2), RCO3H (3), ROz2H (4) at T = 291°C in the Reactor, Treated by Boric Acid. [C2HsCHO] =N
x 10'7, [radical] = N x 10!, [RCO3H] and [RO2H] = N x 106 part.cm™.

Fig. 2. Kinetic Curves of C:HsCHO Consumption (1) and of Accumulation of Peroxy Radicals
(2), RO2H (3) at T = 291°C in a Reactor Treated by KCI. [C2HsCHO] =N x 10'7, [radical] = N x
5 x 10", [RO2H] =N x 2 x 10'6 part.cm™.
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Table 1 shows the concentrations of reaction
products at 291°C and 1 minute of reaction

time in reactors treated by boric acid and
potassium chloride.

Table 1. Concentrations of Reaction Products at 291°C and t = 1 min (reaction time) in
Reactors Treated by Boric Acid and Potassium Chloride; [C2HsCHO]o=5 x 10! part.cm3

Surface KCI (part.cm=)  HsBOs3 (part.cm™)
[C2HsCHOJ: 3 x 10" 3.6 x 1017
[RCOsH] - 1.5 x 1018
[RO2H]: 1.07 x 1077 3.2 x 1016
[RCOs+ ROzt 5.2 x 1072 1.02 x 1013
[CaHa: 2.3 x 101 -

[CO2} 2.04 x 107 3 x 1016

This data indicates that the process
characteristics strongly depend on the nature
of the surface. This applies both to the com-
position of the reaction products and to the
absolute values of products concentrations.
Notably, C2HsCOsH is absent in the reactor
treated with KCI. This is attributed to a
higher rate of heterogeneous radical decay
of the peracid on the KCI surface in
compared to the H3BOs surface [14]. The
high yield of CO2, formed during the decay
of peracid in the reactor, further supports
this. Consequently, the process in the KCI-
treated reactor begins earlier than in the
H3BOs-treated reactor, and even at t = 1 min
the aldehyde consumption is 1.4 times
greater than that in a boric acid-treated
reactor. It is noteworthy that the concen-
tration of peroxy radicals in the volume is
less by approximately 2 times. This clearly
indicates that a significant portion of the
aldehyde in the KCl-treated reactor is
consumed on the reactor surface. The yield
of hydroperoxide is almost three times
higher than in the reactor treated with boric
acid.

© The AIC 2025. All rights reserved.

Apparently, a significant contribution to the
formation of hydroperoxide is linked to the
heterogeneous interaction of C2HsO:2
radicals with propionaldehyde. The presence
of ethylene in the KCl-treated reactor and its
absence in the boric-acid reactor, also
suggests that more C:Hs radicals were
formed in the first reactor. It is important to
note that the reactions of C2Hs radicals are
the source of both ethylene and C:HsO:2
radicals.

Regarding the H3BOs surface, since it is
known that the rate of C2HsCOsH hetero-
geneous radical decomposition on this
surface is much slower than that on the KCI
surface, it is evident that the amount of
formed C:Hs02 radicals on the H3BOs3
surface should be significantly lower.
Therefore, the yield of hydroperoxide is also
lower.

A comparison of the kinetic curves for the

accumulation of peroxy radicals in both
reactors and, considering the significant
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amounts of C2HsCOsH in the boric acid-
treated reactor, shows that the ratio of
C2H5CO3 and C2HsO2 radical concentrations
is higher in the boric acid-treated reactor.

Analysis of the kinetic data on propionalde-
hyde oxidation depending on the nature of

Heterogeneous Reaction Pathways of
C:Hs5 Radicals on a Solid Surface

This work presents data on the
heterogeneous formation of several reaction
products, such as C:Hs4 and C:HsO:H,
during the low-temperature oxidation of pro-
pionaldehyde. These results were obtained
by analyzing the kinetic patterns of the pro-

the surface, reliably indicates the possibility
of heterogeneous interaction between
C2Hs02 radicals and aldehyde-C:HsCHO.
Thus, we conclude that the interaction of
peroxy radicals with organic compounds is
more general and is not limited to CH3O2
radicals.

cess in reactors treated with boric acid and
potassium chloride [10].

Fig. 3 and 4 illustrate the kinetics of peroxy
radicals formation and the initial aldehyde
consumption while the concentrations of
some reaction products for a fixed reaction
time are shown in the Table 2.

Fig. 3. Kinetic Curves of C:HsCHO (1) Consumption and of Peroxy Radicals (2), C2HsCOsH
(3), CoHa, CO (4) Accumulation at 175°C in a Boric Acid Treated Reactor. [C2HsCHO] =N x
10'%, [RCO3H] =N x 2 x 10'%, [RO2] =N x 4 x 10'2, [C2H4] =N x 10", part.cm™.

© The AIC 2025. All rights reserved.
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Fig. 4. Kinetic Curves of C2HsCHO (1) Consumption and of Peroxy Radicals (2), C2HsCOsH
(3), C2Hs502H (4) Accumulation at 175°C in a Reactor Treated by KCI. [C2HsCHO] =N x 108,
[RCO3H] =N x 2 x 10", [RO2] =N x 4 x 10'2, [C2H502H] = N x 10'7, part.cm™.

Table 2. The Concentrations of the Reaction Products at 175°C and at Reaction Time t =5
min in Reactors Treated by H:BO3z and KCl; [C2HsCHOJo = 1.9 x 10'8 part.cm™3

Surface KCI (part.cm™) H3BOs (part.cm3)
[C2HsCHOJ: 7.5 x 10" 9.3 x 1017
[C2H5COsH]: 6.2 x 1016 1.3 x 1017
[C2H5COzH]: 8.4 x 1017 3.9 x 10"7

[RO2]; 2.1 x 101 1.6 x 1013

[C2H4]t - 1.7 x 106

[CO2}k 8.5 x 1016 6 x 1016
[CH3CHOL: 1.8 x 10" 9.3 x 10"®

Comparison of the results obtained in the
two reactors reveals that the rate of the
process in the potassium chloride-treated
reactor is higher than in the boric acid-
treated reactor, while the yield of
C2HsCOsH product responsible for the
branching is much lower. This was not un-

© The AIC 2025. All rights reserved.

expected, as the rate of heterogeneous
radical decay of peracids is greater in a
reactor treated with potassium chloride [14].

The data indicates that the concentration of

peroxy radicals such as C:HsCO3; and
C2Hs02 [10] in the given volume, correlates
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with the rate of oxidation in these reactors,
and is higher in the reactor treated by
potassium chloride.

An important feature of the process is the
detection of ethylene and the absence of
hydroperoxide in the boric acid-treated

1. RCOsH — RCO2 + OH — R +CO2
+OH

2. R+02—RO2

3. RO2+RCHO — RO2H +RCO

It is noteworthy that comparison of the
yields of ethylene and hydroperoxide with
those obtained during the oxidation of
C2HsCHO in the same reactors at 291°C
[11], reveals that the concentration of hydro-
peroxide is higher in the reactor treated with
potassium chloride, although a certain

3. Conclusion

Thus, this study allows us to conclude that
the heterogeneous reactions of C2HsO2 and
C2Hs radicals play a crucial role in the gas-
phase oxidation of C:HsCHO, contributing
to the formation of several reaction
products.
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Abstract: The need for a green process in the preparation of cosmeceuticals cannot be
overemphasized, as many synthetic skincare and hair-care products are reportedly
carcinogenic or toxic to humans. The aim of this study was to prepare and characterize an
organic-fortified cosmeceutical emollient from neem seed oil (4zadirachta indica A. Juss)
and determine the in vitro anti-inflammatory potential. The air-dried seeds were de-shelled,
pulverized and extracted with n-hexane, then trans-esterified to obtain the Fatty Acid Methyl
Esters (FAMEs) which were characterized using Gas Chromatography Mass Spectrometry
(GC-MS). The anti-inflammatory potential was determined using the albumin denaturation
assay. The result from the GC-MS analysis showed the presence of major fatty acids which
include elaidic acid (37.7%), oleic acid (20.23%), palmitic acid (14.62%), eicosanoic acid
(9.49%), linoleic acid (6.95%) and stearic acid (4.08%). The oil emollient exhibited
significant albumin denaturing activity. The seed oil, often discarded as waste holds
tremendous promise as a renewable source of pharmacological oil for affordable organic
cosmetic formulations.

Key Words: neem seed, cosmeceutical(s), emollient, antioxidant, cytotoxicity, fatty acid
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1. Introduction

Plants parts, which include flowers, leaves,
roots, stems, fruits, or seeds, are used widely
for therapeutic purposes due to low acces-
sibility and high cost of orthodox medicine.
While some are used as prophylaxis, others
are adopted for curing many types of
illnesses.

The remarkable number of reports on the
therapeutic properties of medicinal plants,
together with long-term experience in folk
medicine, has led to a growing interest in the
use of natural products [1]. Medicinal plants
still hold promise as therapeutic agents
because of the enormous number of plants
around the world yet to be explored for their
pharmacological potential. These plants
produce a number of secondary metabolites
as chemical compounds with important
biological activities, such as antimi-
crobial, anti-inflammatory, anticancer, anti-
aging, antiviral, antioxidant, enzyme
inhibitory, antihypertensive, and anticoagu-
lant effects [2,3].

Cosmetics, on the other hand, defined by the
European Commission (2015) as any
substance or mixture intended to be placed
in contact with the external parts of the

© The AIC 2025. All rights reserved.

human body (epidermis, hair system, nails,
lips and external genital organs) or with the
teeth and the mucous membranes of the oral
cavity with a view exclusively or mainly to
cleaning them, perfuming them, changing
their appearance, protecting them, keeping
them in good condition or correcting body
odors, play an essential role in our society
today.

Medicinal plants are used extensively today
in drugs, cosmetics, and the formulation of
skin care products for their reduced toxicity
and ability to enhance natural beauty [4-6].
The application of seeds in food [7], health
[8,9] and industrial sectors [10] cannot be
overemphasized. Azadirachta indica, also
known as neem, Indian lilac or Margosa,
belong to the family Meliaceae, subfamily
Meloideae and tribe Melieae [11]. Neem is
the most versatile, multifarious trees of the
tropics, with immense potential in herbal
medicine and pharmacotherapy. It is widely
distributed in the arid areas of several
tropical and subtropical countries; it often
grows to a height of 15-20 m with pinnate
leaves of average 30 cm long and
asymmetric leaflets often reaching 8 cm
(Figure 1).
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Figure 1. (a) Neem Plant Showing the Leaves at the Flowering Stage; (b) Neem Fruits on
Plant; (c) Neem Tree Showing Stem in its Natural Habitat (d) Neem Tree Showing
Extensive Branching

Neem leaves are medium to large in size and
elongated to oblong in shape, averaging 20—
40 cm in length. The vibrant green leaves
are smooth and glossy with sharp serrated
edges. Neem leaves grow on the branches of
neem trees in groups of two and each branch
produces approximately eight pairs. The
fruit is smooth, ellipsoidal drupe, sometimes
up to 1.5 cm long, comprising of sweet pulp
enclosing a seed.

© The AIC 2025. All rights reserved.

Neem possesses more useful non-wood
products (leaves, bark, flowers, fruit, seeds,
gum, oil and neem cake) than any other tree
species. These non-wood products are
known to have antiallergenic, antidermatic,
antifeedant, antifungal, anti-inflammatory,
antipyorrhoeic antiscabic, cardiac, diuretic,
insecticidal, larvicidal, nematicidal, spermi-
cidal and other biological activities. Neem
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and its products have been widely reported
to control insect pests [12]. The seed is
composed of a shell and a kernel which is
the source of the oil that is highly medicinal
in nature. The seed oil is used directly as an
insect and mite repellent, worm expellant,
insecticide, and fungicide when diluted to
various concentrations and mixed with other
substances [13]. Neem is used to treat
dermatitis, eczema, acne, bacterial and
fungal infections, and other skin disorders.
The paste made from the neem or seed oil is
used for treating acne, eczema, impetigo,
ulcers, pustules, snake and scorpion bites,
chicken pox, measles, scaly scalp, psoriasis,
pruritus, dermato-phytosis, leprosy, pedicu-

2. Materials and Methods

The high purity reagents were obtained from
SigmaAldrich, Inc. (Missouri, USA) and
were used as received without further puri-
fication. Other chemical and reagents used

Collection and Preparation of Plant
Samples

The seeds of the neem plant were collected
from fruiting trees within the Ilorin
metropolitan area and were authenticated by
a taxonomist at the herbarium of Plant Bio-
logy Department at the University of Ilorin.

The pulverized neem seed was weighed
(413.53g) and subjected to Soxhlet extrac-

Lipid Transesterification
The oil obtained was trans-esterified by
treating 2 g with 0.2 M methanolic HCI1 (60

© The AIC 2025. All rights reserved.

losis, and scabies [14]. The leaves are dried
and burnt as insect repellant. The extract is
used to improve the immune system and
also as an anti-inflammatory agent in skin
disorders [15]. The use of seed oils and
other organic products in green cosmetics
has gained more attention recently. This is
because many scientific outputs reportedly
have linked rashes, skin discoloration and
allergic skin irritation to many synthetic
additives used in cosmetics [16]. Hence, the
need for green preparation of cosmetics
cannot be over-emphasized. This work re-
ports the characterization of neem seed oil,
the formulation of an organic cosmetic
product and anti-inflammatory evaluation.

were analytical grade, while solvents which
include n-hexane, ethyl acetate, chloroform
and methanol were re-distilled before use
when required.

The seeds were dried at am-bient
temperature, de-shelled, pulverized and were
kept in a cool dark place for further work.
The oleoresin used for the fortification of
the seed oil was obtained as a gift for the
Medicinal Chemistry Research group of the
Department of Chemistry.

Solvent Extraction of Neem Seed Qil

tion using n-hexane until exhaustion, then
filtered and concentrated to obtain the oil.

mL) [17]. The mixture was refluxed for an
hour and allowed to cool. The organic layer
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was separated from the aqueous layer using
a separating funnel. The organic phase was
washed with water, dried over anhydrous
magnesium sulphate, and then concentrated
to afford the fatty acid methyl esters

weight of transesterified oil

(FAMES) and stored for GC-MS analysis.
The percentage yield (% w/w) of oil obtain
(30.02%) of the trans-esterified oil was
determined using the formula (equation 1):

Percentage Yield =

Saponification Value

One (1) gram of each oil was weighed into a
conical flask containing 25 mL of
methanolic KOH and mixed together. The
mixture was warmed in a water bath for 5
min, 3 drops of phenolphthalein were added

SV =

weight of oil

S(—B)xXMx56.1gmol

x 100 (1)

to it, and the content titrated against 0.5 M
HCI until the pink colour disappeared. The
discolouration indicates the end point. The
saponification value was calculated using
the equation (2):

where SV = saponification value; B = blank
titre value (mL); S = sample titre value

Acid Value

One (1) gram of the oil was weighed into a
flask with 25 mL of methanol and 3 drops of
phenolphthalein indicator was added to it.
The mixture was warmed in a water bath for

 (WEIGHT OF SAMPLE) g

2)

(mL); M = Molarity of KOH, taking the
molecular weight of KOH to be 56.1 g/mol.

5 min and titrated against 0.1 M KOH until
the pink colour disappeared, which indicates
the end point. Acid value was calculated
using the equation (3):

AV = MI OF KOH x N x 56.1 g mol

(Weight of sample) g 3)

where AV = acid value; M = Molarity of
KOH.

Peroxide Value

The oil (0.5 g) was weighed into a conical
flask containing 1 g potassium iodide. The
mixture of glacial acetic acid (13.5 mL) and
chloroform (6.5 mL) was added to it. The
solution warmed in water bath for a minute,
20 mL of 5% potassium iodide and 25 mL

© The AIC 2025. All rights reserved.

of water was added to the mixture. Sodium
thiosulphate solution (0.002 M) was titrated
against the content to colourless using
freshly prepared starch as indicator. The
results were expressed in mMol/Kg. The
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peroxide value was calculated using the formula:

Peroxide value = (Vs- V) X M of titrant

(Weight of sample) g 4)
where Vy = titre for blank; V= titre for
sample; M = Molarity.
Green Seed Oil Fortification with
Oleoresin
The seed oil was fortified with oleoresin Danielli oliveri plant using the formulation
originally obtained from the stem bark of the indicated in Table 1.

Table 1. Fortification of Neem Seed Oil with Oleoresin

Sample Code Neem Seed Oil (g) Oleoresin (g)

NE 5 0
NE1 5 1
NE2 5 2
NE3 5 3
NE4 5 5

3. Results

Neem Seed Oil Chemical Profiling
The results obtained from GC-MS analysis

of the trans-esterified neem seed oil are as
depicted in Table 2.
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Table 2. Chemical Composition of Neem Oil FAMEs

S/N Retention Compound Name Molecular % Relative
Time Formula Abundance
1 11.41 Lauric acid C12H2402 0.15
2 12.19 7-Hexadodecanoic acid C16H3002 0.05
3 14.41 Tridecanoic acid C13H2602 0.14
4 16.88 Palmitoleic acid C16H3002 1.05
5 17.33 Palmitic acid C16H3202 14.62
6 18.49 Margaric acid C17H3402 0.42
7 19.35 Linoleic acid C18H3202 6.95
8 19.64 Elaidic acid C18H3402 37.70
9 20.07 Oleic acid C18H3402 20.23
10 19.88 Eicosanoic acid C20H4002 9.49
11 20.07 6-Octadecenoic acid C18H3402 1.53
12 20.62 Stearic acid C18H3602 4.08
13 21.43 7-Hexadecanoic acid C16H3002 1.22
14 21.92 Cis-11-eicosenoic acid C20H35802 0.44
15 22.71 8,11,14-dodecatrienoic acid C1sH3002 0.49
16 24.84 Behenic acid C22H4402 0.90
17  28.20 Lignoceric acid C24H4802 0.45

In vitro Anti-inflammatory Activity

The anti-inflammatory activity of the oil was assay. The results obtained are as depicted in
evaluated using the albumin denaturation Table 3.
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Table 3. Inhibition of Albumin Denaturation Activity

Concentration NE (1%) NE1 (1%) NE2(1%) NE3(1%) NE4(1%) Oleo (I1%) Quercetin
(mg/mL) (1%)

25 38.06+1.74 26.64+3.3 27.77+1.45 39.60+2.18 32.20+0.14 22.42+0.29 59.46+1.45
50 31.58+0.14 25.92+3.49 2448+1.74 21.81+1.74 32.15+£0.87 13.16£2.03 40.94%1.45
75 25.41+0.43 31.58+0.43 36.11+4.51 23.25+2.32 38.88+2.9 14.30£0.14 34.15%£1.16
100 28.491+14 59.1510.14 45.88+0.58 30.3410.14 51.02+2.3 12.1320.58 34.67+1.60

| - Inhibition; NE - Neem Seed Qil; Oleo - Oleoresin

4. Discussion

The GC-MS analysis of the neem seed oil
confirms the presence of constituents which
are known to exhibit medicinal as well as
physiological activity [18]. Characterization
of the fatty acid profile of neem seed oil is
vital for industrial and economic purposes.
The GC-MS results showed the presence of
major fatty acids including palmitic acid

(14.62%, 17.33), a saturated fatty acid,
elaidic acid (37.7%, 19.64), oleic acid
(20.23%, 20.07), linoleic acid (6.95%,

19.35), eicosanoic acid (9.49%, 19.88), and
stearic acid (4.08%, 20.62). The profile
revealed the presence of more long chain
fatty acids than the short chain fatty acids.
The lower amounts of stearic acid and
linoleic acid observed in this study could be
attributed to different factors such as
seasonal variation, time of harvesting,
growing conditions and other biotic and
abiotic factors. Eicosanoic acid is known to
be useful in cosmetics formulations while
docosanoic acid, also called behenic acid
(C22H4402), is often used as hair
conditioners and moisturizers, giving them
smoothing properties [19].

© The AIC 2025. All rights reserved.

The anti-inflammatory properties of the oil
and the fortified products revealed a dose-
dependent albumin denaturation inhibition
potential comparable to the standard,
quercetin. While the oleoresin showed low
dose-dependent  activity, the fortified
products exhibited better activities reflecting
potential synergistic activity of the oleoresin
with the oil.

The composition of the neem oil indicates a
rich mixture of saturated, monounsaturated,
and polyunsaturated fatty acids. This diverse
composition makes neem oil suitable for
various applications in cosmetics and
skincare due to the presence of oleic and
linoleic acids which are required for skin
moisturizing and nourishment. The presence
of the lauric acid will enhance the
antimicrobial properties in cases acne and
other skin infection conditions. Moreover,
the pharmaceuticals potential will be
enhanced due to the presence of significant
amount of linoleic acid known to possess
anti-inflammatory properties. Fatty acids are
crucial components of oils and fats, and their
composition can significantly influence the
properties and applications of the oil.
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5. Conclusion

Neem seed oil, investigated for its chemical
composition, has been formulated into a
green cosmeceutical product with potential
anti-inflammatory activity. The formulated
product, devoid of all synthetic and artificial
additives, revealed the potential application
of the oil in organic cosmetics. As most
cosmetic consumers now prefer herbal,
organic, or green cosmetic products which
are less toxic and more environmentally
friendly, the application of the seed oil for
use in cosmeceuticals is hereby reinforced.
Neem seed oil, often discarded as waste,
holds tremendous promise as a viable and
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Abstract: A simple spectrophotometric method to determine the cefadroxil has been
investigated. The method is based on Schiff's base reaction of cefadroxil with 1,2-
naphthoquinone-4-sulfonic acid (NQS) in an aqueous solution to give a dark yellow product
for maximal absorption of 460 nm. It complied with Beer's Law with a range of 0.1 — 20
pg/ml. The limit of detection (LOD) and the limit of quantitation (LOQ) were 0.0339 and
0.169 ppm, respectively. It was found that the average recovery percent was 99.89% and 1:1
product. As the stability constant was 2.7 x 10° L/mol, this method was successfully applied
for the determination of cefadroxil in the pharmaceutical formulations. The results obtained
using this method are compatible with the method of the British Pharmacopoeia method.

Key Words: cefadroxil, Shiff's base

1. Introduction

Cefadroxil is an antibiotic [1] consumed and is used to treat bacterial infection of the skin
used to treat mild to moderate infections and strep throat for the urinary tract [3,4].
caused by susceptible microorganisms [2]. It Figure 1 shows the structure of the drug.
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Figure 1. Structure of Cefadroxil [5]

Several scientific methods of analysis were
available in the literature for the deter-
mination of cefadroxil in their pharma-
ceutical preparations, including fluorimetry
[6] and polarography [7,8]. Thin layer chro-
matography [9], HPLC [10,11], sequential
injection analysis [12], chemiluminescence
[13,14], capillary electrophoresis [15], and
spectrophotometric methods have been des-
cribed to determine cefadroxil using various
reagents based on the formation of comp-
lexes with copper (II) [16] Flow injection
analysis (FIA) [17]. Additionally, another
method is based on the liberation of hydro-
gen sulfide and followed by the reaction
with N N-diethyl-p-phenylenediamine [18].

2. Experimental Apparatus

e Spectrophotometer using Ajena
model 1100 (Germany) with a quartz
cell with 1 cm path length, PW
“9421” pH meter for a common glass
electrode.

© The AIC 2025. All rights reserved.

Other spectrophotometric methods are re-
ported for the determination of cefadroxil
based on its reactivity with iodine [19].
Nitrosation and subsequent metal chelation
reaction with 2,6-dichloro-quinone-4-amino-
antipyrene in the presence of potassium hex-
acyanoferrate [20] or by oxidation in an acid
medium [21].

These methods are time-consuming and re-
quired extraction steps or required indirect
procedures. This work describes a simple
and sensitive spectrophotometric method for
the determination of cefadroxil. This method
is based on the reaction of the drug with
NQS and the formation of Schiff's base.

A meter electrical balance was used to
weigh the sample. The reagent was supplied
by BOH and Fluka. The standard solution of
100 ppm cefadroxil was prepared by
dissolving 0.01 g in 2 ml of de-ionized water
and then diluted to 100 ml. Also, 5 x 10° M
of 1,2-naphthoquinone reagent was made by
dissolving 0.06 g in 50 ml de-ionized water.
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3. Results and Discussion

In a primary test, the NQS reagent reacted product with the highest absorption peak at
with cefadroxil in the presence of sodium 465 nm, where the reagent blank showed
hydroxide NaOH and formed a red color low absorbance at this wavelength.

4. Study of Optimal Reaction Conditions

Impact of NQS Reagent

The impact of changing the reagent 1,2- and reached a maximum when 1 ml of 5 X
naphthoquinone solution concentration on 103 M 1,2 - naphthoquinone solution was
the absorbance of cefadroxil was performed. used (Figure 2).

It was noticed that the absorbance increased

0.2 0.4 0.6 0.8 1.0 1.2 1.4 1.6
1,2-naphthoquionone solution (5 x 10-3 mol/L), ml

Figure 2. Impact of NQS Reagent Conc.
Impact of Base
The impact of bases (sodium hydroxide found that potassium hydroxide gave maxi-
NaOH, potassium  hydroxide  KOH, mum absorption at 460 nm (Figure 3).

ammonium hydroxide NH4OH, and sodium
carbonate Na2CO3) was investigated. It was
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Figure 3. Bases (1 ml of 0.1M)

Maximum absorbance was observed when
1.5 ml of 0.1M KOH at pH 11.31 was used.

Furthermore, the impact of the potassium
hydroxide volume and pH were studied.

Table 1. The Impact of Increasing pH and the Volume
of KOH 0.1 M on the Absorption of the Mixture (8 ppm

Cefadroxil, NQS, KOH)
KOH V(ml) 0.5 1 1.5 2
pH 6.5 103 11.31 12.15
Absorbance 0.23 0.41 0.45 0.40

Impact of Surfactants

The impact of Tween 80 (TW-80), Triton X-
100 (TX-100), and cetyltrimethyl ammo-
nium bromide (CTAB) of 0.1% concen-
tration was studied. However, the absor-
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bance was decreased when CTAB was used
(Figure 4). Therefore, it was excluded from
the experiment.
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Figure 4. Impact of Surfactant on the Absorption of the Product

Impact of Temperature Versus Time on
the Absorbance of the Complex

The effect of reaction time was performed at
different temperatures. Figure 5 shows a

© The AIC 2025. All rights reserved.

decrease in the absorbance when time
increased, attributed to the dissociation of
the complex. It was found that the optimum
time and temperature for the complex was
15 min at 40°C, respectively.
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Absorbance

Impact of the Order of Addition

Under the optimum conditions, the order of
addition was investigated. Figure 6 shows

Absorption Spectra

Figure 7 shows the absorption spectra for
the best condition that has been confirmed
above.
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that in the order of addition, no. II was the
best.
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v
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Figure 7. (a) The absorption Spectra of Cefadroxil with 1,2-Naphthoquinone Versus
Reagent Blank at 460nm (b) Reagent Blank Versus Distilled Water

The Details of the Statistical Data and
Optical Characteristics of the Suggested
Method

The absorbance of the complex was

measured at 460 nm. Beer's law limits and
molar absorptivity values are shown in

© The AIC 2025. All rights reserved.

Table 2. In addition, the relative standard
deviation (RSD) and the accuracy of
analysis on six replicates for three different
concentrations of cefadroxil indicate that the
method is valid. Also, the limit of detection
(LOD) is accepted as well.
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Table 2. The Summary of Optical Characteristics

Parameter Cefadroxil
Beer law limit (ppm) 0.1-20
Molar abs (L/mol . cm) 3.152 x 103
LOD (ppm) 0.0399
LOQ (ppm) 0.169
Average recovery percent (%) 99.89
Correlation Coefficient 0.989
Slop a 0.122
Intercept b 0.0169
R.S.D. <0.44

Analytical Implementation

The results showed that the experimental F-
Test and T-Test were less than the
Quantities and Stability Constant
Quantities of a reaction of cefadroxil for

NQS were studied through the molar ratio as
well as job method [23,24].

theoretical value (t =2.50, f=6.41).
However, it was observed that there was no
significant variation between the suggested
method and the formal method [22].

Figure 8. (a) Continuous Variations (b) Mole Ratio

© The AIC 2025. All rights reserved.
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Figure 8 (a) and (b) showed that the results stability constant for the resulting complex
were 1:1 and the average conditional was calculated using the equation (1) below:

Kst =]- x / (0(2 C)

= (Am — As) / (Am) (1)
where Kst: the stability constant (L/mol), (o average Kt is 2.7 x 10° which illustrates that
): the dissociation degree, and (C): the the resulting product is stable.

concentration of the resulting complex. The

Mechanism of the Reaction

Under the experimental conditions, the mechanism of the reaction is shown in Scheme 1.

o o
& oK
KOH
>

S0 -Na SO Na

HOOC

H. \-—N NS CHS

@J\K

. Aj* +  NaHSos

Scheme 1. The Suggested Mechanism of the Product

I

The mechanism suggests that the NQS was hydrogen atom of the primary aromatic
converted into a quinoidal which reacts with amine group to produce paraquinoidimide-
phenol amine via the replacement of the condensation (Schiff's base) NaHSOs.
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5. Conclusion

The suggested spectrophotometric method is
simple, sensitive, and low cost. In addition,
this method does not involve a solvent
extraction step. Also, it gives accurate and
precise results. The calibration curve shows
high linearity. The coefficient correlation
was higher than 0.99. The limit of detection
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Abstract: The issue of metal corrosion presents one of the most formidable challenges for
various industrial sectors, including construction, marine, and oil industries. The significant
risks associated with the corrosion of metals used in these applications can lead to
catastrophic failures, necessitating substantial expenditure to maintain these facilities in
optimal operating conditions. In response to this issue, researchers have developed numerous
methods to mitigate corrosion; one of them was the use of polymeric coatings reinforced with
various nano-fillers, such as carbon-based nanomaterials, being particularly prominent. This
study conducted a comparative analysis to evaluate the effectiveness of graphene, graphene
oxide, and carbon nanotubes in enhancing the anti-corrosion properties of polymeric
coatings. The objective was to identify the most effective nano-additive based on its average
anti-corrosion protection performance. The comparative results indicated that carbon
nanotubes exhibited the highest performance in terms of average protection effectiveness
against corrosion, followed by graphene oxide and graphene.

Key Words: anti-corrosion coatings, carbon nanotube, corrosion, graphene, graphene oxide,

nano-filler

1. Introduction

The issue of corrosion of steel reinforcement
and structural steel is considered one of the
most important problems facing several
industries, such as construction, marine, and
oil industries [1,2]. Solving this issue entails
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large maintenance expenditures because it
creates a major threat to the safety of
facilities. Engineers used several solutions to
tackle this issue including cathodic protection
[3], concrete permeability reduction to block
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corrosion agents [4], and applying
anticorrosion coatings to metal surfaces [5].

Because of the significance of the corrosion
problem, there have been mathematical
models that predict it. For instance, Asmara
and Kurniawan [6] researched the predictive
models and methods of corrosion rate for
carbon steel, which is a major problem in oil
and gas. They also examined the environ-
mental conditions affecting corrosion, i.e.,
temperature, pressure, and chemical
composition, while assessing predictive
models derived from experimental data and
computer simulation in their research. Other
researchers [7] addressed the topic of interest
to most industrial processes, i.e., corrosion in
mild steel when exposed to acidic
environments. The researchers investigated
the possibility of using readily available eco-
friendly imidazolium-based ionic liquids as
corrosion inhibitors. They employed both
experimental techniques and theoretical
models to explore inhibition mechanisms.
The results show that these ionic liquids are
efficient in inhibiting corrosion and that some
molecular interactions are important in the
process. Similarly, how metals corrode in
different industry environments was explored
[8]. The corrosion resistance of AISI304
stainless steel and copper when immersed in
alkali (KOH and NaOH) and saline (NaCl)
solutions under the electrolysis process was
the subject of the experiment. They
performed electrochemical tests to determine
the corrosion rate of this alloy and found that
it was more prone to corrosion when
immersed in NaCl because of the aggressive
chloride ions. Conversely, the rates of
corrosion of KOH and NaOH were lower, but
KOH offered more protection to the stainless
steel. The authors underlined the need to
select material for the intended purpose in a
given industrial environment. Coatings are an
intricate multi-step process rooted in basic
chemistry and physics to coat metal surfaces

© The AIC 2025. All rights reserved.

against corrosion. In its simplest mani-
festation, this process is designed to create a
barrier that prevents corrosive substances like
chlorine, oxygen, and water ions from
making contact with the metal surface and
triggering destructive interactions [9,10].
Coatings like these work partly because they
mechanically block electrons from the metal
surface, but they also establish a barrier to the
transfer of charge in general. This keeps
electronic oxidation, the first stage of
corrosion, from happening [11]. Through the
combination of these two principles, anti-
corrosion coatings can strengthen the
corrosion barrier in a way that neither of them
could do alone. The coating protects the
corrosive chemical substances from the
exposed metal surface by forming a physical
barrier. At the same time, corrosion-causing
electron flow is blocked by its high electrical
resistance. On the surface of the metal, the
coating effectively inhibits electronic oxi-
dation reactions from starting by blocking
charge transfer.

The discovery of nanomaterials and their use
to improve physical and chemical properties
of materials revolutionized the field of
materials science since nanomaterials have
more superior mechanical properties com-
pared to their bulk counterparts. For instance,
carbon nanotubes (CNTs) and graphene have
superior strength, stiffness, and flexibility
[12], which make them able to reinforce
polymers, ceramics, and metals in
composites. This results in materials of
higher hardness and strength and resistance
to corrosion and fatigue. At the chemical
properties level, nanomaterials have a high
surface-to-volume ratio, which provides
more surface area for interaction with their
surrounding environments [13]. It should be
remembered that nanomaterials have played
a very important role in improving the
physical properties of many coatings, for
example, improving thermal conductivity
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and optical absorption [14] in solar collector
coatings, resistance to ultraviolet radiation
[15], fungi and bacteria resistance [16], and
corrosion resistance [17].

In this regard, collective research endeavors
have been made to explore the intricate
dynamics among various nano-additives and
how they enhance the anti-corrosion prop-
erties of the coating. A core research interest
in this regard is nanoparticles (NPs)
developed from metals or their oxides. These
NPs have been comprehensively studied to
determine their role in enhancing the anti-
corrosion properties of coatings [18]. Also,
the work includes nanoparticles from carbon-
based materials, i.e., graphene and carbon
nanotubes, which are greatly prized for their
excellent mechanical, electrical, and
chemical properties. The work has included
both these pure carbon materials and their

2. Experimental

In our study, a comparative analytical
methodology was used to examine the results
obtained from previous studies conducted by
researchers in the field of anti-corrosion
coatings  research, specifically those
involving the effect of carbon nanomaterials
on anti-corrosion properties. In order to
compare the protection effectiveness
resulting from coatings modified with

3. Results and Discussion

The incorporation of carbon NPs into
polymeric coatings has demonstrated huge
potential in the enhancement of corrosion
resistance, which leverages the distinctive
physical and chemical properties of materials
such as graphene, carbon nanotubes (CNTs),
and graphene oxide (GO). Graphene,
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oxides, i.e., graphene oxide. Following our
earlier work [18], we investigated the
influence of adding metal or metal oxide
nanoparticles on the anti-corrosion behavior
of coatings.

This work intends to compare the impact of
integrating diverse carbon-based NPs,
namely graphene, graphene oxide, and
carbon nanotubes, on the anti-corrosion
capabilities of polymeric coatings. We aim to
determine the most effective nano-additive
for increasing corrosion resistance by
assessing its impact on barrier characteristics,
mechanical reinforcement, and overall
protective efficacy. The results will yield
remarkable insights into the ideal selection of
nano-fillers for the formulation of
sophisticated anti-corrosion coatings.

different  carbon  nanomaterials, the
protection effectiveness provided by these
coatings was calculated based on the
corrosion current values before and after
applying the modified coating (these values
are mentioned in the studies we discussed in
this review or in the supplementary materials
attached to those studies).

characterized by high electrical conductivity,
exceptional mechanical strength, and a large
surface area, enhances corrosion resistance
through its impermeable nature and
effectively blocks the diffusion of corrosive
agents like water and oxygen. Similarly,
CNTs improve anti-corrosion properties by
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forming a reinforcing network within the
polymer matrix due to their outstanding
tensile strength and flexibility. Thereby, the
structural integrity and hindering the
movement of corrosive substances are
increased. Overall, it can be stated that
carbon-based NPs introduce a more tortuous
path for corrosive agents that reduce their

Graphene

Graphene-modified anti-corrosion coatings
have emerged as a highly effective solution
to enhance the durability and longevity of
materials exposed to corrosive environments.
Incorporating graphene into polymeric
coatings enhances its physical and chemical
properties; this leads to noticeable
improvements in wear resistance. The
incorporation of graphene into the polymeric
coating matrix increases its corrosion
resistance through two mechanisms. The first
mechanism is termed the barrier effect, which
is one of the strongest mechanisms for
corrosion protection. On this basis, the
impermeable nature of graphene prevents the
diffusion of corrosion-causing agents such as
water, oxygen, and salts. This decreases the
rate with which these agents seep down to the
supporting mineral substrate markedly. The
other is mechanical strengthening, where the
polymer matrix receives a reinforcement
through the addition of graphene to augment
its mechanical stiffness. Here, the possibility
for cracks and faults that expose metal to
corrosive substances is curbed.

In another study by Gao et al. [19], an oil-
based epoxy resin (OEP) coating modified
with graphene (G/OEP) was synthesized to
enhance corrosion resistance of AZ3l
magnesium alloy. In this study, the potential
benefits of using graphene in epoxy resin
coatings in surface finish, structure, and
protection were taken into consideration.
AZ31 magnesium alloy was coated with
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penetration rate and  modify  the
electrochemical properties of the coating to
enhance corrosion resistance. Additionally,
the mechanical properties of the coating are
improved, which gives more resilience to
physical damage that could expose the
underlying metal. The following sections
explore the materials mentioned above.

G/OEP, i.e., graphene-modified oil-based
epoxy resin, for this study. For comparison of
the coatings that had been modified using
graphene with the unmodified coatings, as
well as for detecting surface defects, scan-
ning electron microscopy (SEM) observ-
ations were also conducted. Surface finish of
the coating and defect reduction were both
enhanced by the addition of graphene, as
revealed through SEM micrographs. FTIR
spectroscopy analysis of the coating
composition ensured that the coatings were
primarily composed of epoxy (polyurethane)
resin and its curing agent, with the addition
of graphene incorporated in the matrix
successfully. The corrosion resistance of the
coatings was also assessed using
electrochemical measurements. The results
indicated that the G/OEP coatings provide
excellent corrosion protection, as the
corrosion current density of the magnesium
alloy reduced from 6.20 x 1077 A/cm? (0
wt.% graphene) to 6.96 x 1072 A/cm? (0.6
wt.% graphene) upon the application of the G
/OEP  coatings, which increased the
protective efficiency to 99.99%. Finally, a
post-corrosion morphology analysis was
performed to examine the structural integrity
of the coating after being subjected to
electrochemical corrosion. The analysis
aimed to assess the extent of structural
damage and determine the role of graphene in
enhancing the protective nature of the coating
against corrosive media. The results
indicated that graphene significantly
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improved the corrosion resistance of the
coating by reducing structural damage. The
incorporation of graphene effectively sealed
micro-defects in the coating upon curing,
hence inhibiting the uptake of corrosive
materials and enhancing the durability and
protective efficacy of the coating as a whole.

In a study by Xu et al. [20] for enhanced
anticorrosion  properties of composite
coatings, E44 waterborne epoxy resin was
used as the matrix material, and graphene was
incorporated as a nano-filler. The
investigation focused on studying the
structure and electrochemical response of
such composite coatings with a view to
studying the contribution of graphene toward
increased corrosion resistance. To charac-
terize the graphene, X-ray diffraction (XRD)
and transmission electron microscopy (TEM)
were used. The resulting structure is a thin
pile of graphite sheets with many wrinkles,
and it improves the coating performance.
Graphene-epoxy coatings were found to have
a flawless surface according to SEM. This
was attributed to the ability of the graphene
to effectively fill micro-pores and internal
micro-cracks, thus strengthening the coating
and making it more protective. The FTIR test
results indicated that the composite coatings
were primarily composed of epoxy resins
with polyamide curing, in which the
characteristic peaks according to the
materials used. Finally, the result of
electrochemical testing, particularly the Tafel
polarization curves, indicated that it raised
the corrosion potential and reduced the
corrosion current when more graphene was
incorporated. Therefore, the corrosion
resistance was ultimately enhanced. The
intensity of the corrosion current decreased
from 1.2 x 10 A-cm™ in the case of pure
epoxy to 7.6 x 10 A-cm™2 in the case of
epoxy with 0.6 wt.% nano-filler, which
means an increase in the effectiveness of
protection by 93.67%. However, the
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electrochemical impedance spectroscopy
(EIS) results showed that graphene increased
the impedance arc in Nyquist plots and
impedance modulus at low frequencies,
confirming the improvement in corrosion
resistance. The study concluded that the
improved mechanism of corrosion protection
by graphene is attributed to the improved
barrier performance of the coating because
graphene clogs the pores in the coating
matrix. Thus, penetration of the corrosive
substance was avoided, and the general long-
term stability of the coating was improved.

Suharyadi et al. [21] studied the effect of
graphene and epoxy coatings as corrosion
inhibitors on carbon steel plate substrates
used in heat exchangers in the oil and gas
industries. Several coating samples were
prepared with different mass concentrations
of graphene/epoxy (0%, 2%, 5%, and 10%),
and the coating was applied to the substrates
using the bath method. The corrosion
behaviors of substrates immersed in 1 M
sulfuric acid solution at room temperature
were studied using dynamic polarization.
Experimental results indicated that graphene
and epoxy coatings are effective in inhibiting
corrosion. The dynamic polarization
potential curves showed that the corrosion
potential of coated carbon steel turned to
more positive values than that of uncoated
carbon steel. The study also found that
corrosion current densities and corrosion
rates decreased by up to 36 times. This
improvement was attributed to the enhanced
barrier effect of the coating, achieved by
filling its pores with well-dispersed graphene
nanoparticles. This modification reduced the
permeability of the graphene-epoxy coating
to ions and other corrosive species in acidic
solutions, ultimately increasing its protective
effectiveness to 97.23%.

In another study [22], an anticorrosion
coating composed of a polyeugenol/graphene
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(PE/G) composite was developed, and its
effectiveness in protecting metals from
corrosion was evaluated. Here, several
methodologies were used to synthesize and
evaluate the PE/G composite. Polyeugenol
was synthesized via cationic addition
polymerization using BF3O(C:Hs)2 as a
catalyst, while graphene was produced
through the chemical reduction of GO using
the Hummers' method. The PE/G composite
was prepared at various weight concen-
trations (0.25 wt.%, 0.5 wt.%, 0.75 wt.%, 1
wt. %, and 1.25 wt.%.) using a solution
mixing method and applied to metal
substrates via drop-casting. To assess the
anticorrosion performance, the researchers
used potentiodynamic polarization techni-
ques, which involved measuring the electro-

Accordingly, the studies reviewed clearly
show that graphene has a great ability to
improve corrosion-resistant properties, as the

chemical behavior of the coated metals in a
3.5% sodium chloride solution. The PE/G
composite exhibited superior corrosion resis-
tance compared to unmodified polyeugenol,
as the addition of graphene reduced the
corrosion current density from 4.0239
nA-cm2at0wt.% to 1.3854 uA-cm 2 at 1.25
wt.% of graphene, leading to a protection
efficiency increase of up to 78.42%.
Morphological analyses were conducted
using SEM which revealed that the PE/G
coated metals had a defect-free surface and
the graphene was effectively filled within the
micro-pores and micro-cracks. XRD analysis
was also performed, and the obtained results
confirmed the absence of corrosion products
on the PE/G-coated metals after exposure to
the corrosive environment.

average protection effectiveness is about
96.963%.
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Fig. 1. The Values of the Corrosion Protection Effectiveness of Graphene-containing
Coatings in Reviewed Studies and the Average Value

Figure 1 shows the values of the corrosion
protection effectiveness of graphene-con-

© The AIC 2025. All rights reserved.

taining coatings and the average value of
selected studies.
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Graphene Oxide (GO)

Due to the unique properties of graphene
oxide (GO), such as high surface area,
excellent mechanical strength, and excellent
barrier properties, it has been one of the most
promising additives to enhance the
performance of corrosion-resistant coatings.
GO is a graphene derivative that contains
oxygen functional groups, such as hydroxyl,
epoxide, carbonyl, and carboxyl groups,
which enhances its dispersibility in water and
organic solvents. These functional groups
also allow GO to form strong interactions
with polymer matrices and make it an
excellent candidate for composite coatings.
The high aspect ratio of GO creates tortuous
paths that impede the diffusion of corrosive
agents, greatly improving the barrier pro-
perties of the coating.

Regarding corrosion resistance mechanisms,
the effectiveness of GO in corrosion-resistant
coatings can be attributed to several
mechanisms. The first one is the barrier
effect, where the layered structure of GO
increases the diffusion of corrosive species.
Here, a delay in the penetration of water,
oxygen, and ions occurs. The second
mechanism is its self-healing properties, as
some studies [23-25] indicate that combining
GO with some polymers can contribute to
repairing small cracks independently and
prolong the life of the coating. The third is the
synergistic effects with polymers, where GO
can interact with polymer matrices to
enhance their mechanical properties and
adhesion to substrates, and the coating failure
is possibly reduced.

In their study, Jiang et al. [26] investigated
the corrosion resistance behaviors of epoxy
composite coatings reinforced with GO.
They focused on understanding how varying
aspect ratios of GO influence the corrosion
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resistance properties of the coatings. To
achieve this, the researchers prepared epoxy
composite coatings by incorporating GO with
different aspect ratios. The study sought to
understand better how GO's structural
properties affect its ability to improve
composite coatings' anti-corrosion perfor-
mance. As a result, valuable insights that can
be used to optimize the design of advanced
protective coatings were gained. The
researchers used a modified Hammers
method to synthesize GO in different aspect
ratios. They then mixed it with an epoxy resin
matrix at a concentration of 0.1 weight
percent. The composite coatings were
applied to sandblasted carbon steel metal
substrates. To evaluate the corrosion resis-
tance performance, a series of electro-
chemical tests were performed, including
dynamic polarization and EIS, the results of
which indicated that the aspect ratio of GO
highly affected the corrosion resistance of
epoxy composite coatings, where coatings
with a higher aspect ratio of GO had superior
corrosion resistance. The corrosion current
densities decreased significantly from 3.115
x 107 A-em™? for GO-c to 1.164 x 1078
A-cm? for GO-a, which demonstrates a
substantial improvement in protection
effectiveness of approximately 97.71%
compared to the neat epoxy coating.
Concurrently, the complex impedance values
increased from 2 x 10° to 4 x 107, further
confirming the enhanced barrier properties
and corrosion resistance of the GO-
reinforced epoxy composite coatings. In
addition, the surface morphology and
structural properties of the coatings were
examined using SEM and TEM. These
analyses determined that there was a rise in
the uniformity and defect-free surface of the
coating as the GO aspect ratio was greater.
This increased structural integrity signifi-
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cantly contributed to the barrier nature of the
coatings, which ensured that the corrosive
agents were not able to penetrate and added
further to the overall corrosion resistance of
the composite coating. The study concluded
that increasing the aspect ratio of GO in
epoxy composites is vital in order to make the
corrosion resistance more efficient.

In another research conducted by Yang et al.
[27], the in situ polymerization method was
used for preparing  GO/polyaniline
(GO/PANI) nanocomposites with unique
anti-corrosion properties. In this research,
epoxy/GO coating samples were prepared. In
order to characterize the different samples,
surface morphology of the materials was
studied using SEM, whose images revealed
that pure GO had flaky structure with a folded
and smooth surface. For understanding
corrosion resistance, EIS measurements and
dynamic polarization curves were carried
out. The findings of these tests indicated that
the incorporation of graphene caused Ecorr to
rise from —0.704 volts for the neat epoxy to
—0.548 volts for the epoxy/GO. Additionally,
corrosion current density (Icor) Was
decreased from 3.64 x 107* A/cm? for pure
epoxy to 1.79 x 1078 A/em? for epoxy/GO,
which can be an indication of 99.99%
improvement in protection efficiency.

In another study, Irfan et al. [28] explored the
performance of a new anti-corrosion and
environmentally friendly coating was
developed and evaluated. The study focused
on the utilization of a hybrid nanocomposite
coating that includes composite green NPs
and biopolymers to enhance corrosion
resistance on metal substrates. The
methodology involved the NPs synthesis
process using plant extracts as reducing
agents, and then nano-hybrid coatings were
prepared by dispersing the composite NPs in
a biopolymer matrix. Electrochemical
methods, including dynamic polarization and
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EIS, evaluated the corrosion resistance of the
coatings. Experimental results showed that
nano-hybrid coatings improved the corrosion
resistance of metal substrates, where
electrochemical tests revealed that the
coatings effectively reduced the Icor, as its
value decreased from 1.767 x 1077 A-cm™
for the coating without nano-filler to 7.736 x
107 A-cm? for the coating with nano-filler,
which means the effectiveness of protecting
the coating against corrosion increased by
95.62%, and the impedance value (Ecor)
increased from -0.476 volts for the paint
without nano-filler to -0.191 volts for the
coating with the NPs filler, indicating
enhanced protective properties. SEM and
TEM analyses showed that the NPs were well
dispersed within the polymer matrix, which
contributed to a uniform and defect-free
coating surface.

In a study by Huang et al. [29], waterborne
epoxy coatings with enhanced wear
resistance were developed by incorporating
NPs of aluminum oxide (Al203), GO, and
hybrid ALO3@GO. In order to prepare
composite coatings, the modified NPs were
dispersed in waterborne epoxy resin, where
different concentrations of these NPs (1.5
wt.% for AlLOs, 0.2 wt.% for GO, and 0.4
wt.% for ALO3@GO) were used to create
different composite layers. Then, to
characterize the samples, the researchers
used several techniques to characterize the
surface morphology and the morphology of
NPs. The SEM images showed the presence
of ripples in a large area of the GO sheets,
which represents a stacked state, where the
GO sheets were strongly assembled into a
stacked shape with a width of micrometers.
Regarding corrosion resistance  tests,
dynamic polarization tests and electro-
chemical impedance spectroscopy were
conducted to evaluate the coatings in a 3.5%
sodium chloride solution. The results showed
that coatings that contain GO showed
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superior corrosion resistance compared to
neat epoxy coatings. The value of the
corrosion potential Ecorr increased from
—0.760 V in the case of neat epoxy to —0.354
V in the case of 0.4% epoxy/GO coating.
Also, the value of the Icorr decreased from
1.235 x 107> A-cm 2 in the case of neat epoxy
to 1.697 x 107® A-cm™2 in the case of 0.4%
epoxy/GO coating. These results indicate an
increase in protection effectiveness by
86.26%. The improved performance is
attributed to the better barrier properties and
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lower permeability provided by the well-
dispersed NPs.

Accordingly, the studies reviewed clearly
show that GO has a great ability to improve
corrosion-resistant properties, as the average
protection effectiveness is about 94.895%.
Figure 2 below shows the values of the
corrosion protection effectiveness of GO-
containing coatings and the average value of
selected studies.
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Fig. 2. The Values of the Corrosion Protection Effectiveness of GO-containing Coatings in
Reviewed Studies and the Average Value

Carbon Nanotubes

Carbon nanotubes (CNTs) show promise as
an additive in anti-corrosion paints due to
their high mechanical properties due to their
high tensile strength and better chemical
properties like chemical inertness. These
features make CNTs suitable candidates to
enhance the performance of anti-corrosion
coatings. CNTs aid corrosion protection by
multiple mechanisms, for which the most
important one is the barrier effect. CNTs
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create a dense and impermeable network
within the coating matrix, which increases
the diffusion of corrosive species such as
water, oxygen, and chloride ions to the
substrate.

The mechanical strengthening mechanism is
another critical parameter in which CNTs
enhance the corrosion resistance of the
coating. By enhancing the mechanical
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properties of the coating, CNTs become
physically more robust and reduce the risk of
exposing the metal substrate to corrosive
conditions. In a study by Kong et al. [30], a
corrosion-resistant ~ polymeric coating
composed of polyurethane and CNTs was
prepared. The study was focused on the
effectiveness of using NPs in improving the
mechanical and anti-corrosion properties of
such coatings. In preparation of the coating,
the researchers incorporated NPs into the
polymeric matrix, with varying concen-
trations of NPs used to find the optimal
formulation for optimal performance. SEM
analysis was performed to examine the
surface morphology, and dispersion of NPs
within the coatings. The NPs were
homogenously dispersed in the images,
adding to the global properties of the coating.
They were uniformly distributed in the
polymeric matrix and formed defect-free
coatings. Corrosion protection of the coatings
for electrochemical tests was analyzed using
methods such as Tafel polarization and EIS.
Electrochemical analysis showed that the
addition of CNTs caused an increase in the
Ecorr from —0.54 V for the plain coating to
—0.38 volts for the 3% CNTs-containing
paint. The value of the Icorr decreased from
5.24 x 1077 A-cm™? in the case of coating
without nano-fillers to 8.94 x 10 A-cm ™2 in
the case of the coating of 3.0% of CNTs,
which means an increase in protection
effectiveness of 98.29%.

In another study [31], a corrosion-resistant
coating composed of epoxy coating and
functionalized CNTs was developed and
evaluated to enhance the corrosion resistance
of aluminum alloys. The primary goal was to
explore the effectiveness of incorporating
these NPs into epoxy coatings to improve
their mechanical properties and protect
aluminum  substrates from  corrosive
environments. To prepare the coating, the
researchers  incorporated  functionalized
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CNTs into an epoxy matrix by dispersing the
modified NPs in epoxy resin. The mechanical
stirring and ultrasonic dispersion techniques
were used after these NPs had been modified
with appropriate chemical treatments to
enhance their dispersion and compatibility
with the epoxy resin. Finally, the resulting
nanocoatings were applied to aluminum alloy
substrates using spray coating processes.
Also, SEM was used to characterize the
surface morphology and ensure uniform
dispersion of the NPs within the coatings.
The SEM images showed that running the
NPs led to their excellent dispersion within
the epoxy matrix, as the nanocomposite
coatings had a uniform surface free of
defects. For electrochemical tests, techniques
such as Tafel polarization and EIS have been
used to evaluate the corrosion resistance of
the coating. These tests were performed in a
3.5% sodium chloride solution to simulate a
corrosive environment. Electrochemical tests
indicated a significant improvement in the
corrosion resistance of the nanocoatings
compared to the unmodified epoxy coatings.
The Tafel polarization curves showed a huge
decrease in the corrosion current density, as
its value decreased from 7.155 x 107 A-cm™
in the case of the neat epoxy coating to 4.050
x 107 A-cm™? in the case of the coating
containing 0.25% CNTs, where the
effectiveness of corrosion protection reached
99.43%. The EIS results also showed an
increase in impedance, as the Ecor value
increased from —0.594 V in the case of the
neat epoxy coating to —0.001 V in the case of
the coating containing 0.25% CNTs, which
indicates better barrier properties of the
coatings.

In a similar context, Al-Gamal et al. [32]
developed a polymeric coating made of
polyaniline (PANI) and alkyd resin
containing multi-wall carbon nanotubes
(MWCNTs) to enhance their corrosion resis-
tance properties. To prepare the coating, the

Volume 96 Number 1 | The Chemist | Page 176



researchers chemically modified CNTs to
improve their dispersion and compatibility
with polyaniline resins. Then, different
concentrations of functionalized CNTs were
then incorporated into the PANI resin matrix.
After this, coatings were prepared by mixing
short alkyd resin as a binder with selective
dyes for several pigment/binder mixing
ratios, and then the solvent, which is xylene,
was added at a rate of 15% by weight.
Finally, the paint was applied to the carbon
steel with a brush to prepare the samples. The
SEM images confirmed the uniform
distribution of CNTs in the coating matrix.
Additionally, the corrosion resistance of the
coating was characterized by electrochemical
tests, in which Tafel polarization was
performed. The results of this test indicated
an improvement in the corrosion resistance of
the coating containing the nanocomposite
PANI/MWCNTs compared to the unmod-
ified coating, where Tafel polarization curves
showed a significant decrease in the Icor, as
its value decreased from 5.99 pA in the case
of PANI/alkyd coating to 1.030 pA in the
case of (PANI-MWCNTs)/alkyd 3% coating,
which indicates enhanced protection against
corrosion as it was protection effectiveness of
82.81%.

A corrosion-resistant coating was prepared to
protect aluminum surfaces [33]. The coating
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consisted of a sol-gel of N-propyl-
trimethoxy-silane  filled with different
amounts of MWCNTs. The coating was
applied to aluminum substrates by drop
casting. The SEM images showed that a
uniform gel coating with a content of 0.4
wt.% CNT was obtained. Low or high
nanotube contents cause non-homogeneity of
nano-filler distribution in the coating. The
corrosion  resistance  using  dynamic
polarization and electrochemical impedance
analysis when immersed in 3.5 wt.% sodium
chloride was also characterized. The results
of the analysis of dynamic polarization
curves indicated a decrease in the Icorr, as its
value decreased from 0.8 x 1072 mA/cm? in
the case of the coating without nano-fillers to
1.0 x 1073 mA/cm? in the case of AS3-CNT6
nano-fillers, which means increased pro-
tection effectiveness by 99.875%. The
electrochemical impedance analysis results
indicated a decrease in the Ecorr value from -
1.210 volts for the paint without nano-fillers
to —0.220 volts for the AS3-CNT6 nano-
fillers.

Accordingly, the studies reviewed clearly
show that CNTs can improve the corrosion-
resistant properties of coatings, as the
average protection effectiveness value is
about 95.10%.
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Fig 3. The Values of the Corrosion Protection Effectiveness of CNTs-containing Coatings in
Reviewed Studies and the Average Value

Figure 3 shows the corrosion protection
effectiveness of CNT-containing coatings
and the average value.

It is worth noting that the results of the
studies showed that the modification of poly-
meric coatings using CNTs provided the
highest performance in reducing corrosion,
followed by GO and, finally, graphene. The
average improvement in protection effective-
ness supports this finding. This can be
attributed to the unique structure of carbon
nanotubes (CNTs), which, as one-
dimensional (1D) particles, can occupy
spaces in the polymer matrix that two-
dimensional (2D) graphene oxide (GO) or
graphene particles cannot. As a result, CNTs
exhibit a greater ability to enhance the barrier
effect compared to GO or graphene particles.

This research presents a comprehensive
review of the impact of incorporating carbon
nanomaterials, specifically graphene, GO,
and CNTs, as fillers within polymer-based
corrosion-resistant coatings on the corrosion
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On the other hand, the dispersion of GO
could be better than the dispersion of
graphene in the polymer matrix. This can be
attributed to several reasons, the most
important of which is that GO contains
different oxygen functional groups, such as
hydroxyl and carboxyl groups, which
enhance its interaction with polymer
matrices. The absence of functional groups in
graphene could also lead to large van der
Waals forces between individual graphene
sheets and cause aggregation in the polymer
matrix. These forces are greatly weakened
when graphene is oxidized, which improves
its dispersion in the coating matrix. This, in
turn, improves the barrier effect, which leads
to improved protection effectiveness of the
coating.

resistance properties of these coatings. Based
on data from the relevant literature, the
average protection effectiveness of each type
of nanomaterial was determined. The analy-
sis revealed that CNTs offered the highest
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corrosion reduction performance, followed
by GO and graphene. The variation in
protection effectiveness for the same type of
additive can be attributed to several factors,
primarily the type of polymer forming the
host matrix. Differences in polymer
composition influence its bonding with the
nano-additive, while the polymer matrix
density affects the amount of nano-filler that
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The AIC Code of Ethics

Approved by the AIC Board of Directors, April 29, 1983

The profession of chemistry is increasingly important to the progress and the welfare of the community. The

Chemist is frequently responsible for decisions affecting the lives and fortunes of others. To protect the public

and maintain the honor of the profession, the American Institute of Chemists has established the following rules
of conduct. It is the Duty of the Chemist:

10.

To uphold the law; not to engage in illegal work nor cooperate with anyone so engaged;
To avoid associating or being identified with any enterprise of questionable character;

To be diligent in exposing and opposing such errors and frauds as the Chemist’s special knowledge
brings to light;

To sustain the institute and burdens of the community as a responsible citizen;

To work and act in a strict spirit of fairness to employers, clients, contractors, employees, and in a spirit
of personal helpfulness and fraternity toward other members of the chemical profession;

To use only honorable means of competition for professional employment; to advertise only in a
dignified and factual manner; to refrain from unfairly injuring, directly or indirectly, the professional
reputation, prospects, or business of a fellow Chemist, or attempting to supplant a fellow chemist
already selected for employment; to perform services for a client only at rates that fairly reflect costs of
equipment, supplies, and overhead expenses as well as fair personal compensation;

To accept employment from more than one employer or client only when there is no conflict of interest;
to accept commission or compensation in any form from more than one interested party only with the

full knowledge and consent of all parties concerned;

To perform all professional work in a manner that merits full confidence and trust; to be conservative in
estimates, reports, and testimony, especially if these are related to the promotion of a business
enterprise or the protection of the public interest, and to state explicitly any known bias embodied

therein; to advise client or employer of the probability of success before undertaking a project;

To review the professional work of other chemists, when requested, fairly and in confidence, whether
they are:
subordinates or employees

a
b. authors of proposals for grants or contracts

c. authors of technical papers, patents, or other publications
d

involved in litigation;

To advance the profession by exchanging general information and experience with fellow Chemists and
by contributing to the work of technical societies and to the technical press when such contribution does
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not conflict with the interests of a client or employer; to announce inventions and scientific advances
first in this way rather than through the public press; to ensure that credit for technical work is given to
its actual authors;

11. To work for any client or employer under a clear agreement, preferable in writing, as to the ownership
of data, plans, improvements, inventions, designs, or other intellectual property developed or
discovered while so employed, understanding that in the absence of a written agreement:

a. results based on information from the client or employer, not obtainable elsewhere, are the
property of the client or employer

b. results based on knowledge or information belonging to the Chemist, or publicly available, are
the property of the Chemist, the client or employer being entitled to their use only in the case or
project for which the Chemist was retained

c. all work and results outside of the field for which the Chemist was retained or employed, and
not using time or facilities belonging to a client or employer, are the property of the Chemist;

12. Special data or information provided by a client or employer, or created by the Chemist and belonging
to the client or employer, must be treated as confidential, used only in general as a part of the Chemist’s
professional experience, and published only after release by the client or employer;

13. To report any infractions of these principles of professional conduct to the authorities responsible for
enforcement of applicable laws or regulations, or to the Ethics Committee of The American Institute of
Chemists, as appropriate.
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The Chemist

Journal of the American Institute of Chemists

Manuscript Style Guide

The Chemist is the official online refereed journal of The American Institute of Chemists (AIC). We accept

submissions from all fields of chemistry defined broadly (e.g., scientific, educational, socio-political). The

Chemist will not consider any paper or part of a paper that has been published or is under consideration for

publication anywhere else. The editorial office of The Chemist is located at: The American Institute of Chemists,
Inc. 315 Chestnut Street Philadelphia, PA 19106-2702, Email: aicoffice@theaic.org.

RESEARCH PAPERS

REPORTS

Research Papers (up to ~5000 words) that are original will only be accepted. Research
Papers are peer-reviewed and include an abstract, an introduction, up to 5 figures or
tables, sections with brief subheadings and a maximum of approximately 30 references.

BRIEF REPORTS

Reports (up to ~3000 words) present new research results of broad interest to the
chemistry community. Reports are peer- reviewed and include an abstract, an
introductory paragraph, up to 3 figures or tables, and a maximum of approximately 15
references.

REVIEW ARTICLES

Brief Reports (up to ~1500 words) are short papers that are peer-reviewed and present

novel techniques or results of interest to the chemistry community.

LETTERS

Review Articles (up to ~6000 words) describe new or existing areas of interest to the
chemistry community. Review Articles are peer-reviewed and include an abstract, an
introduction that outlines the main point, brief subheadings for each section and up to
80 references.

BOOK REVIEWS

Letters (up to ~500 words) discuss material published in The Chemist in the last 8
months or issues of general interest to the chemistry community.

Book Reviews (up to ~ 500 words) will be accepted.
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Manuscript Preparation

RESEARCH PAPERS, REPORTS, BRIEF REPORTS & REVIEW ARTICLES

e The first page should contain the title, authors and their respective
institutions/ affiliations and the corresponding author. The general area of chemistry
the article represents should also be indicated, i.e. General Chemistry, Organic
Chemistry, Physical Chemistry, Chemical Education, etc.

e Titles should be 55 characters or less for Research Papers, Reports, and Brief Reports.
Review articles should have a title of up to 80 characters.

e Abstracts explain to the reader why the research was conducted and why it is
important to the field. The abstract should be 100-150 words and convey the main
point of the paper along with an outline of the results and conclusions.

e Text should start with a brief introduction highlighting the paper’s significance and
should be understood to readers of all chemistry disciplines. All symbols,
abbreviations, and acronyms should be defined the first time they are used. All tables

and figures should be cited in numerical order.

e Units must be used appropriately. Internationally accepted units of measurement
should be used in conjunction with their numerical values. Abbreviate the units as
shown: cal, kcal, pg, mg, g (or gm), %, °C, nm, pm (not m), mm, cm, cm?, m, in. (or
write out inch), h (or hr), min, s (or sec), ml [write out liter(s)], kg. Wherever
commonly used units are used their conversion factors must be shown at their first
occurrence. Greek symbols are permitted as long as they show clearly in the soft

copy.

o References and notes should be numbered in the order in which they are cited,
starting with the text and then through the table and figure legends. Each reference
should have a unique number and any references to unpublished data should be
given a number in the text and referred to in the references. References should follow
the standards presented in the AIC Reference Style Guidelines below.

REFERENCE STYLE GUIDELINES

References should be cited as numbers within square brackets [] at the appropriate
place in the text. The reference numbers should be cited in the correct order throughout
the text (including those in tables and figure captions, numbered according to where
the table or figure is designated to appear). The references themselves are listed in
numerical order at the end of the final printed text along with any Notes. Journal
abbreviations should be consistent with those presented in Chemical Abstracts Service
Source Index (CASSI) (http:/ /www.cas.org) guide available at most academic libraries.
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e Names and initials of all authors should always be given in the reference and must
not be replaced by the phrase et al. This does not preclude one from referring to them
by the first author, et al in the text.

e Tables should be in numerical order as they appear in the text and they should not
duplicate the text. Tables should be completely understandable without reading the
text. Every table should have a title. Table titles should be placed above the
respective tables.

Table 1. Bond Lengths (A) of 2-aminophenol
¢ Figure legends should be in numerical order as they appear in the text. Legends
should be limited to 250 words.

Figure 1. PVC Melt Flow Characterized by Analytical Structural Method

o Letters and Book Reviews should be clearly indicated as such when being submitted.
They are not peer-reviewed and are published as submitted. Legends should be
placed after/under the respective figures.

e Journals - The general format for citations should be in the order: author(s), journal,
year, volume, page. Page number ranges are preferred over single values, but either
format is acceptable. Where page numbers are not yet known, articles may be cited by
DOI (Digital Object Identifier). For example:

Booth DE, Isenhour TL. The Chemist, 2000, 77(6), 7-14.

Books - For example:

Turner GK in Chemiluminescence: Applications, ed. Knox Van Dyke, CRC Press,
Boca Raton, 1985, vol 1, ch. 3, pp 43-78.

Patents should be indicated in the following form:

McCapra F, Tutt D, Topping RM, UK Patent Number 1 461 877, 1973.

Reports and bulletins, etc. - For example:

Smith AB, Jones CD, Environmental Impact Report for the US, final report to the
National Science Foundation on Grant AAA-999999, Any University,
Philadelphia, PA, 2006.

Material presented at meetings - For example:

Smith AB. Presented at the Pittsburgh Conference, Atlantic City, NJ, March
1983, paper 101.

Theses - For example:

Jones AB, Ph.D. Thesis, Columbia University, 2004.
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REFERENCE TO UNPUBLISHED MATERIAL

e For material presented at a meeting, congress or before a Society, etc., but not
published, the following form should be used:

Jones AB, presented in part at the 20th American Institute of Chemists National
Meeting, Philadelphia, PA, June, 2004.

e For material accepted for publication, but not yet published, the following form
should be used:

Smith AB. Anal. Chem., in press

e For material submitted for publication but not yet accepted the following form
should be used:

Jones AB, Anal. Chem. submitted for publication.
¢ For personal communications the following should be used:
Smith AB, personal communication.

o If material is to be published but has not yet been submitted the following form
should be used:

Smith AB, unpublished work.

Reference to unpublished work should not be made without the permission of those by
whom the work was performed.

Manuscript Selection

The submission and review process is completely electronic. Submitted papers are
assigned by the Editors, when appropriate, to at least two external reviewers
anonymously. Reviewers will have approximately 10 days to submit their comments. In
selected situations the review process can be expedited. Selected papers will be edited
for clarity, accuracy, or to shorten, if necessary. The Editor-in-Chief will have final say
over the acceptance of submissions. Most papers are published in the next issue after
acceptance. Proofs will be sent to the corresponding author for review and approval.
Authors will be charged for excessive alterations at the discretion of the Editor-in-Chief.

When a paper is accepted by The Chemist for publication, it is understood that:

* Any reasonable request for materials to verify the conclusions or experiments will be
honored.
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* Authors retain copyright but agree to allow The Chemist to exclusive license to
publish the submission in print or online.

* Authors agree to disclose all affiliations, funding sources, and financial or
management relationships that could be perceived as potential conflicts of interest or
biases.

* The submission will remain a privileged document and will not be released to the
public or press before publication.

* The authors certify that all information described in their submission is original
research reported for the first time within the submission and that the data and
conclusions reported are correct and ethically obtained.

* The Chemist, the referees, and the AIC bear no responsibility for accuracy or validity

of the submission.

By submitting a manuscript, the corresponding author accepts the responsibility that all
authors have agreed to be listed and have seen and approved of all aspects of the

manuscript including its submission to The Chemist.

Authors are required to submit their manuscripts, book reviews and letters
electronically. They can be submitted via email at aicoffice@theaic.org with
“Submission for consideration in The Chemist” in the subject line. All submissions
should be in Microsoft® Word format.

Copyright Assignment & Warranty Form for The Chemist

It is the policy of The Chemist to require all contributors to transfer the copyright for
their contributions (hereafter referred to as the manuscript) to The American Institute
of Chemists, Inc. (hereafter referred to as The AIC) the official publisher of The Chemist.
By signing this agreement you assign to The AIC to consider publishing your
manuscript the exclusive, royalty-free, irrevocable copyright in any medium
internationally for the full term of the copyright. This agreement shall permit The AIC
to publish, distribute, create derivative works, and otherwise use any materials
accepted for publication in The Chemist internationally. A copy of the Copyright and
Warranty Form for The Chemist will be sent to the author(s) whose manuscript is
accepted for publication. The AIC will not publish any accepted manuscript in The
Chemist without its author(s) fully complying with this requirement.

For further information or if you can any questions please contact the Publisher of The Chemist at (215) 873-8224

or via email at publications@theaic.org.

Website: http:/ /www.theaic.org/ Email: aicoffice@theaic.org Phone: 215-873-8224
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Announcements

INVITATION TO AUTHORS

Authors are invited to submit manuscripts for The Chemist, the official online refereed journal of The American

Institute of Chemists (AIC). We accept submissions from all fields of chemistry defined broadly (e.g., scientific,

educational, socio-political). The Chemist will not consider any paper or part of a paper that has been published

or is under consideration for publication anywhere else.

Research Papers (up to ~5000 words) that are original will
only be accepted. Research Papers are peer-reviewed and
include an abstract, an introduction, up to 5 figures or tables,
sections with brief subheadings and a maximum of
approximately 30 references.

Reports (up to ~3000 words) present new research results of
broad interest to the chemistry community. Reports are
peer- reviewed and include an abstract, an introductory
paragraph, up to 3 figures or tables, and a maximum of
approximately 15 references.

Brief Reports (up to ~1500 words) are short papers that are
peer-reviewed and present novel techniques or results of
interest to the chemistry community.

Please submit your manuscripts by
email (aicoffice@theaic.org) to the
attention of:

The Editor-in-Chief, The Chemist

The American Institute of Chemists, Inc.
315 Chestnut Street,

Philadelphia, PA 19106-2702

Email: aicoffice@theaic.org

Review Articles (up to ~6000 words) describe new or existing areas of interest to the chemistry community.

Review Articles are peer-reviewed and include an abstract, an introduction that outlines the main point, brief

subheadings for each section and up to 80 references.

Letters (up to ~500 words) discuss material published in The Chemist in the last 8 months or issues of general

interest to the chemistry community.

Book Reviews (up to ~ 500 words) will be accepted.
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American Institute of Chemists
www.TheAlC.org

From its earliest days in 1923 to the present, the American Institute of Chemists has
fostered the advancement of the chemical profession in the United States.

The Institute has a corresponding dedication "to promote and protect the public
welfare; to establish and maintain standards of practice for these professions; and
to promote the professional experience through certification as to encourage
competent and efficient service."

The AIC engages in a broad range of programs for professional enhancement
through the prestigious Fellow membership category, awards program, cerfification
programs, meetings, publications and public relations activities.

The American Institute of Chemists, Inc.

Officers
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James Smith
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Advertising: Send insertion orders and advertising materials to AIC.
Visit The AIC Web Site for additional information at www.TheAIC.org

The American Institute of Chemists, Inc.
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