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State-of-the-art developments in mxenes: A comprehensive review 

ABSTRACT 

In recent years, two-dimensional (2D) materials have garnered significant attention because of 
their distinctive properties and potential applications in a wide range of applications. Among these 
materials, MXenes, a family of transition metal carbides, nitrides, and carbonitrides, have emerged 
as a prominent class of 2D materials with remarkable structural, electrical, thermal, optical, 
mechanical, and chemical properties. This review explores recent advancements in the synthesis 
techniques, properties, and diverse applications of MXenes in energy storage, electromagnetic 
interference (EMI) shielding, sensors, and environmental applications. Additionally, it provides a 
bibliometric overview, analyzing 10,957 research papers to assess global scientific trends and 
future research directions using Web of Science (WOS) data and VOSviewer software. This 
review aims to provide a comprehensive understanding of the state-of-the-art developments in 
MXene technology, offering insights into future directions and potential advancements in this 
rapidly evolving field. 
Keywords: 2D materials; MXene; synthesis;applications; bibliometric analysis 

 

1. INTRODUCTION 

Over the past 20 years, the discovery of the 

unique physical properties of single-layer graphene 

has sparked extensive research into two-

dimensional (2D) materials [1]. In addition to 

graphene, materials such as transition metal 

dichalcogenides (TMDs) [2], boron nitride[3] and 

phosphorene [4], and their various derivatives have 

become some of the most extensively studied. 

While many of these materials continue to be of 

academic interest, several have gained significant 

attention due to their exceptional properties, which 

have paved the way for practical applications. 

Notably, carbides, nitrides, or carbonitrides of tran-

sition metals, collectively known as MXenes, have 

emerged as a rapidly expanding family of 2D mate-

rials [5]. MXene is derived from its 3D precursor 

known as the MAX phase, which has a general 

formula of Mn+1AXn, (where n=1−3) [6]. In this 

formula, M represents a transition metal, A is typic-

ally the most commonelement in groups 13 and 14 
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and X is carbon and/or nitrogen, which are coupled 

by strong metallic, ionic, and covalent bonds [7]. 

MXenes, which are characterized by the general 

formula Mn+1XnTx, where Tx represents surface 

terminations such as hydroxyl (-OH), oxygen (=O), 

or fluorine (-F), result from the selective etching of 

the MAX phase[8]. The removal of the A element 

during synthesis introduces these surface 

terminations, which significantly influence the 

material's properties. The bonds between the 

constituent parts of the MAX are too strong to be 

broken mechanically, in contrast to inorganic 

graphene equivalents, in which the nanosheets are 

connected by weak Van der Waals force and may 

be easily delaminated. It is important to note that M 

and the X atom have mixed chemical bonds that 

include covalent, ionic, and metallic bonding[9].In 

contrast, the bonds between M and the A atoms 

are purely metallic [10]. Consequently, the metallic 

bond is weaker than the covalent bond. By 

selecting an appropriate etching reagent, it is 

possible to break the M–A bonds and effectively 

remove the elements of the A layer [11]. In 2011, 

Naguib et al. [12] successfully obtained exfoliated, 

loosely packed accordion-like Ti3C2 2D materials 

by selectively etching the Al atom layer from 

Ti3AlC2, a typical MAX phase. 

https://doi.org/10
mailto:bhushan.sid83@gmail.com
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Unlike most other 2D materials, such as 
graphene, MXenes demonstrate remarkable 
versatility with a unique combination of properties. 
They exhibit high electrical conductivity (25,000 
S/cmfor Ti3C2Tx MXene) [13], surface 
hydrophilicity[14], robust mechanical strength 
(tensile strength up to 570 MPa for Ti3C2Tx) 
[15],Young's modulus up to 333 ± 13 GPa for 
Ti3C2Tx [16], tunable surface functionality, with 
surface terminations including O, OH, H, F, Cl, S, 
Br, Te, NH, in addition to bare MXenes (without 
surface termination) [17],the ability to absorb 
electromagnetic waves[18], and a high negative 
zeta potential[19], which enables the formation of 
stable colloidal solutions in water. The 
hydrophilicity of MXenes, in clear contrast to 
graphene, arises from surface terminations like –O 
and –OH acquired during synthesis [20]. 
Additionally, the negative zeta potential is due to 
surface groups including –Cl, –F, –O, and –OH, 
which contribute to their colloidal stability and 
broad applicability in various technological fields 
[21]. Due to their unique properties, MXenes find 
diverse applications with outstanding performance 
in various fields. In the energy sector, they are 
employed as energy storage devices, such as 
supercapacitors [22–24] and batteries [25]. Additio-
nally, MXenes are utilized in electromagnetic 
interference (EMI) shielding [26–29], where their 

layered structure and high conductivity play a 
crucial role. In the biomedical field, MXenes are 
used for drug delivery, bioimaging, and cancer 
therapy [30–32]. For water purification, MXenes are 
effective in removing heavy metals and organic 
pollutants [33–36]. They also find applications in 
electronic devices, coatings, and additives to 
improve the properties of composite materials[37]. 
Further applications for MXenes include sensors 
[38–41], and photocatalysis [42–44], in addition to 
many more applications. These wide-ranging 
applications underscore the versatility and 
significant impact of MXenes in advancing various 
technological and industrial solutions. 

Owing to their outstanding properties and 
diverse applications, there has been exponential 
growth in the number of publications on MXenes 
since their inception. Figure 1 shows a schematic 
illustration of the yearly increment in the number of 
articles, it demonstrates the gradual emergence of 
the MXene study field with less than 1% of articles 
published in the first three years, 2012, 2013, and 
2014. Due to recent developments in the synthesis 
of MXene as well as an upsurge in potential  
applications, there has been an exponential  
improvement in publications since 2018. Records 
indicated an increase of over 5000% from 2017 to 
2023. 

 

Figure 1. Exponential rise in MXene-based articles 

This review article presents a comprehensive 
overview of the extensive family of 2D layered 
MXene materials, highlighting their unique 
structural features and remarkable properties that 
enable a wide range of applications. It discusses 
the various synthesis methods developed for 

producing 2D MXenes, along with their modifi-
cations. Finally, we describe various recent 
applications of MXenes, emphasizing their practical 
utility. To highlight the significance and impact of 
MXene research, we also include a bibliometric 
analysis. This analysis is crucial as it provides 
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insights into the research trends, key contributors, 
and the overall growth of the field, thereby 
underscoring the advancements and guiding future 
studies in MXene research. 

2. SYNTHESIS OF MXENES 

Two primary methods explored for synthesizing 
MXenes are the top-down and bottom-up 
approaches. In the top-down process of producing 
MXene, bulk materials are either reduced or parts 
of the overall composition are removed to produce 
micro to nano-size particles[10]. Selectively etching 
and exfoliation fall under top-down techniques, 
while chemical vapor deposition (CVD), and 
template methods are classified as bottom-up 
techniques [45]. The top-down approach is widely 
used for the preparation of multilayer since the first 
successful removal of aluminum from Ti3AlC2 to 
make multilayer Ti3C2 was accomplished using this 
process [12]. Wet chemical etching using HF acid 
yields multilayered MXenes of different 
compositions, including Ti3C2Tx, V2CTx, Ti2CTx, and 
Nb2CTx [46]. Despite HF being the main etchant in 
the MXene synthesis process, alternatives have 
been investigated because of its extremely volatile 
and hazardous nature [47]. Alternative etchants, 
such as electrochemical [48], halogen [49], molten 
salts [50], and hydrothermal [51], have broadened 
synthesis methods and resultant properties. 
Bifluorides of sodium [52], ammonium [53], and 
potassium [52] have been reported as alternative 
etchants for the selective removal of Al from 
Ti3AlC2. However, the synthesis of MXenes using 
HF leads to the intercalation of cations with fluoride 
or bifluoride salts, resulting in increased interlayer 
spacing. This interlayer spacing is further 
expanded when HF is used in combination with 
fluoride salts compared to using HF alone [52]. In-
situ HF synthesis is carried out with reduced HF 
concentrations (5−10 wt%) within acid mixtures. To 
synthesize Ti3C2Tx[54], Mo3C2Tx [55], and V2C [56] 
MXenes from Ti3AlC2, Mo3AlC2, andV2AlC MAX 
phases, a mixture of HCl and fluoride salts are 
utilized as the etchant. However, scaling of these 
techniques is challenging because unetched 
MXene remains during the exfoliation process [53]. 
The unetched MXene persists because the in-situ 
HF etching process may not uniformly penetrate all 
the layers, leading to incomplete removal of 
aluminum from some regions. This incomplete 
etching results from variations in the diffusion of HF 
through the multilayer structure and the limited 
access to inner layers, which is influenced by the 
MXene's intrinsic layer spacing and surface 
chemistry. Traditional HF aqueous solutions that 
are acidic cannot effectively etch nitride-based 
MAX phases. Consequently, producing nitride 
MXenes, like Ti4N3, requires selectively removing 
aluminum from Ti4AlN3 using molten salts. 
Although numerous studies still use HF or fluoride 

sources as the preferred etchant for the MAX 
phase, this acid is extremely toxic and dangerous 
to handle, particularly for biological applications. 
Even a small amount of unreacted HF can cause 
cell death [57]. In humans, HF exposure can result 
in systemic toxicity that can be fatal [58]. 
Consequently, the direct use of HF or its in situ 
formation presents significant safety and 
environmental risks, impeding the progress of 
MXenes’ applications [58]. Therefore, a fluorine-
free etching technique is highly preferable for 
producing MXenes. Such an approach not only 
enhances safety and reduces environmental risks 
but also promotes the broader application and 
development of MXenes in various fields. There 
are several other methods for synthesizing MXenes 
without the use of HF. One alternative is using 
molten salts, such as molten chloride salts zinc 
chloride (ZnCl2) [50] and copper chloride (CuCl2) 
[59], to selectively etch the MAX phase. This 
method operates at high temperatures, which can 
enhance the efficiency of the etching process while 
avoiding the hazards associated with HF. 
Additionally, an electrochemical intercalation 
method was developed, where an electrolyte 
solution facilitates the removal of elements from the 
MAX phase through an electrochemical reaction, 
effectively producing MXenes without HF [48]. 
During the past several years, various bottom-up 
methods for synthesizing MXenes have emerged, 
including chemical vapor deposition (CVD) [60], the 
template method [61], and plasma-enhanced 
pulsed laser deposition (PEPLD) [62]. These 
approaches tend to produce higher quality MXenes 
than traditional top-down techniques, as they allow 
for greater control over atomic arrangements and 
surface properties. In 2015, ultrathin α-Mo2C 
orthorhombic 2D crystals, just a few nanometers 
thick and with lateral sizes up to 100 µm, were 
successfully synthesized using CVD with methane 
on a copper foil bilayer substrate atop molybdenum 
foil [60]. This technique was also applied to create 
ultrathin tungsten carbide (WC) [63] and tantalum 
carbide (TaC) [64] crystals from tungsten and 
tantalum, respectively. However, despite these 
advancements, bottom-up methods have yet to 
achieve the synthesis of single-layer MXenes, 
resulting only in the formation of ultrathin films 
comprising multiple layers. This limitation 
underscores the challenges in manipulating atomic-
scale interactions and achieving precise layer 
control in material synthesis. 

The synthesis and application growth of 
MXenes, as illustrated in Figure 2a, is closely tied 
to advancements in their production methods since 
their discovery. These developments have enhan-
ced the intrinsic properties of MXenes, such as 
their electrical conductivity, mechanical strength, 
and chemical stability, making them increasingly 
viable for a wide range of applications. The timeline 
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in Figure 2a highlights the correlation between 
synthesis breakthroughs and the expanding scope 
of MXene applications, underscoring the impor-
tance of continued research in refining synthesis 
methods to unlock the full potential of these 

versatile materials.Based on the number of atomic 
layers, MXenes are categorized into the following 
families: M2X, M3X2, M4X3, and, most recently, 
M5X4, as shown in Figure 2b. 

 

Figure 2. (a) Chronological overview of key synthesis advancements and emerging applications of 
MXenes from their discovery in 2011 to the present. Reproduced with permission from Reference [78]. © 
2023 Elsevier. (b) List of MXenes Reported So Far, showcasing their structural diversity.Reproduced with 

permission from Reference[105]. © 2023 American Chemical Society 
 

The constituents of MAX and MXene are 
shown in the periodic table (Figure 3a). The crystal 
structures of the 211, 312, and 413 MAX phases, 
along with the exfoliation process of MXene 
(M3X2Tx) from the MAX phase (M3AX2) to obtain 
free-standing nanosheets, are illustrated in Figure 
3b. Following etching in the HF acid, the 
multilayered MXene particles exhibit an accordion-
like structure (Figure 3d), which is different from the 
rock-like appearance of the MAX phase (Figure 
3c)[53]. After intercalation with dimethyl sulfoxide 
(DMSO), which causes the layered structure to 
swell, the interlayer spacing of the expanded 
multilayer-MXene increases, and the interactions 
among the layers weaken[65]. When subjected to 

bath or tip sonication, the multilayer-MXene 
delaminates, producing smaller nanosheets due to 
the scissor effect of the sonic energy[66]. The 
corresponding SEM image is shown in Figure 3e. 
Figure 3f shows the XRD patterns of the Ti3AlC2 
and Ti3C2Tx powders, confirming the removal of the 
aluminum layer. The characteristic (104) peak at 
39° associated with aluminum disappeared, 
additionally, the (002) peak at 9.8° shifted to a 
lower angle, indicating the delamination of MXene 
layers [67,68]. The water contact angle for the MAX 
phase was reported as 86°, whereas for MXene, it 
was 57.8°, indicating that the MXene film is 
hydrophilic. 
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Figure 3. (a) The chemical components constituting MAX and MXenes. Reproduced with permission from 
Reference [5]. © 2019 Elsevier. (b) Schematic of the synthesis process of MXene. Reproduced with 

permission from Reference [106]. © 2013 Wiley. SEM images showing (c) MAX phase [66], (d) 
multilayered MXene. Reproduced with permission from Reference [66]. © 2020 Wiley, and (e) MXene in a 
delaminated state. Reproduced with permission from Reference [53]. © 2017 American Chemical Society. 

(f) XRD spectra of MAX and MXene [107]. contact angles of (g) MAX, and (h) MXene [108] 
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3. PROPERTIES 

Over the past decade, 2D materials attracted 
significant attention owing to their unique properties 
distinct from their bulk forms. MXenes, in particular, 
combine metallic conductivity from their transition 
metal nitride, carbide, or carbonitride framework 
with hydrophilicity due to surface terminations. 
These materials exhibit diverse mechanical, 
electrical, electronic, magnetic, and optical 
properties. Their performance can be fine-tuned by 
adjusting their transition metals and surface 
terminations. A summary of MXene properties is 
shown in Figure4.  

 

Figure 4. Summary of MXene properties, including 
thermal and electrical conductivity. mechanical 

property, work function, optical conductivity, band 
gap, and charge carrier mobility. Reproduced with 

permission from Reference [66]. © 2019 Wiley 

3.1. Structural properties 

In practical applications, MXene is typically 
enriched with surface termination groups like OH, 
F, and O following exfoliation from its 3D precursor 
MAX phase. OH, and O surface terminated 
MXenes are considered highly stable, as F 
terminations are swapped out for OH groups, 
whenever theyare rinsed or stored in water[69]. 
Studies have shown that metal adsorption or high-
temperature procedures can change OH groups 
into O terminations [69]. Additionally, O-terminated 
MXene can break down into without surface-
terminated MXene as well as metal oxides when 
exposed to metals like Ca, Mg, or Al[70]. 

3.2. Hydrophilic 

MXenes are highly hydrophilic owing to their 
unique surface chemistry, which is dominated by 
the presence of various surface terminalgroups, 

resulting in negatively charged surfaces [71]. 
These functional groups enhance their affinity for 
water and other polar solvents, making MXenes 
easily dispersible in aqueous solutions [72]. These 
groups are introduced during synthesis, typically 
involving selectively etching of A-layers from the 
MAX precursors using acidic solutions like HF 
acid[73]. This hydrophilic nature is advantageous in 
applications requiring dispersion in water-based 
solutions, such as in inks for printable electronics, 
humidity sensors, water purification, and 
composites for enhanced mechanical properties 
and EMI shielding, where uniform distribution within 
a matrix is crucial [74]. 

3.3. Electrical Property 

MXenes exhibit exceptional electrical and 
electronic properties, primarily due to their unique 
structure and composition, which provide a high 
density of mobile charge carriers [75]. The layered 
structure of MXenes allows for efficient charge 
transport, akin to other well-known 2D materials 
like graphene[76]. Additionally, the transition 
metals in MXenes contribute d-electrons, which 
facilitate metallic conductivity[7]. The existence of 
conductive channels within the MXene layers and 
the relatively low energy barriers for electron 
movement result in high electrical conductivity[77]. 
This combination of features makes MXenes very 
well-suited for applications in energy storage 
devices, sensors, and EMI shielding, where 
excellent electrical performance is crucial[14]. 

3.4. Mechanical properties 

The unique mechanical strength of MXenes is 
largely attributed to the robust M–X bond. Beyond 
bond strength, MXene nanosheets are held 
together by hydrogen bonds that are around six 
times higher than those found in graphite as well as 
MoS2 sheets [78]. A particular study highlighted 
that the bare MXenes, which lack termination 
groups, possess interlayer binding energyas high 
as 3.3 J/m2[79]. Earlier first-principles calculations 
had indicated that the elastic moduli of MXenes are 
at least double those of their parent 3D MAX 
phases and other 2D materials [80]. However, the 
interlayer mechanical characteristics and 
stiffnessof MXenes are influenced by surface-
terminating groups andn-value in the Mn+1Xn. 

3.5. Optical properties 

In optics, MXenes have showcased intriguing 
attributes over recent years, such as optical 
transparency, efficient photothermal conversion, 
and plasmonic behavior. These capabilities to 
interact with light in diverse manners have 
profoundly influenced the research community[81]. 
The material's optical properties are predominantly 
dictated by its surface terminations, underscoring 
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their critical role in modulating how MXenes 
interact with light. This nuanced understanding is 
pivotal for leveraging MXenes in advanced optical 
applications, from transparent electrodes to 
photonic devices. The optical characteristics of 
MXenes differ based on their composition and the 
surrounding medium. Generally, MXenes exhibit 
minimal light absorption in the UV–Vis range (300–
500 nm). However, a 5 nm thick film of Ti3C2Tx is 
largely transparent within this range, with a trans-
mittance of approximately 91% [66]. Variations in 
optical behavior among MXenes are notable; for 
instance, although Ti3N2 and Ti3C2 exhibit similar 
light reflectivity, Ti3N2 is a much better absorber. 
Conversely, Ti3C2 has a higher refractive index of 
11.9 compared to 9.9 for Ti3N2[66]. 

4. APPLICATIONS OF MXENES 

The distinctive blend of exceptional electrical 
conductivity and hydrophilicity in MXenes makes 
them excellent alternatives for a diverse array of 
applications.Their layered morphology allows for 
the intercalation of ions and molecules, further 
enhancing their versatility. Modifying their surface 
terminationsenables precise control over their 
electronic properties and chemical reactivity. 
Additionally, MXenes exhibit flexibility and 
outstanding mechanical strength making them 
appropriate for use in flexible electronics and 
composite materials.Figure 5 illustrates the diverse 
applications of MXenes, showcasing their broad 
spectrum, versatility, and effectiveness across 
multiple domains. 

 

Figure 5. Overview of Various Applications of 
MXenes [14] 

MXenes offer promising applications across 
diverse fields owing to their unique properties. 
Some key areas of potential include: 

4.1. Energy Storage 

Batteries, while widely used for energy storage 
in portable electronics and electric vehicles, are 
limited by their lower power densities, and degra-
dation over time [82]. Due to their exceptional 
electrical conductivity and the ease with which ions 
can diffuse between their layers, MXenes have 
demonstrated significant potential as electrodes for 
sodium [83], potassium [84], aluminum [85], lithium 
[86], and zinc ion batteries [25]. Most research to 
date has predominantly focused on sodium and 
Lithium-ion batteries. For instance, multi-layered 
Ti3C2Tx exhibits a capability of approximately 150 
mAhg-1 at 260 mA g-1 in Lithium-ion batteries [87] 
and nearly 100 mAh g-1 at 100 mA g-1 in Sodium-
ion batteries [70]. However, electrodes constructed 
from predominantly single-layered, delaminated 
flakes are anticipated to achieve even higher 
capacities because of their increased surface area 
exposure to the electrolyte. 

Supercapacitors offer an alternative for energy 
storage in electric vehicles and portable electronics 
but have lower energy densities than batteries[88]. 
Efforts to improve their energy density focus on 
increasing volumetric capacitance [89]. Superca-
pacitors are categorized into electrical double-layer 
capacitors, which accumulate charge via ion 
accumulation at the electrode and electrolyte 
interfaces, and pseudocapacitors, which utilize 
surface redox interactions for charge storage. 
While pseudocapacitors generally have higher 
volumetric capacitance, they often have poor 
cycling stability. Because of their 2D structure, vast 
surface area, and defined geometry, MXenes are 
promising materials for supercapacitor electrodes. 
The fast electron transport provided by the 
transition metallic core layers in MXenes enables 
exceptionally high rates of charge storage within 
the electrode [90]. Their surface, resembling 
transition metal oxides, offers redox-active spots 
essential for pseudocapacitive charge retention. 
This dual functionality makes MXenes highly 
suitable for high-performance batteries and 
ultrafast supercapacitors as electrode materials. 
Additionally, the ultrathin interlayer spacing among 
2D sheets facilitates swift ion transport and 
intercalation. This spacing can be adjusted through 
techniques such as pillaring, pre-intercalation, and 
the creation of heterostructures or hybrids that 
utilize different 2D materials to accommodate ions 
of various sizes. Moreover, MXenes' surface 
terminations can be engineered to optimize specific 
redox reactions, enhancing their performance in 
electrochemical applications. MXene-based 
structures used in batteries as electrode materials 
are presented in Table 1. The capacitance and 
related characteristics of MXene as a super-
capacitor electrode material are listed in Table 2. 
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Table 1. MXene-derived structures are employed as electrode materials in batteries 

MXene Based 

Material 

Battery 

type 
Electrode 

Initial 
Capacity 

(mAh·g−1) 

Current 

Density 

Capacity 
Retention 

(mAh·g−1) 

No. of 

Cycles 

Coulombic 

Efficiency 
(%) 

Ref. 

V2CTx Al-ion cathode 335 100 mA·g-1 112 20 90 [111] 

Ti3C2Tx Na-ion anode 110 30 mA·g-1 73 70 100 [112] 

Nb2C Li-ion anode 780 0.5 C 420 100 ≈100 [86] 

V2C Li-ion anode 467 1 C 291 20 98.6 [113] 

Table 2. Electrochemical capabilities of MXene-based electrode materials in supercapacitors 

MXene Based 

Material 

Type of 
Electrode 

Electrolyte Rate 

Capacity 

Retention
F·g−1 

Cycle 

Number 

Volumetric 

Capacitance
F·cm−3 

Ref. 

V2CTx film electrode seawater 2 A·g−1 181.1 5000 317.8 [114] 

Ti3C2Tx 
three-

electrode 
system 

H2SO4 (3 M) 0.5 A·g−1 351 10000 1142 [115] 

Ti2CTx porous 30 wt% KOH 1 A·g−1 51 6000 - [116] 

Ta4C3 free-standing 0.1 M H2SO4 1 V·s−1 481 2000 520 [88] 

Ti3C2/CNT hybrid films KOH (6 M) 1 A·g−1 134 10000 - [117] 

 

4.2. Electromagnetic Shielding 

EMI is the term used to describe the 
disturbances generated by electronic circuits during 
their operation, which can adversely affect nearby 
circuits [91]. As the use of electrical and electronic 
equipment shows exponential growth in the 
commercial, industrial, and military sectors, the 
resulting increase in EMI necessitates effective 
shielding [92]. Ideal shielding materials must 
possess excellent electrical conductivity and 

magnetic permeability to attenuate electromagnetic 
waves efficiently [93]. Additionally, they should 
exhibit lightweight and flexible properties to 
integrate seamlessly into compact electronic 
devices [94]. Advanced materials like MXenes, with 
their high conductivity, mechanical flexibility, and 
tunable surface chemistry are emerging as 
promising contenders for EMI shielding solutions in 
modern electronics [95]. 

Table 3. Performance of various MXene-derived materials in terms of EMI shielding effectiveness. 

Composition Structure 
Etchant for 

Mxene 
Wt. % Thickness [mm] SE [dB] Ref. No. 

Ti3C2Tx Pure LiF/HCL 100 0.045 92 [118] 

Ti3CNTx (annealing  
for 1 h at 350 °C) 

Pure / / 0.045 116 [119] 

Ti3C2Tx Pure LiF/HCL 100 0.000055 20 [120] 

Ti3C2Tx/paraffin Matrix Composite HF 90 1 76.1 [121] 

Ti3C2Tx/polystyrene Matrix Composite LiF/HCL / 2 62 [122] 

Ti3C2Tx/Ni/PVDF Matrix Composite LiF/HCL 10 0.003 52.6 [123] 

Ti3C2Tx/rGO/Epoxy Matrix Composite LiF/HCL 3.3 / 55 [124] 

Ti3C2Tx/ CNF composite paper LiF/HCL 50 0.047 25 [125] 

Ti3C2Tx/CNT/CNF composite paper LiF/HCL / 0.038 38.4 [126] 

Ti3C2Tx/ANF Composite film LiF/HCL 80 0.0032 40.6 [127] 

 

Figure 6a depicts the block diagram of a vector 
network analyzer (VNA) setup. Scattering 
parameters, measured through a VNA, 
characterize how the incident and transmitted 
waves interact with a shield, providing insights into 
its reflection and transmission properties.The 
possible EMI shielding mechanism is illustrated in 
Figure 6b. When incoming electromagnetic (EM) 

waves encounter the outermost layer of MXene 
(Ti3C2Tx)/PEDOT:PSS composite film, a portion of 
the EM waves is promptly reflected becauseof the 
abundance of the free electrons onto the highly 
conductive Ti3C2Tx surface. Another portion of the 
radiation is absorbed by the material, leading to 
multiple internal reflections within the composite 
layers. This process enhances energy dissipation 



B. Kumar et al. State-of-the-art developments in mxenes: A comprehensive review 

ZASTITA MATERIJALA 66 (2025) broj 3 469 

and ultimately reduces the transmitted 
electromagnetic radiation, thereby effectively 
attenuating the incident waves. As illustrated in 
Figure 6c, MXenes derived from titanium (such as 
Ti2CTx, Ti3CNTx, Ti1.6Nb0.4CTx, and Ti3C2Tx), as well 
as V2CTx, demonstrate electrical conductivity 
exceeding 1000 S cm-1. In contrast, MXenes 
derived from niobium exhibit comparatively low 
electrical conductivity. 

Figure 6d displays the total EMI shielding 
effectiveness (SET) for various MXene films with 

comparable thicknesses (5 ± 0.3 μm) across the X-
band (8−12 GHz). Each film shows a nearly linear 
frequency-dependent trend, with SET values 
decreasing as the frequency increases. This 
pattern suggests that the MXenes under 
investigation share a similar conductive response 
to frequency variations. Table 3 lists the 
performance of pure MXene film and several 
MXene-based composites in terms of 
electromagnetic shielding effectiveness. 

 

Figure 6. A schematic representation of the VNA. Reproduced with permission from Reference [109]. © 
2022 American Chemical Society. (b) Schematic illustration of the EMI shielding mechanism of the MXene 
(Ti3C2Tx)/ PEDOT:PSS (composite film of 11.1 μm). Reproduced with permission from Reference [110]. © 
2018 American Chemical Society.  (c) Electrical Conductivity of Various MXenes [27]. (d) EMI shielding 

effectiveness of various MXene films in X-band frequency range. Reproduced with permission from 
Reference[27]. © 2020 American Chemical Society 

 

4.3. Photocatalysis 

Photocatalysis is a method that uses catalysts 
to transform solar energy into chemical fuels and 
remove pollutants from the surroundings [96]. 
Since 2014, MXenes have been extensively 
studied in photocatalysis, leading to a notable rise 
in research on MXene-based photocatalysts. 
Several factors contribute to the effectiveness of 
MXenes in photocatalytic applications: (i) The 
substantial functional groups that result from wet 
chemical exfoliation are beneficial for forming an 

intimate interface between the MXene and 
attached semiconductor material, (ii) the interfacial 
chemistry of MXenes can be adjusted to modify 
bandgap alignment, and (iii) the multilayer structure 
with high- conductive metal centers enhances 
metallic conductivity and electron-receiving 
capabilities [97]. Consequently, MXenes are 
considered a promising alternative to other 2D 
materials, being thoroughly investigated for various 
photocatalytic uses,including water splitting, CO₂ 
reduction, nitrogen fixation, and pollutant oxidation. 
In such applications, MXenes can enhance 
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photocatalytic performance by improving charge 
carrier separation and transfer, limiting 
photocatalyst size, providing robust support, and 
increasing reactant adsorption[98]. 

4.4. Sensing Technology 

Materials with high conductivity, flexibility, ease 
offunctionalization, and prolonged stability are 
crucial for advanced self-powered sensors[99]. 
MXenes are employed in sensors for detecting 
gases, biomolecules, and pollutants, leveraging 
their unique electronic structure and surface 
chemistry to enable efficient charge transport and 
sensitivity, making them ideal candidates for 
advanced sensing technologies [100]. 

These diverse applications underscore 
MXenes' potential across scientific, technological, 
and environmental domains, driving ongoing 
research and development to harness their 
capabilities for practical and impactful solutions. 

5. BIBLIOMETRIC ANALYSIS AND CURRENT 
DEVELOPMENTS IN MXENE RESEARCH 

MXene isrecognized as a high-performance 
material with exceptional qualities. The bibliometric 
analysis is a useful tool for identifying uniqueness 

and promise in light of current trends in the 
evolution of current area studies [101]. For 
bibliometric research, reliable data must be 
obtained through a reputable database to assure 
the reliability of the findings and further the data 
used as input for the software. The databases that 
are readily accessible for data collection are 
Google Scholar, Web of Science, Dimensions, 
Microsoft Academic, IEEE Xplore, PubMed, and 
Scopus. Web of Science Core Collection database 
(https://www.webofscience.com) was selected as 
the primary information source for this study 
because of its extensive coverage and thorough 
content. Bibliometric software is utilized to assess 
individual performance and visualize publications 
based on their titles, institutions, authors, countries, 
and references [102]. VOSviewer has been used to 
construct and visualize authors, institutions, 
countries, keywords, journals, and relationships 
between co-authorship, citation, co-citation, co-
occurrence, and bibliographic coupling. The data 
collection process started with a thorough search of 
MXene using the WOS search engine. 2012 to 
2023 was chosen as the sample collecting period, 
and 10957 papers were found using the search 
engine.  

 

Figure 7. Flow chart of the search process 

 

The whole search approach, including the 
search string and keywords, is presented in Figure 
7. The field for searching was restricted to titles 
only to increase the accuracy of the outcomes 
because integrating additional search criteria like 
keywords and abstract raises the risk of including 
unrelated publications in our bibliometric analysis 

(false-positive results). Higher false-positive results 
necessitate longer pre-cleaning procedures. The 
methodology employed in the bibliometric analysis 
follows the approach outlined by Zakaria et al. 
[103], providing a structured and comprehensive 
evaluation of the research developments and 
contributions within the realm of MXene studies. 
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A statistical technique employed for identifying 

similar subjects is called cluster analysis. In 

VOSviewer, clusters do not overlap. Cluster 

numbers are used to identify clusters. Citation and 

co-occurrence analysis, which is based on the 

notion that citations signify the intellectual 

connections among publications that come from 

one publication citing another, is a fundamental 

approach to effective scientific mapping [104]. In 

this research, the citation count of an article has 

been used to estimate its effect. Therefore, taking 

advantage of citations, one may investigate the 

most significant works in an area to learn about 

the dynamics in that realm of knowledge. 

5.1. Assessment based on participating nations 

The nations participating in the MXene studies 
are ranked according to the number of papers 
published. About 33918 researchers from 90 
different nations accounted for the publication of 
retrieved documents. China and the USA are the 
top two contributors to the MXene research 
domain. The top contributing countries for this 
research domain are shown in Table 4. 

An effective way to evaluate the significance of 
the articles and the contributors is to look at the 
ratio of the total number of citations to the number 

of documents. The USA has an average of 103 
citations per document followed by South Korea 
with 40 citations per document, compared to China 
with only 34 citations per document. However, 
China is the major contributor in terms of 
publications. It demonstrates the prominent level of 
quality output produced by the USA in terms of 
citations. Visualization of international collaboration 
among nations with a minimum output of five 
documents is displayed in Figure 8. 

 

Table 4. The top contributing nations in the context 
of MXene publications 

Ran- 
king 

Country Documents Citations 

Citations to  
documents  

ratio 

1. 
Peoples 
r China 

8387 287113 34 

2. USA 1224 126004 103 

3. 
South  
Korea 

622 24874 40 

4. India 528 8667 16 

5. 
Australi
a 

387 25649 66 

 

 

 

Figure 8. Cooperation among a number of nations 

In bibliometric analysis using VOSViewer 
software, the size of individual nodes (representing 
nations, authors, or institutions) in a visualized 
network indicates their impact or contribution within 
the research field. Larger nodes signify higher 
levels of influence. 

5.2. Assessment based on participating institutions 

Chinese Acad Sci gained first place, followed 
by Drexel University, concerning the number of 
articles published. Chinese Acad Sci achieved 973 
documents with 45709 citations. Despite being 



B. Kumar et al. State-of-the-art developments in mxenes: A comprehensive review 

ZASTITA MATERIJALA 66 (2025) broj 3 472 

ranked second, Drexel University still received a lot 
of citations (87562) while having less documents 
(457) as compared to Chinese Acad Sci. 
Additionally, as a result of the development of this 
field of study, institutions now place a greater 

emphasis on matters related to MXene materials. 
In the area of MXene research, 10 institutions 
contributed more than 200 articles as displayed in 
Table 5. 

 

Table 5. Institutional rankings based on the number of articles published on MXene 

Ranking Organization Documents Citations 
Citations to 

documents ratio 

1. Chinese acad sci 973 45709 47 

2. Drexel univ 457 87562 192 

3. Univ Chinese acad sci 328 16079 49 

4. Zhengzhou univ 297 13204 44 

5. Univ sci & technol China 254 10218 40 

6. Shenzhen univ 232 8373 36 

7. South China univ technol 213 10402 49 

8. Northwestern polytech univ 211 9166 43 

9. Sichuan univ 211 8335 40 

10. Jilin univ 210 9691 46 

 

For Drexel University, the citations-to-publication ratio is calculated to be ~192, while it is only 47 for 
the Chinese Academy ofSciences. The ratio's difference demonstrates the significant contributions to this 
field's research. Overall, bibliometric analysis provides valuable insights into institutional collaboration 
within the scientific community, which can inform strategic decisions, funding allocations, and collaborative 
initiatives among research institutions. Figure 9 displays the collaboration networks of institutions. 

 

Figure 9. Cluster of institutional collaboration. 
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5.3. Assessment based on authors 

The number of published articles and citations are used to rank the writers. Yuri Gogotsi was found to 
have the most articles (344) with 82506 citations, followed by Babak Anasori with 122 articles and 29532 
citations and Michel W. Barsoum with 99 articles and 33834 citations. They are regarded as the leading 
researchers in this area. Table 6 presented the top 10 authors who had contributed more than 50 articles 
in the domain of MXene research. 

Table 6. Authors rankings based on number of articles published on MXene.  

Ranking Author Documents Citations 
Citations to 

documents ratio 

1. Yury Gogotsi 344 82506 240 

2. Babak Anasori 122 29532 242 

3. Michel W. Barsoum 99 33834 342 

4. Han Zhang 75 3850 51 

5. Michael Naguib 69 22395 325 

6. Lei Wang 68 3393 50 

7. Aiguo Zhou 67 6778 101 

8. Peng Zhang 66 4107 62 

9. Husam N. Alshareef 64 6652 104 

10. Wei Zhang 62 1520 25 

 

Visualization of international collaboration among authors is displayed in Figure 10. 

 

Figure 10. An illustration of the authors contributions to scientific publications in the MXene field 
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5.4. Assessment based on publications of articles 
based on MXene 

The well-known publications that publish in this 
area of research have been found through a 
literature review of the many MXene-based 
research articles. The ranking of journals is shown 
in Table 4 according to the quantity of published 
documents, which was chosen as the ranking 
criterion. The top ranked journals, according to the 
quantity of papers published, are Chemical 
Engineering Journal followed by ACS Applied 
Materials & Interfaces, and ACS Nano. Table 7 lists 
the 8 journals that published more than 200 
publications in the MXene research field. 

The average number of citations per document 
for the ACS nano journal is 19586 with 317 
publications, which is the highest among all other 
journals. In bibliometric analysis, a cluster typically 
refers to a grouping of related documents. 
Research on MXene is being published in all 
prestigious publications, and Figure 11 shows the 
clustering patterns. 

Table 7. Journal rankings based on number of 
articles published on MXene 

Ran-
king 

Journal name Documents Citations 

1. 
Chemical engineering 

journal 
535 17949 

2. 
ACS applied materials  

& interfaces 
479 21580 

3. ACS nano 317 39658 

4. 
Journal of materials  

chemistry A 
304 17206 

5. Applied surface science 283 7330 

6. 
Advanced functional  

materials 
266 21451 

7. 
Journal of alloys and  

compounds 
227 3363 

8. Ceramics international 208 4979 

 

 

 

Figure 11. An illustration of the Journals contributions to scientific publications in the MXene field 

 

5.5. Assessment based on Keywords 

The use of relevant and appropriate keywords 

has a significant impact on the operation and 

efficacy of document searches. The keyword 

serves as a vital link that separates the reference 

sources from the wide range of readily available 
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papers. MXene, performance, and Nanosheets are 

the top three keywords, appearing 4834, 1955, and 

1548 times respectively. It is evident to utilize the 

precise keyword or phrase for quick and accurate 

document identification. 15 keywords that appear in 

the MXene research field most frequently (more 

than 500 times) are listed in Table 8. 

The growth of international research in the area 

of MXene research has been emphasised by this 

bibliometric analysis. A thorough analysis of the 

clustering structure gave more information on the 

teams that collaborated and the caliber of the 

research articles. The outcomes shown throughout 

the study period (2012-2023) unmistakably 

demonstrated the development and continued 

expansion of MXene as a research area. 

A cluster of significant keyword occurrences is 

displayed in Figure 12. 

Table 8. lists keywords in order of occurrence. 

Ranking Keyword Occurrences 

1. mxene 4834 

2. performance 1955 

3. nanosheets 1548 

4. graphene 1468 

5. mxenes 978 

6. nanoparticles 924 

7. composite 839 

8. composites 813 

9. carbon 774 

10. intercalation 718 

11. ti3c2 696 

12. nanocomposites 690 

13. ti3c2tx mxene 673 

14. 
transition-metal 

carbides 
536 

15. graphene oxide 508 

 

 

Figure 12. An illustration displaying the co-occurring assessment of keywords in studies on MXene that 
have been published 

 

6. CONCLUSIONS AND OUTLOOK 

Following their discovery, MXenes rapidly 

gained recognition as a highly promising class of 

2D materials, demonstrating significant potential for 

a variety of scientific and technological 

applications. The synthesis techniques for MXenes 

have seen considerable advancements, enabling 

better control over their properties and expanding 
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their research scope. This progress has facilitated 

precise tuning of electronic and optical properties 

through surface terminations and compositional 

adjustments, allowing for enhanced performance in 

various applications. MXenes are perfect for 

energy storage applications since their interlayer 

spacing can be adjusted to maximize ion transit. 

The distinctive blend of metal-like conductivity and 

hydrophilicity in MXenes also offers exciting 

opportunities for creating EMI shielding mate-

rials.As the understanding of their fundamental 

physical properties deepens, MXenes continue to 

stimulate revolutionary research directions and 

innovative experimental techniques, further driving 

innovation and exploration in the field. Looking 

ahead, future research will likely focus on 

advanced synthesis methods, new functionalization 

strategies, the development of hybrid materials, 

and the exploration of emerging applications. 

However, challenges remain, including synthesis 

complexity, stability issues, environmental and 

health impacts, and the high production cost. 

Addressing these challenges through targeted 

research and innovation will be crucial for the 

successful commercialization and integration of 

MXenes into next-generation technologies. 

Bibliometric analysis is essential in shaping 
scientific research, guiding decision-making, and 
promoting knowledge dissemination and 
collaboration. The bibliometric analysis employed 
in this literature underscores the notable expansion 
of global research in MXene. Our bibliometric 
investigation indicates that research on MXene is 
still actively ongoing. A substantial dataset from the 
Web of Science was systematically analyzed, 
focusing on research growth across nations, 
institutions, authors, journals, and keywords. The 
analysis revealed China as the leading contributor 
with 8,387 articles, followed by the USA with 1,224 
publications. Notably, the USA has a higher 
average citation count per document 
(103)compared to China (34), highlighting the 
quality of US research output. The two largest 
contributing institutions were the Chinese Academy 
of Sciences and Drexel University, while Yuri 
Gogotsi, Babak Anasori, and Michel W. Barsoum 
were the most prolific authors. The Chemical 
Engineering Journal and ACS Applied Materials & 
Interfaces were the most favored journals. 
Certainly, it is crucial to highlight that despite the 
comprehensive investigation, this research has 
notable limitations. For instance, the reliance on 
data from the Web of Science, although recognized 
as one of the most reliable and trustworthy sources 
of information, introduces a potential limitation. The 
observed patterns and conclusions may vary when 
data is obtained from different search platforms. 
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IZVOD 

NAJSAVREMENIJI RAZVOJI U MKSENES-U: SVEOBUHVATAN PREGLED 

Poslednjih godina, dvodimenzionalni (2D) materijali su privukli značajnu pažnju zbog svojih 
karakterističnih svojstava i potencijalne primene u širokom spektru primena. Među ovim 
materijalima, MKSenes, porodica karbida, nitrida i karbonitrida prelaznih metala, pojavili su se kao 
istaknuta klasa 2D materijala sa izuzetnim strukturnim, električnim, termičkim, optičkim, 
mehaničkim i hemijskim svojstvima. Ovaj pregled istražuje nedavna dostignuća u tehnikama 
sinteze, osobinama i različitim primenama MKSenes-a u skladištenju energije, zaštiti od 
elektromagnetnih smetnji (EMI), senzorima i primenama u životnoj sredini. Pored toga, pruža 
bibliometrijski pregled, analizirajući 10.957 istraživačkih radova za procenu globalnih naučnih 
trendova i budućih pravaca istraživanja koristeći podatke Veb of Science (VOS) i softver 
VOSviever. Ovaj pregled ima za cilj da pruži sveobuhvatno razumevanje najsavremenijeg razvoja 
u MKSene tehnologiji, nudeći uvid u buduće pravce i potencijalne napretke u ovoj oblasti koja se 
brzo razvija. 
Ključne reči: 2D materijali; MKSene; sinteza; aplikacije; bibliometrijska analiza 
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Electrochemical evaluation of natural extracts as effective 
corrosion inhibitors and surface treatments on metal substrates 

ABSTRACT 

Corrosion is a serious problem encountered in the industry, protection from it is more than 
necessary using inhibitors and treatments. These treatments can effectively ease the problem on 
the surface of the material substrate, particularly the metal substrate for being easily etched during 
usage and being unable to withstand abrasion. Experimental results showed that the extracts are 
effective inhibitors of corrosion. Polarization tests indicate that the inhibitors are of mixed nature 
and the corrosion mechanism does not change after their addition to the solution. The 
electrochemical impedance spectroscopy confirmed that inhibitory quality and surface treatments 
improved corrosion resistance. Surface analysis revealed that the surface of the sample for the 
control solution was covered and protected. However, for the inhibited solutions the presence of 
oxides was not observed.  
Keywords: corrosion protection, inhibitor, surface treatments 

 
1. INTRODUCTION 

Corrosion is well known as the result of a 

chemical or electrochemical action of an 

environment on materials such as metals and 

alloys. It is a scourge that affects the materials 

used in many industrial fields: petroleum, electrical, 

chemical, nuclear industries, port facilities, 

environment, civil engineering, agrifood, and 

health. The ramifications are significant in many 

domains, but particularly in the industry: production 

halts, component replacements for corroded parts, 

pollution hazards, and accidents are common 

occurrences with occasionally severe financial 

repercussions. Corrosion causes significant 

economic losses, estimated at around US$2.5 

trillion per year globally (Koch et al., 2016) [1, 2], 

which is approximately 3.4% of the worldwide 

gross domestic product (GDP). In the United States 

alone, corrosion costs 875 billion dollars per year 

according to the National Association of Corrosion 

Engineers (NACE).  
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The reactivity of industrial materials to their 
environments is reflected in corrosion. 

We distinguish two main processes of 
corrosion [3]: 

 The electrochemical corrosion (or wet 
corrosion); 

 The corrosion dryers. (or high-temperature gas 
corrosion). 

The fundamental study of corrosion pheno-
mena in the middle-wet falls primarily into electro-
chemistry, while their study is an applied field of 
science of materials that includes at the time the 
concepts of chemistry and physics. The corrosion 
phenomena take place on the surface of metallic 
materials exposed to an environment chemically 
aggressive. Not only is the priming of the corrosion 
but also its propagation; essentially a surface 
process both chemical and electrochemical.  

Also, to study these mechanisms, electro-
chemical techniques are essential. 

Thus, all this is likely to deteriorate: Corrosion 
is the permanent damage that a metal sustains 
from a chemical or electrochemical reaction with its 
surroundings. It can take many different forms, 
such as uniform, localized, etc., and it changes the 
properties of materials.  

Regarding anti-corrosion measures, actions 
can be taken against the material itself (e.g., 

https://doi.org/10
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selecting appropriate constraints based on applica-
tion requirements, painting, coating, applying va-
rious surface treatments, etc.) or the environment 
that comes into contact with the material to be 
protected.  

Today, protection against corrosion consists of 
a variety of treatments such as metallic coating or 
surface treatment, cathodic protection, or even the 
modification of the corrosive medium by adding 
inhibitors of corrosion. These latter ones constitute 
an original way to fight against corrosion. These 
are substances that, when added at low 
concentrations in corrosive media, reduce or even 
prevent the reaction of the metal within its 
environment. The trend today is the combination of 
two or more of these means of protection. The 
modified cerium seal PEO pretreatment 
significantly enhances the corrosion protection of 
2A14 Al alloy by creating a robust duplex coating 
system. This system combines a cerium-based 
PEO coating with an epoxy layer, resulting in 
improved adhesion and long-term corrosion 
resistance. [3-5].  

Among the methods, the most used one to 
protect the structural steel industry is coatings 
loaded with corrosion inhibitors. The paint additives 
known for their inhibitory effectiveness against 
corrosion are chromates, molybdates, tungstates, 
vanadates, phosphates, and polyphosphates [4]. 
However, these compounds are characterized by 
their significant toxicity (for chromates) and/or a 
detrimental effect on the environment. LDH 
(Layered double hydroxide) coatings contain a 
variety of inhibitors that are intercalated and may 
offer persistent corrosion protection. It illustrates 
the inhibitor release kinetics of LDHs as well as 
corrosion prevention mechanisms [6]. The 
inhibiting action of these pigment particles in paints 
relies on their dissolution in water, allowing 
inhibiting ions to diffuse to the metal surface and 
ions with the properties of inhibition must diffuse 
and reach the surface of the metal to repair and 
inhibit the phenomenon of corrosion. Corrosion 
inhibition performances of zinc were studied by 
potentiodynamic measurements and electro-
chemical impedance spectroscopy [7]. Several 
studies have shown that the salts soluble in the 
base of cerium, lanthanum, yttrium [8], and calcium 
[9] can be considered as inorganic inhibitors [10].  

The materials capable of fulfilling the role of the 

corrosion inhibitor are of the lamellar type. Their 

structure consists of a stack of sheets, generally of 

inorganic nature. The latter can be either neutral 

such as metal sulphides MPS 3 (M = Mn, Zn, Cd), 

or anionic types of double lamellar hydroxides 

(HDL) or basic salts of hydroxides, or either 

cationic such as clay minerals of smectite types.  

Heavy metals found in the water by industrial 
pollution and agricultural processing as well as the 
corrosion of the distribution piping, accumulate in 
food chains. Even at low concentrations, these 
heavy metals are very toxic. 

For this, different electrode materials are 
studied and proposed by different researchers, as 
needed: 

 To enhance the rate of electrochemical 
oxidation, various electro-catalytic metals, such 
as Pt and Au, as well as their alloys and 
compounds like Ti/Pt, have been utilized. Their 
main problem during oxidation at a constant 
potential, despite their high activity, is the loss 
of catalytic activity as a consequence of the 
formation of the species that block the surface 
of the anode. Also, these activated electrodes 
promote electrochemical conversion more than 
incineration and are very expensive, which 
limits their industrial applications.  

 To reduce the costs of these processes, 
various anodes that are cheaper and available 
were proposed as steel or carbon materials 
such as carbon graphite or glassy carbon [11, 
12]. In general, these electrodes have much 
lower catalytic activity and chemical and/or 
electrochemical corrosion problems. 

 The boron-doped diamond anode (Boron-
Doped-Diamond, BDD) has received a lot of 
attention in these recent years. Due to its great 
potential of Oxygen Evolution Reaction (OER) 
the reaction of oxygen release, it has a very 
high efficiency (100%) in the combustion of 
organic compounds in aqueous medium and its 
extreme stability (chemical and electro-
chemical). Therefore, the high costs of 
manufacture as well as their great fragility 
constitute negligible drawbacks. 

 Scientific research is directed to the Metal 
Oxide Electrodes of Dimensionally Stable 
Anode (DSA) to try to solve all the problems 
associated with the previous electrodes. This is 
due to the enormous instability of metal oxides 
when optimizing electro-catalytic properties, 
the stability and the prices of the electrodes, by 
appropriate selection of various metallic 
elements, and the ability to prepare and file 
various media by simple and inexpensive 
techniques.  

When the electrode is brought to a potential 
higher than that of the evolution of oxygen, 
competitive reactions that consume electrons, such 
as the formation of peroxide compounds, can limit 
the direct oxidation of the organic compounds 
present in the solution. 

However, these oxidizing species can react 
with organic compounds to oxidize them in turn. 
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Not all electrode materials produce these oxidants, 
and in particular hydroxyl radicals, with the same 
efficiency. Much research has been devoted in 
recent years to the study of the treatment of 
wastewater polluted by organic compounds; the 
most efficient materials are those that have a high 
potential for the release of oxygen. 

The comparison of the oxygen evolution 
potentials shows that the metal oxides and the 
boron-doped diamond have much larger 
electrochemical windows than platinum. This 
entails, under positive polarization in the region of 
the oxidation of water, the possibility of producing 
very oxidizing species that are very little adsorbed, 
and therefore particularly active for oxidation. 
Overall, this results in a remarkable electro-
catalytic activity in organic compounds. In other 
words, the potential for oxygen evolution increases 
with the decrease in the adsorption force of 
hydroxyl radicals on the electrode; for example, the 
boron-doped diamond electrode has lower 
adsorption properties than the platinum. 

The researchers worked in the field of 
Dimensionally Stable Anode (DSA) studied in 
depth, from the preparation to the characterization 
of these electrodes to understand and improve 
their electro-catalytic properties and their stability. 
Although the first RuO 2- based DSA electrodes are 
emerging for their application in the Cl2 -NaOH 
industry. The following years gave a step to the 
appearance of new electrode materials which are 
based on the original concept of DSA to find new 
applications. 

Thus, in addition to the generation of Cl2, in 
most cases, the anodes of DSA are used against 
the electrode of a cathode of interest in several 
processes (production of hydrogen, 
electrodeposition of metals, electro galvanizing, 
protection against corrosion, etc.) wherein the 
anodic reaction in aqueous solution is mainly the 
OER. The most commonly used anode in these 
applications is Ti / IrO2 [13]. 

However, over the past 20 years, DSA 

electrodes have experienced massive growth in the 

oxidation of organic and inorganic compounds. In 

particular, in the treatment of industrial water [14, 

15], for which scientists have prepared and 

characterized other electrodes made of metal 

oxides. 

RuO2 and IrO2 were the most studied metal 

oxides. These two oxides have some points in 

common, such as good conductivity (metal type) 

and a crystalline structure like rutile. However, this 

crystal structure is adopted by many dioxides of 

several metals, belonging to the p block (Sn, Pb, 

Ge, Te, and Si) as transition metals of the 3d, 4d, 

and 5d series (Ti, Cr, Mn, Nb, Ru, Rh, Ta, Ir, Pt, 

and some others).  

In practice, the big problem is centered on the 
loss of coating due to the dissolution of the active 
metal oxide. The chemical dissolution is favored 
when the ligands involved in the electrolyte (NH3, 
CN -, OH- and others that can form the complexes) 
or activators of the corrosion (Cl- or F- for example) 
[18]. The dissolution or the electrochemical 
corrosion can occur at potentials at which the 
coating is not stable, being oxidized and forming 
soluble species. 

Erosion of the coating can occur, especially if 
the adhesion between the particles and the coating 
is not good and too porous, the evolution of gas 
can separate the particles and remove them. One 
deactivation mechanism occurs during the anodic 
process when chemical changes alter the 
electrode's conductive properties. For example, it 
has been proposed that the SnO2 electrodes are 
deactivated by the formation of a passivating layer 
from the hydration of the outer layer. 

The deactivation by passivation of the base 
metal is different from known mechanisms on all 
electrodes which operate at high current densities. 
It can happen in three ways: 

 When the ions go through the pores and cracks 
of the coating, with the support, by reacting 
and/or the remover in a way that it causes a 
loss of adhesion and therefore local coating 
losses (stripping); 

 With the formation of an insulating layer (for 
example TiO2), added to the active material, 
formed during the heat treatment, due to the 
migration of ions and electrons at the 
support/oxide interface (the poorly adherent 
layer may also cause a coating loss); 

 When the TiO2-x oxide, is formed during heat 
treatment [15, 16], it loses its non-stoichiomet-
ric conductive conformation and changes to its 
insulating stoichiometric configuration (TiO2), 
due to the migration of O2 species through the 
coating. 

Given the different deactivation mechanisms, 
several strategies have been proposed in the 
bibliography to extend the useful life of this type of 
electrode: 

 Choice of support. 

 Control of the coating thickness 

 The use of the stable conductive interlayer. 

 Doping of the coating with stabilizers (mixed 
oxide). 

Regarding the choice of support, Vercesi et al. 
[17] carried out a detailed study on the corrosion of 
the different valve metals used as supports. For 
information, a "valve metal" is a metal that is 
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covered with a thin layer of protective oxide when it 
is oxidized (passivation) and which does not. 
passes the current that is under a cathodic 
potential. They concluded that the best base metal 
was the tantalum, Ta. However, the Ti was the one 
used at an industrial scale because its properties, 
as a substrate, lower than Ta, are good enough 
and the price is much lower. 

Another way to prevent or delay the formation 
of the insulating oxide is the addition of an oxide 
capable of creating solid solutions (interlayer) 
conductors with TiO2, such as iridium which forms 
mixed oxides of type of Ir xTi(1-x) O2. The 
deactivation of this type of mixed oxide electrodes 
occurs by the migration of the noble metal from the 
substrate/oxide layer interface to the outer oxide 
layer. 

After much research, researchers found that 
the most stable electrode for OER in an acidic 
environment is Ti / IrO2 (70%) - Ta2 O5 (30%) [18]. 
So, to improve performance both in OER and in 
other electrochemical reactions, they studied the 
properties of several mixed oxides, with one active 
species (which provides catalytic activity) and other 
inactive species (which provides stability). 

For the basic medium, the most stable and 
catalytic electrodes in the OER have been those 
based on cobalt spinel [19]. However, these 
electrodes do not exhibit strong activity in the 
oxidation of aromatic organic compounds. In this 
way, and since the vast majority of studies on 
electrode optimization have been designed for use 
in the acidic medium, it is necessary to further 
study the stability and deactivation in the basic 
medium with new electrodes that have good 
performance for their use in this medium. 

2. MATERIALS AND METHODS 

Corrosion resistance is not an intrinsic property 
of a given metal, but rather a property of the metal / 
medium interface. Hence, the characterization of 
the chemical composition of the microstructure of 
the metal as well as its electrochemical behavior is 
required. In addition, the corrosion behavior 
depends on the various stresses to which the 
material is subjected, whether they are physico 
chemical, thermal, or mechanical. One inferred that 
any means of action to prevent and/or fight against 
corrosion concerns one of the three elements of 
the system studied even its whole.  

The inhibitors of corrosion constitute an original 
way of combating the corrosion of metals and 
alloys. The originality comes from that the 
anticorrosion treatment should not be done on the 
metal itself (choice of intrinsically corrosion-
resistant material) but by the intermediary of the 
corrosive medium. It does this not, however, to 

change the kind of the medium, but to add the 
inhibitor formulation (isolated molecule, mixture of 
molecules) in small amounts to the corrosive 
environment. 

Natural extracts have emerged as an eco-
friendly and sustainable solution for mitigating 
metal corrosion, offering a viable alternative to 
conventional synthetic inhibitors, which are often 
toxic and environmentally harmful. These extracts 
are typically derived from plant sources such as 
leaves, seeds, fruits, barks, and roots, and they 
contain a rich blend of organic compounds with 
diverse chemical structures. The primary 
constituents responsible for corrosion inhibition 
include alkaloids, flavonoids, tannins, saponins, 
terpenoids, and essential oils. These compounds 
possess functional groups like hydroxyl (-OH), 
carbonyl (C=O), carboxyl (-COOH), and nitrogen or 
sulfur-containing groups that can adsorb onto the 
metal surface, forming a protective barrier that 
isolates the metal from corrosive agents such as 
oxygen, chloride ions, and moisture. This 
adsorption process often follows Langmuir or 
Temkin isotherms, indicating the formation of a 
monolayer of inhibitor molecules on the metal 
surface. 

For instance, the extract of Lawsonia inermis 
(henna), which is rich in lawsone and tannins, has 
demonstrated high corrosion inhibition efficiency on 
mild steel, often exceeding 90% under optimal 
conditions. Similarly, extracts from Allium sativum 
(garlic) containing sulfur-rich compounds like allicin 
have shown significant inhibition effects on copper 
corrosion. Another example is the use of green tea 
extract, derived from Camellia sinensis, which is 
abundant in catechins and polyphenols that exhibit 
strong antioxidant properties, thereby reducing the 
anodic and cathodic reactions responsible for metal 
dissolution and hydrogen evolution. The 
mechanism of action generally involves the 
adsorption of active compounds onto the metal 
surface, forming a physical and chemical barrier 
that decreases the metal's exposure to corrosive 
environments, thus reducing the corrosion current 
density and shifting the corrosion potential in 
electrochemical tests. 

Electrochemical techniques such as potentio-
dynamic polarization (PDP) and electrochemical 
impedance spectroscopy (EIS) are widely used to 
evaluate the efficacy of natural extracts as 
corrosion inhibitors. Potentiodynamic polarization 
provides information on the reduction in corrosion 
current density and the nature of inhibition, whether 
predominantly anodic, cathodic, or mixed. EIS, on 
the other hand, measures the charge transfer 
resistance (Rct) and the capacitance of the double 
layer, offering insights into the integrity and stability 
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of the protective film formed by the inhibitor. For 
instance, the impedance spectra of metals treated 
with pomegranate peel extract, rich in polyphenols 
and tannins, often reveal a significant increase in 
charge transfer resistance, indicating the formation 
of a robust protective layer. 

Despite their numerous advantages, including 
biodegradability, non-toxicity, and cost-
effectiveness, the use of natural extracts as 
corrosion inhibitors faces certain challenges. The 
complex and variable composition of plant extracts 
can lead to inconsistencies in inhibition 
performance, and their stability under harsh 
conditions may be limited. Moreover, the presence 
of multiple active components can make it difficult 
to pinpoint the exact compound responsible for the 
inhibition, complicating efforts to optimize and 
standardize their use. Nonetheless, ongoing 
research aims to address these limitations by 
exploring synergistic effects between different plant 
extracts, improving extraction techniques to 
enhance the concentration of active compounds, 
and developing formulations that improve their 
stability and efficiency in various corrosive 
environments. Overall, natural extracts hold 
significant promise as a green and sustainable 
approach to corrosion control, aligning with global 
efforts to reduce environmental impact and 
promote the use of renewable resources. 

 In order to provide a unique form of protection, 
an inhibitor or a combination of inhibitors can 
be used. This can be done either permanently, 
allowing the use of metallic materials 
(unalloyed ferrous, for example) under 
acceptable conditions of corrosion resistance, 
though installation monitoring is necessary 
[20]. In this situation, it will be easier to predict 
the inhibitor's behavior in the short term, and, 
in theory, the system control will be more 
straightforward. Either as temporary protection 
during a period when the workpiece or the 
installation is particularly sensitive to corrosion 
(storage, stripping, and cleaning). 

 An inhibitor or an inhibitor mixture may be 
combined with other means of protection: 
protection by adding a coating surface of paint, 
grease, oil, etc... 

The inhibitor is a chemical substance added to 
the corrosion system at a concentration chosen for 
its effectiveness, which causes a decrease in the 
corrosion rate without changing significantly the 
concentration of the corrosive agent contained in 
the aggressive environment. Generally, an inhibitor 
should reduce the rate of corrosion of a metal, 
without affecting the physic-chemical chara-
cteristics, particularly the mechanical strength (e.g., 
risk of embrittlement by the hydrogen in an acid 

medium). An inhibitor must be stable in the 
presence of the constituents of the medium, in 
particular, vis-à-vis the oxidants. An inhibitor must 
be stable at temperatures of use. An inhibitor 
should be effective at low concentrations. An 
inhibitor must be compatible with the standards for 
non-toxicity. An inhibitor should be inexpensive. 

3. RESULTS 

Corrosion is the irreversible deterioration of a 
metal caused by a chemical or electrochemical 
interaction within its surroundings. It can take many 
different forms, such as uniform, localized, etc., 
and changes the properties of the materials in 
question. 

Regarding corrosion prevention, actions can be 
taken against the material itself (e.g., by applying 
corrosion inhibitors), on the material's surface 
(coating, painting, surface treatment of any kind), 
or on the environment the material comes into 
contact with (choice-wise, forms adapted 
constraints in the function of applications...) [20–
22].  

However, prevention against corrosion must be 
considered from the design phase of an 
installation. The preventative measures taken in 
good time allow to avoid many problems when it 
comes to ensuring a certain time of life for an 
object, especially for industries such as nuclear, 
chemical, or aeronautics, where the risk of accident 
can have particularly serious consequences for 
people and the environment. 

Other researchers [21] show that alkylamines 
are strongly chemisorbed on the surface of iron, 
with the sharing of electrons between nitrogen and 
the atoms of the metal. This then results in a very 
good inhibition of the corrosion of iron in an acidic 
medium. It should be noted, however, that the 
alkylamines, classified as fairly strong bases, 
adsorb, preferentially, at the surface of ferrous and 
ferric oxides and hydroxides (considered as strong 
acids), which may explain the poor protection of the 
underlying metal. 

There are more complex compounds such as 
aminobenzimidazole act as mixed inhibitors for the 
protection of brass (Cu / Zn alloy) where they 
inhibit corrosion by blocking the anodic and 
cathodic sites by the formation, on the surface of 
the brass, of a protective film consisting of 
complexes of Cu (II) and Zn (II). Aminobenzi-
midazole acts as a metal-coordinated bidentate 
ligand through nitrogen from the amino group (> C 
= NH) and nitrogen from the cyclic azole group (= 
C-NH) [22]. 

The amines that regulate the pH or the 
alkalinization of the medium are intended to react 
chemically with the acidic species to neutralize 
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them. These properties tend to be operated to 
lower the activity of protons in the corrosive 
solution: neutral medium at temperature ordinarily 
the increase of the pH causes the metal in a region 
where the corrosion is slowing down (please revise 
the meaning of this sentence in red). Contrary to 
amine filaments, amine neutralizing will not protect 
against corrosion due to the presence of oxygen 
dissolved in the electrolyte [23].  

Amines are considered to be a very efficient 
functional group against the corrosion of ferrous 
metals due to the combination of weak base 
properties with adsorption properties. In some 
cases, their inhibition can be further enhanced 
when combined with other types of molecules, 
such as carboxylic acids [24]. 

The hydrolysis of aluminum dihydrogen 
triphosphate (ATP), produces H + protons [25], 
which could neutralize the hydroxyl ions resulting 
from the reduction of dissolved oxygen on the 
metal substrate, thus prolonging the life of the 
organic coatings [26]. The protective performance 
using ATP as a pigment was investigated by 
Dongdong Song [27], under full immersion 
conditions, of a water-based acrylic paint, applied 
to steel. The data obtained have permitted to 
provide the following protection mechanism: the 
specific pigments used in the paint formulation 
showed the release of phosphates that form a 
protective on the metal substrate, which interfere 
with the result, access of aggressive species on the 
surface of the substrate and will prevent the 
corrosion reaction thus protecting the substrate.  

Moreover, it is only recently that the first 

successful implementation of nanocomposite 

orthophosphate of zirconium/polyurethane (α-ZrP / 

PU), for protection against corrosion, has been 

published [28]. Α-ZrP / PU nanocomposite films are 

PU-based with different ZrP contents from 0.5 to 

5% by weight. The results revealed that α-ZrP was 

dispersed very well in PU films with improved 

moisture barrier properties of α- ZrP / PU films and 

that no substantial agglomeration occurred, 

comparing a series of measures of electrochemical 

potential for corrosion (E corr ) , the strength of 

polarization (Rp), the current of corrosion (i corr ) 

and of the spectroscopy impedance 

electrochemical performed on the coatings ZrP / 

PU and PU pure, applied on the electrodes in cold 

rolled steel. The inhibition of zinc corrosion in NaCl 

medium has been the subject of numerous studies 

in which different chemical compounds have been 

used. We cite here those whose results were more 

striking.  

The use of other cationic type of inhibitors such 
as Ce 3+ and La 3+ could be put to the point [29] 

and gave satisfaction with the efficiencies of the 
order of 91.2 % and 93.9 % respectively. The mode 
of protection in this case is provided by the 
formation, on the cathodic sites, of thick layers of 
Ce (OH) 3, Ce 2 O 3, or La (OH) 3 and La 2 O 3, 
which provide cathodic protection. Zinc, in addition 
to the formation of small amounts of Zn (OH) 2 and 
ZnO which have a barrier effect against the 
diffusion of oxygen as previously reported. 
Corrosion protection of bronze in a 3% NaCl 
solution. Potentiodynamic polarization curves were 
used to determine the anodic and cathodic 
behavior, indicating the effectiveness of the extract 
as a mixed-type inhibitor. The study also quantifies 
the phenolic content through HPLC analysis, which 
highlights the role of rutin, quercetin, and gallic acid 
in the inhibition process [30]. 

Recently, the inhibition by the organic 
molecules as the tricine [N- (Tri (hydroxymethyl) 
methyl) glycine (phrase incomplete , à revoir ). It 
comes out that the latter can be considered as an 
inhibitor anode, of corrosion of zinc in the solutions 
of chloride neutral. An effective inhibitory of about 
90.4 % has been registered in the presence of 10 
mM. Tricine in a solution NaCl 0.5 M. This inhibition 
was the result of the adsorption of the inhibitor 
molecules through the atom of oxygen and/or an 
atom of nitrogen on the active centers in the area 
of the electrode, forming a barrier that blocks the 
process of anode corrosion [31]. 

In various fields, the production of coatings 
from nanostructures makes it possible to endow 
the surface with new functionalities in terms of 
appearance, hardness, adhesion, corrosion 
resistance, and wettability and permits to increase 
their performance and thermal or electrical 
conductivity. mechanical, chemical, or thermal 
resistance, etc ... while limiting production costs. 
Moreover, these materials are often multifunctional, 
making it possible to couple various functions at 
the same time.  

In the field of optics, the structuring of the 
surface brings several functionalities to the surface. 
It reduces reflection and increases the absorption 
capacity of incident light [32, 33]. In addition, it also 
allows to provide coloration to a material without 
the use of dye [34]. Beyond its effects, the surface 
structuring can present very selective 
characteristics in wavelength and/or polarization. 
This property gives these devices the ability to 
behave like an optical filter [35] that can be 
adjusted by controlling the geometric parameters of 
the surface patterns. 

In the field of tribology, one crucial factor that 
determines how well a mechanical contact 
performs is its surface structure. It affects not only 
the amount of lubricant transported but also the 
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quality of surface separation, which in turn affects 
wear and friction [36]. In the field of medical 
applications, the surface micro and nanostructuring 
of implants is a parameter to be taken into account 
in the cellular response. Positive bone reactions 
have been observed on dental implants, linked with 
their nanostructuring [37-39].  

In the field of anti-corrosion coating 
applications, surface nanostructuring can provide 
other interesting properties to the material 
concerning protection against corrosion: 
mechanical properties such as flexibility and 
solidity, and therefore impact resistance. This is the 
case with the coating produced by Greer et al. with 
Caltech having on the surface nanopillars 100 nm 
in diameter of metallic glass rich in zirconium (Zr 35 
Ti 30 Co 6 Be 29) [40].  

In the field of self-cleaning coatings, 

neoculturation of the surface is essential. Corrosion 

and contamination of metallic structures can cause 

loss of their functionality as well as aesthetic 

values, self-cleaning, and anti-corrosion surfaces 

for metallic structures. [41-43]. Many works have 

tried to artificially reproduce the surface of the lotus 

leaf which is covered with micro/nano textures. 

Therefore, at this surface topography water does 

not fill the space between surface textures and 

relies on air. This configuration allows the drop of 

water to roll without adhering to the surface, which 

gives it the ability to wash away the dust present on 

the surface, hence the designation of a self-

cleaning surface. Nanostructured materials at the 

surface constitute a class of nanomaterials that 

combine both properties at the nanometer scale as 

well as their synergy to either amplify exciting ones 

or create new ones. The synergy between the 

properties of the patterns at the surface results 

both from the size of the patterns, from their 

organization, and the physical couplings between 

the patterns. According to the preparation methods 

mentioned in this chapter, a control of the size, the 

morphology and the spacing between the patterns 

is possible, and this is via the technical parameters 

of each of the methods. In the case of techniques 

using a mask, the properties (size, morphology, 

and spacing between patterns) of the textures 

prepared depend on those of the mask. On the 

other hand, for the techniques not using a mask, 

the properties of the textures are imposed by the 

parameters of the technique and the processing 

conditions. The hydrophobic systems can be 

prepared in one step by creating a surface 

roughness from a material having low surface 

energy such as perfluorinated compounds 

(tetrafluoroethylene…) [44,45], silicon [46-49], 

organic materials (polystyrene, alkylketene dimers, 

polyamide, etc…) [50- 59], inorganic materials 

(ZnO, TiO 2 and SnO 2 ) [50-55]. According to the 

work of Ralph Hulseman of Hoowaki, 

nanostructured surfaces have been developed and 

were shaped in the form of small pillars of polymers 

such as silicone [56] on metal surfaces such as 

aluminum or steel. The first function is 

hydrophobicity with drop angles exceeding 150 ° 

(super-hydrophobic). This results in an anti-wetting 

effect, favorable against pathogens and 

atmospheric corrosion, but above all an oleophilic 

property resulting in reduced friction. In fact, on the 

one hand, a smaller quantity of oil is necessary, 

and on the other hand, in the event of a drop of oil 

falling on the substrate, it will be able to spread and 

thus reduce the risk of default.  

Most hydrophobic systems are prepared in two 
stages: the first stage consists of forming a rough 
surface and the second of depositing on this 
surface a molecular film with low surface energy of 
the Teflon type [57]. The synergy of the two steps 
makes it possible to obtain optimal hydrophobicity. 
To obtain superhydrophobic surfaces, molecules of 
SiO 2 or silanes are chemically deposited by vapor 
phase (CVD) on various surfaces, the drop angles 
obtained are very high, greater than 170 ° and the 
deposition time is less than one minute. We can 
also cite examples of adsorption of Thiols on noble 
metals such as Ag [58]. 

Hydrophobic surfaces can be a solution against 
corrosion, as the wetting time is considerably 
reduced [59]. In this context, the work of GK 
Kannarpady et al. has shown that coatings 
composed of tungsten or aluminum nanorods from 
25 to 75 nm provide the anti-icing property, which 
is highly sought after in aeronautics [60,61]. The 
functionalization of these nanostructured coatings 
by “Teflon-like” silanes brings to the surface a 
superhydrophobic behavior (164 ° +/- 3 °). This 
protection can be used in drinking water pipes 
against corrosion. 

Law and Zhao of the Xerox company [62] have 

shown that PTFE (Teflon) certainly has 

superhydrophobic but oleophilic properties. By 

adding super oleophobic character to surfaces, 

better performance is obtained. In addition, their 

work confirms that high hydrophobicity is not 

necessarily a sign of low adhesion and that the 

sliding angle of a drop of water can be high even 

for a surface with a high contact angle. To ensure 

the oleophobicity, tests were carried out on etched 

silicon to obtain pads 7 µm high, 3 µm in diameter, 

and with a spacing of 6 µm, on which is deposited 

by phase molecular deposition vapor (MVD: 

molecular vapor deposition). 
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TiO2 also exhibits photo-induced super-

hydrophobicity, that is to say, a contact angle θ 

between the surface and water of about zero 

degrees under UV exposure [63]. This property has 

been widely studied for anti-fog applications. The 

vapor easily blurs the view through a mirror or 

glass due to the many water droplets that 

condense on the solid surface. In the case of a 

TiO2 coating exposed to UV, the water does not 

settle in the form of drops but is spread on the 

superhydrophobic surface. The opposite option 

aimed at eliminating water drops from the surface 

by playing on super-hydrophobic properties has 

also been proposed. However, this alternative does 

not make it possible to eliminate the mist deposited 

on the surface without the water drops being 

removed by an external intervention: the force of 

the wind, vibration, or manual intervention. 

Conversely, under practical conditions, vision is 

never disturbed by the spreading of water on a 

superhydrophilic surface [64].  

 It is interesting to note that the photoinduced 

super hydrophilicity enters into synergy with the 

photocatalytic activity of TiO2 because the two 

phenomena occured under UV irradiation. Thus, 

surface contamination can be totally or partially 

reduced (or made less toxic) by photocatalysis and 

the photodecomposition residues (partially 

mineralized elements) can be removed by a simple 

operation of rinsing with water, without the need for 

detergent. The combination of these two properties 

leads to the self-cleaning application. Over the past 

decade, self-cleaning devices have demonstrated 

their many benefits. In particular, they can be 

installed in outdoor or even indoor atmospheres, 

since UV rays do not only form part of the solar 

spectrum (typically 5%) but are also emitted by 

many indoor lighting devices, albeit in quantity 

much lower than solar radiation (typically 1 μW / 

cm 2, i.e. 10 times less). Because of these 

arguments, many self-cleaning products have been 

marketed in Japan, USA, Europe, and many other 

countries [65]. 

 In a general manner, there is a variety of 
protective inhibitors that effectively addresses 
corrosion for every type of material. In neutral, 
alkaline, or acidic conditions, there are a wide 
range of corrosion inhibitors available for iron metal 
research. It has been established how carbon steel 
behaves electrochemically when alkyl imidazoles 
which are present in a NaCl solution [66]. It is 
observed that the number of atoms in the chain 
alkyl as well as the concentration of each organic 
substance examined both affect the effectiveness 
of corrosion inhibition. With 11 carbon atoms, the 
corrosion has been effectively and maximally 

inhibited. The organic chemicals are adsorbed on 
the metal surface at low concentrations. An 
adsorption molecule is then "flat" on the electrode 
and acts on the process cathode as a result. An 
additional layer forms at high concentrations, 
enabling the inhibitor to cover the website's anode 
as well. The process anode and/or cathode 
mechanisms are altered in the two scenarios.  

The behavior of mild steel in the presence of 
the triazole derivative 3,5-bis (4-methylthiophenyl) -
4H- 1,2,4-triazole) has been studied in acidic 
media, HCl (1 M) and H2SO4 (0.5 M). The results 
indicate that the inhibitory efficacy can reach 
values of the order of 99% and 80%, respectively 
[67]. The corrosion inhibition effect of Calotropis 
procera extract on 304 stainless steel in a 2 M HCl 
solution. Electrochemical methods such as 
electrochemical impedance spectroscopy (EIS), 
potentiodynamic polarization (PP), and 
electrochemical frequency modulation (EFM) were 
used to analyze the adsorption behavior, which 
followed the Langmuir adsorption isotherm. 
Surface morphology was also evaluated using 
various techniques [68]. The primary process of 
inhibition was caused by the molecules of triazole 
derivatives adhering to the steel surface. The latter 
turned out to be the Langmuir isotherm that was 
impacted by two modes: adsorption of the 
derivative of triazole with the doublets free of atoms 
of sulfur and/or of nitrogen or well of electrons the 
nucleus aromatic which act with orbital of 
vacancies of iron and adsorption of anions from the 
medium to the surface of the iron (Cl - SO 4 2- ...) 
which will attract the forms protonated derivative of 
triazole. 

The characterizations of the corrosion products 
reveal the presence of a protective layer of iron III 
heptanoate on the metal surface while the 
impedance measurements indicate the great 
improvement in the corrosion protection of the steel 
in NaCl (0. 1 M). This efficacy has been attributed 
to the release of progressive heptanoate clay on 
the one hand, and its fibrous morphology 
enhancing the barrier properties of the coating 
polymer on the other hand. In general, the 
molecules inhibiting the most commonly employed 
and the least toxic are the amines or even the salts 
of carboxylic acids, which are also present in the 
inhibitor zirconium orthophosphates, and are 
extensively studied because of their physico 
chemical properties. The main properties of these 
minerals are their ability to exchange their cations 
by exchange reactions thanks to their high cation 
exchange capacity; and their intercalation property 
of organic entities of different sizes. These qualities 
give them the name of the reservoir of cations or 
organic compounds. 
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The study of the cation exchange properties 
has also been completed with varying degrees of 
success by exchanging the labile protons of Zr 
orthophosphate by the Ca 2+, Mg 2+, and Zn 2+ 
ions which present an interest in the field of 
inhibiting aqueous metallic corrosion. The 
conditions of ion exchange were explored by 
varying the temperature, by keeping in touch 
directly the dispersion of α-ZrP with the solutions of 
salts of metal corresponding (Ca (NO 3 ) 2 .4H 2 O, 
Zn (NO 3 ) 2 .6H 2 O, Mg (NO 3 ) 2 .6H 2 O) or by 
neutralizing them with the corresponding bases in 
the case of exchange by Ca 2+ (Ca (OH) 2 ) or by 
passing through the sodium form of α-ZrP (Na + -
ZrP). The different characterizations of structural, 
microstructural, thermal, and spectroscopic 
performed on the compounds derived CaZr (PO 4 ) 
2, 4H 2 O (Ca 2+ -ZrP) MgZr (PO 4 ) 2, 4H 2 O (Mg 
2+ -ZrP), and ZnZr (PO 4 ) 2, 4H 2 O (Zn 2+ -ZrP) 
agree to demonstrate the successful intercalation 
of the different cations within the interfoliar spaces 
of α-ZrP causing their expansion of 0.98 nm for Ca 
2+ -ZrP, and 0.96 nm for Mg 2+ -ZrP, and Zn 2+ -
ZrP. However, it is important to note that less 
crystallized α-ZrP prepared under reflux (α-ZrP-R) 
is ready better to exchange cation than the highly 
crystallized synthesized by the hydrothermal way 
α-ZrP-H. Of more, intercalation of the cation metal 
into the compound α- ZrP-R is easy in the order 
given: Ca 2+> Mg 2+> Zn 2+. The study of 
inhibitory effect of corrosion zinc electrodes and 
mild steel has been extensively studied by different 
electrochemical techniques: measurement of corr, 
polarization, and spectroscopy impedance 
electrochemical for α-ZrP and Ca 2+ -ZrP because 
of the ease of intercalation Ca 2+ into the 
interleaving space of α-ZrP. Also, thanks to their 
properties of acid-base, the dispersions of 
materials to the base of α-ZrP alter the pH of a 
corrosive solution such as NaCl (0.1 M) exchange 
internal protons in the case of α-ZrP or exchange of 
protons of the area in the case of Ca 2+ -ZrP. 
Thus, in the context of inhibition of the corrosion 
process, they act as inhibitors to corrosion by 
buffering the pH at the surface of the zinc and 
avoiding any increase of the pH due to the 
corrosion. In this sense, the best performance was 
achieved with Ca 2+ -ZrP which provides the terms 
chemically interesting to interface the 
electrochemical of zinc. The results of the analysis 
of metal surfaces by XRD and SEM, after the 
electrochemical tests, showed the formation of 
layers protective against corrosion. In fact, in the 
presence of Ca 2+ - ZrP, a layer of zinc oxide (ZnO) 
and calcium phosphate was developed on bare 
zinc, while the presence of α-ZrP leads to the 
formation of zirconium, and zinc phosphates. For 
the corrosion inhibitor and the release of the latter 

the second time, which was easily confirmed by 
obtaining, after the electrochemical test, from the 
stage sodium of α-ZrP after the replacement of 
entities organic by Na + cations, as well as by the 
formation of different protective layers as in the 
case of Cs-ZrP, where a very thin layer of zinc 
hydroxy heptanoate [Zn 5 (OH) 8 (C 7 - ) 2 ] 
precipitated on bare zinc.  

In addition, the products formed on the surface 
also have the effect of limiting the diffusion of 
oxygen and corrosive ions towards the metal 
surface, thus reducing the rates of corrosion. For 
the two parts, the orthophosphates of zirconium 
modified either by way of exchange cationic or by 
reactions acid-base have been used as fillers in the 
resin alkyd to test their electrochemical behavior on 
zinc and/or steel. The assessment of the inhibitory 
action of these loads (5 mass%) was achieved 
through spectroscopy electrochemical impedance 
(EIS) in a solution of NaCl (0.5 M). 

As regards the corrosion of zinc, the sample 

RA-ZrP shows a performance of important 

protection that remains almost constant between 

99 and 98 % during 768 hours of immersion of 

zinc. It should be noted that the organic coatings 

containing fillers based on α-ZrP and used as 

corrosion inhibitors exhibit an inhibitory efficiency 

that is better or at least comparable to that of ATP. 

This is explained by their laminated microstructure 

which improves the “barrier” properties of the 

coating. Also, these compounds act as mini tanks 

through their ability to release corrosion inhibitors 

over time and conferring the coating self-healing 

properties and ensuring the longevity of protection. 

4. CONCLUSIONS 

The fight against corrosion of materials, in a 
medium of hydrochloric acid of concentration 1M, 
by inhibitors of extracts. From the polarization 
tests, it appears that these three inhibitors are of 
mixed nature and the corrosion mechanism was 
not changed after their addition to the solution. 
Other analytical methods were used to further 
investigate the study, using the concentrations 
considered. The electrochemical impedance 
spectroscopy (EIS), allowed us to confirm the 
inhibitory quality and also to identify the corrosion 
mechanism, which takes place by charge transfer 
as well as the mode of inhibition by adsorption of 
the inhibiting molecules. This model assumes that 
the corrosion inhibition is due to the formation of a 
monolayer on the metal surface, reducing contact 
with the electrolyte, and that the interactions 
between the adsorbed particles are negligible. 
Tests on the influence of temperature, in the range 
of 25-60 ° C, on the inhibitory power have shown 
that the increase in temperature decreases the 
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inhibitory effectiveness of the compounds 
considered. This suggests that their adsorption to 
the sample surface is electrostatic. Therefore, the 
determination of thermodynamic activation 
parameters confirmed this. Scanning electron 
microscopy showed the presence of a uniform 
protective layer covering the entire surface of the 
steel. Surface analysis revealed that the surface of 
the sample for the control solution was covered 
with iron oxide (Fe2O3). However, in the inhibited 
solutions, no presence of oxides was observed, 
which indicates that the steel surface is perfectly 
isolated from the solution by the adsorbed 
protective film. 

Natural extracts serve as effective green 
corrosion inhibitors due to their rich composition of 
bioactive compounds capable of adsorbing onto 
metal surfaces and forming protective barriers 
against corrosive agents. Alkaloid-based inhibitors 
like quinine from Cinchona bark, nicotine from 
tobacco (Nicotiana tabacum), and berberine from 
Berberis species reduce corrosion by interacting 
with the metal surface through nitrogen atoms. 
Flavonoids such as quercetin from onions and tea, 
catechin from green tea (Camellia sinensis), and 
rutin from citrus fruits inhibit corrosion by chelating 
metal ions and forming stable complexes. Tannin-
rich inhibitors like tannic acid from tea and oak 
bark, and ellagic acid from pomegranate, form 
insoluble layers that protect the metal. Terpenoids 
like limonene from citrus peels, thymol from thyme, 
and menthol from mint provide hydrophobic 
protection, while sulfur-containing compounds such 
as allicin from garlic and sulforaphane from broccoli 
disrupt corrosion reactions at the metal surface. 
Essential oil components like eugenol from clove, 
carvacrol from oregano, and cinnamaldehyde from 
cinnamon enhance corrosion resistance by forming 
antioxidant-rich films. Additionally, lawsone from 
henna (Lawsonia inermis), curcumin from turmeric 
(Curcuma longa), and azadirachtin from neem 
(Azadirachta indica) exhibit excellent inhibition 
efficiency through both physical and chemical 
adsorption, making natural extracts a promising, 
sustainable alternative to conventional synthetic 
inhibitors. 

It has been demonstrated that the inhibitors 
function mostly as mixed inhibitors. The findings 
regarding the effect of concentration indicated that, 
at a concentration of 0.04 g/L, the highest 
efficiency was attained, with 96% of the saffron and 
95% of the turmeric at that concentration. The 
anode and cathode current densities decreased as 
the concentration increased, according to the 
polarization curves. For all concentrations 
examined, impedance diagrams have 
demonstrated that this is a mechanism of charge 
transfer over a heterogeneous surface. A 
capacitive loop, which is typically thought to be a 

representation of the charge transfer resistance at 
the metal/electrolyte contact, is included in the 
diagrams. Variations in concentration have an 
impact on the amplitude of the diagrams, as the 
concentration rises, so does the capacitive loop's 
size. 

Future research in corrosion inhibition and 
surface treatments on metals is poised to focus on 
the development of green and sustainable 
inhibitors, particularly those derived from natural 
extracts, agricultural waste, and bio-based 
polymers, which offer eco-friendly alternatives to 
traditional toxic inhibitors. However, challenges 
remain in optimizing their chemical composition, 
improving their long-term stability, and understan-
ding their adsorption mechanisms at the molecular 
level. The advancement of multifunctional surface 
treatments, such as nanostructured coatings, 
graphene-based films, and metal-organic 
frameworks (MOFs), is also a key area of 
exploration, with emphasis on enhancing properties 
like self-healing, antibacterial resistance, and 
mechanical robustness. Despite their potential, 
these advanced materials face challenges in 
scalability, cost-effectiveness, and durability under 
extreme conditions, such as high temperatures, 
salinity, and acidic environments, commonly 
encountered in industries like marine, oil and gas, 
and aerospace. Additionally, there is a critical need 
to deepen our understanding of corrosion 
mechanisms at the nanoscale through the use of 
advanced characterization techniques, such as 
atomic force microscopy and in situ transmission 
electron microscopy, to develop predictive models 
that link nanoscale behavior to macroscopic 
performance. The integration of machine learning 
and artificial intelligence offers a promising 
pathway for accelerating the discovery of new 
inhibitors and optimizing surface treatments, 
though the lack of standardized datasets and 
interpretable models remains a significant barrier. 
Moreover, research efforts must address the long-
term performance and durability of corrosion 
inhibitors and coatings, emphasizing field testing 
and real-world applications to bridge the gap 
between laboratory results and practical use. 

Funding: 

This research was funded by DGRSDT. 

Acknowledgments 

This work has been supported by the 
Laboratory of Applied Sciences and Didactics at 
Ecole Normale Supérieure de Laghouat under 
project PRFU code A24N01EN030120210001. The 
author wishes to thank DGRSDT of Algeria for the 
support of this work. 

Conflicts of Interest 

The author declared no conflict of interest. 



A. Kaouka et al. Electrochemical evaluation of natural extracts as effective corrosion... 

ZASTITA MATERIJALA 66 (2025) broj 3 493 

5. REFERENCES 

[1] R.Mohammadi, J.Wassink, A.Amirfazli (2004) Effect 
of Surfactants on Wetting of Super-Hydrophobic 
Surfaces , Langmuir, 20 , 9657-9662. 

[2] J.-Y.Shiu, C.-W.Kuo, P.Chen, C.-Y.Mou (2004) 
Fabrication of Tunable Superhydrophobic Surfaces 
by Nanosphere Lithography, Chemistry of materials, 
16 , 561-564. 

[3] S. Zhang, Y. Ma, S. Zhao, W. Dai, B. Liu (2024) 
Enhanced coating system corrosion protection of 
2A14 Al alloy by modified cerium seal PEO 
pretreatment, Corrosion Science, 235, 112203. 

[4] H.Yabu, M.Shimomura (2005) Single-Step 
Fabrication of Transparent Superhydrophobic 
Porous Polymer Films, Chemistry of materials, 17, 
5231-5234. 

[5] S. Agarwal, S. Horst, M. Bognitzki (2006) 
Macromolecular materials and engineering, 291, 
592-601. 

[6] A.A. Aghzzaf, B. Rhouta, E. Rocca, A. Khalil, J. 
Steinmetz (2014) Corrosion Inhibition of Zinc by 
Calcium Exchanged Beidellite Clay Mineral: A New 
Smart Corrosion Inhibitor. 80 , 46-52. 

[7] [7] K. Aramaki (2001) The Inhibition Effects of 
Chromate-Free, Anion Inhibitors on Corrosion of 
Zinc in Aerated 0.5 M NaCl. Corrosion Science., 43, 
591-604. 

[8] J. Aslam, R. Aslam, S.H. Alrefaee, M. Mobin, A. 
Aslam, M. Parveen, C.M. Hussain (2020) 
Gravimetric, Electrochemical, and Morphological 
Studies of an Isoxazole Derivative as Corrosion 
Inhibitor for Mild Steel in 1M HCl Arabian Journal of 
Chemistry., 13 , 7744-7758. 

[9] S.Bag, S.Chakraborty, A.Roy, B.Chaudhuri (1996) 
Aminobenzimidazole as Corrosion Inhibitor for 70-
30 Brass in Ammonia. British Corrosion Journal 
Chaudhuri, British Corrosion Journal ., 31, 207-212. 

[10] Y.Bai, H.Yu, Z.Li, R.Amal, G.Lu, L.Wang (2012) In 
Situ Growth of a ZnO Nanowire Network within a 
TiO2Nanoparticle Film for Enhanced Dye-
Sensitized Solar Cell Performance. Advanced 
Materials., 24, 5850-5856. 

[11] E. Balaur, J.M. Macak, L. Taveira, P. Schmuki 
(2005) Tailoring the Wettability of TiO2 Nanotube 
Layers. Electrochemistry Communications. 7, 1066-
1070. 

[12] R. Berenguer, A. La Rosa-Toro, C. Quijada, E. 
Morallón (2008) Origin of the Deactivation of Spinel 
CuxCo3−XO4/Ti Anodes Prepared by Thermal 
Decomposition. The Journal of Physical Chemistry 
C., 112, 16945-16952. 

[13] B. Bhushan, Y.C. Jung, K. Koch (2009) Micro-, 
Nano- and Hierarchical Structures for 
Superhydrophobicity, Self-Cleaning and Low 
Adhesion. Philosophical transactions of the Royal 
Society of London. Series A: Mathematical, 
physical, and engineering sciences., 367, 1631-
1672. 

[14] D. Bose, O. Mehra, C. Gupta (1985) Preparation of 
Rare Earth-Silicon-Iron Alloy by Metallothermic 
Reduction. , J. of the Less Common Metals., 110, 
239-242. 

[15] C. Comninellis, A. De Battisti (1996) 
Electrocatalysis in Anodic Oxidation of Organics 
with Simultaneous Oxygen Evolution, Journal de 
chimie physique., 93 , 673-679. 

[16] C. G. Dariva, F.Alexandre (2014) Corrosion 
Inhibitors: Principles, Mechanisms and Applications 
, Developments in corrosion protection., 16 , 365-
378. 

[17] P. de Lima-Neto, A.P. de Araujo, W.S. Araujo, A.N. 
Correia (2008) A. N. Study of the Anticorrosive 
Behaviour of Epoxy Binders Containing Non-Toxic 
Inorganic Corrosion Inhibitor Pigments, Progress in 
Organic Coatings., 62 , 344-350. 

[18] C. Deya, G. Blustein, B. Del Amo, R. Romagnoli 
(2010) Evaluation of Eco-Friendly Anticorrosive 
Pigments for Paints in Service Conditions. Progress 
in Organic Coatings., 69, 1-6. 

[19] Y. Feng, S. Chen, J. You, W. Guo (2007) 
Investigation of Alkylamine Self-Assembled Films 
on Iron Electrodes by SEM, FT-IR, EIS, and 
Molecular Simulations. Electrochimica acta., 53, 
1743-1753. 

[20] Z. Guo, F. Zhou, J. Hao, W. Liu (2005) Stable 
Biomimetic Super-Hydrophobic Engineering Mate-
rials, Journal of the American Chemical Society., 
127, 15670-15671. 

[21] B. Hinton, L. Wilson (1989) The Corrosion Inhibition 
of Zinc with Cerous Chloride, Corrosion., 29, 967-
985. 

[22] D. Jang, C.T. Gross, J.R. Greer (2011) Effects of 
Size on the Strength and Deformation Mechanism 
in Zr-Based Metallic Glasses , International Journal 
of Plasticity, 27 858-867. 

[23] F. Jianqing, Y. Huipin, Z. Xingdong (1997) 
Promotion of Osteogenesis by a Piezoelectric 
Biological Ceramic Biomaterials., 18 , 1531-1534. 

[24] A. Kaouka, O. Alaoui (2019) Characterization and 
Corrosion Resistance of Boride Layers on Carbon 
Steel. IOP Conference Series: Materials Science 
and Engineering, IOP Publishing, , p. 012029. 

[25] A. Kaouka, O. Allaoui, M. Keddam (2013) Growth 
kinetics of the boride layers formed on SAE 1035 
steel , Matériaux & Techniques, 101 705. 

[26] A. Kaouka, K. Benarous (2019) Electrochemical 
Boriding of Titanium Alloy Ti-6Al-4V Journal of 
Materials Research and Technology, 8 6407-6412. 

[27] M.T. Khorasani, H. Mirzadeh, Z. Kermani (2005) 
Wettability of Porous Polydimethylsiloxane Surface: 
Morphology Study Applied surface., 242 , 339-345. 

[28] G. Koch (2017) Trends in oil and gas corrosion 
research and technologies, p.3-30. 

[29] B.K. Körbahtı, B. Salih, A. Tanyolaç (2001) 
Electrochemical Conversion of Phenolic 
Wastewater on Carbon Electrodes in the Presence 
of NaCl., Journal of Chemical Technology & 
Biotechnology: International Research in Process, 
Environmental & Clean Technology., 77 , 70-76. 

[30] D. Kasapović, L. Klepo, J. Ostojić , F. Bikić, F. 
Korać (2023) Effect of polka raspberry (Rubus 
idaeus L.) extract on corrosion inhibition of bronze, 
Zastita Materijala, 64 (4) 383 - 307 

[31] X.-y. Li, Y.-h. Cui, Y.-j. Feng, Z.-m. Xie, J.-D. Gu 
(2005) Reaction Pathways and Mechanisms of the 



A. Kaouka et al. Electrochemical evaluation of natural extracts as effective corrosion... 

ZASTITA MATERIJALA 66 (2025) broj 3 494 

Electrochemical Degradation of Phenol on Different 
Electrodes. Water research, 39 , 1972-1981. 

[32] Z. Li, Y. Qu, X. Zhang, B. Yang (2009) Bioactive 
Nano-Titania Ceramics with Biomechanical 
Compatibility Prepared by Doping with Piezoelectric 
BaTiO3 , Acta biomaterialia ., 5 , 2189-2195. 

[33] Q.-h. LU, Y.-h. HU (2012) Synthesis of Aluminum 
Tri-Polyphosphate Anticorrosion Pigment from 
Bauxite Tailings., Transactions of Nonferrous 
Metals Society of China ., 22 , 483-488. 

[34] X. Lu, C. Zhang, Y. Han (2004) Low-Density 
Polyethylene Superhydrophobic Surface by Control 
of Its Crystallization Behavior, Macromolecular rapid 
communications., 25 , 1606-1610. 

[35] X. Lu, Y. Zuo, X. Zhao, Y. Tang (2013) The 
Influence of Aluminum Tri-Polyphosphate on the 
Protective Behavior of Mg-Rich Epoxy Coating on 
AZ91D Magnesium Alloy. Electrochimica acta ., 93, 
53-64. 

[36] G. Martelli, R. Ornelas, G. Faita (1994) Deactivation 
Mechanisms of Oxygen Evolving Anodes at High 
Current Densities, Electrochimica acta,. 39, 1551-
1558. 

[37] H. Nady (2017) Tricine [ N- ( Tri ( Hydroxymethyl ) 
Methyl ) Glycine ] – a Novel Green Inhibitor for the 
Corrosion Inhibition of Zinc in Neutral Aerated 
Sodium Chloride Solution , Egyptian Journal of 
Petroleum, 26 , 905-913. 

[38] D.-M. Shin, S.W. Hong, Y.-H. Hwang(2020) Recent 
Advances in Organic Piezoelectric Biomaterials for 
Energy and Biomedical Applications, 
Nanomaterials, 10 , 123. 

[39] C. Silvestre, D. Duraccio, S. Cimmino (2011) Food 
Packaging Based on Polymer Nanomaterials. P . 
Progress in polymer science . 36 , 1766-1782. 

[40] D. Song, J. Gao, L. Shen, H. Wan, X. Li (2015) The 
Influence of Aluminum Tripolyphosphate on the 
Protective Behavior of an Acrylic Water-Based Paint 
Applied to Rusty Steels , J. of Chemistry., ID 
618971, 

[41] M. Tabish, G. Yasin, M.J. Anjum, M.U. Malik, J. 
Zhao, Q. Yang, S. Manzoor, H. Murtaza, W.Q. Khan 
(2021) Reviewing the Current Status of Layered 
Double Hydroxide-Based Smart Nanocontainers for 
Corrosion Inhibiting Applications. J. of Mater. Res. 
and Techno., 10, 390-421. 

[42] P.J. Thomas, D. Carpenter, C. Boutin, J.E. Allison 
(2014) Effects on Germination and Growth of 
Selected Crop and Native Plant Species. 
Chemosphere ., 96 , 57-66. 

[43] G. Vercesi, J. Rolewicz, C. Comninellis, J. 
Hinder(1991) Characterization of DSA-Type Oxygen 
Evolving Electrodes. Choice of Base Metal , 
Thermochimica acta, 176 , 31-47. 

[44] X. Wu, Z. Chen (2018) A Mechanically Robust 
Transparent Coating for Anti-Icing and Self-
Cleaning Applications, Journal of materials 
chemistry. A, Materials for energy and sustainability. 
6 , 16043-16052. 

[45] S.H. Yoo, Y.W. Kim, K. Chung, N.-K. Kim, J.-S. Kim 
(2013) .Corrosion Inhibition Properties of Triazine 
Derivatives Containing Carboxylic Acid and Amine 
Groups in 1.0 M HCl Solution. Industrial & 

Engineering Chemistry Research . 52 , 10880-
10889. 

[46] N. Zhao, Q. Xie, L. Weng, S. Wang, X. Zhang, J. Xu 
(2005) Superhydrophobic Surface from Vapor-
Induced Phase Separation of Copolymer Micellar 
Solution., Macromolecules . 38 , 8996-8999. 

[47] S. Zheng, C. Li, Y. Zhang, T. Xiang, Y. Cao, Q. Li, 
Z. Chen (2021) A General Strategy towards 
Superhydrophobic Self-Cleaning and Anti-Corrosion 
Metallic Surfaces: An Example with Aluminum Alloy. 
Coatings (Basel) . 11 788. 

[48] B. Zhmud, B. Pasalskiy(2013) Nanomaterials in 
Lubricants: An Industrial Perspective on Current 
Research., Lubricants. 1 , 95-101. 

[49] F. Zucchi 1997 Organic Inhibitors of Corrosion 
Metals 

[50] G.Zhang, E. Jiang, L. Wu, W.Ma, H. Yang, A. Tang, 
F.Pan ( 2021) Corrosion Protection Properties of 
Different Inhibitors Containing PEO/LDHs 
Composite Coating on Magnesium Alloy AZ31. 
Scientific Reports ., 11 (1) 

[51] S.S. Latthe, B.A. Gurav, Sh.C. Maruti, Sh. Vhatkar 
(2012) Recent Progress in Preparation of 
Superhydrophobic Surfaces: A Review. J. of Surf. 
Eng.Mater. and Adv. Techno.. 02, 76–94 

[52] E.E.Meyer, K. Rosenberg, J. Israelachvili (2006) 
Recent progress in understanding hydrophobic 
interactions. Proceedings of the National Academy 
of Sciences, 103 (43), 15739-15746.  

[53] Y.Li, et al. (2022) Measuring the relationship 
between morphological spatial pattern of green 
space and urban heat island using machine learning 
methods. Applied Geography, 139, 102643. 

[54] F.Pan, et al. (2019) Tuning Superhydrophobic 
Materials with Negative Surface Energy. 
Nanomaterials, 9(12), 1734.  

[55] S.Kumar, et al. (2020). A review on the fabrication 
of superhydrophobic surfaces: From fundamentals 
to applications. Materials Today: Proceedings, 21, 
1345-1350. 

[56] R.Hulseman (2014) Innovative approach for the 
nano micro texturing of metallic surfaces. Doctoral 
thesis, (in French). 

[57] E.Vazirinasab, R. Jafari, G. Momen (2018) 
Application of superhydrophobic coatings as a 
corrosion barrier: A review. Materials Chemistry and 
Physics, 207, 1-12. 

[58] M.A. Mohamed Adel, A. Aboubakr, Y. Nathalie 
(2015) Corrosion behavior of superhydrophobic 
surfaces: A review. Chemical Engineering 
Transactions, 43, 61-66. 

[59] M.Khan, et al. (2022) The new trends in corrosion 
control using superhydrophobic surfaces. Corrosion 
Reviews, 40(1), 1-20.  

[60] G.Kannarpady, et al. (2023) Icephobic properties of 
tungsten and aluminum nanorod coatings for aircraft 
applications. Journal of Materials Science, 58(3), 
1234-1245. 

[61] D.Zeng, Y. Li, H. Liu, Y. Yang, L. Peng, C. Zhu, N. 
Zhao (2023) Superhydrophobic coating induced 
anti-icing and deicing characteristics of an airfoil. 
Colloids and Surfaces A: Physicochemical and 
Engineering Aspects, 648, 129068. 



A. Kaouka et al. Electrochemical evaluation of natural extracts as effective corrosion... 

ZASTITA MATERIJALA 66 (2025) broj 3 495 

[62] K.Law, H. Zhao (2016) Surface wetting: 
characterization, contact angle, and fundamentals.  

[63] S.Banerjee, D.Dionysiou, S. Pillai (2015) Self-
cleaning applications of TiO2 by photo-induced 
hydrophilicity and photocatalysis. Journal of 
Photochemistry and Photobiology A: Chemistry, 
317, 1-12. 

[64] Y.Zhao, et al. (2023) Design of superhydrophobic 
surfaces for enhanced anti-fogging and anti-icing 
properties. Nature Communications, 14(1), 1234. 

[65] S.Banerjee, D. Dionysiou, S. Pillai (2015) Self-
cleaning applications of TiO2 by photo-induced 
hydrophilicity and photocatalysis. Journal of 
Photochemistry and Photobiology C: 
Photochemistry Reviews, 25, 1-29.  

[66] A.Ahmed, M. El-Sayed, H. Abdo, E. Gad (2021) 
Ethanedihydrazide as a Corrosion Inhibitor for Iron 
in 3.5% NaCl Solutions. ACS Omega, 6(24), 15734-
15744. 

[67]  I.Merimi, R. Benkaddour, H. Lgaz, N.Rezki, M. 
Messali, F.Jeffali, H.Oudda, B. Hammouti (2021) 
Insights into corrosion inhibition behavior of a 5-
Mercapto-1,2,4-triazole derivative for mild steel in 
hydrochloric acid solution: Experimental and DFT 
studies. Lubricants, 9 (12), 122 

[68] A. S. Fouda, A. A. El-Hossiany, H. M. Ramadan 
(2017) Calotropis Procera Plant Extract as a Green 
Corrosion Inhibitor for 304 Stainless Steel in 
Hydrochloric Acid Solution, Zastita materijala, 58 
(4), 541 - 555. 

 

IZVOD 

ELEKTROHEMIJSKA PROCENA PRIRODNIH EKSTRAKATA KAO EFIKASNIH 
INHIBITORA KOROZIJE I POVRŠINSKIH TRETMANA NA METALNIM PODLOGAMA 

Korozija je ozbiljan problem sa kojim se susrećemo u industriji i zaštita od nje je više nego 

neophodna upotrebom inhibitora i tretmana. Ovi tretmani mogu efikasno da ublaže problem na 

površini materijalne podloge, posebno metalne podloge jer se lako urezuje tokom upotrebe i ne 

može da izdrži abraziju. Eksperimentalni rezultati su pokazali da su ekstrakti efikasni inhibitori 

korozije. Polarizacioni testovi pokazuju da su inhibitori mešovite prirode i da se mehanizam 

korozije ne menja nakon njihovog dodavanja u rastvor. Spektroskopija elektrohemijske impedanse 

je potvrdila da su inhibitorni kvalitet i površinski tretmani poboljšali otpornost na koroziju. 

Površinskom analizom utvrđeno je da je površina uzorka za kontrolni rastvor pokrivena i 

zaštićena. Međutim, za inhibirane rastvore nije primećeno prisustvo oksida.  

Ključne reči: zaštita od korozije, inhibitor, površinski tretmani. 
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Novel strategies in carbon capture and utilization: 
A chemical perspective 

ABSTRACT 

The escalating threat of climate change demands innovative approaches to mitigate carbon 
emissions, and Carbon Capture and Utilization (CCU) has emerged as a promising paradigm. The 
article begins with an overview of the current carbon emission landscape, underscoring the critical 
role of CCU in climate change mitigation. Catalysts play a pivotal role in CCU, and the review 
discusses cutting-edge developments in catalytic materials and design, offering mechanistic 
insights into catalyzed reactions. Biological strategies, such as bioenergy with carbon capture and 
storage (BECCS) and microbial carbon capture, are explored alongside genetic engineering for 
enhanced carbon assimilation. Life cycle assessment and techno-economic analysis are 
scrutinized to evaluate the environmental and economic aspects of CCU. It concludes with a 
forward-looking perspective, outlining future prospects and research directions in CCU. This 
review aims to provide a valuable resource for researchers, policymakers, and industry 
professionals working towards a sustainable and low-carbon future. 
Keywords: Sustainable chemistry; electrochemical reduction; industrial carbon utilization; 
nanotechnology in CCU 

 

1. INTRODUCTION 

The contemporary era, the escalating specter 
of climate change, driven by the unremitting surge 
in global carbon dioxide (CO2) emissions, has 
propelled environmental sustainability to the 
forefront of global discourse [1]. 

Amidst this exigency, Carbon Capture and 

Utilization (CCU) emerges as a beacon of promise, 

providing a multifaceted strategy to not only 

mitigate the impacts of climate change but also 

ingeniously repurpose CO2 as a valuable resource. 

This review embarks on an exhaustive exploration 

of the chemical intricacies and innovative strategies 

that underscore the evolving landscape of CCU. 

The urgency of addressing climate change 

necessitates a comprehensive understanding of 

the intricate mechanisms involved in the capture 

and subsequent utilization of carbon.  
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At the chemical forefront of CCU, absorption 
and adsorption techniques play a pivotal role [2,3]. 
These methods, leveraging solvents, solid 
absorbents, as well as porous materials and 
molecular sieves, form the bedrock for capturing 
CO2 emissions from a spectrum of sources, 
including industrial processes and power 
generation [4,5]. The review meticulously dissects 
these techniques, providing insights into their 
mechanisms and applications. Moreover, it delves 
into the realm of chemical reactions driving CO2 
capture, extending the discourse beyond traditional 
amine-based processes to explore advanced and 
nuanced methodologies. 

Catalysis emerges as a cornerstone in the 

chemical transformation of captured carbon, 
steering the conversion of CO2 towards valuable 
end products [6]. The review embarks on an in-
depth exploration of catalytic research, shedding 
light on cutting-edge materials, innovative designs, 
and mechanistic insights that fuel the efficiency of 
carbon utilization processes. This section 
illuminates the dynamic interplay between catalyst 
development and the expanding landscape of 
applications, ranging from sustainable fuels to high-

https://doi.org/10
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value chemicals. Simultaneously, electrochemical 
approaches represent a vanguard in CCU, offering 
a sustainable pathway for CO2 conversion. The 
intricate exploration of electrochemical reduction 
mechanisms and advances in electrocatalysis 
underscores the transformative potential of 
renewable energy integration in CCU strategies. 

The chemical perspective extends its embrace 
into the realm of biology, where living organisms 
become instrumental in carbon capture and 
utilization. Bioenergy with carbon capture and 
storage (BECCS) and microbial carbon capture 
present bio-inspired solutions, showcasing the 
marriage of biological processes with chemical 
ingenuity. 

Biological processes for carbon assimilation 

play a pivotal role in the carbon capture and 
utilization (CCU) landscape. Photosynthetic 
organisms, such as microalgae and cyanobacteria, 
are among the most efficient natural systems for 
carbon fixation, converting atmospheric CO2_22 
into organic compounds through the Calvin-
Benson-Bassham cycle. These microorganisms 
can be engineered to enhance their carbon capture 
efficiency, optimize growth rates, and produce 
valuable bio-based products, such as biofuels, 
bioplastics, and other high-value chemicals. 

Additionally, non-photosynthetic microbial 

systems, such as chemoautotrophic bacteria, 
utilize CO2_22 as a carbon source through 
pathways like the reductive acetyl-CoA pathway 
and the 3-hydroxypropionate bicycle. Advances in 
synthetic biology have enabled the reprogramming 
of these organisms to integrate novel pathways 
and improve carbon assimilation capabilities. 
These biological processes complement chemical 
and electrochemical approaches, offering 

sustainable, scalable, and economically viable 
solutions for mitigating carbon emissions and 
addressing global climate challenges. 

As CCU technologies continue to advance, the 
review navigates through emerging trends that hold 
the promise of enhancing efficiency and expanding 
the scope of carbon utilization [8]. Membrane-
based separation processes and nanotechnology 
applications represent frontiers that have the 
potential to revolutionize the efficiency and 
selectivity of CCU processes. Among technologies 
for carbon assimilation, artificial photosynthesis 
systems mimic natural photosynthesis to convert 

CO2_22 into energy-rich compounds using light as 
an energy source. Similarly, bioelectrochemical 
systems, such as microbial electrosynthesis, 

utilize electrogenic microorganisms to fix CO2_22 
into organic molecules, leveraging renewable 
electricity to drive the process. 

Moreover, enzyme-based catalysis employs 

highly specific enzymes, such as carbonic 
anhydrase, to facilitate CO2_22 conversion with 
exceptional selectivity and lower energy demands. 
Hydrogenotrophic microbial systems, which 
utilize hydrogen gas as an energy source, are also 
emerging as efficient methods to convert CO2_22 
into value-added chemicals. 

Concurrently, life cycle assessment and 

techno-economic analysis provide critical lenses 
through which the environmental and economic 
viability of these CCU strategies are scrutinized, 
adding depth to our understanding of the broader 
impact of these technologies. These diverse 
approaches showcase the versatility of carbon 
assimilation technologies and their potential to 
transform CCU into a cornerstone of sustainable 
industrial practices [9]. 

 

Figure 1. Schematic diagram of carbon cycle, Gigatonnes of carbon (GtC) represents 
the reserved carbons [80] 
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Yet, navigating the landscape of CCU is not 

solely a scientific endeavor; it is entwined with 

intricate policy and regulatory frameworks that 

shape its implementation. This review illuminates 

global initiatives, governmental incentives, and 

regulatory challenges, highlighting the complex 

interplay between technological innovation and the 

socio-political landscape. Real-world case studies 

drawn from industrial applications offer tangible 

insights into the successes, challenges, and 

potential scalability of CCU technologies, 

underscoring the need for a harmonious integration 

of technology and policy. 

2. INTRODUCTION TO CARBON CAPTURE AND 
UTILIZATION (CCU): 

In the contemporary epoch, the burgeoning 

challenge of climate change stands as an urgent 

and omnipresent global concern. The main culprit 

behind this predicament is the unabated release of 

carbon dioxide (CO2) into the atmosphere, primarily 

from anthropogenic activities such as industrial 

processes and the burning of fossil fuels [10, 11]. 

As atmospheric CO2 concentrations reach 

unprecedented  levels, the repercussions for global 

climate patterns, sea levels, and biodiversity 

become increasingly profound. 

Overview of the Current State of Carbon 
Emissions: 

To appreciate the imperative of Carbon 

Capture and Utilization (CCU), it is essential to 

understand the current state of carbon emissions. 

As of the latest assessments, global CO2 emissions 

continue to surge, with an ever-expanding 

industrial landscape and escalating energy 

demands contributing to this upward trajectory [12]. 

The repercussions of this unabated release of CO2 

extend beyond mere environmental concerns; they 

pose a direct threat to the delicate equilibrium of 

Earth's climate systems. The rise in average global 

temperatures, changes in precipitation patterns, 

and the intensification of extreme weather events 

serve as tangible manifestations of the burgeoning 

climate crisis. 

Industrial activities, including energy 

production, manufacturing, and transportation, 

remain major contributors to the escalating carbon 

emissions. Fossil fuel combustion, a mainstay in 

the global energy mix, releases vast amounts of 

CO2, amplifying the greenhouse effect and 

propelling climate change [13]. This stark reality 

necessitates a paradigm shift in our approach to 

carbon management — one that extends beyond 

emissions reduction to include innovative strategies 

for actively removing and repurposing CO2 from the 

atmosphere. 

Importance of CCU in Mitigating Climate Change: 

In this context, Carbon Capture and Utilization 

(CCU) emerges as a compelling and multifaceted 

strategy to address the dual challenge of reducing 

emissions and actively mitigating the impact of 

existing atmospheric CO2. Unlike traditional carbon 

capture and storage (CCS) methods that focus 

solely on sequestering CO2 underground, CCU 

introduces a transformative approach by converting 

captured CO2 into valuable products, thus turning a 

greenhouse gas into a resource [14,15]. 

The significance of CCU in the broader climate 

change mitigation landscape lies in its potential to 

break the linear link between economic growth and 

carbon emissions. By capturing CO2 emissions at 

their source and converting them into usable 

products, CCU provides a pathway for industries to 

decouple their growth from environmental 

degradation. This not only aligns with sustainability 

goals but also fosters a circular carbon economy 

where carbon is treated as a valuable commodity 

rather than a waste product [16]. 

Furthermore, CCU offers a pragmatic solution 

to the intermittency challenge of renewable energy 

sources. As the world transitions to a low-carbon 

energy system, the intermittent nature of renewable 

energy generation poses challenges for meeting 

constant energy demands. CCU can act as a 

complementary strategy by providing a means to 

store excess renewable energy in the form of 

converted carbon-based products, creating a more 

resilient and adaptable energy infrastructure. 

3. CHEMICAL MECHANISMS OF CARBON 
CAPTURE: 

The pursuit of effective carbon capture 

strategies is at the forefront of efforts to mitigate 

anthropogenic carbon dioxide (CO2) emissions 

[17]. Understanding the chemical mechanisms 

underlying carbon capture is pivotal for developing 

efficient and scalable technologies. This section 

explores the diverse chemical pathways employed 

in carbon capture, encompassing absorption 

techniques, adsorption methods, and a spectrum of 

chemical reactions designed for CO2 capture [18]. 

The Carbon Capture and Utilization (Figure 1) 

represents a comprehensive overview of the 

stages involved in capturing and utilizing carbon 

dioxide (CO2) to mitigate anthropogenic emissions. 

The diagram outlines key steps and chemical 

pathways crucial for developing efficient and 

scalable carbon capture technologies. 
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Figure 2. Pathways to sustainability: carbon capture and utilization process flow 

 

Absorption Techniques: 

Solvent-Based Absorption: Solvent-based 
absorption is a cornerstone of traditional carbon 
capture methods. In this approach, flue gases rich 
in CO2 are brought into contact with a liquid solvent 
that selectively captures and binds with CO2 [19]. 
Commonly used solvents include amines, which 
form stable compounds with CO2. The resultant 
solution can then be processed to release the 
captured CO2 for storage or utilization [20]. While 
effective, challenges such as solvent degradation 
and energy-intensive regeneration processes have 
prompted ongoing research into innovative solvent 
systems. 

Solid Absorbents: Advancements in absorption 

techniques have led to the exploration of solid 

absorbents as alternatives to liquid solvents. 

Porous materials, such as metal-organic 

frameworks (MOFs) and zeolites, exhibit high 

surface areas and tunable chemical properties, 

making them effective candidates for CO2 capture 

[21]. These materials adsorb CO2 through physical 

and chemical interactions, and their regenerability 

makes them promising for repeated use. The 

development of novel solid absorbents with 

enhanced selectivity and capacity is a focal point 

for researchers seeking to improve the efficiency of 

absorption-based carbon cap. 

Adsorption Methods: 

Porous Materials: Adsorption methods rely on 
porous materials with a high affinity for CO2 
molecules. Porous materials, including activated 
carbons and zeolites, provide a structured 
environment where CO2 molecules can adhere to 
the surface [22]. The porous nature of these 
materials facilitates high adsorption capacities, and 
their selectivity for CO2 over other gases is finely 
tuned through material design. Advances in 
nanoporous materials and the synthesis of 
designer adsorbents contribute to the evolution of 
adsorption-based carbon capture technologies. 

Molecular Sieves: Molecular sieves are 

crystalline materials with well-defined pores that 
selectively adsorb molecules based on size and 
shape. Tailoring molecular sieves for CO2 
adsorption involves precise control over pore size 
and functionalization. This adsorption method 
offers advantages in terms of scalability, stability, 
and regenerability [23, 24]. The exploration of novel 
molecular sieve architectures and the incorporation 
of sustainable materials enhance the efficacy of 
molecular sieve-based carbon capture. 
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Chemical Reactions for CO2 Capture: 

Amine-Based Processes: Chemical reactions 
provide an avenue for capturing CO2 by forming 
stable chemical compounds. Amine-based 
processes involve the reaction of CO2 with amines 
to produce stable carbamate compounds [25]. 
These reactions typically occur in liquid solvents 
and can be reversible through controlled changes 
in temperature or pressure. While widely employed, 
challenges such as energy-intensive regeneration 
and solvent degradation have spurred research 
into improving the efficiency and sustainability of 
amine-based carbon capture. 

Beyond Amine-Based Processes: Innovations 
in chemical reactions for CO2 capture extend 
beyond traditional amine-based processes [26, 27].  
Researchers are exploring alternative reaction 
pathways, including the use of switchable solvents, 
metal-based catalysts, and hybrid approaches that 
combine chemical reactions with physical 
adsorption. These endeavors aim to overcome the 
limitations of conventional processes, such as high 
energy requirements and material degradation, 
opening avenues for more sustainable and 
economically viable carbon capture solutions [28]. 

In summary, the chemical mechanisms of 
carbon capture encompass a rich array of 
techniques ranging from traditional solvent-based 
methods to emerging adsorption strategies and 
innovative chemical reactions. Ongoing research in 
this realm seeks to enhance the efficiency, 
sustainability, and scalability of carbon capture 
technologies, addressing the imperative of 
reducing CO2 emissions in the face of global 
climate challenges. 

Innovative Catalysts for CO2 Conversion: 

The quest for sustainable solutions to mitigate 
carbon dioxide (CO2) emissions has spurred 
intensive research into innovative catalysts for CO2 
conversion [29]. This section delves into cutting-
edge developments in catalytic materials, novel 
catalyst design, and synthesis methods, along with 
the mechanistic insights thatunderpincatalyzed 
reactions aimed at transforming CO2 into valuable 
products. (Figure 2) provides a detailed exploration 
of cutting-edge developments in catalytic materials, 
novel catalyst design, synthesis methods, and the 
mechanistic insights that form the foundation of 
catalyzed reactions aiming to transform CO2 into 
valuable products. 

 

Figure 3. Advancements in Catalytic CO2 Conversion: A Visual Exploration of Innovative 
Catalysts and Reaction Mechanisms 
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Catalytic Materials for CO2 Reduction: 

Catalysts in CO2 Reduction: The catalytic 
reduction of CO2 involves the transformation of 
carbon dioxide into compounds with higher value, 
such as fuels or chemicals, through chemical 
reactions. Catalysts play a central role in facilitating 
these reactions by lowering the activation energy 
and providing reaction pathways that lead to 
desired products [30]. Traditional catalysts include 
metals like copper, silver, and gold, but recent 
advancements extend to a diverse range of mate-
rials, including metal oxides, nanoparticles, and 
complex nanostructured materials. These innova-
tive catalysts exhibit enhanced activity, selectivity, 
and stability in CO2 conversion processes. 

Integration of Nanomaterials: Nanomaterials, 
characterized by their unique properties at the 
nanoscale, have gained prominence in CO2 
reduction catalysis. Nanocatalysts offer high 
surface areas, tunable reactivity, and unique 
electronic structures, all of which contribute to their 
exceptional catalytic performance. Materials such 
as metal nanoparticles, metal-organic frameworks 
(MOFs), and carbon-based nanomaterials have 
demonstrated remarkable efficacy in driving CO2 
reduction reactions [31]. The tailored design of 
nanocatalysts allows for precise control over 
catalytic activity, enabling the optimization of 
product selectivity. 

Novel Catalyst Design and Synthesis: 

Tailoring Catalysts for Specific Reactions: 

The design of catalysts for CO2 conversion is 
evolving towards tailoring materials for specific 
reactions, aiming to maximize the production of 
desired products. Rational catalyst design involves 
a deep understanding of the reaction mechanisms 
and the identification of active sites on the catalyst 
surface. Computational methods, such as density 
functional theory (DFT), aid in predicting catalytic 
performance and guiding the design of catalysts 
with enhanced reactivity [32]. The integration of 
machine learning algorithms further accelerates the 
discovery of novel catalysts by analyzing vast 
datasets of material properties and catalytic 
performance. 

Synthesis Methods and Scalability: 

Innovative catalyst design is coupled with 
advanced synthesis methods that enable the 
fabrication of catalytic materials with controlled 
structures and compositions. Techniques such as 
sol-gel, co-precipitation, and chemical vapor 
deposition facilitate the synthesis of nanoscale 
catalysts with tailored properties. Scalability is a 
crucial consideration, and efforts are underway to 
develop synthesis approaches that are not only 
efficient in the laboratory but also amenable to 
large-scale production for industrial applications 

[33]. Continuous-flow synthesis and template-
assisted methods exemplify strides toward scalable 
catalyst fabrication. 

Mechanistic Insights into Catalyzed Reactions: 

Probing Reaction Mechanisms: A profound 
understanding of the mechanistic intricacies of 
catalyzed reactions is essential for optimizing 
catalyst performance. Mechanistic studies involve 
characterizing intermediate species, reaction 
pathways, and the role of various catalyst 
components during CO2 conversion [34]. Advanced 
spectroscopic and imaging techniques, such as in-
situ X-ray absorption spectroscopy and operando 
microscopy, provide real-time insights into catalyst 
behavior under reaction conditions. These studies 
deepen our comprehension of the complex 
interplay of factors influencing catalytic activity and 
guide the refinement of catalyst design. 

Dynamic Reaction Kinetics: Mechanistic 
insights extend to dynamic reaction kinetics, 
unraveling the temporal evolution of catalyzed 
reactions. Kinetic studies elucidate the rate-
determining steps, reaction intermediates, and the 
influence of reaction conditions on overall 
performance [35]. This knowledge enables the 
optimization of reaction parameters to enhance 
reaction rates and selectivity, crucial for the 
practical implementation of catalytic processes. 

4. ELECTROCHEMICAL APPROACHES IN CAR-
BON CAPTURE AND UTILIZATION (CCU): 

The realm of electrochemical approaches in 
Carbon Capture and Utilization (CCU) represents a 
frontier where innovative technologies converge to 
address the dual challenges of reducing carbon 
dioxide (CO2) emissions and harnessing renewable 
energy sources [36]. This section explores the 
electrochemical reduction of CO2, recent advances 
in electrocatalysis for CO2 conversion, and the 
pivotal integration of renewable energy sources in 
electrochemical CCU. 

Electrochemical Reduction of CO2: 

Fundamentals of Electrochemical Reduction:  

Electrochemical reduction involves the use of 
an external electrical potential to drive the 
conversion of CO2 into value-added products. This 
approach offers a versatile and selective means to 
transform CO2 into various chemical compounds, 
including hydrocarbons, alcohols, and formic acid. 
At the heart of the electrochemical reduction 
process are electrodes, typically composed of 
metals or other conductive materials, thatcatalyze 
the reduction reactions. The ability to tailor reaction 
conditions, electrode materials, and catalysts 
contributes to the flexibility and efficiency of 
electrochemical CO2 conversion. 
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Selectivity and Product Diversity: One of the 
distinguishing features of electrochemical CO2 
reduction is the ability to control the selectivity of 
the reaction [37]. Through careful design of elec-
trode materials and catalytic surfaces, researchers 
can steer the electrochemical process towards the 
production of specific products. Fine-tuning the 
reaction conditions allows for the generation of a 
diverse range of chemical compounds, providing 
opportunities for the synthesis of fuels, chemicals, 
and intermediates with high economic value. 

Advances in Electrocatalysis for CO2 Conversion: 

Catalytic Enhancements for Improved Efficiency: 

Electrocatalysis plays a pivotal role in dictating 
the efficiency and selectivity of CO2 conversion. 
Advances in electrocatalysis aim to overcome the 
inherent challenges associated with sluggish 
kinetics and competing side reactions [38]. Catalyst 
design involves the development of materials with 
tailored properties, such as high surface area, 
active sites, and enhanced stability. Noble metals, 
metal oxides, and complex nanostructured 
materials are among the evolving repertoire of 
electrocatalysts that demonstrate improved 
performance in driving CO2 conversion reactions. 

Single-Atom and Nanoparticle Catalysts: 

Recent breakthroughs in electrocatalysis include 
the exploration of single-atom catalysts and 
nanocatalysts. Single-atom catalysts exhibit 
exceptional catalytic activity due to their precisely 
defined active sites, while nanocatalysts leverage 
the unique properties of nanoparticles to enhance 
reactivity [39]. These advancements contribute to 
the quest for catalysts that are not only highly 
efficient but also economically viable and 
sustainable for large-scale implementation. 

Integration of Renewable Energy Sources in Elec-
trochemical CCU: 

Symbiosis with Renewable Energy: 

An integral aspect of sustainable electro-
chemical CCU is the integration of renewable 
energy sources to power the electrochemical 
reduction of CO2. By leveraging electricity genera-
ted from renewable sources such as solar or wind, 
electrochemical processes can operate with a 
significantly reduced carbon footprint [40]. The 
intermittent nature of renewable energy sources is 
addressed through smart system design and 
energy storage solutions, ensuring a continuous 
and reliable power supply for electrochemical CO2 
reduction. 

Electrolyzer Technologies: Renewable energy 
integration is closely tied to the development of 
efficient and scalable electrolyzer technologies. 
Electrolyzers facilitate the electrochemical splitting 
of water into hydrogen and oxygen, with the 
generated hydrogen serving as a valuable reducing 
agent in CO2 conversion. Proton-exchange mem-
brane (PEM) electrolyzers and solid oxide 
electrolyzers are key technologies that continue to 
evolve, enhancing the overall efficiency and 
feasibility of renewable energy-integrated 
electrochemical CCU [41]. 

5. BIOLOGICAL STRATEGIES FOR CARBON 
CAPTURE AND UTILIZATION 

Harnessing biological processes for Carbon 
Capture and Utilization (CCU) introduces an 
innovative and sustainable approach to mitigate 
carbon dioxide (CO2) emissions(42). This section 
explores three key biological strategies: Bioenergy 
with Carbon Capture and Storage (BECCS), Mic-
robial Carbon Capture and Utilization, and Genetic 
Engineering for Enhanced Carbon Assimilation. 

Table 1. Electrochemical Approaches in Carbon Capture and Utilization (CCU): Examples 

Electrochemical Approach Description 

Electrochemical Reduction of 
CO2 

Utilizing electrical energy to convert CO2 into value-added chemicals or 
fuels such as methane, ethylene, ethanol, etc. 

Carbon Capture via  
Electrochemical Processes 

Electrochemically capturing CO2 from industrial flue gases or ambient 
air using specialized electrodes or membranes. 

Electrochemical Conversion 
of CO2 to Carbonates 

Converting CO2 into stable carbonates through electrochemical reac-
tions, which can be used in various industrial processes or as raw ma-
terials. 

Direct Air Capture (DAC) 
Utilizing electrochemical methods to directly capture CO2 from the at-
mosphere, offering potential solutions for combating climate change. 

Electrochemical Reduction of 
Carbonates 

Reversing the process of carbonate formation through electrochemical 
means, potentially releasing CO2 for further utilization or sequestration. 

Electrochemical Conversion 
of CO2 into Value-added 
Chemicals 

Generating high-value chemicals like formic acid, carbon monoxide, or 
syngas from electrochemical reduction of CO2, offering sustainable 
alternatives to conventional synthesis routes. 

Electrocatalytic Conversion of 
CO2 

Using electrocatalysts to enhance the efficiency and selectivity of CO2 
conversion reactions, enabling more sustainable production processes. 

 



A. Akbar et al. Novel strategies in carbon capture and utilization: A chemical perspective 

ZASTITA MATERIJALA 66 (2025) broj 3 503 

Bioenergy with Carbon Capture and Storage 
(BECCS): 

Overview of BECCS: Bioenergy with Carbon 
Capture and Storage (BECCS) is a comprehensive 
strategy that integrates bioenergy production with 
carbon capture and storage technologies [43]. It 
involves the cultivation of biomass, such as energy 
crops or forestry residues, which absorb CO2 
during their growth. The biomass is then used for 
bioenergy production through processes like 
combustion or gasification. The resulting CO2 
emissions are captured and stored, preventing their 
release into the atmosphere. BECCS thus achieves 
negative emissions by actively removing CO2 from 
the air. 

Sustainable Energy Generation: BECCS not 

only contributes to carbon capture but also 
addresses energy needs in a sustainable manner. 
By relying on renewable biomass resources, 
BECCS mitigates the use of fossil fuels, reducing 
overall greenhouse gas emissions [44]. The 
captured CO2 can be stored underground or 
utilized in various industrial processes, contributing 
to the circular carbon economy. 

Microbial Carbon Capture and Utilization: 

Harnessing Microorganisms for Carbon 
Capture: Microbial carbon capture and utilization 
leverage the metabolic activities of 
microorganisms, such as bacteria and algae, to 
capture and convert CO2 into valuable products. 
Algae, for instance, are adept at photosynthesis, 
where they absorb CO2 and convert it into organic 
compounds in the presence of sunlight. Similarly, 
certain bacteria can fix carbon by assimilating CO2 
into their biomass. 

Bioproducts and Bioremediation:  

Microbial CCU holds promise for the production 
of bioproducts, such as biofuels, bioplastics, and 
biochemical [9]. Additionally, some microorganisms 
possess the ability to enhance soil fertility through 

the release of organic compounds, contributing to 
sustainable agriculture practices. Microbial carbon 
capture not only facilitates CO2 removal but also 
offers a pathway to create valuable bio-based 
materials. 

Genetic Engineering for Enhanced Carbon Assimi-
lation: 

Tailoring Organisms for Carbon Assimilation: 
Genetic engineering empowers scientists to tailor 
the genetic makeup of organisms to enhance their 
capacity for carbon assimilation. This involves 
modifying key metabolic pathways to optimize 
carbon fixation and utilization [45]. For instance, 
researchers are exploring ways to enhance the 
photosynthetic efficiency of plants or algae, 
allowing them to capture more CO2 and convert it 
into biomass. 

Synthetic Biology Approaches: Synthetic 
biology techniques enable the design of custom 
genetic circuits and pathways that optimize carbon 
assimilation in microorganisms [46]. This includes 
introducing novel enzymes or modifying existing 
ones to enhance their efficiency in fixing carbon. 
The aim is to create engineered organisms that can 
serve as efficient carbon sinks or be employed in 
biotechnological processes for carbon utilization. 

6. EMERGING TRENDS IN CARBON CAPTURE 
TECHNOLOGIES: 

The evolving landscape of carbon capture 
technologies is marked by innovative approaches 
that extend beyond traditional methods. This 
section explores three prominent emerging trends: 
Membrane-based separation processes, Nano-
technology applications in Carbon Capture and 
Utilization (CCU), and the Integration of CCU with 
industrial processes  [47]. The (Table 1) provides a 
concise overview of various carbon capture 
technologies, their descriptions, and key 
advancements, offering a comparative perspective 
on their development. 

 
Table 2. Advancements in Carbon Capture Technologies: A Comparative Overview 

Carbon Capture 
Technology 

Description Advantages Challenges 

Absorption 

Involves the use of 
solvents to absorb 

CO2 from flue gases 
or other sources. 

- Mature technology 

- High capture efficiency 

- Applicable to various industries 

- High energy con-
sumption 

- Solvent degradation 

- Large footprint 

Adsorption 

Relies on solid 
sorbents to adsorb 

CO2 molecules from 
gas streams. 

- Can operate at ambient condi-
tions 

- Potential for regeneration and 
reuse of sorbents 

- Suitable for low CO2 concentra-
tion streams 

- Limited sorbent ca-
pacity - Costly regen-

eration processes 

- Susceptible to impuri-
ties 
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Membrane Sep-
aration 

Utilizes semi-
permeable mem-

branes to selectively 
separate CO2 from 

gas mixtures. 

- Energy-efficient 

- Compact and modular design 

- Scalable for various applica-
tions 

- Limited by membrane 
selectivity 

- Vulnerable to fouling 
and degradation 

- Capital-intensive 

Cryogenic Sepa-
ration 

Involves cooling gas 
mixtures to very low 

temperatures to sepa-
rate CO2 as a solid or 

liquid. 

- High purity CO2 capture 

- Well-established technology 

- Effective for high-pressure 
streams 

- High energy con-
sumption 

- Complex and expen-
sive equipment 

- Requires large infra-
structure 

Direct Air Cap-
ture 

Captures CO2 directly 
from ambient air using 
chemical reactions or 

absorbents. 

- Potential for carbon-negative 
emissions 

- Independent of CO2 sources 

- Suitable for decentralized de-
ployment 

- Energy-intensive 

- Costly compared to 
point source capture 

- Limited by air CO2 
concentration 

 

Membrane-Based Separation Processes: 

Overview of Membrane-Based Carbon 
Capture: Membrane-based separation processes 
represent a paradigm shift in carbon capture, 
providing a more energy-efficient and economically 
viable alternative to traditional methods. Membrane 
technologies involve the use of selectively 
permeable membranes that allow the separation of 
CO2 from other gases. These membranes can be 
designed to selectively transport CO2, enabling its 
capture while allowing the passage of other gases 
[48]. This approach is particularly promising for 
point-source emissions, such as those from 
industrial facilities and power plants. 

Advantages of Membrane-Based Capture:  

Membrane-based carbon capture offers several 
advantages, including lower energy requirements, 
reduced footprint, and modular scalability. By 
sidestepping the need for energy-intensive solvent 
regeneration or adsorbent replacement, membrane 
technologies contribute to more sustainable and 
cost-effective carbon capture. Ongoing research 
focuses on developing high-performance 
membranes with enhanced selectivity and 
durability, thereby optimizing their application in 
diverse industrial settings. 

Nanotechnology Applications in CCU: 

Nanoparticles and Nanostructured Materials:  

Nanotechnology presents innovative solutions 
for enhancing the efficiency and selectivity of 
carbon capture and utilization processes. 
Nanoparticles and nanostructured materials exhibit 
unique properties that can be harnessed for CO2 
adsorption, catalysis, and the design of advanced 
materials [49]. Metal-organic frameworks (MOFs), 
nanocatalysts, and engineered nanoparticles are 
examples of nanomaterials that hold promise for 

improving the performance of CCU technologies. 

Nanoscale Catalysis for CO2 Conversion:  

Nanotechnology applications in CCU extend to 
catalysis, where nanocatalysts facilitate the 
conversion of captured CO2 into valuable products 
[50]. The high surface area and tunable properties 
of nanocatalysts enable precise control over 
reaction pathways and product selectivity. 
Additionally, the integration of nanocatalysts with 
electrode materials in electrochemical CCU 
enhances overall efficiency. This convergence of 
nanotechnology and CCU represents a frontier for 
developing sustainable and economically viable 
carbon transformation processes. 

Integration of CCU with Industrial Processes: 

Symbiotic Integration of CCU: 

The integration of CCU with industrial 
processes exemplifies a holistic and symbiotic 
approach to carbon management. Rather than 
treating CO2 as a waste product, industries are 
exploring ways to incorporate CCU into their 
operations, thereby converting CO2 into valuable 
resources [51]. This integration not only reduces 
the environmental impact of industrial activities but 
also creates a circular economy where carbon 
becomes a feedstock for the production of fuels, 
chemicals, and materials. 

Combined Heat and Power (CHP) Systems:  

The integration of CCU with Combined Heat 
and Power (CHP) systems exemplifies the synergy 
between carbon capture and energy generation 
[52,53]. CHP systems, which simultaneously 
produce electricity and useful heat, can utilize 
captured CO2 in various processes. This integration 
enhances the overall energy efficiency of industrial 
operations while providing an avenue for 
sustainable carbon utilization. 



A. Akbar et al. Novel strategies in carbon capture and utilization: A chemical perspective 

ZASTITA MATERIJALA 66 (2025) broj 3 505 

These emerging trends in carbon capture 

technologies signify a dynamic shift toward more 

efficient, sustainable, and integrated approaches. 

Membrane-based separation processes offer a 

breakthrough in energy-efficient carbon capture, 

nanotechnology applications enhance the precision 

and effectiveness of CCU processes, and the 

integration of CCU with industrial processes 

exemplifies a synergistic approach toward a 

circular carbon economy. These trends underscore 

the ongoing efforts to revolutionize carbon capture 

and utilization, contributing to the imperative of 

mitigating climate change while fostering 

sustainable industrial practices. 

7. LIFE CYCLE ASSESSMENT AND TECHNO-
ECONOMIC ANALYSIS IN CARBON CAPTURE 
AND UTILIZATION (CCU): 

The deployment of Carbon Capture and 

Utilization (CCU) technologies necessitates a 

comprehensive evaluation of both its environmental 

impact and economic feasibility. Life Cycle 

Assessment (LCA) and Techno-Economic Analysis 

(TEA) are two crucial methodologies employed to 

scrutinize these aspects [54,55]. This section 

explores the role of LCA and TEA in the context of 

CCU processes, highlighting their significance in 

assessing environmental impacts, economic 

feasibility, and making comparisons with traditional 

Carbon Capture and Storage (CCS). 

Environmental Impact Assessment through Life 
Cycle Assessment (LCA): 

LCA Methodology:  

Life Cycle Assessment (LCA) is a holistic 
approach that evaluates the environmental impact 
of a product or process throughout its entire life 
cycle — from raw material extraction and 
manufacturing to use and disposal. In the context 
of CCU processes, LCA plays a pivotal role in 
quantifying the carbon footprint and identifying 
potential environmental hotspots associated with 
each stage of the process [56]. This includes 
assessing impacts on climate change, resource 
depletion, ecosystem quality, and human health. 

Environmental Benefits and Trade-offs:  

LCA enables a nuanced understanding of the 
environmental benefits and trade-offs associated 
with CCU. While CCU processes aim to mitigate 
CO2 emissions by converting them into valuable 
products, LCA helps to quantify the net reduction in 
greenhouse gas emissions and assess other 
potential environmental impacts. Additionally, LCA 
can highlight areas for improvement and guide the 
optimization of CCU technologies to minimize their 
overall environmental footprint [57]. 

Economic Feasibility and Challenges through 
Techno-Economic Analysis (TEA): 

TEA Methodology:  

Techno-Economic Analysis (TEA) assesses the 
economic feasibility of a technology or process by 
evaluating the costs and benefits throughout its life 
cycle [58]. In the context of CCU, TEA considers 
factors such as capital and operating costs, 
revenue generation from products, and the overall 
economic viability of the technology. TEA helps 
stakeholders, including investors and policymakers, 
make informed decisions by quantifying the 
financial implications of implementing CCU 
processes. 

Economic Challenges and Uncertainties:  

TEA identifies economic challenges and 
uncertainties associated with CCU, helping 
stakeholders navigate potential risks [59]. 
Economic challenges may include the initial high 
capital costs of implementing CCU technologies, 
uncertainties in product markets, and fluctuations in 
energy prices. By incorporating sensitivity analyses 
and scenario assessments, TEA provides insights 
into the robustness of CCU processes under 
varying economic conditions. 

Comparison with Traditional Carbon Capture and 
Storage (CCS): 

Environmental and Economic Contrasts:  

LCA and TEA facilitate a comprehensive 
comparison between CCU and traditional Carbon 
Capture and Storage (CCS). While both 
approaches aim to mitigate CO2 emissions, they 
differ in their end goals and outputs [60]. CCU 
focuses on converting captured CO2 into valuable 
products, contributing to a circular carbon 
economy, whereas CCS primarily involves the 
capture and storage of CO2 underground [61]. LCA 
and TEA assist in evaluating the environmental and 
economic contrasts between these approaches, 
considering factors such as energy requirements, 
economic viability, and the potential for revenue 
generation from CCU-derived products. 

Policy and Market Dynamics:  

The comparison between CCU and CCS is 
influenced by policy frameworks, market dynamics, 
and societal preferences. LCA and TEA provide 
valuable insights into how each approach aligns 
with sustainability goals, regulatory frameworks, 
and economic incentives [57]. Assessing the 
environmental and economic performance of CCU 
and CCS helps inform policy decisions and industry 
strategies in the pursuit of a low-carbon future. 

The integration of Life Cycle Assessment and 
Techno-Economic Analysis provides a comprehen-
sive framework for evaluating the environmental 
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and economic dimensions of Carbon Capture and 
Utilization processes [54,60]. These methodologies 
contribute crucial insights to enhance the 
sustainability and economic viability of CCU 
technologies, fostering informed decision-making in 
the transition towards a carbon-neutral and circular 
economy [62,63]. Additionally, the comparison with 
traditional Carbon Capture and Storage offers 
valuable perspectives on the relative merits and 
challenges of different carbon mitigation 
approaches. 

8. POLICY AND REGULATORY LANDSCAPE IN 

CARBON CAPTURE AND UTILIZATION (CCU) 

The policy and regulatory landscape plays a 
pivotal role in shaping the implementation and 
success of Carbon Capture and Utilization (CCU) 
technologies [64,65]. This section explores key 
aspects of the global initiatives, government 
incentives, and regulatory challenges in the field of 
CCU, along with potential solutions. 

Global Initiatives and Agreements: 

Paris Agreement and Climate Targets: 

The Paris Agreement, a landmark international 
accord, sets the framework for global efforts to 
combat climate change [66]. Within this agreement, 
countries have committed to limiting global 
temperature increases to well below2 degrees 
Celsius above pre-industrial levels. CCU aligns 
with the goals of the Paris Agreement by providing 
a means to actively reduce and repurpose carbon 
dioxide emissions. International collaborations and 
initiatives under the Paris Agreement serve as 
catalysts for advancing CCU technologies on a 
global scale. 

Mission Innovation and Breakthrough Energy:  

Mission Innovation, a global initiative, brings 
together countries committed to doubling their 
investments in clean energy research and 
innovation [67]. CCU technologies fall within the 
purview of these investments, aiming to accelerate 
the development and deployment of breakthrough 
solutions. Complementary to this, initiatives like 
Breakthrough Energy Ventures, a private 
investment fund led by Bill Gates, focus on 
supporting and scaling innovations, including those 
in CCU, to address climate challenges. 

Government Incentives for CCU Implementation: 

Financial Incentives and Funding Programs:  

Governments worldwide are instituting financial 
incentives and funding programs to stimulate the 
implementation of CCU technologies. This includes 
grants, subsidies, and tax credits to incentivize 
research, development, and commercial deploy-
ment of CCU projects [68]. Financial support 

fosters collaboration between industry and 
research institutions, encouraging innovation and 
the integration of CCU into existing industrial 
processes. 

Carbon Pricing Mechanisms: 

Carbon pricing, through mechanisms like 

carbon taxes or cap-and-trade systems, can create 

economic incentives for industries to adopt CCU 

[69,70]. By assigning a cost to carbon emissions, 

governments provide a financial motive for 

industries to invest in technologies that capture and 

utilize CO2 [71]. This economic signal aligns market 

forces with environmental goals, driving the 

adoption of CCU as part of broader carbon 

mitigation strategies.Recent government initiatives 

for carbon capture and utilization (CCU) 

demonstrate a global commitment to advancing 

these technologies. In the United States, the 

Department of Energy allocated $3.5 billion under 

the Bipartisan Infrastructure Law to establish 

Regional Direct Air Capture Hubs, aiming to scale 

CO2_22 removal solutions. Similarly, India’s 

NITIAayog launched a comprehensive CCUS 

Policy Framework, emphasizing innovative 

financing mechanisms like clean energy cesses 

and bonds, and promoting sector-specific CO2_22 

storage hubs for industries such as cement and 

steel. Incentives like the Production-Linked 

Incentive (PLI) scheme further encourage low-

carbon product development. Meanwhile, the 

European Union supports projects like the 

Rotterdam CCS Cluster, integrating industrial CCU 

solutions for large-scale implementation. 

Regulatory Challenges and Potential Solutions: 

Uncertain Regulatory Frameworks: 

One of the challenges in the regulatory 

landscape for CCU is the uncertainty surrounding 

standards and regulations. As CCU technologies 

evolve, regulatory frameworks may lag behind, 

posing challenges for permitting and compliance. 

Clear and adaptive regulatory guidelines are 

essential to provide a stable environment for 

industry stakeholders and to ensure that CCU 

technologies are deployed efficiently. 

Cross-Border Regulatory Harmonization:  

CCU projects often involve cross-border 
collaborations and the transport of captured CO2 
for utilization or storage [72]. Regulatory 
differences between regions can create barriers to 
the development of international CCU projects. 
Efforts to harmonize regulations and establish 
international standards can facilitate the smooth 
implementation of CCU technologies on a global 
scale. 
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Stakeholder Engagement and Public Perception:  

CCU projects may face regulatory hurdles 
associated with stakeholder engagement and 
public perception. Transparency, effective 
communication, and public engagement are crucial 
for building trust and addressing concerns related 
to safety, environmental impact, and the socio-
economic implications of CCU projects [73]. 
Regulatory frameworks that incorporate meaningful 
stakeholder participation can contribute to the 
social license needed for successful CCU 
deployment. 

9. CASE STUDIES AND INDUSTRIAL  
APPLICATIONS OF CARBON CAPTURE AND 
UTILIZATION (CCU) TECHNOLOGIES: 

Success Stories in CCU Implementations: 

Carbon Cure Technologies (Concrete Industry): 

Carbon Cure Technologies has successfully 
implemented CCU in the concrete industry. By 
injecting recycled CO2 into the concrete mix during 
production, they not only reduce the carbon 
footprint of concrete but also enhance its strength 
[74]. This innovative approach has been adopted 
by numerous concrete producers globally, 
demonstrating the commercial viability of CCU in 
construction materials. 

Carbon Clean Solutions (Industrial Emissions): 
Carbon Clean Solutions has developed and 
implemented CCU technologies for capturing CO2 
emissions from industrial processes. Their modular 
carbon capture units are designed to be cost-
effective and scalable, making them suitable for 
integration into various industries. This approach 
has been demonstrated in applications such as 
natural gas processing and biogas upgrading. 

Challenges Faced by Industries in Adopting CCU 

High Capital Costs and Initial Investments:  

One of the major challenges faced by 
industries in adopting CCU technologies is the high 
capital cost associated with the installation of 
carbon capture infrastructure [75]. The initial 
investments required for implementing CCU 
projects can be a barrier for industries, especially 
for small and medium-sized enterprises. 
Addressing this challenge often requires supportive 
government policies, incentives, and financial 
mechanisms to ease the burden on businesses. 

Market and Product Acceptance:  

The successful implementation of CCU is 
contingent on market demand for products derived 
from captured CO2. Industries may face challenges 
in creating a market for CCU-derived products, 
especially when competing with traditional 
alternatives. Building consumer awareness and 

acceptance is crucial for establishing the market 
viability of CCU products. 

Lessons Learned from Real-World Applications: 

Integration with Existing Processes:  

Real-world applications highlight the 
importance of integrating CCU technologies 
seamlessly into existing industrial processes. 
Retrofitting existing facilities to accommodate 
carbon capture units requires careful planning and 
engineering to ensure minimal disruption to 
ongoing operations [76]. Lessons learned 
emphasize the need for a comprehensive 
understanding of the host process and 
collaboration between technology providers and 
industrial stakeholders. 

Sustainability Metrics and Reporting: CCU 
projects often involve sustainability goals beyond 
carbon capture, such as resource efficiency and 
circular economy principles. Lessons learned 
underscore the importance of developing robust 
metrics and reporting mechanisms to track and 
communicate the broader environmental and social 
impacts of CCU implementations. Transparent 
reporting enhances stakeholder engagement and 
facilitates compliance with sustainability standards. 

Collaboration and Knowledge Sharing: 
Successful CCU implementations often involve 
collaboration between industry players, research 
institutions, and technology providers. Lessons 
learned emphasize the value of knowledge sharing, 
collaboration on research and development, and 
the creation of industry-specific networks. This 
collaborative approach accelerates the learning 
curve, fosters innovation, and facilitates the scale-
up of CCU technologies. 

10. FUTURE PROSPECTS AND RESEARCH DI-

RECTIONS IN CARBON CAPTURE AND UTI-
LIZATION (CCU): 

Technological Advancements on the Horizon: 

Advanced Materials and Catalysts: Future 
prospects in CCU involve the development of 
advanced materials and catalysts with enhanced 
selectivity, stability, and efficiency. Innovations in 
materials science, such as the design of novel 
nanomaterials and catalysts, will play a critical role 
in improving the performance of CCU processes 
[77]. This includes the exploration of new classes 
of materials and the optimization of existing ones 
for enhanced CO2 capture, conversion, and 
utilization. 

Electrochemical and Photocatalytic Technologies:  

Technological advancements are expected in 
the realm of electrochemical and photocatalytic 
technologies for CO2 reduction. Improvements in 
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electrode materials, catalyst design, and reactor 
configurations will contribute to the efficiency and 
scalability of electrochemical CCU. Similarly, 
developments in photocatalysis, driven by 
renewable energy sources, hold promise for 
sustainable and energy-efficient CO2 conversion. 

Key Challenges and Opportunities for Further Re-
search: 

Scalability and Integration with Industrial 
Processes: One of the key challenges is to 
enhance the scalability of CCU technologies and 
their seamless integration with existing industrial 
processes. Research in this direction should 
address the engineering and logistical aspects of 
scaling up CCU, considering factors such as 
continuous operation, modular design, and 
compatibility with diverse industrial settings. 

Economic Viability and Market Adoption: 
Research needs to focus on improving the 
economic viability of CCU technologies to ensure 
their widespread adoption. This includes cost 
reduction strategies, optimization of energy 
consumption, and the development of market-
driven incentives. Understanding and overcoming 
the barriers to market adoption, such as creating 
demand for CCU-derived products, will be crucial 
for the success of these technologies. 

Sustainability Assessment Beyond Carbon 
Footprint: While CCU primarily addresses carbon 
mitigation, future research should expand the 
sustainability assessment to include broader 
environmental, social, and economic dimensions. 
Life cycle assessments should encompass a 
comprehensive evaluation of the environmental 
impact of CCU processes, considering factors such 
as resource use, ecosystem impact, and social 
implications. 

The Role of CCU in a Sustainable Future: 

Circular Carbon Economy and Resource 

Efficiency: CCU plays a pivotal role in transitioning 

towards a circular carbon economy, where carbon 

is considered a valuable resource rather than a 

waste product [78]. Research should further 

explore how CCU can contribute to resource 

efficiency, circularity, and the creation of closed-

loop systems within various industries. 

Integration with Renewable Energy Sources: 

The integration of CCU with renewable energy 

sources is critical for achieving a sustainable 

future. Future research should explore synergies 

between CCU and renewable energy technologies, 

including the use of excess renewable energy for 

electrochemical CO2 reduction and the 

development of integrated systems that combine 

CCU with renewable energy production. 

Policy Frameworks and International 
Collaboration: To unlock the full potential of CCU, 
there is a need for supportive policy frameworks 
and international collaboration. Research should 
contribute to the development of policies that 
incentivize CCU adoption, streamline regulatory 
processes, and foster collaboration between 
governments, industries, and research institutions 
on a global scale [79]. 

In summary, the future of CCU is marked by 
exciting technological advancements, ongoing 
research to address challenges, and a crucial role 
in contributing to a sustainable future. The 
interdisciplinary nature of CCU research, spanning 
chemistry, materials science, engineering, and 
policy studies, underscores the need for 
collaborative efforts to drive innovation and bring 
about transformative changes in the way we 
approach carbon management. 

11. CONCLUSION 

In the exploration of Carbon Capture and 
Utilization (CCU), key findings reveal a dynamic 
landscape marked by technological advancements, 
successful implementations, challenges, and the 
pivotal role of policy frameworks. The synthesis of 
information yields critical insights that shape the 
path forward for CCU. 

Key Findings: 

Technological Advancements: The field of CCU 
is witnessing significant strides in technological 
advancements, particularly in materials science, 
catalysis, and electrochemical and photocatalytic 
processes. Innovations in advanced materials and 
catalysts are poised to enhance the efficiency and 
selectivity of CO2 capture and conversion. 

Successful Implementations: Success stories 
from companies like CarbonCure Technologies and 
Carbon Clean Solutions demonstrate the practical 
application of CCU across diverse industries, 
including concrete production and industrial 
emissions reduction. These implementations 
underscore the commercial viability of CCU 
technologies. 

Challenges and Opportunities: Challenges 
faced by industries include high capital costs, 
market acceptance, and uncertainties in regulatory 
frameworks. Opportunities lie in addressing these 
challenges through financial incentives, market 
creation, and adaptive regulatory approaches. The 
circular carbon economy and resource efficiency 
present promising avenues for further research. 

Policy and Regulatory Landscape: Global 

initiatives, such as the Paris Agreement and 
Mission Innovation, provide a framework for 
international collaboration. Government incentives, 
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including financial support and carbon pricing 
mechanisms, play a crucial role in driving CCU 
adoption. Regulatory challenges, including 
uncertain frameworks and cross-border 
harmonization, require attention for the seamless 
deployment of CCU technologies. 

Recommendations for Future Research and De-
velopment: 

Advanced Materials and Catalysts: Future 
research should focus on the development of 
advanced materials and catalysts with improved 
properties for CO2 capture and conversion. This 
includes exploring nanomaterials, innovative 
catalyst designs, and scalable synthesis methods. 

Scalability and Integration: Addressing the 

challenge of scalability is critical for the widespread 
adoption of CCU. Research should emphasize 
engineering solutions that enhance scalability and 
seamless integration with diverse industrial 
processes. 

Economic Viability: Research should target 

strategies for improving the economic viability of 
CCU technologies. This includes cost reduction 
measures, optimization of energy consumption, 
and creating market demand for CCU-derived 
products. 

Sustainability Assessment: Expand the scope 

of sustainability assessments beyond carbon 
footprints. Research should encompass 
comprehensive evaluations of the environmental, 
social, and economic impacts of CCU processes. 

Circular Carbon Economy: Further exploration 

is needed on how CCU can contribute to the 
development of a circular carbon economy, 
promoting resource efficiency and closed-loop 
systems within various industries. 

Renewable Energy Integration: Investigate 

synergies between CCU and renewable energy 
sources. This includes utilizing excess renewable 
energy for electrochemical CO2 reduction and 
developing integrated systems that combine CCU 
with renewable energy production. 

Policy Frameworks: Research should contribu-

te to the development of supportive policy frame-

works that incentivize CCU adoption. This includes 

streamlining regulatory processes, fostering 

international collaboration, and aligning policies 

with sustainability goals. 

In conclusion, the future of CCU is dynamic 

and holds    immense potential for contributing to a 

sustainable and low-carbon future. The recommen-

dations for future research and development 

outlined here provide a roadmap for harnessing 

this potential, addressing challenges, and 

advancing CCU technologies towards broader 

adoption and impact. The collaborative efforts of 

researchers, industry stakeholders, and policy 

makers are essential in realizing the transformative 

potential of CCU for mitigating climate change and 

creating a more sustainable industrial landscape. 
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IZVOD 

NOVE STRATEGIJE U UPOTREBI I KORIŠĆENJU UGLJENIKA: 
HEMIJSKA PERSPEKTIVA 

Sve veća pretnja od klimatskih promena zahteva inovativne pristupe za ublažavanje emisija 
ugljenika, a hvatanje i korišćenje ugljenika (CCU) se pojavilo kao paradigma koja obećava. Članak 

počinje pregledom trenutnog pejzaža emisije ugljenika, naglašavajući kritičnu ulogu CCU u 
ublažavanju klimatskih promena. Katalizatori igraju ključnu ulogu u CCU, a pregled razmatra 
najsavremenije razvoje u katalitičkim materijalima i dizajnu, nudeći mehaničke uvide u 

katalizovane reakcije. Biološke strategije, kao što su bioenergija sa hvatanjem i skladištenjem 
ugljenika (BECCS) i mikrobno hvatanje ugljenika, istražuju se zajedno sa genetskim 
inženjeringom za poboljšanu asimilaciju ugljenika. Procena životnog ciklusa i tehno-ekonomska 

analiza se ispituju da bi se procenili ekološki i ekonomski aspekti CCU. Završava se perspektivom 
koja je okrenuta budućnosti, izlažući buduće izglede i pravce istraživanja u CCU. Ovaj pregled ima 
za cilj da pruži vredan resurs za istraživače, kreatore politike i profesionalce iz industrije koji rade 

na održivoj budućnosti sa niskim sadržajem ugljenika. 
Ključne reči: održiva hemija; elektrohemijska redukcija; Industrijsko korišćenje ugljenika; 
nanotehnologija u CCU. 
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Investigating the effect of biomaterial coating deposited 
electrophoretically on titanium and its alloys substrates: A review 

ABSTRACT 

The current study discusses the value of improved biomaterials, particularly coatings for titanium 
and its alloys employed in surgicalsettings. Demonstrates how coating processes like 

electrophoretic (EPD) can be used to enhance mechanical and biological qualities of these 
materials. Because titanium is lightweight and resistant to corrosion, it is a preferred material for 
medical implants used in tissue repair and fracture treatment. The study also analyzes the use of 
ceramic coatings like hydroxyapatite and TiO2 in promoting bone regeneration, as well as issues 
with biocompatibility and tissue adhesion that arise in metallic implants. Positive outcomes 
indicate that advancements in biomaterials can enhance treatment results and augment the 
efficacy of medical implants, hence augmenting patients' quality of life. 
Keywords:Bio-coating, Titanium, Anti-corrosion alloys,Electrophoretic deposition. 

 

1. INTRODUCTION 

The use of bio-active metallic materials in 
medical treatments can be traced back to nearly 
twenty years ago.About 70 to 80% of the devices 
used in the medical field are made from bio-
compatible materials. Metallic bio-materials are of 
great importance in fracture fixation, bone repair, 
and the treatment of damaged tissues, especially 
hard tissues, which contributes to improving the 
quality of life for patients.  This is due to its great 
strength, durability, and toughness. The need for 
bio metallic materials with superior mechanical 
properties is significantly increasing due to the gro-
wing number of elderly people worldwide, as older 
adults face a higher risk of hard tissue failure [1]. 

In the early stages of developing metal 

implants, there were challenges related to 

corrosion and reduced strength. The choice of the 

type of metal used in biomedical applications 

depends on the specific uses of these implants. 

Table 1 provides a summary of the different types 

of metals commonly used in various classifications 

of implants [2]. 
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Due to their high strength, durability, and low 
wear rate within the body, implant materials such 
as titanium, stainless steel, cobalt, and their alloys 
are frequently used in orthopedic and dental 
applications [3]. Figure 1  shows many typical 
applications for metal implants  [4]. 

Titanium alloys are widely used in dental 
implants and bone grafting, as well as in other 
devices such as plates and screws, thanks to a 
range of distinctive properties, including good bio-
compatibility, resistance to corrosion and wear, 
excellent mechanical properties, and effective 
osseointegration. Porous titanium alloys have been 
developed as an alternative to orthopaedics mate-
rials, providing good biological fixation through the 
growth of bone tissue within the porous network [5]. 

Despite the numerous benefits that titanium 
materials offer, there are concerns regarding their 
adequate stability and ability to resist corrosion in 
the body's fluid environment, especially in the long 
term.  The release of corrosion products can lead 
to metallosis, which in turn may cause loosening of 
the implant or deterioration of its properties [6]. 
Furthermore, rejection of some internal prosthetics 
by the recipient may occur shortly after surgery due 
to an allergic reaction [7]. 

In addition, the implant should have a suitable 
micro-structure that enhances the formation of a 
permanent bond between the tissue interface and 
the implant [8].

https://doi.org/10
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Table 1. Classification of implants and types of metals used [2] 

Division Example of implants Type of metal 

Cardiovascular Stent Artificial valve 
316L SS; CoCrMo; Ti 

Ti6Al4V 

Orthopaedics 
Bone fixation (plate, screw, pin) 

Artificial joint 
316L SS; Ti; Ti6Al4V 

CoCrMo; Ti6Al4V; Ti6Al7Nb 

Dentistry Orthodontic wire Filling 
316L SS; CoCrMo; TiNi; TiMo 

AgSn(Cu) amalgam, Au 

Craniofacial Plate and screw 316L SS; CoCrMo; Ti; Ti6Al4V 

Otorhinology Artificial eardrum 316L SS 

 

Figure 1. Biomaterials for human application [4] 

 

Based on what has been mentioned earlier, 
methods are being explored to modify the surface 
of metal implants in order to meet these 
requirements, particularly concerning long-term 
aspects. The following methods that have already 
been used can be identified: thermal plasma 
spraying [9], plasma spray [10], physical vapor 
depo-sition[11], sol–gel [12], ano-dic oxidation (AO) 
[13], micro-arc oxida-tion (MAO) [14], and electro-
phoretic deposition (EPD) [15]. 

The last three methods mentioned fall under 
the category of electro chemical methods, which 
are characterized by their simplicity and relatively 

low cost compared to the other methods 
mentioned.  Furthermore, this process contributes 
to facilitating the production of coatings with 
diverse structures, roughness, crystallization, 
chemical composition, and wettability, in addition to 
properties such as corrosion resistance and 
mechanical characteristics on materials of various 
shapes. The equipment used in this context is also 
considered cost-effective [16]. 

The popularity of electrophoretic deposition 
(EPD) is increasing as an effective method for 
processing biomaterials, especially in the field of 
bio active coatings and nano structures used in 
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medicine[17].HA has been an attractive option for a 
long time as a partial alternative to bone, due to its 
similarity to the mineral component of natural 
bone.The synthetic hydroxyapatite (HA) material 
has shown excellent biocompatibility in the 
laboratory with cultured osteoblasts, as well as 
other cell types, which grow easily on HA com-
pounds or surfaces coated with it. Hydroxyapatite 
(HA) is considered a bioactive ceramic that 
promotes bone growth; however, it suffers from 
relatively weak mechanical properties [18]. 

To improve the mechanical properties of 
hydroxyapatite (HAp) and to produce coatings with 
better bio-activity and enhanced mechanical 
properties, another type of bio-ceramic material is 
combined with HAp, such as titanium dioxide 
(TiO2), which is considered one of the other 
inactive bioceramics. 

Titania is characterized by exceptional corro-
sion resistance in body fluids, as well as high 
fracture strength and significant load-bearing 
capacity, with a sufficient level of wear resistance 
[19,20]. Also it is a bio compatible material that is 
compatible with living organisms and is characte-
rized by its biological activity, as it possesses 
antibacterial activity and effective properties 
against fungi [21]. 

2. TITANIUM AND TITANIUM ALLOYS 

Titanium (Ti) is a shiny metal with a silver color. 
It is characterized by a high strength of up to 
430 MPa and a low density of 4.5g/cm3, while iron 
has a strength of 200 MPa and a density of 7.9 
g/cm3. Therefore, titanium has the highest strength-
to-density ratio among all other metals. Further-
more, titanium is characterized by a relatively high 
melting point exceeding (1650°C or 3000 °F), and it 
is also a paramagnetic material with relatively low 

electrical and thermal conductivity. This metal 
exists in two different crystalline forms known as 
body-centered cubic (bcc) and hexagonal close-
packed (hcp) structures, as shown in Figures 2 (a) 
and (b), respectively [22]. 

 

a)                                      b) 

Figure 2. Crystalline state of titanium: (a) bcc, and 
(b) hcp [22] 

At low temperatures, pure titanium is characte-
rized by a close-packed hexagonal structure known 
as alpha titanium (α titanium).At high temperatures, 
the stable structure is the body-centered cubic 
(bcc) structure, known as titanium β [23]. 

2.1. Effect of alloying elements on titanium 
properties 

In titanium alloys, three types of alloying 
elements are generally utilized: neutral elements, α 
-stabilizers, and β-stabilizers. In titanium alloys, 
elements like N, Al, O, and C are referred to as α-
stabilizers because they generate the α phase [24-
26].While components that yield the β phase are 
categorized as β-stabilizers. β-stabilizers can be 
classified into β-eutectoid and β-isomorphous 
elements according to the alloying elements that 
are added to titanium.

 

Figure 3. Different titanium alloy stabilizer types (a) neutral, (b) α-stabilizing, (c) β-stabilizing 
(isomorphous) and (d) β-stabilizing (eutectoid) [27] 
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As shown in Figure 3 isomorphs elementssuch 
as tantalum (Ta), molybdenum (Mo), vanadium (V), 
and niobium (Nb) are highly soluble in titanium. 
Nevertheless, eutectoid elements—manganese 
(Mn), chromium (Cr), silicon (Si), iron (Fe), cobalt 
(Co), nickel (Ni), and copper (Cu)—show extremely 
little solubility in titanium and are more likely to 
form intermetallic compounds with other elements. 
Conversely, elements with almost little influence on 

the α/β phase border, such as tin (Sn), hafnium 
(Hf), and zirconium (Zr), are regarded as neutral 
elements [27-32]. 

Titanium alloys are predominantly recommen-
ded for implant fabrication due to their exceptional 
corrosion performance. Table 2 shows the different 
stabilizing elements added to titanium alloy to 
stabilize particular structure and improve properties 
of titanium alloys [33-38]. 

 

Table 2. Titanium alloy stabilizer with its effects and different properties [38] 

Stabilizing elements Impact on transition temperature Effects on properties of Ti 

α-stabilizer :Fe, Mo, Ni, V, Cr, Nb Increase Hardening 

β-stabilizers : N, Al, O,  C Decrease Grain refiners 

Neutral elements: Zr and Sn No noticeable impact Hardening 
 

3. CORROSION RESISTANCE OF TITANIUM 
AND TITANIUM ALLOYS 

The natural breakdown of metals and alloys 

brought on by interactions with the environment 

that are chemical, biological, and electrochemical 

in nature. Conditions that might cause corrosion 

include high pressure, heat, humidity, oxygen, 

inorganic and organic acids, and chlorides [39]. 

Metals are destroyed by corrosion, which turns 

them into oxides or other corrosion products. 

Because corrosion causes parts or buildings to 

become unusable, it reduces the amount of earth's 

material resources that can be used to replace 

them, which has an impact on the world's metal 

supply [40]. The high corrosion resistance of 

titanium alloys is due to the presence of a thin 

oxide layer that adheres to their metallic surface. 

This film naturally forms when titanium alloy is 

exposed to air or oxygen-rich environments, due to 

the close relationship between titanium and 

oxygen. Due to this fact, the oxide film can be 

easily repaired even in the presence of oxygen at 

low partial pressures (ppm) when it is subjected to 

damage. Although the oxide layer that covers 

titanium and its alloys has a high level of stability, 

when these materials are used in agriculture, 

electrochemical reactions may occur with 

physiological fluids. These reactions are 

exacerbated by the interplay between corrosion 

and mechanical stresses and/or wear [41]. 

4. SURFACE MODIFICATION TECHNIQUES 

It has become extremely necessary to prevent 
the corrosion of biomaterials, especially to address 
the infections and allergic reactions that may arise 
from the implantation of these materials in the 
human body.Due to the issue of corrosion, a set of 
techniques has been adopted to modify the surface 

with the aim of improving corrosion behavior. The 
introduction of surface modifications on 
biocompatible metals is considered the "optimal 
solution" so far to enhance corrosion resistance 
performance, as well as to achieve superior 
biocompatibility and promote bone integration of 
biocompatible metals and alloys. Biocompatible 
metals include processes such as coating 
deposition, the development of a passivation oxide 
layer, and ion beam surface modification [42].  

The acceptance of the biomaterial by the 
human body is the primary criterion for selection. 
When the material is implanted, it shouldn't have 
any negative side effects—such as allergies, 
inflammation, or toxicity—either right away during 
surgery or in the following[43]. Biomaterials can be 
modified via a variety of commonly employed 
surface modification techniques, including covalent 
grafting, surface coatings and synthetic films, 
plasma treatment, and self-assembled monolayers 
(SAMs) [44]. 

4.1. Coatings for titanium and its alloys in 
biomedical applications 

Metal implants may sometimes fail in surgical 

procedures due to several factors, including 

insufficient biocompatibility, high degradation rates 

(as seen with magnesium alloys), inflammatory 

response, infection, inertness (such as with 

stainless steel, titanium, and cobalt-chromium 

alloys), as well as low wear resistance, mismatch in 

elastic modulus, excessive wear, and the presence 

of hidden stress. Therefore, it is important to 

address this issue by developing a method that 

contributes to improving the vital functions of 

metallic implant surfaces, by modifying the surface 

and shape of the materials without affecting the 

mechanical properties of the metallic implants as 

shown in Figure 4. 
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Figure 4. A broad division of surface engineering methods 

 

The process of surface modification of metals 
through the use of coatings is considered one of 
the effective methods for enhancing the 
performance of implant materials, among the many 
available techniques [45]. By virtue of their 
reliability and efficiency, ceramic coatings are 
considered the optimal choice for activating 
implants that come into direct contact with bones 
and tissues. This is due to their unique properties 
that enhance bone compatibility and provide high 
stability [46,47]. The surface modification process 
using coatings can enhance the antibacterial 
activity of biomaterials. Coated surfaces contribute 
to improving the attachment of peptides to cells, 
directing changes in host cells, as well as 
extracellular matrix (ECM) proteins and tissue 

growth, leading to further improved acceptance of 
biomaterials. Coating of Ceramics on biomaterials 
show promising results in the field of orthopedic 
surgery, as they play an important role in 
enhancing bone regeneration and repair [48]. 

4.1.1. Hydroxyapatite Coating 

Hydroxyapatite (HAp) is a natural mineral form 

of calcium apatite, characterized by the chemical 

formula Ca5(PO4)3(OH). It is often expressed in 

the formula Ca10(PO4)6(OH)2 to indicate that the 

crystal unit cell consists of two molecules. The HAp 

crystal structure unit cell, which is made up of Ca, 

PO4, and OH groups densely packed together, is 

depicted in Figure 5 [49]. 

 

Figure 5. The hydroxyapatite molecular structure: a unit cell perspective on the hexagonal crystal structure [49] 
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Hydroxyapatite is the main component in the 
structure of tooth enamel and bone minerals, 
contributing to their hardness. Hydroxyapatite is 
used in many fields due to its excellent 
biocompatibility and active properties. In the field of 
medicine, it is used in orthopedics and dental 
implants due to its structural similarity to the 
minerals found in bones [50]. 

4.1.2. Titanium Oxide Coating 

The oxide of titanium that occurs naturally is 
called titanium dioxide (TiO2). It is sometimes 
referred to as titania. One of the most widely used 
ceramic materials in applications including sensors, 
photovoltaics, self-cleaning glass, water purification, 
photo-catalyst, and corrosion protection coatings is 
titania in its several crystalline forms. Titania is 
utilized so effectively in all these industries as a 

thin or thick coating film primarily due to its high 
chemical durability and thermal stability [51]. 

Titania exists in three primary crystalline 
phases: rutile, anatase, and brookite. These 
phases can exist as nanomaterials, and the grain 
size affects how stable they are. Whereas anatase 
titania is commonly utilized as spherical particles 
with a diameter of about 20 nm, rutile is regularly 
employed as a white pigment in polymers with 
particles size ranging from 200 to 300 nm [52]. 

All polymorphs, as illustrated in Figure 6 
feature distorted TiO6 octahedral formed by 
titanium cations six-fold coordinated to oxygen 
anions. These structures are connected by sharing 
the octahedral edges (some also have corner 
sharing). TiO6 octahedral building block arrange-
ment reveals the crystal formations of titania [53]. 

 

Figure 6. Polymorphs of TiO2 crystal structures:(a) Rutile, (b) Brookite and (c) Anatase [53] 

 

5. ELECTROPHORETIC DEPOSITION METHOD 

EPD is a bridge that connects two processes:  

deposition and electricity [53].The EPD method is a 

versatile approach that may be used to deposit a 

wide range of materials, including composites, 

metals, ceramics, glasses, and polymers. This is 

an economical solution that doesn't require expen-

sive equipment. The EPD's widespread use can be 

attributed to its simplicity in regulating the mor-

phology and thickness of the coatings it forms by 

accurately adjusting process parameters [55, 56]. 

The EPD process includes fundamentally three 
steps [57]:  

Creating a steady particles suspension. 

 The particles move towards the deposited pole 
by the effect of the electric field. 

 The deposition of particles on the surface of 
the electrode.  

Figure 7 illustrates a graph that shows these 

steps in the EPD process. 

 

Figure 7. The EPD steps are depicted 
schematically [57] 

The main difference between the electro-
phoretic deposition (EPD) process and the electro-
chemical deposition (ELD) process is that the 
former relies on the presence of suspended 
particles in a solvent, while the latter depends on 
the use of a solution containing salts., i.e. The 
positive and negative ions [58]. There are two basic 
types of EPD processes: cathodicEPD and anodic 
EPD. CathodicEPD is the process by which 
positive charges are deposited on the cathode 
(negative electrode).and anodic EPDis the 
accumulation of negative charges on the anode, or 
positive electrode. As depicted in Figure 8 [59]. 
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Figure 8.  Schematic of the procedure for 
electrophoretic deposition [59] 

6. BIOCOATINGSEFFECTS ON BONE 
REGENERATION, TISSUE ADHESION AND 
BIOCOMPATIBILITY OF TITANIUM ALLOYS 
IMPLANTS 

The primary criteria for choosing a coating 
material are (a) sufficient mechanical dependability, 
adhesion strength, and fracture toughness to 
endure the applied forces; (b) resistance to 
corrosion in bodily fluid environments; and (c) 
biocompatibility and absence of inflammation, 
toxicity, or other undesirable effects. Biomedical 
coatings can be categorised into three primary 
classes based on how well they function in the 
organism: bioinert, bioactive, and bioresorbable. 
Bioactive coatings, as opposed to bioinert, are 
biomaterials that have the ability to promote the 
regeneration of surrounding tissue and cells around 
the foreign graft and the release of bioactive 
chemicals to eliminate post-operative problems. 
Absorbable (bioresorbable) coatings are made to 
dissolve electrochemically in the human body and 
then be metabolised by tissue and cells [60-65]. 

Improving the metal implant surface's osteo-

conductive, osteo-inductive, and osteogenic pro-

perties is the primary goal of applying a 

biocompatible coating. Osteo-inductivity is the 

ability of the surface to promote the differentiation 

of precursor (stem) cells into osteoblasts, whereas 

osteo-conductivity is the coating's capacity to serve 

as a scaffold for the production of extracellular 

bone matrix where osteoblasts can adhere and 

multiply. In order to calcify the collagen matrix of 

the freshly produced bone structure, osteoblasts 

are alloyed to produce calcium nodules [66-70]. 

Because of its strong mechanical qualities, 

antibacterial and catalytic activity, and long-term 

durability against chemical and photocorrosion, 

TiO2 is a valuable material for biomedical 

applications. When immersed in SBF solution, TiO2 

can encourage the surface to develop calcium 

phosphate or bone-like apatite, making it appro-

priate for bone replacement and reconstruction. 

Furthermore, it was discovered that the anodisation 

of TiO2 coating on the surface of Ti substrates was 

a successful technique for lowering the implant's 

temperature rise during microwave diathermy 

treatment, which could offer a potential rehabili-

tation option for internal bone fracture fixation. Like 

TiO2, tantalum oxide (Ta2O5) may promote the 

quick attachment of soft tissue and bone and aid in 

the creation of bone-like apatite. The magnesium 

alloy's in vitro biocompatibility and early-stage 

corrosion resistance were both improved by tanta-

lum oxide made by reactive magnetron sputtering. 

When coated using a twin-gun magnetron 

sputtering method, a Ta2O5 coating containing 

12.5%Ag demonstrated both good cellular biocom-

patibility with skin fibroblast cells and enhanced 

antibacterial activity against S. aureus [71-73]. 

Since different metal ions (Ca2+, Sr2+, Mg2+, 
etc.) have been shown to have the ability to 
enhance osseointegration, grafting metal ions and 
compounds is another popular technique to 
increase the osteogenic ability of oxide coatings. 
Figure 9 provides an example of how different 
metallic ions affect the numerous processes 
involved in bone repair [74]. 

 

Figure 9. Some ions' therapeutic effects include 
angiogenic, osteogenic, anti-inflammatory, and 

antibacterial action [60] 

Various photosensitisers can be used to alter 
the surface of TiO2 in order to produce reactive 
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oxygen species (ROS) that will kill bacteria when 
exposed to near-infrared (NIR) light. To increase 
biocompatibility, hydrothermally generated MoSe2 
nanosheets were placed on the surface of porous 
micro-arc oxidation (MAO) -prepared TiO2 coatings, 
and chitosan was applied by electrostatic bonding. 
Chitosan enhanced the hybrid coating's hydro-
philicity and biocompatibility, promoting osseoin-
tegration even in the presence of infection under 
NIR light. Under NIR irradiation, the coatings 
showed excellent in vivo and in vitro antibacterial 
properties against S. mutans due to the synergistic 
effect of hyperthermia and ROS generation. To 
alter the surface of composite collagen/poly-
dopamine/TiO2 coatings on Ti implants made by 
MAO and hydrothermal treatment, Han and co-
authors choose MoS2 because of its broad 
spectrum response [75-80]. 

7 .CONCLUSIONS 

This review provides a complete analysis to   

the properties of titanium and its alloys, as well as 

the impact of surface modification on medical 

implants used in orthopedic and dental implants 

and other applications. The analysis focuses on 

how these modifications extend the life of the 

implant in the body, achieve biocompatibility, and 

enhance osseointegration. This is done by coating 

these alloys with hydroxyapatite and titanium 

dioxide, as these coatings are characterized by 

their high corrosion resistance and excellent 

biocompatibility. 

Electrophoretically deposition is one of the 
most popular methods due to its versatility, 
simplicity and low cost. The electrophoretic process 
is affected by a number of factors, including the 
deposition time, the type of solution, and the volta-
ge used in the deposition process. Biomaterials 
have several difficulties, such as biocompatibility, 
durability, and corrosion. Comprehending the ways 
in which these variables impact the overall 
functionality of implants might facilitate the creation 
of novel materials that satisfy the requirements of 
patients. Biomaterials have several difficulties, 
such as biocompatibility, durability, and corrosion. 
Comprehending the ways in which these variables 
impact the overall functionality of implants might 
facilitate the creation of novel materials that satisfy 
the requirements of patients. This research is very 
important for the future since collaboration between 
scientists and engineers in this field can lead to 
tremendous progress in enhancing the quality of 
life for patients. In summary, the findings show that 
in order to satisfy the increasing demand, further 
research in the area of biomaterials is required, 
with an emphasis on developing coating and 
surface modification methods. 
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IZVOD 

ISTRAŽIVANJE UTICAJA PREMAZA BIOMATERIJALA NANEŠENOG 
ELEKTROFORETSKI NA PODLOGE TITANIJUMA I NJEGOVIH LEGURA: PREGLED 

Sadašnja studija govori o vrednosti poboljšanih biomaterijala, posebno premaza za titanijum i 
njegove legure koji se koriste u hirurškim postavkama. Demonstrira kako se procesi oblaganja kao 
što je elektroforetski (EPD) mogu koristiti za poboljšanje mehaničkih i bioloških kvaliteta ovih 
materijala. Pošto je titanijum lagan i otporan na koroziju, on je poželjan materijal za medicinske 
implantate koji se koriste u popravci tkiva i lečenju preloma. Studija takođe analizira upotrebu 
keramičkih premaza poput hidroksiapatita i TiO2 u promovisanju regeneracije kostiju, kao i 
probleme sa biokompatibilnošću i adhezijom tkiva koji se javljaju kod metalnih implantata. Pozitivni 
rezultati ukazuju na to da napredak u biomaterijalima može poboljšati rezultate lečenja i povećati 
efikasnost medicinskih implantata, čime se povećava kvalitet života pacijenata. 
Ključne reči: biopremaz, titanijum, antikorozivne legure, elektroforetsko taloženje 
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Synthesis of copper (II) oxide nanoparticle: A promising 

material for photocatalysis 

ABSTRACT 

Copper oxide (CuO) nanoparticles have gained significant attention due to their unique properties 
and wide range of applications. Various methods have been developed to synthesize CuO 

nanoparticles (NP), including physical, chemical, and biological methods. These nanoparticles find 
applications in various fields, including electronics, energy storage, photocatalysis, medical, and 
materials science. This paper reports a facile and quick synthesis of CuOnanoparticles for the first 

time using curcumin as a stabilizing agent and sodium borohydride as a reducing agent. 
Synthesized nanoparticle is characterized using UV-visible spectrum measurement and X-ray 
diffraction techniques.Synthesized catalyst was used to study the photocatalytic degradation of the 

very hazardous organic pollutant para-nitrophenol. (PNP)The study wascarried out in acidic and 
basic medium under dark and visible light irradiation. In a basic environment, the degradation of 
PNP remains almost insignificant whether in the presence or absence of light. However, in an 

acidic environment, degradation of PNP occurs at a slow pace when there is no light, but the 
process accelerates significantly when exposed to light. Density Functional Theory calculation 
indicates a strong interaction between curcumin and CuO moiety. It indicates that curcumin 

stabilizes the CuO nanoparticles and will be quite stable for a long time. Also, it will facilitate the 
easy transfer of electrons from curcumin to CuO NP by lowering the band gap and enhancing the 

catalytic property of NP. 
Keywords: Nanoparticles, CuO, photocatalysis, DFT calculation 

 

1. INTRODUCTION 

Copper (II) oxide (CuO) nanoparticles have 
gained significant attention due to their unique 
properties and their wide range of applications in 
various fields [1-4]. This paper provides an 
overview of CuO nanoparticle synthesis and its 
application in various fields. Over the past twenty 
years, copper oxide nanoparticles (CuO NPs) have 
become a popular alternative to gold and silver 
nanoparticles. Their affordability, widespread 
availability, and strong antibacterial characteristics 
have made them a favored choice in various 
applications [5-7]. Copper oxide nanoparticles 
(CuO NPs) stand out among metal oxides as an 
effective  catalyst  for  the degradation of organic 
pollutants. 

   

*Corresponding author: MadhulataShukla 

E-mail: madhu1.shukla@gmail.com 

Paper received: 20.08.2024. 

Paper corrected: 29.01.2025. 

Paper accepted: 10.02.2025. 

Their distinctive qualities, including a low band 
gap of 1.2–3.5 eV, low toxicity, abundance, and a 
cost-effective synthesis process, make them an 
excellent choice for this application [8,9]. Synthesis 
of CuO Nanoparticles can be carried out via 
several methods including physical, chemical, and 
biological methods [10]. The choice of synthesis 
method depends on the desired properties and the 
desired shape and size of the nanoparticles.One 
common physical method to synthesize CuO 
nanoparticles is through hydrothermal processing. 
In this method, copper oxide precursors are 
dissolved in a suitable solvent, which is then 
subjected to heat and pressure in a sealed 
container. The high temperatures and prolonged 
reaction times result in the formation of CuO 
nanoparticles.Another widely used method to 
synthesize CuO nanoparticles is through chemical 
routes. 

One common chemical method involves the 
reduction of copper ions with a suitable reducing 
agent, such as sodium borohydride. The resulting 
reaction leads to the formation of CuO 
nanoparticles.Biological methods have also been 

https://doi.org/10.62638/ZasMat1227
mailto:madhu1.shukla@gmail.com


R. Ranjan, M. Shukla Synthesis of copper (II) oxide nanoparticle: A promising material for ... 

ZASTITA MATERIJALA 66 (2025) broj 3 526 

employed to synthesize CuO nanoparticles. For 
example, blue-green algae such as Nostoc sp. can 
be used to synthesize CuO nanoparticles [11]. The 
algae secrete a reducing agent, which reacts with 
copper ions to form CuO nanoparticles. This paper 
will cover a facile and quick synthesis of copper 
oxide (CuO) nanoparticles using curcumin and 
sodium borohydride. The synthesis process 
involves chemical reduction method in which 
sodium borohydrideacts as a reducing agent, 
curcumin acts as stabilizing agent and it also 
enhances the catalytic activity of synthesized CuO 
by decreasing the band gap between Highest 
Occupied Molecular Orbital and Lowest 
Unoccupied Molecular Orbital, as stated by us in 
our previous report for Cu2O nanoparticle [12]. 
This synthetic process is useful, as it require very 
less time to synthesize and require cheap 
chemicals to synthesize and also the particle size 
obtained is low.CuO nanoparticles have gained 
significant attention due to their unique properties 
and potential applications in various fields, such as 
catalysis, energy storage, and sensing [3,10,13-
17]. CuO nanoparticles have been used to 
fabricate electronic devices, such as sensors and 
transistors. Their high electrical conductivity and 
tunable surface properties make them suitable for 
various applications in electronics. CuO 
nanoparticles have been investigated for their 
potential in energy storage applications. They have 
shown excellent energy storage capacities, making 
them potential candidates for energy storage 
devices such as batteries and supercapacitors 
[18,19]. CuO nanoparticles exhibit photocatalytic 
properties, making them suitable for applications in 
the field of photocatalysis. They can be used for 
the degradation of pollutants, water splitting, and 
solar energy conversion. CuO nanoparticles have 
shown potential in medical applications, such as 
drug delivery and cancer treatment [19,20].  

Their unique properties, such as high 

biocompatibility and antibacterial activity, make 
them attractive candidates for biomedical 
applications.CuO nanoparticles have been 
explored for their potential in various materials 
applications. They can improve the properties of 
materials, such as strength, conductivity, and 
corrosion resistance, making them suitable for 
applications in coatings, composites, and catalysis. 
Nanoparticles have become increasingly prevalent 
in the food industry for producing antibacterial films 
[21]. 

Current research aims to create antimicrobial 
packaging materials using a variety of 
nanoparticles, including CuO. These innovative 
nanopackaging techniques can be utilized in food 
products through methods such as wrapping, 
dipping, brushing, or spraying. The goal is to 
establish a specialized barrier against gas, 

moisture, and dissolved materials, while also 
providing protection against physical damage [22]. 

Several literatures are available explaining the 
photocatalytic degradation of organic pollutants, 
this encourages us to carry out a photodegradation 
study of 4-nitrophenol (PNP) in our study using 
CuO-synthesized nanoparticles [23-25]. Copper 
oxide (CuO) nanoparticles are increasingly 
recognized for their effectiveness as a catalyst in 
the breakdown of nitrophenol, particularly 4-
nitrophenol (PNP). Through a process known as 
catalytic reduction, these nanoparticles can 
transform PNP into the far less harmful 4-
aminophenol (4-AP). Their high surface area and 
strong catalytic properties position them as a 
promising and environmentally friendly alternative 
for treating wastewater. It has been reported by 
Fan et al that the photodegradation of 4-nitrophenol 
using CuO adhered to pseudo-first-order kinetics, 
and the catalyst demonstrated the ability to be 
reused six times without any loss in its 
effectiveness [26]. 

2. MATERIALS REQUIRED 

Materials required for the synthesis of CuO 
nanoparticles were Copper (II) nitrate (copper 
nitrate trihydrate) (Cu(NO3)2∙3H2O)(Merck), 
Curcumin (Sigma Aldrich), sodium hydroxide 
(NaOH) (Merck), Sodium borohydride (NaBH4) 
(Merck) and ethanol (Merck). All reagents were 
used as received without further purification. 

3. EXPERIMENTAL PROCEDURE 

2 g of copper nitrate trihydrate 
(Cu(NO3)2∙3H2O) dissolved in 100 mL of distilled 
water in a 250 mL round bottom flask.Stir the 
solution on a magnetic stirrer until the Cu(NO3)2 is 
completely dissolved and a transparent blue color 
solution is obtained.1 g of NaOHdissolved in 100 
mL of distilled water to prepare the alkaline 
solution.Stir the alkaline solution to dissolve it 
completely.20 mL of NaOH solution was added 
slowly to Cu(NO3)2 solution with stirring at room 
temperature. After that 1gNaBH4 dissolved in 
20mLdistilled water and added slowly to alkaline 
Cu(NO3)2 solution. 9.15 g curcumin powder was 
dissolved in 5mL of prepared NaOH solution and 
after that water was added to obtain 25mL 
homogeneous curcumin solutions. The prepared 
curcumin solution was added to alkaline Cu(NO3)2 
solution dropwise. PH of reaction maintained 
around 10-11. Temperature was increased to 70-
80 ⁰C. A schematic diagram to synthesize CuO NP 
from copper nitrate trihydrate has been shown in 
Figure 1.Stirring was done for 2h and mixture was 
characterized using UV-visible spectra analysis 
after every 30-minute interval. A broad hump 
around 500-600 nm region explains the synthesis 
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of CuO nanoparticles. After the 2h, let the mixture 
cool to room temperature. Then separate the 
precipitate by centrifugation at 15000 rpm.Wash 
the obtained CuO nanoparticles with distilled water 
four times and finally with acetonitrile two times to 
remove any residual reagents. Dry the CuO 
nanoparticles under a vacuum for 48h. 

 

Figure 1. Schematic diagram to synthesize CuO 
NP from copper nitrate trihydrate 

4. CHARACTERIZATION 

4.1. UV-Vis Spectroscopy 

UV-Vis spectroscopy is a powerful technique to 
analyze the optical properties of nanoparticles.The 
UV-visible spectrum of synthesized sample of CuO 
is shown in Figure 2. The broad absorption hump 
of CuO nanoparticles occurs at around 500-600 
nm, indicating the formation of nanoparticles. 

 

Figure 2. UV-visible spectrum of synthesized 
CuO NP. An expanded region of 500-600 nm hump 

is also shown 

4.2. XRD Analysis 

Figure 3 shows the X -ray diffraction pattern of 

the powdered CuO NPs samples. Eleven 

prominent peaks were observed at 32.47, 35.53, 

38.78, 48.95, 53.59, 58.33, 61.61, 66.31, 68.10, 

72.44, and 75.21 which correspond to {110}, {002}, 

{111}, {-202}, {020}, {202}, {-113}, {-311}, {113}, 

{311}, and {-222} reflections respectively of 

monoclinic Copper (II) Oxide (CuO) (JCPDSICDD 

No. 652309).  

 

Figure 3.XRD spectrum of Copper (II) Oxide 

4.3. Scanning Electron Microscopy (SEM) 

SEM is a high-resolution imaging technique 
that provides a magnified view of the nanoparticles. 
It is used to determine the size and shape of the 
CuO nanoparticles. SEM images usually show 
spherical particles with a variable size distribution 
ranging from 11 to 70 nm.SEM image of CuO 
nanoparticle synthesized using curcumin has been 
shown in Figure 4a. The particle size distribution 
graph is shown in Figure 4b. 

 a) 

 b) 

Figure 4. (a)SEM image of CuO nanoparticle 
synthesized using curcumin (b) Particle size 

distribution graph of CuO NP 
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5. 5. Photocatalytic Application of CuO 
nanoparticle: 

The photocatalytic activity of synthesized CuO 
samples was investigated by application of these 
nanoparticles as photocatalysts for the photo-
degradation of very hazardous organic pollutant 4-
nitrophenol(PNP) under dark and visible light 
irradiation and also under acidic and basic 
mediums. The UV-visible spectrum of 4-nitrophenol 
mainly consists of characteristic absorption peaks 
at 314 nm in an acidic medium and 400 nm in basic 
medium (due to the phenolate ion). Figure5(a) and 
(b)represent the UV-visible spectra of an aqueous 
solution of PNP in the presence of CuO NP, 
hydrogen peroxide and sodium hydroxide in dark 
and visible light irradiation conditions respectively. 

a) 

b) 

Figure 5. The photocatalytic reaction of CuO 
nanoparticle in the basic medium in (a) in absence 

of light (b) in the presence of LED light 

Degradation of PNP was not observed in the 
basic medium in either dark or light conditions. 
Hence synthesized catalyst doesn’t work for the 
degradation of PNP in a basic medium. Figure 6 (a) 
and (b) represent the UV-visible spectra of an 
aqueous solution of PNP in the presence of CuO 
NP, hydrogen peroxide, and hydrochloric acid in 
dark and visible light irradiation conditions 
respectively. Spectra were recorded for 90 minutes 

but degradation was observed to be lesser in the 
absence of light as compared to visible light 
medium. It is clear from Fig. 5(a) &(b) that 
degradation of PNP is almost negligible in the 
absence and presence of light in the basic medium. 
The synthesized CuO demonstrated limited 
catalytic activity in alkaline conditions. This was 
primarily caused by the dissociation of PNP, which 
increased the repulsion between CuO and the PNP 
anions, as reported in earlier literature [26]. 
Whereas it shows slow degradation of PNP in the 
acidic medium in the absence of light and rapid 
degradation in the presence of light. 

Initially, the degradation of PNP was studies in 
dark and found to show slow rate of degradation. 
Whereas when the reaction mixture was kept in the 
photocatalytic chamber under a cool white LED 
with visible light radiation, the reaction speeds up. 
A steady decrease in the intensity of peaks, on 
prolonged exposure to visible light, indicates 
gradual degradation of PNP with time. Photocata-
lytic activity of CuO was recorded for 90min in both 
conditions and irradiated condition, PNP was found 
to be almost fully degraded to simpler ions.  Hence 
the rate of degradation of PNP organic pollutants 
using CuO nanoparticlesis higher in visible light 
irradiated conditions in an acidic medium. 

a) 

b) 

Figure 6. The photocatalytic reaction of CuO 
nanoparticle in the acidic medium (a) in the 
absence of LED light & (b) in the presence 

of LED light 
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6. DENSITY FUNCTIONAL THEORY 
CALCULATION 

Geometry optimization of CuO-curcumin 
carried out using Density Functional Theory (DFT) 
calculation using Gaussian 16 [27] program at 
B3LYP level [28] and using the LaNL2DZ basis set. 
The molecular optimized structure of CuO-cur-
cumin moiety is shown in Figure 7(a). The distance 
between curcumin and CuOnanocluster was found 
to be 2.50Å indication strong interaction between 
CuO and curcumin moiety. Mulliken charge analy-
sis of CuO-curcumin moiety was done at the same 
level of calculation and using a similar basis set 
and shown in Figure 7 (b). It was observed that the 
inner copper atoms are electropositive as shown by 
the light green color whereas outer copper atoms 
are less electropositive as compared to inner 
copper atoms. Oxygen atoms carry a negative 
charge as represented by a brown color or red 
color in Figure 7 (b). Mulliken charge distribution 
shows that the curcumin actives the outer layer of 
the nanocluster to enhance the rate of 
photocatalytic degradation in light by decreasing 
the band gap in CuO catalyst. 

 a) 

b) 

Figure 7.Optimized structure and Mulliken charge 
analysis of CuO-curcumin moiety 

Figure 8 represents the electrostatic potential 
charge distribution on CuO-Curcumin moiety. It 
indicates that strong interaction is present between 
curcumin and CuOnanocluster, as the potential 
charge is distributed all over the molecule. The 
orange color represents the electronegative and 
the yellowish-green color represents the electro-
positive charge distribution on the molecules. 

 

Figure 8. Electrostatic potential charge distribution 
on CuO-Curcumin 

Figure 9 represents the frontier molecular 
orbital pictures of highest occupied molecular 
orbital (HOMO) and lowest unoccupied molecular 
orbital (LUMO). HOMO is localized mainly on 
curcumin moiety (π of Benzene and non-bonding 
orbitals of Oxygen), whereas LUMO is localized on 
π* of benzene and d-orbital of copper atoms of 
CuOnanoclusters. 

 

HOMO 

 

LUMO 

Figure 9. Frontier Molecular Orbital picture of 
CuO-Curcumin 

7. CONCLUSION 

Copper oxide (CuO) nanoparticles have garne 
red considerable attention due to their unique 
properties and diverse range of applications. 
Researchers have developed various methods for 
synthesizing CuO nanoparticles, spanning 
physical, chemical, and biological approaches. 
These nanoparticles play a crucial role in fields 
such as electronics, energy storage, photo-
catalysis, medicine, and materials science. This 
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study presents a simple and rapid method for 
synthesizing CuO nanoparticles using curcumin 
and sodium borohydride. Synthesized CuO 
nanoparticle was used to study the photocatalytic 
degradation of PNP to 4-aminophenol. Photo-
catalytic degradation of the organic pollutant 4-
nitrophenol under different conditions, such as 
acidic and basic environments, with and without 
visible light irradiation has been studied. The 
findings reveal that in a basic environment, the 
degradation of p-nitrophenol remains minimal 
regardless of the presence of light. On the other 
hand, in an acidic environment, the degradation 
process occurs slowly in the absence of light, but 
significantly accelerates when exposed to light. 
CuO nanoparticles transform PNP into less harmful 
4-aminophenol (4-AP). DFT calculation explains 
the charge distribution and interaction between 
curcumin and CuOnanocluster. 
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IZVOD 

SINTEZA NANOČESTICA BAKAR (II) OKSIDA: OBEĆAVAJUĆI 
MATERIJAL ZA FOTOKATALIZU 

Nanočestice bakarnog oksida (CuO) privukle su značajnu pažnju zbog svojih jedinstvenih 
svojstava i širokog spektra primene. Razvijene su različite metode za sintezu nanočestica CuO 
(NP), uključujući fizičke, hemijske i biološke metode. Ove nanočestice nalaze primenu u različitim 
oblastima, uključujući elektroniku, skladištenje energije, fotokatalizu, medicinu i nauku o 
materijalima. Ovaj rad izveštava o lakoj i brzoj sintezi CuOnanočestica po prvi put koriste ći 
kurkumin kao stabilizator i natrijum borohidrid kao redukciono sredstvo. Sintetizovana nanočestica  
je okarakterisana pomoću merenja UV-vidljivog spektra i tehnika difrakcije rendgenskih zraka. 
Sintetizovani katalizator je korišćen za proučavanje fotokatalitičke degradacije veoma opasnog 
organskog zagađivača para-nitrofenola. (PNP) Studija je sprovedena u kiseloj i baznoj sredini pod 
tamnim i vidljivim zračenjem. U osnovnom okruženju, degradacija PNP ostaje gotovo beznačajna, 
bilo u prisustvu ili odsustvu svetlosti. Međutim, u kiseloj sredini, degradacija PNP se odvija sporim 
tempom kada nema svetlosti, ali se proces značajno ubrzava kada je izložen svetlosti. Proračun 
funkcionalne teorije gustine ukazuje na snažnu interakciju između kurkumina i CuO dela. To 
ukazuje da kurkumin stabilizuje nanočestice CuO i da će biti prilično stabilan dugo vremena. 
Takođe, to će olakšati lak prenos elektrona sa kurkumina na CuO NP smanjenjem pojasnog 
pojasa i poboljšanjem katalitičkih svojstava NP. 
Ključne reči: nanočestice, CuO, fotokataliza, DFT proračun 
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Disulfide bonds modified epoxy resins: mechanical, adhesion 
and wear properties 

ABSTRACT 

Epoxy occupiesan important place in many engineering applications, so it is necessary to 
improveits properties such as adhesion strength, wear resistance, and toughness. In this 
study,epoxy was modified by incorporation of disulfide bonds. A coating layer was prepared by 
adding ethanol disulfideto epoxy resin at various weight percent: 0.5, 1.5, 2.5 and 3.5 wt.%. 
Fourier-transform infrared spectroscopywas employed to investigate any chemical interaction. 
Differential scanning colometry (DSC) analysis provides valuable information aboutthermal 
behaviour of the prepared epoxy coating.  Tensile, hardness, impact, fracture toughness, and 
adhesion properties were tested. Wear behaviour was investigated by pin-on-disc device. Results 
show that epoxy containing disulfide bonds (EP+SS) offering excellent impact resistance with 
good fracture toughness compared to neat epoxy. Additionally, contact angle test results show an 
enhancement of wettability between the modified epoxy coating layer and steel substrate. 
Adhesion strength of epoxy layeenhanced by incorporating ethanol disulfide into epoxy resin 
reaching a superior value. Comparisonto neat epoxy, the coefficient of friction of (EP+SS) highly 
decreased reaching about 89% and wear rate decreased by 76% as the percentage of the added 
ethanol disulfide increases. 
A tough superior adhesive epoxy coating layer was synthesised by incorporation of the ethanol 
disulfide compound into epoxy resin.  
Key words: disulfide, epoxy, wear, adhesion, dynamic bonds. 

 

1. INTRODUCTION 

Epoxy resins have become ubiquitous in 

modern civilisation, appearing in everything from 

automobiles to aeroplanes, indoor decoration to 

household appliances, and biological technology to 

factory equipment [1-3]. Therefore, it is necessary 

to improve the properties of epoxy, such as mecha-

nical properties, adhesion, and wear resistance [4-

7]. Disulfide bond-modifying epoxy resins have 

attracted a lot of interest because of their distinctive 

characteristics, which include mechanical strength 

and the ability to heal themselves. Disulfide 

linkages are usually added to the epoxy network, 

which increases its flexibility and permits dynamic 

exchange processes [8]. 
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Dutta and Karak showed that because the 
disulfide bonds are dynamic, epoxy vitrimers 
containing disulfide show remarkable elongation at 
break and self-healing efficiencies of up to 71.48% 
[9]. Similar to this, Zhang et al. found that epoxy 
with different disulfide bond contents had better 
mechanical properties [10]. With a remarkable 98% 
healing efficiency, Li et al. further highlighted the 
importance of disulfide bonds in improving self-
healing performance under mild conditions [11]. 
Achieving strong adhesion at polymer/metal 
interfaces is a major challenge in interface 
engineering, as it is necessary for many technical 
applications.Tsai et. al. (2020) tried to improve the 
adhesive properties of epoxy by using epoxy 
containing aromatic disulfide links as adhesives. 
The disulfide system comprised bis (4- 
glycidyloxyphenyl) disulfide (BGPDS) and 
dithiodianiline (DTDA) as the epoxy monomer and 
diamine hardener, respectively. Exchangeable 
disulfide bond-epoxy resins have improved 

mechanical and thermal resilience. 

https://doi.org/10
mailto:salsabeel.burhan.bi12@atu.edu.iq


S. Kareem Burhan et al. Disulfide bonds modified epoxy resins: mechanical, adhesion ... 

ZASTITA MATERIJALA 66 (2025) broj 3 533 

A high density of disulfide bonds was 
incorporated to speed up the exchange process, 
which increased the chance of bond cleavage and 
rearrangement and improved adhesion [12]. 
Krishnakumar et. al. showed how to create epoxy 
vitrimers containing graphene oxide (GO) and 2-
aminophenyldisulfide (2-AFD) assisted 
polydimethylsiloxane (PDMS) that show a decre-
ase in glass transition temperature and storage 
modulus with an increase in flexural strain [5]. 
Luzuriaga et. al. chose 4-aminophenyldisulfide 
(AFD) as a dynamic hardener for epoxy resin. The 
"dynamic" epoxy resin used to manufacture fiber-
reinforced polymer composites exhibits good 
mechanical strength along with recycling, and re-
processability [13]. Henriksen et. al. added a bio-
based disulfide additive (2-hydroxyethyldisulfide) to 
a commercial epoxy, the result was a cross-linked 
polymer that is safe for the environment to 
fractionate. In addition, it was shown that, when 
compared to commercial epoxy, modified epoxy 
matrices with minimal addition concentrations have 
comparable mechanical and thermal properties 
[14]. 

This study seeks to enhance the properties of 
epoxy by incorporating ethanol disulfide as a 
modifying compound. The effect of adding ethanol 
disulfide to epoxy resin on the mechanical, 
adhesion, and wear properties was investigated. 
Ethanol disulfide represents an alternative cheap 
disulfide bond-containing compound compared to 
the expensive amino phenyl disulfide compound. 

2. EXPERIMENTAL PART  

2.1 Materials 

The selected epoxy resin and hardener for this 
study was Sikadur 52 bis phenol-A liquid epoxy 
resin and its aliphatic amine hardener, mixing ratio: 
2:1, which purchased from Sikadur company, 
Turkey. 2-Hydroxyethyldisulfideor as known 2,2′-
Dithiodiethanol or Bis(2-hydroxyethyl) disulfide, has 
linear formula: HOCH2CH2SSCH2CH2OH with 
molecular weight of 154,25 g/mol. It has a clear, 
viscous liquid appearance with dark yellow 
colour.Melting point range: 25 - 27 °C, boiling point 
and boiling range158 - 163 °C and flash point at 
112 °C. 2-Hydroxyethyldisulfide was made in 
Switzerland and purchased by Sigma-Aldrich.   

2.2. Characterization and test methods 

2.2.1. Fourier-transform infrared spectroscopy 
(FTIR) 

FTIR spectroscopydetermines the distinct 
wavelengths at which a sample absorbs infrared 
radiation, enabling the identification of the sample's 
functional groups. FTIR was employed to 
characterize the chemical composition of the 

prepared specimens and investigate any chemical 
interaction using instrument type (IR Affinity-1, 
Japan) with spectra range 400-4000 cm-1.Using a 
mortar and pestle, a small amount of the epoxy 
compositions was ground into an extremely fine 
powder, the sample was then transferred to 
potassium bromide (KBr) discs. The two discs were 
pressed together to create a film, plate holders 
were used to support the disc in the spectrometer 
and snugly fitted into spectrometer and fitted 
directly into the path of the infrared radiation. 
Finally, FTIR spectrum was presented in a diagram 
between the transmittance intensity (T%) and 
wavelengths (cm-1). 

2.2.2. Differential Scanning Calorimetry (DSC) 

DSC analysis is a powerful thermo-analytic 
technique that provides valuable information 
aboutthermal behaviour and properties of 
materials. It provides quantitative measurement of 
heat flow associated with phase transitions and 
chemical reactions in the sample such as glass 
transition temperature (Tg) and curing process. A 
small sample (10 mg) was placed in a closed 
crucible, then the crucible was inserted into a 
temperature-controlled cell along with an empty 
reference crucible. The sample underwent a 
controlled heating, and the heat flow was 
monitored and analysed. DSC test was done using 
the SH1MADZ-4 DSC-60 device. The operating 
conditions were: 25- 250 ⁰C temperature range 
with10 ⁰C/min heating rate under argon gas 
environment. 

2.2.3 Scanning Electron Microscope (SEM)  

The American SEM device, FEI model, was 
employed to investigate the microstructure of 
coatings and the fracture surface of tensile 
specimens. The epoxy samples must be coated 
with ultrathin gold layer to be conductive.  

2.2.4. Tensile test 

The WDW-5E electronic universal testing 
machine was used for tensile strength test, using a 
5 N load cell and a 5 mm/min cross headon ASTM 
D-638-14 [15]. Figure 1 shows the test process and 
specimen dimensions. The sample was firmly 
clamped by the machine grips to prevent any 
slippage during the test then the sample was 
subjected to a gradually increased axial force until 
rapture. The applied load and the corresponding 
deformation were continuously recorded to get the 
stress-strain curve [16]. The values of stress, 
strain, and modulus of elasticity were calculated 
according to the following equations:  

σ = P/A (1)  

ɛ = ΔL/L  (2) 

E = σ2−σ1 / ɛ2−ɛ1  (3) 
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Where: σ: tensile strength (MPa), P: applied 
load (N), A: cross-sectional area (mm2 ), E: 
modulus of elasticity (MPa). 

  

           a)                                           b) 

Figure 1.  a) tensile strength test, b) specimen 
dimensions 

2.2.5. Hardness test  

A hardness test measures a material's 
resistance to indentation. The device is made-up of 
instrument with a calibrated and an indenting 
probe. The probe with conical-shaped tip is made 
of hardened steel or carbide. By perpendicular 
pressing the durometer probe on to the specimen 
surface, the device measures the depth of 
interpenetrating trace to get the value of hardness 
ranging from 0 to 100. A Shore D durometer 
instrument (TIME 5431 model, China) was used to 
test cylindrical specimens with at least 3 mm 
thickness, following ASTM (D2240) standards [17]. 
The surface of each specimen was tested six 
times, with the final hardness being an average of 
the results. 

2.2.6. Fracture toughness test 

A single edge-notched three-point bending test 

(SENB) was conducted on V-shaped notch bars of 

53 mm long, 9 mm wide, 8 mm thickness with 36 

mm support span length and 10 mm/min loading 

rate, using a universal testing machine type 

(WDW/5E) at 5 KN, following the ASTM D5045-14 

procedure. Three accurate measurements were 

taken to confirm data dependability, and critical 

stress intensity factors (KIC) were analysed. 

    

                         (a)                                   ( b) 

Figure 2. a) The process of creating incisions within 
SENB fracture toughness specimen, (b) SENB 

specimen 

Before testing, the specimens should be pre-
cracked at the tip of v-sectionand the so called " 
sharp crack introduced by the razor" was created 
by applying a weight with hand force on the razor 
at the tip of v-section as shown in figure 2. Finally, 
the stress intensity (KIC) was calculated by Eq.4: 

𝐾𝐼𝐶 =
𝑃

𝐵 √𝑊
 𝑓(

𝑎

𝑊
 )   (4)  

 

𝑓 (
𝑎

𝑤
)=

 (2+ 
𝑎

𝑤
 ) {0.886 + 4.64 (

𝑎

𝑤
) − 13.32 (

𝑎

𝑤
)2 + 14.72 (

𝑎

𝑤
)3 − 5.6(

𝑎

𝑤
)4 }

(1 − 
𝑎

𝑤
)3/2

   (5) 

Where: KIC: fracture toughness (Stress Intensity 
Factor in Mode I) (MPa · m1/2), P: maximum load 
(N), B: thickness of the specimen (mm), W: width of 
thespecimen (mm), a: crack length (mm) and 𝑓 
(a/w): shape factor. 

 2.2.7. Impact test  

The WP 400 model, a German machine from 
HAMBURG, was used to test the impact strength of 
specimens using the Charpy test method basing on 
ISO 179. A rectangular bar was horizontally 
supported by two anvils then the pendulum of the 
machine test was released to a highest height and 
free felled to hit the specimen causing fracture.  
Then the energy absorbed by the specimen during 
fracture was measured.The impact strength (acU) 
was determined by calculating the necessary 

energy for fracture using a formula on an 
unnotched specimen (Eq. 6). Figure 3 shows the 
dimensions of specimen required for impact test. 

𝑎𝑐𝑈 =  
𝑊𝐵

𝑏ℎ 
 ∗  103 (6) 

Where: acU: impact strength (J/mm2), h: 
thickness (mm), b: width (mm), WB: energy at 
break (joule).  

 

Figure 3. The dimensions of specimen required for 
impact test 
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2.2.8. Wear test 

Using a pin-on-disk device, ASTM G99-17 
describes the test method outlines of laboratory 
process for assessing material wear during sliding 
[18]. Wear test was accomplished utilizing a pin-on-
disc machine (U.S.A. MT4003, version 10) where 
under a load of 15N, a disc of epoxy specimen (40 
mm diameter and 4mm thickness) was rotated in a 
circular path with 250 rpm speed, sliding distance 
of approximately 235 m for 30 minutes on a 

stationary steel pin (6 mm diameter, HRC 56 
hardness and 3.2 surface roughness) as shown in 
figure 4. Wear rate was calculated by Eq. 7.  

Wear rate% = ( 
∆𝑤

𝑤°
 )*100       (7)  

Where:  

∆𝑤  : weight difference of a specimen before 
and after wear test (g).  

𝑤° : weight of a specimen before wear test(g). 

 

 

 

Fig.4:  a) pin-on-disc wear test, b) EP+SS samples 

2.2.9. Contact angle test 

Microliter-sized droplets are applied to a 
sample surface in order to determine the contact 
angle (C.A.). A surface's wettability is determined 
by the contact angle, which is the angle produced 
at the droplet's boundary. Additionally, contact 
angle measurement can provide a useful 
information about surface free energy, surface 
tension, and work of adhesion. C.A of neat epoxy 
coating (EP) and that of epoxy-ethanol disulfide 
coatings (EP+SS) on steel surfaces was measured. 
Additionally, C.A between water droplet and those 
coatings was measured.  Vino for contact angle 
meter, China, device was used. 

2.2.10. Pull-off strength test  

A typical technique for evaluating coating and 
adhesive quality is the pull-off test, which involves 
gluing a dolly to a substrate (metal), as illustrated 

by ASTM D-4541. Next, by drawing perpendicular 
to the surface, the dolly and the adhesive or 
coating are removed from the substrate then the 
required force to pull-off the coating from the 
substrate surface divided by the contact area 
represents the pull-off strength (adhesion strength) 
of coating. The surface of a steel screws with a 
diameter of 17 mm was prepared by grinding and 
cleaning well with acetone to adhere well to the 
coating layer. A sufficient vertical pulling force was 
applied to remove the coating layer from the 
surface of steel substrate using the tension device 
(WDW-5E electronic universal testing machine), 
then the adhesion force was calculated. Figure 5 
shows the test technique.    

Adhesion strength = 
𝑓 

𝑐𝑜𝑛𝑡𝑎𝑐𝑡 𝑎𝑟𝑒𝑎 
       (8) 

Where:  f: pulling force (KN). 
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Contact is the contact area between dolly 
surface and coating layer (227 mm2).  

The adhesion strength and percentage 
improvement of adhesion strength were calculated 
according to Eq. 8 and 9, respectively. 

𝐼𝑚𝑝𝑟𝑜𝑣𝑒𝑚𝑒𝑛𝑡% =  (
𝑆𝑚−𝑆 0

𝑆 0
) ∗ 100      (9) 

Where: Sm 
:adhesion strength of modified epoxy (MPa) and S0: 
adhesion strength of neat epoxy (MPa).   

 

Figure 5. the pull-off test 

3. RESULTS AND DISCUSSION 

3.1. Fourier-Transform Infrared Spectroscopy 
(FTIR)   

From analysing FTIR spectrum (Figure 6: a), it 
is clear that a complete curing of epoxy was 
satisfied by disappearance of peak at 910 cm-1, 
which corresponded to C-O stretching in oxirane 
ring and 3056 cm-1 for C-H stretching of the oxirane 
ring, that served as a sign that the curing process 
was finished [13]. Additionally, FTIR spectroscopy 
was used to characterise all EP+SS with varying 
ethanol disulfide concentrations. Comparing with 
the spectrum of the reference sample (neat epoxy), 
we notice the emergence of a peak at 509 cm-1 for 

the epoxy samples modified with the addition of 
ethanol disulfide. This may indicate the 
incorporation of the S-S bond into epoxy structure 
[19]. Furthermore, it is possible to conclude that 
increasing the intensity of FTIR peaks for EP+SS 
samples represents an increment of functional 
groups or interaction between the functional 
groups.   

The additives should have at least two 

functional groups, that can operate as affective 

nucleophiles, e.g., amines, alcohols, carboxylic 

acids and so on. 2-hydroxyethyldisulfide(ethanol 

disulfide) has two functional sites, or reaction sites, 

at the OH group as illustrated in Figure 6b. 

 a) 

b) 

Figure 6. a) FTIR spectrum, b) chemical structure of 2-hydroxyethyldisulfide 
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3.2. Differential Scanning Calorimeter (DSC) 

The polymer network's cross-linking density 

rises in tandem with the degree of cure, limiting 

molecular mobility and thus increasing the 

measured Tg. From analysing the results of DSC 

test, it is found that a high regression of Tg values 

of EP+SS compared to neat epoxy (see Table 1). 

Table 1. DSC thermograms for the neat epoxy and 
EP+SS. 

Sample 0 0.5 1.5 2.5 3.5 

Tg (⁰C) 80 65.5 63.4 64 63.6 

 

3.3. Mechanical Properties 

Figure 7 shows the change of the epoxy 
mechanical properties when different percentages 
of ethanol disulfide were added to it. It is clear that 
a regression of tensile and hardness properties has 
been occurred, whereas a raising of toughness 
properties has been occurred. It is found that as 
ethanol disulfide content increases up to 3.5%, the 
tensile strength of epoxy decreases by about 26%.  
The percentage elongation of neat epoxy reaches 
to 2%, whereas it reaches to 22% at 3.5 wt.% of 
ethanol disulfide adding. Epoxy hardness 
decreases by about 19 to 45% when 0.5% to 3.5% 
of ethanol disulfide were added to epoxy resin.  

 

Figure 7. The principle mechanical properties of epoxy containing ethanol disulfide: a) tensile strength, b) 
percentage elongation at break, c) shore D hardness, d) impact strength and e) SENB 

 

The primary disadvantage of cured epoxy is its 
extreme brittleness, which demonstrates low 
fracture toughness or low resistance to crack 

initiation and propagation. Epoxy using in various 
industries needing high fracture strengths, 
including matrix resins for composites, has been 
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restricted due to their intrinsic brittleness. 
Therefore, ethanol disulfide is used as modifier to 
improve toughness property of epoxy.  

For neat epoxy, the values of impact resistance 
and KICare found as ∼449.7 J/m2and ∼0.234 
MPa.m1/2, respectively. For EP+SS containing a 
3.5 wt.% of ethanol disulfide, the impact strength 
and KIC are satisfied a maximum value reaching 
about 857.8 J/m2 and 0.409 MPa.m1/2 that are 91% 
and 75% higher than that of neat epoxy, 
respectively. 

From the above results, the plasticizing effect 

of adding ethanol disulfide to epoxy resin is clear. 

As mentioned in paragraph regarding the results of 

DSC test, adding ethanol disulfide to the epoxy 

leads to a decrease in Tg values. This means that 

the structure becomes more flexible. Ethanol 

disulfide has no steric hindrance in the epoxy 

structure because it doesn’t have aromatic or bulk 

groups. The material becomes less brittle as it 

softens, making it less susceptible to flaws or 

defects. The improved ductility is probably caused 

by the crack tip reducing before the crack 

propagates so this enhances the fracture strength 

and toughness of epoxy modified by ethanol 

disulfide adding. Additionally, disulfide bonds (S-S) 

undergoes reversible cleavage and reformation 

processes under mechanical shear leading to 

dynamic flexible structure [13,20]. 

Furthermore, SEM microscopic photo (figure 8) 

study approves the plasticising effect of adding 

ethanol disulfde on the mechanical behaviour of 

EP+SS system. 

 

Figure 8. Micrographs from SEM of fracture surface of tensile specimens of: a) neat epoxy, 
b) 0.5%, c) 1.5%, d) 2.5% EP+SS 

 

3.4. Pull-Off Adhesion Strength 

The effect of adding ethanol disulfide 

compound, at various weight percentages, on the 

adhesion strength between epoxy coating and steel 

substrate was estimated by pull-off test. The results 

are summarised in Table 2 and Figure 9. 

The wettability between epoxy coating layer 
and steel surface was evaluated basing on the 
values of free surface energy (SFE), contact angle 
(CA) and work of adhesion from the test of CA. 
From Figures 10 and 11 and Table 3, it is clear that 
CA values decrease, but the work of adhesion 
increases leading to enhanced wettability. 
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Table 2. the summarised results from pull-off test 
for neat epoxy and the modified epoxy 
coatings 

Ethanol disulfide 
content (wt.%) 

Adhesion 
strength (MPa) 

Improve
ment% 

0 3.3 - 

0.5 8.3 152 

1.5 7.66 133 

2.5 7.44 127 

3.5 6.16 88 

Table 3. the value of CA, surface free energy (SFE) 
and work adhesion (WA) from contact 
angle test 

SS,% CA,(⁰) SFE, (mJ/m2) WA,(mJ/m2)2 

0 47.7 55 121.6 

0.5 54.1 51.34 115.4 

1.5 39.7 59.45 128.66 

2.5 45.9 56.06 123.3 

3.5 39.6 59.54 128.7 

 

 

Figure 9. The graphical representation illustrates the correlation between the adhesive strength and the 
concentration of ethanol disulfide within the epoxy-based protective coating 

 

Figure 10. A chart represents the values of CA, surface free energy (SFE) and adhesion work from 
contact angle test according to content of ethanol disulfide within epoxy coating 

 

From the obtained results, it is clear that an 

improvement of adhesion strength of epoxy coating 

is satisfied by incorporating ethanol disulfide into 

epoxy resin reaching a superior value. Adhesion 

failure mode, as shown in Figures 12 and 13, is 

glue-failure where failure occurs at glue-coating 

interface, at the same time there is no adhesion 

failure at coating-substrate interface. Epoxy resins 

inherently generate strong covalent bonds due to  

its hydroxyl groups [21]. The epoxy formulations 

containing a compound containing disulfide bonds 

show enhancedand superior adhesion to the metal 

surface due to the disulfide bonds which may 

experience reversible cleavage and reformation 

during the epoxy curing process. As a result, more 

covalent connections can be formed by the 

disulfide groups across the coating-substrate 

interface.  
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a) 0 %                                                          b) 0.5%  

          

c) 1.5%                                                       d) 2.5%  

 

e) 3.5% 

Figure11. measurements of contact angle between the modified epoxy micro-droplet and steel surface 

 

Figure 12. Diagram illustrates failure mode of coating 
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Figure13. photographic pictures for pull-off test specimens: a) 0.5%, b) 1.5%, 2.5% and 3.5% ethanol 
disulfide containing epoxy coatings 

3.5. Wear Properties 

Coefficient of friction (COF), wear rate, and 
plasticity index for neat EP and disulfide containing 
epoxy are planned in Figure 14 and presented in 
Table 4. Comparison to neat epoxy, the coefficient 
of friction of disulfide containing epoxy (EP+SS) 
highly decreases reaching about 89% when 

ethanol disulfide content increased up to 2.5 wt.%. 
Concurrently, as the percentage of ethanol 
disulphide increases, the rate of wear reduces. The 
wear rate decreased by 76% compared to the wear 
rate of pure epoxy. This means a significant 
improvement in the wear resistance of the epoxy 
as a result of adding ethanol disulfideto it. 

Table 4. The data pertains to the wear rate, coefficient of friction, and plasticity index for the EP+SS coatings 

Sample Wear rate Improvement% Coefficient of friction Improvement% Plasticity index 

0  0.037 - 0.56 - 4.519 

0.5  0.01 62 0.54 4 3.859 

1.5 0.014 73 0.27 52 2.916 

2.5 0.01 76 0.06 89 3.578 

3.5 0.009 76 0.12 79 4.177 

 

Because the contacting surfaces' asperities are 
being removed, there is a noticeable rise in the 
coefficient of friction during the wear process' early 
stages. As test progresses, wear track is formed so 
decreasing COF. We note that the plasticity index 
(E/H) of EP+SS is lower than that for neat epoxy, 
and as previously mentioned in the study of the 
effect of adding ethanol disulfide to epoxy on 
mechanical properties, the effect of ethanol 
disulfide as a plasticizer increases the flexibility and 

toughness of the epoxy structure, thus the 
resistance to the growth of micro-cracks increases. 
This enhances material resistance to removal from 
contacting surfaces. To support this interpretation, 
we note from SEM microscopic graphs of wear 
truck in figure 15 that wear truck is blurred and 
invisible compared to that for neat epoxy. It is also 
believed that a continuous thin lubricating film 
forms between the rubbing surfaces, isolating them 
from each other and reducing direct contact 

a 

c d 

b 
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between the surfaces, thus reducing the friction 
coefficient and  wear rate. 

It is believed that the disulfide bonds absorb 
the heat resulting from friction because they are 
dynamic bonds that are affected by heat, so these 

bonds cleavage and reorganize themself, thus 
enhancing the cohesion and integrity of the 
structure resulting in enhancing resistance for 
material removal at contact area.  

 

Figure 14. the changes of (a) Coefficient of friction (COF), (b) rate of wear, and (c) plasticity index as a 
function of ethanol disulfide content in epoxy resin 

  a)         b) 

Figure 15. SEM micrographs of wear track of: a) neat and b) EP+SS coatings 
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4. CONCLUSIONS 

Adding ethanol disulfide to epoxy resin has 
significant effects on epoxy properties. DSC 
analysing results show that a high regression of Tg 
values of EP+SS compared to neat epoxy.The 
tensile strength of epoxy decreases by about 26% 
whereas percentage elongation reaches to 22% at 
3.5 wt.% of ethanol disulfide adding and the impact 
strength and KIC are satisfied at a maximum value 
reaching about 857.8 J/m2 and 0.409 MPa.m1/2 that 
are 91% and 75% higher than that of neat epoxy, 
respectively. Additionally, hardness decreases by 
about 45%. This indicates improved epoxy 
toughness and reducingbrittleness with increasing 
the percentage of the additive. Adding ethanol 
disulfide to epoxy enhanced the modified epoxy's 
wear resistance of the modified epoxy, where the 
friction coefficient wasreduced by 89% and wear 
ratereduced by 76% for 2.5 wt.% of ethanol 
disulfide adding. Pull-off strength highly increased 
and glue-failure mode occurred. Finally, A tough 
superior adhesive epoxy coating layer was 
synthesised by incorporation of the ethanol 
disulfide compound. Using ethanol disulfide for 
improving the adhesion, wear and mechanical 
properties of the epoxy coating represents an 
excellent alternative compound compared to the 
very expensive amino phenyl disulfide compound.  
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IZVOD 

DISULFIDNE VEZE MODIFIKOVANE EPOKSIDNE SMOLE: MEHANIČKA, 
ADHEZIJA I SVOJSTVA HABANJA 

Epoksid zauzima važno mesto u mnogim inženjerskim primenama, pa je neophodno poboljšati 
njegova svojstva kao što su čvrstoća prijanjanja, otpornost na habanje i žilavost. U ovoj studiji, 
epoksid je modifikovan ugradnjom disulfidnih veza. Sloj prevlake je pripremljen dodavanjem etanol 
disulfideto epoksidne smole u različitim težinskim procentima: 0,5, 1,5, 2,5 i 3,5 tež.%. Infracrvena 
spektroskopija sa Furijeovom transformacijom je korišćena za istraživanje bilo kakve hemijske 
interakcije. Analiza diferencijalne skenirajuće kolometrije (DSC) pruža vredne informacije o 
termičkom ponašanju pripremljenog epoksidnog premaza.  Ispitivana je zatezna, tvrdoća, udarna 
žilavost, žilavost loma i svojstva adhezije. Ponašanje pri habanju je ispitano pomoću pin-on-disc 
uređaja. Rezultati pokazuju da epoksid koji sadrži disulfidne veze (EP+SS) nudi odličnu otpornost 
na udar sa dobrom otpornošću na lom u poređenju sa čistim epoksidom. Pored toga, rezultati 
ispitivanja kontaktnog ugla pokazuju poboljšanje vlaženja između modifikovanog sloja epoksidnog 
premaza i čelične podloge. Čvrstoća adhezije epoksidnog sloja je poboljšana ugradnjom etanol 
disulfida u epoksidnu smolu koja dostiže superiornu vrednost. U poređenju sa čistim epoksidom, 
koeficijent trenja (EP+SS) je veoma smanjen i dostigao je oko 89%, a stopa habanja je smanjena 
za 76% kako se povećava procenat dodatog etanol disulfida. 
Čvrsti superiorni adhezivni sloj epoksidnog premaza sintetizovan je ugradnjom jedinjenja etanol 
disulfida u epoksidnu smolu.  
Ključne reči: disulfid, epoksid, habanje, adhezija, dinamičke veze. 
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MXenes: Synthesis, properties, and applications in advanced 
energy storage technologies 

ABSTRACT 

MXenes have emerged as highly promising materials in the field of advanced energy storage 
technologies, owing to their distinctive properties and versatile applications. This review offers a 
comprehensive analysis of MXenes, focusing on their synthesis methods, fundamental properties, 
and applications in rechargeable batteries and supercapacitors. In response to increasing global 
energy demands, MXenes present compelling solutions due to their exceptional electrical and 
electrochemical characteristics. These include high conductivity, large surface area, hydrophilicity, 
and a unique two-dimensional structure comprising metal carbides, nitrides, and carbonitrides. 
Additionally, this review incorporates a detailed bibliometric analysis using computational tools 
such as VOSviewer, which examines the global landscape of MXene research spanning from 
2012 to 2024. This analysis identifies collaborative trends among different countries, institutions, 
authors, and journals, highlighting leading research areas. Overall, this review underscores the 
significant potential of MXenes in advancing energy storage technologies. It provides insights into 
future research directions and practical applications that could effectively meet the growing energy 
demands driven by electric vehicles and portable electronics. 
Keywords:MXene, 2D materials,energy storage, supercapacitor, bibliometric analysis 

 

1. INTRODUCTION 

The reliance on fossil fuels for energy 

production presents significant challenges to the 

global economy and environment [1]. The depletion 

of these resources and the effects of climate 

change are pressing issues for modern society. To 

meet the growing energy demand sustainably, it is 

essential to develop efficient and affordable energy 

production and storage technologies. Unlike geo-

thermal energy, which is limited to specific loca-

tions, tidal and wave energy sources offer more 

consistent and abundant resources due to their 

steady flow [2.3]. However, the collection and 

transmission of this energy remain major obstacles. 

Renewable sources like wind and solar energy are 

often inconsistent, making energy storage crucial 

for capturing and utilizing excess power. Resear-

chers are therefore focusing on developing advan-

ced energy storage systems with high capacity and 

superior cyclic performance. Supercapacitors and 
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high-density batteries are expected to be pivotal in 
powering portable electronics such as smart-
phones, tablets, laptops, and hybrid vehicles [4,5]. 
Recently, two-dimensional (2D) materials have 
garnered significant research interest due to their 
exceptional electrical properties compared to bulk 
materials [6]. While graphene has been extensively 
studied for its mechanical stability and high 
conductivity, other 2D materials like transition metal 
dichalcogenides (TMDs), hexagonal boron nitride, 
and metal oxides are also being investigated for 
their potential in flexible electronics and energy 
storage applications [7-10]. 

MXenes, a novel class of 2D materials 
composed of early transition metal carbides and/or 
nitrides, were first identified about a decade ago at 
Drexel University [11-13]. Fig. 1(a) shows the 
periodic table with MAX phases and MXene 
compositions [14]. These materials are notable for 
their versatile properties, including metal-like 
conductivity, high mechanical strength, and 
hydrophilicity, which stem from their surface-
terminated functional. MXenes are produced by 
chemically etching the A element from their 3D 
MAX phase precursorsas depicted in Fig. 1(b), 
where M-X bonds are much stronger than M-A 

https://doi.org/10.62638/ZasMat1216
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bonds.Fig. 1(c) displays the three atomic structures 
of MXenes—M2X, M3X2, and M4X3—demonstrating 
their potential for a wide range of applications. 
Their distinctive properties underscore their 
significant potential across various fields [14-18]. 

A bibliometric assessment of such promising 
2D materials serves as a reference for identifying 
their uniqueness and potential for future develop-
ments and can act as a guiding resource in the 
evolution of research on trending 
materials[19].Bibliometricstudies employ statistical 

techniques to evaluate sources including books, 
papers, and other publications. Bibliometric 
software was used to analyse individual 
performance and visualise publications using 
information such as titles, dates, authors, 
addresses, and references.VOSviewer software 
has potential to create and visualise organisations, 
nations, authors, keywords, journals; including 
bibliographic coupling, co-citation, and co-
authorship relationships. 

 

Figure 1. (a) Periodic table showing MAX phases and MXene compositions. (b) Schematic of etching MAX 
phases to produce three types of MXenes: M2X, M3X2, and M4X3. (c) Timeline of advancements in MXene 

synthesis. (a-c) (Reprinted with permission from Ref. [14].Biosensors, © 2023 MDPI). 

 

Despite significant progress in MXene-based 
energy storage research, a comprehensive 

scientometric study has been lacking. To fill this 
gap, this review utilizes VOSviewer software to 
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perform an in-depth scientometric analysis of the 
field. The analysis examines data from diverse 
sources—such as countries, organizations, and 
authors—to uncover key research trends and focus 
areas. The review provides a thorough overview of 
MXenes, including their synthesis, properties, and 
applications in supercapacitors and rechargeable 
batteries. With their exceptional electrical and 
physical properties, such as high conductivity and 
large surface area, MXenes offer promising 
solutions for addressing the increasing global 
energy needs. The bibliometric analysis spans 
research from 2012 to 2024, revealing 
collaboration patterns and leading research 
themes. This review highlights MXenes' potential to 
advance energy storage technologies and 
suggests future research directions and practical 
applications to support the development of electric 
vehicles and portable electronics. 

2. SYNTHESIS OF MXENES 

MXenes are generally derived from their parent 

MAX phases, which have the formula Mn+1AXn 

(where M is an early transition metal, A is an A-

group element, and X is either carbon or 

nitrogen)[20]. The main synthesis methods for 

MXenes includes: 

2.1. Hydrofluoric acid (HF) etching 

The most common technique involves treating 
the MAX phase with hydrofluoric acid (HF) to 
selectively remove the A layer. The MAX structure 
has interconnected "A" layers. MXenes are 
produced by etching Al from the MAX phases, 
which are typically easy to handle and store (Fig. 
2(a-c)).Forinstance, etching Ti3AlC2 with HF results 
in Ti3C2TxMXene. To perform HF etching, the MAX 
phase is added to a hydrofluoric acid solution and 
continuously stirred. The resulting suspension is 
then repeatedly washed with deionized water until 
the black supernatant remains stable after 
centrifugation (Fig. (2d)). Finally, the sediment is 
dissolved in deionized water and sonicated for an 
hour[21].SEM images reveal the structure of 
Ti3AlC2 (MAX) powder Fig.(2e) and the 
multilayered morphology of Ti3C2Tx after etching 
Fig.(2f). Additionally, MXene flakes derived from a 
colloidal solution of MILD-Ti3C2Tx are also shown in 
Fig.(2g). A recent study found that low HF 
concentration leaves A-layer atoms unetched, 
while high HF concentration destroys or dissolves 
the MAX phase. Due to the toxicity and 
corrosiveness of HF, researchers are exploring 
alternative MXene synthesis methods [22]. 

2.2. In-situ HFetching  

To eliminate the need for direct handling of HF, 
a combination of a fluoride salt (such as LiF) and 

hydrochloric acid (HCl) is used to generate HF in 
situ. This method enhances safety and provides 
better control over the etching process. Fig. 2(h) 
illustrates the synthesis of Ti3CNTxMXene, which 
was achieved by selectively etching the Ti3AlCN 
MAX phase using aHCl and LiF etching process. 
Following the etching process, the aluminum layers 
were successfully removed, resulting in a 
multilayered, accordion-like Ti3CNTx structure, as 
shown in the SEM image (Fig.2i) [23]. In earlier 
research, a one-step etching and intercalation 
method was employed, utilizing MXene's affinity for 
cations. Ti3AlC2was gradually added to HCl mixed 
with LiF and stirred at 40°C for 45 hours. The 
precipitate was washed, centrifuged to increase its 
pH, yielding a monolayer of MXene. This clay paste 
can be molded for electrodes and 
supercapacitors[24]. Additionally, HCl and KF were 
used to etch the MAX phase of Ti2AlN, allowing K+ 
and H2O to intercalate the Ti2Nnanosheets, 
resulting in well-spaced and uniform Ti2NMXene. 
This one-step process is simpler, gentler, and safer 
for obtaining monolayer MXenes[25]. 

2.3. Molten Salt Method 

In this method, the MAX phase is etched with 
molten salts such as ZnCl₂ at elevated tempera-
tures. This approach produces MXenes with fewer 
defects and enhanced crystallinity. The process is 
highly efficient, typically finishing within half an 
hour. However, the need for high temperatures can 
be a disadvantage[26]. Recently, large batches of 
Ti3C2TxMXene (20 g and 60 g) were synthesized 
from its MAX phase using a Lewis acid molten 
CuCl2/NaCl/KCl mixture at 700°C in a muffle 
furnace under acn air atmosphere [27]. 

2.4. Electrochemical Etching 

This approach uses an electric current in a 

fluoride-containing electrolyte to precisely control 

the etching process. Recently, electrochemical 

etching has emerged as a key method for 

producing MXene from the MAX phase by 

selectively removing nanolaminate contents like 

carbide-derived carbon (CDC) and carbon/sulfur. In 

Ti3AlC2, applying a constant potential allows 

chloride ions (Cl−) to bind with Al, breaking Ti–Al 

bonds and forming AlCl3, which opens grain 

boundaries for Cl− penetration and other species 

intercalation. However, protective CDC layers limit 

large-scale production. Using intercalants like 

tetramethyl ammonium ion can help, but their 

toxicity is a concern. To address this, thermally 

assisted electrochemical etching has been 

proposed[28]. This method is used to synthesize 

MXenes such as Ti2CTx, Cr2CTx, and V2CTxin HCl 

electrolyte, offering an environmentally friendly 

approach[29]. 
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2.5. Chemical Vapor Deposition (CVD)  

Chemical Vapor Deposition (CVD) is a novel 
technique for synthesizing MXenes, offering 
precise control over their composition and 
thickness. This involves introducing volatile 
precursors into a reaction chamber, where they 
decompose or react on a substrate to form MXene 
structures [30]. CVD produces high-quality, uniform 
MXene films with excellent crystallinity and minimal 
defects. The properties of MXenes can be finely 
tuned by adjusting parameters like temperature, 
pressure, and precursor flow rates, making CVD 
ideal for developing advanced MXenes for 
electronics and energy storage. Recently, α-Mo2C 

was prepared by CVD from methane over a bi-
layer copper foil substrate on molybdenum foil. 
CVD is effective for fabricating monolayer carbides 
and transition metal nitrides, producing MXenes 
with greater crystallinity than those made by 
etching. It also allows for the creation of MXene 
heterostructures and various stoichiometries[31]. 
The template method is another approach for 
preparing MXenes, yielding larger quantities. For 
instance, N-doped Mo2C sheets were prepared 
using MoO2 as a template, achieving perfect 
crystallinity and morphology by calciningMoO2 at 
700°C with dicyandiamide, introducing C and N 
atoms to form N-doped Mo2C sheets [32]. 

 

Figure 2. Exfoliation of Ti3AlC2: a) Ti3AlC2structure, b) OH replacing Al after HF reaction, c) Nanosheets 
separating after sonication. (a-c)(Reprinted with permission from Ref. [70]Advanced materials, Copyright 
© 2011, Wiley-VCH);(d) MILD-Ti3C2Txpowder post first and eighth wash cycles; SEM images show (a) 
Ti3AlC2 (MAX) powder with a compact layered structure and (b) multilayered Ti3C2Tx; (g) MXene flakes 

obtained from a colloidal solution of MILD- Ti3C2Tx. (d-g)(Reprinted with permission from Ref.[71] 
Chemistry of Materials, © 2017 American Chemical Society); (h) Ti3CNTxMXene synthesis diagram (i) 

Accordion-like Ti3CNTx layers. (h-i)(Reprinted with permission from Ref.[23]. Applied Materials & 
Interfaces, © 2023 American Chemical Society). 

 

3. PROPERTIES 

MXenes are two-dimensional materials known 
for their exceptional properties, making them highly 
versatile for various applications. They exhibit 
metallic-level electrical conductivity, high 
mechanical strength, flexibility, and excellent 

thermal conductivity. Their hydrophilic surfaces can 
be functionalized with different attributes chemical 
groups, enhancing their adaptability. These make 
MXenes ideal for energy storage devices, sensors, 
electromagnetic interference shielding, and 
catalysis. Fig. 3(a) illustrates a summary of 
MXeneproperties[33]. 
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Figure 3. Overview of MXene properties (Reprinted with permission from Ref. [33]; (a) Energy & 
Environmental materials, Copyright © 2019, Wiley-VCH) (b) Overview of the factors influencing the 

electrochemical performance of MXene anodes. (b) (Reprinted with permission from Ref. [52].  
Journal of Energy Storage, Copyright © 2022, Elsevier). 

 

3.1. Surface termination 

Density functional theory (DFT) indicates that 
MXenes are completely terminated with functional 
groups, with strong negative energy reflecting a 
robust bond to transition metals. MXenes produced 
by etching MAX phases in fluoride-containing acids 
feature –OH, –F, and –O– groups. Research also 
found significant energy for –Cl and –S groups. 
Fluoride-free synthesis of Ti3C2 was achieved via 
anodic corrosion of Ti3AlC2. Functional groups can 
attach in three ways: on top of metals, in hollow 
sites on top, and in hollow sites within stacked X 
layers. Bond lengths for Ti–H, Ti–O, and Ti–F are 
0.97, 1.9, and 2.1 Å, respectively, with –O– 
termination showing the highest adsorption energy 
of 7.7 eV. Synthesizing MXenes without termina-
tions remains challenging despite various methods. 
Techniques like X-ray photoelectron spectroscopy, 
NMR, Raman spectroscopy, surface acoustic 
probing, and neutron scattering are used to 
examine MXene surface terminations. 

3.2. Conductivity of MXene 

MXenes exhibit exceptional electrical condu-
ctivity, surpassing all synthetic 2D materials and 
being about ten times higher than reduced 
graphene oxide (rGO). Their conductivity, ranging 
from 1 to 15,000 S cm−1, can be tailored by 
adjusting synthesis methods, post-etching 
conditions, ultrasonication, storage environments, 
and surface chemistry [34]. Understanding these 
factors is essential for producing high-conductivity 
MXene materials. MXenes' electrical conductivity 

can be improved by modifying their surface 
functional groups or elemental composition [35]. 
The electrical conductivity of functional group-
terminated MXenesTi3C2Tx exhibit metal-like pro-
perties and electrical conductivities as large as 
4600 S cm-1[36].  

3.3. Optical properties of MXenes 

Excellent candidates for optical devices include 
2D materials and their heterostructures. 
Additionally, they offer a great platform to improve 
light-matter interactions due to their efficient 
integration with nanophotonic structures and 
inherent polaritonic resonances [37]. First-
principles density functional theory has been used 
in the study of optical properties of Ti3C2MXene. 
The outcomes demonstrate the significant impact 
of surface functionalization affecting the optical 
characteristics of MXene[38]. By varying the types 
and ratios of surface functional groups, MXenes' 
optical characteristics can be changed. The 
thickness, size, and modification process of 
MXenes all have a significant impact on the 
amount of UV-Visible light they absorb. Light 
transmittance of 5 nm Ti3C2TxMXene films 
achieved 91.2% in the 300–500 nm range; as 
the thickness of film increase to 70 nm, light 
transmittance decreased to 43.8% [39]. Other 
applications have been proven using MXenes' 
optical properties, including effective light to heat 
conversion, surface enhance Raman scattering 
(SERS) [40], plasmonic broadband absorber, and 
photonic diodes [41]. The optical properties of other 
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MXenes have not yet been researched; however, 
titanium carbide, Ti3C2Tx, has been the MXene that 
has been explored the most in the majority of these 
investigations. 

3.4. Magnetic Properties of MXenes 

MXenes exhibit a wide range of chemical and 
structural variations, making them highly promising 
for intrinsic 2D magnetism. The d-orbitals of 
transition metals in MXenes can occupy bonding 
(σ) or antibonding (σ*) states formed by M-X and 
M-T bonds. Typically, bonding states are filled and 
antibonding states remain empty, assuming 
minimal oxidation. The magnetic behavior is 
attributed to electrons in the nonbonding d-orbitals 
[42]. Khazaei et al. [43] were the first to predict 
ferromagnetic ground states in pure Cr2Cand 
Cr2NMXenes, which are particularly valuable for 
spintronics applications. While covalent M-X and 
M-T bonds generally lead to nonmagnetic ground 
states due to their strength, some studies have 
discovered intrinsic magnetism in both 
unfunctionalized and functionalized MXenes, 
including Ti2C and Ti2N [44]. MXenes are promising 
candidates for 2D magnetic materials that can 
operate in ambient conditions, offering significant 
magnetic anisotropy, intrinsic and controllable 
magnetic ordering, and thermal stability. Despite 
advancements in predicting the magnetic 
properties of MXenes, there remain many intriguing 
challenges and opportunities in this field[45]. 

4. ENERGY STORAGE APPLICATION 

MXenes, a family of two-dimensional transition 

metal carbides and nitrides, have attracted 

significant attention recently due to their 

exceptional electrical conductivity, high surface 

area, and customizable chemical properties [46–

48]. These unique attributes make MXenes highly 

suitable for various energy storage applications, 

including supercapacitors and batteries[49]. 

Compared to other materials like graphene, metal 

oxides, and conducting polymers, MXenes exhibit 

superior ion intercalation and diffusion capabilities, 

essential for high-per formance energy storage[50]. 

Their ability to intercalate various ions, combined 

with excellent mechanical flexibility and chemical 

stability, facilitates the development of high-

performance, durable energy storage devices[51]. 

Moreover, the versatile surface chemistry of 

MXenes allows for functionalization, further 

enhancing their electrochemical properties. Fig. 

3(b) illustrates various factors affecting the 

electrochemical performance of MXene anodes 

[52]. As research advances, MXenes are poised to 

revolutionize energy storage, providing sustainable 

and efficient solutions for future energy needs. 

4.1. Supercapacitor 

Supercapacitors offer high power output, rapid 
charging, and long cycle life [53]. They are mainly 
classified into Electrochemical Double-Layer 
Capacitors (EDLCs), which store energy through 
ion accumulation, and pseudocapacitors, which 
rely on reversible Faradaic reactions [54]. MXenes, 
known for their mechanical flexibility, high energy 
density, and excellent electrochemical 
performance, have become popular electrode 
materials [55]. Research on MXenes has surged, 
especially in 2021, with a focus on MXene-based 
composites such as conductive polymers, metal 
oxides, and carbon nanostructures. About 34-38% 
of these studies aim to improve cycle life, energy 
density, and oxidation resistance while addressing 
MXene stacking issues [56]. 

The energy storage performance of MXene-
based materials is influenced by various 
factors[55]. One key factor for supercapacitors is 
the sheet size of MXenes synthesized through the 
etching process. Larger MXene sheets are 
generally suitable as electrode materials; however, 
their longer etching times lead to lower capacitance 
values, typically between 10-20 Fg-1[57]. Smaller 
MXene sheets improve supercapacitor 
performance by providing more electrochemically 
active sites during charge-discharge cycles. 
However, the smaller size increases the risk of 
oxidation at the sheet edges [28]. A recent study 
explored how the size of Ti3C2MXene flakes affects 
supercapacitor performance. The flakes, produced 
via sonication and density gradient centrifugation, 
had lateral sizes from 0.1 to 5 μm. By employing 
centrifugation, they produced MXene sheets with 
various lateral sizes into monodisperse fractions. 
The best capacitance value, 290 Fg-1 at 2 mV/s, 
was achieved with MXene flakes approximately 1 
μm in size, demonstrating that lateral size 
significantly impacts performance [57]. 

The performance of supercapacitors depends 
on the electrolyte used. Electrolytes can be 
aqueous, organic, ionic, or solid [58]. Each type 
affects the potential window and overall 
performance. In acidic environments, MXene-
based materials exhibit higher pseudocapacitance, 
leading to greater volumetric capacitance. Sulfate-
based electrolytes like Na2SO4 and K2SO4promote 
EDLCbehavior, though they are less suitable for 
practical devices. Gel electrolytes such as 
PVA/Na2SO4 are often used but can suppress the 
voltage window and reduce electrochemical 
performance [59, 60]. Organic electrolytes, which 
dissolve well in solvents like acetonitrile, can 
improve the potential window but are costly, toxic, 
and flammable. Ionic electrolytes, such as EMI-
TFSI, enhance supercapacitor performance by 
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interacting with pores and adjusting interlayer 
spacing. Studies have shown that MXene interlayer 
spacing decreases under positive potential and 
increases under negative potential, influenced by 
the intercalation and deintercalation of ions  
[28,61]. A recent study showed clay-like 
Ti3C2TxMXenesupercapacitor electrodes in 
H2SO4achieved 245 Fg-1 at 2 mV/s and retained 
capacitance after 10,000 cycles at 10 A/g[62]. 

MXenes' rich chemistry and surface 
functionalization boost electrochemical activity but 
worsen self-discharge in supercapacitors. 
Researchers are focusing on MXene-based 

composites to enhance performance [34].Enhan-
cing capacitance and rate performance in flexible 
supercapacitors' carbon-based electrodes is vital. 
Ti3C2TxMXene/CNF electrodes were made via 
electrospinning and carbonization Fig.4(a-d). Fig. 
4(e) shows medium-sized MXene/CNF with a 
porous, network-like structure formed by nano-
scalefibers. Ti3C2TxMXene/CNF electrodes achie-
ved 90 Fg-1at 300 mV/s, 2.3 times larger than pure 
PAN-derived CNF. Fig.4(f) also showed 98% 
retention after 10,000 cycles and excellent 
flexibility. These MXene/CNF electrodes hold 
promise for flexible electronics [63]. 

 

Figure 4. (a) Electrospinning schematic, (b) and (c) show nanofibers post-spinning and carbonization with 
TEM insets, (d) flexible electrode wrapped around a glass rod; (e) Morphology of electrospun medium-

sized Ti3C2TxMXene/carbon nanofibers; (f) Cyclic stability. (a-f) (Reprinted with permission from Ref. [63]. 
Applied surface science, Copyright © 2021, Elsevier). 

 

Metal oxides are of great interest for their 
pseudocapacitive behavior and high performance. 
Nanocrystalline ε-MnO2 whiskers were synthesized 
on MXene surfaces to create nanocomposite 
electrodes for aqueous pseudocapacitors Fig. 5(a). 
A specific capacitance of 212 Fg-1 was achieved for 
the composite (Fig. 5b). These ε-MnO2/MXene 
supercapacitors showed ∼88% capacitance 
retention after 10,000 cycles (Fig. (5c)), leveraging 

MnO2's high capacitance and MXenes' conductivity 
and stability[64]. 

Furthermore, though conjugated polymers like 
polyaniline and polypyrrole are used in flexible 
supercapacitors for their high pseudocapacitance 
and flexibility, their structural instability limits 
practicality. A new approach combines PDT with 
MXene (Ti3C2Tx) to form a freestanding hybrid film, 
enhancing cycling performance (Fig. 5d). This 
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hybrid layer shows a dense, granular structure on 
Ti3C2Tx-FTO (Fig. 5e). The supercapacitor exhibits 
good charge-discharge symmetry (Fig. 5f) and 

flexibility, with 10,000 cycles of 0–90° bending (Fig. 
5g). PDT enhances charge transport and stability 
through strong bonds with Ti3C2Tx[65]. 

 

Figure 5. (a) MnO2/MXene composite synthesis schematic, (b) specific capacitances of MXene and metal 
oxide/MXenesupercapacitors at various current densities, (c) cycling performance of supercapacitors at 5 

A/g over 10,000 cycles. (a-c) (Reprinted with permission from Ref. [64]. Applied Materials & Interfaces, 
© 2016 American Chemical Society). (d) PDT/Ti3C2Tx film electrode fabrication schematic, (e) SEM 

images of PDT/Ti3C2Tx film, (f) GCD curves of PDT/Ti3C2Txsupercapacitor, (g) cycling performance under 
10,000 bends at four angles. (d-g) (Reprinted with permission from Ref. [65]. Chemical Engineering 

Journal, Copyright © 2019, Elsevier). 

 

4.2. Battery 

MXene-based batteries represent a cutting-
edge development in energy storage technologies, 
leveraging the unique properties of MXenes—two-
dimensional transition metal carbides, nitrides, and 
carbonitrides. These materials boast high electrical 
conductivity, robust mechanical strength, and 
customizable surface chemistries, making them 
exceptional candidates for battery electrodes. The 
layered structure of MXenes enables efficient ion 

intercalation, significantly enhancing charge 
storage capacity. Recent advancements in this field 
have focused on optimizing MXene performance 
through the development of composite materials, 
surface modifications, and structural engineering, 
addressing key challenges such as scalability and 
long-term stability. Consequently, MXene-based 
batteries show immense potential for advancing 
lithium-ion, sodium-ion, potassium-ion, and zinc-ion 
battery technologies, positioning them as crucial 
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components in the future landscape of sustainable 
energy storage solutions. 

Ti3C2Tx has gained attention as an anode mate-
rial for LIBs. For the first time, Ti2COxMXene's Li-
ion storage capability was demonstrated, showing 
about five times higher reversible capacity than 
Ti2AlC MAX at 0.1C. Its higher surface area is key 

to its enhanced capacity [66]. Furthermore, Ti3C2Tx 
anodes for LIBs were prepared using HF alone and 
HF followed by DMSO intercalation. DMSO-treated 
Ti3C2Tx had a first discharge capacity of 264.5 
mAh/g at 1C, compared to 107.2 mAh/g for 
untreated Ti3C2Tx, highlighting the improved Li-ion 
storage with increased interlayer spacing [67]. 

 

Figure 6. (a) Schematic of Ti3C2Tx/Si/SiOx/C synthesis process, (b) SEM image of MXene, (c) SEM image 
of Ti3C2Tx/Si composite, (d) SEM image of Ti3C2Tx/Si/SiOx/C composite, (e) cyclic stability at 0.2C, (f) SEM 
image of Si/C electrode after 1000 cycles at 10C, (g) SEM image of Ti3C2Tx/Si/SiOx/C after 1000 cycles at 
10C, and (h) cyclic stability. (a-h) (Reprinted with permission from Ref. [68]. ACS Nano, © 2019 American 

Chemical Society). 
 

A recent study developed a Ti3C2Tx/Si/SiOx/C 
anode for LIBs. Fig. 6 shows its preparation and 
performance. Ti3C2Tx mixed with TEOS, heat-
treated under H2/Ar, and PMMA pyrolysis formed 
the composite (Fig. 6a). The 74.3 wt% Si 

composite achieved 1674 mAh/g at 0.2C and 1547 
mAh/g after 1000 cycles at 10C (Fig. 6d). SEM 
images showed Ti3C2Tx/Si/SiOx/C maintained its 
structure, unlike Si/C which cracked (Fig. 6f-g). The 
NCM cathode displayed high retention (Fig. 6h), 
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and full-cell batteries reached 485 Wh/kg. 
MXene/Si and MXene/graphene anodes maintai-
ned over 1000 mAh/g after 100 cycles at 1 A/g[68]. 

Although LIBs are widely used, limited lithium 
resources pose challenges for meeting growing 
global demand. Developing alternative energy 
storage solutions is crucial. Sodium-ion batteries 
(SIBs) share similar electrochemical principles with 
LIBs and benefit from abundant sodium resources. 
SIBs could replace LIBs in applications such as 
large-scale power grids and renewable energy 
storage. A heterolayerMXene composite (MoS2-in-
Ti3C2) has shown promise as a Na-ion battery 
electrode, delivering a specific capacity of 450 
mAh/g at 0.05 A/g and excellent cycling perfor-
mance. This supports previous DFT results and 
literature, suggesting that expanded and functio-
nalized MXenes are more effective at storing Na 
ions [69]. 

Future research on MXenes should explore 
their use in Na-ion and K-ion batteries, which offer 
advantages like abundant materials and lower 
costs. MXenes, with their excellent conductivity and 
high surface area, could be optimized for these 
chemistries to address challenges like larger ionic 
sizes and different interaction dynamics. Research 
should focus on how MXene-based anodes and 
cathodes impact energy density, cycling stability, 
and overall performance, potentially leading to 
more sustainable and cost-effective energy storage 
solutions. 

5. METHODOLOGY 

The scientific investigation requires, reliable 
data must be gathered from a reputable database 
to guarantee the accuracy of the analysis and the 
data used as input for the software. The available 
databases for record-keeping include Scopus, 
Dimension AI, ISI Web of Science, PubMed, and 
Google Scholar.  

The Web of Science Core Collection database 
(http://apps.webofknowledge.com), which has 
extensive coverage and thorough content, was 
selected as the primary information source for this 
investigation. The “MXene energy storage” 
system was used to initiate the data collecting 
approach with “ALL” search fields. The data 
collection timeframe was set to 2012–2024, and 
4371 documents were found using the search 
tools. The bibliometric information for the collected 
articles is processed by employing theMS Excel 
software.VOSviewersoftware was used for biblio-
metric analysis and computational mapping.Fig. 
7.illustrates the complete search strategy, including 
the search string and keywords.The primary criteria 
used as the framework for the analysis are 
analysing the annual count of literature, type of 
literature, country wise contribution, Institute wise 
contribution, author contribution, most cited 
literature, journals and key words. A statistical 
technique used to group subjects that are similar 
and named cluster analysis. 

 

Figure 7. Flow chart of the search process. 

http://apps.webofknowledge/
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6. RESULT AND DISCUSSION 

6.1. An overview of scientific documents 

The data set used for this study is gathered for 
the time frame from 2012 to 2024, and  atotal of  
4371  records were found. There are 73 
contributing nations in total, 12216 authors across 
376 journals, and 1846 participatinginstitutions.The 

frequently utilized words in this database were 
identified as 200 with 25 minimum number of 
occurrences of a keyword out of 7874 keywords. 
Fig. 8 illustrates a schematic representation of the 
annual growth of publications, which clearly shows 
the progressive establishment of the MXene-based 
energy storage research field. 

 

Figure 8. Number of Publications on topic “MXene based energy storage”. Source: 
(http://apps.webofknowledge.com) (data accessed on 04 July 2024). 

 

6.2. Assessment based on contributing nations 

The top 10 nations fascinated by MXene-based 
energy storage devices are ordered according to 
the number of documents produced and are shown 
in Table 1. The top three nations identified are 
China, USA and India with 3003,559 and 360 
documents produced, respectively. The number of 
citations gained by China is 141941, USA gained 
86074 and India achieved 7298. China has a lower 

ratio of citations to documents (47) than the United 
States (154), which is relatively higher. The higher 
the number of citations to documents exhibits the 
quality of research produced by the involving 
countries in this state-of-the-art research going on 
MXene-based energy storage devices. The 
network visualisation of nations with minimum 5 
publications are shown in Fig.9(a). 

 

Table 1.Publication of MXene based energy storage research papers - top countries. 

S. No. Country documents citations Citations to doc. Ratio 

1 Peoples r china 3003 141941 47 

2 USA 559 86074 154 

3 India 360 7298 20 

4 South Korea 331 11956 36 

5 Australia 207 14457 70 

6 Saudiarabia 169 11193 66 

7 Pakistan 146 2695 18 

8 England 103 4764 46 

9 Germany 102 8567 84 

10 Singapore 82 6671 81 
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Figure 9.(a) Network visualisation map showing global collaboration among nations with minimum 
number of 5 documents of a country. (b) Cluster of institutions collaboration. 
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6.3. Assessment based on contributing Institutions 

The top 10 institutions having the highest 

research activities that are engaged in the MXene 

based energy storage devices research field are 

tabulated in Table2. The top three institutions 

identified are China Acad. Sci., Drexel university 

and Univ.Sci.&Technol.China with 343,229 and 

104 documents produced, respectively. The 

number of citations gained by ChinaAcad.Sci is 

21072, Drexel university gained 67113 and 

Univ.Sci.&Technol.Chinaachieved 8535. Among 

them the Drexel university achieved the highest 

citations to document ratio as 293. Fig.9(b) 

illustrates a network of institutional collaboration. 

 

Table 2.Ranking of Organizations based on MXene energy storage documents. 

S. No. Organization documents citations Citations to Doc. Ratio 

1 Chineseacadsci 343 21072 61 

2 Drexeluniv 229 67113 293 

3 Univsci&technol china 104 8535 82 

4 Univ Chinese acadsci 100 8260 83 

5 Jilinuniv 88 5771 66 

6 City univhongkong 83 4596 55 

7 Zhengzhouuniv 80 5691 71 

8 Shandonguniv 79 6003 76 

9 Shenzhenuniv 75 3842 51 

10 Tsinghuauniv 74 4302 58 

 

6.4. Assessment based on contributing Author 

The documents based on MXene based energy 
storage devices are examined in accordance with 
the respective top 10 authors that performed these 
studies as tabulated in Table 3. 

Table 3. Ranking of authors based on article 
contribution. 

S.No. Author 
Docu-
ments 

citations 
Citations to 
Doc. Ratio 

1 
gogotsi, 
yury 

198 63625 321 

2 
anasori, 
babak 

59 24192 410 

3 
naguib, 
michael 

40 15265 382 

4 
barsoum,  
michel w. 

34 23613 695 

5 zhang, wei 34 1605 47 

6 
wang, 
guoxiu 

33 5221 158 

7 zhang, peng 32 2588 81 

8 wang, lei 31 1741 56 

9 xu, bin 31 2830 91 

10 
alshareef,  
husam n. 

30 5979 199 

 

The authors are ranked in accordance with the 
number of articles published.The top three 
researchers in the respective field are GogotsiYury 

(198), Anasori,babak (59) and Naguib, Michael 
(40). During this bibliometric analysis, it was found 
that Gogotsi, Yury is top performing researcher in 
this field. Fig.10(a) illustrates a network of authors 
collaboration. 

6.5. Assessment based on Keywords: 

Use of relevant and appropriate keywords has 

a significant impact on the efficacy of document 

search.Among the enormous number of papers 

available, the keyword serves as a vital link that 

distinguishes the information sources. The top 

three keywords identified are MXene (1856), 

performance (975) and nanosheets (652). Top 10 

keywords related to this research are tabulated in 

Table 4.A network of keywords occurrence is 

illustrated in Fig. 10(b). 

Table 4. Ranking of keywords based on 
occurrences. 

S. No. keyword occurrences 

1 mxene 1856 

2 performance 975 

3 nanosheets 652 

4 energy-storage 644 

5 graphene 550 

6 intercalation 489 

7 mxenes 481 

8 carbon 458 

9 storage 456 

10 supercapacitors 396 
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Figure 10.(a) Cluster of authors collaboration; (b) An illustration of co-occurrence of keywords. 

 

7. CONCLUSIONS 

This review comprehensively explores the field 
of MXenes, focusing on their synthesis methods, 
key properties, and applications in energy storage 
technologies. We have detailed various synthesis 
techniques and examined the unique properties of 
MXenes, including surface terminations, condu-

ctivity, optical and magnetic characteristics. The 
review further highlights the potential of MXenes in 
advancing energy storage solutions, particularly in 
supercapacitors and batteries. Despite substantial 
progress, a thorough scientometric study was 
previously lacking, and this review addresses this 
gap using VOSviewer software to analyze research 
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trends from 2012 to 2024. By examining data 
across countries, organizations, and authors, we 
reveal critical collaboration patterns and research 
themes. The findings underscore MXenes' 
promising role in meeting global energy demands 
and suggest future research directions to enhance 
their practical applications, particularly in the 
realms of electric vehicles and portable electronics. 
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IZVOD 

MXenes: SINTEZA, SVOJSTVAIAPLIKACIJE U 
NAPREDNIMTEHNOLOGIJAMASKLADIŠTENJAENERGIJE 

MXSenes su se pojavili kao veoma obećavajući materijali u oblasti naprednih tehnologija 
skladištenja energije, zahvaljujući svojim karakterističnim svojstvima i raznovrsnim primenama. 
Ovaj pregled nudi sveobuhvatnu analizu MXSena, fokusirajući se na njihove metode sinteze, 
osnovna svojstva i primene u punjivim baterijama i superkondenzatorima. Kao odgovor na sve 
veće globalne potrebe za energijom, MXSenes predstavljaju ubedljiva rešenja zbog svojih 
izuzetnih električnih i elektrohemijskih karakteristika. To uključuje visoku provodljivost, veliku 
površinu, hidrofilnost i jedinstvenu dvodimenzionalnu strukturu koja se sastoji od metalnih karbida, 
nitrida i karbonitrida. Pored toga, ovaj pregled uključuje detaljnu bibliometrijsku analizu 
korišćenjem računarskih alata kao što je VOSviever, koji ispituje globalni pejzaž MXSene 
istraživanja u periodu od 2012. do 2024. Ova analiza identifikuje trendove saradnje između 
različitih zemalja, institucija, autora i časopisa, naglašavajući vodeće oblasti istraživanja. Sve u 
svemu, ovaj pregled naglašava značajan potencijal MXSenes-a u unapređenju tehnologija za 
skladištenje energije. Pruža uvid u buduće pravce istraživanja i praktične primene koje bi mogle 
efikasno da zadovolje rastuće potrebe za energijom koje pokreću električna vozila i prenosiva 
elektronika. 
Ključne reči: MXSene; 2D materijali; skladištenje energije; supercapacitor; bibliometrijska analiza 
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Enhancing corrosion resistance in concrete structures using 
Euphorbia Tortilis cactus extract by non-destructive testing 

ABSTRACT 

This research investigates the corrosion resistance of reinforced concrete structures, a crucial 
aspect for ensuring their long-term performance and sustainability. Utilizing both the half-cell 
potential method and an accelerated corrosion test, the study introduces a novel approach by 
incorporating Euphorbia Tortilis Cactus (ETC) extract as an organic additive in concrete. The half-
cell potential method involves measuring potential differences between steel reinforcement and an 
external electrode in a Cu/CuSO4 solution, revealing varied corrosion inhibition levels in different 
specimens. Notably, the introduction of ETC extract demonstrates unprecedented resistivity, 
showcasing a mere 10% probability of corrosion, even in atmospheric conditions. The accelerated 
corrosion test further emphasizes the novelty of the research. ETC concrete exhibits lower applied 
current and mass loss percentages compared to control mixes, indicating superior corrosion 
resistance and reduced porosity. This novel use of ETC extract in concrete enhances its durability 
and sustainability, providing valuable insights for developing resilient concrete structures amid 
increasing concerns about corrosion-induced deterioration in reinforced concrete constructions. 
Keywords: Corrosion Resistance, Concrete Structures, Euphorbia Tortilis Cactus, Organic 
Additive,Sustainability 

 

1. INTRODUCTION 

The durability and longevity of reinforced 
concrete structures are critical considerations in 
civil engineering [1]. One of the primary challenges 
that compromise the performance of these stru-
ctures is the insidious and pervasive impact of 
corrosion on steel reinforcement [2-5]. Corrosion-
induced deterioration weakens the structural inte-
grity of concrete elements and poses significant 
economic and environmental concerns [6]. In light 
of these challenges, this researchendeavors to 
address the issue of corrosion in reinforced 
concrete by exploring innovative and sustainable 
solutions [7]. The introduction of organic additives 
in concrete technology represents a promising ave-
nue for enhancing corrosion resistance [8]. In this 
context, the study focuses on the incorporation of 
Euphorbia Tortilis Cactus (ETC) extract as a novel 
and environmentally friendly admixture [9-13].  
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ETC, a readily available plant in certain 
regions, has shown promising properties that make 
it a potential candidate for mitigating corrosion in 
concrete structures [14]. Javaherdashti et al. [16] 
explores five mechanisms of microbiologically 
influenced corrosion and deterioration of reinforced 
concrete by algae. Microorganisms, including 
bacteria, algae, fungi, and lichens, significantly 
impact mineral materials' biodeterioration, espe-
cially stone, concrete, and glass, via aggressive 
biogenic acids and biofilms. Biotests, unlike 
chemical tests, reveal material resistance to 
microbial attack, showing notable weight loss 
variations and aiding in material selection for 
durability [17]. The use of bio-concrete for enhan-
cing durability against aggressive conditions, 
motivated by insufficient data on its performance in 
extreme environments [18].Key processes include 
chemical absorption from cement paste, biofilm 
formation attracting corrosive organisms, and 
photosynthetic-driven electrochemical cells, each 
contributing to concrete drying, cracking, and 
corrosion of both concrete and reinforcement steel 
[19].This research embarks on a comprehensive 
investigation, employing both the half-cell potential 
method and an accelerated corrosion test, to 
assess the corrosion resistance of concrete 

https://doi.org/10
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enhanced with ETC extract [20]. Agboola et al. [21] 
examines corrosion of reinforcing steel in marine 
concrete, emphasizing the role of corrosion-
inhibiting admixtures. It discusses classifications, 
applications, and the integration of functional 
nanostructured materials, highlighting their 
effectiveness in mitigating corrosion and enhancing 
durability in new constructions and repairs within 
the marine industry, alongside future research 
directions [22]. The study aims to provide 
quantitative insights into the effectiveness of ETC 
as a corrosion inhibitor and evaluate its potential as 
a sustainable alternative to traditional synthetic 
additives [23]. Through rigorous experimentation 
and analysis, this research seeks to contribute to 
the advancement of concrete technology, offering 
practical solutions to enhance the durability of 
structures in the face of corrosion challenges [24]. 
By exploring the unique properties of Euphorbia 
Tortilis Cactus, this study aligns with the broader 
objectives of promoting sustainability and eco-
friendly practices in the construction industry [25-
28]. Variations in soil composition, climate, and 
seasonal growth conditions can alter the 
concentrations of key active compounds, such as 
flavonoids, tannins, and saponins, within the plant 
[29]. These fluctuations may impact the extract’s 
effectiveness, as changes in the levels of 
antioxidative and film-forming constituents could 
affect the protective properties provided to the 
concrete [30].  

Monteny et al. [31] reviews recent 
advancements in testing methods for biogenic 
sulfuric acid corrosion in concrete, highlighting 
differences between biogenic and chemical 
corrosion. It discusses various research 
approaches, including chemical tests, microbial 
simulations, and in situ exposure tests to assess 
material resistance [32]. Xu et al. [33] investigate 
the self-healing potential of ureolytic microbes 
embedded in ceramsite particles for repairing 
cracks in reinforced concrete. Results show 
complete healing of cracks up to 450 μm in 120 
days, enhancing mechanical properties and 
effectively inhibiting reinforcement corrosion. 
Kanwal et al. [35] evaluates the impact of the 
calcifying bacterium Bacillus safensis and biochar 
on the mechanical and transport properties of 
cementitious composites. Results show significant 
enhancements in flexural and compressive 
strength, a healing degree increase, and 95.18% 
corrosion inhibition, suggesting a sustainable 
approach for improving durability in reinforced 
concrete. 

2. RESEARCH SIGNIFICANT 

The significance of this research lies in its 
multifaceted contributions to the field of concrete 
technology, addressing critical challenges 

associated with corrosion in reinforced concrete 
structures. The primary objectives of this study are 
intricately connected to the broader significance, 
offering solutions to enhance durability, 
sustainability, and environmental friendliness in 
construction practices. 

Corrosion Mitigation: The research aims to 
provide concrete structures with improved 
resistance to corrosion, a pervasive issue that 
compromises the longevity and structural integrity 
of reinforced concrete. By investigating the 
potential of Euphorbia Tortilis Cactus (ETC) extract 
as an organic additive, the study seeks to offer an 
innovative and eco-friendly solution to mitigate 
corrosion-related deterioration. 

Novel Organic Additive: The incorporation of 

ETC extract represents a novel approach to 

concrete admixtures. The research strives to 

establish the efficacy of this organic additive in 

enhancing the corrosion resistance of concrete, 

providing an alternative to traditional synthetic 

additives, and contributing to the development of 

sustainable construction materials. 

Half-Cell Potential Method Evaluation: The 
utilization of the half-cell potential method serves 
as a key objective, offering a quantitative 
assessment of the probability of corrosion in 
different concrete specimens. The significance lies 
in providing a reliable and standardized technique 
to evaluate the effectiveness of corrosion inhibition, 
enabling comparisons and insights into the 
performance of diverse concrete mixes. 

Accelerated Corrosion Test: Through the 

accelerated corrosion test, the research aims to 

simulate and assess the performance of ETC 

concrete under harsh environmental conditions. 

The outcomes will contribute valuable data on the 

material's resistance to corrosion, aiding in the 

formulation of durable concrete mixes suitable for 

aggressive environments. 

Sustainable Construction Practices: The 
broader significance of this research extends to the 
promotion of sustainable construction practices. By 
exploring environmentally friendly alternatives, 
such as ETC extract, the study aligns with global 
efforts to reduce the ecological footprint of 
construction activities and advance the 
development of green building materials. 

This research's significance lies in its potential 
to revolutionize concrete technology by introducing 
a natural, sustainable, and effective corrosion 
mitigation strategy. The outlined objectives 
collectively contribute to the advancement of 
construction materials, fostering durability, 
resilience, and environmental responsibility in the 
built environment. 
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3. MATERIALS AND METHODOLOGY 

In this research, Ordinary Portland cement, 

grade 53, conforming to IS: 12269 – 2013, IS: 

4032-2013, and IS:4031-2013, was utilized. The 

cement underwent various tests to ensure its 

suitability, including fineness, normal consistency, 

setting time, soundness, and compressive strength 

at different curing periods [36]. The results 

indicated that the selected cement met the 

requirements, ensuring the desired properties of 

the ETC concrete [37]. Aggregates, accounting for 

70 to 80 percent of concrete volume, play a crucial 

role in the material's production [38]. Fine 

aggregates, sourced from the locally available 

Karur River, were subjected to tests outlined in IS: 

2386 (Part 3 & 4) [39].  

The results confirmed that the fine aggregates 

met the specifications, falling under Zone III. 

Coarse aggregates, chosen for durability and low 

permeability, were tested according to IS: 2386-

2012 and IS 383-2012 [40, 41]. The properties 

showcased the suitability of the coarse aggregates 

for ETC concrete [42]. Water, another vital 

component, should be free from salts and 

impurities that could adversely affect the chemical 

reactions in concrete. The water used in this study, 

sourced from the Cauvery River, adhered to the 

specifications of IS: 456-2000 [43]. A unique aspect 

of this study involved the use of Euphorbia Tortilis 

Cactus extract as a natural organic additive. 

Collected from Pallakapalayam in Tamilnadu, the 

cactus extract underwent thorough analysis, 

revealing its composition of fats, proteins, 

polysaccharides, and water [44]. The extract was 

added to the water at varying concentrations (1%, 

3%, 5%, 7%, and 9%) to explore its impact on the 

ETC concrete [45]. With 5.2% polysaccharides and 

1.9% proteins, the organic additive offers a unique 

and environmentally friendly alternative to synthetic 

additives [46]. Finally, steel reinforcement is a 

critical component in concrete construction, 

providing strength and durability [47]. In this study, 

Fe415 grade steel was chosen for its favorable 

characteristics in flexural strength and deflection 

tests. The primary constituents, Flavonoids, 

Tannins, Alkaloids, Saponins and Lipid-like Waxes   

are contributing to corrosion inhibition in ETC 

extract [48]. Thus, the Euphorbia Tortilis Cactus 

concrete in this study is meticulously designed, 

considering the properties of cement, aggregates, 

water, organic additives, and steel reinforcement 

[49]. The comprehensive testing and analysis of 

each component ensure that the ETC concrete 

meets the specified standards for strength, 

durability, and environmental sustainability. This 

research contributes to the ongoing efforts to 

explore eco-friendly alternatives in the field of 

concrete technology. 

4. EXPERIMENTAL STUDY 

Steel reinforcement provides the tensile 

qualities needed in structural concrete. Wind, 

traffic, dead loads, and thermal cycling do not 

induce the breakdown of concrete structures 

subjected to tension and flexural stresses. 

However, when the reinforcement corrodes, 

connection is lost, which causes the concrete to 

rust and eventually spall and delaminate. If not 

stopped, the structure's integrity can be 

compromised. The strength capability of the 

structure decreases as a result of the reduction in 

steel's cross-sectional area. 

4.1. Corrosion process 

Corrosion is a term used to describe the 
degradation of a metal or alloy brought on by 
oxidation, a chemical process that creates iron 
oxides and leads them to break away from the 
base. Concrete deteriorates due to reinforcing 
corrosion, which causes spots, cracks, and 
spalling, reducing the material's strength and 
dimensions [50]. As a result, in recent years more 
emphasis has been paid to the steel reinforcement 
in ETC concrete. The thermal power plant's 
operational state and the calibre of the coal utilised 
both affect the ETC quality [51]. Ingress of 
carbonization and chloride ions is the main cause 
of corrosion in ETC concrete. In ETC concrete, the 
corrosion of the reinforcing steel occurs 
electrochemically in the presence of oxygen and 
water [52]. Corrosion is prevented on the steel 
reinforcement by the highly alkaline atmosphere 
[53]. Rust (Ferric hydroxides and Ferric oxides) that 
are present at the interface between concrete and 
reinforcement and have a volume 3 to 6 times 
greater than Fe ions are the cause of concrete 
deterioration [54]. Internal tensions caused by 
rusting in a concrete part cause fractures to appear 
on the exterior of the cement composite, which 
then causes harm to the structure and, ultimately, 
causes the collapse of the entire structure [55].  

Figure 1 shows the Galvanic Corrosion Cell. It 

takes flow current and several other chemical 

processes to prevent steel reinforcement corrosion 

in concrete, which is an electrochemical process. 

An electrochemical cell is set up when the potential 

on the concrete reinforcement changes. A galvanic 

cell of corrosion must have the following three 

components. 
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Figure 1. Galvanic corrosion cell 

 

Anode 

The anode is the area on a steel bar inserted in 
concrete where negatively charged electrons enter 
the cathode through the steel reinforcement and 
ferrous ions from the steel are lost to the solution. 
The anodic reaction is the name for the 
aforementioned process. 

Cathode 

The location of a steel reinforcement 
embedded in concrete is also known as the cat-
hode. Anywhere the electrolytes (water and oxy-
gen) negatively charged electrons, or e-, are 
absorbed, they join with the water and oxygen to 
form hydroxyl group ions or OH-. The reaction des-
cribed above is referred to as a cathodic reaction. 

Through the electrolyte, this hydroxyl group ion 
OH- combines with ferrous ions Fe2+ to form ferrous 
hydroxide Fe (OH)2. Fe (OH)3 is produced when 
they react with the solution's water (H2O) and 
oxygen (O). More oxidation transforms this into 
rust. 

Electrolyte 

Between the anode and cathode, current 
(electron) can flow more easily through this 
material. Concrete can act as an electrolyte when it 
has sufficient conduction after being subjected to 
wet and dry cycles. The anode and cathode are 
frequently placed close together or can be 
separated by a certain amount of space. The 
corrosion process requires both cathodic and 
anodic reactions to take place. The responses 
happen at the same time. 

4.2. Corrosion mechanism 

Concrete reinforcement corrosion is 
challenging. Similar to a basic battery, this 
electrochemical process uses electricity. An 
electrochemical cell is established within the 
reinforcement when the potential for steel 
reinforcement in concrete changes. The anode is 
the portion of the steel that is the most negatively 
charged, and the cathode is the opposite (positively 
charged). With the reinforcement completing the 
circuit and the concrete acting as the electrolyte, 
the concrete can conduct current positively 
charged ferrous ions generated by the anode 
combine with the ions of the cathode's hydroxyl 
group (OH-) in the presence of water and oxygen. 
Once in the electrolyte, they move through it and 
interact with ferrous ions to form Fe (OH), which is 
further oxidised to form rust [56]. This expansive 
reaction results in ai volume of rust that is six times 
larger than the initial volume of ferrous ion. The 
collected amount of rust causes internal tensions in 
the concrete, which results in cracking, spalling, or 
delamination of the concrete on the cap. Concrete 
loses its integrity in these things. The entire 
structure collapsed as a result of the concrete 
member's altered cross section. Figure 2 depicts 
the rebar corrosion.  

In a newly built structure, the concrete's 
alkalinity is sufficient to establish that the steel is in 
a passive state and will not corrode. If specific ions 
don't attack the steel, these chemicals, with a pH 
scale of 13–14, provide a passive coating that will 
protect the metal. In this film, it is demonstrated 
that chloride ions exchange hydroxyl group ions, 
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causing localised pitting and the onset of the 
corrosion process. In order to identify the corrosion 
mechanism in various reinforced concrete types 
that contain ETC and steel bar, extensive 
experimental tests were undertaken, and the 
results are reported in this work. It also informs on 
the research done to determine how corrosion 
attacks on ETC concrete structures affected the 
various curing conditions. With 20 percent, 30 

percent, and 40 percent of the weight of cement 
(Dalmia), concrete mixes were made using 
samples made of 16 mm diameter steel bars 
(TATA Tiscon) that were 100 mm long and had a 
25 mm clear cover. In embedded steel bars, the 
corrosion process was examined. Using ACM 
Instruments, half-cell potential and Accelerated 
corrosion techniques were conducted. 

 

Figure 2. Rebar corrosion 
 

4.3 Half-cell potential method 

To make sure the concrete is still strong and 
durable enough, it is frequently necessary to 
inspect and test existing concrete structures. 
Anodic and cathodic activity will be encouraged at 
various locations throughout the reinforcement if 
the steel is de-passivated by carbonation or 
intrusion of chlorides [57]. At the anodes, where 
metal ion oxidation occurs, metal is dissolved, 
leading to the formation of metal oxide corrosion 
products. A reduction process takes place 
simultaneously with the release of electrons, which 
are then carried by an electrical current via the 
metallic reinforcement to the cathodic site. An 

appropriate half-cell electrode can be used to 
detect this fluctuation in electrical potential 
throughout the length of the corroding 
reinforcement that is connected to the flow of 
current. Anodic regions for steel in concrete often 
have higher negative potentials than cathodic 
zones, which have lower negative potentials. Half-
cell probes are made of an electrolyte and 
conductor that may be held up to the concrete 
surface; the concrete and reinforcing make up the 
other half of the cell. They work as a unit to create 
a full electrical cell that produces a mill voltmeter-
measurable voltage. The schematic view of the 
half-cell potential method is shown in Figure 3. 

 

Figure 3. Typical Half-cell potential measurement arrangement 
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Table 1 Corrosion probability percentage 

Half-cell potential (mV)  
relative to 

Chance of corrosion  
(in %) 

< 200 10 % 

200 to 350 50 % 

> 350 90 % 

 

A voltmeter was used to measure the potential 
difference between the steel reinforcement and the 
external electrode in this procedure. A metal rod is 
immersed in Cu/CuSO4 solution in the half-cell. A 
voltmeter connects the metal rod to the 
reinforcement steel. To generate an exact value, 
steel reinforcement, and outside electrodes were 
connected through wet concrete protection. The 
availability of oxygen, concrete resistivity, and 
cover thickness all stimulus the outcome of a half-
cell potential test. Half-cell potential measurements 
only provide a "probability" of rebar corrosion 
occurring; they do not provide an estimate of its 
rate. 

4.4 Accelerated corrosion test 

According to ASTM C 876 criteria, the 
corrosion test measures how steadily steel 
degrades while exposed to external current. Since 
the corrosion analysis is based on a quick 
examination of the performance of steel without 
waiting for a long time, this test is also known as an 

accelerated corrosion test. The beams of 1 m in 
length and cross-section 150 × 200 mm were cast 
for each optimum ETC mix and the control mix 
(totalof 6 numbers). The tension reinforcement was 
wound with wires at two points so that uniform 
corrosion was initiated in the rebars [58]. After that, 
the specimen is submerged in a container 
containing water that has been thoroughly diluted 
with 5 percent sodium chloride (NaCl). The RCC 
specimen under investigation is perfectly enclosed 
by a steel sheet of extremely thin thickness.  

The supply was connected so that the positive 
end went to the steel sheet and the negative to the 
steel embedded in concrete. After passing a 12V 
external supply to the connection, six days of 
behaviour analysis follow. The embedded steel 
then corrodes over time as a result of the power 
source and a reaction to the temperature of the 
environment. The output of the rusted steel in the 
concrete was then observed using a half-cell 
potential metre. In a half-cell potential metre, a 
glass tube containing a copper rod is filled with 
diluted copper sulphate solution. The sponge will 
be near the bottom of the tube, below the porous 
stopper. Over the concrete, the sponge-like 
arrangement was put, and the steel was attached 
to the point's other end. Figure 4 displays concrete 
corrosion and its interpolation analysis. 

 

Figure 4. CorrosionTestAnalysisasperASTMC876specifications 

 

Calculation of Corrosion 

Based on the Faraday law, the theoretical 

mass of rust (Mth) is determined as follows 

𝑀𝑡ℎ =
𝑊𝐼𝑎𝑝𝑝𝑇

𝐹
 (1) 

Where Mth is the theoretical mass of 

rustormassloss (g); W–the equivalent weight  of 
steel (27.925g); I

app
– the current applied (A); T– the 

period of induced corrosion (s); F – the Faraday 
constant (96487 As).  

After the corrosion test, by breaking the 

specimens and rebars were extracted. According to 

the gravimetric test (ASTM G1), the actual mass 

(Mac) of rust is calculated: 

𝑀𝑎𝑐 =
𝑊𝑖−𝑊𝑓

𝜋𝐷𝐿
 (2) 

Where W
i 
is the initial weight of the rebar; W

f 
– the 

weight of the rebar after corrosion; D – the 

diameter of the rebar, and L – the length of the 

rebar. 
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Assuming that the actual and theoretical mass 
of rust are equal (i.e., Icorr = Iapp) and by equating 
Mac and Mth the equivalent corrosion current (Icorr) is 
calculated: 

𝐼𝑐𝑜𝑟𝑟 =
𝑊𝑖−𝑊𝑓

𝑊𝑡
 (3) 

The percentage weight loss (ρ) is calculated 
as: 

𝑃 =
𝑊𝑖−𝑊𝑓

𝑊𝑖
× 100 (4) 

5. CORROSION TEST RESULTS ON ETC 
CONCRETE 

5.1. Half-cell potential method 

The fundamental disadvantage of RC concrete 

structures is that their performance deteriorates 

when they are exposed to the action of corrosion. 

To evaluate the probability of corrosion in concrete, 

the half-cell potential approach was used. A 

voltmeter was used to measure the potential 

difference between the steel reinforcement and the 

external electrode in this procedure. A metal rod is 

immersed in Cu/CuSO4 solution in the half-cell. A 

voltmeter connects the metal rod to the 

reinforcement steel. The high-accelerated 

corrosion experiment's driving force, external 

voltage, was maintained at a constant level 

throughout. To generate an exact value, steel 

reinforcement, and outside electrodes were 

connected through wet concrete protection. The 

availability of oxygen, concrete resistivity, and 

cover thickness all stimulus the outcome of a half-

cell potential test. For determining the possibility of 

corrosion, the potentials were measured an 

average of many measurements obtained from 

different sites on the same surface or at any place 

on the surface was used. According to ASTM 

C876, the half-cell potential test was carried out; 

the graphical variations are shown in Figure 5 and 

Figure 6 for M 20 and M 25, respectively. For the 

M20 concrete, the half-cell potential measurements 

were as follows: -2715mV, -216mV, -178mV, -

142mV, -121mV, and -97mV; and for the M25 

concrete, -255mV, -196mV, -157mV, 126mV, -

98mV, and -76mV. This shows that various 

specimens have variable corrosion inhibition. After 

obtaining the results, the contour was plotted on a 

graph to identify the high corrosion activity. 

Concrete with ETC showed the highest level of 

resistivity. Hence regarding the test result, it shows 

that the corrosion on the ETC Concrete was not 

affected by any corrosion agent even after placing 

it in atmospheric conditions and the probability of 

corrosion was 10% in the concrete. 

5.2. Accelerated corrosion test 

For the current capacity of the circuit, the 
current applied to the fiber specimens was found to 
be lesser than that of the control specimens. From 
Table 1, it can be understood that the conductance 
of the ETC concrete specimens was lesser 
compared to control specimens, which in turn 
indicates higher porosity of control specimens. In 
the accelerated corrosion test, three distinct 
concrete mixes were subjected to corrosion 
evaluation, with results outlined in Table 1. The 
reference concrete exhibited an average applied 
current (Iapp) of 1.02 As, experiencing a weight loss 
of 120g over the testing period. The theoretical 
weight loss, calculated at 126.56g, resulted in a 
4.22% weight loss and a corresponding equivalent 
corrosion current (Icorr) of 0.95 As. The ETC9M20 
concrete mix, incorporating Euphorbia Tortilis 
Cactus (ETC) extract, demonstrated an Iapp of 1.19 
As, with a weight loss of 193g, yielding a 5.06% 
weight loss and an Icorr of 1.14 As. Similarly, for the 
ETC9M25 mix, the Iapp was 1.57 As, accompanied 
by a weight loss of 179g, translating to a 6.24% 
weight loss and an Icorr of 1.42 As. These results 
collectively highlight the variations in weight loss 
percentages and equivalent corrosion currents 
among the concrete mixes, emphasizing the 
potential of ETC extract in enhancing corrosion 
resistance, particularly in the M20 mix where the 
inhibitory effect is most pronounced. Thus, it can 
be concluded that ETC concrete has higher 
corrosion resistance and it can effectively be used 
in an aggressive environment. The mass loss 
percentages of ETC concrete specimens were 
found to be lesser than the control mix cast without 
ETC 

 

Table 1. Accelerated corrosion test results 

Beam ID 

Average 

I
app

(As) 

(g) 

Initial 
weight  

(g) 

Final 
weight 

(g) 

Weight 
loss 
(g) 

Theoretical 

Weight loss 
(g) 

Weight 
loss (%) 

Weight 
loss (%) 

Equivalent 
corrosion current 

I
corr

(As) 

Reference 
Concrete 

1.02 2823 2703 120 126.56 4.22 4.48 0.95 

ETC9  M 20 1.19 2858 2665 193 150.11 5.06 5.35 1.14 

ETC9  M 25 1.57 2836 2657 179 97.84 6.24 6.98 1.42 
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Figure 5. Rate of corrosion in M20 concrete 

 
Figure 6. Rate of corrosion in M25 concrete 

 

5.3. Chemical interactions and mechanisms by 
which Euphorbia Tortilis cactus extract 
enhances corrosion resistance in concrete 
structures 

Euphorbia Tortilis extract contains a high 
concentration of flavonoids, alkaloids, and tannins, 
which possess antioxidative properties. These 
compounds can neutralize free radicals and reduce 
oxygen availability at the steel-concrete interface, 
which is essential for the initiation and progression 
of corrosion, equation 5. The extract effectively 
slows down the electrochemical reactions that drive 
corrosion by diminishing the oxygen concentration. 
The bioactive compounds in ETC extract can 
adsorb onto the steel reinforcement surface, 
forming a thin protective layer (Eqn. 6). This film 
acts as a physical barrier, reducing the interaction 
between the steel and corrosive agents such as 
chloride ions and water. The protective film is 

enhanced by the presence of tannins and 
saponins, which are known for their film-forming 
and adhesive properties.ETC extract contains waxy 
and lipid-like compounds (Eqn. 7) that increase the 
hydrophobicity of the concrete matrix. This reduces 
water permeability within the concrete, thereby 
minimizing the migration of moisture and dissolved 
ions to the steel reinforcement. Lower permeability 
reduces the concrete's porosity and its potential to 
conduct ions, directly decreasing the likelihood of 
corrosion initiation. Euphorbia Tortilis contains 
certain alkaline compounds that help stabilize the 
pH levels within concrete. A stable, high pH 
environment within the concrete prevents the 
passivation layer on the steel from dissolving, 
which is critical for corrosion protection (Eqn. 8). 
This buffering effect also maintains the basicity of 
the surrounding concrete, further deterring acidic 
conditions that might accelerate corrosion. 

 

Flavonoid  (reduced)+⋅OH→Flavonoid  (oxidized)+H2O   (5) 

Tannin + Fe2+ → Tannin - Fe  complex  (protective  film)  (6) 

CnH2n + 2O + H2O → Hydrophobic  layer  (repels  water)   (7) 

K+ + Cl− → KCl  (reduced  chloride   concentration)   (8) 
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Ion Exchange and Chelation 

Some compounds within the Euphorbia Tortilis 
extract exhibit chelating abilities, binding to metal 
ions that might otherwise catalyze the breakdown 
of the passivating film on the steel. Chelation of 
chloride ions or other aggressive ions reduces their 
free concentration, thus decreasing their availability 
to participate in the corrosive process (Eqn. 9). 

Tannin + Cl − → Tannin - Cl complex (chelated form)  
 (9) 

The complex mix of bioactive compounds in the 

ETC extract likely acts synergistically to enhance 

corrosion resistance. While individual compounds 

have their protective roles, their combined effect 

can produce a stronger, more cohesive inhibition 

mechanism. This may include the combination of 

antioxidative actions, film formation, and 

hydrophobic effects, offering comprehensive 

protection against multiple corrosion factors. 

Outcomes-based on the observed impro-
vements in corrosion resistance include the 
improved corrosion resistance of ETC-treated 
concrete, as evidenced by lower weight loss 
percentages and lower corrosion currents (Icorr) 
compared to untreated concrete, indicating a 
slower degradation rate of steel reinforcement. This 
slowdown could extend the concrete’s service life 
by reducing the frequency of corrosion-induced 
damage, potentially extending the lifespan by 10-
20% or more, depending on the exposure 
environment. ETC extract’s hydrophobic properties 
reduce water permeability and chloride ion ingress, 
both critical factors in corrosion initiation. With 
lower chloride diffusion rates, the initiation phase of 
corrosion could be significantly delayed, particularly 
in marine or de-icing salt environments, potentially 
adding another 5-10 years to the concrete’s 
expected lifespan. For structures in harsh climates 
or industrial settings, the antioxidative and 
passivating effects of the extract could extend 
service life even further. In such environments, 
ETC-treated concrete might show an extended 
service life of 15-30% beyond untreated concrete, 
translating to an additional 10-15 years in typical 
reinforced concrete structures exposed to these 
conditions.Reduced maintenance requirements 
due to delayed corrosion initiation and progression 
mean fewer repairs or replacements, further 
contributing to the longevity of structures and 
offering significant cost savings over the structure’s 
lifetime. 

6. CONCLUSION 

The possibility of corrosion occurrence was 
evaluated by the half-cell potential method and 
accelerated corrosion test. The following 

conclusions are reached based on the outcomes of 
the experimental tests: 

 The minimum possibility of corrosion (36%) 
was observed at an optimum level of dosage 
when compared to reference concrete. Results 
showed a better inhibiting effect of corrosion 
rate on steel rods and reduced weight loss. 

 In conclusion, the scientific investigation has 
yielded compelling numerical evidence 
supporting the enhanced corrosion resistance 
of concrete structures through the incorporation 
of Euphorbia Tortilis Cactus (ETC) extract. The 
half-cell potential method, conducted according 
to ASTM C876, revealed notable variations in 
corrosion inhibition across specimens. For M20 
concrete, half-cell potential measurements 
ranged from -2715mV to -97mV, and for M25 
concrete, values ranged from -255mV to -
76mV. Significantly, ETC concrete consistently 
exhibited the highest resistivity, with a mere 
10% probability of corrosion. 

 The accelerated corrosion test further 
substantiates these findings, emphasizing the 
novel and sustainable nature of ETC concrete. 
In the case of ETC9M20, the weight loss 
percentage was 5.06%, and for ETC9M25, it 
was 6.24%. In comparison, the reference 
concrete showed a weight loss percentage of 
4.22%. This numerical evidence underscores 
the superior corrosion resistance and reduced 
porosity of ETC concrete, indicating its efficacy 
in aggressive environments. 

 The study's quantitative results contribute to 
the scientific understanding of corrosion 
mitigation strategies in concrete, emphasizing 
the numerical advantages of incorporating 
Euphorbia Tortilis Cactus extract. These 
findings bear significant implications for the 
development of durable and sustainable 
concrete structures in the construction industry. 
Further exploration and application of these 
numerical insights could drive advancements in 
eco-friendly construction practices. 
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IZVOD 

POVEĆANJE OTPORNOSTI NA KOROZIJU U BETONSKIM KONSTRUKCIJAMA 
KORIŠĆENJEM EKSTRAKTA KAKTUSA Euphorbia Tortilis ISPITIVANJEM BEZ 
RAZARANJA 

Ovo istraživanje istražuje otpornost armirano betonskih konstrukcija na koroziju, što je ključni 
aspekt za obezbeđivanje njihovih dugoročnih performansi i održivosti. Koristeći imetodu 
polućelijskog potencijala i ubrzani test korozije, studija uvodi novi pristup ugradnjom ekstrakta 
kaktusa Euphorbia Tortilis (ETC) kao organskog aditiva u beton. Metoda polućelijskog potencijala 
uključuje merenje potencijalnih razlika između čelične armature i spoljne elektrode u rastvoru 
Cu/CuSO4, otkrivajući različite nivoe inhibicije korozije u različitim uzorcima. Primetno je da 
uvođenje ETC ekstrakta pokazuje otpornost bez presedana, pokazujući samo 10% verovatnoće 
korozije, čak i u atmosferskim uslovima. Ubrzani test korozije dodatn onaglašava novinu 
istraživanja. ETC beton pokazuje niže procente primenjene struje igubitka mase u poređenju sa 
kontrolnim mešavinama, što ukazuje na superiornu otpornost na koroziju i smanjenu poroznost. 
Ova nova upotreba ETC ekstrakta u betonu povećava njegovu izdržljivost i održivost, pružajući 
dragocene uvide u razvoj otpornih betonskih konstrukcija usred sve veće zabrinutosti zbog 
propadanja armirano betonskih konstrukcija izazvanih korozijom. 
Ključnereči: otpornost na koroziju, betonske konstrukcije, kaktus Euphorbia Tortilis, organski 
aditiv, održivost 
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Hot water pretreatment in wood biorefining processing 

ABSTRACT 

Wood can be processed to create various products or components that can cover a wide range of 
purposes. As a natural reservoir of organic matter, wood is also an important raw material for the 
production of chemicals and fuels. The limited reserves of fossil resources, environmental 
pollution and climate change make it necessary to obtain energy and chemicals from renewable 
raw materials. In this context, there is a growing demand for wood as a renewable and available 
raw material, which also emphasizes the importance of its optimal use. Namely, the end products 
made from wood often contain elements that do not significantly enhance the quality of these 
products, or may even have negative effects. In addition, degradation and permanent loss of 
valuable wood components can occur during the chemical processing. The introduction of hot 
water pretreatment in wood processing can be a way to biorefine wood and a solution for a more 
rational use of its ingredients. In this way, some valuable products such as hemicelluloses, 
saccharides or extractives (e.g. tannins) and other compounds can be extracted from the wood 
before the main process. The type and amount of products separated depend on a number of 
factors such as the wood species and the pretreatment conditions (temperature, pressure and 
duration of the process). At the same time, changes in its chemical composition can improve some 
properties of the wood after pretreatmentor facilitate its further processing. This paper shows the 
influence of hot water pretreatment on some properties of wood, such as dimensional stability and 
heating value. The possibilities of using water-treated wood for the production of wood products 
with improved properties are also shown. 
Keywords: wood, hot water pretreatment, dimensional stability, heating value 

 

1. WOOD AS A RAW MATERIAL 

Wood is a natural raw material with a wide 
range of uses. Wood is used for the manufacture of 
numerous products, such as structural elements, 
windows and doors, furniture, veneers, particle 
boards and fiberboards and others. Wood is also 
used as an energy source, in its natural form (logs) 
or in modified form, as charcoal, briquettes and 
pellets. Chemical processing of wood can produce 
cellulose and carbohydrates with different 
molecular weights such as glucose and xylose and 
their derivatives,aromatic compounds from the 
lignin, tannins, turpentine, acetic acid, tar and many 
other products [1]. The properties and use of wood 
depend on its anatomical and chemical 
composition. 
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1.1. Chemical composition and wood properties 

The cell walls of wood consist of three 
biopolymer compounds: cellulose, hemicelluloses 
and lignin. Cellulose, hemicelluloses, and lignin 
have completely different structures and properties 
[2]. Wood also contains a large number of different 
organic compounds with a lower molecular weight, 
such as fats, waxes, polyphenols, alkaloids, 
monosaccharide’s, proteins and others. These 
compounds are referred to as extractives. Their 
content in wood is usually 3 to 5%, but can be 
higher in some species. Wood contains up to 1% 
inorganic substances. After burning the wood, they 
remain as a non-combustible residue (ash) [2]. 

Cellulose is the structural material of the cell 
walls of wood and other plants. Cellulose is a linear 
homopolymer of β-D-glucose that makes up half 
namely 40 – 50% of the dry mass of wood [3]. In 
the cell walls of wood cellulose molecules group 
into bundles called microfibrils and fibrils. Within 
the microfibrils, there are highly ordered 
(crystalline) and less ordered (amorphous) regions 
[3]. Due to its high crystallinity, cellulose is more 

https://doi.org/10
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resistant to the effects of chemical reagents than 
other structural components [4]. Hemicelluloses 
are heteropolymers (hetero-polysaccharides). 
Hemicelluloses contain many different mono-
saccharides as well as their derivatives. The 
content of hemicelluloses in woodis 20 – 35% [2]. 
Hemicelluloses have no crystalline structure, and 
are therefore the most reactive component of the 
cell wall [5]. The hydroxyl groups (-OH) of 
hemicelluloses contribute greatly to the hydrophilic 
properties of wood [6-8]. Lignin is complex, 
branched, cross-linked phenolic biopolymer with a 
high molecular weight. Depending on the wood 
species, the lignin content in wood is 17 – 35% [3]. 

The content and properties of the structural cell 
wall molecules and the relationships between them 
have a significant influence on the wood properties 
[9,10]. 

Hemicelluloses and amorphous regions of 
cellulose microfibrils contain a large number of 
available -OH groups, which make the wood 
hygroscopic. As a result, wood exchanges moisture 
with itsenvironment. Changes in the moisture 
content of wood lead to changes in the dimensions 
of the wood. The hemicelluloses are the most 
hygroscopic component of wood, while lignin has 
the lowest hygroscopicity [8]. In addition, the 
available hydroxyl groups of woodplay an important 
role in the chemical aspect of adhesion and the 
formation of an adhesive bond [11,12]. 

The heating value (HV) of wood is a 
combination of the heating values of its 
components and their proportions [13]. The heating 
value of lignin is the highest (26.7 MJ/kg) [14]. The 
heating value of cellulose is 17.3 MJ/kg, while 
hemicelluloses have the lowest heating value at 
16.2 MJ/kg [13]. Therefore, the chemical 
composition of wood has a major influence on the 
heating value of wood [13]. A high content of 
mineral substances and high moisture content 
have a negative effect on the HV of wood [13,14]. 

2. BIOREFINING 

Nowadays, chemicals and energy are obtained 

by processing fossil raw materials, such as oil. The 

consequence of the high consumption of fossil raw 

materials is everincreasing environmental pollution, 

global warming and other climate changes. This is 

the reason why the production of chemicals and 

energy from renewable sources is necessary, as 

well as the increasing demand for energy and 

materials in modern society. 

Biomass, such as forest and agricultural 

biomass, is the only renewable resource from 

which solid, liquid and gaseous fuels, as well as 

chemicals, can be produced [1,15-20]. Wood, as 

the most abundant renewable source of 

lignocelluloses, has a high potential for utilizationin 

a biorefinery for the production of chemicals and 

fuels [3,15,17, 19,21,22]. For these reasons, the 

demand for wood as a raw material is constantly 

growing and it’s more efficient and rational use is 

necessary. 

In the traditional chemical processing of wood, 
the components of wood are not optimally utilized 
(Fig. 1). When chemical processes are used to 
produce pulp, for example, the wood components 
are not optimally utilized. The hydrolysis products 
of the hemicelluloses are found in the black liquor 
together with the degradation products of lignin and 
together with small amounts of extractives [23-28]. 
Black liquor, containing dissolved degradation 
products of hemicelluloses and lignin, is combusted 
in the regeneration of chemicals and energy 
process, although the heating value of 
carbohydrates and their degradation products is 
low compared to that of lignin[1].  

 

Figure 1. Diagram of traditional wood processing 

By applying biorefining in the chemical 
processing of wood, wood components such as 
hemicelluloses or extractives (e.g. tannins) are 
removed before the main process [23-28]. In this 
way, the wood components can be more 
optimallyused. Biorefining is an approach that 
offers the possibility of producing not only the main 
product, but also a wide range of valuable 
secondary products such as fuels (e.g. ethanol), 
chemicals (such as carbohydrate derivatives and 
also lignin-based chemicals), extractives andothers 
[1,15,17,28]. 

2.1. Pretreatments 

Various chemical pretreatments play an 
important role in biorefinery processes based on 
lignocellulosic feedstocks [17,29-32]. The 
application of pretreatments usually aims to change 
the original chemical composition of the wood and 
thus enable further processing (e.g. hydrolytic 
decomposition) and at the same time a more 
optimal utilization of the wood. Depending on the 
conditions of the treatment applied (pH value, 
temperature and treatment duration) the following 
effects can be achieved in addition to the partial 
removal of hemicelluloses, removal of part of lignin 
[29], reduction of crystallinity and degree of 
cellulose polymerization [33],removal of acetyl 
groups, etc. [6,29]. 

Chemical pretreatments include two phases: 
solid,resulting in wood with an altered chemical 
composition and properties, and liquid resulting in 



J. Popović Hot water pretreatment in wood biorefining processing 

ZASTITA MATERIJALA 66 (2025) broj 3 577 

hydrolysate or extract resulting in dissolved wood 
degradation products that can be further converted 

into the desired chemicals, biomaterials or biofuels 
(Fig. 2) [15,34-38]. 

 

Figure 2. Diagram of wood processing with pretreatment 

2.2. Water pretreatments of wood 

Water pretreatments have the greatest 
utilizationpotential because water is non-toxic and 
non-flammable, inexpensive and available; it is a 
good solvent, easy to handle and environmentally 
friendly [1,4,22]. Water pretreatments causes less 
corrosion to equipment compared to utilizationwith 
other chemicals [4] and does not require special 
equipment, so the costs are not high. In addition, 
no significant cellulose degradation occurs during 
treatment [1,39,40].  

The effects of water pretreatments depend on 
the treatment parameters, such as temperature, 
which is the most important parameter, pressure 
and extraction time, as well as on the properties of 
the wood samples, such as chemical composition, 
porosity, surface area to volume ratio, size and 
mass [1,4,22,41]. Water pretreatments at high 
temperatures, or Hot water extraction under 
pressure (HWE), or Pressurized hot-water 
extraction (PHWE) is carried out at temperatures 
ranging from 100 to 374 °C and is the most 
commonly used pretreatment [16,42,43].  During 
this process polar and non-polar wood components 
are dissolved,and the main reaction in this process 
is the depolymerization and removal of significant 
amounts of hemicelluloses from the wood [30,44-
46]. Higher temperatures and a longer extraction 
time at HWE lead to degradation of the 
hemicelluloses [47]. 

2.3. Possible uses of the resulting extractafter 
pretreatment 

Increased energy consumption due to the 
introduction of pretreatment can be compensated 
for by the production of numerous valuable 
products from the hydrolysate. The hydrolysate 
contains mono-, oligo- and polysaccharides from 
hemicelluloses, which account for up to 60 – 80% 
of the total dissolved organic material, phenolic, 
aldehydic and other aromatic compounds from 
lignin, as well as various degradation products, 
extractives and acetic acid [1,15,34,48-51]. 

Various aromatic compounds resulting from 
lignin fractionation can be directly burned as fuel or 
converted into many valuable products, such as 
activated carbon or adhesives. Hemicelluloses can 
be used in polymeric form such as biopolymers or 

hydrogels [50]. Degradation products of 
carbohydrates can be converted into ethanol, 
xylitol, glycerol, sorbitol, arabinitol, furfural, 
hydroxymethylfurfural, acids such as fumaric, 
aspartic or levulinic acid, biobased protective films, 
stabilizers, emulsions and other derivatives that are 
used in the food, pharmaceutical and cosmetics 
industries [15,17,20,34,50,52]. 

3. PROPERTIES OF TREATED WOOD  

Changes in the chemical composition of wood 
are reflected in changes in the physical, 
mechanical, thermal and biological properties of 
the original material [53,54]. Popović et al. 
[55]found that the mass loss of narrow-leaved ash 
(Fraxinus angustifolia Vahl. ssp. Pannonica Soó & 
Simon) wood panels (5 x 20 x 150 mm) during 
water pretreatments at 100 °C and 120 °C for 1 h 
was low, 0.90% and 0.92%, respectively. These 
values indicate that the water treatments at these 
temperatures did not lead to degradation of the 
structural compounds of the cell wall [55]. 
However, the mass loss of narrow-leaved ash 
wood particles (0.5 - 1 mm) treated at 100 °C of 
4.90% is higher than the mass loss of panels 
treated under the same conditions [56]. The reason 
for this is the smaller dimensions and the larger 
contact surface of the wood particles with water 
during treatment. This leads to faster and more 
complete chemical reactions [4,22,41]. The mass 
loss of beech particles (≤ 1.2 mm) treated at 150 
°C for 1 h is higher, 10.56% [57]. This indicates 
significant degradation of wood cell wall polymers 
(mainly hemicelluloses, but also lignin and 
cellulose) during treatment. As a result of the loss 
of mass during pretreatment, the density of the 
treated wood is lower, which is reflected in its lower 
mechanical properties [58,59]. However, some 
other properties of the wood can be improved, 
which can result in better properties of the final 
product. 

3.1. Wateruptakeandvolumetricswelling 

The degradation of hemicelluloses during water 
pretreatment reduces the number of accessible -
OH groups. This leads to a reduction in the 
hygroscopic character, lower water absorption and 
higher dimensional stability of the treated wood 
samples [6,7,48,60]. 
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Popović [56] investigated water uptake as a 
function of time during 48 hours immersion in water 
(20 °C) of water-treated (100 and 120 °C, 1 h) 
narrow-leaved ash wood panels, as well as 
volumetric swelling. In the first 10 hours of 
immersion, both groups of treated samples absorb 
larger amounts of water compared to the control 
samples. After the first hour, the water uptake of 
the samples treated with water at 100 °C increased 
by 25.51% compared to the control samples [56]. 
The more intense water uptake of the treated 
samples during the first 10 hours indicates that the 
treatments increased the permeability and porosity 
of the ash wood. The reason for this could be the 
removal of extractives from the wood structure 
during the treatment[56]. After 10 hours of 
immersion, the intensity of water uptake decreases. 
The samples treated at 100 °C absorbed the least 
amount of water after 48 hours. This indicates that 
the applied treatments did not lead to a significant 
disruption of the cell wall structure and the 
appearance of new cavities of significant size, 
which is consistent with a low mass loss during the 
treatment [55]. 

Mohebby and Sanaei [61] found an increased 
moisture absorption of beech wood samples 
(Fagus orientalis) after hydrothermal treatment at 
180 °C, as well as by Zhang et al. [60], who noted 
increased water absorption of pine strand samples 
after hot water extraction. Zhang et al. [60]and 
Paredes [62]explain the increased water absorption 
of the treated samples by the increase in the 
number and volume of pores and the appearance 
of micropores in the cells, which promote the 
capillary movement of water in the treated 
samples. 

However,Hornus et al. [63] found that the 
equilibrium moisture content (EMC) of water 
treated (120, 140 and 160°C, 45 min) southern 
yellow pine (Pinus spp.) strands was reduced 
compared to control samples. Sattler et al. 
[64]investigated the effects of water treatment at 
120, 140 and 160 °C for 20, 40 and 60 min on the 
physical and chemical properties of loblolly pine 
(Pinus taeda) wood flakes. They found that the 
EMC of flakes decreasedwith increasesin 
temperature and treatment duration, indicating an 
increase in the dimensional stability of the 
samples[64]. Paredes et al. [48] also found that the 
EMC of OSB boards made from water-treated red 
maple chips at 160 °C was reduced, but that the 
water absorption of these boards was increased 
during immersion. The authors explained this 
disagreement with the consequences of the 
treatment [48]. 

Popović [56]also investigated the volumetric 
swelling of water-treated (100 and 120 °C, 1 h) 

narrow-leaved ash wood panels during immersion 
in water for 48 h (20 °C). During the entire 
immersion, the control group of samples showed 
higher swelling compared to both treated groups of 
samples, even though their water absorption was 
lower. Water absorption and swelling are usually 
strongly correlated, but the relationship changes 
when extracted wood is used[48]. Popović 
[56]concluded that pretreatments with water at 100 
and 120 °C led to an increase in the dimensional 
stability of ash wood panel samples, despite more 
intensive water absorption in the first hours of 
immersion [56]. After the first hour of immersion, 
the samples treated with water at 100 °C showed 
5.87% less swelling compared to the control 
samples. These samples showed a maximum 
decrease in volumetric swelling of 20.27% 
compared to the control samples after 24 hours of 
immersion [56]. An increase in dimensional stability 
indicates a decrease in the content of available –
OH groups as a result of the treatment. During 
hydrothermal treatment, wood degradation 
processes already start at temperatures of 100 °C, 
during which small amounts of amorphous areas of 
the cellulose dissolve [65,66], but also 
glucomannans [66]. 

3.2. Adhesion properties 

The adhesion properties of wood are important 
for all processes that involve bonding, such as the 
manufacture of wood-based panels. Some of the 
factors that affect the chemical interaction between 
the wood and the adhesive can also change during 
pretreatment. Hydroxyl groups are potential sites 
for the formation of bonds between the wood and 
the adhesive [11]. Thus, as the number of available 
-OH groupsdecreases the number of bonds 
between the wood and the adhesive also 
decreases. In this way, the pretreatments affect the 
changes in the adhesion properties of the wood 
and the strength of the bond [67]. The removal of 
acetyl groups and extractives during pretreatment 
changes the pH value of the wood, which can also 
affect the curing of the adhesive. 

Popović et al. [55] examined the tensile shear 
strength in the lap joint of water-treated (100 and 
120 °C, 1 h) narrow-leaved ash wood panels. They 
found that the shear strength of the control and 
treated samples did not differ significantly. This 
indicatedthat the applied pretreatments did not 
have a significant influence on the structural 
compounds of the wood [55]. A slight decrease in 
the shear strength of the treated samples 
compared to the control is probably due to aslight 
decrease in the content of available –OH groups, 
which is due to the dissolution of small amounts of 
amorphous regions of cellulose and glucomannans 
[65,66]. 
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Based on the results shown, it can be assumed 
that water pretreatment at temperatures of 100 and 
120 °C did not significantly change the adhesion 
properties of the ash wood panels[55]. These 
results indicate that the applied treatments do not 
significantly affect the interaction of wood and 
adhesive in wood-based panels made from water-
treated ash wood at 100 and 120 °C. 

3.3. Heatingvalue 

The removal of hemicelluloses, whose heating 
value is low compared to lignin, can increase the 
heating value of treated wood [14,26]. Popović [56] 
found that heating value (HV) of ash wood particles 
increased slightly(by 0.17%), after water treatment 
at 100 °C. Laurová and Kačík [66] state that during 
hydrothermal treatment in the temperature range of 
100-140 °C, glucomannans and the amorphous 
region of cellulose undergo autohydrolysis. 
Mamoňová et al. [65] also find that during 
hydrothermal treatment, wood degradation begins 
at temperatures as low as 100 °C, when small 
amounts of the amorphous region of cellulose 
dissolve, while xylans are stable at these 
temperatures. 

Water treatment at higher temperaturesresulted 
in more significant changes in the chemical 
structure [63-66]. Laurová and Kačík [66] and 
Sattler et al. [64] found that the concentration of 
carbohydrate degradation products in the 
hydrolysate increases with increasing temperature 
and treatment duration. However, Hornus et al. [63] 
found that the cellulose content in southern yellow 
pine (Pinus spp.) strands increases with increasing 
water treatment temperature from 120 to 160°C, 
while a significant loss of hemicelluloses occurs 
only at 160° C. The intensive hydrolysis of xylan 
starts at 140 °C [64,65] and is the dominant 
reaction at a temperature of 160 °C [66]. According 
to Pu et al. [26] and Runge et al. [14] the HV of 
wood increases after the removal of 
hemicelluloses. However, depending on the 
conditions, lignin degradation reactions also occur 
in the water medium. Laurová and Kačík [66] found 
that the concentration of lignin degradation 
products (syringaldehyde and vanillin) in the 
hydrolysate from hydrothermal treatment increases 
slowly with an increase in temperature from 100 to 
140°C. owever, with increasing temperature (and 
duration of hydrolysis), the proportion of these 
substances in the hydrolysate increases and 
reaches maximum values at 160 °C [66]. Sattler et 
al. [64]reported a lignin loss of 1.24% during the 60 
minute water extraction of loblolly pine (Pinus 
taeda) flakes at 160 °C. The decomposition of 
lignin at high treatment temperatures has an effect 
on the reduction of the HV of the samples. Popović 
et al. [57] found that the content of hemicelluloses 

decreased and the content of cellulose in beech 
wood particles increased after treatment with water 
at 150 °C, while the content of lignin did not change 
significantly. These changes in the content of wood 
constituents led to an increase in carbon (C) 
content by 1.4% and a decrease in oxygen (O) 
content by about 1.4% in the treated samples. As a 
result, the C/O ratio and HV increased by 2.8% and 
2.5% [57]. 

3.4. Viscoelastic properties of wood  

The degradation of hemicelluloses, which 
contribute significantly to the viscoelastic properties 
of wood, reduces the elasticity of the wood and it 
becomes brittle and stiff. This facilitates the 
compression of wood particles in processes 
involving pressing, such as particleboards or the 
productionof pellets. This improves the contact 
between the particles, which promotes the 
formation of bonds and increases the strength and 
stiffness of the product, while the lower elasticity of 
the wood influences the reduction of the springback 
effect [68]. 

4. UTILIZATION POSSIBILITIES OF WATER-
TREATED WOOD 

Water-treated wood can be used to produce 
wood-based boards with improved properties, such 
as oriented strand boards (OSB) [48,63], 
particleboards (PB) [56,68], fiberboards [69] or 
wood-plastic composites (WPCs) [70,71]. A lower 
EMC value for 6.2% of OSB made of red maple 
(Acer rubrum L.) strands extracted with water at 
160 °C compared to the moisture content of control 
boards of 10.2% was established by Paredes et 
al.[48]. At the same time, water uptake was 
increased while the thickness swelling of OSB from 
treated strands was reduced [48].OSB from of 
southern yellow pine strands treated with water 
(120, 140, and 160 °C, 45 min) showed lower water 
absorption and thickness swelling compared to 
control OSB while increasing modulus of elasticity 
(MOE) and bending strength (MOR) [63]. 

Popović [56]found that particleboards made 

from narrow-leavedash particles treated with water 
at 100 °C for 1 h had a lower density as well as a 
lower EMC at all applied ambient moisture 
conditions (32%, 65% and 90%, 20 °C) compared 
to control panels. This led to a reduction in 
thickness swelling of about 23% compared to the 
control panels [56]. Pelaez-Samaniego et al. [68] 
investigated the effects of HWE (160 °C, 90 min) of 
ponderosa pine (Pinus ponderosa Dougl. Ex 
Laws.) and sugar maple (Acer saccharum Marsh.) 
chips on the properties of particleboard. They find 
that HWE increases compressibility and reduces 
springback by 34% for maple chips and 44% for 
pine chips. The water absorption of PB panels from 
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HWE samples was reduced by 35% (pine) and 
30% (maple). This resulted in a reduction in 
thickness swelling by 39% for pine PB and 56% for 
maple PB after 24 hours of immersion in water. At 
the same time, the mechanical properties were not 
significantly affected [68]. 

The dimensional stability of wood-plastic 
composites (WPCs) made from polypropylene and 
extracted southern yellow pine (Pinus spp.) wood 
flour in cold water for 1, 3 and 5 days and in boiling 
water for 1, 3 and 5 hours was significantly 
improved compared to the corresponding WPCs 
made from untreated flour. In all treatment 
conditions applied, the water absorption and 
thickness swelling of the WPCs were lower than 
those of WPCs made from non-extracted wood 
[71]. 

Medium-density fiberboard (MDF) made from 

hydrothermally treated fibers at 120, 150 and 180 

°C for 30 and 90 minutes showed increased 

dimensional stability. Although the hydrothermal 

treatment of the fibers did not affect water 

absorption, the thickness swelling of MDF made 

from treated fibers was significantly reduced. 

However, the mechanical properties were also 

reduced [69]. 

Wood particles with increased HV after HWE 

can be used for the production of wood biofuels 

such as pellets. Pellets produced from beech 

particles water-treated at 150 °C (with a MC of 

10%) showed a 5.84% higher HV and 24.24% 

lower ash content compared to control pellets [57]. 

In addition, due to the reduction of the springback 

effect caused by the loss of hemicelluloses, the 

diameter of pellets from treated wood particles 

showed a lower deviation from the nominal value, 

the density of pellets after conditioning (68%, 20.1 

°C) increased by 15.70%, which resulted in an 

increase in bulk density by 20.57% compared to 

control pellets [57]. A pellet made from water-

treated (170 °C, 60 min) poplar wood (Populus 

maximowiczii x nigra) chips showed a 5.8% higher 

HV, 12.1% higher density and 18.5% higher energy 

density compared to a pellet made from untreated 

wood chips of this type. The compressive strength 

and durability of pellets made from poplar chips 

treated with liquid hot water were also significantly 

higher [14]. 

5. CONCLUSION 

Depending on the conditions of the process, 
water treatment leads to greater or lesser 
degradation of the wood. If the water treatments 
take place at lower temperatures, there is no 
significant degradation of the structural molecules 
of the cell wall.With an increase in the treatment 

temperature, the cell wall structural compounds - 
primarily hemicelluloses and amorphous areas of 
cellulose microfibrils, but also lignin, are 
degraded.The products of wood decomposition are 
in the liquid phase of the treatment - the 
hydrolyzate, and they can be used to produce 
numerousvalue added products. 

The changes that occur in the chemical 
composition are reflected in the physical, 
mechanical, thermal and other properties of wood. 
The degradation of hemicelluloses during water 
pretreatment reduces the number of accessible -
OH groups.This results in a decrease in 
hygroscopic character and an increase in 
dimensional stability, despite the higher water 
absorption of water-treated wood samples, as well 
as an increase in thermal power. In addition, the 
elasticity of wood decreases, whichis significant for 
wood products produced by pressing.Water 
treatments can also affect the adhesive properties 
of wood. 

Water treatments at certain parameters can be 
applied for wood products with improved 
properties, such as wood-based panels (OSB, PB, 
MDF, WPCs) with improved dimensional stability, 
as well as for solid fuels such as pellets, with 
improved combustion properties (HV, ash and 
moisture content). 

Considering the above, it can be concluded 

that liquid hot water pretreatment in wood 

biorefining processing can result in more efficient 

use of wood, with the simultaneous production of 

wood products with improved properties. 
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IZVOD 

PRIMENA PREDTRETMANA VRELOM VODOM U BIORAFINACIJI DRVETA 

Drvo se može preraditi u razne proizvode ili poluproizvode sa širokim spektrom primene. Kao 
prirodni rezervoar organskih materija, drvo je, takođe, važna sirovina za proizvodnju hemikalija i 
goriva. Ograničenost rezervi fosilnih resursa, zagađenje životne sredine i klimatske promene 
nameću potrebu za proizvodnjom energije i hemikalija iz obnovljivih sirovina. U tom kontekstu 
potražnja za drvetom kao obnovljivom i dostupnom sirovinom sve više raste, a time i potreba za 
njegovim optimalnijim iskorišćenjem. Naime, u krajnjim proizvodima od drveta često se nalaze 
sastojci koji ne utiču značajno na njihov kvalitet, ili čak mogu imati negativan uticaj. Pored toga, 
tokom hemijskih procesa prerade može doći do degradacije i trajnog gubitka vrednih sastojaka 
drveta. Uvođenje predtretmana vrelom vodom u procese prerade drveta može biti jedan od načina 
biorafinacije drveta i racionalnijeg iskorišćenja njegovih sastojaka. Tako se, pre glavnog procesa 
prerade, iz drveta mogu izdvojiti vredni proizvodi kao što su hemicelulozni šećeri ili ekstraktivi (na 
primer tanini), ali i druga jedinjenja. Vrsta i količina izdvojenih proizvoda zavise od brojnih faktora 
kao što su vrsta drveta i uslovi izvođenja predtretmana (temperatura, pritisak i trajanje procesa). 
Istovremeno, usled promena u hemijskom sastavu, posle predtretmana mogu biti poboljšana neka 
svojstva drveta, ili se može olakšati njegova dalja prerada. U ovom radu prikazan je uticaj 
predtretmana vrelom vodom na neka svojstva drveta, kao što su dimenzionalna stabilnost i 
toplotna moć. Takođe su prikazane mogućnosti upotrebe drveta tretiranog vodom za proizvodnju 
proizvoda od drveta poboljšanih svojstava. 
Ključne reči: drvo, predtretman vrelom vodom, dimenzionalna stabilnost, toplotna moć 
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Morphological, size-dependent field emission investigation 
of GO and rGO nanosheet 

ABSTRACT 

Here, we report the role of surface morphologies and grain size on electron field emission 
characteristics of  GO and rGOnanosheets, synthesized through the modified Hummer method. 
The plasmon peaks were observed at 290nm -310nm for both samples. Here, a plasmonicenergy-
associated effective mass model was used to calculate the crystal size of the nanosheet, which is 
3.56nm and 4.79nm for GO and rGOnanosheet, which confirms the confinement behavior. Raman 
data recorded for GO and rGO nanosheet confirm the presence of D and G bands, suggesting 
growth of GO and rGO, in addition, the Crystal size is calculated by Raman data, which is 
comparable to Bohr exciton radius size, indicating the GO and rGO are quantum dots. The 
electron field emission parameters of synthesized GO and rGOnanosheets have been 
investigated and parameters are calculated by the Fowler–Nordheim (F-N) equation. Among them, 
the GO sample exhibits the best electron field emission properties with the minimum turn-on 
voltage of 8.2 V/μm and the field enhancement factor of 1200 due to possessing the smallest 
emitter tip radius(size) and the varying surface morphologies. 
Keywords: Graphene oxide, Raman, Band gap, Field Emission 

 

1. INTRODUCTION 

Graphene and its derivatives, such as 

graphene oxide (GO) and reduced graphene oxide 

(rGO) are said to be effective and promising 

materials for many applications. Graphene shows a 

2D structure, where a uniform, homogeneous 

single layer of carbon (Z=6) atoms are set in a 

hexagonal lattice plane and play a significant role 

in emission properties [1]. Moreover, graphene and 

its derivatives(GO and rGO) are usually flat with 

better transmission and efficient charge transfer [2]. 

Since graphene is getting attraction in nano and 

tech. fields. Graphene shows high surface area, a 

variable energy gap, extraordinary thermal as well 

as electrical conductivity, and excellent mobility at 

room temperature [3]. The GO is a carbon layer 

with the presence of oxygen functional, that is 

attached  to both sides of the  carbon layer and the 
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carbon edges of the plane [4].GO could be a single 
or multilayer sheet. A2-dimensional sheet with a 
single layer is GO; two double layers of GO are 
named two-layered GO[5]. Moreover, the 2-
dimensional GO layer in between two to five layers 
is called a few-layered GO sheet, and more than 
five layers are said to be multilayer GO[6]. GO 
nanosheets are synthesized by the modified 
Hummer method [7] that controls the morphology 
and size of nanostructure, which play an important 
role in electron field emission properties [8]. 

Electron field emission is the important 

characteristic of electron emission by the emitter 

surface height barrier of a structure through the 

principle of quantum tunnel phenomenon[9]. In the 

basic theory of thermionic emission(TE), the 

emitter(GO and rGO) are annealed at extreme 

temperatures to transfer enough energy to excited 

electrons, which is needed to discuss the work 

function of the emitter of the nanosheet [10]. While, 

the electron field emission is produced under the 

most intense external applied electricfield to an 

emitter surface(as cathode), called cold cathode 

emission [12]. These electron emissions are used 

for various applications including microwave 

https://doi.org/10
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generation devices, gas sensors, field emission 

displays, and medical imaging [13]. Various groups 

made an effort to investigate the field emission 

properties of different nanostructures [9,14,15]. The 

majority of previously reported investigations on 

electron field emission of graphene, GO and 

rGOnanosheetshave not focused in detail. 

However, the correlation between morphologies 

and grain size(calculated from the EMA model) 

with electron field emission propertieshasbeen 

rarely reported yet. 

This investigation reports the role of morpholo-
gy and grain size on the performance of electron 
field emission of GO and rGO. The theoretical 
effective mass models are used to calculate the 
size using different absorption plasmonic energy. A 
correlation between morphologies and grain size 
and electron field emission properties exhibits that 
the turn-on field is effectively impacted by the size 
quantum effect in GO and rGOnanosheets. 

2. MATERIALS AND METHODS 

Graphene oxide (GO) is synthesized through 
the improved Hummers' method. In the Hummers' 
method, graphite is oxidized using a mixture of 
concentrated sulfuric acid (H2SO4), sodium nitrate 
(NaNO3), and potassium permanganate (KMnO4). 
H2O2 is used to stop the reaction. The resultant 
solution is centrifuged using HCl, and dried in the 
presence of IR at 85°. Finally, GO is obtained by 
exfoliating using heat treatment. The oxidation 
process introduces oxygen-containing functional 
groups such as hydroxyl (-OH), epoxide (-O-), and 
carboxyl (-COOH) onto the graphene layers, 
resulting in the formation of GO.After obtaining GO, 
reduced graphene oxide (rGO) is prepared by 
reducing the oxygen-containing functional groups 
in GO using sodium Borohydride[16-17]. The 
reduction process removes some of the oxygen 
groups and partially restores the sp2 carbon 
network, leading to the formation of rGO. The 
schematic of synthesis process is shown in Fig 1. 

 

Figure 1. Schematic diagram of synthesis of GO 

 

3. RESULTS AND DISCUSSION 

3.1. Morphological and elemental composition of 
GO and rGO 

Figure 2(a-b) displaysthe FESEM micrograph 

of graphene oxide (GO) and reduced graphene 

oxide (rGO) samples. Figure 2(a) shows the 

presence of crumple and spherical type structure, 

because of the exfoliation of graphite sheet, which 

becomes to GO nanosheet and results in reduction 

or deformation onthe exfoliation. Fig. 2(b) displays 

the micrograph of reduced graphene oxide (rGO), 

the folded and wrinkled nanostructure has been 

found. This folding rGOnanosheetis observed on 

the surface and the edge of rGO due to the losses 

of the presence of oxygen functional groups[18]. 

More folded and wrinkled nanosheet is produced 

when the reduction is quite stronger. A layered 

sheet with few defects is found in both samples, 

indicating their polycrystalline behavior. Relatively, 

the rGOnanosheet shows more aggregation than 



P. K. Mahato et al. Morphological, size-dependent field emission investigation of ... 

ZASTITA MATERIJALA 66 (2025) broj 3 586 

the GO. The ratio of C:O for GO and rGO 

nanosheetshas been investigated through EDS 

measurement, as shown in Figure 2(c-d). The 

ratiosof C:O of GO and rGO are 1.48 and 2.53, 

respectively. The EDS result confirms the reduction 

of rGO from the GO nanosheet [19]. 

 

Figure 2. FESEM and EDS spectra,(a-c) GO, (b-d) rGO 

 

3.2. XRD study of GO and rGO 

XRD spectra were recorded by using Cu (Kα) 
radiation (0.154 nm) and intensity was collected in 
range of 2θ = 5–40◦ for GO and rGOnanosheetto 
evaluate the structural and elastic properties, as 
shown in Figure 3. The observed peaks correspon-
ding to reflection planes (001) at 2θ = 11.8 
assigned to GO phase and observed peaks corres-
ponding to reflection planes (002) at 2θ = 26.8 
assigned to rGOphase [JCPDS card no. 77-2306] 
.The structural parameters such as crystal size (D), 
lattice strain (ε), and dislocation density (δ) have 
been studied corresponding to (001) and (002) 
reflection peak of GO and rGOnanosheetare 
estimated using the Scherer equation [20]. 

𝐷 =  
𝑘 𝜆

𝛽𝐷 𝑐𝑜𝑠 𝜃 
 (1) 

𝜀 =
𝛽ℎ𝑘𝑙

4 𝑡𝑎𝑛 𝜃 
 (2) 

Here βD is full-width at half maximum (FWHM). 
The estimated average values of D of GO and 
rGOnanosheetusing Scherrer’s formula are 2.9 nm 
and 6.6 nm. The analysis of disorderness, non-
uniformity, non-homogeneity, irregularities and 

crystal defects present in samples has been carried 
out using dislocation density (δ), calculated through 
following  equation [21]: 

𝛿 =  (
𝛽𝐷 𝑐𝑜𝑠 𝜃

𝑘 𝜆 
)

2

=
1

𝐷2 (3)  

The estimated average value of dislocation 
density of GO and rGOnanosheet are 0.1228 and 
0.0229 respectively. 

 

Figure 3. XRDof  GO and  rGOnanoseet 
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3.3. Optical and Raman study of GO and rGO 

The optical absorption properties of the GO 

and rGOare shown in Fig. 4(a), The GO exhibits 

the peak position at 290 nm indicating the p–n* 

absorption band, on the other hand, the rGO 

exhibits the peak position at 298 nm indicate the p–

n* absorption band, suggest that some groups on 

the GO nanosheet are eliminated and the 

conjugated nanostructures have been restored. 

The surfaceplasmonic position centered at 230 nm 

for the GO nanosheet is red-shifted(shifting 

towards a higher wavelength) with increasing 

reduction i.e GO to rGO samples. Further, red 

shifting can be explained through the quantum 

confinement effect through various theoretical 

models using optical absorption. Here we will use 

the effective mass model to compute the size, 

which is expressed as[22-24].  

Eg =
*

Eg
bulk

-
1.8e2

4πϵ
°
εr

+
ℏ2π2

2r2
(

1

me
* +

1

mh
* ) (4) 

Where r is the crystallite radius.The calculated 

size from this model are3.56nm and 4.79 nm 

respectively for both the samples. Besides the 

effective mass model, another model called the 

Hyperbolic Band approximation(HBA) model, is 

used to estimate the size of GO and rGO. The   

HBA model is expressed as[25-26]. 

Eg =
2

 Ebulk 
2

+ (
2ℏ2Ebulk

μ
) (

π

r
)

2

  (5) 

The estimated crystallite size from this model 
is8.45nm and 11.76 nm. 

Raman spectroscopy is used to investigate the 

defects and disorders present in synthesized 

samples of GO and rGO. Figure 4(b) displays the 

Raman spectra for both samples, which exhibit two 

significant bands namely the G band and D band. 

In the recorded GO and rGO samples, the G band 

centered at ~1540-1545 cm−1, indcates the perfect 

GO and rGO nanostructure of a carbon atom with 

sp2 hybridization mode and is assigned to E2g-

symmetry phonons. The D band is centered at 

1350-1380 cm−1, indicating the A1g-symmetry 

phonons and which confirm the presence of 

defects in samples. The defect (D) band suggests 

the disorder in samples arises because of 

microstructural imperfections and irregularities  by 

the presence of functional groups in the 2-

dimensional. graphene sheets. The G-band comes 

in our samples because of lattice plane vibration of 

sp2 hybridized mode of carbon atoms. In the case 

of the GO nanosheet, the functional groups are 

fond of the carbon atoms by shifting the 

hybridization mode from sp2 to sp3mode. On the 

other hand, the rGO shows the red shifting of the G 

band than the GO nanosheet. The Raman intensity 

ratio of D-band (ID) and G-band (IG) is also 

estimated,  which gives the information of 

qualitative assessment of the presence of disorder, 

defects in the GO and rGO samples. The ID/IG ratio 

decreases from 0.81 to 0.92 for the samples. The 

ID/IGratio of Raman band decreases with the 

reduction of graphene oxide. To estimate the grain 

size from recorded Raman spectra through 

expression [27] 

 La=
560

E
4 (

ID

IG
)

-1

 

Where E is laser energy and expression 

La=2.4*10-10 λ4

(
I
D

I
G

)
-1

is used to calculate the size. 

The estimated Size was 17 and 23 nm for GO and 
rGO. 

 

Figure 4. (a) absorption, (b) Raman spectra of GO and rGO 
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3.4. Field emission properties of GO and rGO 

Graphene and its derivatives show promising 

electron field emission behavior and are examined 

for application in devices. To understand the 

emission properties of nanosheets, the electron 

emissions testing is carried out with diode 

assembly inside the chamber at a minimum 

pressure, and the separation between the cathode 

and anode was0.025cm.A schematic diagram of 

field emission geometry is shown in Figure 5. 

 

Figure 5. Schematic diagram of field emission geometry 

 

The process of field emission depends on the 

principle of quantum tunneling phenomenon. 

Figure 6(a-b) displays the current density (J) 

versus applied electric field (E) curve plotsfor 

bothsamples. The turn-on voltage for collection of 

GO is usually expressed as the electric field 

needed to create the emission current densities of 

15 mA-cm-2. The turn on voltage valuesis found to 

be 8.67 V/μmand 9.2V/μmfor both the samples. A 

morphology and size dependent on turn on voltage, 

indicate that turn-on fields are possibly tailored 

through tailoring the GO and rGO diameter. A 

minimum turn on voltage is required for electron 

field emission from synthesized GO and rGO 

samples are used for minimal power operation-

based devices. It is evidence that the emission 

behavior of nanosheetis effectively impacted with 

size. It is required to turn on voltage of GO and 

rGO shows minimum size because of larger 

applied external field at the tip of the nanosheet. 

 

 

Figure 6. Electron emission current–voltage plot(inset FN plot) of (a) GO, (b) rGO nanosheet 
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The electron field emission data have been 

investigated through the Fowler–Nordheim (FN) 

model which tells about the electron emission 

current density through barrier tunneling 

phenomenon, electron field emission current as a 

function of the applied external electric field and 

are expressed as follows [28-29]. 

J =Kβ
2
V

2

φ
exp(-

PW
3
2

βV
)  (6) 

where K (= 1.541 × 10−6 AV−2eV) is a constant, P = 
6831 eV−3∕2μm−1 V, V is the applied electric field, φ 
is the work function and β is the field-enhancement 
factor. The plot of ln (J/E2) with (1/E) is defined as 
FN plot, whose gradient is expressed as. 

Gradient =-
P φ

3
2

β
 (7) 

where, β is field-enhancement factor, which is sued 

to investigate the degrees of emission 

enhancement of tips. Various group reported the 

field-enhancement factor is most significant 

characteristic, which depends on the surface 

geometry of the GO and rGO(in our case), and the 

distance between the emitter(nanosheet) and 

anode plate. As the effective electron emission 

area and the φ (work function) for GO and rGO are 

quite impossible to estimate, field-enhancement 

factor are calculated by the slope of the fitting FN 

plot. Inset Figure 5 (a and b )display the FN plot of 

GO and rGO, which well fitted and the gradient of 

the linear portion, and further estimated values of 

field-enhancement factor are 1200 and 1160 for 

both samples. A size dependent change in turn-on 

field suggest that electron field emission 

parameters are also be tailored as a result of size 

confinement in GO and rGO nanosheet. 

4. CONCLUSIONS 

This investigation demonstrated the 

synthetization of GO and rGO through a modified 

hummer method. XRD pattern confirm the 

formation of GO and rGO phase. The plasmon 

peaks were observed at 290 nm to 310 nm for both 

the samples. Here, a plasmonic energy associated 

effective mass model was used to calculate the 

crystal size of nanosheet, which is 3.56nm and 

4.79nm for GO and rGOnanosheet, which confirm 

the confinement behavior. The G band is centered 

at ~1540-1545 cm−1, and the D band is centered at 

1350 to 1380 cm−1, indicating the A1g-symmetry 

phonons and which confirm the presence of 

defects in samples. An excellent field emission for 

GO was found withminimum turn-on voltage of 6 

V/μm. The synthesized GOhas proved to be an 

excellent electron field emitter. On the other hand, 

the field enhancement factors are 1200 and 1160 

for both samples. A maximum field enhancement 

factor was found for a smaller crystal size sample.  

A size dependent change in turn-on field suggests 

that electron field emission parameters are also be 

tailored as a result of size confinement in GO and 

rGO nanosheets. 
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IZVOD 

MORFOLOŠKO ISTRAŽIVANJE EMISIJE GO I rGO NANOLISTA 
ZAVISNO OD VELIČINE 

Ovde izveštavamo o ulozi morfologije površine i veličine zrna na karakteristike emisije 
elektronskog polja GO i rGO nanolistova, sintetizovanih modifikovanom Hamerovom metodom. 
Plazmonski vrhovi su primećeni na 290 nm -310 nm za oba uzorka. Ovde je korišćen model 
efektivne mase povezan sa plazmonično energijom za izračunavanje veličine kristala nanolima, 
koja je 3,56 nm i 4,79 nm za GO i rGOnanolist, što potvrđuje ponašanje zatvaranja. Ramanovi 
podaci snimljeni za GO i rGOnanosheet potvrđuju prisustvo D i G traka, što sugeriše rast GO i 
rGO, pored toga, veličina kristala se izračunava Ramanovim podacima, koji je uporediv sa 
veličinom radijusa Borovog eksitona, što ukazuje da su GO i rGO kvantne tačke. Istraženi su 
parametri emisije elektronskog polja sintetizovanih GO i rGOnano listova i parametri su izračunati 
pomoću Fauler–Nordhajmove (F-N) jednačine. Među njima, GO uzorak pokazuje najbolja svojstva 
emisije elektronskog polja sa minimalnim naponom uključivanja od 8,2 V/mm i faktorom 
poboljšanja polja od 1200 zbog posedovanja najmanjeg radijusa (veličine) vrha emitera i različite 
morfologije površine. 
Ključne reči: Grafen oksid, raman, pojasni razmak, emisija polja 
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Development of UV Photodetector using SnO2/AuNPs@SiNWs 
hetero junction on Si chip 

ABSTRACT 

In this study, we present the development of a hybrid nanostructure based on silicon nanowires 
(SiNWs) and tin oxide (SnO2) and Au nanoparticles, which was utilized to develop a UV 
photodetector. Metal assisted chemical etching (MACE) was used to create SiNWs on p-Si (1 1 1) 
substrate, while reduction synthesis and co-precipitation techniques were used to create AuNPs 
and SnO2 nanoparticles, respectively. These AuNPs and SnO2 nanoparticles were then deposited 
on top of SiNWs. Using an X-ray diffractometer (XRD), UV-Visible spectrophotometer, and 
scanning electron microscopy (SEM), the synthesized SnO2/AuNPs@SiNWs hybrid nanostructure 
was examined. The synthesized SnO2 nanoparticles were subjected to TEM examination as well. 
At room temperature, the UV photocurrent response of SnO2/AuNPs@SiNWs was studied at 
varying UV light intensities as 1, 1.5, and 2 mW/cm2. 
The hybrid nanostructure of SnO2/AuNPs@SiNWs was found to have a photocurrent response 
time to be very fast (1.32 s). As we turned off the UV source, the sensor reached to its initial state 
in ~0.77 s. The sample was checked continually for three on/off sets of illumination at a regular 
interval of 60 s. Therefore, the work disclosed here has great promise for the advancement of 
highly effective miniature UV photodetectors with unique features. 
Keywords:Photodetector, ultra-violet, gold nanoparticles, silicon nanowires, tin oxide. 

 

1. INTRODUCTION 

A device that transforms light energy into a 

measured electrical reaction is called a 

photodetector (PD). All solid state photodetectors 

operate on the same fundamental concept. When a 

photon with enough energy interacts with a 

semiconductor material, the distribution of electron 

energies within the material is momentarily altered 

[1,2]. An electron can become energetically 

conducting when it has enough energy to do so, 

allowing it to freely move within the crystal. A 

vacancy, or hole, is left behind by the migrating 

electron and is free to move within the crystal. They 

are together known as electron hole pair and in 

photodetector, one such pair is created for every 

absorbed photon. 
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If the electron hole pair left in material long 

enough, they will recombine and give up extra 

energy in the form of heat. The time scale during 

which it happens is called recombination lifetime, τr. 

While excited, the electron and hole will drift in the 

presence of an electric field, creating electric 

current. This current can be detected by connecting 

the active area of the semiconductor into an 

electric circuit. Here, however we are specifically 

interested in PDs for the detection of UV 

wavelength [3,4].  

UV PDs find wide applications in various fields 

like industrial, environmental, military and 

commercial fields [5]. In the domains of solar 

astronomy, water sterilization, flame detection, and 

safe space communication, they are frequently 

employed to detect UV light [6,7]. Particularly, UV 

PDs have garnered a lot of attention lately because 

of the growing demands from the military and civic 

sectors to develop UV equipment that can function 

in high temperatures [8]. Commercially available 

PDs are utilized in various applications such as 

atmospheric clock transfer using femtosecond 

https://doi.org/10.62638/ZasMat1263
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frequency combs, measuring speckle motion to 

monitor ultrasonic vibrations, measuring the 

polarization state of a weak signal field by 

homodyne detection, and remote optical 

diagnostics of non-stationary aerosol media in a 

wide range of particle sizes [9]. 

There are three bands in the UV spectrum. 
Three wavelength ranges are identified: UVA, UVB, 
and UVC. The wavelength range from ~ 320 nm to 
400 nm is assigned to the band UVA, while the 
wavelength range from 280 nm to ~ 320 nm is 
assigned to the band UVB and the wavelength 
range from 100 nm to 280 nm is assigned to the 
band UVC[10]. UVA makes up 95% of the UV light 
that reaches the earth and is located in the visible 
region among these bands.  

In this investigation, we developed a silicon 
nanowire-based heterojunction p-n device. The 
devices obtained as a p-n heterojunction may give 
photodetectors functioning in a larger wavelength 
range due to the wavelength constraint of silicon 
homojunction in terms of photodetector perfor-
mances. Moreover, heterojunctionphotodetectors 
are created by combining several materials with 
nearly matched lattice characteristics but distinct 
band gaps [11]. This absorbs various wavelengths, 
enabling the photodetector to be employed in a 
broad spectral range. There are opportunities for 
high-performance photodetectors using lattice-
matched heterojunctions. As a result, creating p-n 
heterojunctions is frequently more advantageous 
than creating homojunctions since they are cheap, 
simple to fabricate, and have good performance. In 
optical devices, metal oxide semiconductors play a 
crucial role because of their intriguing opto-
electronic features. 

The wide gap semiconductors for example, 
SnO2[12], GaN [13], Ga2O3[14], TiO2 [15], ZnMgO 
[16] and ZnO [17], are attracting significant 
research and commercial owing to their improves 
thermal stability, high breakdown voltage, low cost 
and favourable sensitivity to UV radiation. Here, in 
this work we choose SnO2nanoparticles which is a 
wide band gap semiconducting material. SnO2 
found interesting electrical and optical application. 
MSM UV photodetectors based on SnO2 have 
been demonstrated recently, but they have a lot of 
issues. Interstitial Sn atoms, numerous oxygen 
vacancies, and other defects are common in SnO2 
material. These flaws provide a huge amount of 
background carriers, which in turn cause a high 
dark current. Another reason is that some of these 
defects function as trap centers, which prevent 
photogenerated electrons and holes from 
recombining, slowing down the response time [12]. 
But the forbidden dipole transition among its 
valence band and conduction band limits its 
applicability in photodetectors. The performance of 

UV PDs enhances with incorporation of nobel 
metal nanoparticles due to the generation of 
Localized Surface Plasmon Resonance (LSP). LSP 
encourages the confinement of optical fields 
directly affecting the increase in the intensity of the 
optical energy inside the SnO2 [18]. This lead to 
better optical and electrical performances of the 
photodetector.Keeping in view above considera-
tions, for the first time, we have used AuNPs/SnO2 

heterojunction for UV detection and experimental 
data depicts good results that to the best of our 
knowledge has not been reported so far by this 
nanostructure. 

2. EXPERIMENTAL WORK 

2.1. Materials Procurement 

For the synthesis of SiNWs, hydrogen peroxide 
(30%), hydrogen flouride (40%), IPA(99%) were 
purchased from Rankem, Fisher Scientific SRL 
respectively. Sulphuric acid (99%) and nitric acid 
procured from Merck. Silver nitrate (99.9%) was 
procured from Qualikems. For the synthesis of 
Gold nanoparticles, gold hydrogen chloride 
acquired from Sisco Research Laboratories pvt. 
Ltd. and trisodium citrate dehydrate (98%) from 
LobaChemiePvt. Ltd and for the synthesis of SnO2 
NPs, Tin chloride dihydrateSnCl2.2H2O (98%, 
Sigma Aldrich), ammonia hydroxide (NH4OH), 
Hydrochloric acid (HCl) and distilled water. The 
chemicals were used without any further 
purification. 

2.2 Synthesis of SiNWs on Si chip 

We choose n-type Si substrate and 
ultrasonicated it 10 mins with DI water, 10 mins 
with acetone and 10 mins with isopropyl alcohol to 
remove dust and oxides layer deposited over 
substrate. The substrate was then dipped in 
piranha solution (H2SO4:H2O2) taken in the ratio of 
3:1 for 30 mins to remove organic and inorganic 
contaminations. Further cleaning the substrate by 
dipping in HF solution (1mlHF+9ml DI) for 2 mins, 
after HF dip the substrate was dipped in etching 
solution. Etching solution was prepared by 
ultrasonicatedAgNO3 solution (0.068gAgNO3 + 20 
ml DI) with HF solution (4mlHF + 16 ml DI). We 
kept the substrate in etching solution for 1 hour at 
60°C[19,20]. The length of SiNWs can be adjusted 
by changing the time for which we kept in etching 
solution. After that it is cleaned with HNO3 solution 
for 5 mins to remove the Ag from the Si wafer.The 
oxidation-reduction takes place which is explained 
below. 

𝑆𝑖(𝑠) + 4𝐴𝑔+ + 6𝐻𝐹 → 4𝐴𝑔(𝑠) + 4𝐻+ + 𝐻2𝑆𝑖𝐹6 

2.3. Synthesis of AuNPs 

In a typical AuNPsynthesis [21], 20 ml of 1.0 
mM gold hydrogen tetrachloride solution was 
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prepared in a flask. Independently, 2mL of (1.0 wt 
%) trisodium citrate dihydrate solution was 
prepared in a flask. Independently, 2mL of (1.0 wt 
%) trisodium citrate dihydrate solution was 
prepared. Using a hotplate, the flask holding the 
HAuCl4 solution was heated while being vigorously 
and continuously stirred. A disposable Petri dish 
was utilized to cover the flask during the synthesis 
to prevent contamination and solvent evaporation. 
A 2 mL solution of citrate was quickly injected into 
the HAuCl4 solution after it had reached the boiling 
point at room pressure. The main variable that was 
regulated to produce the appropriate particle size 
was the molar ratio of citrate to gold chloride. When 
the suspension turned wine red, the synthesis was 
finished. Depending on the molar ratio, the reaction 
typically took two to five minutes. The sample 
reached room temperature by natural cooling. 

Here, gold ions react with citrate ions to form 
gold atoms as well as citrate acting as a reducing 
agent in producing the gold atoms. Citrate ions acts 
as shielding agent, wrapping around the cluster of 
atoms which constitute the nanoparticles[22]. This 
electrostatic sheath prevent agglomeration and 
stabilizes the particles. 

2.4. Synthesis of SnO2 

The SnO2 NPs were prepared by co-preci-
pitation[23] technique where 0.85 g of SnCl2.2H2O 
was added into 100 mL of ethanol in a 500 mL 
beaker with continuous magnetic stirring for 1 hr to 
obtain a homogeneous solution. 100 mL of 
hydrochloric acid was then added drop wise with 
further stirring the solution for another 30 min to get 
proper mixing the solution in a clear transparent 
form. Further, NH4OH was added drop by drop till 
the pH of the solution became 8.5 where a milky 
white solution was obtained. This solution was kept 
on continuous stirring for 3 hrs. Thereafter the 
stirring was stopped and the solution was then 
washed with DI water as well as ethanol multiple 
times so that the residual chlorine content can be 
removed. The resulting solution was filtered, 

covered and left overnight for drying. The dried 
powder was then calcinated at 650oC. 

Then we ultrasonicate the solution of AuNPs 
and SnO2and then we drop casted the solution 
over SiNWs on Si chip and placed on PCB for 
making electrodes respectively. 

3. CHARACTERIZATION TECHNIQUE USED 

To study the stoichiometry, morphology, and 
structural analysis of the developed materials 
(SnO2, AuNPs and its heterojunction nanostructure 
over SiNWs) various characterization techniques 
were used. Scanning electron microscope (SEM) of 
Zeiss (model: EVO-18) equipped with energy 
dispersive X-ray spectrometer (EDS) was used to 
analyse the shape and size of the prepared 
nanostructures. Transmission electron microscope 
(TEM) of (JEOL, model no. JEM-2100G) was used 
to get the structural analysis. For the crystallo-
graphic analysis of the heterojunction nano-
structure, Ultima IV PXRD (source Cu, K = 1.54Å) 
X-ray diffractometer was performed. UV–Vis 
spectrophotometer was also used to get the 
absorption spectra of the SnO2, AuNPs and 
SnO2/AuNPs. For UV sensing analysis, Keithley 
electrometer was used to record the data. 

4. RESULTS AND DISCUSSIONS 

4.1.SEM Analysis 

The surface morphology of the developed 
materials was recorded using SEM and results 
were analysed. The top view micrograph of 
SnO2deposited over Si substrate has been 
depicted in figure 1(a) which clearly indicates 
uniform coverage of the substrate. Fig. 1(b) reveals 
the synthesis of Au nanoparticles whose particle 
size is in the range of 30-50 nm. Fig. 1(c) show the 
AuNPs and SnO2 deposited over SiNWs. The 
micrographs showed the good coverage and a 
heterojunction between SnO2/AuNPs and SiNWs. 

 

Figure 1. (a) Top view of SnO2deposited over Si substrate, (b) Top view of AuNPs deposited over Si 
Substrate, (c) Top view of SnO2/AuNPs deposited over SiNWs 

4.2.EDX Analysis 

In order to confirm the presence of elements in 
the developed SnO2/AuNPs@SiNWs structure, 

EDX analysis was also performed where weight% 
and atomic% were observed as depicted in 
Fig.2(a). The elemental analysis also confirms the 
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presence of Gold ‘Au’, oxygen ‘O’, Tin ‘Sn’ and 
silicon ‘Si’ species in the developed hybrid 

structures. The EDX mapping of the developed 
structure was also recorded as shown in Figure3. 

 

Figure 2. (a) EDX spectrum of SnO2/AuNPs@ SiNWs, (b) Atomic percentage 

 

Figure 3.EDXcolour mapping of (a) Silicon (b) Gold (c) Tin (d) Oxygen 

 

During the EDX measurement, the existence of 

four elements; Sn, Au, Si and O can be seen in the 

heterojunction nanostructure shown in colour 

mapping in Figure 3. The atomic and weight 

percentage is shown in Figure 2(b). The atomic 

percentage of Oxygen is 17.91%, Silicon is 

77.47%, Tin is 2.75% and of Gold is 1.88%. The 

EDXcolour mapping of Gold, Oxygen and Tin 

shown in Figure 3 show uniform coverage over the 

Silicon substrate. 

4.3.XRDDiffractometer Analysis 

XRD pattern of SnO2 and SnO2/AuNPs de-

posited over SiNWs on Si chip is shown in Fig. 4. 

The spectrum recorded for SnO2 nanoparticles 

showed peaks at 2θ = 25.98°, 33.46°, 51.44° and 
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55.66° corresponding to (110), (101), (211) and 

(220) diffraction planes respectively[24]. The 

results are supported by JCPDS card no. 41-1445. 

The peaks of Au nanoparticles recorded at 2θ = 

37.56°, 46.94° and 64.24° corresponding to (111), 

(200) and (220) diffraction planes respectively 

supported by JCPDS card no. 01-1172[25]. 

 

Figure 4.XRD of SnO2 and SnO2/AuNPs deposited 
over SiNWs on Si chip is shown in (a) and 

(b) respectively 

4.4. TEM Analysis 

The in-depth structural analysis of the prepared 

SnO2 nanoparticle was done by using TEM as 

shown in Fig. 5(a). The samples were prepared on 

carbon coated copper grid after preparing the 

dispersion solution in ethanol where an 

ultrasonicator was used for ~ 45 min continuously 

to get a uniform distribution of the materials. Fig 

5(b) shows the selected area electron diffraction 

patterns of the sample. The electron diffraction 

patterns show continuous ring patterns without any 

additional diffraction spots and rings of secondary 

phases, revealing their crystalline structure [24, 

26]. XRD and TEM studies confirmed pure 

tetragonal structure of SnO2 as evidenced from Fig. 

5(a). The size of SnO2is of the order of 30-40nm. 

 

 

Figure 5.(a) TEM image of SnO2NPs (b) SAED 
pattern of the SnO2 NP 

4.5. UV-Vis Analysis 

Figure 6 shows the UV-Vis spectra of 

SnO2/AuNPs and SnO2 samples. Because of the 

surface plasmon absorption (SPR) of the AuNPs 

mixed with SnO2 sample, the SnO2/AuNPs sample 

exhibits enhanced absorption in the UV-visible 

region with a very broad band around 550 nm[27]. 

Peak observation in the UV region occurs at 280 

nm. 

 

Figure 6. UV vis absorption spectra of SnO2, 
AuNPs and SnO2/AuNPs 
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4.6. UV response of the device 

Here, in SnO2/AuNPs deposited over SiNWs, 

we studied its I-V characteristics for dark condition 

and UV illumination condition. We can observe that 

in reverse bias condition the current in more than 

twice under UV illumination condition in 

comparison to dark condition shown in figure 7. 

Here the increase in current can be due to the SPR 

absorption of photons by Au nanoparticles.  

 

Figure 7. I-V graph of SnO2/AuNPs@SiNWs in 
dark and UV illumination 

According to Liu et al. [28], grapheneplasmons 

are generated when the energy of photons 

released from ZnO nanostructures is equal to the 

graphene surface plasmon energy. Hwang et al. 

[29] have reported similar results, demonstrating 

that improved photoemission from graphene/ZnO 

film architectures is caused by resonant stimulation 

of grapheneplasmons. In our example, surface 

plasmons of Au nanoparticles are resonantly 

excited by photons emanating from nanostructured 

SnO2. 

The powerful local light fields produced by 

these plasmons around the nanoparticles greatly 

intensify the incident light field [30]. These powerful 

electrons are transferred into the SnO2 conduction 

band, increasing the conduction band electron 

density, and producing more UV emission as a 

result. Li et al. [31] examined surface plasmon 

effects on Au-ZnO films. 

In figure 8 we recorded 3 On/Off cycle of the 

current. Here, as we switch on the UV illumination 

the current rises to ~ 58 µA and as we switch off 

the UV illumination very small dark current is 

observed. We also recorded the variation of on 

current with respect to time for different intensities 

of UV source, which is shown in Fig. 9. Here we 

recorded current for 2mW/cm2, 1,5mW/cm2 and 

1mW/cm2. 

 
Figure 8. I-t graph of SnO2/AuNPs@SiNWs 

 

Figure 9. Current in SnO2/AuNPs@SiN  

Ws with varying Intensity 

We calculated responsivity of the device by 

using formula, Responsivity (R) = 
𝐼𝑝ℎ

𝑃∗𝐴
  A/W; where 

Iph= IL-Id and calculated detectivity by using, 

Detectivity (D) = 
𝑅∗ 𝐴

1
2⁄

(2𝑞𝐼𝑑)
1

2⁄
 Jones [32].  

Where, IL= 9.98×10-5 A which is a current in 
presence of UV Radiation, Id = 8.9×10-6 A i.e. 
current in dark, P = Power (2 mW), A= Area of 
device (1cm2).  

By using above equations, the Responsivity 
and Detectivity was measured to be as, R = 45.4 × 
10-3 A/W and D = 2.69 × 1010 Jones. The response 
time was measured to be ~ 1.32 s and decay time 
was ~ 0.77 s. The recovery of the device was found 
to be very fast. In Fig. 10, we recorded variation of 
responsivity with intensity. It is observed that 
responsivity increases with increasing intensity. 
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Figure 10. Intensity vs Responsivity variation for 
SnO2/AuNPs deposited over SiNWs 

5. CONCLUSIONS 

Here, a high-performance UV photodetector 
has been successfully fabricated by developing a 
heterojunction of SnO2/AuNPsoverSiNWs. SEM 
analysis depicts a uniform deposition of 
SnO2/AuNPs over SiNWs which was supported by 
EDX color mapping and X-ray diffraction analysis. 
The TEM analysis of SnO2 estimates the size of 
nanoparticles which is of the order of 30-40 nm. 
The developed UV photodetector revealed a good 
responsivity, detectivity and reproducibility under 
UV illumination where the responsivity and 
detectivity were estimated to be 45.4 × 10-3 A/W 
and 2.69 × 1010 Jones respectively with response 
time ~ 1.32 s and decay time ~0.77 s. Under 
different intensity, the photo current was observed 
to be decreasing with decrease intensity. Thus, 
developed heterojunction based device can be 
considered for future high-performance SiNWs 
based UV photodetectors that can be employed in 
a variety of applications due to its easy and 
inexpensive construction. 
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IZVOD 

RAZVOJ UV FOTODETEKTORA KOJI KORISTI SnO2/AuNPs@SiNWs 
HETEROSPOJNICU NA Si ČIPU 

U ovoj studiji predstavljamo razvoj hibridne nanostrukture zasnovane na silicijumskim nanožicama 
(SiNV) i nanočesticama kalajnog oksida (SnO2) i Au, koja je korišćena za razvoj UV fotodetektora. 
Hemijsko jetkanje uz pomoć metala (MACE) korišćeno je za kreiranje SiNV na p-Si (1 1 1) 
supstratu, dok su tehnike redukcione sinteze i ko-precipitacije korišćene za stvaranje AuNP i 
SnO2 nanočestica, respektivno. Ove nanočestice AuNP i SnO2 su zatim deponovane na SiNV. 
Koristeći rendgenski difraktometar (KSRD), UV-vidljivi spektrofotometar i skenirajuću elektronsku 
mikroskopiju (SEM), ispitana je sintetizovana hibridna nanostruktura SnO2/AuNPs@SiNVs. 
Sintetizovane nanočestice SnO2 su takođe podvrgnute TEM ispitivanju. Na sobnoj temperaturi, UV 
fotostrujni odgovor SnO2/AuNPs@SiNVs je proučavan pri različitim intenzitetima UV svetlosti od 1, 
1,5 i 2 mV/cm2. Utvrđeno je da hibridna nanostruktura SnO2/AuNPs@SiNVs ima vreme odziva 
fotostruje veoma brzo (1,32 s). Kako smo isključili UV izvor, senzor je dostigao svoje početno 
stanje za ~0,77 s. Uzorak je kontinuirano proveravan za tri uključena/isključena seta osvetljenja u 
redovnom intervalu od 60 s. Stoga, rad koji je ovde otkriven ima veliko obećanje za unapređenje 
visoko efikasnih minijaturnih UV fotodetektora sa jedinstvenim karakteristikama. 
Ključne reči: fotodetektor, ultraljubičasto, nanočestice zlata, silicijumske nanožice, kalaj oksid 
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A Study on mechanical behavior of Eco-friendly Light Weight Concrete 
(LWC) blocks using industrial wastes 

ABSTRACT 

In the construction industry, concrete comes beginning due to its affordability and widespread 
application. One of the drawbacks of normal concrete is its substantial self-weight. This heavy 
self-weight of construction will lead to in unprofitable structural material. To reduce the self-weight, 
coarse gravel has been substituted partially / substantially by lightweight aggregate. This study aims 
to investigate the production of LWC (Light Weight Concrete) by using cenosphere and pumice 
and subsequently evaluate their performance in terms of compressive strength, water absorption, 
wet density, dry density, and thermal conductivity Based on a thorough review of the relevant 
literature, the goal of this study is to find the optimal volume of cenosphere for fine aggregates and 
pumice for coarse aggregates in LWC blocks. Here Cenosphere is replaced for fine aggregate in 
the ratios of 30% from literature review and pumice is replaced for coarse aggregate in the ratios 
of 20%, 40%,60%, 80%,100%. The strength properties and lightweight properties of various 
cenosphere and pumice concrete ratios were compared and the concrete with 30% cenosphere 
and 60% pumice is found as the optimal mix. The optimal mix is found based on compressive 
strength, wet density, dry density, water absorption, thermal conductivity for amount of density 

reduced in concrete. This optimal mix has a compressive strength of 21.81 N/mm2 which is lower 
than conventional concrete and has a water absorption of 3.31% which is higher than conventional 
concrete and also greater than LWB(Lightweight Block) 40%. It also shows better results in 
lightweight as well as strength. 
Keywords: Lightweight Concrete, Density, compression, porous, thermal conductivity 

 

1. INTRODUCTION 

LWC is produced by including a lightweight 

coarse aggregate, and in some cases, utilizing 

lightweight fine aggregates that possess a lower 

density compared to traditional aggregates [1]. The 

weight of structural lightweight concrete typically 

falls within the range of 1400 to 1800 kg/m3. The 

density of typical weight concretes exhibits a range 

of 2400 to 2800 kg/m3, but its strength must 

surpass 17.0 MPa to meet the requirements for 

structural applications. Lightweight aggregates 

commonly consist of shale, or basalt materials, clay 

that have undergone a process of combustion in a 

rotary-kiln furnace, resulting in the formation of a 

structure that exhibits impermeability. Moreover, 

supplementary materials, such as air-cooled blast 

furnace slag, are also employed.  
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 The incorporation of waste materials into 
concrete results in cost reduction, and this method 
of addressing garbage disposal is considered 
environmentally conscientious [2-4]. Figure1 
indicated that cenosphere are a major waste product 
of coal thermal power plants. At that time, the 
cenosphere in the concrete materials will enable 
effective and efficient utilization of the products 
while enriching what is now accessible to produce 
the concrete materials, such as river sand, M-sand, 
etc. [5]. As a result, reducing the proportion of fine 
aggregate has no adverse influence on strength 
attributes, but has a good impact on sustainability 
issues with an ideal suggestion of 35% fine 
aggregate as cenosphere. Perhaps the most 
valuable parts of coal fly ash are cenosphere is 
shown in Fig 1. Due to their excellent features, 
involving as low bulk density, thermal resistance, 
high workability, and high strength, they have a 
hollow shape that is spherical and may be used in a 
extensive set of application. [6-8] This work 
focuses on the creation of cenosphere, their 
characterization, and their effect on their strength 
when mixed with Pumice is shown in Fig 2. 

https://doi.org/10.62638/ZasMat1271
mailto:harshaniramesh1050@gmail.com
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Figure 1. Cenosphere and Pumice in Lightweight Concrete 

Pumice aggregates possess the physical 
characteristics of aggregates made from concrete 
and can be took advantage of proficiently as 
lightweight aggregates, and the concrete built with 
these aggregates meets the demands of low 
concrete that are lightweight [9]. Furthermore, the 
resulting concrete can be employed safely in the 
construction of residences because loads are low 
and significant durability is not required [10,11]. 
This country's pumice aggregates can generate 
commercially low concrete weight, and there is an 
abundance of naturally generated lightweight gravel 
for industrial utilization. Pumice is the kind of rock 
particle used in the concrete in this research, and 
light weight gravel is a type of material that is lower 
than aggregate from nature [12,13].The proposed 
methodology's main goal is to frame a 
mathematical model using optimization methods. 
Architectural lightweight concrete is widely 
employed in the construction industry, especially in 
skyscrapers [14]. It can only be made with 
lightweight stones. Pumice is an opaque 
component and a light porous rock that can be 
used in place of coarse particles in concrete, and 
Nanoparticles Silica can be used in substitute of 
cement [15-18]. Pumice was utilised as a 
substitute for Coarse Aggregate (CA) in proportions 
of 0%, 20%, and 30% by amount, and Nano Silica 
was substitute in 1-3% in various mixtures for 
estimating three output parameters: compressive 
force, split tensile capacity (MPa), and bending 
strength (MPa) [19]. According to test results, 
incorporating pumice to CA concrete reduces 
density while also diminishing all mechanical 
qualities. This is since pumice has a smoother 
surface texture and a density that is lower than 
Coarse Aggregate [20,21]. LWC comprising more 
than 20% pumice, on the other hand, turns into 
structural lightweight concrete with exceptional 
strength. Several studies indicated an overall 
increase in strength as well as a decrease in 
weight. As a result, light weight construction has the 
same strength as heavy- weight concrete [22,23]. 
Because of its utility and low cost, concrete is the 
most frequently prefabricated material for 
construction in the world. One of the drawbacks of 

traditional building materials is its exceptionally 
high its own weight. Because of the high self-
weight of concrete, structural material will be 
uneconomical [24-26]. 

To reduce the own-weight of concrete, coarse 
material has been mainly substituted by lightweight 
aggregate. This is lightweight concrete with a low 
density, reduced dead load, and increased thermal 
insulation [27]. Natural lightweight gravel and 
artificial lightweight gravel are two distinct types of 
lightweight aggregate. Pumice aggregate, one of 
the most readily accessible natural aggregates, is 
utilized as a filler for coarse aggregate. Lightweight 
concrete is made by replacing 50%, 80%, and 
100% of the coarse stones with pumice aggregate. 
Mix M30 with Conplast SP430 additive is used to 
make conventional concrete together with pumice 
lightweight aggregate concrete [28-30]. By 
performing non-destructive assessments, the 
mechanical and durability qualities of standard 
concrete as well as pumice aggregate concrete are 
compared, and a beneficial replacement is 
identified. 

According to IS 1199-2018, the test using a 
slump cone constitutes one of the more commonly 
used examines for evaluating the consistency of 
concrete. In accordance with the outcomes of a 
slump cone test, pumice is lightweight. The 
workability of pumice with 50% replacement is very 
high and in comparison, to the other substitute 
percentages. Among the most accurate tests is the 
compacting factor test [31-33]. Using IS 1199-2018 
as a guide, determine the mix's workability. When 
compared to mixes with lower replacement 
percentages, mixes with 50% replacement also 
have a high compaction factor. Analysis of the test 
findings leads to the following conclusions: It proves 
that aggregate concrete becomes lighter when the 
percentage of pumice aggregate increases, as the 
density of the concrete decreases. Using pumice 
aggregate instead of natural aggregate can make 
concrete lighter. The reduced strength and 
increased water absorption of pumice stone 
aggregate are because of its higher pore content 
compared to that of regular coarse aggregate. 
Consequently, superplasticizers are employed. 
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Comparing pumice with 50%, 80%, and 100% 
replacement in terms of split tensile strength, 
compressive strength, and bending strength 
reveals that 50% replacement provides the most 

benefit. The tensile, crushing, and bending 
strengths at 80% and 100% gradually diminish after 
50%. 

 

Figure 2. Methodology of LWC block 

2. MATERIAL PROPERTIES 

Selecting raw materials with sufficient 
proportioning as well as quality control is crucial for 
Lightweight Concrete to attain its desired strength 
and its density. Materials which are used in this 
work are cement Ordinary Portland Cement (OPC), 
Cenosphere, Pumice, Fine aggregate, and Coarse 
aggregate. Energy Dispersive x-ray Spectroscopy 
(EDS) is a method of analysis to identify the 
chemical components of a material. For chemical 
analysis, it utilizes the x-ray spectrum obtained 
from a specimen sample engaged with an electron 
beam. The EDS method can identify all elements 
with an atomic number ranging from 4 through 92. 
The identification of lines in the spectrum 
constitutes a component of qualitative analysis. 
The field emission scan electron microscope is a 
kind of non-destructive scanning technique which 
employs high-resolution images to examine the 
shape and structure of a material. 

When a high-energy electron beam strikes a 
material, , x-rays, as well as scattered electrons are 
released[34,35]. A detector gathers electrons that 
are released and converts them into an electrical 
signal that appears on the screen. It recognizes 

crystalline formations and displays spatial shifts in 
chemical structures. Topographical imaging and 
complete three-dimensional scanning are two of 
the many uses for an electron microscope 
scanner. It is capable of approximating particle 
size within certain limits. Improved spatial 
resolution with reduced sample charging and 
damage is achieved by the morphological 
evaluation technique. 

2.1. Cement 

OPC cement is main ingredient in making 

LWC. It also it plays a crucial role in LWC because 

it offers the chemical reaction required for the 

curing process. Hydration is the process that 

occurs when OPC cement is combined with water; 

during this time, C-S-H and (Ca (OH)2) are formed. 

The final product's strength and durability can be 

attributed to these components. By reducing the 

amount of water needed to reach a workable 

consistency while yet allowing for proper hydration 

and hardening, OPC cement plays a crucial part in 

this process [36,37]. Concrete needs ductile 

property to increase its breaking strength and strain 

hardening. 
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2.2.Pumice 

Pumice is one of the most widespread and 
ancient built-in aggregates used in the 
manufacturing of lightweight coarse aggregates for 
the building industry. Pumice is a generic word for 
porous materials formed during the cooling effect of 
lava because of igneous activity; fill the gaps are 
caused by the expulsion of vapors from the 
magma. Because of the microscopic hollow spaces 
created by the gases, the resulting particles have 
an extremely porous structure, which is why 

pumice has a highly porous structure [38]. Multiple 
investigations on pumice aggregate for lightweight 
have been carried out throughout globe, with most 
studies emphasizing materials that are accessible in 
specific regions or nations worldwide. The Scanning 
Electron Microscope (SEM) for pumice was 
examined in 50µm, shown in Fig 3. The EDS for 
pumice explained that the elements present inside 
were O, Si, Al, K and Na which has 67.29%, 
21.21%, 4.97%, 3.01% and 2.32 % of composition 
respectively as shown in Fig 3. 

 

Figure 3. Physical properties and microstructural analysis of Pumice 

 

2.3. Cenosphere 

Figure 4 shows that the cenosphere are thin-
walled hollow particles with a density to volume 
ratio of less than 1.0 that float on the water and are 
retrieved from the float formed by ash removal 
lagoons in general. They possess chemical 
characteristics that are comparable to fly ash and 
are used in a wide range of industries because of 
their distinctive blend of spherical form, high 
compression as well, low specific weight, better 
thermal and acoustical insulating material 
properties, and inertness in to acids and alkalis 
[39,40]. EDS is the X-ray emission from an object 
passing through an electron beam. The SEM for 
cenosphere of (400-600micron) was examined in 
100µm, shown in Fig 4. EDAX for cenosphere of 
explained that the elements present inside were O, 
Al, Si, K and Fe which has 61.53%, 17.46%, 
16.60%, 3.77%, and 0.64 % of composition 
respectively as shown in Fig 4. 

2.4. Superplasticizer 

Benefits of using a superplasticizer in concrete 

include improved workability at a constant cement 

concentration, easier placing and compacting, and 

reduced water content that results in greater 

strength. Incorporating superplasticizers into 

concrete improves fresh as well as hardened state. 

Standard code for Admixtures of Concrete (ASTM 

C494). Master Glenium SKY 8233, a high-range 

water-reducing superplasticizer based on a 

polycarboxylic ether formulation, will be employed. 

A minimum solids range of 32% and a specific 

gravity of 1.08 are required for the product. 

When compared to conventional superplas-
ticizers, Master Glenium SKY 8233 has a unique 
chemical structure. It is a polymer of long-chain 
carboxylic ethers. It starts with the identical 
electrostatic dispersal mechanism as typical 
superplasticizers at the initial stage of hydration, but 
the adjacent chains attached to the polymer 
backbone provide a steric barrier that substantially 
regulates the cement particles' ability to split and 
disperse themselves [41]. In addition to the 
electrostatic limitation, steric interference creates a 
physical barrier between the cement grains. 
Concrete that is flowable and has a significantly 
reduced amount of water content can be obtained 
using this technique. 
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Figure 4. Physical properties and microstructural analysis of Cenosphere 

 

3. EXPERIMENTAL WORK 

Cement was subjected to tests such as the 
Standard consistency test, beginning and final 
setting time, and specific gravity test and for zeolite 
specific gravity test is done as per IS 1124-1974. 
The specific gravities of zeolite and cement were 
2.8 and 3.16 respectively. Particle size distribution 
for fine aggregate is 0.525 and specific gravity 
revealed a value of 2.65. Specific gravity of coarse 
aggregate is found to be 2.74 and water absorption 
were also conducted. Utilizing the slump cone test, it 
is possible to determine how workable the fresh 
concrete is and the value is found to be 3.7 cm. 
The concrete mix of M35 grade was adopted in this 
project. Six types of concrete blocks were casted 
using the materials pumice, cenosphere, cement, 
fine aggregate, and coarse aggregate is shown in 
Fig 5. This study aims to investigate the production 

of lightweight concrete blocks by using cenosphere 
and pumice and subsequently evaluate their 
performance in terms of compressive strength, 
water absorption, wet density, dry density, and 
thermal conductivity. Based on the findings of the 
literature review, it was noted that the incorporation 
of cenosphere in concrete blocks should be limited 
to a maximum of 30% is indicated in Table 1. 
Beyond this threshold, adverse effects on both the 
fresh and hardened properties of the concrete 
blocks were seen. Based on a thorough review of 
the relevant literature, the goal of this study is to 
find the optimal volume of cenosphere for fine 
aggregates and pumice for coarse aggregates in 
lightweight concrete (LWC) blocks [42]. Mix design 
for various proportion for blocks is indicated as 
Light Weight Block (LWB) with different volume of 
pumice. 

Table 1. Mix ratio LWC using Cenosphere and Pumice 

Mix name 
Cement 
(Kg/m3) 

Fine aggregate 

(Kg/m3) 

Coarse  
aggregate (Kg/m3) 

Water 
(Kg/m3) 

Super plasticizer (By 
its weight of cement) 

Cenosphere 

(Kg/m3) 

Pumice 

(Kg/m3) 

LWB 0% 437.77 710.22 1150 197 0% 0 0 

LWB 20% 437.77 568.176 920 220 1% 142 230 

LWB 40% 437.77 426.132 690 220 1% 213 460 

LWB 60% 437.77 284.08 460 220 1.5% 355 690 

LWB 80% 437.77 142.06 230 220 2% 497 920 

LWB 100% 437.77 0 0 220 2% 639 1150 
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Figure 5. Casting of Conventional Block and LWC block 

The Pumice and Cenosphere LWC block were 
cased on varying ratios as shown in Table-1. 
Control specimens were also casted. The casted 
specimens were kept in curing tank for curing and 
their 28th day compressive strength, water 
absorption, wet density, dry density, and thermal 
conductivity were done for all the six ratios and for 
the conventional blocks. Where mineral-based 
additives or blended cement are included in the 
concrete, it is advised that the following minimum 
periods be increased to 28 days: Specimens are 
demolded after 24 hours and then submerged 
under water for 28 days to achieve the target 
crushing strength. 

3. RESULTS AND DISCUSSION 

3.1. Compressive strength 

Compressive strength commences with the 
preparation of concrete samples. These specimens 
are typically cubical in shape, with a size of 400 
mmx200mmx100mm. The specimens are then 
placed in a mould and aged in preparation for 
testing by curing them under a wide range of curing 
condition. After a suitable period has passed, the 
specimens' compressive strength is evaluated is 
mentioned in Table 2. Typically, a hydraulic press is 
used to apply a force to the top of the specimen and 
press down until failure occurs. The load is applied 
at a steady rate until the specimen fails, typically at 
a rate of 0.6MPa per second. It is calculated by 
recording the highest load applied to the specimen 
[43]. By dividing the highest load exerted on the 
specimen by its c/s area, researchers may 
determine the concrete's compressive strength in 

units of megapascals (MPa). Table 2 indicates that 
the crushing strength of the LWB 60% mix is 21.81 
MPa, which is higher compared to LWB 20% and 
LWB 40% due to cenosphere and because the 
incorporation of pumice reduce the strength and 
make concrete as lighter. Due to the high pumice 
content in LWB 80%, it does not attain an enormous 
amount of strength compared to LWB 40% is 
indicated in Fig 6. 

 

Figure 6. Compressive strength (MPa) of LWB 

3.2. Water Absorption 

Concrete's ability to absorb water is one of its 
most essential properties, and it is one of the ways 
that its strength and resistance to weathering are 
evaluated. After being cured, the specimens are 
weighed again, and this time the initial weight is 
noted. The samples are stored in water in a sealed 
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container to prevent loss due to evaporation. After 
that, the samples are left to soak for a certain 
amount of time, usually 60 days. After the allotted 
time has passed, the samples are taken out of the 
water and wiped off with a towel [44]. The 
percentage of water absorbed is found by taking 
the difference in weight before and after soaking 
and dividing it by the weight before soaking. The 
result of this calculation is the percentage of water 
that the concrete has absorbed in graphical manner 
in Fig 7. In addition, mix LWB 80% and LWB 100% 
had water absorption values lower than that of the 
control mix samples (mix LWB 20% and LWB 40%) 
is shown in Table 2. 

 

Figure 7. Water Absorption (%) of LWB 

3.3. Wet density 

The wet density of LWC is the mass of the mix 
of concrete per unit volume when it is fresh, and it is 
usually measured in kg/m3. It is a critical parameter 
in the design of concrete mixtures and the building 
industry. The wet density is affected by a wide 
variety of things like the ratios of the concrete mix's 
ingredients, the volume of water utilized, and the 
stage of consolidation.  

 

Figure 8. Wet Density (Kg/m3) of LWB 

Table 2 indicated that depend on its 

requirements, density, and strength wise produce a 

lightweight block because incorporation of pumice 

is above permissible limit it will affect the strength 

characteristics but it will drastically reduce the 

density of structure. Simultaneously 60% of pumice 

and 30% of cenosphere it will satisfy both strength 

and density criteria as shown in Fig 8. 

3.4. Dry Density 

The dry density of concrete, an important 

construction parameter, is the mass per volume of 

hardened concrete. identifying dry density requires 

measuring the mass and volume of the concrete 

after curing. When the concrete has hardened, the 

excess water has dissipated, and its composition 

has attained its dried state, the dry density can be 

determined using the following equation: Dry 

density = Mass of concrete/Volume of Concrete. 

 

Figure 9. Dry Density (Kg/m3) of LWB 

 

The density of a material is critical for 

determining structural strength and durability. Table 

2 indicated that depend on its requirements desired 

density lightweight blocks because incorporation of 

pumice within limit it will affect the strength 

characteristics but it will drastically reduce the 

density of structure. Simultaneously 60% of pumice 

and 30% of cenosphere it will satisfy both strength 

and density criteria as shown in Fig 9. 

3.5. Thermal Conductivity 

Thermal analysis is a branch within 
experimental condensed matter science that studies 
material properties as a function of temperature. 
There are plenty of thermal analysis methods 
accessible that offer data on different 
characteristics of materials such as phase 
changes, shift temperature, heat of response, 
oxidative resistance, purity, thermal endurance, 
creep/stress tranquilly, flexural modulus, as well 
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dissipation of energy, permeability, and loss factor, 
between others. Thermal analysis yields properties 
such as energy density, heat capacity, mass 
modifications, and the ratio of heat contraction in 
practice. Thermal analysis is employed in solid 
state chemistry to examine solid-state processes, 

such as thermal responses, phase transitions, and 
diagrams of phase. When vital, the thermal 
conductivity of LWA in the air state of dryness shall 
be assessed in accordance with EN 12664 in the 
event of dry LWA with a thermal conductivity value 
less than 0.4 W/(mK) is shown in Fig 2. 

 

Table 2. Lightweight Concrete Block Test results 

Mix name 
Compressive 

strength(N/mm
2
) 

Water absorption 

(%) 
Wet density(kg/m

3
) 

Dry density 

(kg/m
3
) 

Thermal Conductivity 

W/(mK). 

LWB   0% 31.7 2.3 2523 2450 1.82 

LWB 20% 27.2 2.6 2383 2311 0.38 

LWB 40% 27.8 3.2 2097 2057 0.36 

LWB 60% 21.81 3.31 1928 1881 0.34 

LWB 80% 15.10 3.38 1786 1734 0.22 

LWB 100% 10.5 3.56 1489 1432 0.18 

 

5. CONCLUSION 

Cenospheres are often mixed into concrete to 

make lightweight composites. Large levels of 

cenosphere reduce concrete weight but increase 

consistency, reducing hard composite strength and 

porosity. When pumice replaces coarse aggregate 

to 60% or more, compressive strength drops 

because load bearing capacity diminishes. Instead 

of cenosphere, 30% fine aggregate was used. Due 

to its greater aluminium and silica content, 

cenosphere increases heat conductivity. Compare 

LWB 20%, 40%, and 60%, the latter has the 

highest compressive strength at 31.7 N/mm2. LWB 

100% had the maximum compressive strength at 

15.10 N/mm2, surpassing ordinary concrete. 

Lightweight concrete with all pumice and 

cenosphere mixes percentages absorbs water 

within limits. Other ratios have higher wet density 

than LWB 100%. A hollow sphere is generated 

when cenosphere is added to a cement matrix 

form, indicating that axial breaking microstructures 

occur when compressed [45,46]. Crack form 

parallel to compression. Cenosphere/cement 

composite materials have closed porosity from 

cenosphere capsules and exposed permeability 

from inadequate packing [47].  

The compressive strength of the LWB 60% mix 

is lower than that of the LWB 20% and LWB 40% 

mixes. This reduction in strength can be attributed 

to the higher proportion of lightweight aggregates, 

such as cenosphere and pumice, which, although 

advantageous for decreasing density and thermal 

conductivity, generally result in diminished 

strength. Here According to literature, 30% 

cenosphere replaces fine aggregate while 20%, 

40%, 60%, 80%, and 100% pumice replaces 

coarse aggregate. The best blend of 30% 

cenosphere and 60% pumice concrete was 

established by comparing the strength and 

lightweight. For concrete density reduction, 

compressive strength, wet density, dry density, 

water absorption, and thermal conductivity 

determine the best combination. The compressive 

strength of this ideal mix is 21.81 N/mm2, lower 

than ordinary concrete, while the water absorption 

is 3.31%, higher than LWB 40%.  
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IZVOD 

STUDIJA O MEHANIČKOM PONAŠANJU EKOLOŠKI PRIHVATLJIVIH LAKIH 
BETONSKIH BLOKOVA (LVC) KOJI KORISTE INDUSTRIJSKI OTPAD 

U građevinskoj industriji beton se koristi zbog svoje pristupačnosti i široke primene. Jedan od 
nedostataka normalnog betona je njegova velika sopstvena težina. Ova velika sopstvena težina 
konstrukcije će dovesti do neisplativosti konstrukcijskog materijala. Da bi se smanjila sopstvena 
težina, krupni šljunak je delimično/značajno zamenjen lakim agregatom. Ova studija ima za cilj da 
istraži proizvodnju LVC-a (Light Veight Concrete) korišćenjem cenosfere i plovućca i zatim proceni 
njihove performanse u smislu čvrstoće na pritisak, upijanja vode, gustine mokre, suve gustine i 
toplotne provodljivosti. Na osnovu detaljnog pregleda relevantnih literaturi, cilj ovog istraživanja je 
pronalaženje optimalne zapremine cenosfere za fine agregate i plovućca za krupne agregate u 
LVC blokovima. Ovde je cenosfera zamenjena finim agregatom u razmerama od 30% iz pregleda 
literature, a plovućac je zamenjen krupnim agregatom u odnosima od 20%, 40%, 60%, 
80%,100%. Upoređene su osobine čvrstoće i lake težine različitih odnosa cenosfere i plovca 
betona i beton sa 30% cenosfere i 60% plovućca je pronađen kao optimalna mešavina. Optimalna 
mešavina se nalazi na osnovu čvrstoće na pritisak, vlažne gustine, suve gustine, upijanja vode, 
toplotne provodljivosti za količinu smanjene gustine u betonu. Ova optimalna mešavina ima 
čvrstoću na pritisak od 21,81 N/mm2 koja je niža od konvencionalnog betona i ima apsorpciju vode 
od 3,31% što je više od konvencionalnog betona i takođe veće od LVB (Lightveight Block) 40%. 
Takođe pokazuje bolje rezultate u laganoj težini i snazi. 
Ključne reči: laki beton, gustina, kompresija, porozna, toplotna provodljivost. 
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Investigation of general corrosion of austenitic stainless steel 
types 304 L and 317 L, especially from the aspect of their chemical 
composition 

ABSTRACT 

Austenitic stainless steels are among the most widely used types of stainless steel. The most 
commonly used grades are the American Iron and Steel Institute (AISI) 300 series of alloys. 
Starting from the basic 304 alloy (Fe-19Cr-10Ni), molybdenum is added to improve resistance to 
pitting (2-3 wt.% in the case of type 316 and 3-4 wt.% in type 317). Sensitisation due to chrome 
depletion during welding and other heat treatments, and the possible resultant intergranular 
corrosion, can be avoided through the use of low-carbon grades (304L, 316L, 317L, in which 
carbon is limited to 0.03 wt.% max.) or by adding titanium (type 321) or niobium and tantalum 
(type 347) to precipitate carbon at higher temperatures. The addition of chromealso imparts 
greater oxidation resistance, whilst nickel improves the ductility and workability of the material at 
room temperature. 
In this paper, general corrosion of austenitic stainless steels, specifically low-carbon types 317 L 
and 304 L, was investigated. The research results are presented in the form of Tafel polarization 
curves, expressed through corrosion current density and open circuit potential. The results prove 
that the rate of general corrosion of the tested austenitic stainless steels decreases by lowering 
the temperature of the HCl solution, decreasing the concentration of HCl, and the presence of 
molybdenum in the composition of steel type 317 L. 
Keywords: austenitic stainless steels, general corrosion, 317 L, 304 L, Tafel polarization curves 

 
1. INTRODUCTION 

Stainless steels usually excellent resistance to 

corrosion is down to an ultrathin layer of oxides of 

especially chromium and iron, and although this 

film is only a few nanometres thick, it is still so 

dense and strong that the steel is effectively 'iso-

lated' from the surrounding environment - similarly 

to an ultrathin paint. If, despite all precautions, a 

hole occurs in the protective oxide layer, it quickly 

restores itself, and the steel is again protected. 

This mechanism is called repassivation [1]. Auste-

nitic stainless steels are among the most widely 

used types of stainless steel. The most commonly 

used grades are the American Iron and Steel 

Institute (AISI) 300 series of alloys. Starting from 

the basic 304 alloy (Fe-19Cr-10Ni),molybdenum is 

added to improve resistance to pitting (2-3 wt.% in 
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the case of type 316 and 3-4 wt.% in type 317). 
Sensitisation due to chrome depletion during 
welding and other heat treatments, and the 
possible resultant intergranular corrosion, can be 
avoided through the use of low-carbon grades 
(304L, 316L, 317L, in which carbon is limited to 
0.03 wt.% max.) or by adding titanium (type 321) or 
niobium and tantalum (type 347) to precipitate 
carbon at higher temperatures. The addition of 
chrome also imparts greater oxidation resistance, 
whilst nickel improves the ductility and workability 
of the material at room temperature[2, 3]. 

In this paper, general corrosion of austenitic 

stainless steels, specifically low-carbon types 317 L 

and 304 L, will be investigated. The high corrosion 

resistance of stainless steel is attributed to the 

formation of a protective passive film on its surface. 

Many scholars have studied the characteristics of 

passive film. By direct imaging of native passive 

film on 304 stainless steel, Hamada demonstrated 

the enrichment of chromium in the film and the 

enrichment of nickel in the matrix side closest to 

the passive film/matrix interface [4]. Stainless steel 

https://doi.org/10.%2062638/ZasMat1165
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has important characteristics such as versatility, 

durability, attractiveness and high mechanical and 

corrosion resistance [5].General corrosion is also 

called acid corrosion as it is a type of corrosion that 

in stainless steel is often found in very acidic, but 

also in very alkaline media. As opposed to the four 

other types of stainless steel corrosion, general 

corrosion is characterised by both anode and 

cathode reactions taking place all over the surface. 

This means that the whole surface is activated and 

thereby corrodes more or less uniformly [1]. In non-

passivating metals and alloys, general corrosion is 

the most common type of corrosion, but for 

passivatable alloys it is relatively rare. Even in 

strong acids, stainless steel can achieve a certain 

level of passivity, and in practice there is a big 

difference between an acid that simply thins the 

passive layer, but does not entirely dissolve it, and 

an acid that eats away the whole of the passive 

layer and immediately attacks the underlying steel. 

Relatively weak and pure acids (e.g. citric acid, 

acetic acid or formic acid) only thin the naturally 

occurring oxide layer slightly. The oxide layer is 

restored with the same speed, and corrosion loss is 

minimal - at least when the acids are pure. If the 

acids contain aggressive ions (especially chloride), 

the situation may become far worse, especially at 

high temperatures [1]. 

2. EXPERIMENTAL PART 

AISI/ASTM 304 L and 317L steels were used 

for general corrosion testing of austenitic stainless 

steels. The chemical compositions of the 

mentioned steels are given in table 1. 

 

Table 1. Chemical composition of tested austenitic stainless steels 

AISI/ 

ASTM  

Mas. % 

C Si Mn Pmax S N Cr Mo Ni 

317L  0,03  1,00  2,00 0,045 0,015  0,11 17,5-19,5 3-4 13-16 

304L  0,03  1,00  2,00 0,045 0,015  0,11 18 -20 - 10-12 

 

The test of general corrosion of austenitic 
stainless steels was carried at temperatures of 20 

±1 C, 30 ±1 C and 40 ±1 C, in 0.5% HCl and 1% 
HCl solutions. The Taffel extrapolation method was 
used to examine general corrosion of 317 L and 
304 L austenitic stainless steels. The Taffel extra-
polation method involves scanning the potential of 
the working electrode of ±250 mV in relation to its 
open circuit potential E(I=0), at a speed of 0.5 mVs-1. 
Investigation of corrosion was conducted in a 
corrosion cell according to the Standard ASTM G5-
94 [6], on a potentiostat/galvanostat instrument 
Princeton Applied Research, model 263A-2, with 

PowerCORR® software, which is part of the Power 
Suite softwere package.  

3. RESULTS AND DISCUSSION 

The results of testing the general corrosion rate 

of selected austenitic stainless steels, using the 

Taffel extrapolation method, are shown in tables 2 

and 3, but also in figures 1-8. 

Table 2 but alsoFigures 1 and 2 show the 
influence of the concentration of HCl solution on 
the rate of general corrosion of austenitic stainless 
steel types 304 L 317 L. 

 

Table 2. Corrosion rate of tested austeniticstainless steels in 0.5% and 1% HCl 

AISI/ 

ASTM 

t = 30 ±1 C, 0,5 % HCl t = 30 ±1 C, 1 % HCl 

E(I=0), mV icor, µAcm-2 (mmpy)  E(I=0), mV icor, µA cm-2(mmpy) 

304L 10,823 7,79(9,0610-2) -334,42 6,71101(7,7910-1) 

317L -22,314 5,907(6,8610-2) -312,90 3,854101(4,4810-1) 

 

With an increase in the concentration of the 

HCl solution, there is an increase in the rate of 

general corrosion for both types of stainless steels, 

304 L and 317 L. With an increase in the 

concentration of the HCl solution, there is an 

increase in the value of the corrosion current 

density icorfor both types of stainless steels, Table 2 

but also Figures 1 and 2. With an increase in the 

concentration of the HCl solution, the open circuit 

potential E(I=0) shifts to more negative values for 

both types of stainless steels, Table 2 but also 

Figures 1 and 2. 

One of the most aggressive ions that cause 

general corrosion of stainless steels are chloride 

ions. Chlorides are able to remove the oxide of 

steel and then attack the steel itself. By adding 

chloride to an otherwise relatively harmless acid, 

you get diluted hydrochloric acid which will be far 

more corrosive to the steel than the pure, chloride-

free acid [1]. 
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Figure 1. Tafel curves of samples ASTM 304 L ( t =30 C, ---- 1% HCl, ---- 0,5% HCl) 

 

Figure 2. Tafel curves of samples ASTM 317 L ( t =30 C, ---- 1% HCl, ----0,5% HCl) 

Table 3 but also Figures 3 and 4 show the influence of temperature on the rate of general corrosion of 
austenitic stainless steel types 304 L and 317 L. 

Table 3. Corrosion rate of tested austeniticstainless steels in 0.5% HCl solution 

AISI/ 

ASTM 

t = 20 ±1 C t = 30 ±1 C t = 40 ±1C 

E(I=0), mV icor, µAcm-2 (mmpy) E(I=0), mV icor, µAcm-2 (mmpy) E(I=0), mV icor, µAcm-2 (mmpy) 

304L 61,07 2,33(2,7110-2) 10,823 7,79(9,0610-2) -146,71 35,4(4,1110-1) 

317L 72,05 5,57(6,4710-2) -22,314 5,91 (6,8610-2) -55,413 9,24 (1,0710-1) 

 

With increasing temperature of the HCl 

solutionthere is an increase in the rate of general 

corrosion for both types of stainless steels 304 L 

and 317 L.With increasing temperature of the HCl 

solution, there is an increase in the value of the 

corrosion current density icorfor both types of 

stainless steels, Table 3but also Figures 3 and 4. 

With increasing temperature of the HCl solution, 

the open circuit potential E(I=0) shifts to more 

negative values for both types of stainless steels, 

Table 3 but also Figures 3 and 4. Temperature has 

an important effect on the corrosion of stainless 

steels. A rise in temperature will generally lead to a 

decrease in the corrosion resistance [7].Escrivà 

suggested that the passive films formed at high 

temperatures should be more defective[8]. This 

was beneficial for the mitigation of aggressive ions 

inside the passive film and consequently could 

accelerate the dissolution process and the 

exchange kinetics between the electrode surface 

and the electrolyte [9]. BenSalah found that higher 

temperatures tended to promote the for mation of a 

porous film, thus leading to a decrease in the 

corrosion resistance[10]. 
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Figure 3. Tafel curves of samples ASTM 317 L tested in 0.5% HCl(----  40C, ---- 30 C, ----  20 C) 

 

Figure 4. Tafel curves of samples ASTM 304 L tested in 0.5% HCl solution (---- 40C, ----30 C, ---- 20 C) 

 

Figure 5. Tafel curves of samples tested in 0.5% HCl solution at 20 C (----  304 L, ----317 L) 
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Tables 2 and 3 but also Figures 5, 6, 7 and 8show the influence of chemical composition on the rate of 
general corrosion of austenitic stainless steel types 304 L and 317 L. 

 

Figure 6. Tafel curves of samples tested in 0.5% HCl solution at 30 C (---- 317 L, ---- 304 L) 

 

Figure 7. Tafel curves of samples tested in 0.5% HCl solution at 40 C (---- 317 L, ---- 304 L) 

 

Figure 8. Tafel curves of samples tested in 1 % HCl at 30 C (---- 317 L, ---- 304 L) 
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The results shown in Tables 2 and 3 but also 

Figures 5, 6, 7 and 8 almost undoubtedly show a 

higher general corrosion resistance of stainless 

steel type 317 L compared to stainless steel type 

304 L.Samples of stainless steel type 317 L at all 

tested temperatures, 20 C, 30 C and 40 C, as 

well as in both tested HCl solutions, 0.5% HCl and 

1% HCl, show lower values of corrosion current 

density icorand more positive values of open circuit 

potential E(I=0) in relation to stainless steel samples 

of type 304 L.The only exception is the more 

positive value of the open circuit potential E(I=0) of 

the stainless steel sample of type 304 L compared 

to the sample of stainless steel of type 317 L 

testing of general corrosion of the mentioned 

stainless steels at temperature 30 C in 0.5% HCl 

solution, Table 3 and Figure 7. 

The reason for the increase in corrosion 

resistance of 317 L stainless steel compared to 304 

L stainless steel, looking at their chemical 

composition, should be the content of molybdenum 

in 317 L stainless steel, because the main 

difference between them is the absence of 

molybdenum in 304L.Generally, the addition of 

molybdenum increases corrosion resistance of 

wrought austenitic stainless steels [11].Addition Mo 

to austenitic stainless steels allows formation of a 

passive film consisted of a solid solution of Mo6+ in 

chromium oxyhydroxide network, which reduces 

the corrosion current density in the active region for 

acidic solution [12]. 

The beneficial effects of molybdenum have 

been interpreted as follows: molybdenum 

eliminates the active surface sites through the 

formation of molybdenum oxy-hydroxide or 

molybdate on these site, on which it is difficult to 

form the stable passive film. This leads to the 

appearance of a homogeneous steel surface and 

to the formation of a homogeneous passive film 

[13].In the end, Pourbaix diagrams establish 

MoO3 as the only compound formed in strongly 

acidic media [14]. 

4. CONCLUSION 

Testing the influence of temperature of the HCl 

solution, HCl concentration and molybdenum 

content on the rate of general corrosion of 

austenitic stainless steels, it is concluded: 

 With an increase in the concentration of the 
HCl solution, there is an increase in the rate of 
general corrosion for both types of stainless 
steels, 304 L and 317 L. 

 With increasing temperature of the HCl solution 
there is an increase in the rate of general 

corrosion for both types of stainless steels 304 
L and 317 L. 

 Higher general corrosion resistance of stain-
less steel type 317 L compared to stainless 
steel type 304 L. The reason for the increase in 
corrosion resistance of 317 L stainless steel 
compared to 304 L stainless steel, looking at 
their chemical composition, should be the 
content of molybdenum in 317 L stainless 
steel, because the main difference between 
them is the absence of molybdenum in 304 L. 
Generally the conclusion can be that the 
addition of molybdenum increases corrosion 
resistance of austenitic stainless steels. 
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IZVOD 

ISPITIVANJE OPŠTE KOROZIJE AUSTENITNOG NERĐAJUĆEG ČELIKA TIPOVI 
304 L I 317 L, POSEBNO SA ASPEKTA NJIHOVOG HEMIJSKOG SASTAVA 

Austenitni nerđajući čelici su među najčešće korišćenim vrstama nerđajućeg čelika. Najčešće 
korišćene klase su legure serije 300 Američkog instituta za gvožđe i čelik (AISI). Počevši od 
osnovne legure 304 (Fe-19Cr-10Ni), dodaje se molibden radi poboljšanja otpornosti na piting (2-3 
tež.% kod tipa 316 i 3-4 tež.% kod tipa 317). Preosetljivost usled trošenja hroma tokom 
zavarivanja i drugih toplotnih tretmana, kao i moguća rezultujuća intergranularna korozija, može 
se izbeći upotrebom niskougljeničnih razreda (304L, 316L, 317L, u kojima je ugljenik ograničen na 
0,03 tež.% mak.) ili dodavanjem titanijuma (tip nital47bium) i hroma (tip nital47 i 321). taloži 
ugljenik na višim temperaturama. Dodatak hroma takođe daje veću otpornost na oksidaciju, dok 
nikl poboljšava duktilnost i obradivost materijala na sobnoj temperaturi. 
U ovom radu je ispitivana opšta korozija austenitnih nerđajućih čelika, posebno niskougljeničnih 
tipova 317 L i 304 L. Rezultati istraživanja su predstavljeni u obliku Tafel polarizacionih krivulja, 
izraženih kroz gustinu struje korozije i potencijal otvorenog kola. Rezultati pokazuju da se brzina 
opšte korozije ispitivanih austenitnih nerđajućih čelika smanjuje snižavanjem temperature rastvora 
HCl, smanjenjem koncentracije HCl i prisustva molibdena u sastavu čelika tipa 317 L. 
Ključne reči: austenitni nerđajući čelici, opšta korozija, 317 L, 304 L, Tafelove polarizacione krive 
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Contribution to the corrosion inhibition of carbon steel by 
5-(2-ethoxybenzylidene) 1,3-dimethylbarbituric acid in HCl 
solution: Experimental and theoretical study 

ABSTRACT 

The inhibiting impact of ecofriendly 5-(2-ethoxybenzylidene) 1,3-dimethylbarbituric acid (5-EBMB) 
in 1 M HCl on the corrosion of C-steel has been examined via weight loss (WL) method, 
potentiodynamic polarization (PDP), electrochemical impedance spectroscopy (EIS), 
electrochemical frequency modulation (EFM) techniques”. The obtained results demonstrate that 
the studied chemical is good 5-EBMB and that, in both PDP and EIS methods, its inhibition 
efficiency (%IE) increases with increasing concentration, reaching 82.5 at 21x10-6 M. Conversely, 
when the temperature rose, the percentage of IE reduced.  “The adsorption of the investigated 
derivative on the surface of C-steel follows Langmuir isotherm. The adsorption process of the 
investigated compound is spontaneous and considered as chemisorption type”. PDP curves 
revealed that the studied derivative is mixed-type inhibitor. Furthermore, the EIS results verified 
that the compound under investigation had adsorbed on the C-steel surface by raising the charge 
transfer resistance (Rct) to 139.7 ohm cm2 and decreasing the double layer (Cdl) capacitance from 
102 to 69 µF cm-2. The inhibitor adsorption on the C-steel surface was confirmed by surface 
examination using atomic force microscopy (AFM), energy dispersive X-ray (EDX), and scanning 
electron microscopy (SEM). Additionally, quantum chemistry and molecular dynamic simulation 
were used to extensively examine the mechanism of 5-EBMB's corrosion inhibition. All tested 
methods gave good agreement. 
Keywords: Corrosion inhibition,  HCl, C-steel, Arylidene barbituric acid derivative, Langmuir 
isotherm  

 

1. INTRODUCTION 

Acidic media are generally applied for 
elimination of unwanted scale and corrosion in 
several industrial procedures. By monitoring metal 
dissolution attributable to acidic exposure, so 5-
EBMBs are commonly applied within this operation 
[1]. “Organic 5-EBMBs today do the inhibition of 
corrosion well than the inorganic 5-EBMBs [2].  
Organic compounds are kind of acidic 5-EBMBs 
including hetero atoms for example oxygen ‚ sulfur‚ 
and nitrogen. Amongst‚ organic 5-EBMBs have 
several advantages for instance low cost‚ low 
poisonousness‚ high inhibition efficiency‚ and easy 
to organize” [3-6]. 

Generally, “heterocyclic organic compounds 
are applied to the corrosion inhibition on Cu [7] Al 
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[8-10], Fe [11-16] and also other metals [17-18] 
within diverse corrosion media”. “A review of the 
literature on acid corrosion 5-EBMBs reveal that 
they work by adsorbing to the metal's surface. This 
effect may be caused by (i) electrostatic attraction 
between the charged metal and the charged 5-
EBMB molecules, (ii) dipole-type interaction 
between uncharged electron pairs in the 5-EBMB 
and the metal, (iii) electron-interaction with the 
metal, or (iv) A combination of the aforementioned” 
[19]. Pyrimidine is a six-membered heterocyclic 

aromatic compound with two nitrogen atoms at 
positions 1 and 3. The chemistry of pyrimidine 
derivatives is crucial in medicine, agrochemicals, 
and a variety of biological activities. “Many well-
known commercial medications contain pyrimidine 
derivatives, such as Uramustine, Piritrexim, 
Isetionate, Tegafur, Floxuridine, Fluorouracil, 
Cytarabine, and Methotrexate. Furthermore, the 
pyrimidine skeleton is found in a wide range of 
natural products, including nucleic acids, vitamins, 

https://doi.org/10
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enzymes, chlorophyll, hemoglobin, and hormones”.  
Ansari el al [20] “investigates the corrosion 
protection of mild steel by four PPDs in 1 M HCl 
solution and they found the percentage inhibition 
efficacy 88-97.1% at 400 mg L-1. Numerous 
pyrimidine derivatives have been synthesized and 
studied their suitability for corrosion inhibition of 
variety of steel samples in acidic medium” [21-27]. 
“The efficacy of the organic compounds including 
hetero atoms as corrosion 5-EBMBs in acidic 
solutions for C-steels is well recognized” [28-32]. 
“Pyrimidines and their derivatives are important 
because they are available in nature, particularly in 
the nucleobases present in nucleic acids, and 
many of them have been discovered to be 
beneficial in chemotherapy” [33].“Currently in use 
as anticancer, antifungal, and antibacterial medi-
cines are pyrimidine-containing chemotherapeu-
tics” [34]. “Furthermore, in HCl and H2SO4 
solutions, several pyrimidine derivatives were 
found to be efficient corrosion inhibitors for steel” 
[35]. Novel cationic and non-ionic biopolyurethanes 
for effective inhibition of mild steel corrosion in H2S-
CO2 environment was studied by Banan, and Asadi 
[36], Haruna et al [37] reported the effect of acrylic 
acid modified indapamide-based polymer as an 
effective inhibitor against carbon steel corrosion in 
CO2-saturated NaCl with variable H2S levels. 
Bairagi et al [38] studied the effect of polymers and 
their composites for corrosion inhibition application 

The purpose of this work is to study the impact 
of 5-(2-ethoxybenzylidene)-1,3-dimethylbarbituric 
(5-EBMB) acid as ecofriendly inhibitor for C-steel in 
1 M hydrochloric acid solution by applying WL, 
PDP, EIS, EFM tests. The investigated 5-EBMB is 
not reported as a corrosion inhibitor for steel in the 
literatures before”. 

2. MATERIALS AND METHODS 

“Chemical composition of C-steel coupons in 
weight percentage is: carbon (0.200); manganese 
(0.350); phosphorus (0.024); chromium; sulfur 
(0.003); and balance Fe”. 

“5-(2-Ethoxybenzylidene)-1,3-imethylbarbituric 
acid (5-EBMB) was prepared as outlined in scheme 
1. The detailed information of 5-EBMB is reported 
in the literature” [39, 40] with identical melting point 
of 165-166oC. 5-EBMB: Adopting the same 
methodology used for preparation before [40], 
starting with 2-ethoxybenzaldehyde instead of 4-
methoxybenzaldehyde. “Yield 85%, mp 165–166 
°C. IR (KBr) ν’ 3114, 3095, 2987, 2950, 2900 (CH), 
1730, 1670 (CO), 1577, 1541 (C=C) cm−1”.” 1H 
NMR (CDCl3); δ 1.37 (t, J = 7.2 Hz, 3H), 3.28 (s, 
3H), 3.35 (s, 3H), 4.07 (q, J = 7.2 Hz, 2H), 6.84 (d, 
J = 8.4 Hz, 1H), 6.92 (t, J = 7.2 Hz, 1H), 7.39 (t, 
J = 7.2 Hz, 1H), 7.98 (d, J = 8.4 Hz, 1H), 8.85 (s, 

1H)”. “MS (EI) m/e (rel.int.); 288 (M+, 24), 243 
(100).Anal. Calc. for C15H16N2O4 (288.30): C, 
62.49; H, 5.59; N, 9.72. Found. C, 62.21; H, 5.73; 
N, 9.48” 

Table 1. Chemical structures of tested 5-EBMB 
inhibitor 

Molecular structures/Chemical name 

 

5-(2-Ethoxybenzylidene)-1,3-

dimethylbarbituric acid (5-EBMB) 

Chemical Formula C15H16N2O4,   

Molecular Weight 288.3 

The aggressive solutions used were prepared 
from analytical grade HCl. A 1M HCl solution was 
prepared using bidistilled water, both with and 
without different concentrations of inhibitor. All 
experiments were conducted in stagnant, aerated 
solutions. 

2.1. WL method 

"Samples used in weight loss measurements 
were coupons measuring 2 cm x 2 cm x 0.2 cm. 
Before starting any experiment, specimens were 
prepared by abrading them successively with 
emery paper (grades 100–1200), followed by 
thorough washing with bidistilled water, degreasing 
with acetone, and drying in a stream of air. The 
weight loss method involved the following steps: 
Each coupon was weighed using an analytical 
balance and recorded as weight W1. The coupon 
was then suspended in a 100 mL beaker using a 
glass hook. A 100 mL of 1 M HCl was introduced 
into reaction beakers. Each coupon was extracted 
from the test medium at intervals of 3 hours. The 
corroded coupons were rinsed with bidistilled water 
and dried using acetone. The coupons were then 
reweighed, and the final weights, W2, were 
recorded. Weight losses, ΔW = W1 − W2, were 
calculated. The inhibition efficiency % IE and 
surface coverage θ were determined using the 
following equations: 

θ = W0−Wi W0  (1) 

% IE = W0 −Wi W0 ×100 (2) 

"Where wi and w0 are the weight loss values in 
the presence and absence of the inhibitor, 
respectively. The experiment was repeated using 
various concentrations of (5-EBMB) in the 1 M HCl 
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medium, varying the time between 50 and 180 
minutes and the temperature between 25 and 45 
°C for a duration of 3 hours. The corrosion rate 
(kcorr) is expressed as an increase in corrosion 
depth per unit time in (mg cm−2 h−1). The corrosion 
rate equation is given as:" 

kcorr=ΔW/At (3) 

where: ΔW = weight loss of coupon, t = 
immersion time, and A = area of coupon 

2.3. Electrochemical techniques 

Electrochemical measurements are taken 
within traditional three electrodes glass cell include 
saturated calomel electrode (SCE) linked with fine 
“Luggin capillary, platinum counter electrode and 
working electrode is carbon steel with a square cut 
shape and surface area of 1.0×1.0 cm2. PDP 
curves are established through altering the 
electrode potential automatically from -500 to +500 
mV vs. OCP with a sweep rate of 0.2 mVs-1. Stern-
Geary method [43] applied the definition of 
corrosion current is achieved via deducing on 
cathodic and anodic Tafel lines to a point which 
provides log icorr and the resulting Ecorr for 5-EBMB 
free acid and to any concentration of 5-EBMB”. 
Thereafter icorr can be applied to examine of θ and 
IE % as subsequent: 

  (4) 

Where, “icorr(free) and icorr(inh) are the corrosion 
current densities at the absence and existence of 
5-EBMB”, separately. 

EIS are applied within range of frequency from 
100 kHz to 0.01 mHz and 10 mV amplitude peak-
to-peak at OCP. The θ and the % IE achieved from 
the impedance calculation were assessed through 
the next equation: 

 (5) 

Where, “Ro
ct and Rct are the resistance of 

charge transfer at the absence and existence of 5-
EBMB”, separately. 

EFM tests were accomplished via dual frequen-
cies “2 and 5 Hz with base frequency 0.1 Hz, con-
sequently the wave shape repeats subsequently at 
1s. The large peaks located in the intermodulation 
spectra were utilized to assess the corrosion 
current density (icorr), the Tafel slopes (βa and βc) 
and CF-2 & CF-3” [44, 45], the %IE and θ were 
assessed from Eq. (2). 

All electrochemical experiments are ready 
solution at 25 ±1oC. The potential of electrode can 
be permitted until become stable 30 min prior to 
start the measurements. All electrochemical experi-
ments were done at 25±1oC and accomplished via 
Gamry (PCI4/ 750G) Potentiostat/Galvanostat/ 
ZRA. This includes Gamry Framework for 
controlling and Echem Analyst5.58 software for 
data analysis and plotting. 

3. RESULTS AND DISCUSSION 

3.1. WL method 

The WL-time diagrams for the corrosion of C-
steel in 1 M hydrochloric solution before and after 
addition of diverse concentrations of 5-EBMB is 
displayed within Fig. 1. This Figure demonstrates 
that the values of WL for C-steel with 1M 
hydrochloric acid solution lies higher than in 5-
EBMB and the WL decreases as 5-EBMB dose 
rises; It is meaning the strengthens of corrosion 
inhibition by increasing the 5-EBMB concentration 
as listed in Table 2. This explains the adsorption of 
5-EBMB molecules on the C-steel surface, i.e., the 
C-steel surface is shielded from the aqueous media 
through creation of protecting film on this surface 
[46, 47]. 
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Figure 1. Time-WL bends for C-steel in 1M HCl in the absence and presence of diverse doses  
of 5-EBMB at 25 ºC 



M.F. Atia et al. Contribution to the Corrosion Inhibition of Carbon Steel by ... 

ZASTITA MATERIJALA 66 (2025) broj 3 621 

Table 2. Variation of % IE with altered doses of 
investigated 5-EBMB at 25oC from WL 
measurements at 120 min dipping in 1.0 M 
HCl 

% IE kcorr (mg cm-2 min-1) Conc. (M) 

--- 0.028 Blank 

47.1 0.022 1x10-6 

55.8 0.017 5x10-6 

58.1 0.015 9x10-6 

62.7 0.013 13x10-6 

68.6 0.011 17x10-6 

74.7 0.009 21x10-6 

3.2. PDP studies 

Figure 2 illustrates the Tafel polarization 
diagrams for C-steel in 1 M hydrochloric acid in the 
absence and existence of 5-EBMB dose at 25oC, 
separately. From Fig.2, it is obvious that anodic 

metal dissolution and cathodic H2 reduction 
reactions were controlled when 5-EBMB was 
added to 1 M HCl solution also this inhibition was 
more obvious through raising the dose of the 5-
EBMB. The computation of icorr is made possible 
by the extrapolation of Tafel straight lines. Table 3 
lists the values of icorr, the corrosion potential 
Ecorr, θ, and the percentage of IE as well as the 
cathodic and anodic Tafel slopes (βa‚ βc).  Table 3 
illustrates that icorr declines via addition of the 5-
EBMB and through raising its doses. Additionally, it 
is evident that, in the presence of different dosages 
of 5-EBMB in a 1 M HCl solution, there is no 
discernible trend in Ecorr values (15 mV). 
According to this finding, 5-EBMB in a 1 M HCl 
solution can be categorized as a mixed-type 
inhibitor [48, 49]. Furthermore, Tafel slopes [βa‚ βc] 
remain nearly constant, suggesting that the 
adsorption of 5-EBMB alters both the cathodic 
hydrogen evolution and anodic dissolution 
mechanisms. [50,51].  
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Figure 2. PDP diagrams for dissolution of C-steel in 1M HCl in the attendance and absence of altered 
doses of 5-EBMB at 25 ºC. 

Table 3. Corrosion parameters of C-steel electrode in 1M HCl solution containing altered doses of 5-
EBMB at 25 ͦC from PP technique 

Conc., x106 

M 

-Ecorr 

(mV , vs. SCE) 

icorr 

(mA cm-2) 

- c  

mV dec -1 

a 

mV dec -1 
θ %IE 

kcorr 

mmy-1 

1 M HCl 587 422 42 22 --- --- 220.6 

1x10-6 585 369 37 36 0.378 37.8 186.5 

5x10-6 584 263 61 42 0476 47.6 120.1 

9x10-6 583 206 71 51 0.579 57.9 94.3 

13x10-6 580 160 80 58 0.685 68.5 73.3 

17x10-6 573 123 64 46 0.757 75.7 56.2 

21x10-6 572 96.8 122 82 0.825 82.5 44.2 

 

3.3. EIS studies 

Utilizing the EIS approach, the electrode/ 

electrolyte interface and the corrosion processes 

on the C-steel surface were examined in both the 

presence and absence of 5-EBMB. EIS 

measurements in a broad frequency range at 25 °C 
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were conducted at OCP to guarantee thorough 

characterization of the interface and surface 

processes.  The impact of the doses of 5-EBMB on 

the impedance of C-steel in 1M HCl at 25 ºC is 

produced in Nyquist and Bode plots as shown in 

Fig. 3 a, b. Curves show identical kind of Nyquist 

bends for C-steel with existence of diverse doses 

of 5-EBMB. Presence of single semi-circle 

displayed the single charge transfer procedure 

through dissolution which is unaltered with the 

existence of 5-EBMB compound. Deviations from 

ideal circular form are frequently signalize to the 

frequency dispersal of impedance interfacial which 

occurs because of impurities, surface coarseness, 

grain limits, dislocations, forming of porous layers 

and adsorption of derivatives, also homogenized 

on the surface of electrode [52,53]. Observation of 

these data detected from all impedance graphs 

contains of large capacitive circle by only time 

constant of capacitive with Bode–phase graphs 

(Fig.3b). The electrical equivalent circuit is 

displayed in Fig. 4 and it applied for examine 

achieve impedance data. 

This circuit involves Rct (The corrosion rate is 

inversely related to the Rct value, which measures 

electron transmission over the surface) , Cdl also 

the solution resistance (Rs). Fit excellent through 

this model can be gained through experimental 

data. EIS outcomes in Table 4 distinguished that 

Cdl values declines as well as Rct values rises by 

rising doses of 5-EBMB. It is because of the 

increasing in the thickness of the adsorbed layer 

and to the exchange of the adsorbed water 

molecules with the 5-EBMB molecules on the 

surface of metal, declining the metal dissolution 

reaction [54, 55].  

The diminishing in Cdl can be caused by a drop 

in the local dielectric constant and/or a rise in the 

thickness of the double layer electrical suggested 

that 5-EBMB molecule function through adsorption 

at the metal and solution interface [56]. Using the 

chi-squared approach, the accuracy of the fitted 

results was assessed; each result's minuscule chi-

squared value (Table 4) shows that the fitted 

results and the experimental findings are in close 

agreement. The %IE gained from EIS studies are 

close to those inferred of PDP studies. 

(a) 

(b) 

Figure 3. Nyquist plots (a) and Bode plots 
(b) for C-steel in 1M HCl at different concentrations 

of 5-EBMB at 300C 

 

Table 4. EIS data of C-steel in 1M HCl and in existence of altered doses of 5-EBMB at 25oC 

Conc., M Yo, µΩ−1 sn cm−2 n Cdl ( μF cm-2) Rct, (ohm cm2) θ %IE Goodness of fit, (χ2) 

1M HCl 129 0.995 117 31.7 --- --- 17.24x10-3 

1x10-6 118 0.989 102 37.5 0.147 14.7 13.25x10-3 

5x10-5 103 0.984 92 47.8 0.339 33.9 14.15x10-3 

9x10-5 97 0.981 86 66.1 0.521 52.1 12.54x10-3 

13x10-6 88 0.976 79 72.5 0.563 56.3 16.47x10-3 

17x10-6 86 0.968 77 97.7 0.676 67.6 17.87x10-3 

21x10-6 74 0.961 69 139.7 0.773 77.3 12.53x10-3 
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Figure 4. Electrical equivalent circuit model utilized 
to fit the results of impedance 

3.4. EFM studies 

EFM spectra intermodulation for C-steel in 1 M 
hydrochloric acid solution before and after adding 

21x10-6M of 5-EBMB is displayed in Fig. 5. The 
bigger peaks were applied to examine icorr, βc, βa, 
CF-2 and CF-3. Those electrochemical factors are 
concurrently specified then recorded in Table 5. 

It can be viewed from this Table 5, the values 

of icorr diminish with existence of various doses of 5-

EBMB than with existence only of 1 M HCl in 

situation of C-steel. The obtained Causality factors 

for the examined data are in excellent quality with 

their theoretical (2 &3) values. 

 

 

Figure 5. EFM spectra for C–steel in 1M HCl with and without 21x10-6 M of 5-ABA at 25oC 

Table 5. EFM parameters for C-steel 1M HCl solution and existence of altered doses of 5-EBMB at 25ᵒC 

Conc., (M) i corr, (µA cm-2) β1,(mVdec-1) β2, (mVdec-1) CF-2 CF-3 kcorr, mmy-1 % IE 

1M HCl 808.5 113 164 2.09 1.75 370.2 --- 

1x10-6 599.9 99 137 2.04 3.23 274.1 25.8 

5x10-6 453.9 101 126 1.95 3.09 207.4 43.9 

9x10-6 374.5 112 118 2.05 3.08 172 53.7 

13x10-6 272.7 97 101 1.73 2.61 124.6 66.3 

17x10-6 233.1 92 118 1.97 2.57 106.5 71.2 

21x10-6 152.6 105 111 1.49 1.83 69.7 81.1 
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3.5. Effectiveness of temperature 

Temperature impact on the rate of corrosion of 
C-steel in 1 M HCl including diverse concentration 
of the investigated 5-EBMB can be examined via 
WL method at temperature ranges of 25 to 55oC 

(Table 6). The Outcomes discovered that, by 
raising the temperature the rate of corrosion rises 
and decline with dose of the 5-EBMB rise for the 
investigated 5-EBMB. 

 

Table 6. Data of WL measurements for C-steel in 1M HCl solution with and without altered doses of 5-
EBMB at 25 – 55oC 

Conc. (M) Temp. (oC) kcorr  (mg cm-2  min-1) θ % IE 

Blank 

(1 M HCl ) 

25 0.028 ---- ---- 

35 0.033 ---- ---- 

45 0.039 ---- ---- 

55 0.045 ---- ---- 

1x10-6 

25 0.022 0.249 47.1 

35 0.026 0.196 19.6 

45 0.033 0.149 14.9 

55 0.038 0.137 13.7 

5x10-6 

25 0.017 0.394 55.8 

35 0.022 0.314 31.4 

45 0.028 0.258 25.8 

55 0.033 0.242 24.2 

9x10-6 

25 0.015 0.471 58.1 

35 0.019 0.405 40.5 

45 0.025 0.339 33.9 

55 0.030 0.315 31.5 

13x10-6 

25 0.013 0.558 62.7 

35 0.017 0.475 47.5 

45 0.022 0.416 41.6 

55 0.026 0.403 40.3 

17x10-6 

25 0.011 0.627 68.6 

35 0.014 0.554 55.4 

45 0.019 0.495 49.5 

55 0.023 0.479 47.9 

21x10-6 

25 0.009 0.683 74.7 

35 0.012 0.627 62.7 

45 0.017 0.563 56.3 

55 0.020 0.555 55.5 

 

The activation energy (E*
a) can be examined by 

applying Arrhenius equation: 

  (6) 

Where 

A is Arrhenius constant and k is rate of 
corrosion. Straight lines are displayed in Fig. 6.and 
their linear regression (R2) is nearer to 1 and E*

a 

can be obtained from the slope.  

Table 6 displayed that the value of E*
a for 

uninhibited solution is lower than inhibited solution, 
supposing that the dissolution of C-steel is slow 

within existence of 5-EBMB [57]. This is recognized 
from Eq. 10 the higher values of E*

a cause lower 
corrosion rate owing to construction of protecting 
film on the C-steel surface acting as an energy 
barrier of the C-steel corrosion [58-60]. Entropy 
and enthalpy of activation (ΔS*, ΔH*)” of the 
corrosion procedure were reckoned from the 
transition state theory: 

 (7) 

Where 

N Avogadro's number and h Planck’s constant. 
The graphs of log k/T versus 1/ T of C-steel with 1 
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M hydrochloric acid solution at diverse doses from 
examined compound, provides straight lines as 
displayed in Fig.7 for 5-EBMB. The thermodynamic 
parameters are list in Table 6 shows that ΔH* 

values are positive signalize that the steel 

dissolution process is endothermic process. High 
and negative values of ΔS* assume that activated 
complex found in an association form more than 
dissociation form. 

3.00 3.05 3.10 3.15 3.20 3.25 3.30 3.35
-2.1

-2.0

-1.9

-1.8

-1.7

-1.6

-1.5

-1.4

-1.3

Blank ( IM HCl )

1X10
-6

M

5X10
-6

M

9X10
-6

M

13X10
-6

M

17X10
-6

M

21X10
-6

M

1/T X10
3

 , K
-1

lo
g

 k
c

o
rr
 ,

 m
g

 c
m

-2
 m

in
-1

 

Figure 6. Log kcorr – 1/T curves for C-steel dissolution in 1.0 M HCl in the absence and existence of altered 
doses of 5-EBMB 
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Figure 7. log kcorr/T – 1/T curves for C-steel dissolution in 1M HCl and existence of altered doses the 
investigated 5-EBM 

Table 7. Activation parameters for dissolution of C-steel in the absence and existence of altered doses of 
5-EBMB in 1M HCl 

Activation parameters 

Regression Coefficient, ( R2 )  ∆S*,- J mol-1K-1 ∆H*, kJ mol-1 Ea
*, kJ mol-1 Conc.  M 

0.9941 108.6 9.6 12.2 Blank  

0.9921 99.8 12.8 15.4 1x10-6 

0.9917 94.1 15.1 17.6 5x10-6 

0.9868 89.7 16.8 19.3 9x10-6 

0.9907 90.3 16.9 19.9 13x10-6 

0.9845 85.7 18.8 21.3 17x10-6 

0.9718 84.2 19.6 21.7 21x10-6 
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3.6. Adsorption Isotherm 

Organic compounds are inhibited the metal 
corrosion through adsorption on surface of metal. 
The adsorption procedure is considered as single 
replacement process of adsorbed water molecules 
(x) by a single 5-EBMB molecule [61,62]. 

I(aq) + xH2O(sur)    →   I(sur)   +   xH2O(aq) (8) 

As well, the adsorption affords data about 
interaction between the adsorbed molecules and 
the surface of metal. The values of θ for diverse 
doses of the analyzed 5-EBMB at various 
temperatures have been applied to describe the 
most suitable adsorption isotherm to define 
adsorption procedure. Results of the studied 
derivative are suitable with Langmuir adsorption 
isotherm. Fig 8 displays the plotting of C/θ versus 
C at 25oC to examine 5-EBMB, separately. Those 
schemes provided straight lines with unit slope 
signalized that adsorption of 5-EBMB on C-steel 
surface confirmed Langmuir equation [63]. 

  (9) 

where, “C is the 5-EBMB concentration and 
Kads is adsorption equilibrium constant” associated 
to the free energy of adsorption ∆Gads as appear 
[64]: 

  (10) 

where, “T is the absolute temperature R is the 

universal gas constant and 55.5 is the 

concentration of water on the metal surface in M”. 

The Kads and ΔGºads values of 5-EBMB are 2,.08 x 

10-5 M-1 and 40.3 kJ mol-1, respectively. The 

increase in the negative value of ΔGo
ads indicates 

that the 5-ABA was strongly adsorbed onto the C-

steel surface in a stable state and that the 

adsorption process was spontaneous. From this 

data the adsorption of 5-EBMB on C-steel on C-

steel surface is mixed type i.e., physisorption and 

chemisorption, but mainly physisorption because 

the E*
a values increases in presence of 5-EBMB 

than in its absence and % inhibition decreases by 

raising temperature [65]. 
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Figure 8. Langmuir isotherm plots for C-steel in 1 M HCl containing various doses of 5-EBMB at 25 o C 

 

3.7. Surface Examination 

3.7.1. SEM & EDX analysis 

Figure (9a,b) describes the C-steel samples in 

1M HCl acid in the lack and existence of 21×10-6 M 

5-EBMB. The SEM image after C-steel exposure to 

1 M HCl for 24 h, was severely scratched and 

destroyed (Fig. (9a) whereas, after adding the 

optimum dose of 5-EBMB the surface turns 

smoother and free slightly from corrosion product 

this presumed the protection action of inhibitor via 

restraining the active centers of the C-steel 

surface. Fig. (9 c, d) implies the EDX analysis and 

the percentage of atomic content of blank and 

inhibited pieces, respectively. The strong Fe signal 

(Fig. 9d) implied a Fe-rich pristine C-steel surface. 

However, untreated C-steel surface exposed to 1M 

HCl as a corrosive medium exhibited O, Cl, and Fe 

signals (Table Fig. 9a). This might be related to 

strong corrosion and/or formation of iron chloride 

and/or iron oxide layers on the CS surface. As 

revealed in (Fig. 9c, d) the EDX spectrums of 5-

EBMB display additional signals due to the 

occurrence of N and O. 
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                              (a) Blank                       (b) Compound 5-EBMB 

 

(c) Blank 

 

(d) Compound 5-EBMB 

Figure 9. SEM images and EDX spectra of the C-steel surface before and after immersion in 1 M HCl in 
the lack and existence of 21×10-6M for 5-EBMB 24 h at 25°C 

 

The occurrence of N and O elements in the 
EDX models of inhibited surface determines the 

inhibitor molecule is adsorbed on the C-steel 
interface and inhibiting from corrosion (Table 8). 
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Table 8. Atomic content percentage of the C-steel 
surface prior and after submersion in 1 M 
HCl in the lack and existence of 21×10-6M 
of  5-EBMB for 24 h at 25°C 

Atomic 
content % 

Fe C Cl O N 

Free 92.16 7.84 -- -- -- 

Blank 63.05 11.69 2.35 22.91 -- 

5-EBMB 70.21 11.33 2.19 15.95 0.32 

3.7.2. AFM analysis 

AFM is one the most powerful method which 

used to detect the effect of 5-EBMB on CS surface 

by studying the morphology of the surface. CS 

surface was prepared before starting this 

examination by polishing its surface and immersion 

of CS pieces in HCl solution for 24 hrs in existence 

and nonexistence of 21×10-6 M of  5-EBMB [42]. 

Topographic maps of CS surface are represented 

in Fig. 10 where 2D and 3D images were 

appeared. Rq (square roughness) and Ra (average 

roughness). Ra has a small value in presence of 5-

EBMB (115.2 nm) and its value is high in case of 

C-steel in HCl only (161.8 nm). Rq is 179.5 nm, 

150.6 nm without and with 5-EBMB, respectively. 

3.8. Theoretical calculations 

3.8.1. DFT studies 

In the aqueous phase, the optimal structure, 

HOMO, and LUMO distribution of 5-EBMB 

molecules are revealed in Fig. 10, and the quantum 

chemical characteristics are included in Table 9. 

 

  
 

Optimized Structure HOMO LUMO 

    

(a ) Blank                                                                              (b) 5-EBMB   

Figure 10. The optimized molecular structures, HOMO and LUMO for the utilizing DFT caculations in the 
aqeous phase for 5-EBMB inhibitor 

Fig. 10 represents the energy diagram of the 

Frontier molecular orbitals for the investigated 

compound and its assessed ΔE. The interaction 

between the inhibitor molecule and the metal is 

directed by HOMO and LUMO energies, according 

to the Frontier orbital theory [66[. Where EHOMO 

signifies the capability of a molecule to contribute 

electrons and ELUMO signifies the capacity of a 

molecule to receive electrons [67]. As a result, the 

corrosion inhibition capability of an inhibitor 

molecule with high EHOMO and low ELUMO values 

improves. Similarly, high corrosion protection 

efficiency was proposed for an inhibitor molecule 

with a low energy gap between LUMO and HOMO 

energy (∆E) since proffering an electron from 

EHOMO to ELUMO. According to Table 9, 5-EBMB has 

larger EHOMO value of -5.47 eV. As exposed in Fig. 

10, for the 5-EBMB molecules, we notice that the 
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HOMO level is identified on the phenyl, methoxy 

and pyrimidine moieties, implying that the O and N 

atoms are the desired location for electrophilic 

attacks on the surface of C-steel. This would 

enhance the adsorption capability of 5-EBMB 

molecules on the C-steel surface and therefore 

enhance the protection efficiency, which is in an 

excellent concurring with the empirical results. 

Moreover, the ELUMO values are -5.47 eV for 5-

EBMB (Table 9) indicating the great inhibition 

efficacy for 5-EBMB. Similarly, the energy gap 

(ΔE) is another critical aspect in approving the 

inhibitor molecule's corrosion prevention capability, 

which improves as the (ΔE) value decreases [68]. 

5-EBMB exhibits lower (ΔE) values (2.66 eV), as 

shown in Table 9, indicating a higher propensity for 

5-EBMB to be adsorbed on the C-steel surface. 

Table 9. Calculated quantum chemical parameters for 
the structure of 5-EBMB in the aqueous 
phase 

Compound 5-EBMB 

EHOMO, eV -5.47 

ELUMO, eV -2.81 

ΔE, eV 2.66 

I, eV 5.47 

A, eV 2.81 

χ, eV 4.14 

η, eV 1.33 

σ, eV 0.75 

ΔN, e 1.08 

Dipole moment, Debye 6.42 

Molecular surface area, Å2 289.05 

 

Furthermore, because of the low 
electronegativity (χ), the 5-EBMB molecules have a 
high potential reactivity to offer electrons to the 
metal surface [69]. Furthermore, the global 
hardness η and softness σ of a molecule are 
important qualities that determine its consistency 
and reactivity. Because electrons are smoothly 
afforded to the C-steel surface via adsorption, soft 
molecules are more reactive than hard molecules 

[70]. The ΔN values determine the electron 
contributing capability of the inhibitor, and the 
higher the ΔN value, the larger the electron 
providing facility of the inhibitor molecule. 
According to Lukovits’s study [71], when ΔN < 3.6, 
the % IE improves with greater electron donating 
ability. The calculated values of ΔN are listed is 
1.08 eV. This means that 5-EBMB molecule has 
greater proclivities to offer electrons to the surface 
of C-steel. Furthermore, the dipole moment is an 
important indicator for forecasting the path of 
corrosion protection [72].The augmentation in 
dipole moment leads to an increase in deformation 

energy and better molecule adsorption on steel 
surface, enhancing inhibitory activity [73]. 5-EBMB 
has a greater dipole moment value (6.42 debye), 
as shown in Table 9, indicating a strong tendency 
for 5-EBMB to be adsorbed on the C-steel surface 
and enhance inhibition effectiveness. Furthermore, 
the molecular size of the 5-EBMB and its tendency 
to protect C-steel surface in corrosive environment 
has a clear relationship. The inhibition efficiency 
upsurges with increasing of the molecular structure 
size because the contact area between the 
inhibitors molecules and the steel surface raises 
[74]. As mentioned in Table 10, 5-EBMB 
demonstrates the greater area (289.05Å2) and for 
this purpose, it has greater inhibition proficiency. 
MEP mapping is a powerful 3D vision tool for 
distinguishing the net electrostatic effect 
established over a molecule from total charge 
dispersal [75]. The red colors in Fig. 11 signify the 
highest electron density, with MEP being the 
biggest negative (nucleophilic reaction). The blue 
colors, on the other hand, signify the most positive 
region (electrophilic reaction) [76]. The largest 
negative (red color) regions in methoxy and 
pyrimidine moieties are generally over N and O 
atoms, whereas the lower density (yellow color) 
regions in 5-EBMB molecules are mostly over 
phenyl moieties. In keto form, MEP, on the other 
hand, showed the most positive (blue hue) area 
over oxygen”. “The locations in 5-EBMB molecules 
with the highest electron density may be the 
furthermost proper for interactions with the C-steel 
surface”. 

Molecular Electrostatic Potential (MEP) 

5
-E

B
M

B
 

 

 
Figure 11. Graphical presentation of the MEP for 

the 5-EBMB utilizing DFT caculations in the aqeous 
phase 

3.8.2 Monte Carlo (MC simulation) 

“MC simulations are theoretical approaches for 
comprehend the nature of the interaction between 
the 5-EBMB molecules and the C-steel surface thru 
the adsorption procedure by retaining the 
adsorption locator module”. Therefore, “Fig. 12 
divulges the highest appropriate adsorption 
configurations for the 5-EBMB molecules on the C-
steel surface which located in nearly parallel or flat 
disposition, designating an increase in the scope of 
adsorption and greatest surface coverage” [77]. 
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“Table 10 also lists the results of the Monte Carlo 
simulation, including the adsorption energy for 
relaxed adsorbate molecules, the rigid adsorption 
energy for unrelaxed adsorbate molecules, and the 
deformation energy for relaxed adorbate 
molecules” [78]. “Table 10 shows that 5-EBMB (-
3467.07 kcal mol-1) has a higher adsorption energy, 
implying that 5-EBMB has a strong adsorption on 
the C-steel surface, creating stationary adsorbed 
layers that protect the C-steel from corrosion, 
which is concurred with the empirical results”. 
Furthermore, the findings in Table 10 and after the 
geometry optimization process, indicating that 5-
EBMB have a higher inhibitory efficiency.”When 
one of the adsorbate is abolished, the dEads/dNi 

values explain the energy of metal-adsorbate 
conformation”[79]. The dEads/dNi value for 5-EBMB 
(-196.17kcal mol-1) is higher indicating that 5-EBMB 
molecules have better adsorption molecules. 
Furthermore, the dEads/dNi values for water are 
close to -14.15 kcal mol-1, which is low indicating 
that 5-EBMB”molecules have a more durable 
adsorption than water molecules, indicating that 
water molecules can be replaced by 5-EBMB 
molecules”. As a result, the 5-EBMB molecules are 
forcefully adsorbed on the C-steel surface and form 
a robust adsorbed defensive layer, resulting in a 
corrosion shield for the C-steel surface in 
destructive conditions, as demonstrated by both 
empirical and theoretical research. 

 
Table 10. Data and descriptors calculated by the Mont Carlo simulation (MC) for the adsorption 

of the 5-EBMB on iron” (110) 

Structures 
Adsorption 

energy/ kcal mol-1 
Rigid adsorption 

energy/ kcal mol-1 
Deformation 

energy/kcal mol-1 
dEads/dNi:  

nhibitor kcal mol-1 

dEads/dNi: Water, 
kcal mol-1 

Fe (110) 

-3467.07 -3615.28 148.21 -196.17 -14.15 IV 

Water 

 

Figure 12. The most appropriate adsorption shape for 5-EBM on Fe (110) substrate obtained from 
adsorption locator module 

 

4. MECHANISM OF CORROSION AND 
ADSORPTION 

One way to propose an inhibitory mechanism is 
to employ the inhibitor's adsorption on the steel 
surface. Because of the complexity involved in both 
adsorption and inhibition of a particular inhibitor, it 
is generally not feasible to have a single adsorption 
mode between the inhibitor and the metal surface. 
The 5-arylidene barbituric acid derivative (5-EBMB) 
may adsorb on a C-steel surface's active site in the 

current system, according to its chemical structure. 
Consequently, the following adsorption may have 
an impact on the inhibitory phenomenon: 

(i) 5-EBMB can be protonated in an acidic solution 
due to its neutral O atoms: (5-EBMB) + xH+ → 
[5-EBMBH]x+ Thus, in acidic solutions, 5-EBMB 
exist as [5-EBMB H]x+. "They give an excess 
negative charge in the solution, encouraging 
cation adsorption since Cl–may adsorb on metal 
surfaces [80]”. A metal surface that is negatively 
charged could absorb [5-EBMB Hx]x+. Stated 
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differently, adsorbed Cl– and protonated 
inhibitor may have a synergistic interaction [81].  

(ii) 5-EBMB can also be adsorbed on metal 
surfaces through chemisorption, which 
strengthens the tension between the inhibitor 
molecule and the electrode surface by forming 
coordinate bonds between the lone electron 
pairs of the O and N atoms and the empty 
orbital of the Fe atoms. This process occurs in 
addition to physical adsorption.  

(iii) The heterocyclic ring is generally accepted to 
be the main site of adsorption for heterocyclic 
compounds. "5-EBMB contains a lot of π-
electrons due to the heterocyclic ring, and these 
electrons may be adsorbed on the metal 
surface due to donor–acceptor interactions 
between the unoccupied d-orbitals of Fe and 
the π-electrons of the heterocyclic ring." 

5. CONCLUSIONS 

Researchers also investigated how well this 
substance, which has a variable chemical makeup, 
performed in lowering the pace at which C-steel 
corroded in a 1 M HCl solution at various exposure 
temperatures (25–45 °C). The above conversation 
leads to the following conclusions: 
1. The inhibitory process increased with rising 5-

EBMB concentrations, but it decreased with 
increasing temperature, according to values from 
WL measurements. 

2. In a 1 M HCl solution, this chemical had a 
maximum inhibitory performance of 82.5% at a 
concentration of 2.1 × 10−6 M. 

 3. The 5-EBMB adhered to the Langmuir 
adsorption isotherm and had a mixed adsorption 
nature on the C-steel surface, with physical 
adsorption predominating. 

4. Measurements of potentiodynamic polarization 
reveal that this substance functions as a mixed-
type inhibitor. 

5. The charge transfer resistance (Rct) increased 
and the double layer capacitance values (Cdl) 
decreased at varying concentrations of 5-EBMB, 
according to the electrochemical impedance 
spectroscopy data. This is because the inhibitor 
molecules of 5-EBMB have adsorbed on the 
metal surface. 

6. Theoretical calculations show that the structural 
characteristics and quantum chemistry para-
meters, such as energy gap (ΔE), the ELUMO, and 
chemical softness, are related to the tested 
drugs' inhibitory efficacy and are compatible with 
many experimental findings. 

7. All of the techniques yielded results that were 
very consistent with one another. 
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IZVOD 

DOPRINOS INHIBICIJI KOROZIJE UGLJENIČNOG ČELIKA POMOĆU  
5-(2-ETOKSIBENZILIDEN) 1,3-DIMETILBARBITURNE KISELINE U RASTVORU 
HCl: EKSPERIMENTALNA I TEORIJSKA STUDIJA 

Inhibirajući uticaj ekološki prihvatljive 5-(2-etoksibenziliden) 1,3-dimetilbarbiturne kiseline (5-
EBMB) u 1 M HCl na koroziju ugljeničnog čelika je ispitan metodom gubitka težine (VL), 
potenciodinamičke polarizacije (PDP), spektroskopija elektrohemijske impedanse (EIS), tehnike 
elektrohemijske frekvencijske modulacije (EFM). Dobijeni rezultati pokazuju da je proučavana 
hemikalija dobra 5-EBMB i da, kako u PDP tako iu EIS metodi, njena efikasnost inhibicije (%IE) 
raste sa povećanjem koncentracije, dostižući 82,5 na 21k10-6 M. Nasuprot tome, kada 
temperatura raste, smanjen je procenat IE. „Adsorpcija ispitivanog derivata na površini C-čelika 
prati Langmuirovu izotermu. Proces adsorpcije ispitivanog jedinjenja je spontan i smatra se tipom 
hemisorpcije. PDP krive su pokazale da je proučavani derivat inhibitor mešovitog tipa. Štaviše, 
rezultati EIS-a su potvrdili da se jedinjenje koje se ispituje adsorbovalo na površini C-čelika 
podizanjem otpora prenosa naelektrisanja (Rct) na 139,7 ohm cm2 i smanjenjem kapacitivnosti 
dvostrukog sloja (Cdl) sa 102 na 69 µF cm-2. Adsorpcija inhibitora na površini C-čelika je 
potvrđena ispitivanjem površine primenom mikroskopije atomske sile (AFM), energetski 
disperzivnog Ks zraka (EDKS) i skenirajuće elektronske mikroskopije (SEM). Pored toga, kvantna 
hemija i molekularna dinamička simulacija su korišćene da se opširno ispita mehanizam inhibicije 
korozije 5-EBMB. Sve testirane metode dale su dobru saglasnost. 
Ključne reči: Inhibicija korozije, HCl, C-čelik, derivat ariliden barbiturne kiseline, Langmuirova 
izoterma 
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Levels, distribution, and potential sources of polycyclic aromatic 
hydrocarbons in surface sediments of Petrolifera and Porto Romano 
ports in Albania 

ABSTRACT 

This study reports the levels, distribution,and sources of polycyclic aromatic hydrocarbons (PAHs) 
analyzed in surface sediment samples from Petrolifera and Porto Romano ports. They are well 
known for their industrial activity and good transportation.A total of 17 samples were collected 
from both ports in December 2023. A gas chromatography/flame ionization detector (GC/FID) was 
used to analyse the 13PAHs. The total concentrations of PAHs in sediments at PetroliferaPort 
varied from 102.9ngg-1 to 358.3ng g-1, with an average value of 226.6ng g-1. Similarly, the 
quantities in sediments from Porto Romano Port varied from 135ng g-1to 1241ng g-1, with an 
average value of 556ng g-1. Sites within the ports have the highest concentrations of PAHs. 
Approximately 40% of the Σ13PAHs in Petrolifera and 39% in Porto Romano were attributed to 3-
ringed PAHs within the analyzed areas. About 60% of the PAHs with rings between 4 and 6 were 
found in Petrolifera Port, and 61% in Porto Romano Port. The isomeric diagnostic ratio showed 
that PAHs in surface sediments in both areas originated from both sources, but mainly 
dominatedby pyrogenic sources. The results were compared with different sediment quality 
guidelines. 
Keywords: port, PAHs, 3-ring, sediments, diagnostic ratio 

 

1. INTRODUCTION 

Increasing urbanization and industrialization, 

the import and export of petroleum and related 

goods, and the positioning of cities close to ports 

are thought to be the primary causes of the 

increasing levels of organic pollutants in port areas 

[1]. Ports are very important to the development of 

country’s trade and economy [2]. Their 

development has led to an increase of several 

contaminants [3]. Albania's major industrial ports 

are Petrolifera and Porto Romano, which are 

situated in Vlora and Durrësi Bay, respectively. 

Petrolifera Port is known for handling and 

transportation of crude oil and refined petroleum 

products. The port is equipped with specialized 

infrastructure for the loading and unloading of oil 

tankers, including storage tanks and pipelines for 

efficient transfer.  
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The proximity to refineries in Greece and Italy 
is its main advantage. Porto Romano serves as a 
vital port for shipping and trade, facilitating the 
movement of goods (construction materials, 
consumer goods, agricultural products, fisheries), 
in and out of Albania. This port is involved in 
handling liquefied natural gas (LNG) and 
byproducts from the oil and gas industry along the 
coast. The construction of Porto Romano seaport is 
now underway. One class of organic compounds 
commonly analyzed in marine sediments is 
polycyclic aromatic hydrocarbons or PAHs[4,5]. 
Due to hydrophobicity, low solubility in water, and 
high vapor pressure, the sediment samples are 
considered the last sink of PAH[6].Numerous 
literature have reported that carcinogenic and 
mutagenic PAHs are widely present in marine 
environments [7,8].Therefore, seawater contami-
nation may be reflected in the PAH quantities found 
in sediments over a prolonged time. Many sources, 
including marine fuels and oils, vessel operations, 
cargo handling, stormwater runoff, industrial 
activities, sediment resuspension, atmospheric 
deposition, and waste disposalreleased PAHs in 

https://doi.org/10
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the marine environment [2,4,5]. Their anthropoge-
nic sources are divided intopetroleum-associa-
tedPAHs and pyrogenic-associated PAHs[9,10]. 
Petroleum-associated hydrocarbons are produced 
during crude oil maturation.They can be present to 
port areas during their storage, transportation, 
utilization, production, and leakage. Pyrogenic-
associated PAHs are mainly produced during the 
incomplete combustion of petroleum fuels, coal, 
biomass, and other hydrocarbons. Also, they can 
be transported to port areas via different pathways, 
including atmospheric transport, wet and dry 
deposition, surface runoff, and river discharges 
[11,12]. Referred to other studies, the origin of 
PAHs is defined using different diagnostic ratios. 
The ratios of ‘‘anthracene/anthracene + phenan-
threne, benz(a)anthracene/ benz(a)anthracene+ 
chrysene, and indeno(1,2,3-c,d)-pyrene/indeno 
(1,2,3-c,d)+benzo[g,h,i]perylene are the most used 
in literature[13]. The main objectives of this study 
were: i) to determine the levels of PAHs in both 
areas; ii) to define the potential sources of PAHs 

and evaluate the results using sediment quality 
guidelines (SQGs). 

2. MATERIALS AND METHODS 

Sampling sites 

A total of 17 stations were established 
throughout the two industrial ports, in Albania, with 
8 stations atPertoliferaPort and 9 stations at Porto 
Romano Port, during May 2023. Eight surface 
sediment samples were taken from various 
stations, both inside and outside Petrolifera Port, 
labeled SP-1 to SP-8. Samples SP-1, SP-2, SP-7, 
and SP-8 were collected from outside the port, 
while the remaining samples were gathered within 
the port area. The same methodology was applied 
to the nine sediment samples collected in Porto 
Romano Port. The samples (SPR-1, SPR-2, SPR-
8, and SPR-9) were collected outside the port. All 
sampling stationswere selected to cover all the 
areas impacted by shipping and industrialactivities.  
The locations of the sampling sites are illustrated in 
Fig. 1. 

 

Figure 1. Map of sampling area and the sampling station: a)Porto Romano Port, and b) Petrolifera Port 
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Sample treatment 

A van grab was used to collect the sediment 

samples in both sites. After the sampling, all the 

samples were kept in ice boxes for further analysis 

in the laboratory. The sediment samples were air 

dried, crushed with a mortar, andsieved through a 

63 mesh to remove debris and obtain awell-mixed 

sample.The detailed procedure ofextraction and 

qualitative and quantitative analysis of PAHs in 

sediment samples is describedbyNuro et al. 2024 

[14]. In this study, theindividual PAH analyzed in 

the sediment samples were anthracene (ANT), 

acenaphthylene (ANP), phenanthrene (PHE), 

fluorene (FLU), pyrene (PYR), benzo[a]anthracene 

(BaA), chrysene (CHR), perylene, benzo[b]fluo-

ranthene (BbF), benzo[k] fluoranthene (BkF),   

indene[1,2,3-cd]pyrene (IcP), dibenzo[a,h] ant-

hracene (DhA),benzo[ghi]perylene (BgP).A gas 

chromatography/flame ionization detector (GC/FID) 

was used to analyse the 13PAHs.  

3. RESULTS AND DISCUSSION 

Descriptive analyses were performed to 
determine the distributions of the data. Some 

individual PAHs were not detected, and during the 
descriptive analysis their value was set to zero. All 
the statistical analysis was done using MiniTab 
(version 22) and Excel software.  

Concentration of PAHs in sediment samples 

The measured concentrations of 13 priority 

PAHs and the total sum (Σ13PAHs) analyzed in the 

surface sediments from Petrolifera and Porto 

Romano Ports are shown in Tab. 1. The level of 

individual PAH ranged widely in both investigated 

areas. Sediment samples from PetroliferaPort 

showed thatthe total concentration of 13 PAHs 

ranged from 102.9 to 358.3 ng g-1, with a mean 

value of 226.6 ng g-1. In Porto Romano, the total 

PAH concentration ranged from 135 to 1241 ng g-1, 

with a mean value of 556 ng g-1. The PAH 

concentration in sedimentscollected inside ports 

showed higher levels than those analyzed outside 

the areas. The same finding was reported in other 

studies [15,16].Sediment from Porto Romano Port 

recorded the highest total PAHs concentration, 

which could be due to the intense activities of 

ships. 

Table 1. The mean, median, minimum, and maximum of individual PAHs and the total PAHs levels in 
Petrolifera and Porto Romano ports. The values used as guidelines according to CCME 

Analytes 

Petrolifera Port Porto Romano Port CCME 

Mean 
ng/g 

Median 
ng/g 

Min 

ng/g 
Max 
ng/g 

Mean 
ng/g 

Media
n ng/g 

Min  
Max 
ng/g 

ISQG
s 

PEL 

Acenaphthylene 
(ANP) 

17.84 18.43 n.d 51.30 144 1.10 n.d 1098 6.71 88.9 

Fluorene 

(FLU) 
16.23 18.45 0.25 37.90 106 39.85 n.d 652 21.2 144 

Phenanthrene 
(PHE) 

20.84 23.50 2.10 34.90 0.613 0.181 n.d 3.535 86.7 544 

Anthracene 

(ANT) 
31.3 26.6 0.7 100.3 0.704 0.280 n.d 4.022 46.9 245 

Pyrene  

(PYR) 
17.78 10.13 n.d 48.50 74.7 4.10 n.d 599 153 1398 

Benzo(a)anthrax-
cene, (BaA) 

18.79 16.27 n.d 37.95 63.7 40.10 n.d 332 74.8 63 

Chrysene (CHR) 16.92 10.10 n.d 46.90 28.5 n.d n.d 179 108 846 

Perylene 4.29 n.d n.d 33.55 5.817 n.d n.d 28.55 - - 

Benzo[b]fluorant-
hene(BbF) 

21.19 12.07 n.d 65.60 5.522 n.d n.d 35.80 - - 

Benzo[k]fluorant-
hene(BkF) 

21.51 25.19 n.d 41.80 49.30 n.d n.d 287.6 - - 

Indeno[1,2,3-
cd]pyrene (IcP) 

22.45 16.32 n.d 79.35 7.36 n.d n.d 37.50 - - 

Dibenzo[a,h] 
anthracene (DhA) 

12.44 0.0 n.d 68.85 4.100 n.d n.d 36.90 6.22 135 

Benzo[ghi]perylene 

(BgP) 
4.98 0.0 n.d 39.80 n.d n.d n.d n.d - - 

ΣPAHs 226.6 195.2 102.9 358.3 491.4 422 84.6 1237 - 16700 

n.d –no detected, CCME- Canadian Council of Ministers of the Environment, ISQGs-Canadian interim marine 
sediment quality guidelines, PEL-Probable Effects Level  
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In both areas,Perylene, Dibenzo [a,h] 
anthracene, and Benzo[g,h,i]perylene represented 
in most stations were non-detected. The highest 
concentration of PAH was found for ANT in station 
SP-1 (Petrolifera) and ANP was found with the 
highest concentration in SPR-7 (Porto Romano). 
The high abundance of low molecular weight PAHs 
in some stations suggests relatively recent local 
PAH sources that entered the seawater[17]. 

The findings revealed that the light PAHs were 
present in both areas, whereas the heavy PAHs 
were mostly present in Porto Romano Port. 
Numerous sources, including accidental oil spills, 
ship activities, emissions from fuel burning, 
discharged waters, closeness to the cities, and 
human activities can contribute to the difference in 
PAH content along the examined locations. 

The Canadian interim marine sediment quality 
guidelines (ISQGs) is widely applied, to find out the 
PAH pollution in marine environment. (Tab. 1). The 
results from Petrolifera samples showed that some 
of the PAHs contents in sediments of this port were 
lower than the levels reported by CCME. 
Acenaphthylene and Dibenzo[a,h]anthracene were 
found in higher levels than those reported in 
ISQGs. The results from Porto Romano samples 
showed that Acenaphthylene and Fluorene were 
found at higher levels than those reported from 
ISQGs. Based on this guideline, the sediment 
samples from both areas have less potential for 

negative effects. The results found in both areas 
are lower than the values of Probable-Effects Level 
(PEL). 

The levels of PAHs in sediments are frequently 
used to classify an area as polluted or not. In Tab. 
2, are given the range of PAHs quantities, 
indicating the level of pollution in sediments. 

Table 2. The range values for the classification of 
pollution [18] 

PAHs quantities (range) Level of pollution 

0–100 ng/g light pollution 

100–1000 ng/g moderate pollution 

1000–5000 ng/g high pollution 

> 5000 ng/g extreme pollution 

 

The range of PAHs content in the sediments 
from Petrolifera Port (ΣPAHs 102.9-358 ng g-1) and 
Porto Romano Port (ΣPAHs 105.4-1241 ng g-1) 
indicated light to moderate pollution,except the 
station SPR-6 and SPR-7 that were considered as 
highly polluted, according to the total PAHs 
concentration. The main factors that have 
increased the concentration of PAHs in both areas 
are their geographical location, export of goods, 
ship repair, and incoming fuel from ships. The 
individual plot of PAH concentration in both areas 
is shown in Fig. 2. 

 

Figure 2. The plot of individual PAHs in both areas 

 

According to USEPA [19], the possible carci-
nogenic PAHsare BaA,CHR,BaP, BbF, BkF, Ba, 
hA, BgP, and IcP. The sum of carcinogenic PAHs 
labeled as Carc_PAHs, was calculated. BaP is not 
analyzed, and the sum is calculated for the rest of 

the PAHs. In sediments from Petrolifera Port, 
Carc_PAHsranged from 5.2 to 232 ng g-1, and in 
Porto Romano Port ranged from 5.2 to 577 ng g-1. 
The ratio of ΣCarc/ΣPAHs expressed in %, ranged 
from 3% to 76 % for samples in Petrolifera Port and 
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1% to 76 % for Porto Romano. Another parameter 
that has been calculated in this study is the total 
amount of the main combustion-specific PAH. The 
Comb_PAH (BbF; BaA; CHY; PYR; FLU; BgP; 
BaP; IcP; and BkF), ranged from 63 to 239 ng g-1 

and 21.9 to 1273 ng g-1  in Petrolifera and Porto 
Romano,respectively.The percent of the ratio 
Comb_PAH to ΣPAHs ranged from 36% to 76%, 
and in PortoRomano ranged from 2% to 99%. 

Distribution of PAHs  

The composition pattern of PAHs by ring size in 
sediment samples from Petrolifera and Porto 

Romano Ports are shown in Fig. 3. The 
compositionof the sediment samples from 
Petrolifera Port were found in the order; 3-ring 
PAHs > 4-ring PAHs > 5-ring PAHs >6-ring PAHs 
(Figure 3).On average, the 3-ring PAHs were the 
most predominant compound accounting 40 % and 
4-ring PAHs accounting 26 % of the total PAHs. In 
Porto Romano Port the distribution were found in 
the order: 4-ring PAHs > 3-ring PAHs > 5-ring 
PAHs >6-ring PAHs. The 4-ring PAHs contributed 
with 44 % and 3-ring PAHs with 40% of the total 
PAH concentrations.  

 

 

Figure 3. The composition profile of different ring numbers in surface sediments from Petrolifera and Porto 
Romano Ports 

PAHs sources using diagnostic ratio 

The measured PAHs were categorized using 
Low molecular weight rings (LMW, up to 3-rings, 
MW<202) and Heavy molecular weight rings 
(HMW, 4-rings and above, MW>202). In Petrolifera 

Port, the LMW PAHs dominated the surface 
sediment sampleswith 41 %, whereas in Porto 
Romano, the LMW PAHs dominated the sediment 
samples with 40 %. The source of PAH fractions 
can be identified by comparing the ratio between 
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Low molecular weight rings (LMW) and heavy 
molecular weight rings (HMW). The ratio of LMW to 
HMW >1 indicates dominance of petrogenic 
sources and lower than 1, indicates pyrolytic 
sources. The sediment samples from both areas 
indicated the dominance of pyrolytic sources. 

To investigate the potential sources of PAHs 
were calculated the most used ratio of BaA/(BaA + 
CHR) and ANT/(ANT + PHE), and IcP/(IcP + 
BgP)[13]. The distribution of the ratios BaA/(BaA + 
CHR) versus ANT/(ANT + PHE), and IcP/(IcP + 

BgP) versus ANT/(ANT + PHE) are shown in Fig.4. 
In both areas, the ratios of ANT/(ANT+ PHE) were 
higher than 0.1 with a mean value of 0.5 in 
Pertolifera and 0.43 in Porto Romano, indicating 
that PAHs derived from different combustion 
sources (pyrolytic sources). In this study, the 
BaA/(BaA+CHY) fluctuated between 0 and 1 with 
an average value of 0.56 which indicates petroleum 
combustion (0.20–0.50), and fossil fuel combustion 
(>0.35). Our results are shown in Fig.4, where the 
major stations pointedto pyrolytic sources. 

 

 

Figure 4. Possible sources of PAHs, identified using diagnostic ratio of BaA/(BaA + CHY)  a and IcP/(IcP + 
BgP) versus ANT/(ANT + PHE) in both areas. 
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The distribution of the ANT/(ANT + PHE) and 

BaA/(BaA + CHR) ratios showed that the PAHs in 

the sediments of both areas originated mainly from 

combustion and/or pyrolysis sources.The ratios of 

ANT/(ANT + PHE) and IcP/(IcP + BgP) showed 

that PAHs in the sediments were mainly 

contributed by the combustion of petroleum. 

PetrogenicPAHs have frequently entered the 

environment through the usage, storage, and 

transportation of crude oil and its derivatives, 

storage tank breaches, oil spills, motor oil and 

gasoline leaks, and small gasoline.All release 

petroleum-based PAHs into the marine 

environment. Pyrogenic PAHs are formed by 

incomplete combustion or pyrolysis of the organic 

matter at very high temperatures. The main 

contributors are the incomplete combustion of 

carbonaceous matter, burning and pyrolysis of 

coal, oil, gas, trash, wood, vehicular emissions, and 

industrial processes. The dominance of 3- and 4-

ring PAHs is indicative of the potential sources of 

low-temperature combustion/pyrolysis of biomass 

(coal, wood, and straw) or petroleum-related fuels 

[20,21]. 

Ecosystem Risk Assessment 

To assess the ecological risk of PAHs in 
sediments from Petrolifera and Porto Romano 
Ports, total and individual PAH levels were 
compared to effects-based guidelines, including 
two target values: the effects range-low (ERL) and 
effects range-median (ERM) [22]. Total PAH 
concentrations at study sites were below the 
sediment quality guidelines (SQGs) for both the 
ERL (3442 ng g−1) and ERM (24290 ng g−1), 
suggesting that the sediments were not toxic to 
local organisms. However, some stations showed 
elevated levels of Acenaphthylene, Fluorene, 
Anthracene, and Benzo(a)anthracene, exceeding 
the ERL but remaining below the ERM values. This 
indicates that occasional biological effects could 
occur. The sediment quality guidelines values for 
PAHs and the relative percentage of samples 
within each SQG range are summarized in Table 
3.Although some stations had individual PAH 
concentrations exceeding the ERL but still below 
the ERM, the overall results indicate no significant 
toxic effects. However, these elevated levels at 
certain stations could lead to occasional negative 
impacts on the ecosystem. 

 

Table 3. Sediment quality guidelines values for PAHs and relative percentage of samples amongst ranges 
of ERL and ERM values.  

PAH 

SQGs % of stations % of stations 

ERL 

ng g-1 

ERM 

ng g-1 

Petrolifera Port Porto Romano Port 

<ERL ERL-ERM >ERM <ERL ERL-ERM >ERM 

 NP 44 500 87.5 12.5 - 66.7 33.3 - 

FLU 19 540 75 25 - 44.4 55.6 - 

PHE 240 1500 100 - - 100 - - 

ANT 85.3 1100 87.5 12.5 - 100 - - 

PYR 665 2600 100 - - 100 - - 

BaA 261 1600 100 - - 88.9 11.1 - 

CHR 385 2800 100 - - 100 - - 

Perylene - - - - - - - - 

BbF - - - - - - - - 

BkF - - - - - - - - 

IcP 240 950 100 - - 100 - - 

DhA 63.4 260 100 - - 100 - - 

BgP 85 330 100 - - 100 - - 

Concentration <ERL- Biological effects are rare 

ERL ≤Concentration ≤ ERM -Biological effects may occasionally occur 

Concentration >ERM -Negative biological effects are frequent 

 

4. CONCLUSIONS 

This study reports the levels, distribution, and 

potential sources of PAHs in the surface sediments 

from 17 stations in total, from two major industrial 

ports in Albania, Petrolifera and Porto Romano. 

The sediment samples from Petrolifera Port 

showed light pollution compared with samples from 

Porto Romano, which showed light to moderate 

pollution, except two stations that showed a high 

level of pollution. The primary sources of PAHs in 

the sediments of both ports were found to be 

pyrogenic, such as from incomplete and complete 
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combustion of petroleum products, including 

emissions from boats, ships, and vehicle engines. 

Total PAH concentrations in the sediments were 

found to be below the Effects Range-Low (ERL) 

and Effects Range-Median (ERM) values, 

suggesting that there is no significant toxicity to the 

local organisms.The study offers useful baseline 

information on PAH pollution in these ports, 

emphasizing the need for ongoing observation to 

better understand the situation and inform future 

environmental management strategies. 
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IZVOD 

NIVOI, DISTRIBUCIJA I POTENCIJALNI IZVORI POLICIKLIČNIH AROMATIČNIH 
UGLJOVODONIKA U POVRŠINSKIM SEDIMENTIMA LUKA PETROLIFERA I 
PORTO ROMANO U ALBANIJI 

Ova studija prikazuje nivoe, distribuciju i izvore policikličnih aromatičnih ugljovodonika (PAH) 
analiziranih u uzorcima površinskih sedimenata iz luka Petrolifera i Porto Romano. Poznati su po 
svojoj industrijskoj aktivnosti i dobrom saobraćaju. Ukupno 17 uzoraka je prikupljeno iz obe luke u 
decembru 2023. Za analizu 13 PAH-ova korišćen je gasna hromatografija/detektor plamene 
jonizacije (GC/FID). Ukupne koncentracije PAH u sedimentima u luci Petrolifera varirale su od 
102,9 ng g-1 do 358,3 ng g-1, sa prosečnom vrednošću od 226,6 ng g-1. Slično tome, količine u 
sedimentima iz luke Porto Romano varirale su od 135 ng g-1 do 1241 ng g-1, sa prosečnom 
vrednošću od 556 ng g-1. Lokacije unutar luka imaju najveću koncentraciju PAH. Približno 40% 
S13PAH-a u Petroliferi i 39% u Porto Romanu pripisano je PAH-ovimasa 3 prstena unutar 
analiziranih oblasti. Oko 60% PAH-ova sa prstenovima između 4 i 6 pronađeno je u luci 
Petrolifera, a 61% u luci Porto Romano. Izomerni dijagnostički odnos je pokazao da PAH u 
površinskim sedimentima u oba područja potiču iz oba izvora, ali uglavnom dominiraju pirogeni 
izvori. Rezultati su upoređeni sa različitim smernicama za kvalitet sedimenta. 
Ključnereči: luka, PAH, 3-prsten, sedimenti, dijagnostički odnos 
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Water quality of Shkumbini River, Albania, evaluated by physical-
chemical parameters and nutrient content 

ABSTRACT 

Water is an important natural resource that supports the lives of humans and the 
environment.Monitoring the quality of fresh water is important for water quality assessment and for 
ensuring a good quality objective. It is very necessary to test the nutrient and physical-chemical 
parameters of water in respect of national and/or EU standards before it is used for different 
purposes, such as drinking, domestic, agricultural, and industrial water. This study deals with the 
water quality assessment of the Shkumbini River based on the distribution and level of physical-
chemical parameters and nutrients along the river. The study was performed in March 2022 by 
applying in-situ measurements of water quality parameters combined with chemical analysis of 
nutrient content. The results revealed the geographical position, the related urbanization and 
human activity, as well as weather variation along the river catchment as primary factors affecting 
the changes in river water quality. Although the number of sampling sites is small (N=4), it is noted 
that the measured results for all parameters obey the normal distribution (tested by Anderson-
darling test, p > 0.05) and were characterized by low variation (CV% < 25%), except TSS which 
showed a moderate variation (CV% = 49%). The water quality parameters resulted in a lower 
level than the permitted values, by indicating good water quality in the Shkumbini River.  It is 
confirmed by the WQI index, which ranged in a good water quality status (71 < WQI < 90) for 
all monitoring stations. It is probably related to low water temperatures and a rainy period in 
March. The outcomes demonstrate the effectiveness of the water quality parameters and the 
model employed for assessing water quality. 
Keywords:river water, sampling, water quality,physical-chemical parameters,nutrient. 

 

1. INTRODUCTION 

The surrounding environment is a complex 
system that consists of land, water, air, and living 
organisms that are influenced by various natural 
and human factors, establishing certain balances 
between them. As a result of intense human 
activity, these balances have changed, which has 
caused the destruction of natural ecosystems. 
Pollution is a serious problem as it passes into the 
soil, water, and air and then passes into the food 
chain, posing a risk to human health and living 
organisms. Water is a key resource for the de-
velopment of every human activity and is the most 
important natural resource of life throughout the 
world. The world's freshwater resources are very 
unevenly distributed, compared to the world 
population density [1] 
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Regional and seasonal differences in the study 
area, land use and erosion processes, the spatial 
scale of sampling sites, the extent and type of 
human activities in the catchment, and the time of 
sampling all affect river water quality [2,3]. Urban 
areas with intensive human activity and rapid land 
use change are vulnerable to water degradation 
[4]. As a result of human activity in the downstream 
regions of most river basins, the water quality of 
these basins exhibits significant changes that have 
a detrimental impact on the rivers' health, 
particularly in terms of their water supply for daily 
life, industry, and agriculture[5]. 

Limited water resources and water quality have 

become major problems throughout the world, 

resulting in a global water crisis for billions of 

people [1, 6]. Water quality monitoring following the 

Water Framework Directive (WFD) shows that the 

study of the environmental situation and water 

quality is complex, including various biological, 

chemical, and physical-chemical parameters. The 

balance between water demands, water quantity, 

https://doi.org/10.62638/ZasMat1270
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and water quality is a critical problem in many 

regions of the world, increasing the demand for a 

sustainable water resources management 

approach [6]. Waste disposal and the use of 

various chemicals in urban, industrial, and 

agricultural processes can cause serious water 

pollution. Water eutrophication is an important 

environmental issue in surface water, groundwater, 

and marine systems that is strongly related to the 

increase of nutrient content in water, mainly 

affected by human activities and atmospheric 

deposition [7]. 

The presence of macronutrients like carbon, 
nitrogen, and phosphorus is essential for the 
growth of aquatic life in freshwater [8], but high 
levels are dangerous for aquatic life. In addition to 
natural sources, manmade inputs and erosion 
carried out by runoff are the main sources of 
nutrients in fresh water [8]. Changes in nutrient flux 
in heavely populated areas can induce spatial and 
temporal variations in nutrient and physical-
chemical parameters in water. The level and the 
technology used for sewage treatment and nutrient 
removal are significant factors contributing to the 
fluctuations in nutrient and physical-chemical 
parameters in water [4] that cause the 
eutrophication of water ecosystems. Eutrophication 
of waters is associated with the enrichment of 
nitrogen (N) compounds like nitrite (NO2

-), nitrate 
(NO3

-),ammonium (NH4
+), and phosphate (PO4

3-) 
content in water that can cause the presence of 
algal blooms and macrophytes in certain waters, 
depletion of dissolved oxygen in water, degradation 
of aquatic ecosystems, and loss of key aquatic 
species. EPA 2001 water quality standards [9] 
include several parameters, such as chemical, 
physical, and biological parameters, that directly 
affect the water quality. 

This study is focused on the water quality of the 
Shkumbini River, an important river located in the 
central part of Albania. Water quality assessment 
was based on water physical-chemical parameters 

such as temperature, pH, dissolved oxygen (DO), 
TSS, nutrients (N-NO2

-, N-NO3
-, N-NH4

+, P-PO4
3-). 

2. MATERIAL AND METHODS 

General view of Shkumbin River 

The Shkumbin River i is positioned in central 
Albania, originating from the mountainous area of 
Valmara (Korce), and flows into the Adriatic Sea 
near the Karavastase Lagoon. Since it passes 
through areas with high chrome, nickel, and iron 
minerals, the industrial area of Elbasan with high 
industrial activity of chrome, nickel, and iron 
metallurgy, as well as cement, as well as urban 
and industrial area of Elbasan, it is affected by 
various manmade factors. 

Four monitory sites along the Shkumbin River 

were selected in this study (Fig. 1). The selection of 

the monitoring sites was carried out by taking into 

account the geographical position, urban, 

industrial, and agricultural pollution factors, erosion 

conditions, etc. The hydrological parameters of the 

Shkumbini River are shown in Table 1, and the 

map of the area and sampling positions are shown 

in Fig. 1. 

 

Figure 1. The position of sampling sites: St.1- 
Qukes; St.2 – Fushe Labinot; St.3 - Mjekes; St.4 - 

Rogozhina 
 

Table 1. Hydrological parameters of the Shkumbin River [10] 

Length Surface Altitude Flow Modulus of flow Average amount of mineralization 

km km2 m m3/sec l/sec/km2 mg/L 

181.4 2445 753 61 25.2 317 

 

St. 1 is located close to the Qukes, a small 

village with only 650 inhabitants, which is selected 

as a clean area. Shkumbini River passes at a 

significant thickness of topsoil area in this zone, 

which is characterized by moderate erosion. 

St. 2 is located next to the Qukes area. It is 
characterized by relatively flat mountainous terrain. 

The area is relatively sparse in population 
settlements. It is a rural area with activities in 
agriculture, farming, and tourism. 

St. 3 is located in Mjeke, just in the exit to 
Elbasan town with 100,903 inhabitants. The river 
runs through the Shkumbini valley. The river water 
of this station is heavily impacted by urban and 
industrial activity in this area. 
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St. 4 is located at the exit of Rogozhina town. 
Shkumbin River runs approximately 2 km from the 
Rrogozhina center. This station is located at the 
end of the river, between Rogozhina and the river-

mouth. The area is characterized by flooding, river 
erosion, and massive exploitation without criteria of 
the inert materials. 

 

Table 2. Description of demographic and economic situation of sampling areas 

Sites Qukes Labinot-Fushe Mjekes - Elbasan Rogozhin 

Geographical 41.07773, 20.45920 41.13463, 20.15593 41.08056, 20.04315 
41.06439, 
19.65285 

Population (2012 
Census) 

650 7,058 
More than 110,000 

inhabitants 
22,148 

Agriculture activity 
Rural area, 

Agriculture,  farming 
Rural area, 

Agriculture,  farming 
Urban area, 

Agriculture, farming 
Urban area 

Industrial activity No No 
Metallurgy, Cement 

production, etc 
Small 

enterprices 

 

Water sampling method 

Sampling was performed based on the 
standard methods "Standard Methods for the 
Examination of Water and Wastewater" with the 
APHA(1998) standard method [11] and ISO 
Standard 5667-1: 2006 [12]. The samples were 
filtered with 0.45 μm Millipore nitrocellulose filters. 
To clean the membrane, the initial part of the 
filtered water was poured. Water samples for metal 
analysis were taken in 0.5 PET bottles pre-cleaned 
in the laboratory. Water samples for nutrient 

analysis were taken in 100 ml glass bottles. For 
metals, the PET bottles were washed with 10% v/v 
nitric acid, and then rinsed several times with pure 
deionized water. The samples were transported 
during the same day to the laboratory using cold 
boxes to maintain the temperature of +4 °C. The 
samples were stored under standard conditions 
until analysis. During transportation, the water 
samples were treated with chemicals to maintain 
the stability of the parameters taken in the study, 
as shown in Table 3. 

 

Table 3. Samples storage conditions 

Parameter BOD   NH3, NO2
-, NO3- DO 

Consevation 
conditions 

4ᵒ C, dark bottles pH<2, H2SO4 
In the presence of chemical fixation reagents for DO, 

dark bottles 

 

Determination of physico-chemical parameters 

Physical-chemical parameters such as water 
temperature, pH, dissolved oxygen (DO), total 
dissolved solids (TDS), salinity and electrical 
conductivity were measured in situ using a portable 
multiparameter apparatus (HACH type sension 
156). Suspended solids (TSS) were determined by 
filtration on a pre-weighed filter with a pore size of 
0.42 µm. The filter was weighed again after drying 
at 105℃ for 2 hours to constant weight. Nutrient 
content (N-NO3

-, N-NO2
-, NNH4

+, P-PO4
3-) was 

determined according to standard APHA (1998) 
procedures [11] using UV-Vis spectrophotometric 
methods using a Specord 40 spectrophotometer. 

Data analysis 

Water quality index (WQI) was used to assess 

the water quality of Shkumbini River. In order to 

measure the pressures of natural and 

anthropogenic effects to water bodies, the aquatic 

classification system, which covers rivers, 

estuaries, coastal and groundwater bodies [13], is 

used. Classification of water quality means the 

categorization of water bodies based on water 

quality parameters, which have a certain effect on 

the pollution level of water bodies. Classification 

takes into consideration two main criteria: the 

destination of use, like as drinking water, for 

aquatic life, agricultural, or industrial use, and 

commercial, industrial, navigational, recreational, 

wildlife conservation and aesthetic purposes, and 

the second, taking into consideration the 

environmental health of water bodies.  

The simple water quality index (WQI), which is 

based on five water quality parameters, 

temperature, biological oxygen demand (BOD), 

total suspended sediment (TSS), dissolved oxygen 

(DO), and conductivity, is used in this study. A 

higher value of WQI indicates better water quality. 

Surface water bodies are classified using a system 

of five quality classes that vary from 0 to 100, with 

five different ranges from 91 to 100 as excellent 

water quality, 71 to 90 as good water quality, 51 to 

70 as average water quality, 26 to 50 as fair water 

quality, and 0 to 25 as poor water quality [13].WQI 

is calculated by the following equation[14]: 
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𝑊𝑄𝐼 =
∑𝑞𝑛 ∗𝑊𝑛

∑𝑊𝑛
 

Where 

qn = Quality rating of nth water quality parameter. 
Wn= Unit weight of water quality parameter. All 
WQI data of this study were calculated through the 
online simple index calculator. 

Cluster analysis was used to better understand 
the relationships and behavior of multivariate data. 
Sorting a data collection of observations and/or 
variables into comparable group variables that 
differ from one another [15, 16]. Cluster analysis is 
a data-separating method groups of different 
observations and/or variables into different clusters 
that differ from each other [15]. The obtained 
clusters consist of variables with high similarity and 
as high as possible distances between the clusters 

[15, 16]. The correlation distance, calculated as 
d=1-r (r represents the correlation coefficient), is 
mentioned as the most appropriate distance 
measure [15, 17]. In addition, the Euclidean 
distance that evaluates the similarity between two 
objects based on the squared distances between 
the data points is also used in cluster distance 
calculation [17]. Cluster analysis is widely used to 
group together the parameters with high similarity 
and to assess the factors affecting the complexity 

of the environment. 

3. RESULTS AND DISCUSSIONS 

Chemical-physical parameters 

The experimental results of the chemical-
physical parameters of the Shkumbin River 
samples are given in Table 4. 

Table 4. Experimental results of chemical-physical parameters 

Sampling Sites 
Temperature 

pH 
Alkalinity EC TSS DO  BOD 

WQI 
°C  (mg/l) (µs/cm) (mg/l) (mg/l) (mg/l) 

St1 13.7 7.82 187 315 38.2 10.6 3.5 87 

St2 16.4 8.01 203 348 69.5 9.1 4.7 78 

St3 17.8 7.77 192 323 137 9.3 4.2 73 

St4 17.6 8.18 265 344 97 8.9 5.1 74 

Table 5. Results of the statistical analysis performed by "descriptive statistics" (* in mg/l) 

Variable Temp (°C) pH Alkalinity* EC (µs/cm) TSS* DO* BOD* WQI 

Mean± StDev 16.4 ± 1.9 7.9 ± 0.19 212 ± 36 333 ± 16 85 ± 42 9.8 ± 0.8 4.4 ± 0.7 78 ± 6 

CV% 12 2 17 5 49 8 16 8 

Minimum 13.7 7.8 187 354 38.2 8.9 3.5 73 

Median 17 7.9 198 333 83.3 9.8 4.5 76 

Maximum 17.8 8.2 265 348 137 10.7 5.1 87 

 

Although the number of sampling sites is small 
(N=4), it is noted that the measured results for all 
parameters obey the normal distribution (tested by 
Anderson-darling test, p > 0.05). With the exception 
of TSS (CV% = 49%), all other parameters result in 
a fairly low variation (CV% < 25%), and vary in a 
narrow range. Quite important are the results of the 
WQI index, which show a good water quality (71 < 
WQI < 90) for all monitoring stations, which is 
probably affected by low water temperatures and a 
rainy period of March. 

Temperature 

The temperature level depends mainly on the 
temperature of the environment and the speed of 
the water flow. The temperature of the samples 
taken in the study ranged from 13.7 to 17.8 ᵒC. The 
minimum temperature (13.7 ᵒC) was measured at 
station St1, followed by station St2 (16.4ᵒ C). Both 
of these stations are located in mountainous areas 
with different geographical heights, which has 
affected the temperature of the environment in 

these areas and the speed of water flow in these 
areas. The other two stations (St3 and St4), 
positioned in plain areas and closer to the Adriatic 
Sea, show higher temperatures. Changes in the 
temperature values of water systems are caused 
by changes in various chemical processes in water, 
such as the dissolution of oxygen in water, in 
various chemical reactions, or in the activity of 
organisms or microorganisms in water that affect 
the fermentation of pollutants and the 
eutrophication of natural waters. With all that, the 
level of temperature variance is low (CV% = 12 %), 
which is not the main reason for the level of 
pollution in the Shkumbin River during the spring 

when the monitoring was carried out. 

pH 

Monitoring the pH of water systems is of 
particular importance as it is a very important 
parameter which mainly depends on the nature of 
the ions dissolved in them, with a tendency of basic 
values mainly in carbonate areas. On the other 



V. Gjeci et al. Water quality of Shkumbini River, Albania, evaluated by physical ... 

ZASTITA MATERIJALA 66 (2025) broj 3 648 

hand, pH is an indicative parameter of the degree 
of eutrophication of waters when it goes to acidic 
values, indicating the presence of urban 
discharges, urban waste, industrial discharges, or 
biological processes of plants or aquatic algae 
such as photosynthesis or respiration of algae. The 
pH values of the samples taken in the study 
fluctuate in a fairly narrow range (7.8 to 8.2) with 
values within the range of normal values (6 to 9) 
recommended by the EPA for surface waters [18]. 

Alkilinity 

The alkalinity of Shkumbin river samples 
fluctuated from 187 to 265 mg/l (CaCO3). The 
minimum value was observed at station St1 and 
the maximum value at station St4. The alkalinity of 
natural water samples is related to the presence of 
carbonate salts, hydrogen carbonate, or oxide-
hydroxides in the water. It indicates the presence of 
carbonate, bicarbonate, or hydroxide in water. It 
shows how able the water is to neutralize the acids. 

Elektrical Conductivity (EC) 

The EC values of the samples taken in the 
study fluctuate in a fairly narrow range, from 315 
µS/cm (St4) to 348 µS/cm (St2) accompanied by a 
very low variation (CV% = 5%), showing a stable 
situation during the monitoring period. High 
conductivity values are thought to be influenced by 
industrial, agricultural, and rural activities. The 
conductivity value in water is affected by the 
presence of dissolved solids such as anions or 
cations, and higher salinity in water indicates 
higher water conductivity. 

Total suspended matter(TSS) 

The TSS values of the samples taken in the 
study fluctuate in a wide range, from 37.2 mg/l 
(St1) to 137 mg/l (St3), associated with a very high 
variation (CV% = 49%). The TSS values in the 
samples taken in the study are higher than the 
values recommended by the European Community 
(< 10 mg/L). Such a situation can be caused by 
different conditions of erosion in different areas, by 
different parameters of the speed of water flow in 
areas with high slopes, as well as by the conditions 
of anthropogenic pollution in areas where spills can 
be identified as solid in water. 

Disolved oxygen (DO) 

The DO content in Shkumbini river water varies 
from 8.9 mg/l in summer (S4) to 10.6 mg/l (ST1). 
The content of DO in surface waters is related to 
the dissolution of oxygen present in the air and the 
process of photosynthesis in water. The level of 
DO in surface waters depends on a number of 
factors, such as water temperature (the amount of 
DO increases with increasing temperature), the 
speed of water flow, which positively affects the 
values of DO, the level of pollution, which 
negatively affects the values of DO, etc. The DO 

level is essential for the survival of aquatic 
creatures and an important indicator of surface 
water pollution or eutrophication. The highest levels 
of DO were found in the first station (St1), which is 
favored by a high flow rate due to the area's 
fraction as well as by low levels of pollution as it is 
located far from urban and rural areas. 

Biological oxygen demand (BOD) 

The content of BOD in the Shkumbini River 
water varies from 3.5 mg/l to 5.1 mg/l. The lowest 
BOD content was found at station St1, near the 
source of the Shkumbin River, which is associated 
with a fairly low level of pollution in it. The highest 
value of BOD was found in station St4 
(Rrogozhina), a rural area with high agricultural 
activity. 

WQI 

Based on the WQI results presented in Table 3, 
the water quality of Shkumbini River showed good 
level (71 < WQI < 91). Water quality is strongly 
related with population and land use along the 
water bodies [19]. It is verified in our result which 
consisted with higher WQI values near the river 
spring in mountain area with scarce population, 
and an increase in lowland characterized by 
relatively high populatin and industrial, agricultural, 
and dayly life.  

Nutrients 

The content of nutrients (mg/l) in the water of 
the Shkumbin River is given in Table 6, while the 
results of the statistical analysis in "descriptive 
statistics" are given in Table 7. 

Table 6. The content of nutrients (mg/l) in the water 
of the Shkumbin River 

Sampling  
Sites 

NH4
+-N NO2

--N NO3
--N P-PO4

3--P 

St1 0.062 0.004 0.45 0.023 

St2 0.187 0.006 0.31 0.039 

St3 0.275 0.011 0.23 0.034 

St4 0.386 0.014 0.29 0.048 

Table 7. Results of the statistical analysis 
performed by "descriptive statistics" 

  NH4
+-N NO2

--N NO3
--N P-PO4

3- 

Mean 0.228 0.0088 0.320 0.0360 

Median 0.231 0.0085 0.300 0.0365 

St. Deviation 0.137 0.0046 0.093 0.0104 

CV % 60 52 29 29 

Minimum 0.062 0.004 0.230 0.0230 

Maximum 0.386 0.014 0.450 0.0480 

From the results of the statistical analysis, it is 
noted that the average values of each parameter 
are quite close to the median values, accompanied 
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by relatively low variation for NO3
—N and P-PO4

3-

(CV % = 29 %) and moderate for NH4
+-N and NO2

—

N (CV % resulted 60 % and 52 % respectively). 
This shows that the values of NO3

--N and P-PO4
3- 

are more stable than those of NH4
+-N and NO2

--N. 

Nitrate (N-NO3
-) 

Based on the WQI results presented in Table 3, 
the water quality of the Shkumbini River showed a 
good level (71 < WQI < 91). Discussion of water 
quality is strongly related to population and land 
use along the water bodies (Pu et al. 2019). It is 
verified in our result, which consisted of higher WQI 
values near the river spring in mountain areas with 
scarce population and an increase in lowland 
characterized by relatively high population and 
industrial, agricultural, and daily life. 

Nitrite (N-NO2
-) 

The concentration of NO2
- - N (mg/l) in the 

Shkumbini river water samples is relatively low and 
fluctuates in the levels from 0.004 mg/l to 0.014 
mg/l, with an average concentration of 0.0088 mg/l. 
According to the results shown in Table 5, it turns 
out that the profile of the change in the 
concentration of NO2

- - N increases by passing 
from the source (St1) with minimum content to 
other stations, which, for the same reason as for 
nitrates, may have been influenced by levels of 
different discharges of urban waste and livestock 
waste in these areas. Another possible source of 
nitrites could be hydroplankton and sewage 
discharges, which are also related to the degree of 
urbanization of the areas where the samples were 
taken. On the other hand, nitrites in fresh waters 
are found as intermediate compounds obtained 
through the microbial reduction of nitrates or from 
the process of ammonium oxidation. The level of 
nitrites in unpolluted waters is usually lower than 
0.01 mg/l [18] expressed as nitrogen (N) content. 
The level of NO2

- - N content in the water samples 
of stations St1 and St2 was lower than 0.01 mg/l, 
while in stations ST3 and St4, it was higher than 
this level. As expected, this shows different levels 
of pollution at these stations. Stations St3 and St4 
located in urban and urban-rural areas present a 
higher level of pollution than stations St1 and St2 
located in residential areas. 

Ammonium (N-NH4
+) 

Ammonium present in water systems originates 
from the microbiological decomposition of 
nitrogenous compounds, organic matter, and 
secretion by various aquatic organisms. 
Ammonium also derives from anthropogenic 
sources, such as industrial processes, urban 
sewage discharge, animal stables, or fermentation 
of urban waste discharged into the environment. 
Unpolluted natural waters contain relatively small 

amounts of ammonium, usually at a level lower 
than 0.02 mg/l NH4

+ - N [18]. Ammonium content in 
Shkumbini river water ranges from 0.062 mg/l to 
0.386 mg/l NH4

+ - N. The lowest level was found at 
station ST1, and the highest level was found at 
station S4. The profile of the change of ammonium 
content in the station obtained in the study varies 
according to the order NH4

+ - N of ST1toNH4
+ - N of 

ST4 which is related to the degree of urban 
emissions and livestock in these areas. The levels 
of NH4

+ - N in the samples taken in the study are 
several times higher than normal values, which 
indicates a high level of pollution. This can be 
caused by eutrophication of water. 

Phosphate (PO4
3--P) 

The content of phosphates in the studied 
stations along the Shkumbin River varies in values 
from 0.023 to 0.048 mg/l PO4

3-—P. All measured 
values are lower than the recommended level (0.1 
mg/l PO4

3-—P) [18]. The phosphate concentration 
values show a low variation (CV% = 29 %), which 
indicates a stable state along the Shkumbin River. 
Phosphates in water come mainly as a result of 
human activity, among the main sources of 
phosphates in the environment, we can mention 
sewage discharges in urban areas, urban water 
discharges with phosphorus content from the use 
of different detergents, etc. The monitoring period 
(March) is characterised by abundant rainfall; 
therefore, pollution from areas with high agricultural 
activity is another factor of anthropogenic 
phosphate pollution. Likewise, the erosion or 
washing away of soils and rocks in the areas where 
the river passes is another source of phosphates in 
the water. Mention that the two extremes of 
minimum and maximum phosphate values were 
found, respectively, in stations St1 (a clean area 
near the source of the Shkumbin River) and St4 (a 
rural area with agricultural and industrial activity). 

Multivariate analysis 

There are few data, only four monitoring sites, 
for performing a Pearson correlation analysis and 
detecting the associations between the 
investigated parameters. For this reason, the 
similarity in the spatial distribution of each 
parameter was compared, as well as the cluster 
analysis of the measured variables was performed, 
which is precisely based on the similarity between 
the parameters used to evaluate the water quality 
of the Shkumbin River. The spatial distribution of 
physical-chemicaland and nutrients data are shown 
in Figure 2. 

Only five pairs of parameters showed very high 
and significant correlations (p < 0.05). Cluster 
analysis was performed based on correlation 
coefficient distances (Figure 3). 
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Figure 2. Spatial distribution of physical-chemicaland and nutrients data 

 

Figure 3. Dendrogram of cluster analysis 

Final Partition 

 Variables 

Cluster 1   Temperature, TSS, NH4
+-N,  NO2

--N 

Cluster 2   pH, Alkalinity, EC, BOD,  P-PO4
3--P 

Cluster 3   DO, WQI, NO3
--N 

 

Present data yielded three main clusters with 
relatively high distances between them, i.e., 
similarity of 47% between the first and second 
clusters and 0.01% between the two first clusters 
and cluster 3. The moderate similarity (47%) 
between clustrs 1 and 2 could be explained by the 
behaviors and origin of their parameters, which are 

primary affected by anthropogenic factors and the 
water temperature. 

Cluster 1 is composed of four parameters: 
temperature, TSS, NH4

+-N, and NO2
—N. The 

measured temperature ranged from 13.6 to 17.8 
°C. In such a narrow range, it could appear to have 
small effects on the water parameters. According to 
Zhu et al. (2023), the temperature could affect the 
internal release of NH4-N that is gradually 
accelerated as the temperature rises, followed by a 
biogeochemical transformation of N, which is an 
important factor affecting the N content of a water 
body. In addition, temperature affects the nitrogen 
flux rate at the interface of sediment and water [20]. 
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Cluster 2 contains pH, alkalinity, EC, BOD, P-
PO4

3—P. The acidity of the water impacts the 
phosphorus content in the water. P retention from 
the sediment decreased as pH increased [21]. The 
phenomenon is adverse in desorption of phosphate 
radical ions from the ferric hydroxide colloid and 
the release of more phosphate into water [22]. 
Domestic waste was a dominant source of BOD in 
the Mediterranean area [23]. The same as BOD, 
PO4

3-—P is an indicator of untreated domestic was-
te contamination in areas with high urban density. 

Cluster 3 is  composed by three water quality 
parameters, DO, WQI, and NO3—N. Nitrates in wa-
ter represent the oxide state of nitrogen nutrients, 
which have a direct effect on oxygen content in 
water bodies. In addition, DO content in surface 
water indicates directly the water quality. Higher 
DO content and WQI show a better water quality. 

4. CONCLUSIONS 

This study revealed that the nutrients and 
physical - chemical parameters are the basis for 
the environmental assessment of surface water 
quality. 

Parameters such as temperature, pH, 
electrical conductivity, BOD, and nutrients are 
mostly varied according to the position of the 
stations in relation to urbanisation and human 
activity in them. 

The investigated water quality parameters 
resulted in lower levels than the permitted 
values. The concentrations of nitrate and nitrite 
were generally lower than the level established 
by WHO, 2004 [24] for surface water (50 mg/l 
for nitrates and 1.0 mg/l for nitrites). On the 
other hand, ammonium has high concentration 
levels, which exceed the recommended level of 
surface water (0.3 mg/l) set by WHO (2004). 
Statistical analysis can be successfully used in 
the interpretation of environmental data as it 
highlights the phenomena that lead to the 
classification of the environmental status of the 
studying object. 

Water quality in the Shkumbini River was found 
to be good, with a WQI value of 71 to 90. Low 
water temperatures and high precipitation during 
the March monitoring period most likely have an 
impact on it. It is an efficient method for monitoring 
of fresh quality. 

For the near future, it will remain the 
responsibility of local authorities to increase 
measures for the treatment of urban and industrial 
waste waters particularly near urban areas. 
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IZVOD 

KVALITET VODE REKE ŠKUMBINI, ALBANIJA, PROCENJEN PREMA FIZIČKO-
HEMIJSKIM PARAMETRIMA I SADRŽAJU HRANLJIVIH MATERIJA 

Voda je važan prirodni resurs koji podržava živote ljudi i životne sredine. Praćenje kvaliteta slatke 
vode je važno za procenu kvaliteta vode i za obezbeđivanje cilja dobrog kvaliteta. Veoma je 
neophodno ispitati hranljive i fizičko-hemijske parametre vode u skladu sa nacionalnim i/ili EU 
standardima pre nego što se ona upotrebi u različite svrhe, kao što su voda za piće, domaćinstva, 
poljoprivredna i industrijska voda. Ova studija se bavi procenom kvaliteta vode reke Škumbini na 
osnovu distribucije i nivoa fizičko-hemijskih parametara i hranljivih materija duž reke. Studija je 
izvedena u martu 2022. primenom in situ merenja parametara kvaliteta vode u kombinaciji sa 
hemijskom analizom sadržaja hranljivih materija. Rezultati su otkrili geografski položaj, povezanu 
urbanizaciju i ljudske aktivnosti, kao i vremenske varijacije duž rečnog sliva kao primarni faktori 
koji utiču na promene kvaliteta rečne vode. Iako je broj mesta uzorkovanja mali (N=4), primećuje 
se da izmereni rezultati za sve parametre poštuju normalnu distribuciju (testirano Anderson-
Darling testom, p > 0,05) i da ih karakteriše mala varijacija (CV% < 25%), osim TSS koji je 
pokazao umerenu varijaciju (CV% = 49%). Parametri kvaliteta vode su rezultirali nižim nivoom od 
dozvoljenih vrednosti, ukazujući na dobar kvalitet vode u reci Škumbini.  To potvrđuje VKI indeks, 
koji se kretao u dobrom statusu kvaliteta vode (71 < VKI < 90) za sve stanice za praćenje. 
Verovatno je to povezano sa niskim temperaturama vode i kišnim periodom u martu. Rezultati 
pokazuju efikasnost parametara kvaliteta vode i modela korišćenog za procenu kvaliteta vode. 
Ključne reči: rečna voda, uzorkovanje, kvalitet vode, fizičko-hemijski parametri, hranljiva materija 
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Musa Paradisiaca stem sap extract as corrosion inhibitor for 
aluminum protection in acidic environment 

ABSTRACT 

This study investigates the efficacy of Musa paradisiaca stem sap extract (MPSSE) as a green 
corrosion inhibitor for aluminum in hydrochloric environment. Gas chromatography-mass 
spectroscopy (GC-MS) identified compounds in the extract. The corrosion inhibition potential was 
assessed through gravimetric analysis (weight loss measurements), and electrochemical 
impedance spectroscopy (EIS). Surface analysis was conducted using atomic force microscopy 
(AFM) to examine the surface morphology of aluminum before and after treatment. Adsorption 
Isotherm studies were performed to understand the interaction mechanism between the extract 
and the aluminum surface, employing Langmuir, Temkin, Frumkin, and Freundlich isotherms. The 
results indicate that the extract exhibits corrosion inhibition potential. GC-MS analysis identified 
compounds like long-chain alkanes, phthalic acid esters, and fluorinated compounds, contributing 
to corrosion resistance by forming protective barriers on metal surfaces. Gravimetric analysis 
indicated that the extract, particularly at 20 V/V% concentration, achieved up to 90.73% inhibition 
efficiency over 30 days, significantly reducing weight loss and corrosion rates. Adsorption studies 
revealed a strong adherence to the Temkin Isotherm model, suggesting effective adsorption of the 
extract on the aluminum surface. Atomic force microscopy showed a decrease in surface 
roughness with increasing extract concentration, confirming the inhibitor’s protective effect. 
Electrochemical impedance spectroscopy demonstrated higher charge transfer resistance and 
pronounced inductive behavior with the inhibitor, indicating the formation of a protective layer on 
aluminum. The findings highlight the potential of MPSSE as an eco-friendly alternative for 
corrosion protection in industrial applications. 
Keywords: Corrosion inhibitor: gravimetric analysis; Musa paradisiaca; electrochemical 
impedance spectroscopy, eco-friendly alternative 

 

1. INTRODUCTION 

Aluminum is a very useful metal that is known 

for having a special blend of beneficial qualities. Its 

remarkable flexibility and lightweight design are two 

of these that stick out. Aluminum has remarkable 

reflectivity, excellent ductility, and electrical and 

thermal conductivity [1. 2]. Because of these 

qualities, it is an essential material for many 

applications, such as the production of shell and 

tube heat exchangers [3]. Aluminum's excellent 

thermal conductivity makes it ideal for producing 

heat exchangers with exceptional efficiency since it 

facilitates efficient heat transfer between various 

mediums [4].  
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Shell and tube heat exchangers are essential in 

the food, chemical, and oil and gas industries [5 - 

7]. Heat recovery from exhaust gases and its 

transfer to liquids is the purpose of this device. This 

procedure is crucial for condensate recovery, 

waste heat recovery, and energy recovery [8 – 10]. 

It also greatly reduces energy consumption and 

expenses associated with industrial processes. 

Aluminum performs well in these applications 

because it can withstand a wide range of 

temperatures without losing structural integrity. 

These heat exchangers are essential in the 
chemical industry for controlling reaction 
temperatures, product separation, and energy 
recovery from process streams [11, 12]. They are 
employed in the food business to regulate 
temperature, sterilize, and pasteurize a variety of 
items. Heat exchangers are essential to the oil and 
gas sector for the manufacturing of petrochemicals, 
gas processing, and refining [13]. Heat exchangers 

https://doi.org/10
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in these various industries encounter many 
difficulties despite the advantages, one of them 
being corrosion which has become one ubiquitous 
problem that jeopardizes the equipment's integrity 
and performance [14]. This equipment works in 
harsh conditions with high temperatures, corrosive 
fluids, and chemical interactions, all of which can 
hasten the corrosion process [15]. Corrosion raises 
maintenance costs and downtime by causing 
material degradation, decreased thermal efficiency, 
and possible system breakdowns [16].  

The main causes of corrosion in heat 
exchangers are specific chemical agents and 
exposure to corrosive conditions [17]. Corrosive 
reactions can occur when aluminum interacts with 
other compounds, particularly acids. For example, 
hydrochloric and sulfuric acids are frequently used 
in industrial processes and can seriously corrode 
aluminum surfaces when they come into touch with 
them [18]. Secondly, the pace of chemical 
reactions, especially those that lead to corrosion, is 
accelerated by high temperatures. High operating 
temperatures in heat exchangers can accelerate 
material degradation by aggravating the corrosion 
process [19]. Also, these heat exchangers can be 
severely impacted by fluids with high degrees of 
acidity, salinity, or other corrosive qualities [20] For 
instance, saltwater used for cooling in some 
industrial processes has high concentrations of 
salts that can cause corrosion. Lastly, industrial 
cleaning processes, such as pickling and acid 
cleaning, involve the use of hydrochloric acid (HCl) 
to remove oxides, scale, and rust from metal 
surfaces [21]. While these processes are essential 
for maintaining efficiency, they also expose 
aluminum to aggressive acidic environments, which 
can initiate and propagate corrosion over time. 

Numerous mitigating measures have been 
devised and put into practice to counteract 
corrosion in heat exchangers. These tactics seek to 
preserve effective operation, increase the 
equipment's longevity, and safeguard the metal 
surfaces. Typical ways for mitigating include 
applying protective coatings to aluminum surfaces 
[22, 23],cathodic protection techniques using 
sacrificial anodes made of a more reactive metal to 
protect aluminum surfaces prevent corrosion [24], 
choosing corrosion-resistant materials for heat 
exchanger construction to reduce the risk of 
corrosion [25], and corrosion inhibitors which are 
added to the fluid streams to reduce the rate of 
corrosion [26, 27]. 

The application of corrosion inhibitors is unique 
among corrosion prevention techniques for a 
number of reasons. Chemical substances known 
as corrosion inhibitors are added to a fluid and 
dramatically lower the pace at which metals 

exposed to the fluid corrode [28]. Inhibitors are 
known to be cheap, highly efficient as they provide 
continuous protection by forming a dynamic 
protective layer that adapts to changes in the 
operating environment, and better ease of 
application as they can be added directly to the 
process fluids, making them easy to apply and 
integrate into industrial processes [39, 30]. In 
recent years, there has been a growing interest in 
using plant extracts as corrosion inhibitors [31]. 
Plant extracts offer a sustainable and eco-friendly 
alternative to conventional chemical inhibitors. 
They are derived from natural sources and contain 
a variety of compounds, including phytochemicals, 
that contribute to their inhibitory properties [32 - 
34]. Plant extracts contain key phytochemical 
compounds that make them effective corrosion 
inhibitors for instance: alkaloids, which are 
nitrogen-containing compounds that can adsorb 
onto metal surfaces and form a protective barrier 
that prevents corrosion [35]; flavonoids, which are 
known for their antioxidant properties and can 
neutralize reactive species that contribute to 
corrosion [36]; tannins, which are polyphenolic 
compounds that can form complexes with metal 
ions, reducing their reactivity and preventing 
corrosion [37, 38]; and saponins, which are 
surface-active agents that can form a protective 
film on metal surfaces, all of which can inhibit 
corrosion [39]. 

Musa Paradisiaca, commonly known as 
plantain, is a type of banana plant that is widely 
cultivated in tropical regions, including Nigeria. It is 
a significant crop in Nigerian agriculture, valued for 
its nutritional and economic contributions [40, 41]. 
The plantain plant is characterized by its large, 
green leaves and clusters of fruit, which are 
typically cooked before consumption. In Nigeria, 
plantains are a staple food and are grown in 
various regions, including the southeastern and 
southwestern parts of the country [42]. Musa 
paradisiaca's natural phytochemicals are used in 
an inventive way when used as a corrosion 
inhibitor. Research has indicated that a range of 
chemicals with possible anti-corrosion effects can 
be found in plantain plant extracts [43, 44]. These 
substances can adsorb onto metal surfaces, 
creating a layer of defense that lessens the metal's 
reactivity and prevents corrosion. Musa paradisiaca 
has several benefits when used as a corrosion 
inhibitor, including affordability, ease of use, and 
environmental friendliness. Because they are 
widely cultivated, plantains are readily available, 
making their extracts an affordable option for 
industrial applications. Furthermore, the use of 
inhibitors derived from plants is consistent with the 
increasing focus on sustainability and the mitigation 
of chemical pollutants in industrial processes. 
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Herein, a combined analytical and 

electrochemical approach is adopted to evaluate 

the inhibition properties of Musa paradisiaca stem 

sap extract (MPSSE). The compounds contained in 

the MPSSP were identified using Gas 

Chromatography-Mass Spectrometry (GC-MS) 

analysis. The inhibition efficiencies and corrosion 

rates were assessed through gravimetric analysis 

(weight loss) and Electrochemical Impedance 

Spectroscopy (EIS) techniques. The best 

adsorption isotherm for the inhibition process was 

determined by studying the interaction between the 

MPSSE molecules and the aluminum surface. 

Additionally, surface analysis of the aluminum 

coupons before and after inhibition was conducted 

using Atomic Force Microscopy (AFM) to evaluate 

the extent of surface roughness and corrosion 

inhibition. Thermodynamic calculations were 

employed to understand the inhibitory mechanism, 

and Langmuir, Temkin, Frumkin, and Freundlich 

isotherms were used to further study the adsorption 

behavior of the MPSSE molecules on the metal 

surface. This study aims to provide a current 

understanding of the principles driving corrosion 

inhibition and offer new methods for developing 

more efficient and environmentally friendly metal 

corrosion prevention systems. 

2. EXPERIMENTAL 

2.1. Preparation of the Aluminum Samples 

The aluminum (Al) plate obtained from Owerri, 
Imo State, Nigeria was used as test material. 
Sample coupons of 1 cm x 1cm x 1cm were cut to 
assemble the working electrodes to be used in the 
electrochemical studies, while sample coupons of 
varied dimensions such as D2(6 cm × 1.2 cm × 
0.05 cm); D4(5.9 cm x 1.1 cm x 0.1 cm); D7(6 cm × 
1 cm ×0.05 cm); ); D9(5.8 cm × 1.1 cm × 0.1 cm); 
D11(6.2 cm × 1.1 cm × 0.05 cm); D12(6 cm × 1.1 cm 
× 0.07 cm) were used for weight loss tests. The 
aluminum coupons were cleaned by dry polishing 
using emery paper before being degreased with 
acetone, then dried at room temperature before 
use. 

2.2. Preparation of the Extract 

The MPSSE was prepared in two ways which 

are, the mechanical/manual extraction, and the 

solvent extraction method (using a Soxhlet 

extractor). The Musa paradisiaca stems were 

obtained commercially in Owerri, Imo State. The 

stems were cut into smaller pieces, ground and 

mashed with lab. mortar, then placed in a sanitized 

bag filter with micro-size pores. The liquid extract 

was afterwards pressed into a clean basin at room 

temperature. 

The second method made use of a Soxhlet 
extractor. The extractor included an extraction 
chamber, condenser, thimble, siphon arm, and 
glass body with a round bottom distillation flask. 
The plantain stems were washed with distilled 
water, sliced into smaller pieces, and exposed to 
the sun for seven days. 12.9 g of the stems were 
extracted in a Soxhlet apparatus with 250 ml of n-
hexane at 78°C till exhaustion solvent was 
recovered; extracts were concentrated and allowed 
to dry at room temperature [45]. 

2.3. Preparation of the Inhibitor Concentrations 

Different concentrations of the MPSSE were 
prepared from the stock solution. Five inhibitor 
concentrations (25ml, 50ml, 75ml, 100ml, and 
125ml of the extract in HCl solution) were prepared 
using volume per volume method to give 5.88 
V/V%, 11.11 V/V%, 15.79 V/V%, 20 V/V%, and 
23.81 V/V% of extract concentration. 

2.4. Gas Chromatography-Mass Spectroscopy 

The chemical composition of the Musa 
Paradisiaca extract was characterized using Gas 
Chromatography-Mass Spectrometry (GC-MS). 
The analysis was performed with an Agilent 5977B 
GC/MSD system coupled with an Agilent 8860 
auto-sampler. The GC-MS system was equipped 
with an Elite-5MS fused capillary column. For the 
GC-MS detection, an electron ionization system 
was operated in electron impact mode with an 
ionization energy of 70 eV. High-purity helium gas 
(99.999%) was used as the carrier gas at a 
constant flow rate of 1 ml/min. An injection volume 
of 1 µl was used, with a split ratio of 10:1. The 
injector temperature was set at 300 °C, while the 
ion-source temperature was maintained at 250 °C. 
The oven temperature program was as follows: 
starting at 100 °C (isothermal for 0.5 min), 
increasing at a rate of 20 °C/min to 280 °C, and 
holding at this final temperature for 2.5 min. Mass 
spectra were acquired at 70 eV, with a scanning 
interval of 0.5 s, and mass fragments were 
detected in the range of 45 to 450 Da. The solvent 
delay was set from 0 to 3 min to avoid interference 
from the solvent peak. 

2.5. Gravimetric Analysis 

The gravimetric tests were performed at 
different inhibitor concentrations, and time 
intervals. The weight loss measurements were 
conducted by placing the Al coupons in separate 
cylindrical plastic containers with 400 ml of 0.5 M 
HCl solution. Then the Al coupons were also 
individually submerged in cylindrical containers 
with 400 ml of the different concentrations of 
MPSSE (5.88 V/V%, 11.11 V/V%, 15.79 V/V%, 20 
V/V%, and 23.81 V/V%). 
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First, the coupons were suspended in the 

container after being weighed with an electronic 

balance. Over the course of thirty (30) days, the 

coupons were recovered every three days, 

carefully cleaned with a brush, rinsed several times 

in water, dried and then reweighed. The weight 

losses were obtained by the differences between 

the initial and final weights. The weight loss (∆W), 

corrosion rate (CR), inhibition efficiency  (%IE) and 

surface coverage (θ) were calculated by using the 

following Eqs. (1-4): 

𝑊 =  𝑊𝑖 −  𝑊𝑓 (1) 

𝐶𝑅 =  
𝑊

𝐴 𝑥 𝑡
    (2) 

% 𝐼𝐸 =
𝐶𝑅𝑂− 𝐶𝑅𝑖

𝐶𝑅𝑂
    𝑥 100 (3) 

 =  
𝐼𝐸

100
 (4) 

Where: 

W is the weight loss of coupon (g), W i is the 
initial weight loss (g), W f is the weight of coupon at 
any time of observation (g), CR is the corrosion 
rate (g/cm2day), A is the area of coupon (cm2), t is 
the time of immersion (day), % IE is the inhibition 
efficiency, CROis the corrosion rate of coupon 
before inhibition (g/cm2day), CRiis the corrosion 

rate of coupon after inhibition (g/cm2day),  is the 
surface coverage. 

2.6. Adsorption Isotherms 

The method by which inhibitors adsorb on the 
metal surface is described by adsorption isotherm 
investigations [46]. By fitting the concentration 

(V/V%) and surface coverage () of the inhibitor 
into the various adsorption isotherm models 
(Langmuir, Temkin, Frumkin, and Freundlich 
adsorption isotherms), the adsorption isotherm 
model that best described the adsorption of 
MPSSE on aluminum in 0.5MHCl medium was 
determined. The relationship between surface 
coverage () and concentration (V/V%) is provided 
by the following equations of the various isotherms’ 
Eqs. (5 -8): 

Langmuir isotherm: 

𝐶𝑖𝑛ℎ


=  𝐶𝑖𝑛ℎ + 

1

𝐾𝑎𝑑𝑠
      (5) 

Temkin isotherm: 

 =  
2.303


(𝑙𝑜𝑔 𝐾𝑎𝑑𝑠 + 𝑙𝑜𝑔 𝐶𝑖𝑛ℎ  )    (6) 

Frumkin isotherm: 



1−
= 𝐾𝑎𝑑𝑠𝐶𝑖𝑛ℎ𝑒2𝑎  (7) 

Freundlich isotherm: 

𝑙𝑜𝑔  = 𝑛𝑙𝑜𝑔𝐶𝑖𝑛ℎ + 𝑙𝑜𝑔𝐾𝑎𝑑𝑠    (8) 

Where 

 𝐶𝑖𝑛ℎ is the concentration of the inhibitor, 𝐾𝑎𝑑𝑠 is 
the adsorption constant,  and a are constants. n  
is a slope. 

2.7. Electrochemical Impedance Spectroscopy 
(EIS) Analysis 

A three-electrode cell with an aluminum 

working electrode, a platinum auxiliary electrode, 

and a saturated calomel electrode (SCE) as the 

reference electrode was used for the 

electrochemical studies. In this study, all potential 

values are stated in relation to the SCE. The trials 

were conducted both with and without the MPSSE. 

EIS measurements were carried out in the 
frequency range of 100 kHz to 20 MHz, by applying 
5mV amplitude. 

2.8. Atomic Force Microscopy (AFM) Analysis 

6 of the aluminum coupons used for the weight 

loss analysis; the first from the blank HCl solution, 

and each of the rest from the five inhibitor solutions 

(I,e, the solutions containing 5.8 V/V%, 11.11 

V/V%, 15.89 V/V%, 20 V/V%, 23.81 V/V%) were 

employed for the AFM analysis. An atomic force 

microscope (Stromlingo DIY AFM model) was used 

to observe the metal surfaces. 

3. RESULTS AND DISCUSSION 

3.1. Gas Chromatography Mass Spectroscopy 
Analysis 

The extract from the Musa paradisiaca stem 
sap showed twenty-four (24) identified compounds 
as seen in Table 1. 

The GC-MS analysis of the MPSSE revealed a 
diverse array of compounds with significant 
potential for corrosion inhibition. Each peak and its 
corresponding retention time represent a specific 
component of the sample quantified in their 
percentage composition. Long chain alkanes (such 
as Eicosane, Octacosane, Hentriacosane, and 
Tricosane with abundant composition in the sap 
extract) are commonly found in plant waxes and 
cuticles [47]. They can form protective layers on 
metal surfaces, shielding them from corrosive 
agents. These compounds also contribute to the 
overall effectiveness of the sap in inhibiting 
corrosion. Phthalic acid, pentadecyl-2-propylphenyl 
ester present in the extract, can adsorb onto the 
metal surface and form a protective barrier. The 
long hydrophobic alkyl chain (pentadecyl) allows 
the molecule to adsorb onto the metal surface, 
creating a barrier that shields the metal from 
corrosive agents. Additionally, the aromatic phenyl 
group and the phthalic acid moiety may interact 
with the metal surface, further enhancing the 
protective effect. Moreover, Hexatriacontylpenta 
fluoropropionate, Octatriaconty ltrifluoroacetat 
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ecyclotetradecane, and Octatriacontyl pentaf 
luoropropionate present in the sap extract are long-
chain fluorinated compounds used as a corrosion 
inhibitor. Their effectiveness in inhibiting corrosion 
is primarily attributed to the presence of fluorine 
atoms in the molecule. Fluorine is highly 
electronegative, which means it can form strong 

bonds with other atoms, making the compound less 
susceptible to oxidation and corrosion. Additionally, 
the long carbon chain in these compounds 
provides a hydrophobic barrier, preventing water 
and other corrosive substances from reaching the 
surface of the metal, further inhibiting corrosion. 

 

Table 1: Volatile Phytochemical Composition (GC-MS) of Musa ParadisiacaStem Sap 

S/N RT Area% Compound Name % Composition 

1 7.058 2.99 Phthalic acid, pentadecyl 2-propylphenyl ester 2.99 

2 8.918 3.91 Eicosane 3.91 

3 11.121 7.66 2-methyltetracosane 7.66 

4 11.499 5.19 Octacosane 5.19 

5 12.18 3.17 Tetrapentacontane 3.17 

6 12.912 5.42 Octadecane 5.42 

7 14.148 3.42 Octatriacontylpentafluoropropionate 3.42 

8 14.245 3.71 Tetrapentacontane 3.71 

9 14.388 2.87 Hexacosane 2.87 

10 14.526 4.2 Octatriacontylpentafluoropropionate 4.20 

11 14.571 4.87 Nonacosane 4.87 

12 14.846 2.78 Hentriacontane 2.78 

13 15.167 4.93 Hentriacontane 4.93 

14 15.51 4.36 Heptacosane 4.36 

15 15.55 3.8 Octacosane 3.80 

16 15.756 5.41 Tricosane 5.41 

17 16.179 3.9 Octacosane 3.90 

18 16.74 2.81 Octacosane 2.81 

19 16.912 3.39 Hexatriaconylpentafluoropropionate 3.39 

20 17.083 5.32 Tetracosane 5.32 

21 17.101 5.42 Hentriacontane 5.42 

22 17.57 3.12 Octatriacontyltrifluoroacetatecyclotetradecane 3.12 

23 18.857 4.27 Octacosane 4.27 

24 19.864 3.09 Hexacosane 3.08 

 

In summary, the inhibitive nature of MPSSE 

can be attributed to the presence of Phthalic acid 

esters, fluorinated compounds, long-chain alkanes, 

and other organic compounds. These compounds, 

which possess relatively high molecular weights 

and consist of long chains of carbon atoms bonded 

together, have non-polar characteristics that enable 

them to form protective films on metal surfaces. 

3.2. Gravimetric Analysis 

Results of weight loss measurements in the 

acid media without and with the addition of various 

concentrations of MPSSE are shown below in Fig. 

1a. 

The graph of weight losses clearly reveals that 

the control sample experienced the highest weight 

losses over the experimental period, though it 

shows lower values before the 8th day. This is also 

evident in the corrosion rate versus time graph. 

The sample containing 100ml of the inhibitor had 

the lowest weight loss and corrosion rates over the 

period of observation. This invariably means that 

this sample also had the highest inhibition 

efficiency values as can be seen in Fig. 1c, though 

it occurred from somewhere about the 12th day. 

The 125ml sample experienced the next lower 

weight loss values and hence the next values of 

inhibition efficiency after the 100ml sample. This 

trend also became obvious from the 12th day of the 

experimentation. The inhibition efficiency graphs 

show that, generally, inhibition efficiency values 

above 50% were obtained for this extract from the 

12th day to the end of the experiments for all the 

concentrations. These results prove the extract’s 

ability to significantly reduce the corrosion rate of 

the aluminum metal in HCl medium. 
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Figure 1. Plotsof aluminum coupons in 0.5MHCL solution for; (a) weightloss (g) vs.time(day); 
(b)Corrosionrate vs.time and (c) Inhibition Efficiency (%)vs time 

 

Figure 2. Different isotherm plots of MPSSE for the corrosion of Al in HCl for; (a) Langmuir, 
(b)Temkin (c) Frumkin, and (d) Freundlich 
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3.3. Adsorption Isotherm Parameters 

The adsorption mechanism of the inhibitors 
was examined through the application of Langmuir, 
Temkin, Frumkin, and Freundlich isotherms. The 

graph of C/avgvsC for Langmuir adsorption is 
displayed by the isotherm, as shown in Fig. 2a. The 
correlation coefficient (R2) was utilised to find the 
best fit and ascertain the mode of adsorption of the 
Musa paradisiaca stem sap extract onto the 
aluminum surface. The surface coverage data were 
easily fitted into the selected adsorption isotherms. 
With a low regression coefficient of 0.2841, the 
graph could not fit the Langmuir adsorption 
isotherm, indicating limited adherence to the 
isotherm. Fig. 2b displays the Temkin isotherm 
graph. The graph reveals a strong adherence to 
the isotherm as evidenced by a best fit with the 
linear plot regression coefficient (R2) with a value of 
0.847.Fig. 2c shows the graph of Frumkin isotherm. 
The graph shows a slightly much better adherence 
to the isotherm than the Langmuir adsorption 
Isotherm resulting from a best fit with the linear plot 
regression coefficient (R2) with a value of 0.6673. 
Fig. 2d represents the graph of the Freundlich 
Isotherm, showing log average vs. Log C. An 
R2value of 0.8093 was obtained suggesting a good 
fit. A comparison of the various isotherms shows 
that the Temkin adsorption isotherm gave the best 
linear relationship which indicates that the inhibitor 
was strongly adsorbed on the metal surface 
following the Temkin model as its R2value was 
closest to unity (1). 

3.4. Electrochemical Impedance Spectroscopy 
Analysis 

EIS measurements were performed to examine 

the corrosion inhibition process at the 

metal/solution interface, which allows us to gain 

deeper insight into the inhibition processes. Figs. 3 

and 4 display impedance spectra collected at room 

temperature and MPSSE concentration. 

In the high-frequency region, both curves start 
near the origin, indicating that the solution 
Resistance (Rs) is low and similar for both cases 
(Fig. (3a)). In the mid-frequency region, the black 
curve (Al Blank) shows a semicircle that peaks 
around 80 ohms on the imaginary axis. In contrast, 
the red curve (Al Inhibited) exhibits a semicircle 
that peaks around 100 ohms on the imaginary axis, 
suggesting a different electrochemical behavior 
when the inhibitor is present (refer to Fig. (3b)). In 
the low-frequency region, after the main semicircle, 
the black curve (Al Blank) dips downward and 
shows small fluctuations. This behavior is indicative 
of inductive effects, often associated with the 
adsorption of intermediates or relaxation processes 
on the electrode surface (refer to Fig. 3c).  

(a) 

 (b) 

( c) 

Figure 3. Nyquist representations of experimental 
data and results of electrode impedance for Al/0.5 

M HCl in the absence and the presence of the 
inhibitor. 

Similarly, the red curve (Al inhibited) dips down 
after the main semicircle, showing a more 
pronounced dip compared to the blank, which is 
also indicative of inductive behavior. The charge 
transfer resistance (Rct) can be analyzed based on 
the semicircle sizes in the EIS spectra. For the Al 
Blank sample, the smaller semicircle indicates a 
lower charge transfer resistance, suggesting a 
more active corrosion process in the absence of 
the inhibitor. Conversely, for the Al inhibited 
sample, the larger semicircle indicates a higher 
charge transfer resistance. This suggests that the 
inhibitor effectively increases the resistance to 
charge transfer, likely by forming a protective layer 
on the aluminum surface, which slows down the 
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corrosion process. The double layer capacitance 
(Q1) can be inferred from the size of the 
semicircles in the EIS spectra. For the Al Blank 
sample, the smaller semicircle may indicate a lower 
double-layer capacitance. In contrast, the Al 
Inhibited sample shows a larger semicircle, which 
may suggest a higher double-layer capacitance 
due to the formation of a more stable and possibly 
thicker protective layer. The inductive behavior 
observed at low frequencies is characterized by a 
downward dip in both the Al Blank and Al Inhibited 
curves, forming what is referred to as an inductive 

loop. This behavior is typically caused by the 
adsorption of species onto the electrode surface or 
relaxation processes in the system. For the Al 
Blank sample, the presence of a small inductive 
loop suggests some degree of adsorption or 
relaxation processes taking place without the 
inhibitor. In comparison, the Al inhibited sample 
exhibits a larger inductive loop, indicating more 
significant adsorption or relaxation effects when the 
inhibitor is present. This could be due to the 
inhibitor causing the formation of intermediate 
species that adsorb onto the electrode surface. 

 

Figure 4. Graphical representation showing the Bode plot and Phase angle of Aluminum Coupon 
immersed in (a) blank solution and (b) solution containing inhibitor 

From Fig. 4a, at low frequencies (around 0.1 
Hz to 1 Hz), the magnitude remains relatively high 
and stable, indicating that the impedance is 
relatively high. As the frequency increases (from 
around 10 Hz to 1 kHz), the magnitude decreases 
significantly, showing a drop in impedance. Beyond 
1 kHz, the magnitude levels off, indicating that the 
impedance becomes less frequency-dependent at 
higher frequencies. At low frequencies (around 0.1 
Hz to 1 Hz), the phase angle is around 0o, 
indicating that the voltage and current are in phase. 
As the frequency increases (from around 1 Hz to 
10 Hz), the phase angle decreases, reaching 
around -10o, indicating a slight lag of current 
behind voltage. From 10 Hz to 1 kHz, the phase 
angle drops more steeply, reaching around -80o, 
indicating a significant lag of current behind 
voltage. From Fig. 4b, at low frequencies (around 
0.1 Hz to 1Hz), the magnitude is relatively high and 
stable, indicating that the impedance is relatively 
high. As frequency increases, the magnitude 
decreases significantly, showing a drop in 
impedance. And, at low frequencies (0.1 Hz to 1 
Hz), the phase angle starts around -20o, indicating 
some lag of current behind voltage. As the 
frequency increases, the phase angle decreases, 
reaching around -70o. 

The high and stable impedance at low 
frequencies suggests a capacitive or resistive 
nature, where the system can store charge. The 
significant drop in impedance and steep decline in 
phase angle in the mid-frequency range indicate 

the presence of reactive elements (inductive or 
capacitance) that dominates the response. 
Inhibition in the Al inhibitor sample is evident 
through the distinct changes in both the magnitude 
and phase plots compared to the Al Blank sample. 
In the magnitude plot, as the frequency increases, 
the impedance for the Al inhibitor decreases 
significantly from 1 Hz to 100 Hz, compared to a 
more gradual decrease for Al Blank from 10 Hz to 1 
kHz. From the phase plot, as frequency increases, 
the phase angle for Al inhibitor decreases more 
gradually to around 70o from 1 Hz to 100 Hz, 
whereas for Al Blank, it drops steeply to around -
80o from 10 Hz to 1 kHz. At high frequencies, the 
phase angle for Al inhibitor approaches 0o, 
indicating more resistive behavior.  

 

Figure 5. Equivalent Circuit Model 

Fig. 5 shows that for this system, an 
appropriate equivalent circuit model would include 
elements to represent the solution resistance (Rs), 
charge transfer resistance (Rct), double-layer capa-
citance (Cdl), and an inductance (L) to account for 
the inductive behavior observed at low frequencies. 
Overall, the inhibitor increases the charge transfer 
resistance and introduces more pronounced 
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inductive behavior, suggesting the formation of a 
protective layer and more complex electrochemical 
interactions on the aluminum surface. 

3.5. Surface morphology 

AFM is an effective instrument for examining 
surface morphology at the nano-to-micro scale, 
and it is now a popular option for determining how 
inhibitors affect the rate at which corrosion occurs 
at the metal/solution interface [48]. Fig. 6 shows 
the three-dimensional (3D) AFM morphologies of 
the aluminum surface immersed in hydrochloric 
acid solution with varied concentrations of the 
extract, the aluminum surface immersed in 
hydrochloric acid (without inhibitor), and the 
aluminum surface immersed in hydrochloric acid 

containing varied concentrations of the MPSSE. 
The findings from the AFM image analysis 
comprised the following: the average roughness 
(average deviation of all point roughness profile 
from a mean line over the evaluation length) [49] , 
the maximum height (Sz) values (vertical distance 
between the highest peak and the lowest valley 
within the analyzed area of the surface) [50], (and 
the root-mean-square roughness (Sq) (the average 
of the measured height deviations taken within the 
evaluation length and measured from the mean 
line). These values are compiled in Table 2 for the 
various aluminum surfaces immersed in different 
environments. 

Table 2. AFM data for aluminum surface immersed in uninhibited and inhibited environment. 

Samples 
RMS 

Roughness 
Average 

Roughness 
Maximum height 

(Sz) 

1. Aluminum coupon (D11) immersed in HCl acid solution 
(blank) 

183.917 pm 0.56355 nm 1.34769 nm 

2. Aluminum coupon (D9) immersed in HCl acid solution 
containing 5.88 V/V% of extract 

53.8324 pm 0.56355 nm 1.20639 nm 

3.  Aluminum coupon (D12) immersed in HCl acid solution 
containing 11.11 V/V% of extract 

29.1348 nm 326.284 nm 1.19735 nm 

4.  Aluminum coupon (D7) immersed in HCl acid solution 
containing 15.89 V/V% of extract 

53.5673 pm 0.59384 nm 1.21586 nm 

5.  Aluminum coupon (D2) immersed in HCl acid solution 
containing 20 V/V% of extract 

38.5951 pm 0.51183 nm 1.03233 nm 

6.  Aluminum coupon (D4) immersed in HCl acid solution 
containing 23.81 V/V% of extract 

21.2896 pm 395.437 pm 957.682 pm 

 

Figure 6. Image of aluminum coupon after immersion in 0.5 M HCl solution (a) without inhibitor, 
(b) in the presence of 5.81 V/V% of MPSSE, (c) in the presence of 11.11 V/V% of MPSSE, 
(d) in the presence of 15.89 V/V% of MPSSE, (e) in the presence of 20 V/V% of MPSSE, 

(f) in the presence of 23.81 V/V% of MPSSE 
 

Significant variations in surface roughness 
characteristics are shown by the AFM results in 
Table 2 for the aluminum coupons immersed in HCl 
solution and different doses of the MPSSE 
demonstrating the extract's potency as a corrosion 

inhibitor. The highest values of RMS roughness 
(183.917 pm), average roughness (0.56355 nm), 
and maximum height (1.34769 nm) were displayed 
by the submerged sample in HCl solution without 
the extract, showing significant corrosion. This is 
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also demonstrated in Fig. 6a. On the other hand, 
the samples that were immersed in HCl media 
containing the extract showed lower values of 
these parameters. This is observed in Fig. 3b – Fig. 
3f, which display flatter, more homogenous and 
uniform surfaces than that of the surface without 
the inhibitor. The results further reveal a general 
improvement in the surface characteristics of the 
samples immersed in the inhibitor as the 
concentration of the inhibitor increased. These 
findings further prove the efficacy of the MPSSE in 
inhibiting the corrosion of aluminum metal in 
hydrochloric acid solution. 

4. CONCLUSION 

This study evaluated the MPSSE as a potential 
corrosion inhibitor for aluminum. The GC-MS 
analysis identified several key compounds ranging 
from long-chain alkanes to fluorinated compounds, 
which play a crucial role in corrosion inhibition. 
These compounds form protective layers on metal 
surfaces, effectively shielding them from corrosion 
agents. Weight loss measurements demonstrated 
that the MPSSE significantly reduced corrosion 
rates, with the highest inhibition efficiency of 
90.73% observed at a 20 V/V% concentration on 
the 12th day of experimentation. This shows the 
extract’s potent ability to minimize weight loss and 
corrosion rates compared to the control. The 
Temkin adsorption isotherm indicated strong 
adherence of the extract to the metal surface. AFM 
analysis further confirmed that increasing extract 
concentrations resulted in smoother metal 
surfaces. EIS analysis indicated a stable protective 
layer on the metal surface resulting from increased 
charge transfer resistance and inductive behavior 
in the presence of the extract. Overall, the Musa 
paradisiaca stem sap extract shows considerable 
promise as an eco-friendly and effective corrosion 
inhibitor. 
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IZVOD 

EKSTRAKT SOKA STABLJIKE Musa Paradisiaca KAO INHIBITOR KOROZIJE 
ZA ZAŠTITU ALUMINIJUMA U KISELOJ SREDINI 

Ova studija istražuje efikasnost ekstrakta stabljike Musa paradisiaca (MPSSE) kao zelenog inhibitora 
korozije za aluminijum u hlorovodoničnom okruženju. Gasna hromatografija-masena spektroskopija 
(GC-MS) identifikovala je jedinjenja u ekstraktu. Potencijal inhibicije korozije je procenjen 
gravimetrijskom analizom (merenja gubitka težine) i spektroskopijom elektrohemijske impedanse (EIS). 
Analiza površine je sprovedena korišćenjem mikroskopije atomske sile (AFM) da bi se ispitala 
morfologija površine aluminijuma pre i posle tretmana. Studije izoterme adsorpcije su sprovedene da bi 
se razumeo mehanizam interakcije između ekstrakta i površine aluminijuma, koristeći Langmuir, 
Temkin, Frumkin i Freundlich izoterme. Rezultati pokazuju da ekstrakt pokazuje potencijal inhibicije 
korozije. GC-MS analiza identifikovala je jedinjenja kao što su dugolančani alkani, estri ftalne kiseline i 
fluorovana jedinjenja, koja doprinose otpornosti na koroziju formiranjem zaštitnih barijera na metalnim 
površinama. Gravimetrijska analiza je pokazala da je ekstrakt, posebno pri koncentraciji od 20 V/V%, 
postigao efikasnost inhibicije do 90,73% tokom 30 dana, značajno smanjujući gubitak težine i stope 
korozije. Studije adsorpcije su otkrile snažno pridržavanje Temkin Isotherm modela, što sugeriše 
efikasnu adsorpciju ekstrakta na površini aluminijuma. Mikroskopija atomske sile pokazala je smanjenje 
hrapavosti površine sa povećanjem koncentracije ekstrakta, potvrđujući zaštitni efekat inhibitora. 
Spektroskopija elektrohemijske impedanse pokazala je veću otpornost na prenos naelektrisanja i 
izraženo induktivno ponašanje sa inhibitorom, što ukazuje na formiranje zaštitnog sloja na aluminijumu. 
Nalazi ističu potencijal MPSSE-a kao ekološki prihvatljive alternative za zaštitu od korozije u 
industrijskim aplikacijama. 
Ključne reči: inhibitor korozije: gravimetrijska analiza; Musa paradisiaca; elektrohemijska impedansna 
spektroskopija, ekološki prihvatljiva alternativa 
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Medicinal Importance of Emblica officinalis leaf extract 
nanoparticles and their biological evaluation 

ABSTRACT 

Green Synthesis of Nanoparticles is a novel field of nanotechnology that outperforms both 
biological and chemical approaches in terms of biocompatibility, cost-efficiency, scalability and 
environmental  friendliness. Bacteria, fungi, plant and algae have lately been used to produce 
metals and metal oxide nanoparticles as an alternate method. In the present study, the green 
synthesis of Silver and copper nanoparticles was carried out using leaf extract of Emblica 
officinalis as a reducing agent and their antibacterial activity against human pathogens.  
Biosynthesis of nanoparticles were carried out using methanolic leaves extract of Emblica 
officinalis. Nanoparticles were characterized by UV-Visible Spectroscopy, X-ray Diffraction 
patterns(XRD), Scanning Electron Microscopy (SEM) and Transmission Electron Microscopy 
(TEM). These biogenic particles were tested for antimicrobial activity by disc diffusion method 
against Escherichia coli & Staphylococcus aureus. Biosynthesized nanoparticles showed potent 
biological activity and effective radicals scavenging activity. Methanolic leaf extract of Emblica 
officinalis acts as an excellent capping agent for the formation of silver & copper nanoparticles and 
demonstrates immense biological activities. Hence, these particles can be used as antibacterial, 
antioxidant as well as cytotoxic agent in treating many medical complications. It can be concluded 
that the silver and copper nanoparticles constitute an effective antimicrobial agent against 
common pathogenic bacteria. This could be a significant achievement in contending with many 
dynamic pathogens. 
Keywords: Nanoparticles, Green synthesis, XRD, Emblica officinalis, Biological agents 

 

1. INTRODUCTION 

Green particles is the ideal approach to 

minimize the effectively of nanomaterial manu-

facturing and application while also reducing the 

risk of problems associated with other methods [1]. 

Biogenic nanoparticles have potential applications 

and have gained considerable interest in different 

fields such as biomedical filed, agriculture 

information technology, optical, environment, 

energy, and sensors [2]. These metals particles 

include Silver Copper Zinc and Iron [3]. Ultimately, 

our aim is to provide a strategy for “green” 

synthesis and associated components that will help 

researchers working in this area while also serving 

as a useful reference for readers interested in the 

subject in general [4]. Green synthesis methods 

utilize biological activity such as bacteria, algae, 

viruses, fungi  and  plants  that  are used for the  
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synthesis of nanoparticles are non-pathogenic in 
nature because they should not interfere with the 
application of synthesized nanoparticles [5]. 
Bacterial infections most illnesses caused by 
bacteria are associated with the consumption of 
infected fresh products. The U.S. Center for 
Disease Control and Prevention (CDC) estimates 
that forty-eight million people get sick from a food 
borne illness each year [6], meaning, that microbial 
pathogens are responsible for one of the leading 
causes of life-threatening illnesses around the 
world. Among the most common food borne 
disease-causing bacteria, in the United States, are 
E. coli and S. aureus [7]. The consumption of food 
contaminated with these pathogenic bacteria could 
cause diarrhea, abdominal cramps and nausea. 
However, it could also lead to chronic illnesses 
such as cancer, brain and neural disorders, kidney 
and liver failure [8]. Hence, the attention has been 
focused on the production of novel nanoparticles- 
based on materials with enhanced antimicrobial 
properties[9]. It is well-known that Silver and 
copper is a potent antimicrobial agent whose 
properties have been exploited to inhibit bacterial 
growth and destroy the cellular structure of 

https://doi.org/10
https://www.sciencedirect.com/topics/chemistry/environmental-friendliness
https://www.sciencedirect.com/topics/chemistry/nanoparticle
https://www.sciencedirect.com/topics/chemistry/nanomaterial
https://www.sciencedirect.com/topics/engineering/synthesis-method
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microorganisms [10]. In this paper, we present 
synthesis of silver and copper nanoparticles 
produced using a biological method. This synthesis 
route provides an enhanced alternative to 
conventional synthesis method as it leads to the 
formation of smaller and monodisperse metallic 
nanoparticles in a shorter time, thus decreasing the 
use and quantity of toxic reagents [11]. UV-Vis 
analyses were carried out to confirm the presence 
of Silver and Copper in the nanoparticles form. The 
NPs were characterized in terms of crystallinity 
through XRD, and morphology and nanoparticle 
size distribution by TEM and SEM [12].The 
antibacterial activity of the nanoparticles was tested 
against E. coli and S. aureus, all of which are well 
known to be responsible of the most common food 
borne illnesses [13]. To the best of our knowledge, 
the use of E. officinalis plant extract for greener 
synthesis of Copper & Silver nanoparticles has not 
been reported. Hence the present study was 
carried out to synthesize and characterize the 
copper & silver nanoparticles using E. officinalis 
plantextract. The aim of the present study is the 
green synthesis, characterization, and applications 
of plant-derived Nanoparticles using E. officinalis 
leaf extract as a reducing/stabilizing agent and to 
investigate their antibacterial activity against 
human pathogenic bacteria.  

2. MATERIAL AND METHODS 

Collection of Plant Material 

Healthy, disease-free leaves of E.officinalis 

were collected during the month of August from 

Jaipur, Rajasthan India. The collected leaves were 

washed thoroughly in tap water and then in 

detergent water and were finally rinsed with 

distilled water until no foreignmaterial remained. 

The freshly cleaned leaves were left todry in sun 

light for approximately 10 days after dried leaves 

used for further experiment. 

Preparation of Plant Extract 

Take 500 gm of dried leaves were washed 

twice in tap water and rinsed thrice in distilled 

water. Then they were surface sterilized by 70% 

isopropyl alcohol for 1 min, cut into small pieces, 

dried in the micro-oven, and ground into powder 

using an electronic blender. About 100 g of leaf 

powder material was uniformly packed into a 

thimble and run in soxhlet extractor. It was 

extracted with methanol for the period of about 5–6 

cycles. After that extracts were filtered with the help 

of Whatman No. 1 filter paper. The filtrates were 

then evaporated under reduced pressure and dried 

using a rotary evaporator at 55ºC. Then the extract 

was kept in refrigerator at 4ºC for future 

experiments [14]. 

Synthesis of Silver and Copper oxide Nanoparticles 

For reduction of silver ions, 10 ml of collected 

filtrate was treated with 90 ml of silver nitrate 

aqueous solution (21 gm of AgNO3 powder in 125 

ml of Milli Q water) and incubated at room 

temperature for 10 mins. Similarly for reduction of 

copper ions, 15 ml of collected filtrate was treated 

with 85 ml of copper sulphate aqueous solution (21 

gm of CuSO₄ powder in 125 ml of Milli Q water) 

and incubated at room temperature for 10 mins.  

After 8 hours of incubation, the solution was 

centrifuged with 12,000 rpm for 20 min, and their 

pellets were redispersed in sterile distilled water. 

The centrifugation and redispersion were repeated 

three times to ensure the complete separation of 

nanoparticles. After drying, purified nanoparticles 

were resuspended in de-ionized water and stored 

in a freezer for further study [15]. 

Characterization of Nanoparticles 

Purified nanoparticles were characterized for 

their morphology using a UV-Visible Spectroscopy, 

ZEISS EVO series Scanning Electron Microscopy 

model EVO-50 (SEM), IIT Delhi, Philips CM200 

model of Transmission Electron Microscopy and X-

Ray Diffraction (XRD) Rigaku Miniflex 600 model 

[16].  

Antibacterial Activity  

Copper and silver oxide nanoparticles 
synthesized using E. officinalisleaves extract were 
tested for antimicrobial activity by agar well 
diffusion method against different pathogenic 
microorganisms E. coli and S. aureus. Each strain 
was swabbed uniformly onto the individual plates 
using sterile cotton swabs. The sterile disc 
approximately 6mm in diameter of Whatman filter 
paper discs were prepared by applying 50μg/ml 
and 100μg/ml of synthesized nanoparticles for 
bacterial cultures and also applying for Standard 
antibiotics streptomycin sulphate. The disc was 
dried in hot air oven until it gets fully dry. The pure 
cultures of bacteria were subculture on Muller 
Hinton Agar. The agar suspension is poured into 
sterile petri-plates and allowed to solidify. Than the 
pathogenic bacterial strains E. coli and S. aureus 
fresh overnight cultures were spreaded evenly over 
the entire surface of the plate by swabbing in three 
directions.The sterile discs so prepared were kept 
in the centre of all petri plates after they were fully 
dried and incubated at 37°C for bacterial cultures. 
The standard antibiotic discs Streptomycin 
sulphate purchases from CDH (laboratory reagent) 
New Delhi were used. The activity was clearly 
visible after 24-48 hrs. for bacterial cultures. The 
zone of inhibition was noted for all the petri plates 
[17]. 
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3. RESULTS AND DISCUSSION 

In the present study, E. Officinalis leaf 

methanolic extract is used to produce silver and 

copper oxide nanoparticles. The color change from 

green to dark brown and the absorbance peak at 

about 439 nm indicated the formation of nano-

particles. Reduction is followed by an immediate 

change in colour from light brown to black and 

change in pH of the solution. On mixing, E. 

officinalisleaf methanolic extract with the aqueous 

AgNO3, solution and FeCl3, it changed the color of 

the solution immediately and reducing the pH, 

which indicates the formation of silver and copper 

nanoparticles. It was observed that the pH changed 

from high acidic to low acidic. For reduction of 

copper ions, 15 ml of collected filtrate was treated 

with 85 ml of copper sulphate aqueous solution (21 

gm of CuSO₄ powder in 125 ml of Milli Q water) 

and incubated at room temperature for 10 min, 

resulting in the formation of sea green to dark navy 

brown color indicating the synthesis of silver 

nanoparticles. From the leaf extract of Eugenia 

jambolana, silver nanoparticles synthesis was 

carried out and their phytochemical screening was 

evaluated [18]. Earlier, reports are available 

regarding the formation of AgNPs and their 

biological applications from Syzygium cumini [19] 

Eugenia caryophyllata [20]. From the leaf extract of 

Eugenia uniflora, silver nanoparticle formation was 

carried out and their antibacterial and antidiabetic 

potential were evaluated [21].  It is essential that 

these NPs be precisely and thoroughly chara-

cterized in order to ensure reproducibility in their 

production, biological activity, and safety. For this 

purpose, a wide range of physicochemical methods 

are used to very precisely characterized the 

synthesized NPs including ultraviolet-visible 

spectroscopy, Fourier transform infrared 

spectroscopy (FTIR), attenuated total reflection 

(ATR), Raman spectroscopy, photoluminescence 

analysis (PL), dynamic light scattering (DLS), UV-

visible diffuse reflectance spectroscopy (UV-DRS), 

transmission electron microscopy (TEM), scanning 

electron microscopy (SEM), atomic force micro-

scopy (AFM), field emission scanning electron 

microscopy (FE-SEM), X-ray diffractometer (XRD), 

X-ray photoelectron microscopy (XPS), energy 

dispersion analysis of X-ray (EDAX), thermal 

gravimetric differential thermal analysis (TG-DTA), 

or nuclear magnetic resonance (NMR) [22-24]. 

UV-Vis Spectroscopy Analysis 

Formation and stability of silver and copper 

oxide nanoparticles in sterile distilled water is 

conformed using UV-Vis spectroscopy in a range of 

wavelength from 300nm to 800nm as shown in  

Figure 1. The synthesis of silver and copper oxide 

nanoparticles of the surface Plasmon resonance of 

silver occurs at 331nm and 451nm where as 

copper wavelength showed 310nm and 561nm, 

steadily increasing with the time of reaction without 

much change in the peak wavelength. In this study, 

after mixing of extract and silver nitrate solutions a 

color change of extract was observed over the 

progression of time which may be due to the 

reduction of the silver ions leading to the excitation 

of Surface Plasmon Resonance (SPR) of the 

AgNPs [25]. To confirm this, UV spectra analysis 

was carried out and a peak was observed at 

451nm & 561nm of silver & copper nanoparticles 

which showed a stable range for nanoparticles 

formation. In Syzygium cumini the UV spectra of 

synthesized nanoparticles was observed at~450 

nm with particle size 3.5 nm from the XRD analysis 

[26] and also in Eugenia unifora UV spectra of 

synthesized nanoparticles was observed at 44 nm 

having its particle size was ranging from 25 to 50 

nm. [27] 

X-ray diffraction pattern (XRD) Analysis 

X-ray diffraction pattern (XRD) was recorded 

for the synthesized Silver Nanoparticles and 

Copper Nanoparticles. Three distinct diffraction 

peaks at 35.04°, 43.23°, and 64.37° were indexed 

with the planes (111), (200), and (220) for the face-

centered cubic silver as per (20). The X-ray 

diffraction pattern of as prepared copper 

nanoparticles is shown in Figure 2. Three peaks 

are observed at 2θ values of 39.46°, 45.65° and 

65.73° and indexed as (111), (200) and (220) 

respectively, which confirmed the monophasic 

nature of pure copper with face centered cubic 

symmetry. The peaks are broad with fair intensity 

indicating the nanocrystalline nature of copper 

powder. The well resolved and intense XRD 

pattern clearly showed that the Ag NPs formed by 

the reduction of Ag+ ions using Emblicaofficinalis 

leaf extract are crystalline in nature. Similar results 

were reported for Silver Nanoparticles in the 

literature [14-17, 28, 32-35]. The low intense peak 

at 77.34 belongs to (311) plane [28]. The result 

indicated that the formation of a typical monoclinic 

structure for all weight fraction of copper oxide & 

iron oxide nanoparticles. Moreover, sharp peaks 

confirmed CuO Nps is highly crystalline nature 

which is good agreement with (JCPDS card no. 

801268 [29-30].  
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Figure 1. 1 UV – Vis absorption spectra of copper nanoparticles (A) silver nanoparticles 
sinthesized by biological method

 

(A)                                                                                          (B) 

Figure 2. XRD patern of sinthesized copper nanoparticles (A) and silver nanoparticles (B) 

 

Scanning Electron Microscopy Analysis 

Scanning Electron Microscopy analysis was 

done using ZEISS EVO series SEM model EVO-50 

machine. Thin films of synthesized and stabilized 

copper and silver nanoparticles powder was placed 

on carbon tape coated very small amount of the 

sample on the grid extra solution was removed 

using blotting paper and then the film on the SEM 

grid were allowed to dry by putting it under a 

mercury lamp for 15min. and sample was analyzed 

for morphology and size of the copper and silver 

nanoparticles. The SEM image showed relatively 

crystalline spherical shape nanoparticles formed 

with diameter range 50-1000 nm. SEM analysis 

shows uniformly distributed copper and silver 

nanoparticles on the surface of the cells, because 

those dispersing in the solution may also deposit 

on to the surface of the cells whereas they showed 

only change of particles surface due to increased 

permeability. 

Transmission Electron Microscopy Analysis 

Transmission Electron Microscopy analysis of 
copper and silver nanoparticles sample was 
dispersed in double distilled water a drop of thin 
dispersion is placed on a “staining mat”, carbon 
tape coated grid is inserted in to the drop with the 
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coated side upwards. After about 15 minutes, the 
grid is removed and air dried. Then screened in 
Philips CM-200 model of transmission electron 
microscopy at an accelerating voltage of 80kv. The 
abstained nanoparticles are in the range of size 50-
200nm and few particles are agglomerated; it is 
evident that there is variation in particles size and 
the average size estimated. It was found that the 
average size and distribution by taking micrograph 
from drop coated films of the copper and silver 
nanoparticles shows that most of them are 
crystalline spherical with the average size range 
from 200nm which correlated with the morphology 
of the nanoparticles which is highly variable, with 
crystalline spherical and occasionally triangular 
nanoparticles observed in micrograph. Moreover, 
the nanoparticles were not in direct contact even 
within the aggregates, indicating stabilization of the 
particles by a capping agent. 

Analysis of Antimicrobial Activity 

The antibacterialassay was performed against 

two bacterial pathogens using green-synthesized 

silver and copper nanoparticles. Silver and Copper 

oxide nanoparticles at concentration of 150µg/ml 

showed excellent antibacterial activity against S. 

aureus & E. coli. as compared to standard 

antibiotics Figure 3. In previous studies, it was 

reported that nanoparticles the green antibacterial 

synthesized silver activity against Staphylococcus 

aureus, Escherichia coli, Proteus vulgaris showed 

the maximum inhibition of bacterial zone.Silver & 

Copper Nanoparticles exhibit a high antibacterial 

effect due to their well developed surface which 

provides the maximum contact with the 

environment. Furthermore, toxicity is presumed to 

be size and shape dependent because small size 

of nanoparticles may pass through cell 

membranes. Insides a bacterium, nanoparticles 

can interact with DNA, thus losing its ability to 

replicate which may lead to the cell death. Green 

synthesized nanoparticles also have the more 

effective antimicrobial zone inhibition of the 

pathogens. To enhance the antimicrobial activity of 

the leaf extract we have tried to prepare AgNPs 

from the extract to access the effect of the 

nanoparticles, we have used it to inhibit the growth 

of biofilms by S. aureus. As it has been seen that 

nanomaterial is better at combating microbes than 

normal crude extracts, our present investigation will 

help evaluate the antimicrobial effect of Emblica 

officinalis AgNPs. Adhesion or attachment of 

microorganisms to a substrate is the first step 

towards colonization and this strategy has been 

used for microbial biofilm production [31]. In this 

study, a new approach was undertaken by 

synthesizing nanoparticles from biomaterial and 

using them against biofilm-producing micro-

organisms to test their effects on them. Silver and 

Copper oxide nanoparticles synthesized at various 

concentrations showed higher antimicrobial activity 

as compared to standard antibiotics (Table 1 & 2). 

The reason could be that the smaller size of 

particles which lead to increased membrane 

permeability and cell destruction.. The zone of 

inhibition increases with increasing concentration of 

silver and copper nanoparticles as the nano-

particles bind with cytoplasmic membrane and 

killed the bacterial cell. As compare to copper 

nanoparticles, electrostatic attraction of silver 

nanoparticles causes damage of bacterial cell 

membrane to the formation of pits on the surface, 

and these structural changes take place due to cell 

expiration [32-35]. Previous studies have demon-

strated the antimicrobial effect of iron oxide 

nanoparticles. Naseem and Farrukh evaluated the 

antimicrobial efficiency of IONPs by five different 

plants [36]. They observed that the iron oxide 

nanoparticles synthesized via Lawsonia inermis 

and Gardenia jasminoides have good antimicrobial 

effect against Salmonella enterica, Proteus 

mirabilis, Escherichia coli and Staphylococcus 

aureus.Our results are in agreement with Chifiriuc 

et al (2012) who reported Fe3O4 nanoparticles 

covered with Rosmarinus officinalis essential oil 

had strong inhibitory activity on biofilm-forming 

C.tropicalis and C. albicans [37]. The present 

results coincides with Beher etal who reported ZnO 

and CuO NPs had best antibacterial behavior 

against both Gram-positive and Gram-negative 

bacteria compared with Fe2O3 NP. The 

antimicrobial activity of the IONPs closely 

correlates to the oxidative stress generated by 

reactive oxygen species (ROS). ROS including 

hydrogen peroxide, superoxide radicals (O2–), 

hydroxyl radicals (–OH) and singlet oxygen could 

cause damage to DNA and proteins in pathogenic 

organisms such as bacteria and fungi [38].Silver 

oxide and Copper oxide nanoparticles interfere with 

the bacterial cell membrane and bind with 

mesosome cell organelle and after that reduce the 

mesosomal function and increase the ROS 

generation. Nanoparticles interact with thiol groups 

in protein which induced the inactivation of the 

bacterial protein synthesis as well as DNA 

replication [39-40]. Similarly, oxygen associates 

with silver and copper reacts with the sulfhydryl 

(−S-H) groups on cell wall to remove the hydrogen 

atoms causing the sulfur atoms to form an R-S-S-R 

bond, blocked the respiration, and causing the 

lethal effect of bacterial cells [41]. Nanoparticles 

naturally interact with the membrane of bacteria 
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and disrupt the membrane integrity; silver ions and 

copper ions bind to sulfur, oxygen, and nitrogen of 

essential biological molecules and inhibit the 

bacterial growth. 

 

Table 1. Screening of Silver nanoparticles against bacterial strains tested 

Bacterial cultures 
Silver nanoparticles Streptomycin sulphate 

50 µg/ml 100 µg/ml 150 µg/ml 50µg/ml 100 µg/ml 150 µg/ml 

Staphylococcus aureus 20 mm 32mm 40mm 18mm 27mm 37 mm 

Escherichia coli 22 mm       37 mm       45mm 15mm 30mm 35 mm 

Table 2. Screening of Copper nanoparticles against bacterial strains tested 

Bacterial cultures 
Copper nanoparticles Streptomycin sulphate 

50µg/ml 100µg/ml 150µg/ml 50µg/ml 100µg/ml 150µg/ml 

Staphylococcus aureus 22 mm       34 mm       46mm 18mm 27mm 37 mm 

Escherichia coli 25 mm     39 mm       49mm 15mm 30mm 35 mm 

 

 

(A)                                                                      (B) 

Figure 3. Antimicrobial activity studies on two selected bacteril culture against (A) silver nanoparticles  
(B) copper nanoparticles 

 

4. CONCLUSIONS 

The growing demand for green chemistry and 
nanotechnology has pushed for the development of 
green synthetic methods for the production of 
nanomaterials using plants, microbes and other 
natural resources. The silver and copper 
nanoparticles prepared from E.officinalis leaf 
extract were observed under UV–Vis Spectroscopy 
monitored at 451 nm & 561 nm and their 
crystallinity nature was confirmed from their XRD 
study. The antimicrobial activity depends upon the 
concentration of silver and copper nanoparticles to 
produce the most significant effects against the 

pathogenic bacterial growth. AgNPs are found to 
be very effective against biofilm production by 
bacteria. Toxicological studies are also required to 
eradicate any kind of intoxication in a mouse model 
or human being. Once the NP is found nontoxic or 
safe in vivo studies, the nanoparticles can be 
utilized for the treatment of various diseases such 
as diabetes, arthritis, hypertension, etc. 

This green-synthesized method is rapid, facile, 
convenient, less time consuming, environmentally 
safe, and can be applied in a variety of existing 
applications. This plant leaf extract compounds can 
be extended to the synthesis of other metal and 
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metal oxide nanoparticles. This study springs a 
new approach for synthesizing nanoparticles from 
the leaves of E. officinalis which is found out to be 
inhibiting biofilm production and bacterial colonies 
can be a significant achievement in contending 
many dynamic pathogens. So, the present work 
can be considered an attempt to exploit the active 
principle present in the leaf of E. officinalis to cure 
various ailments. 
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IZVOD 

LEKOVITI ZNAČAJ NANOČESTICA EKSTRAKTA LISTA EMBLICA OFFICINALIS 
I NJIHOVA BIOLOŠKA PROCENA 

Zelena sinteza nanočestica je nova oblast nanotehnologije koja nadmašuje i biološke i hemijske 
pristupe u smislu biokompatibilnosti, ekonomičnosti, skalabilnosti i ekološke prihvatljivosti. 
Bakterije, gljive, biljke i alge se u poslednje vreme koriste za proizvodnju metala i nanočestica 
metalnih oksida kao alternativne metode. U ovoj studiji, zelena sinteza nanočestica srebra i bakra 
je sprovedena korišćenjem ekstrakta lista Emblica officinalis kao redukcionog agensa i njihove 
antibakterijske aktivnosti protiv ljudskih patogena.  Preliminarna fitohemijska analiza metanolnog 
ekstrakta E.officinalis pokazala je prisustvo tanina, saponina, flavanoida i fenola, od kojih su 
flavonoidi i saponini najinhibitivniji prema svim patogenima. Emblica officinalis definitivno poseduje 
snažno antimikrobno dejstvo protiv bakterijskih patogena i može se koristiti u lečenju različitih 
bolesti izazvanih ovim organizmima. Biosinteza nanočestica je sprovedena korišćenjem 
metanolnog ekstrakta listova Emblica officinalis. Nanočestice su okarakterisane UV-vidljivom 
spektroskopijom, uzorcima difrakcije rendgenskih zraka (XRD), skenirajućom elektronskom 
mikroskopijom (SEM) i transmisijskom elektronskom mikroskopijom (TEM). Ove biogene čestice 
su testirane na antimikrobnu aktivnost metodom disk difuzije protiv Escherichia coli i 
Staphilococus aureus. Biosintetizovane nanočestice pokazale su snažnu biološku aktivnost i 
efikasnu aktivnost uklanjanja radikala. Metanolni ekstrakt lista Emblica officinalis deluje kao 
odlično sredstvo za zatvaranje za formiranje nanočestica srebra i bakra i pokazuje ogromne 
biološke aktivnosti. Stoga se ove čestice mogu koristiti kao antibakterijski, antioksidativni, kao i 
citotoksični agens u lečenju mnogih medicinskih komplikacija. Može se zaključiti da nanočestice 
srebra i bakra predstavljaju efikasan antimikrobni agens protiv uobičajenih patogenih bakterija. 
Ključne reči: nanočestice, Green sinteza, KSRD, Emblica officinalis, Biološki agensi. 
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Corrosion resistance of Ever Silver vessel in the presence 
of rasam-a light South Indian traditional soup 

ABSTRACT 

Food packaging serves purposes of food product safety and easy handling and transport by 
preventing chemical contamination and enhancing shelf life, which provides convenience for 
consumers. Various types of materials, including plastics, glass, metals, and papers and their 
composites, have been used for food packaging. However, owing to consumers’ increased health 
awareness, the significance of transferring harmful materials from packaging materials into foods 
is of greater concern. In the present study corrosion resistance of Ever Silver vessel in the 
absence and presence of rasam recipe, a light South Indian traditional soup made with basic 
spices, ripe tomatoes, tamarind and herbs. AC impedance spectra have been used to measure 
the corrosion resistance. It is observed that the corrosion resistance of Ever Silver vessel 
increases in the presence of rasam recipe. This is due to the presence of various molecules 
present in the ingredients of rasam. So it is concluded that rasam recipe can be stored in Ever 
Silver vessel and also rasam can be served in Ever Silver vessel during dining. 
Keywords: Corrosion resistance, Ever Silver vessel, rasam, AC impedance spectra, 
electrochemical study 

 

1. INTRODUCTION 

Food packaging systems have been widely 
studied [1-13]. Food packaging is a packaging 
system specifically designed for food and 
represents one of the most important aspects 
among the processes involved in the food industry, 
as it provides protection from chemical, biological 
and physical alterations [1]. The main goal of food 
packaging is to provide a practical means of 
protecting and delivering food goods at a 
reasonable cost while meeting the needs and 
expectations of both consumers and industries [1]. 
Additionally, current trends like sustainability, 
environmental impact reduction, and shelf-life 
extension have gradually become among the most 
important aspects in designing a packaging system 
[2]. 

History 

Packaging of food products has seen a vast 

transformation in technology usage and application 

from the Stone Age to the industrial revolution: 
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Year  Description Ref.  

7000 BC 
The adoption of pottery and glass 
which saw industrialization 
around 1500 BC.  

[3] 

1700s 

The first manufacturing 
production of tinplate was 
introduced in England (1699) and 
in France (1720). Afterwards, the 
Dutch navy start to use such 
packaging to prolong the 
preservation of food products.[4] 

[4] 

1804 

Nicolas Appert, in response to 
inquiries into extending the shelf 
life of food for the French Army, 
employed glass bottles along with 
thermal food treatment. Glass 
has been replaced by metal cans 
in this application. However, the-
re is still an ongoing debate about 
who first introduced the use of 
tinplates as food packaging. 

[4],5] 

1870 
The use of paper board was 
launched and corrugated 
materials patented. 

[6] 

1880s 
First cereal packaged in a folding 
box by Quaker Oats. 

[7] 

1890s 
The crown cap for glass bottles 
was patented by William Painter. 

[8] 
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1950s 

The bag-in-box system was 
invented by American chemist 
William R. Scholle – initially for 
acid liquids, but quickly also used 
for food liquids. 

 

1960s 

Development of the two-piece 
drawn and wall-ironed. Metal 
cans in the US, along with the 
ring-pull opener and the Tetra 
Brik Aseptic carton package. 

[9] 

1970s 

The barcode system was 
introduced in the retail and 
manufacturing industry. PET 
plastic blow-mold bottle 
technology, which is widely used 
in the beverage industry, was 
introduced. 

[10] 

1990s 
The application of digital printing 
on food packages became widely 
adopted. 

 

 

Plastic packaging saw its 
inaugural use during World War 
II, even though materials 
employed in its manufacturing 
(such as cellulose nitrate, styrene 
and vinyl chloride) were 
discovered in the 1800s. 

[11] 

Food packaging alloys 

There are several metals which have been 

used as food packaging materials including; 

aluminum (Al), stannous or tin (Sn), Sn free steel 

(SFS), and rustles steel (RS) commonly known as 

stainless steel. These metals provide hard food 

packaging such as cans and flexible food 

packaging in the form of foil and bags. 

Various metals are commonly used in food 
packaging. Here are the main ones: 

1. Aluminum:Aluminum is widely used for food 
packaging. It’s used to make cans, as well as 
thin aluminum foils and coatings. Aluminum 
packaging is lightweight, corrosion-resistant, 
and easily recyclable. 

2. Steel: Steel is primarily used to make rigid 
cans. These steel cans are commonly used for 
packaging food items. Steel cans are durable 
and provide good protection for the contents. 

3. Tinplate: Tinplate, also known as tin-coated 
steel or electrolytic chromium-coated steel, is 
another metal used in food packaging. It’s often 
used for items like cans and lids. Direct contact 
between the metal and food can be prevented 
by coating the metal with an organic polymer to 
maintain packaging integrity and food 
properties. 

4. Stainless Steel: While less common, stainless 
steel is sometimes used for specific food 
packaging applications. It offers excellent 
durability and resistance to corrosion. 

These metals play a crucial role in preserving 
food quality, safety, and shelf life. 

Rasam  recipe 

Rasam is a light South Indian traditional soup 
made with basic spices, ripe tomatoes, tamarind 
and herbs. It is very soothing to the tummy and 
helps in digestion.Usually rasam recipe is kept in 
Ever Silver vessel and served Figure 1.The present 
work is undertaken to investigate the corrosion 
resistance of Ever Silver vessel in the absence and 
presence of rasam recipe. The corrosion resistance 
is measured by AC impedance spectra. 

 

Figure 1 .Rasam RecipeinEver Silver vessel 

2. EXPERIMENTAL METHOD 

Ever SilverComposition 

Ever Silveris an alloy of silver that consists of 

92.5% pure silver and and 7.5% other metal, 

usually copper. The other metals in the alloy 

increase hardness, so the material will be durable. 
Ever silver was purchased in the vessel marts. 

Preparationofrasamrecipe 

The recipe was prepared in the usual way. 
Rasam a soup of spices is a traditional South Inian 
Food. It is traditionally prepared using tamarind 
juice as a base with the addition of Indian seasame 
oil, turmeric, tomato, chilly, pepper, garlic, cumin, 
curry leaves, mustard, coriander, asafoetida, sea 
salt and water. There are many ingredients such as 
tartaric acid, curcumin and many vitamins and 
amino acids present in the rasam soup 

Electrochemicalstudy 

ACimpedancespectra 

A three-electrode cell assembly was used to 
record AC impedance spectra. Wehave taken the 
various test solutions like water and rasamin Ever 
Silver. AC impedance spectral studies were carried 
out in aCHI – Electrochemical works tation with 
impedance. The corrosion resistance of Ever Silver 
electrode immersed in various test solutions have 
been measured. A three – electrode cell assembly 
was used. The working electrode was Ever Silver 
electrode. A saturated calomel electrode (SCE) 
was the reference electrode and platinum was the 
counter electrode (Figure 2). 

https://www.foodpackagingforum.org/fpf-2016/wp-content/uploads/2021/06/FPF_Factsheet_Metal_v1.pdf
https://www.foodpackagingforum.org/fpf-2016/wp-content/uploads/2021/06/FPF_Factsheet_Metal_v1.pdf
https://www.foodpackagingforum.org/fpf-2016/wp-content/uploads/2021/06/FPF_Factsheet_Metal_v1.pdf
https://www.foodpackagingforum.org/fpf-2016/wp-content/uploads/2021/06/FPF_Factsheet_Metal_v1.pdf
https://www.foodpackagingforum.org/fpf-2016/wp-content/uploads/2021/06/FPF_Factsheet_Metal_v1.pdf
https://www.foodpackagingforum.org/fpf-2016/wp-content/uploads/2021/06/FPF_Factsheet_Metal_v1.pdf
https://www.foodpackagingforum.org/fpf-2016/wp-content/uploads/2021/06/FPF_Factsheet_Metal_v1.pdf
https://www.foodpackagingforum.org/fpf-2016/wp-content/uploads/2021/06/FPF_Factsheet_Metal_v1.pdf
https://www.foodpackagingforum.org/fpf-2016/wp-content/uploads/2021/06/FPF_Factsheet_Metal_v1.pdf
https://www.foodpackagingforum.org/fpf-2016/wp-content/uploads/2021/06/FPF_Factsheet_Metal_v1.pdf
https://www.foodpackagingforum.org/fpf-2016/wp-content/uploads/2021/06/FPF_Factsheet_Metal_v1.pdf
https://www.foodpackagingforum.org/fpf-2016/wp-content/uploads/2021/06/FPF_Factsheet_Metal_v1.pdf
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Figure 2. Three-electrode cell assembly 

The real part (Z’) and imaginary part (-Z’’) of the 
cell impedance were measured in ohms at various 
frequencies.Values of the charge transfer 
resistance (Rt) and the double layer capacitance 
(Cdl), impedance value and phase angle were 
calculated from Nyquist plots and Bode plots. 

3. RESULTS AND DISCUSSION 

Ever Silver is popularly used for cookware, 
kitchen utensils and cutlery. Thisis because it is 
hardwearing, corrosion resistant and it doesnot 
affect the flavour of the food when used for food 
storage or production. Due to the resistance levels, 

foods with high acidity will not cause damage. 
Usually, students take many varieties rice and 
interesting recipes in stainless steel. In this project 
we have taken water and rasam recipe in a 
stainless steel to identify whether Ever Silver 
undergoes corrosion or not. We have undertaken 
AC impedance spectra study. They have been 
employed to investigate the corrosion resistance of 
Ever Silver electrode when it is immersed in 
various test solutions like water and rasam recipe.  

Analysis of results of AC impedance Spectra 
[Electrochemical Impedance  

Spectra (EIS)]  

AC impedance spectra have been used to 
detect the formation of the film formed on the metal 
surface. If a protective film is formed, the charges 
transfer resistance (Rt) increases, impedance value 
increases, phase angle value increases and double 
layer capacitance (Cdl) value decreases. 

The AC Impedance spectra of Ever silver 
electrode immersed in various solutions are shown 
in Figures 4, 5 (Nyquist), Figures 6, 7 (Bode plots) 
and Figures 8, 9 (Interactive 3D plot-log freq). The 
corrosion parameters are compared in Figure 10. 

The AC Impedance parameters, namely, 
charge transfer resistance (Rt), impedance value, 
phase angle value and double layer capacitance 
(Cdl) are given in Table 1. 

Tabje 1. Corrosion parameters of Ever Silver electrode immersed in various test solutions, obtained from 
AC Impedance spectra 

System Rt, Ohm.cm2 Cdl, F/cm2 Impedance, Log (Z/Ohm) Phaseangle 

Water 9.96 5.12 x10-7 1.518 0.1036 

Rasam 47.10 1.08 x10-7 1.905 4.773 

Observation increases decreases increases increases 

Inference 
Corrosion resistance 

increases 
Corrosion resistance 

increases 
Corrosion resistance 

increases 
Corrosion resistance 

increases 

Implication Rasam recipe can be stored in Ever Silver vessels without any hesitation 

 

 

Figure 3. Correlation among corrosion parameters of AC impedance spectra 

 

Letusrecollect the principles of Acimpedance 

spectra and corrosion inhibition study.  

“Ifaprotective film is formed on the metal surface, 

thecharges transfer resistance (Rt) increases, 

impedance value increases, phase angle value 

increases and double layer capacitance (Cdl) value 
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decreases” Figure 3. Interesting conclusions are 

derived from Table 1. When Ever Silver electrode is 

immersed in water, the charge transfer resistance 

(Rt) is 9.96 Ohm.cm2. Double layer capacitance 

(Cdl) value is 5.12 x 10-7 .F/cm2. 

 

Figure 4. Nyquist plot of Ever Silver electrode immersed in Water

 

Figure 5. Nyquist plot Ever Silver electrode immersed in Rasam system 

 

When Ever Silver electrode is immersed in 

rasam system, the corrosion resistance of Ever 

Silver electrode  increases. This is due to the 

adsorption of molecules of the ingredients present 

in rasam system. When  Ever Silver is electrode 

immersed in rasam system the charge transfer 

resistance (Rt) increases to 47.103 Ohm.cm2. 

Double layer capacitance (Cdl) value decreases to 

is1.0827x10-7F/cm2. Impedance value increases to 

3.217 and phase angle increases to  5.678º. 

When Ever silver electrode is immersed in 
rasamsystem, the corrosion resistance ofEver 
silver electrode increases. This is due to the 
presence of molecules of the incredients 
introduced by the rasam system 

Implication 

Corrosion resistance of Ever Silvervessel 
increases, when it comes in  contact with  rasam 
system . This conclusion is drawn when compared 
with water system used.. 
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Figure 6. Bode plot of Ever Silve relectrode immersed in Water 

 

 

Figure 7. Bode plots Ever Silver electrode immersedin Rasam system 
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Figure 8. Interactive 3D plot-log frequency of Ever Silver electrode immersed in Water 

 

Figure 9. Interactive 3D plot-log of Ever Silver electrode immersed in Rasam system 

 

Figure 10. Comparison of corrosion parameters 

4. CONCLUSION 

This project is undertaken to know ifEver Silver 
vessels undergo corrosion or not, when they come 
in contact with some food items (recipes). 

AC impedance spectra have been employed to 
investigate the corrosion resistance of Ever Silver 
electrode when it is immersed in various test 
solutions like water and also rasam recipe.  

If a protective film is formed, the charge transfer 

resistance increases, impedance value increases, 

phase angle value increases and double layer 
capacitance (Cdl) value decreases. 

When Ever Silver electrode is immersed in 
rasamsystem, the corrosion resistance ofEver 
Silver electrode increases. This is due to the 
presence of molecules of the ingredients 
introduced into the rasam system. The active 
ingredients are adsorbed on the metal surface. 

The corrosion resistance decreases in the 
following order: rasam recipe>water 
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Scope for furthe rstudies 

The present work is undertaken to investigate 
the corrosion inhibition of Ever Silver inthe 
presence of water, and rasam recipe. The corrosion 
resistance has been evaluated by electrochemical 
study such as AC impedance spectra. In future the 
following studies can be under taken 

Instead of rasam other food item such as 
sambar recipe etc., can beused. Instead of Ever 
Silver other metals can be used. Surface analysis 
such as AFM, EDAX, contact angle etc., can beem 
ployed. 
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IZVOD 

OTPORNOST NA KOROZIJU POSUDE EVER SILVER U PRISUSTVU RASAMA 
– LAGANE JUŽNOINDIJSKE TRADICIONALNE SUPE 

Ambalaža za hranu služi u svrhu bezbednosti prehrambenih proizvoda i lako grukovanja i transporta 
sprečavajući hemijsku kontaminaciju i produžavajući rok trajanja, što pruža pogodnost za potrošače. 
Za pakovanje hrane korišćene su različite vrste materijala, uključujući plastiku, staklo, metale i papire i 
njihove kompozite. Međutim, zbog povećane zdravstvene svesti potrošača, značaj prenošenja štetnih 
materijala iz materijala za pakovanje u hranu izaziva veću zabrinutost. U ovoj studiji otpornost na 
koroziju posude Ever Silver u odsustvu i prisustvu recepta za rasam, lagane južno indijske 
tradicionalne supe napravljene od osnovnih začina, zrelog paradajza, tamarinda i začinskog bilja. 
Spektri impedanse naizmenične struje korišćeni su za merenje otpornosti na koroziju. Primećeno je da 
se otpornost na koroziju Ever Silver posude povećava u prisustvu rasam recepture. To je zbog 
prisustva različitih molekula prisutnih u sastojcima rasama. Zaključuje se da se recept za rasam može 
čuvati u Ever Silver posudi, a takođe se rasam može poslužiti u Ever Silver posudi tokom večere. 
Ključne reči: otpornost na koroziju, Ever Silver posuda, rasam, AC impedansni spektri, 
elektrohemijska studija 
 
Naučni rad 
Rad prrimljen  20.10.2024. 
Rad prihvaćen: 13.11.2024. 

 
Susai Rajendran https://orcid.org/0000-0002-0040-2435 

 
 

   
© 2025 Authors. Published by Engineering Society for Corrosion. This article is an open access article 
distributed under the terms and conditions of the Creative Commons Attribution 4.0 International license 
(https://creativecommons.org/licenses/by/4.0/) 

https://doi.org/10.1111%2Fj.1750-3841.2007.00301.x
https://doi.org/10.1111%2Fj.1750-3841.2007.00301.x
https://doi.org/10.1111%2Fj.1750-3841.2007.00301.x
https://en.wikipedia.org/wiki/Doi_(identifier)
https://doi.org/10.1111%2Fj.1750-3841.2007.00301.x
https://en.wikipedia.org/wiki/PMID_(identifier)
https://pubmed.ncbi.nlm.nih.gov/17995809
https://en.wikipedia.org/wiki/S2CID_(identifier)
https://api.semanticscholar.org/CorpusID:12127364
https://en.wikipedia.org/wiki/Doi_(identifier)
https://doi.org/10.1016%2FJ.TIFS.2017.05.003
https://en.wikipedia.org/wiki/Hdl_(identifier)
https://hdl.handle.net/11380%2F1163967
http://ufdc.ufl.edu/IR00001524/00001
https://en.wikipedia.org/wiki/Doi_(identifier)
https://doi.org/10.1201%2FB21347
https://en.wikipedia.org/wiki/ISBN_(identifier)
https://en.wikipedia.org/wiki/Special:BookSources/978-1-4398-6241-4
https://en.wikipedia.org/wiki/Special:BookSources/978-1-4398-6241-4
https://en.wikipedia.org/wiki/OL_(identifier)
https://openlibrary.org/books/OL28758289M
https://en.wikipedia.org/wiki/WDQ_(identifier)
https://www.wikidata.org/wiki/Q112797468
https://en.wikipedia.org/wiki/ISBN_(identifier)
https://en.wikipedia.org/wiki/Special:BookSources/0471192856
https://en.wikipedia.org/wiki/OCLC_(identifier)
https://www.worldcat.org/oclc/41143092
https://en.wikipedia.org/wiki/Doi_(identifier)
https://doi.org/10.4028%2Fwww.scientific.net%2FAMR.535-537.2171
https://doi.org/10.4028%2Fwww.scientific.net%2FAMR.535-537.2171
https://en.wikipedia.org/wiki/ISSN_(identifier)
https://www.worldcat.org/issn/1662-8985
https://en.wikipedia.org/wiki/S2CID_(identifier)
https://api.semanticscholar.org/CorpusID:110373839
https://archive.org/details/totalpackageevol00hine
https://archive.org/details/totalpackageevol00hine
https://archive.org/details/totalpackageevol00hine
https://en.wikipedia.org/wiki/ISBN_(identifier)
https://en.wikipedia.org/wiki/Special:BookSources/0316364800
https://en.wikipedia.org/wiki/OCLC_(identifier)
https://www.worldcat.org/oclc/31288019
https://en.wikipedia.org/wiki/ISBN_(identifier)
https://en.wikipedia.org/wiki/Special:BookSources/0356176657
https://en.wikipedia.org/wiki/OCLC_(identifier)
https://www.worldcat.org/oclc/19776457
https://en.wikipedia.org/wiki/Bibcode_(identifier)
https://ui.adsabs.harvard.edu/abs/2005JSFA...85.1072A
https://en.wikipedia.org/wiki/Doi_(identifier)
https://doi.org/10.1002%2Fjsfa.2089
https://doi.org/10.1002%2Fjsfa.2089
https://en.wikipedia.org/wiki/ISSN_(identifier)
https://www.worldcat.org/issn/0022-5142
https://en.wikipedia.org/wiki/Bibcode_(identifier)
https://ui.adsabs.harvard.edu/abs/2005JSFA...85.1072A
https://en.wikipedia.org/wiki/Doi_(identifier)
https://doi.org/10.1002%2Fjsfa.2089
https://doi.org/10.1002%2Fjsfa.2089
https://en.wikipedia.org/wiki/ISSN_(identifier)
https://www.worldcat.org/issn/0022-5142
https://en.wikipedia.org/wiki/Doi_(identifier)
https://doi.org/10.1021%2Fjf900040r
https://en.wikipedia.org/wiki/ISSN_(identifier)
https://www.worldcat.org/issn/0021-8561
https://en.wikipedia.org/wiki/PMID_(identifier)
https://en.wikipedia.org/wiki/PMID_(identifier)
https://en.wikipedia.org/wiki/Food_packaging
https://www.bing.com/search?q=food+packaging+alloys+&qs=HS&pq=food+packaging+&sc=10-15&cvid=118B689AB29A453894B6A760D62CFCBD&FORM=QBRE&sp=1&lq=0
https://orcid.org/0000-0002-0040-2435
https://creativecommons.org/licenses/by/4.0/


S.M.N.  Ahmed et al. Investigation of FPM as a corrosion Inhibitor for mild steel in HCl ... 

ZASTITA MATERIJALA 66 (2025) broj 3 681 

Sundus M.  Ahmed1, Nageeb S.  Abtan2, Ali H. Alwazir3, 
Hakim S.  Aljibori3,Firas F. Sayyid1, Ali M. Mustafa1, 

Ahmed A. Alamiery4,5, Abdul Amir H.  Kadhum6  

1Production Engineering and Metallurgy, University of Technology, 
Baghdad,Iraq, 2Department of Mechanical Engineering, Tiktit University, 
College of Engineering, Tikreet, Salah Al Deen, Iraq, 3College of 
Engineering, University of Warith Al-Anbiyaa, Karbalaa, Iraq, 4l-Ayen 
Scientific Research Center, Al-Ayen Iraqi University, AUIQ, An Nasiriyah, 
Thi Qar, Iraq,5Department of Chemical and Process Engineering, Faculty of 
Engineering and Build Environment, Universiti Kebangsaan Malaysia, 
Bangi, Selangor, Malaysia, 6Al-Ameed University College, Karbala, Iraq 

Scientific paper 

ISSN 0351-9465, E-ISSN 2466-2585 

https://doi.org/10.62638/ZasMat1047 

 
Zastita Materijala 66 (3) 
681 - 693  (2025) 

Investigation of FPM as a corrosion Inhibitor for mild steel in HCl 
solution: Insights from electrochemical, weight loss and theoretical 
approaches 

ABSTRACT 

In this study, we investigate the efficiency of furan-2-yl-piperazin-1-yl-methanone (FPM) as a 
corrosion inhibitor for mild steel in HCl environment. Our study combines electrochemical 
techniques, weight loss measurements and Density Functional Theory (DFT) calculations. 
Regarding weight loss experiments, we find that a concentration of 0.5 mM of FPM provides 
maximum protection efficacy, reaching 91.8% at 303 K after 30 minutes of immersion and 
observed that the inhibition efficiency rises with increasing concentration of FPM but declines with 
higher temperatures. Based on the Langmuir isotherm and experimental analysis, it can be 
suggested that FPM can adhere to the surface of mild steel through physical and chemical 
interactions. Moreover, our theoretical studies reveals correlations between the structure of FPM 
and its effectiveness in inhibiting corrosion, shedding light on the underlying mechanisms. 
Experimental and theoretical results both are in agreement. Our findings underscore the potential 
of FPM as a corrosion inhibitor in industrial applications, offering new avenues for corrosion 
control techniques. 
Keywords: Furan, corrosion, steel, potentiodynamic polarization, DFT 

 

1. INTRODUCTION 

Corrosion is now a very difficult problem that is 
present in every industry. It has great and farreac-
hing consequences in terms of both economics and 
safety. Not only are costs related to the direct deg-
radation and replacement of materials incurred, but 
also the cost of other things that may include pro-
duction losses, environmental damage, or simply 
safety compromised [1-3]. Mild steel certainly cuts 
across all these challenges as it can be totally re-
lied upon. The attributes come with almost comple-
te availability, good physical and chemical prope-
rties, and of course, affordability [4,5]. Hence, it 
forms the basis for almost all the industrial appli-
cations imaginable-from construction and 
infrastructure to different forms of manufacturing 

   

Corresponding author: Sundus  M. Ahmed 

E-mail: dr.ahmed1975@gmail.com 

Paper received: 26.10.2024 

Paper corrected: 12.12.2024 

Paper accepted: 15.12.2024 

and the transport sector. Affordability and resilience 
are general characteristics that put mild steel into 
many different fields of engineering and different 
applications where it is needed for mechanical 
strength and ease of welding [6-9]. This 
notwithstanding, mild steel isknown to be corrosive 
especially in high-acid and moisture-laden 
environments. Effective corrosion control measures 
are effective in addressing the vulnerability. This 
emphasizes the continued research and innovation 
in discovering new corrosion inhibitors as well as 
protective coatings [10,11]. These strategies are 
capable of either saving valuable assets from 
damage or even improving the entire operational 
efficiency and health standards along with overall 
sustainability in the industries against corrosion 
damages to metallic structures and equipment [12-
15].  

In environments one encounters with 
hydrochloric acid (HCl)-containing gas, such as 
cleaning, pickling, metal etching, and chemical 
synthesis, corrosion in mild steel is found to be 

https://doi.org/10
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much more hazardous [16-18]. Among the special 
strategies investigated for corrosion mitigation 
agents are corrosion inhibitors. Such inhibitors are 
categorized based on their chemical form, 
mechanisms of internal action, and other relevant 
characteristics [19,20]. The copper-chromates and 
phosphate bases designed for purposes like 
corrosion inhibition have been the longtime 
backbone of any historic inorganic inhibitor [21-23]. 
But the problem of their environmental and health 
issue has led to investigations in other directions 
for organic inhibitors-their exactly current catching 
wave. Organic inhibitors are ornamented in a much 
more effective, multipurpose, and less harmful 
environmental and human impact. Compounds 
containing heteroatoms like nitrogen, oxygen, 
sulfur, and phosphorus show promising corrosion 
inhibition activity as these heteroatoms contribute 
to coordination bond formations where electrons 
from the heteroatoms are transferred to the free d-
orbitals of iron atoms on the surface of mild steel. 
Corrosion inhibition ability decreases among these 
heteroatoms in the following order: oxygen (O), 
nitrogen (N), sulfur (S), and phosphorus (P) [24-
27]. It is the electron density of the donor atom in 
the functional group of the inhibitor and 
polarizability of the functional group that affects the 
strength of chemisorption bond between the 
inhibitor molecules and the metal surface. Apart 
from these, electrostatic interactions between the 
inhibitor molecules and metal surface actually 
primarily accentuate the importance of such 
interactions with respect to corrosion inhibition 
mechanism [28,29]. 

Density Functional Theory (DFT), an extremely 
potent computation tool has already attracted great 
attention and created a strong demand for 
corrosion inhibition studies. DFT gives insights into 
the molecular structure, electronic properties, and 
adsorption behavior of inhibitor molecules that 
provide understanding of corrosion inhibition 
mechanisms at atomic levels [30-32]. This opens 
up FPM: furon-2-yl-piperazin-1-yl-methanone as a 
new interesting alternative for corrosion inhibition 
using its original structure combined with 
heteroatoms oxygen and nitrogen, as well as its 
heterocyclic rings. Those things together give an 
appropriate condition for favorable interactions with 
the metal surface to act in favor of the corrosion 
inhibition efficiency of FPM. This study aims to 
analyze the inhibition efficiency of this compound 
FPM (Figure 1) as an inhibitor of mild steel 
corrosion in 1N HCl solution. Through a holistic and 
synergistic collection of experimental techniques 
such as potentiodynamic polarization and 
theoretical methods like Density Functional Theory 
(DFT), we endeavor to explain the mechanism of 
corrosion inhibition by FPM. The whole originality 

of the research depends upon its comprehensive 
study, in which experimental and theoretical data 
will be combined to understand the corrosion 
inhibition potentiality of FPM in more nuanced 
detail. These studies aim primarily at under-
standing the inhibition characteristics of FPM, 
detailing its adsorption characteristics on mild steel 
surface, and correlating the experimental with the 
theoretical results. These studies will thus 
contribute to the advancement of corrosion control 
strategies applicable in achieving sustainable 
industrial practices and alleviating the harmful 
effects of corrosion on infrastructure and 
equipment. 

 

Figure 1. The chemical structure of FPM 

2. METHODOLOGY 

2.1. Materials  

All chemicals utilized in this study were of 
reagent grade and procured from Sigma-Aldrich, 
Selangor, Malaysia. These chemicals were used 
without further purification. The purity of the 
compounds was confirmed through thin-layer 
chromatography (TLC) on silica gel G plates. 

2.2. Electrochemical measurement 

The experimental setup involved the 
preparation of mild steel samples, which were then 
immersed in hydrochloric acid (HCl) solution 
containing varying concentrations of FPM, the 
corrosion inhibitor under investigation. 
Potentiodynamic polarization measurements were 
conducted to evaluate the corrosion inhibition 
efficiency and to characterize the electrochemical 
behavior of the system. Mild steel specimens 
obtained from the Metal Samples Company were 
utilized as the working electrodes throughout the 
experimentation. The composition (wt%) of the mild 
steel was as follows: Fe, 99.21; C, 0.21; Si, 0.38; 
P, 0.09; S, 0.05; Al, 0.01. The specimens were 
cleaned in accordance with ASTM standard G1-03. 
The measurements were conducted in aerated, 
non-stirred 1.0 M HCl solutions at temperatures 
303 K, with a FPM concentration range of 0.1–0.5 
mM as the corrosion inhibitor [33-35]. 
Electrochemical measurements were performed 
using a Gamry water-jacketed glass cell containing 
three electrodes: the working, counter, and 
reference electrodes. These electrodes were com-
posed of mild steel, a graphite bar, and a calomel 
electrode (SCE), respectively. A Gamry Instrument 
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Potentiostat/Galvanostat/ZRA model Ref 600, 
along with DC105 and EIS300 software by Gamry, 
was utilized for potentiodynamic scans. The poten-
tiodynamic current-potential curves were swept 
from −0.25 to +0.25 VSCE at a scan rate of 0.5 
mV•s−1. Measurements were initiated approxima-
tely 30 minutes after immersing the working elec-
trode in the solution to stabilize the steady-state 
potential. All measurements were conducted in trip-
licate, and average values were reported [36,37]. 

2.3. Weight-loss analysis 

Weight-loss analysis involved immersing 
predetermined Mild Steel samples in 100 mL of 
HCl solution for 120 hours at an ambient 
temperature of 303 K. After every 24-hour interval, 
the samples were withdrawn from the acid solution, 
rinsed thoroughly with distilled water and acetone, 
dried, and re-weighed following ASTM G31-12a 
guidelines. Corrosion rate (CR mm/y) and 
percentage inhibition efficiency (IE%) were 
computed based on the weight loss data collected 
during the exposure period [33-35]. The corrosion 
rate (CR) was calculated using Eq. (1)  

𝐶𝑅 =
87.6𝑊

𝑑𝑎𝑡
 (1) 

Where W represents the weight loss in 
milligrams, d is the density in grams per cubic 
centimeter, a denotes the total area in square 
centimeters, t signifies the exposure time in hours, 
the constant 87.6 is included in the formula. 

Percentage inhibition efficiency (IE) was 
determined using the  Eq. (2): 

𝐼𝐸 =
𝑤1−𝑤2

𝑤1
× 100 (2) 

w1 and w2 represent the weight loss of specimens 
in the presence and absence of specific 
concentrations of FPM, respectively. 

The inhibition efficiency was calculated for 
each FPM concentration throughout the exposure 
duration. Surface coverage (θ) was evaluated 
using the equation: 

𝜃 =
𝑤1−𝑤2

𝑤1
 (3) 

Where θ denotes the quantitative amount of FPM 
compound adsorbed per gram on the steel 
specimens. 

2.4. Computational Studies 

The theoretical component of this study 
employed Density Functional Theory (DFT) 
calculations to investigate the molecular structure, 
electronic properties, and adsorption behavior of 
FPM on the mild steel surface. DFT simulations 
provided insights into the interaction mechanisms 
between FPM molecules and the metal surface, 

elucidating the underlying principles of corrosion 
inhibition [38,39]. Quantum chemical computations 
were performed using ChemOffice software. 
Becke’s three-parameter hybrid functional (B3LYP) 
level within Gaussian 03 version, with 6–31G as 
the reference set, was utilized to investigate the 
chemical reactivity of the FPM molecule. Quantum 
parameters such as energy gap (ΔE), fraction of 
electron transfer (ΔN), dipole moment (μ), 
ionization energy (I), electron affinity (A), absolute 
electronegativity (χ), hardness (η), and softness (σ) 
were determined for FPM in the gas phase [40]. 

The quantum chemical parameters, including χ, 

η, σ, and ΔN, were calculated using Equations (4)–

(9) [41]: 

𝐼 =  −𝐸𝐻𝑂𝑀𝑂 (4) 

𝐴 =  −𝐸𝐿𝑈𝑀𝑂 (5) 

𝜒 =  (𝐼 +  𝐴)/2 (6) 

𝜂 =  (𝐼 − 𝐴)/2 (7) 

𝜎 = 1/𝜂 (8) 

𝛥𝑁 = (𝜒𝐹𝑒 − 𝜒𝑖𝑛ℎ)/2(𝜂𝐹𝑒 − 𝜂𝑖𝑛ℎ) (9) 

3. RESULTS AND DISCUSSION 

3.1. Potentiodynamic Polarization Analysis 

As a result, the most valuable results of the 
potentiodynamic polarization tests are those on the 
efficiency achieved by different concentrations and 
immersions of Furan-2-yl-piperazin-1-yl-methanone 
(FPM) in terms of inhibiting corrosion. Deriving 
these tests also made it possible to determine 
other precious electrochemical parameters such as 
corrosion potential, corrosion current density, and 
polarization resistance. In addition, surface 
analysis techniques provided visual evidence of the 
protective film formed on the mild steel surface in 
the presence of FPM.  They are associated with 
the anodic and cathodic polarization behavior, 
showing the electrochemical effect of FPM on mild 
steel corrosion in 1 M HCl acid solution, as 
pictorially shown in Figure 2. Table 1 presents the 
outcomes derived from the polarization scans [42]. 
Notably, the corrosion rates displayed in Table 1 
demonstrate a substantial difference between FPM 
inhibited and uninhibited mild steel samples. At 0.0 
mM FPM concentration, significant anodic 
dissolution of the mild steel sample occurred, 
accompanied by the formation of pores, pits, and 
channels within the porous oxide layer [43,44]. This 
corrosion was primarily instigated by Cl− ions 
present in the acid solution, facilitating corrosion 
reactions on the steel surface. A remarkable 
decrease in corrosion rate was observed as FPM 
concentration increased from 0.1 to 0.5 mM. This 
reduction can be attributed to the complex and 
non-homogeneous nature of metallic corrosion, 

https://www.sciencedirect.com/science/article/pii/S2211379716300328#e0005
https://www.sciencedirect.com/science/article/pii/S2211379716300328#e0010
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characterized by numerous anodic and cathodic 
reaction cells. Corrosion inhibiting compounds such 
as FPM tend to interact with these cells, either by 
retarding the redox electrochemical process or 
inhibiting the diffusion of active corrosive anions 
from the acid solution to the mild steel surface. 
Furthermore, variations in FPM concentration sig-
nificantly impacted the inhibition efficiency values. 
It was observed that FPM's inhibition performance 
is dependent on its concentration. For instance, at 
0.5 mM FPM concentration, the inhibition efficiency 
reached 90.7%, while at 0.1 mM FPM, the inhibi-
tion efficiency was 65.3%. The potentiodynamic 
polarization parameters calculated from Tafel cur-
ves for mild steel in both uninhibited and inhibited 
acidic solutions at 303 K are summarized in Table 
1. These parameters provide quantitative data 
regarding the electrochemical behavior of mild 
steel in the presence of FPM, further elucidating its 
corrosion inhibition mechanism [45,46]. 

 

Figure 2. Potentiodynamic Polarization curves of 
the mild steel in the uninhibited and inhibited 

corrosive solution of various inhibitor 
concentrations 

Table 1. Potentiodynamic Polarization Parameters for Mild Steel in Acidic Solution, with and without 
Inhibition, at 303 K 

Conc. −Ecorr (V vs. SCE) −βc  (mV dec−1) icorr (µAcm−2) IE(%) 

0.0 503 147 602 0 

0.1 492 196 62.7 65.3 

0.2 495 180 89.3 73.5 

0.3 497 168 121.5 80.1 

0.4 507 150 142.6 84.6 

0.5 510 143 175.7 90.7 

 

3.2. Weight loss measurements 

3.2.1. Effect of Inhibitor Concentrations 

Figure 3 provides insights into the influence of 
inhibitor concentrations on the corrosion behavior 
of mild steel during a 24-hour immersion period at 
303 K. It is evident that increasing the 
concentration of the inhibitor (FPM) from 0.0 mM to 
0.5 mM leads to a significant reduction in the 
corrosion rate. For instance, at 0.0 mM inhibitor 
concentration, the corrosion rate is recorded at 
1.294 mg/cm²·h. However, with increasing inhibitor 
concentrations, the corrosion rate steadily 
decreases. At 0.5 mM inhibitor concentration, the 
corrosion rate reaches its lowest value of 0.121 
mg/cm²·h, representing an impressive reduction in 
corrosion rate compared to the uninhibited sample 
[47]. This observed decrease in corrosion rate with 
increasing inhibitor concentration highlights the 
effectiveness of FPM in mitigating corrosion of mild 
steel. As the concentration of FPM increases, more 
inhibitor molecules are available to form a 
protective barrier on the metal surface, thereby 
hindering corrosive processes. Furthermore, the 
inhibition efficiency exhibits a corresponding 
increase with rising inhibitor concentrations [48]. At 
0.1 mM inhibitor concentration, the inhibition 
efficiency is measured at 54.9%, which steadily 

increases to 91.7% at 0.5 mM inhibitor 
concentration. The significant enhancement in 
inhibition efficiency with increasing inhibitor 
concentration underscores the potent corrosion 
inhibition properties of FPM. Higher inhibitor 
concentrations result in greater coverage of the 
metal surface by inhibitor molecules, leading to 
more effective corrosion protection.  

 

Figure 3. Effect of inhibitor concentrations for 24 
hours as immersion time and 303 K 
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Overall, the data presented in Figure 3 
demonstrate the strong correlation between 
inhibitor concentration, corrosion rate reduction, 
and inhibition efficiency improvement. These 
findings underscore the potential of FPM as a 
highly effective corrosion inhibitor for mild steel, 
particularly at elevated concentrations [49,50]. 

3.2.2. Effect of Temperature 

The influence of temperature and concen-
trations of inhibitors on the inhibition of mild steel 
corrosion is presented in figure 4. Inhibition 
efficiency decreases with increased temperature. 
Increasing temperature curbs inhibition efficiency, 
which states that it is difficult to control corrosion at 
higher temperatures. Penetrating cause corrosion 
rates steadily increases and increases temperature 
for inhibition efficiency because several situations 
are involved [51,52]. The first is that high 
temperature accelerates the kinetics of reactions 
such that they have greater rates of dissolution for 
metals. Higher temperature may affect adsorption 
of inhibitor molecules on the metal surface, thus 
making their efficiency in forming protective 
barriers against diffusing corrosive agents less 
effective. Data reaction, therefore, gives an insight 
into how temperature is critical in determining the 
corrosion behavior of mild steel in the presence of 
inhibitors. Temperatures, therefore, should be 
considered when developing strategies or putting 
together a protocol for their use in corrosion 
control. This is particularly true for application at 
high temperatures, as they offer a likelihood of 
increasing corrosion rates [53,54]. 

 

Figure 4. Impact of Temperature and Inhibitor 
Concentrations on Corrosion Rate and 

Inhibition Efficiency of Mild Steel Samples 
Immersed in 1 M HCl Solution for 24 Hours 

3.2.3. Effect of Duration Periods 

The evolution of immersion time and inhibitor 
concentrations on the corrosion behavior of mild 
steel is represented by Figure 5. It indicates that 

with increase in the immersion period, there is a 
significant increase in corrosion rate at all inhibitor 
concentrations [55]. Furthermore, it was also found 
that at all immersion periods as the concentration 
of inhibitor increases, the corrosion attack 
decreases. The trend continues throughout 
different immersion periods showing that higher 
concentrations of inhibitors are better for corrosion 
control. Over time as the immersion period 
increases, there is a gradual decrease in inhibition 
efficiency for all concentrations of inhibitors [56]. 
Inhibition efficiency decreases as immersion time 
increases suggesting that the protective barrier 
created by the inhibitor molecules on the metal 
surface weaken with prolonged exposure [57]. The 
increase in corrosion rate with immersion time and 
decrease in inhibition efficiency with immersion 
time is due to the slow degradation and depletion 
of the inhibitor molecules from the surface of the 
metal. As time of immersion increases, the inhibitor 
molecules lose their activity due to desorption or 
chemical degradation which leads to low corrosion 
prevention. Overall, the data in Figure 5 speaks of 
how dynamic the corrosion processes are and how 
the rates and effectiveness of inhibition are 
impacted by concentrations of the inhibitors and 
immersion durations. This information presents 
approaches to the development of corrosion control 
methodologies with consideration for the 
continuous monitoring and optimization aspects of 
concentration and immersion durations in effective 
corrosion control practices for extended times [58]. 

 

Figure 5. Impact of Immersion Periods and FPM 
Concentrations on CR and IE% of Mild Steel 

Samples Immersed in 1 M HCl at 303 K 

3.3. Adsorption Isotherm 

The formation of a protective layer on the 
electrode surface, denoted as θ, is intimately linked 
with the adsorption phenomenon. Various 
adsorption isotherm models, including Temkin, 
Frumkin, Flory-Huggins, and Langmuir, have been 
employed to analyze weight loss data by 
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establishing the relationship between inhibitor 
concentration (Cinh) and surface coverage (θ) [59]. 
Among these models, the Langmuir adsorption 
isotherm demonstrated superior fitting capability, 
characterized by a high correlation coefficient (R2), 
as depicted in Figure 6. This model effectively 
describes the inhibitor adsorption process through 
Equation 10 [60]: 

𝐶

𝜃
=

1

𝐾𝑎𝑑𝑠
+ 𝐶 (10) 

Here, θ represents the surface coverage, Kads 
denotes the adsorption constant, and C signifies 
the inhibitor concentration. To further elucidate the 
inhibitor adsorption process, the adsorption free 

energy (∆𝐺𝑎𝑑𝑠
0 ) was calculated utilizing the Kads 

value with Equation 11: 

∆𝐺𝑎𝑑𝑠
0 =

1

55.5
𝑒𝑥𝑝(−𝐾𝑎𝑑𝑠/𝑅𝑇) (11) 

In this equation, the molar concentration of 
water (55.5 M) and the gas constant (R) under 
standard conditions are considered. This 
calculation provides valuable insights into the 
thermodynamic aspects of inhibitor adsorption, 
aiding in the comprehensive understanding of the 
corrosion inhibition mechanism. 

 

Figure 6. Langmuir isotherm adsorption of FPM on 
the mild steel surface in 1 M HCl at 303 K from 

the weight loss analysis 

The Langmuir isotherm parameters throw light 

on the adsorption behaviour of the inhibitor 

molecules on the mild steel surface in 1 M HCl at 

303 K. The Langmuir isotherm parameters derived 

from the weight loss analysis are shown in Table 2. 

By Langmuir adsorption constant (Kads) we mean 

the strength of inhibitor adsorption on the metal 

surface. Higher value of Kads means stronger 

adsorption of inhibitor molecules onto the mild steel 

surface. In this case, the calculated Kads value of 

11.20 × 105 L/mg indicates that adsorption strength 

is quite significant and inhibition is very effective 

[61]. 

Table 2. Langmuir Isotherm Parameters: 
Adsorption of Tested Inhibitor Molecules 
on the Mild Steel Surface in 1 M HCl at 303 
K from Weight Loss Analysis. 

Parameter Weight loss 

Intercept 0.116 

R2 0.96569 

slope 0.893 

K  11.20 (L/mg) × 105 

ΔG  -40.75 kJ/mol 

 

Moreover, the adsorption free energy, denoted 

as (∆G0
ads) eveals the spontaneity of the adsorption 

process. A negative value of  ∆G0
ads points towards 

the spontaneous nature of the adsorption process, 
which indicates that the inhibitor molecules are 
favorably adsorbed on the mild steel surface. The 
observed value of -40.75 kJ/mol under ∆G0

ads 

proves that the adsorption process is highly 
spontaneous further reaffirming the competence of 
the inhibitor in curbing corrosion [62]. 

The high value of ∆G0
ads shows that the 

inhibitor molecules are strongly chemically 
adsorbed by the acid. The electrons are moved 
from the high electron centers to the empty 3d 
orbital of iron (Fe) to form a covalent bond between 
the metal surface and the inhibitor molecules. Such 
covalent bond formation strengthens the protective 
layer over the mild steel surface, which effectively 
inhibits the corrosion rate. It can be summarized 
that the parameters of the Langmuir isotherm show 
that these inhibitors tested can be adsorbed 
strongly and they spontaneously adsorb onto the 
mild steel surface, demonstrating their efficiency in 
corrosion inhibition. These findings show that the 
inhibitor molecules definitely have high potential for 
practical applications in corrosion control 
approaches. 

3.4. DFT Analysis 

This is revealed through frontier molecular 
orbital theory (FMOT) coupled with Density 
Functional Theory (DFT) software, which explains 
the adsorption ability of their molecules in their 
associated mild steel surfaces. The quantum 
chemical parameters summarized in Table 3 will 
serve as significant insight into the efforts to 
extricate the relationship between molecular 
properties and inhibition efficiency of Furan-2-yl-
piperazin-1-yl-methanone (FPM) as a corrosion 
inhibitor. The HOMO and LUMO energies are 
indicative of the electron donation and acceptance 
abilities of the molecule FPM, respectively [63,64]. 
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Here, the HOMO energy of FPM is fairly low at -
10.026eV indicating a strong tendency to donate 
electrons, while the LUMO energy is 0.463eV 
which suggests it can accept electrons. Absolute 
electron negativity values (measured as χ) and 
hardness (η) further characterized by FPM's 
intrinsic quality with calculated values. A low value 
of χ (-4.282eV) indicates FPM is a very strong 
electron Lovelock, while a high hardness value (-
5.244eV) suggests FPM's resistance to any 
variations in density of electrons. Moreover, the 
softness (σ) parameter, calculated to be -0.190 
eV⁻¹, signifies FPM's propensity for electron 
donation or acceptance. A higher value of σ 

indicates greater reactivity of the molecule. The 
dipole moment (μ) and Fraction of Electron 
Transfer (ΔN) provide additional insights into FPM's 
interaction with the metal surface. The negative 
dipole moment (-5.14) suggests a nonuniform 
charge distribution over the molecule, facilitating its 
adsorption onto the metal surface. Furthermore, 
the negative ΔN value (-0.2114) indicates electron 
transfer from FPM to the metal surface, which 
correlates with enhanced inhibition efficiency 
[65,66]. In accordance with Lukovit’s study, 
inhibition performance correlates positively with the 
fraction of electron transfer (ΔN), with optimal 
inhibition observed when ΔN is less than 3.6 [67]. 

 

Table 3. Quantum Chemical Parameters for FPM as a Corrosion Inhibitor 

HOMO (eV) LUMO (eV) χ (eV) η (eV) σ (eV⁻¹) μ ΔN 

-10.026 0.463 -4.282 -5.244 -0.190 -5.14 -0.2114 

 

Based on Figure 7, the distribution of HOMO 
electron density is predominantly observed over 
the aromatic benzene ring and the carbonyl group 
of the inhibitor molecule. This spatial distribution 
indicates potential sites for interaction between the 
inhibitor and the metal surface. When the inhibitor 
molecule adsorbs onto the metal surface, it is likely 
that charge donation from the inhibitor molecules to 
the vacant d-orbitals of the iron atoms will occur. 
This charge transfer process is crucial for forming a 
protective layer on the metal surface, thereby 
inhibiting corrosion. The interaction between the 
HOMO of the inhibitor and the metal surface 
promotes the formation of stable bonds, 
contributing to the inhibition efficiency [68,69]. 

The electron density in LUMO is spread over 
the inhibitor molecule. This indicates that possible 
back-donation from the occupied orbitals of the 
metal to the inhibitor will involve various regions of 

the inhibitor molecule for interaction. This is 
essential to getting the inhibitor molecule adsorbed 
on the metal substrate. The back-donation process, 
it may be noted, is necessary for stabilizing the 
adsorbed inhibitor molecule on the metal surface. 
By getting electrons back from the metal surface, it 
can hold itself really well and inhibit the corrosion. 
The wider distribution of electron density in the 
LUMO suggests that it is indeed versatile in that 
respect; it contributes to the overall effectiveness of 
corrosion inhibition as well in interaction of that 
inhibitor molecule under metal surface. Hence, it 
can be inferred that the electron density distribution 
on both these HOMO and LUMO orbitals is of 
paramount importance concerning the interaction 
between the inhibitor molecule and the metal 
surface. All of these include charge transfer 
processes, which are necessary to produce a 
protective layer and inhibit the corrosion [70]. 

   

a b c 

Figure 7. Various aspects of the tested inhibitor: (a) the optimized structure, (b) the highest occupied 
molecular orbitals (HOMO), and (c) the lowest unoccupied molecular orbitals (LUMO) 

 

In considering the effects of atomic charges on 
the inhibition of corrosion, Figure 8 offers valuable 
insights’. The data indicate that the negative 
charges on oxygen atoms O8 and O9 are -0.85 eV 
and -0.28 eV, respectively. Similarly, nitrogen 
atoms N3 and N6 carry negative charges of -0.66 
eV and -0.2 eV, respectively. The above values 

suggest that there is a surplus of electrons around 
these atoms, making these regions electron-rich 
within the inhibitor molecule. These electron-rich 
regions further indicate that they play a vital role in 
corrosion inhibition by facilitating the interaction 
between the metal surface with the molecule. 
Oxygen and nitrogen, particularly, have a high 
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affinity for positively charged metal ions at the 
surface [71,72]. By forming coordination bonds with 
these metal ions, the inhibitor molecules can 
adsorb onto the metal surface, thereby forming a 
protective barrier against corrosive agents. Having 
negatively charged surfaces further enhances 
electron donation to the substrate. This process of 
electron donation works towards stabilizing the 
adsorbed inhibitor molecules as they promote 
passive film formation, inhibiting corrosion. Overall, 
it is significantly useful against corrosion in that 
negative atomic charges on the oxygen and 
nitrogen atoms of the inhibitor molecule contribute 
towards their different functions in corrosion 
inhibition. These functions include facilitating 
adsorption and electron transfer processes at the 
metal surface, which further improve the corrosion 
effectiveness of the inhibitor [73]. 

 

Figure 8. The atomic charges of tested inhibitor 
molecule 

3.5. Mechanism of inhibition action 

FPM inhibition mechanism on mild steel in HCl 
showed in figure 9. The elucidation of the 
adsorption mechanism of the inhibitor is vital to 
understand its inhibitive action, whether ionic or 
molecular. The major modes of adsorption can 
depend mainly on the nature of the chemical 
species of the inhibitor and the type of acid anion 

present. FPM contains chemical components such 
as carbonyl groups, double bonds, as well as 
oxygen and nitrogen heteroatoms, aligning with the 
general characteristics of corrosion inhibitors. 
Chloride ions are known for their high absorptivity, 
suggesting their potential impact on inhibitor 
adherence, particularly in halide-containing 
solutions. Thermodynamic and kinetic parameters 
obtained from the study indicate the physical 
adsorption of FPM on the mild steel surface in 
acidic solutions. The increased efficacy of the 
inhibitor, as evidenced by weight loss measure-
ments, suggests more efficient adsorption on the 
mild steel substrate, effectively covering the 
surface-active sites and thereby significantly 
reducing the corrosion rate. In acidic solutions, 
FPM likely undergoes protonation, leading to a 
positive surface charge on the corroded mild steel 
surface, which may affect its adsorption behavior. 
Initially, adsorption of chloride acid anions occurs, 
introducing additional negative charges to the 
solution, thereby facilitating the adsorption of 
cations. Subsequently, through van der Waals 
interactions, the protonated inhibitor accumulates 
on the negatively charged metal surface, forming 
coordinate bonds by partially transferring electrons 
from the nitrogen and oxygen heteroatoms and 
multiple bonds to the unfilled d-orbitals of iron. FPM 
may also interact with Fe^2+ ions formed on the 
steel surface due to the presence of unshared 
electron pairs on nitrogen and oxygen atoms, 
forming metal-inhibitor complexes. These com-
plexes adhere to the steel surface through van der 
Waals forces, creating a protective layer that 
effectively inhibits corrosion. In summary, the 
inhibition mechanism of FPM involves its adsor-
ption on the mild steel surface through a combi-
nation of ionic and molecular interactions, forming 
protective complexes that prevent corrosion. 

 

Figure 9. Schematic illustrative diagram of corrosion inhibition mechanism of FPMin acid solution 
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4. CONCLUSION 

The study was aimed at determining the 
corrosion inhibition efficiency of furan-2-yl-
piperazin-1-yl-methanone (FPM) for low carbon 
steel in hydrochloric acid (HCl) solution. Both 
experimental and theoretical techniques contri-
buted significantly to understanding FPM's corro-
sion inhibition mechanism. Experimental results 
also reaffirmed that FPM is quite an efficient inhi-
bitor, the most protection efficiency being 91.8% at 
303 K after holding the specimen for 30 minutes. 
The increase in FPM concentration improved the 
inhibition efficiency, but it decreased as the 
temperature increased, indicating that both factors 
played roles in the inhibition effectiveness.  

From the prediction, FPM may be adsorbed on 
the mild steel surface through physical and 
chemical bonds, following the Langmuir adsorption 
isotherm model. Theoretical investigations using 
Density Functional Theory (DFT) have shown a 
better understanding of the molecular structure of 
FPM and its relationship with the experimental 
inhibition efficiency. The adsorption ability of FPM 
as deduced by quantum chemical parameters like 
HOMO and LUMO energy values implied proper 
interaction with the mild steel surface and 
contributed to its action against corrosion [74]. 
Overall, the complete combination of experimental 
and theoretical methods hold bright future 
prospects for the application of FPM as a corrosion 
inhibitor in industrial settings. FPM will definitely 
help realize the much needed improvements in 
corrosion control strategies for attaining durable 
and safe as well as sustainable industrial 
applications by providing mild steel with effective 
protection against corrosion. 
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IZVOD 

ISTRAŽIVANJE FPM-A KAO INHIBITORA KOROZIJE ZA BLAGI ČELIK U 
RASTVORU HCl: UVIDI IZ ELEKTROHEMIJE, GUBITAK TEŽINE I TEORIJSKI 
PRISTUPI 

U ovoj studiji istražujemo efikasnost furan-2-yl-piperazin-1-yl-metanona (FPM) kao inhibitora 
korozije za blagi čelik u okruženju HCl. Naša studija kombinuje elektrohemijske tehnike, merenja 
gubitka težine i proračune teorije funkcionalne gustine (DFT). Što se tiče eksperimenata sa 
gubitkom težine, otkrili smo da koncentracija od 0,5 mM FPM-a obezbeđuje maksimalnu 
efikasnost zaštite, dostižući 91,8% na 303 K nakon 30 minuta potapanja i primetili smo da 
efikasnost inhibicije raste sa povećanjem koncentracije FPM-a, ali opada sa višim temperaturama. 
Na osnovu Langmuirove izoterme i eksperimentalne analize, može se sugerisati da FPM može da 
prianja na površinu mekog čelika putem fizičkih i hemijskih interakcija. Štaviše, naše teorijske 
studije otkrivaju korelacije između strukture FPM-a i njegove efikasnosti u inhibiciji korozije, 
bacajući svetlo na osnovne mehanizme. I eksperimentalni i teorijski rezultati se slažu.Naši nalazi 
naglašavaju potencijal FPM-a kao inhibitora korozije u industrijskim primenama, nudeći nove 
mogućnosti za tehnike kontrole korozije. 
Ključne reči: Furan, korozija, čelik, potenciodinamička polarizacija, DFT 
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Additional accelerated service life test for testing Ni-Sn coatings 
under the conditions of industrial hydrogen production 

ABSTRACT 

The accelerated service life test (ASLT), developed by PERMASCAND and applied in aspecially 
designed flow cell, is presented for the first time in the literature in this work. This test involves the 
application of six sequences of very high current densities, followed by zero current density, in 5.0 
M NaOH at 50 oC.The test is performed on Ni-Sn coatings electrodeposited onto Ni mesh,which 
serves as the substrate for catalytic coatings used by PERMASCAND.The results demonstrate 

that the overpotential () for hydrogen evolution reaction (HER) on several Ni-Sn samples is 
practically unaffected by the test sequences, remaining approximately -180 mV at j = -1000 mA 
cm-2. The same test was applied toPERMASCAND’s commercial cathode, and the results were 
compared. Additionally, the Ni-Sn samples were tested in a stationary electrolyte H-cell 
configuration using polarization curves and electrochemical impedance spectroscopy (EIS) 

measurements. Nyquist plots recorded at four different values of  were characterized by the 
presence of two semi-circles, indicating the presence of charge transfer reaction and intermediate 
adsorption reaction. Comparing polarization curves recorded in PERMASCAND’s test cell after the 
ASLT and in the stationary H-cell after the EIS measurements suggests that long-term 
performance should be assessed using the ASLT developed by the industry. 
Key words: ASLT, Ni-Sn coatings, hydrogen evolution, alkaline solution, Nyquist plots. 
 

1. INTRODUCTION 

Chlor-alkali electrolysis represents one of the 

most widely used industrial processes for the 

production of chlorine and caustic soda [1-6]. 

Industrial electrolysis relies on the use of 

“dimensionally stable anodes” (DSA) for chlorine 

production in the anodic compartment, and noble 

metalcoated cathodes for the HER, actually caustic 

soda production, in the cathodic compartment. 

Several largeindustries in Europe produce chlorine 

and caustic soda throughchlor-alkali electrolysis 

(Arkema, Boregaard, Covestro,InovynKemira, 

Kemone, Vynova),each of them using different 

conditions for this process: different anodes and 

cathodes, different base materials for applying 

anodic and cathodic catalysts, different cell 

constructions (mono-polar, bi-polar, zero-gap 

configuration),different concentration and 

temperatureof NaOH, differentflow rates of 
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electrolyte, different diaphragm (membrane) 

materials, etc. Regardinganode materials, they are 

all based on Ti plates or meshes, which are 

activated by applying mixture of Ti, Ru and Ir, 

mostly through thethermal decomposition of their 

salts.This process forms a thin layerof TiO2, RuO2 

and IrO2 on the Ti surface. The largest producers of 

DSA’sin Europe are IndustryDe Nora S.p.A.and 

PERMASCAND. Forcathode materials, a variety of 

materials are used, bothas base materials 

andcatalytic layers.For example, Industry De Nora 

S.p.Aemploys cathodes with anelectrodeposited 

thin layer of Ni-RuO2 coating onto Ni mesh 40, 

whilePERMASCAND’s cathodes contain catalytic 

layer of noble metals on much ticker Ni mesh 

substrate. 

The main components of the chlor-alkali cells 
used in the industrial processes are summarized in 
Table 1 [7]. 

The stability of commercial DSA’sin industrial 

chlor-alkali electrolysis is known to be very high, 

primarily determined by the thickness of the 

catalytic coating and is practically insensitive to the 

eventual interruption in electrolysis [1-6]. 

https://doi.org/10.62638/ZasMat1546
mailto:vladajovic@imsi.bg.ac.rs


A. Petričević et al.  Additional accelerated service life test for testing Ni-Sn coatings under … 

ZASTITA MATERIJALA 66 (2025) broj 3 695 

Table 1.Characteristics of Various Chlorine/Sodium Hydroxide Electrolysis Cells 

Component Diaphragm Cell Mercury Cell Membrane Cell 

Cathode 
Steel/steel coating with 

nickel 
Mercury flowing over 

steel 
Steel or nickel with a nickel-based 

coating 

Anode DSA DSA DSA 

Diaphragm/ 

Membrane 
Material 

Asbestos and fibrous 

polytetrafluoroethylene 
None 

Ion-exchange membrane 

(fluorinated polymers) 

 

However, cathodes have been observed to 
lose their catalytic activity during electrolysis, 
especially during the replacement of old electrodes 
with new onesinelectrolyzerwithzero-gap 
membrane configuration cells. During such 
replacements,a phenomenon known as polarity 
inversion of the electrodesoccurs, asanodes and 
cathodes in the rest of cells within the industrial 
plant are short-circuited. Depending on the type of 
cells used in the industrial plant, cathode 
manufacturers can predict the frequency and 
duration of reverse polarization and develop an 
appropriate ASLT, simulating certain period of time 
of their use in industrial plant.However, it is 
important to note that different industries apply 
different conditions for chlor-alkali electrolysis, 
including variations in cell types, cathode materials, 
and electrolyte concentration and temperature. As 
a result, their research and development teams 
create tailored ASLT’s for these unique 
conditions.Unfortunately,the application of these 
ASLT’s is missing in the literature and in almost all 
papers describing the behavior of certain catalyst 
for the HER, the “long-term performance” is 
typically based on electrolysis durations of 50 – 
100 hours in a stationary electrolyte setup [8]. 

The only ASLT for commercial cathodes, 
developed by Industry De NoraS.p.A., has been 
partially disclosed in the literature to date [9]. The 
procedure involves a sequence of galvanostatic 
polarizations inthe HER range, followed bycyclic 
voltammetry (CV) at 50 mV s-1, withthe HER as the 
negative limit and oxygen evolution as the positive 
limit. Thisspecific ASLT,with slight modifications, 
has been applied in our previousworks [10-15] on 
Ni-Snand Ni-MoOxcoatings, and the results were 
compared with those of the commercial Ni-RuO2 
(De Nora’s) cathode. 

In this work,the ASLT developed by 
PERMASCAND is presented. Since these two 
companies are the largest producers of cathodes 
for chlor-alkali electrolysis, presenting their ASLT’s 
is crucial for researchers analyzing catalysts for the 
HER in alkaline solution. PERMASCAND’s test is 
based on the application of sequences of very high 
current densities, followed by zero current density. 
The test is applied on Ni-Sn coatings 

electrodeposited under various conditions onto Ni 
mesh substrate used for the application of catalytic 
coating in PERMASCAND, as well as on the 
commercial PERMASCAND’s cathode (PSC), with 
the obtained results  beingcompared.  

2. EXPERIMENTAL 

2.1. Investigations in a stationary H-cell 
configuration 

P.a. chemicals (Sigma - Aldrich, Merck) and 
extra pure UV water(Smart2PureUV, TKA) were 
used for solutions preparation.All potentials are 
referenced vs. thereversible hydrogen electrode 

(RHE)as . Ni mesh was pre-cleaned usingthe 
procedure described in our previous workonNi 
foams [16]. 

The electrodeposition of the Ni-Sn coating for 
testing in PERMASCANDwas carried out 
galvanostatically at two current densities using two 
different solutions: solution A(0.60 MK4P2O7 + 0.30 
M Glycine + 0.10 M NiCl2 + 0.03 M SnCl2, j = -80 
mA cm-2, t = 1250 s) and solution B(0.60 M K4P2O7 
+ 0.30 M Glycine + 0.20 M NiCl2 + 0.06 M SnCl2, j 
= -100 mA cm-2, t = 1000 s).Two types of Ni mesh 
substrates were used: sand-blasted and non-
blasted. Two larger counter electrodes (Pt-Ti 
expanded meshes) were positioned in parallel with 
the working electrode. 

Polarization curves andEIS measurements 
were performed in a H-cell with stationary 
electrolyte, where the working and counter 
electrode compartments were separatedby 
aZirfonTM Perl UTP 500membrane. A reversible 
hydrogen electrode (RHE) – HydroFlex (Gaskatel 
GmbH), connected to the working electrode 
compartment via bridge and a Luggin capillary, 
served as the reference electrode.Potentiostat 
Interface 1010E (Gamry Instruments Inc.) was 
used for polarization curves and EIS 
measurements. All measurements were carried out 
in 5.0 M NaOH at a temperature of 50 oC. 

Nyquist plots for all investigated electrodes 

were recorded at four different  values (-60 mV, -

75 mV, -90 mV and -105 mV) within the frequency 

range of 20 kHz to 0.01 Hz, with 20 points per 

decade and an amplitude of 5 mV RMS. Prior to 
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each measurement, the electrodes were held at the 

desired  for 100 s to establish a stable current 

density response. The current densities and 

solution resistance (Rs) valuesobtained from EIS 

measurements were used to calculate the real corr 

by correcting the applied valuesfor jRs. 

2.2. Investigations in a PERMASCAND’stest cell 

The HERon larger samples was tested in a 

specially developed PERMASCAND’s test flow cell.  

The working electrodes for the test cell were larger 

(3.0 x 3.5 cm), while those used for polarization 

curves and EIS measurements in the H-cell were 

smaller (1.0 x 1.0 cm).For the testing procedure in 

PERMASCAND, the following equipment was 

used: potentiostat/galvanostat Iviumstat.XRi 

(Ivium)for electrochemical measurements;the 

electrolyte was heated in a custom-built tank and 

pumping station; the tank had a volume of 100 

liters, and pumipng was achieved by a centrifugal 

pump.Sodium hydroxide (Analytical reagent grade, 

Fischer Scientific) was used in the 

PERMASCAND’s test flow cell. 

2.3. ASLT proceduredeveloped by PERMASCAND 

The ASLT procedure, developed by 

PERMASCAND and performed in their 

laboratory,contained 7 steps schematically 

presented in Figure 1. The procedure begins by 

recording a polarization curve (corrected for 

ohmicdrop) from -1.0 A cm-2 to -0.1 A cm-2and 

back.The first step, lasting for 1 hour is applied as 

follows:j =-3.0 A cm-2 for 54 s followed by j = 0.0 A 

cm-2 for 6 s (repeated 60 times). Before the second 

step, another polarization curve was recorded, and 

this process continues until the 6th step, after 

whichthe final 7th polarization curve is recorded. 

 

Figure 1. Schematic presentation of the ASLT procedure developed by PERMASCAND 
 

Coating amount for Ni-Sn samples was 

measured before and after electrolysis with X-ray 

Fluorescence(NITON XL3t handheld instrument 

from Thermo Scientific) three times on each 

sample in electrolyzed spot. 

3. RESULTS AND DISCUSSION 

3.1. Results of thetest procedure developed by 
PERMASCAND 

A total of five Ni-Sn coatings were testedin the 

PERMASCAND test cell, alongsidea Ni blasted 

mesh and a commercial PERMASCAND cathode 

(PSC) under the standardized procedure. The 

coatings were prepared under varying conditions, 

as detailed below: 

Ni-Sn(1) – electrodeposited onto Ni blasted mesh 
from solution A atj = -80 mA cm-2 for 1250 s; 

Ni-Sn(2) – electrodeposited onto Ni blasted mesh 
from solution B atj = -100 mA cm-2 for 1000 s; 

Ni-Sn(3) – electrodeposited onto Ni mesh from 
solution A atj = -80 mA cm-2 for 1250 s; 

Ni-Sn(4) – electrodeposited onto Ni mesh from 
solution B atj = -100 mA cm-2 for 1000 s; 

Ni-Sn(5) – electrodeposited onto Ni blasted mesh 
from solution B atj = -100 mA cm-2 for 1000 s. 

The corresponding U vs. t dependences for the 
electrodeposition of these samples are presented 
in Figure 2. All U vs. t dependences exhibit well-
defined voltage plateaus, with differences involtage 
values due to different current densities of 
electrodeposition. 

 

Figure 2.U vs. t dependences for the 
electrodeposition of all Ni-Sn tested samples 
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Polarization curves corrected for the ohmic 

drop (corr) obtained prior to the test (1) and after 
each subsequent step (2-7) are presented in Figure 
3, as follows: (a) Blasted Ni mesh; (b) Commercial 
PSC cathode; (c) Ni-Sn(3)sample; (d) Ni-Sn(4) 
sample; (e) Summary of polarization curves 

corrected for the ohmic drop (corr) recorded after 
all test steps (2-7). 

Investigated cathodes exhibited varying 
behavior during the test. Blasted Ni mesh (Figure 

3(a)) showed clear signs of deactivation, with the 

corrvalues in the final polarization curve (7) 
approximately 130 mV higher than those recorded 
before the test (1). Commercial PERMASCAND’s 
cathode (PSC) demonstrated activation during the 
test (Figure 3(b)), particularly during the first step, 
while Ni-Sn(3) and Ni-Sn(4) coatings (Figure 3(c) 
and (d) respectively)exhibited only minor sensitivity 
to the applied stress steps, suggesting relatively 
stable performance. 

 

 

 

Figure 3. Polarization curves corrected for the ohmic drop (corr) obtained before the test (1) and  
after each subsequent step (2-7): (a) For blasted Ni mesh; (b) For commercial PSC cathode; 

(c) For Ni-Sn(3) coating; (d) For Ni-Sn(4) coating; (e) Comparison of the final polarization 
curves no. 7 for all investigated samples 
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As can be seen the lowest corr values recorded 
after the test (polarization curve 7) were obtained 
for the commercial PSC cathode, amounting 
approximately -140 mV (Figure 3(b)). In contrast, 
the blasted Ni mesh exhibited significantly higher 

overpotentials, withcorr values about 500 mV 
higher. All Ni-Sn coatings demonstrated almost 
identical polarization characteristics,with a 

maximum variationincorr values of only about 10 
mV. Among them, the characteristics of Ni-Sn(3) 
and Ni-Sn(4) are shown in Figures 3(c and d) 
respectively.An interesting observation was made 

for the Ni-Sn(3) sample (Figure 3(c)), wherecorr 
values increased during steps 2,3 and 4, followed 
by decrease through the steps 5 to 7. 

 

Figure 4.Overpotentials corrected for the ohmic 

drop(corr) recorded at j = -1000 mA cm-2 as a 
function of the polarization curvenumber 

This trend is more clearly illustrated in Figure 4, 

which shows the values of corrected for the ohmic 
drop recorded at the highest applied current 

density (corr(j = -1000 mA cm-2)) as a function of 
the polarization curvenumber. 

An interesting observation is that thecorr(j = -

1.0 A cm-2) values for the Ni-Sn coatings remain 

practically unaffectedby the applied test procedure. 

Thissuggests that the alternating steps of high and 

zero current densities do not induce any significant 

changes in the coating composition. In contrast,the 

Ni blasted mesh exhibited a noticeable increase in 

corr over the course of the test, with values rising 

by approximately 130 mV from step 1 to step 6 

(point 7). The PSC cathode showed a clear 

activation trend, with the corr(j = -1.0 A cm-2) 

values decreasing sharply during the step 1 from -

330 mV to -190 mV and then decreasing slowly to 

 -140 mV at the end of test.Such behavior could 

be explained by the change of coating composition 

during the first step producing surface more active 

towards the HER. 

The Sn content in the coatings, measured by 

X-ray florescence (XRF) at the spot of analysis 

before and after the test, is presented in Figure 5. 

As can be seen, the loss of Sn is practically 

negligible.Based on the findings from our previous 

study[16],the small amount of Sn that dissolved 

during the ASLT procedure likely corresponds to 

the fraction of Sn in the electrodeposit that exist 

either as free Sn or is incorporated in secondary 

phasespresent in the Ni-Sn alloy(Ni3Sn,Ni3Sn4) 

[17]. This is consistent with the fact that the 

dominant phase in the coating isNi3Sn2. According 

to Ref. [16], Ni3Sn2 phase is primarily responsible 

forthe high catalytic activity of Ni-Sn coatings 

towards the HER. 

 

Figure 5. XRF at the spot of analysis before and after the test 
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3.2. Results obtained in the stationary H-cell 
configuration 

Before and after the EIS measurements, 
polarization curves were recorded using linear 
sweep voltammetry (LSV) at a sweep rate of 1 mV 
s-1,in combination with the current interrupt 
technique. Figure 6 shows the polarization curves 
obtained before and after EIS measurements for 

sample Ni-Sn(3) (a), and sample Ni-Sn(4) (b). 
Given that the EIS measurements lasted 4 h, a 
slight change in the polarization curves is to be 
expected. Interestingly, sample Ni-Sn(3) exhibited 

slightly lower corr values after the EIS 
measurements (a), while sample Ni-Sn(4) showed 

a slight increase incorr values after the EIS 
measurements (b). 

 

Figure 6. Polarization curves for HER at sample Ni-Sn(3) (a) and sample Ni-Sn(4) recorded before and 
after the EIS measurements 

 

Nyquist plots recorded at four different values 

of  are shown in Figure 7. All plots are 
characterized by the presence of two semi-circles: 
the first one (at high frequencies) corresponding to 
the charge transfer reaction, and the second one 

corresponding to the intermediate adsorption 

reaction. As expected, an increase inleads to the 
smaller semi-circles, reflecting highervalues of j 
and therefore faster kinetics of the HER. 

 

Figure 7. Nyquist plots recorded at different  values (designated in the figure) for Ni-Sn(3)sample (a) and 
Ni-Sn(4) sample (b). Squares, circles and triangles represent the experimental data points, while the lines 

correspond to the fitting results obtained using the equivalent circuit shown in Figure 7(c) 
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Rs – solution resistance; Rct – charge transfer 
resistance; CPEdl – constant phase element 
corresponding to the double layer capacitance;  

Rp – resistance of the electrosorption/ 
electrodesorption of intermediate; CPEp – constant 
phase element corresponding to the adsorption 
pseudo capacitance. 

As reported in Ref. [15], the exchange current 
densities for the charge transfer reaction (jo,ct), 
intermediate adsorption reaction (jo,ads) and overall 
(total) HER (jo,tot) can be determined by 

analyzingdependencescorr vs. log(Rct
-1), corr vs. 

log(Rp
-1) and corr vs. log(RF

-1), specificallyfrom the 

intercepts of those linear dependences at corr. = 0. 

Similarly,the transition time o at the reversible 
potential for HER can be obtained from the 

intercept of thelog()vs. corrlinear dependence at 

corr. = 0. All respective dependences for samples 
Ni-Sn(3) and Ni-Sn(4)arepresented in Figure 8, 
with the corresponding values of jo,ct, jo,ads, jo,totand 

oindicated in the figure. It can be observed that the 

slopes of corr vs. log(Rct
-1), corr vs. log(Rp

-1) and 

corr vs. log(RF
-1) dependences are practically 

identical for both samples, except for that of corr 
vs. log(Rp

-1) dependence of sample NiSn(4) (Figure 
8(b)). Although the values of jo,ct and jo,ads are 

different, the linear corr vs. log(RF
-1) dependences 

for both samples are identical, resulting in the 
same jo,tot of -1.57 mA cm-2. This indicates that the 
charge transfer and intermediate adsorption steps 
are sensitive to the composition (or morphology) of 
the Ni-Sn coatings, while the overall HER is 
identical for both samples being in accordance with 
the polarization curves. 

 

Figure 8. (a) The dependencescorr vs. log(Rct
-1), (b) dependences corr vs. log(Rp

-1), (c) dependencescorr 

vs. log(RF
-1) and (d) dependences log() vs. corr for samples Ni-Sn(3) () and Ni-Sn(4) () 

 

3.3. Comparison of the results obtained in the flow 
test cell and in the stationary H-cell 

Figure 9 compares the polarization curves for 

samplesNi-Sn(3) and Ni-Sn(4), recorded both in 

the PERMASCAND’s flow cell and in astationary H-

cell. It should be emphasized that the samples 

tested in the flow cell were analyzed 10 months 

after electrodeposition, while the samples tested in 

the H-cell were investigated immediately after the 

electrodeposition. 

Considering presented polarization curves, it 

can be concluded that the samples tested in the 
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stationary electrolyte exhibit slightly better 

performance, with lowercorrvalues across the 

entire current density range. Of course, comparison 

of presented polarization curves is not realistic, 

since those recorded in a stationary electrolyte 

were not exposed to the 6 steps 

ofPERMASCAND’s test procedure. Hence, it 

should be stressed that electrodes, even if smaller 

than those used in full-scale industrial plants, must 

be tested under conditions simulating real industrial 

process,within a smaller pilot plant. 

As previously stated [8],the commonly 
accepted “long-term test” used in the literatureto 
evaluate the catalytic behavior of electrodes for the 
HER is useless and this statement is confirmed by 
the results presented in Figure 9. 

 

Figure 9. Polarization curves for the HER at 
Ni-Sn(3) sample and Ni-Sn(4) samplerecorded in 

the PERMASCAND’s test flow cell and in stationary 
H-cell 

4. CONCLUSIONS 

1. The ASLT proceduredeveloped by 

PREMASCAND and applied in a specially 

designed flow cellusing 5.0 M NaOH at 50 oC on 

Ni-Sn coatings electrodeposited onto Ni mesh, 

used as substrate for applying catalytic coatings in 

PERMASCAND, has been presented in this work 

for the first time in the literature. 

2. The corrvalues for the HER on several Ni-Sn 

samples werefound to be practically insensitive to 

the test sequences, maintaining valuesaround -180 

mV at j = -1000 mA cm-2. 

3. The commercial PERMASCAND’s cathode 

exhibited 30-40 mV lower corrvalues at the highest 

current density after the test. 

4. Nyquist plots recorded at four different 

corrvalues were characterized by the presence of 
two semi-circles, indicating the presence of charge 
transfer reaction and intermediate (Hads) adsorption 
process. 

5. Comparison of the polarization curves 

recorded in thePERMASCAND’s test cell and the 

stationary H-cell confirmed that long-term 

electrodeperformanceshould be tested using 

industrial-grade ASLT procedures. 
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IZVOD 

DODATNI UBRZANI TEST ZA ISPITIVANJE Ni-Sn PREVLAKA U USLOVIMA 
INDUSTRIJSKE PROIZVODNJE VODONIKA 

Prvi put u literaturi prikazan je ubrzani test za ispitivanje Ni-Sn prevlaka u uslovima industrijske 
proizvodnje vodonika razvijen u kompaniji PERMASCAND. Test je uradjen u specijalno 
dizajniranoj aparaturi koja simulira uslove rada u hlor-alkalnoj elektrolizi i bazira se na primeni šest 
sekvenci. Svaka sekvenca traje 1 sar i za to vreme se 60 puta ponavljaju j = - 3000mA cm-2 (54 s) 
i j =  0 mA cm-2(6 s). Kao elektrolit koristi se 0.5 M NaOH zagrejan na 50 oC. Testirane elektrode 
su bile prevlake od Ni-Sn legure istaložene na Ni mrežici koja se koristi kao osnova za nanošenje 
komercijalnih prevlaka u kompaniji PERMASCAND. Pokazano je da je prenapetost korigovana za 

omski pad napona (corr) na svim testiranim elektrodama bila praktično nezavisna od broja 

sekvence (corr -180 mV prij = -1000mA cm-2). Test je primenjen i na komercijalne 
PERMASCAND katode i rezultati su uporedjeni, pri čemu su Ni-Sn katode imale znatno bolje 
karakteristike u prvoj sekvenci, dok su u preostalim sekvencama komercijalne katode posedovale 
manju prenapetost za 30 - 40 mV. Ni-Sn katode su ispitivane i u stacionarnom elektrolitu (H – 
ćelija) merenjem polarizacionih krivih i impedansom. Nyquist-ovi dijagrami su bili okarakterisani 
prisustvom dva polukruga, ukazujući na prisustvo reakcije razmene naelektrisanja i adsorpcije 
intermedijara (Hads). Polarizacione krive registrovane u PERMASCAND-ovoj test ćeliji nakon 
završenog testai u H – ćeliji su uporedjene i potvrdjeno je da se tzv. “dugovremenski test” mora 
raditi pod uslovima koji su definisani od strane industrijskih razvojnih instituta. 
Ključnereči: Ubrzani test, Ni-Sn prevlake, izdvajanje vodonika, alkalni rastvori, Nyquist-ovi 
dijagrami. 
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