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ISTORIJAT INZENJERSKOG DRUSTVA ZA KOROZIJU

InZenjersko drustvo za koroziju, koji je pravni naslednik Saveza inZenjera i tehniCara za zastitu
materijala Srbije i Crne Gore, je drustveno stru¢na organizacija koja je ¢lan Saveza inZenjera i tehnicara
Srbije. Savez inzenjera i tehniCara za zastitu materijala Jugoslavije, kako se prvobitno zvalo Inzenjersko
drustvo za koroziju, poCetke svog delovanja je imao jo§ 1952. godine preko Komisije za zastitu od korozije.
Ova komisija je postojala u okviru Drustva hemicara i tehnologa DIT-a , mada se neki koreni iz zastite od
korozije pominju i pre drugog svetskog rata. Inicijatori za oformljenje ove Komisije bili su dr.inZ Frano
Podbreznik, prof.dr Blazon, prof.dr Milan Pajevi¢ i Sveta Zivanovié. Komisija je imala 15 aktivnih ¢lanova i
radila je u tri potkomisije.

Januara 1953. godine ova Komisija prerasta u Centar za zastitu od korozije sa osnovnim zadatkom
da radi na antikorozionoj zastiti svih materijala, uredaja, opreme i instalacija. Ve¢ u prvoj godini postojanja
ovaj Centar je obrazovao svoju servisnu radionicu za fosfatiranje i pristupio izdavanju svojih struénih
publikacija.

Dalji rad Centra, do svog prerastanja u Drustvo a kasnije u Savez, odvijao se u komisijama i
servisnim radionicama preko kojih se intenzivno radilo na odrZzavanju raznih kurseva i predavanja iz oblasti
korozije materijala i zastite od nje a, takode, i na izradi projekata za korozionu zastitu raznih objekata i
opreme za mnoga preduzeca.
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Jovanovié, dipl.grad.inz. — Mirko Bacilovié¢, dipl.ecc. Tehnicki sekretar IDK — Srbislav Nesi¢, dipl.mas.inz.
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udruzenja specijalista angazovanih u naucnoj delatnosti); — Obrazovanje odraslih (obrazovanje na
seminarima, nauéno-stru¢nim skupovima, specijalistiCkim kursevima i sl.); — Istrazivanje procesa korozije i
zastite od korozije; — lzrada tehniCke dokumentacije, ekspertiza i vrSenje nadzora iz oblasti hidroizolacije,
antikorozione zastite i protivpozarne zastite.

Inzenjersko drustvo za koroziju Republike Srbije je izdava¢ Casopisa Zastita materijala, poclo je sa
radom daleke 1953. godine, kao deo Centra za zastitu od korozije u okviru Saveza inzenjera i tehni¢ara za
zastitu materijala Jugoslavije. Iste godine, Drustvo je pokrenulo Casopis Zastita materijala, koji i danas
aktivno izlazi. Pridruzite se bezbrojnim &itaocima koji su imali koristi od njegovog zanimljivog nau¢nog
sadrzaja.
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biomaterijali, materijali za skladisStenje i konverziju energije, itd.); nanomaterijala i nanotehnologija; hemijskog
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Protection from Ballistic Threats: An Exploration
of Textile Materials for Bullet-Resistant Outerwear

ABSTRACT

Bullet-resistant jackets are one of the innovations that demonstrate how textile engineering and tech-
nology can work together to protect people from ballistic threats. To improve the protective qualities
of bulletproof jackets, it is imperative to comprehend the wide variety of textile materials that are used
in them. This study aims to clarify the complex interplay between protection, flexibility, and comfort
that is inherent in these kinds of clothes by a thorough analysis of a variety of fibers, fabricsand
composites, each offering unique characteristics that contribute to the overall effectiveness of these
types of garments. Important factors were determined to take into account when choosing the best
material based on particular needs like flexibility, comfort, weight, and degree of protection through
careful analysis and comparison. This exploration shall provide valuable insights for researchers,
manufacturers, and consumers alike, fostering advancements in protective garment design and pro-

moting informed decision-makingin the realm of personal safety.
Keywords: Bullet-resistantjacket, protective garment, degree of protection, flexibility, comfort, safety

1. INTRODUCTION

In a time when people place a greater value on
personal safety, developing protective gear has be-
come critical. Bullet-resistant jackets are one of these
innovations that demonstrate how textile engineering
and technology can work together to protect people
from ballistic.The concept of threat levels encompass-
es a range of ballistic hazards, including handgun
rounds, rifle ammunition, and specialized projectiles.
These threats are typically classified based on their
kinetic energy, velocity, and penetrating capabilities,
with standardized testing protocols employed to eval-
uate the performance of bullet-resistant materials
against them. The materials used in the construction
of these jackets have a major impact on their efficacy.
Therefore, to improve the protective qualities of bul-

* Corresponding author: Subrata Das

E-mail: subratactl@gmail.com

Paper received: 28.04.2024.

Paper accepted: 9.06.2024.

Papir is available on the website: www.idk.org.rs/journal

let-resistant jackets, it is imperative to comprehend
the wide variety of textiles that are used in them[1]. To
analyze the characteristics, advantages, and disad-
vantages of the textile materials used in bullet-resist-
ant jackets, this study has been undertaken. After a
thorough analysis of a variety of textiles, from conven-
tional choices to state-of-the-art inventions, we aim to
clarify the complex interplay between protection, flex-
ibility, and comfort that is inherent in these kinds of
clothes.The evolution of bullet-resistant materials has
seen a transition from rigid and cumbersome armour
to lightweight, flexible solutions, thanks to advance-
ments in textile technology[2]. Today, an array of fib-
ers, fabrics, and composites are utilized, each offering
unique characteristics that contribute to the overall
effectiveness of bullet-resistant jackets. From tradi-
tional aramid fibers like Kevlar® to high-performance
polyethylene fibers such as Dyneema®, the market
presents a diverse spectrum of options for manufac-
turers and consumers alike[3].Moreover, the study
examines the manufacturing processes involved in
integrating these materials into wearable garments.

ZASTITAMATERIJALAGG6 (2025) broj 1 5
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Techniques such as weaving, knitting, laminating, and
layering play pivotal roles in optimizing the protective
capabilities of bullet-resistant jackets while ensuring
wearer comfort and mobility.Not only that, but factors
go beyond choosing the right materials and produc-
tion methods. To give a comprehensive picture of
the textile landscape in bulletproof clothing, factors
like durability, cost-effectiveness, and environmen-
tal impact are also carefully considered. In the end,
this research aims to clarify the complex interactions
that occur between textile composition and the lev-
el of protection provided by jackets resistant to bul-
lets[4]. Continuous effort is required to improve indi-
vidual safety in an unpredictable world by combining
current knowledge and investigating cutting-edge
innovations.Through this exploration, we endeavour
to provide valuable insights for researchers, manufac-
turers, and consumers alike, fostering advancements
in protective garment design and promoting informed
decision-making in the realm of personal safety.The
specific textile materials commonly employed in bul-
let-resistant jackets were studied, analyzed their
properties, applications, and potential avenues for fu-
ture development.

2. PURPOSE OF BULLET RESISTANCE JACKET

A bullet-resistant jacket’'s main goal is to shield its
wearer from ballistic threats that could cause harm or
even death. The jacket lessens the severity of trauma
to critical organs and aids in preventing penetration by
absorbing and dispersing the kineticenergy of incom-

ing bullets or projectiles.Bullet-resistant jackets are es-
sential safety equipment for law enforcement officers,
military personnel, and security professionals who
may be exposed to firearms and other weapons in the
line of duty[5]. These jackets help mitigate the risks
associated with confrontational situations and provide
a critical layer of protection for individuals serving in
high-risk environments.In addition to professionals, ci-
vilians in a variety of settings and occupations where
there is an increased chance of coming into contact
with firearms—security guards, private investigators,
journalists covering hostilities—also wear bulletproof
jackets[6]. In addition, when they feel that their safety
is in danger, civilians may decide to arm themselves
with bulletproof jacketsfor personal defence.

3. THREAT LEVEL

Major threats faced by the Indian armedforc-
es, paramilitary, state police forces, and other law
and enforcement agencies shall be classified into 6
threatlevels. Bullet-resistant jackets, also known as
ballistic vests or body armour, are designed to pro-
tect the wearer from various ballistic threats, includ-
ing bullets and projectiles. These jackets are typical-
ly classified into different threat levels based on their
ability to withstand different types of ammunition and
the kinetic energy they carry. The threat levels are
often standardized by organizations like the Bureau
of Indian Standards (BIS) (Table 1) or international
standards bodies like the National Institute of Justice
(N1J) in the United States[7].

Table 1: Threat levels standardized by Bureau of Indian Standards (BIS)[8]

Sl |Threat | Ammunition | bullet Weight | Bullet type | Impact | Distance Remarks
no. | Level (see note) velocity | of impact
g m/s m
@ @ (©) 4 ®) (6) @) ®)
1 9x19 mm 7.4-8.2 FMJ/Pb 430+15 510.5 For all flexible panels
2 7.62x39 mm 7.45-8.05 FMJ/MSC 710£15 10+0.5
3 7.62x51 mm 9.4-9.6 FMJ/Pb 840+15 10£0.5 In addition, shall be in compliance
with threat level 2
4 5.56x45 mm 3.5-4.0 FMJ(SI+Pb) | 890+15 10+0.5 In addition, shall be in compliance
with threat level 3
5 7.62x39 mm 7.45-8.05 HSC 70015 10+0.5 In addition, shall be in
compliance with threat level 3
6 7.62x52 R 10.3-10.5 API 830+15 10+0.5 In addition, shall be in compliance
with threat level 3
special | Any other requirement by the user. Complete details of ammunition shall be stored for future up
gradation of the standard.
NOTE - Routine ballistic evaluation may use service ammunition where bullet weight is not considered. Bullet weight shall
be considered for reloaded ammunition.
FMJ: Full Metal Jacket Pb: Lead Core MSC: Mild Steel Core
Sl: Steel InsertHSC: Hard Steel Core API: Armour Piercing Incendiary
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3. COMPONENTS OF JACKET
The two primary components of a bullet-resistant
jacket are:

Soft armour panel “SAP” and Hard armour panel
“HAP” typically refer to different levels of protection
against ballistic threats

3.1. Soft Armour Panel:

Soft armour panels are inserts that are flexible
and usually composed of materials such as Aramid
fibers and Ultra-high molecular weight polyethyl-

ene (UHMWPE). These panels lessen the chance
of penetration and wearer injury by absorbing and
dispersing the kinetic energy of incoming projec-
tiles. Soft armour panels can withstand bullets from
handguns and some rifle ammunition with a lower
muzzle velocity. Wearers can move freely and the
armour can be bent or flexed at will while still being
protected from ballistic threats thanks to the balance
of protection and flexibility they offer.Minimum cov-
erage areas of components of Soft Armour Panel |
shown in Table 2.

Table 2: Minimum Coverage Areas of Components of Soft Armour Panel[9].

Sl. Size Total protection area for Total protection area Total protection area | Total protection area for
no sap (including Torso, Neck, for shoulders only for groin only neck and collar only
Shoulders, and groin)
m?2 m2 m?2 m?2
@ 2 ®) 4 ©) (6)
XS 0.45 0.035 0.05 0.05
S 0.50 0.035 0.05 0.05
M 0.55 0.035 0.05 0.05
L 0.60 0.04 0.06 0.06
XL 0.65 0.04 0.06 0.06

3.2. Hard armour panel:

Hard armour plates are inflexible inserts com-
posed of steel, ceramic, or composite materials that
are designed to withstand the impact of heavy pro-
jectiles like rifle rounds fired at high speeds. To pro-
vide additional ballistic resistance against rifle fire,
hard armour plates are usually insertedinto specially

made pockets or carriers within the bulletproof jacket.
Hard armour plates are vital components for scenar-
ios where there is a high risk of coming into contact
with rifle fire, even though they are less flexible and
heavier than soft armour panels. Minimum coverage
areas of components of Hard Armour Panel / Hard
armour plates also provide better protection against
more powerfulthreats[10] as shown in Table 3.

Table 3: Minimum Coverage Areas of Components of Hard Armour Panel (m’)[11]

size XS S M L XL

Panel

Front/back 0.0667 0.0700 0.0735 0.0772 0.0810
Side (optional) 0.0326 0.0342 0.0359 0.0377 0.0396
Groin (optional) 0.0370 0.0370 0.0370 0.0370 0.0370
Throat (optional) 0.0245 0.0257 0.0270 0.0284 0.0298
Total (considering front and back, two sides throat and groin) 0.260 0.271 0.283 0.295 0.308
Total (considering front and back) 0.133 0.140 0.147 0.154 0.162

Together, soft armour panels and hard armour
plates form the dual protection system within a bul-
let-resistant jacket, providing wearers with compre-

hensive protection against a wide range of ballistic
threats.Design example of front and side plate (me-
dium size) is givenin figure 1.
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Figure 1.Design example of front(a) and side plate(b) (medium size)

4. MATERIAL REQUIREMENTS

Differentiating their functions and performance
characteristics, Hard Armor Plates (HAP) and Soft
Armour Panels (SAP) in bulletproof jackets require
differentmaterials.

1. Materials in SAP:

1. Ultra high molecularweight polyethylene
(UHMWPE):

The thermoplastic polyethylene subclass includes
ultra-high-molecular-weight polyethylene (UHMWPE,
UHMW). It is also referred to as high-modulus poly-
ethylene (HMPE), and it is characterized by incredi-
bly long chains that typically have a molecular mass
of 3—=7 million amu. Through the strengthening of in-
termolecular interactions, the longer chain helps to
transfer the load to the polymer backbone more ef-
fectively [12] . As a result, this material is incredibly
durable and has the highest impact strength of any
thermoplastic currently in use.

It is highly resistant to corrosive chemicals, has
extremely low moisture absorption and a very low
coefficient of friction; is self-lubricating, and highly
resistant to abrasion, in some forms being 15 times
more resistant to abrasion than carbon steel.

UHMW PEfibers are commonly used in soft body
armour and have contributed to vast improvements
when compared with p-aramid fibers making them
40% stronger. For body armour, the fibers are aligned
and bonded into sheets, which are then layered at

various angles to give the resulting composite ma-
terial strength in all directions[13]. Dyneema ® is the
trade name of ultra-high molecular weight polyethyl-
ene (UHMWPE), manufactured exclusively by Neth-
erland based DSM[14].Chemical formula of UHM-
WPE s givenin Figure 2.

H H

C—C

| | Jn N
H H

Figure 2.Chemical formula of UHMWPE

4.1.2. Kevlar:

Kevlar is a synthetic fiber known for its remark-
able strength and heat resistance. It is a type of ar-
amid fiber, which are long-chain synthetic polyam-
ide molecules with strong bonds between individual
molecules they are synthetic fibers like aramid. After
spinning, it becomes very high-strength fibers. So it
is considered one of the most popular fibers that are
used in lead jackets. Kevlar fibers consist of long mo-
lecular chains made of PPTA [poly (p-phenylenetere-
phthalamide)] and the Strength property of Kevlar
fibers lies in the multiple chemical bonds between
their chains molecularas well as hydrogen bonds of
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adjacent polymer chains[15]. Kevlar has strength,
high stiffness, high tensile, and high modulus. They
have low weight and density. It is unidirectionallywo-
ven into textile materials and is extremely strong and
lightweight, with resistance to corrosion and heat. It
is used in vast applications such as aerospace en-
gineering (such as the body of the aircraft), body ar-
mour, bulletproof vests, car brakes, and boats[16].
Chemical structure of Kevlaris givenin Figure 3.

0 N-{ NN
M v/ Ty
WA '"'O'"- 2
< f"‘\ H H /==
/o 0 = N jk>_N
\ ). - H

Figure 3.Chemical structure of Kevlar

4.1.3. Polycarbonate sheet:

In a bullet-resistant jacket, multiple layers of dif-
ferent materials are often used to create a composite
structure. Polycarbonate sheets may be integrated
into this layered structure to provide additional pro-
tection against certain types of ballistic threats. Poly-
carbonate material is used in bullet resistance jackets
because of its good impact resistance. The use of
polymers is increasing across many industries due to
their low weight, low cost, and even straightforward
manufacturing processes [17]. One of the main rea-
sons polycarbonate might be used in bullet-resistant
jackets is for its spall protection properties. Spall re-
fers to the fragments or splinters that can break off
from the back face of a material when it’s struck by a
projectile. Polycarbonate can help contain or minimize
the spall created by the impact of a bullet, reducing
the risk of secondary injuries to the wearer.Chemical
structure of Polycarbonate sheet is givenin Figure4.

J UJ

Figure 4.Repeating unit of Polycarbonate polymer

n

4.1.4. Polyurethane (pu) composite foam:

Polyurethane (PU) composite foam can be uti-
lized in bullet-resistant jackets as part of the protec-
tive material system. However, it's important to note
that while PU foam can provide cushioning and im-
pact absorption, it's typically not used as the prima-
ry material for bullet resistance. Instead, PU foam
is often incorporated into the design of bullet-resist-
ant jackets for comfort, flexibility, and shock absorp-
tion[18]. Figure 5 representsPolyurethane (PU) com-
posite foam.

Figure 5.Polyurethane (PU) composite foam

4.2. Materials in HAP:

Hard armour panels are made of steel, polyeth-
ylene, or ceramic materials. They are designed to
survive impacts from projectiles with high velocity,
such as rifle bullets. HAPs are also often referred
to as Level Il and Level IV panels to denote their
degree of defence against ballistic threats.

4.2.1. Ceramic plates:

Many fields have been using ceramic materi-
als for decades because of their high compressive
strength, low density, and high hardness; even
though they can be brittle. Silicon carbide is high-
ly effective in stopping various types of ballistic
threats, including rifle rounds and armour-piercing
ammunition. When used in combination with other
materials such as aramid fibers or UHMWPE, sili-
con carbide can provide multi-hit protection against
high-velocity projectiles[18]. The projectile and the
target configuration with dimensions in mm is given
in figure 6.
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Back steel
Projectile Cover plate
- 0. Silicon carbide

Constraint steel

Figure 6.The projectile and the target configuration with dimensions in mm

4.2.2. Steel plates:

In order to save energy and improve mobility, it
is crucial for defence systems against ballistic threats
to use lightweight armour. Steels have a long history
of use in armour applications due to their vast tech-
nological database and ability to be produced at a
comparatively lower cost. They can also have a very
broad range of mechanical properties[20]. However,
due to its relatively high density, steel is not a good
choice for use as lightweight armour. Because steel
armour is heavier than other materials and does not
provide the same level of protection in defence sys-
tems, researchers are looking into lighter alternatives-
teel platesfor hard armourpanelis givenin Figure7.

Figure 7 Steel plates for hard armour panel

4.2.3. UHMWPE with ceramic plates:

UHMWPE has an exceptional strength-to-weight
ratio, making it lightweight compared to tradition-
al materials like steel. This property allows for the
construction of lightweight hard armour panels that
provide high levels of protection without significant
added weight. UHMWPE has a low density, typically
around 0.93 to 0.94 g/cm3, which contributes to the

10

lightweight nature of hard armour panels[21] . This
low density minimizes the overall weight burden on
the wearer while maintaining high levels of protection.
When combined with ceramic plates, UHMWPE is
typically used as a backing material or as a compos-
ite layer to provide additional strength and support to
the ceramic tiles. The combination of UHMWPE with
ceramic plates offers a synergistic effect, with the ce-
ramic providing high hardness and fracture resistance
to defeat incoming projectiles, while the UHMWPE
helps to absorb and disperse the impact energy[22].
UHMWPE with ceramic platesis shown in Figure 8.

Clay

UHMWPE

7.62 mm APM2

Ceramic

Figure 8.UHMWPE with ceramic plates

4.2.4. Backing face material clay:

The clay material used in bullet-resistant jackets
is typically a type of ballistic clay, which is a specially
formulated mixture designed to simulate human tis-
sue for ballistic testing purposes. It usually consists
of a combination of clay, water, and other additives
to achieve the desired density and mechanical prop-
erties. It is used as backing material in ballistic tests.
Backing materialin ballistictests is givenin Figure9.
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the purchaser’s needs.Nylon 66 is known for its high
durability, which means it can withstand wear and tear
over time, maintaining the integrity of the bullet-resist-
ant jacket.lt is relatively lightweight compared to other
materials, which can make the bullet-resistant jacket
more comfortable for the wearer. But the effective-
ness of a bullet-resistant jacket depends not only on
the outer carrier material but also on the ballistic pan-
els and overall design of the jacket.This fabric is coat-
ed with a layer of polyurethane (PU)[23]. PU coating
adds several beneficial properties to the fabric, includ-
ing water resistance, abrasion resistance, flexibility,
and improved durability. The fabric is designed to be
heat sealable, meaning it can be bonded or sealed
using heat. This feature allows manufacturers to cre-
ate seams and join different pieces of fabric together
without the need for stitching[24].PU coated nylon 66
fabric is shown in figure 10. Requirement of outer car-
rier fabricis shown in Table 4.

Figure 9. Backing material in ballistic tests

3. Physical requirements of non-ballistic
components:

The outer-carrier fabric, hook and loop fasten-
ers, belt loop, trauma pad, water-repellent SAP and
HAP covers, webbings, buckles, and other items are
examplesof non-ballistic materials.

1. Outer carrier fabric:

The outer carrier fabric made of woven fabric,
and the color/print can be customized according to Figure 10.PU coated nylon 66 fabrics

Table 4.Requirementof Outer Carrier Fabric[25]

SlI. No Test parameter Requirements Method of test, Refer to
@) @ (©) 4
i. Mass, g/m’, Max 160 IS 7016 (Part I)
ii. Tensile strength, N, Min: IS 7016 (Part II)
a) Warp wise 1150
b) Weft wise 900
i Tear strength, N, Min: IS 7016 (Part 3), Method A2,
a) Warp wise 160 Trouser shaped test piece, Single
b) Weft wise 140 tear method
iv. Flame resistance test: IS 11871, Method A
a) Duration of flame (After flame time), s, Max 5
b) Duration of afterglow, s, Max 5
V. Resistance to water penetration at hydrostatic There shall be no IS 7016 (Part 7)
pressure head of 30 cm water column height water penetration
for 30 minutes
Vi. Colour fastness rating to light 4 IS 2454
(Change in colour on blue wool), Min
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4.3.2. Hook and loop fastener:

All the clothing flaps of the jackets shall be pro-
vided with hook and loop fastener, so that it can be
worn and taken off easily and quickly. Hook and loop
is made to withstand the rigors of military use. It is
frequently constructed from premium materials like
nylon that are resistant to deterioration. Two parts
make up the hook and loop system: hooks and
loops. By holding onto the loops, the hooks form a
dependable and safe fastening mechanism. Unin-
tentional detachment during demanding activities is
avoided by this design[26]. In certain military appli-
cations, the quiet operation and lack of noisy hook-
and-loop separation sounds that could jeopardize
operational security are critical requirements for
hook-and-loop fasteners.

4.3.3. Pocket with flaps

The jacket shall be provided with minimum two
externalpockets in outer carrier fabric tohouse two
magazinesof self-carried assault rifle in each pocket.
Two pocketsshall also be provided to accommodate
one grenade ineach pocket.Pattern for pocket with
flapsis givenin figure 11.

Pocket
flap

Accordion
pocket

Figure 11. Pattern for pocket with flaps

4.3.4. Beltlkamarband

In order to properly secure the bulletproof jack-
et with the wearer’s body around the waist and dis-
tribute the weight of the jacket across the waist and
shoulders, an additional belt made of nylon materi-
al with a minimum width of 10 mm must be provid-
ed[27]. A hook and loop fastener for double jacket
locking is included with the belt/kamarband.Strong
and long-lasting nylon webbing is frequently used for
belts and straps in outdoor and tactical equipment.
It is appropriate for usage in harsh environments

because of its strong tensile strength and abrasion
resistance.

5. CONCLUDING REMARKS

Wide range of textile materials, each with spe-
cial qualities and benefits that are used to make
bulletproof jackets.Important factors to take into
account when choosing the best material based on
particular needs like flexibility, comfort, weight, and
degree of protection through careful analysis and
comparison. The variety of materials available in
the field of ballistic protection is impressive, rang-
ing from conventional materials like Kevlar® ara-
mid fibers to advanced composites that incorporate
ceramics and ultra-high-molecular-weight polyeth-
ylene (UHMWPE). It is crucial to strike a balance
between material characteristics in order to maxi-
mize performance and satisfy the needs of practical
applications by providing insights that can guide the
development and selection of textile materials for
bullet-resistant jackets in a variety of environments
and scenarios of ballistic protection. Safer and more
durable protective clothing for people in high-risk
occupations and circumstances is continuing to
push the boundaries of material science and ballis-
tic engineering.

REFERENCES

1 1.G.Crouch, L.Arnold, A.Pierlot, H.Billon (2017) Fi-
bres, textiles and protective apparel.In The science of
armour materials, p. 269-330.Woodhead Publishing.

2 A.Kushwaha, P.Kushwaha, N.Nagayach (2018) Im-
pact Analysis of bullet on different ballistic resistant
material usingAnsys, Int J Recent TechnolSci Man-
age, 12(1), 33-42.

3 X.Chen, Y.Zhou (2016) Technical textiles for ballistic
protection. In Handbook of technical textiles, p. 169-
192. Woodhead Publishing.

4 Y.Regassa, G.Likeleh, UppalaR (2014) Modeling and
simulation of bullet resistant composite body armor,
Inter. J. Res. Studies and Sci, 1, 39-44.

5 S.Kant, T.Joshi, R.Sharma (2020) In Advances in En-
gineering Design: Select Proceedings of FLAME, p.
375-386. Springer Singapore.

6 S.Mitra, L K Behera (2020) Enhancing the Effective-
ness of Defence Indigenization: The Case of Bul-
let-Resistant Jackets. Strategic Analysis, 44(6), 553-
569.

7 R.F. AL Mahbub (2015) Comfort and stab-resistant
performance of body armour fabrics and female vests
(Doctoral dissertation, RMIT University).

12 ZASTITAMATERIJALAG6 (2025) broj 1



S.Das etal. Protection from Ballistic Threats: An Exploration of Textile Materials for ...

8 Textiles - Bullet Resisfant Jackets - Performanc.eRe- 19 M. Ubeyli, R. O. Yildinm, B. Ogel (2007) On the compar-
quirements|S 17051 : 2018 6-7. ison of the ballistic performance of steel and laminated

9 Textiles - Bullet Resisfant Jackets - Performanc.eReq- compositearmors. Materials & design, 28(4),1257-1262.
uirements S 17051 : 2018 3-5. 20 T. Demir, M. Ubeyli, R. O.Yildinm (2009) Effect of

10 N. V. David, X L Gao, Zheng (2009) Ballistic Resistant hardness on the ballistic impact behavior of high-
Body Armor: Contemporary and Prospective Materi- strength steels against 7.62-mm armor piercing pro-
als and Related Protection Mechanisms, Applied Me- jectiles. Journal of Materials Engineering and Perfor-
chanics Reviews, 62, 050802. mance, 18, 145-153.

11 T’extiles - Bullet Resisfant Jackets - Performanc.eRe- 21 ‘] L|n,f Y'hL"hS.' rll"u’ IH._Fa_n (2023) Nl;merlcal lnv?stt)lgg—
quirements IS 17051 : 2018 7 tion of the high-velocity impact performance of body

) armorpanels. Thin-Walled Structures, 189,110909.

12 S.Cao, D.Zhou, Z.Wang, L.Chen (2024) An experi- L .
mental study of the penetration resistance of UHM- 2 Y :;a,n%' X. Chen (%Oﬁ?).lnvestflgatlon of fa]:lurle moqeﬁ
WPE laminates with limited thickness. Thin-Walled and Influénce on ba Istic performance 0 Utr'a—!—llg

Molecular Weight Polyethylene (UHMWPE) uni-direc-
Structures, 196, 111438. . . ) . .
tional laminate for hybrid design. Composite Struc-

13 M. K. Hazzard, S. Hallett, P. T. Curtis, L. lannucci, R. tures, 174, 233-243.

S. Trgsk (2017) Effect of fibrg orientation on the low 23 A. S Koohestani, A. Bashari (2020) Advanced bullet-
.VEIOC”Y Impact response of thin Dyneema® compos- proof and stab-and spike-resistant textiles. In Advanc-
Ite Igmlnates. International Journal of Impact Engi- es in Functional and Protective Textiles, p.261-289.
neering, 100, 35-45. Woodhead Publishing.

15 S. Elsheikhi, K. Y. Benyounis (2022) Review of recent 24 S. Kanesalingam, R. Nayak, L. Wang, R. Padhye, L
developments in polymer matrix composites with fiber Arnold (2019) Stab and puncture resistance of sili-
reinforcements. Reference Module in Earth Systems ca-coated Kevlar—wool and Kevlar—wool—-nylon fab-
and Environmental Sciences, Elsevier Ltd. rics in quasistatic conditions. Textile research journal,

16 D. Kyriacos (2017) In Brydson’s Plastics Materials, 89(11), 2219-2235.

Butterworth-Heinemann, p.457-485. 25 Textiles - Bullet Resisfant Jackets - Performance Re-

17 T. Fan, S. S. Xue, Zhu, W.B.Zhang, Y. Y., Li, Y. Q,, quirements IS 17051 : 2018 4

Z. K. Chen, and S. Y Fu (2022) Multifunctional polyu-
rethane composite foam with outstanding anti-impact
capacity for soft body armors, ACS Applied Materials
& Interfaces, 14(11),13778-13789.

[18] D. Luo, Y. Wang, F. Wang, H. Cheng, B. Zhang, Y. Zhu

(2020) The influence of metal cover plates on ballis-
tic performance of silicon carbide subjected to large-
scale tungsten projectile. Materials & Design, 191,
108659.

ZASTITAMATERIJALAGG6 (2025) broj 1

26

27

E. A.S.K. Fernando, S. M. N. Niles, A. N. Morrison, P.
Pranavan, I. U. Godakanda, M. M. Mubarak (2015)
Design of a bullet-proof vest using shear thickening
fluid, International journal of advanced scientific and
technical research, 1(5), 434-444.

M.AKislov, M.Chauhan, S.V.Leonov, Y.l.Pigolkin
(2022) Forensic medical characteristics of firearm exit
wounds in cases with armour protection. Legal Medi-
cine, 54, 102002.

13



S. Das et al.

Protection from Ballistic Threats: An Exploration of Textile Materials for ...

1ZVOD

ZASTITA OD BALISTICKIH PRETNJI: ISTRAZIVANJE TEKSTILNIH
MATERIJALA ZA GORNJU ODECU OTPORNU NA METKE

Jakne otporne na metke su jedna od inovacija koje pokazuju kako tekstilni inZenjering i tehnologi-
ja mogu da rade zajedno da za$tite ljude od balistickih pretnji. Da bi se poboljsali zastitni kvaliteti
neprobojnih jakni, neophodno je razumeti Sirok spektar tekstilnih materijala koji se koriste u njima.
Ova studija ima za cilj da razjasni sloZenu interakciju izmedu zastite, fleksibilnosti i udobnosti koja je
svojstvena ovim vrstama odece kroz detaljnu analizu razli¢itih vlakana, tkanina i kompozita, od kojih
svaki nudi jedinstvene karakteristike koje doprinose ukupnoj efikasnosti ovih vrsta odece. odevnih
predmeta. Odredeni su vazni faktori koje treba uzeti u obzir pri izboru najboljeg materijala na osno-
vu posebnih potreba kao $to su fleksibilnost, udobnost, teZina i stepen zastite kroz paZijivu analizu
i poredenje. Ovo istraZivanje ¢e pruZiti vredne uvide istraZiva¢ima, proizvodacima i potrosacima,
podsti¢uci napredak u dizajnu zastitne odece i promoviduci informisano dono$enje odluka u oblasti
licne bezbednosti.

Kljuéne reci: jakna otporna na metke, zastitna odeca, stepen zastite, fleksibilnost, udobnost, bez-
bednost
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ABSTRACT

Antifungal hydro-repellent coatings were formulated for Pinus ponderosa panels’ protection. The
fomulated coatings were based on a hydroxylated acrylic resin chemically modified with n-octyltrieth-
oxysilane (R8), n-octadecyltriethoxysilane (R18), and some mixtures of them as hybrid film-forming
material. Diatomaceous silica was used as a pigment. The share of silane was 20% higher than the
stoichiometric ratio to allow its interaction with cellulose hydroxyl groups (-OH).

Results indicated that the best antifungal efficiency was reached with coating formulated with
70R8/30R 18 ratio due to the chemical reaction of cellulose hydroxyl groups (causing its blocking) and
the physical barrier created by the degree of compaction of the film itself. Moreover, Biodeterioration of
the film caused by the specific fungi was not observed, whit confirms the durability effect of the treat-
ment. The protection mechanismis related to the water repellency and the blocking of the substrate.

Keywords: Antifungal coating, Wood, Chemically modified acrylic resin, Silane, Water repellence,

Decay resistance

1. INTRODUCTION

The protective treatments of wood (impregnation
and/or application of coatings) are applied, in many
cases, to prevent its decay by water repellency of
wood; however, solely the water repellency is not
sufficient to prevent biodeterioration of wood.

An efficiency protective method that is being
used against biodeterioration is wood chemical
modification. This is based on the reaction between
the cellulose hydroxyl groups with active protective
products to improve dimensional stability, decay re-
sistance, flame retardance and UV deterioration.
The mentioned modification prevents biodeteriora-
tion because with only a random inclusion of a sub-
stituent in a hydroxyl group of any glycosidic ring
prevents its enzymatic attack by the non-formation
of the enzyme-substrate complex [1-6].

It is known that curing of the silanes involves hy-
drolysis and condensation reactions of the metal-or-
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Paper received: 20.05.2024.

Paper accepted: 9.06.2024.
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ganic precursors. When wood is treated with silanes,
the chemical modification takes place which involves
condensation reaction of the hydroxyl groups of cel-
lulose (C-OH) with hydrolyzed silanes (=Si-OH)
forming =SiO-C=bonds [7-16].

The aim of this paper was to formulate reactive
hybrid coatings based on a hydroxylated acrylic res-
in and silanes mixture for the Pinus ponderosa pan-
els protection, by proper combination of the main
properties of wood in service: decay resistance, wa-
ter repellency and water vapor permeability.

EXPERIMENTAL

Pigmented coatings were formulated with a hy-
droxylated acrylic resin chemically modified with n-oct-
yltriethoxysilane, n-octadecyltriethoxysilane and some
mixtures of them. The amount of silane was 20% up-
per to the stoichiometric ratio to allow its interaction
with cellulose hydroxyl groups (-OH). As extender was
used diatomaceous silica to improve the hardness and
adhesion of the films and to give opacity to coatings.

Diatomaceous silica was dispersed in the
film-forming material in form of the solution of hy-
droxylated acrylic resin to achieve a concentration
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of approximately 20% v/v of the dry film; the pro-
cess was conducted in a high-speed disperser for
25-30 minutes (7-8 NS of Hegman Scale). Silanes
and silanes mixtures were used in its original liquid
state. The solvent mixture was formulated with eth-
anol / ethylene glycol acetate, 1/2 viv and was used
to adjust the solids content of all coatings to 70% v/v.

Solid wood panels made of Pinus ponderosa,
kept in laboratory environment (25 °C y 40%RH)
were coated with brush; the dry film thickness
(measured by ultrasound PosiTector 200B) ranged
from 74-81um. In all cases, and to ensure the total
drying and curing of the films (hydrolysis and con-
densation reactions involved in the sol-gel process),
the specimens were kept in the controlled laboratory
conditions for ten days before start laboratory tests.

LABORATORY TESTS

The following tests were conducted after curing
of the coatings:

- Contact angle (9d). @ was measured by the
sessile drop technique, using a microscope and a
suitable source of illumination, with a CCD camera
coupled to ocular (in triplicate). Drop Shape Analysis
was made using the ImageJ software (NIH). Contact
angle measurements were conducted on uncoated
and coated wood panel samples.

- Water Repellency Effectiveness (WRE). The
size of the panels was 50x100x300mm; efficiency
was determined under guidelines of ASTM D5401-
03 (2014). The WRE values were evaluated by eight
immersion cycles (in triplicate).

- Capillary water absorption (w). The specimen
sizes were 80x80x40mm (radial x tangential x axial).

Table 1. Contact angle

The test was carried out according to guidelines of
1ISO15148:2002 (in triplicate).

- Water vapor permeability. This test was per-
formed on free films of coatings, under the guide-
lines of DIN52615:1987-11 (until the constant weight
of samples in 24 hour intervals). DIN18558:1985-01
considered coating as water vapor permeable when
Sd value is lower than 2m; for higher quality level
should be Sd lower than 0.10m. Firstly, it was calcu-
lated the flux density of water vapor diffusion (DDV)
in gm=day and then, the air thickness equivalent
to the diffusion of water vapor (Sd, air layer that has
the same resistance to the water vapor diffusion that
the paint film thickness considered). For this pur-
pose, it was used the expression Sd = 20/DDV.

- Fungal resistance. The specimen sizes were
20x20x20mm. The coated specimens of Pinus pon-
derosa were exposed, under laboratory conditions,
to the action of Trametes versicolor and Chaetomi-
um globosum, following general guidelines of ASTM
D2017-05 (2014) and to Aspergillus niger, following
guidelines of ASTM D4300-01 (2021).

RESULTS AND DISCUSION

- Contact angle. All coated panels had higher
contact angle than untreated wood (g = 50°), Table
1. Furthermore, @ increased proportionally to the in-
crease of R18 in coating composition. This would
be based on presence of long hydrocarbon chain in
R18 linked to the —OH of cellulose and acrylic resin
giving hydrophobicity to the system. These findings
are consistent with those reported by Chae Eun Pyo
and Jeong Ho Chang [17], who reported a fourfold
increase in contact angles for surfaces modified with
C18 compared to unmodified surfaces.

Alkoxide Contact angle Hidrofobicity
n-octyltriethoxysilane (R8) 60+3 Low
n-octadecyltriethoxysilane (R18) 142 +2 Excellent

90/10 703 Low
80/20 815 Low
70/30 914 Regular
60/40 95+4 Regular
R8/R18, 50/50 98 + 2 Regular
ratio viv 40/60 100 £ 6 Regular
30/70 108 +3 Regular
20/80 113+3 Satisfactory
10/90 130+5 Excellent
Reference 502 Low
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- Water repellent efficiency. Water repellent ef-
ficiency of the coated panels was analyzed by the
coefficient WRE, Figure 1. The WRE values for coat-
ed wood were similar for all immersion cycles; this
could be on the consequence of the high stability
that the coatings have when are exposed to mois-
ture-drying cycles.

The results show that the coating modified only
with R8, although would form a compact dense coat-
ing, would not prevent the ingress of liquid water
because the lack of high water repellency; the im-
proved performance in terms of water repellence, in
comparison to the untreated wood, can be explained
by the chemical modification of the wood cell walls.

90.00 1

@ n-octyltriethoxysilane (R8)

80.00 1
70.00
60.00 -
50.00 -
40.00 +
30.00 +
20.00
10.00 ¢

0.00 -

WRE, %

Cycles

m n-octadecyltriethoxysilane (R18)
0 90/10
0 80/20
W 70/30
0 60/40
B 50/50
0 40/60
W 30/70
B 20/80
O 10/90

Figure 1. Water Repellence, WRE %

Meanwhile, the coating modified only with R18
also formed a reactive coating but hydrophobic and
discontinuous because of the steric hindrance; this
gives the best water repellency (WRE = 80.75 %
0.16%) compared to the untreated wood and even
to the treated only with R8 (WRE = 30.71 = 0, 34%).

Regarding coatings formulated with mixtures of
silanes, the results indicate that the increased level of
R18 led to increased WRE, Figure 1; WRE values in-
crease strongly with the increasing of R18 up to 60/40
R8/R18 ratio. This can be explained by the fact that
while the packing density is lower (steric effect be-
tween R8 and R18 groups) the hydrophobicity of sys-

tem is optimal. This aligns with the findings of Chen
et al. [18], who emphasized the significance of alkyl
chain length in establishing a hydrophobic network.

- Capillary water absorption. W coefficient de-
creased with increasing of R18 in binder, Figure 2;
this probably the consequence of the film packing
density and the chemical modification of wood. The
coating that includes only R8 as cobinder forms a
dense and compact film, but it was not sufficient to
prevent the ingress of water; despite, the ingress of
water was lower than for the untreated wood (2.30
0.13 and 2.41 + 0.12 respectively), due to the physi-
cal barrier which prevent capillary uptake.

R8/R18 viv  ratio

R8 |RI8

T T u
0.00 0.50 1.00

w, kg.m2. h*?

T u T
150 2.00 250

Figure 2. Water Repellence, w coefficient
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Meanwhile, wood protected with coating that in-
cludes only R18 as cobinder also form physical bar-
rier but with strongly hydrophobic characteristics;
based on the best value of w (0.22 £ 0 01) [18].

For intermediate values of R8/R18, acceptable w
values were obtained between 50/50 and 0/100 R8/
R18 ratios (0.58 and 0.22 respectively). This is due
to the achieved balance between water repellency
and loss of fibers capillarity, resulting from the shut-
ter of the -OH with the silanes employed.

- Water vapor permeability. The recorded Sd
values were between 0.07 and 0.14 m; values that
exceed 0.10 m correspond to R8 and to 90/10 R8/
R18 ratio, Figure 3. What could have happened is
that the long chains of R18, as their ratio increas-

es, made the coating film more porous, decreasing
the Sd up to the film with 60/40 ratio; after which
water repellence begun to have more preponder-
ance, and the Sd increased progressively. This
agrees with Josip Mikledi¢, Vlatka Jirous-Rajkovi¢
[19] who reported that for non-porous materials,
there is no theoretical difference between the pene-
tration of liquids and water vapor, but due to the po-
rous structure of the coating, water can also move
by capillary flow, which can affect the differences in
water and water vapor permeability [20]. It is known
that uptake of moisture in liquid form occurs both by
capillary sorption and moisture diffusion and con-
sequently is strongly dependent on the structure of
the wood [21].

R16

RE® 18wy rala

RE

Sd, m

Figure 3. Water vapor permeability, Sd

Weightloss, %
90.00

80.00

70.00

60.00

50.00

40.00

30.00

—
M<:i/ - -
—e— Trametes Versicolor
—=— Chaethomium globosum

20.00

10.00

0.00 ‘ v

90/10

R8 R18

80/20 ‘ 70/30 ‘ 60/40 ‘ 50/50 ‘ 40/60 ‘ 30/70 ‘ 20/80 ‘

10/90

R8/R18 /v ratio Reference|

Figure 4. Decay resistance, Weight loss of specimens exposed to fungi
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After analyzing the steric effect, it can be con-
cluded that all films enabled water vapor permeabili-
ty and natural wood movement, thus preventing loss
of film adhesion [22].

- Fungal resistance. The analysis of results in-
dicates that for the coating film with only R8 in its
composition two effects occurred: high mass loss,
but fungal vegetative body growth was not observed,
Figure 4.

Moreover, in films with R8/R18 mixtures the fol-
lowing was observed: (i) reduced mass loss, with
maximum for 70/30 R8/R18 ratio, where the mass
loss becomes zero; (ii) no growth of fungal vegeta-
tive body; (iii) increased mass loss with the growth of
the fungal vegetative body on the surface.

Finally, for the coating film wit only R18 it was
observed: (i) high mass loss and (ii) growth of the
fungal vegetative body.

The best antifungal efficiency was achieved
with the coating formulated with 70/30 R8/R18 ra-
tio, which can be explained by the achieved suitable
degree of compatibility between the blocking of the
cellulose (by chemical reaction with OH groups of
coating), the physical barrier of film created by the
compaction of the film (mainly conferred by R8 si-
lane) and the hydrophobicity (primarily provided by
the R18 silane). The protection mechanism based
on the water repellency and the blocking of the sub-
strate bonds was reported in previous works by
many authors: In Garcia et al. [23], the antifungal ef-
ficacy of acrylic varnishes on pine wood was stud-
ied, revealing that acrylic coatings form a protective
film that prevents the entry of moisture and oxygen,
both necessary for fungal growth. Mked¢ and Jir-
ous-Rajkovi¢ [19] also highlight the effectiveness of
finishes in protecting wood against liquid water and
water vapor. Finishes create an impermeable barri-
er that prevents moisture absorption, crucial for pre-
venting fungal growth.

Regarding exposure to Aspergillus niger, there
was no growth recorded on any film surface or in the
surrounding encirclement, Figure 5. This result con-
firmes the durability of the treatment.

In summary, comparing findings in the litera-
ture, it could be observe that whether Hybrid (Cutz
et al. [24]), Commercial (Jusic et al. [25]), Natural
(Arminger et al. [26]), Acrylics (Garcia et al. [23]), or
Water-based Acrylics (Custédio et al. [27]) coatings,
the aim is to achieve an Impermeable finish coat
(MikleGic and Jirous-Rajkovi¢ [19]) and the excel-

lent adhesion (Kudela and Liptédkova [28]), leading
to an efficient physical and hydrophobic barrier that
prevents the ingress and development of wood-de-
grading microorganisms. Each of these studies high-
lights different aspects and mechanisms contributing
to the antifungal protection of coatings, from the in-
corporation of active agents like titanium dioxide, the
use of chemical biocides, to the formation of physi-
cal barriers preventing moisture penetration.

(b)

Figure 5. Decay resistance, Inhibition of Aspergillus
niger growth (a) respect to control (b)

CONCLUSIONS

- The best antifungal efficiency was achieved
with the coating formulated for the 70/30 R8/R18 ra-
tio, which can be explained by achieved compatibili-
ty between the blocking of the cellulose (by chemical
reaction of its -OH groups with coating components),
the physical barrier created by the compaction of the
film (mainly confirmed by R8 silane) and the hydro-
phobicity (primarily provided by R18 silane). This
means that this treatment blocks all possible mecha-
nisms of fungal attack.

- The values of Sd showed that the adhesion of
the coating films to wood panels was very good in
the range of 70/30 R8/R18 to 40/60 R8/R18 ratios.
In this case the antifungal performance was ensured
by physical blocking of the coating film.

- The water repellence, another important fac-
tor of biodeterioration prevention, increased with the
level of R18 in binder. This shows that the water re-
pellency of film is affected by the hydrophobicity of
the co-binder employed, with positive impact of the
long hydrocarbon chains in the composition to the
water repellence.

- The results of eexposure of films to Aspergillus
niger, allow us to conclude that formulated coatings
resists to common environmental fungi action. This
conclusion is important knowing that these fungi reg-
ulate the humidity of the colonized material.
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1ZVOD

ANTIFUGALNI LAK ZA ZASTITU DRVETA

Antifungalni hidro-repelentni premazi su formulisani za zastitu panela Pinus ponderosa. Formulisani
premazi su zasnovani na hidroksilovanoj akrilnoj smoli hemijski modifikovanoj sa n-oktiltrietoksisila-
nom (R8), n-oktadeciltrietoksisilanom (R18) i nekim njihovim smesama kao hibridnim materijalom za
formiranje filma. Kao pigment je kori§¢en dijatomejski silicijum. Udeo silana je bio 20% vedi od stehi-
ometrijskog odnosa da bi se omogucila njegova interakcija sa hidroksilnim grupama celuloze (-OH).
Rezultati su pokazali da je najbolja antifungalna efikasnost postignuta sa premazom formulisanim
u odnosu 70R8/30R18 usled hemijske reakcije celuloznih hidroksilnih grupa (koje izaziva njeno
blokiranje) i fizicke barijere stvorene stepenom zbijenosti samog filma. Takode, nije primeceno bio-
propadanje filma izazvano specificnim gliivama, Sto potvrduje efekat dugotrajnosti tretmana. Meha-
nizam zastite je vezan za vodoodbojnost i blokiranje podloge.

Kljuéne reci. premaz protiv gljivica, drvo, hemijski modifikovana akrilna smola, silan, vodoodbo-
jnost, otpornost na propadanje
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Concrete Structures According to ACI Standards

ABSTRACT

The application of low-cost, low-toxic corrosion inhibitors lowers the rate of corrosion of reinforced
concrete in a salt-aqueous medium. The purpose of this work is to compare an innovative, suppos-
edly environmentally benign inhibitor derived from fruit waste (pomegranate peels extract (PPE))
with sodium benzoate, an organic inhibitor. The inhibitors were introduced to the concrete mixture at
quantities of two and four percent by weight of cement according to ACI standards. The maximum
extraction yield in terms of entire phenolic content was obtained by using an aqueous solvent and the
Soxlet technique. The efficiency of corrosion inhibitors in preventing corrosion was investigated us-
ing compressive strength and optical microscopy methods. PPE forms an organic layer made up of
several components in a variety of salt environments, providing both a chemical antioxidant activity
and a mixed-type corrosion inhibitor, most likely due to the polyphenol concentrations.

Keywords: Green inhibitor, Sodium benzoate, Reinforced concrete, Compressive strength, Optical

microscopy.

1. INTRODUCTION

Reinforcement corrosion is the main cause of
early collapse of reinforced concrete structures
worldwide, and it attracted a lot of attention at the
end of the 1980s and the start of the 1990s. [1].
Steel embedded in concrete is often in a passive
state against corrosion due to a thin layer of iron
oxide that forms on the steel’s surface and remains
stable in the extremely alkaline environment of the
concrete. There are two primary methods for de-
passivation, which is the process of removing the
protective layer that shields steel from corrosion:
using chlorides (seawater, deicing salt, unwashed
sea sand, admixtures, etc.) to attack the steel, or
carbonating the cover concrete by reacting with
carbon dioxide to reduce the alkalinity of the con-
crete. The reinforced concrete structure may fully
degenerate electrochemically once corrosion has
commenced. Here on the steel surface are the
anodic and cathodic areas. [2—6]. During the car-
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bonation process, carbon dioxide seeps into the
concrete and reacts with hydroxides. This results
in the production of carbonates and water, which
lower pH and harm the passivation layer on the
steel. [7-10]. CaO and SiO ,make up the major-
ity of the oxide combination that is dry Portland
cement. Calcium oxide hydrates to produce port-
landite [Ca(OH) ] when combined with water. This
compound can then react with carbon dioxide to
form CaCO,. Concrete that is porous is sealed by
CaCO,, which has a larger volume than Ca(OH),
[11]. This dangerous damage could be caused by
a decrease in the reinforcing section, the formation
of fractures in the cement covering, or a lack of
adhesion between the metallic substance and the
concrete. The significant impact of chloride ions in
the environment is one significant element limiting
the longevity of concrete constructions and compli-
cating the work of civil engineers. As seen in Fig. 1,
the chloride ions catalyse the dissolving reaction,
causing fast disintegration, chipping, and cracking
by removing the protective layer Fe O , [12].

The methods for preventing corrosion that have
been developed include cathodic protection, coat-
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Figure 1 Mechanism of corrosion of reinforced concrete [3].

ings, and corrosion inhibitors. Among all of them,
using inhibitors to reinforce steel became standard
procedure [7]. Corrosion inhibitors are chemical
substances that change the surface state of rein-
forced steel when added to the concrete mix in small
amounts, which slows or stops the rate of corrosion
[8]. Using inhibitors was the most effective way to
deal with this harmful event. Corrosion inhibitors
can be grouped according to the corrosion protec-
tion method, environment, layer of protection, type
of structure and composition, and physicochem-
ical properties. While total inhibition of corrosion
is practically unachievable, inhibitors can be used
to limit the rate and abrasiveness of the process.

ZASTITAMATERIJALA 66 (2025) broj 1

Environmental constraints frequently result in the
substitution of less harmful compounds for inorgan-
ic inhibitors [9]. The most ecologically friendly meth-
od of corrosion inhibitor is green technology, which
is based on the usage of plants and biodegradable
in nature [10].

The main objective of this research is to report
an experimental study that monitors and evaluates
corrosion processes in the surface of steel rebar used
in reinforced concrete using optical microscopy and
compressive strength—a green inhibitor and an or-
ganic inhibitor for comparison.
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2. EXPERIMENTAL PART
1. Materials used

The Portland cement sulphate-resistant cement
utilised in this work was produced by the Karbala ce-
ment factory, and the cement’s physical and chemical
test results were in line with the Iraqi 1QS No. 5- 2019
[13] for class 42.5 N cement. Coarse aggregate is
defined as river gravel that meets the reapproved
Iragi criteria 1QS 45-84 and has a grade of 5-19
mm [14]. Sand from a najaf quarry (grading area no.
2) that complies with Iraqi specifications 1QS 45-84
[14] is considered fine aggregate and is utilised in all
concrete mixtures. In this work, the specimens were
made and cured using tap water. Pomegranate peels
extract were employed as a green inhibitor in this

Table 1 Chemical composition of rebar

study. The organic inhibitor utilised in this experi-
ment was sodium benzoate, which has the formula
C,H.COONa.

Since the research was limited to addressing ex-
ternal chloride attacks, all concrete materials were
chosen based on their chloride concentration, staying
within permissible limits. The concentration of chlo-
ride salt in the aqueous solution to which the spec-
imens were exposed was represented by the expo-
sure conditions, which were 2% or 4%.

All specimens utilised mild steel, whose chemical
makeup is given in Table 1. Samples of steel rebar
with a diameter of 10 mm in the transverse direction
(shear reinforcement) and 16 mm in the longitudi-
nal direction (primary reinforcement protruding 5 cm
above specimen surface.

Element C Si Mn

P S N

0.24 0.65 1.66

Weight [%]

0.058 0.058 0.014

2.2 Preparing of Concrete Mixtures

ACI standard technique was used for designing
the concrete mix. In order to create concrete with a
mean 28-day compressive strength of 35 MPa, ACI
211.1.91 was reapproved in 2002 [15]. This strength
was selected to stand in for the typical concrete used

in traditional building. The mix had the following pro-
portions: 1:1.62:3.01 for cement, sand, and gravel,
the wi/c ratio was 0.55. In both combinations, 210 kg/
m3 of water were used. The model symbols and ad-
ditive proportions for concrete mixtures are displayed
in Table 2.

Table 2 The preparation of the concrete mixtures (specimens) for the experiments

Type of Mix
% of Adding Pomegranate Peels Extract . . I
Symbol of Mix Inhibitor % of Adding sodium benzoate Inhibitor
A AL A2 without without
Reference
B ,B1,B2 _ 2% by weight of cement
C,C1,C2 _ 4% by weight of cement
D ,D1 ,D2 2% by weight of cement _
E, E1, E2 4% by weight of cement _

2.3 Acceleration of Chloride ion permeation

The purpose of this method to bring chlorides into
the concrete to the level of the rebar by diffusion.
It A system comprising a glass water container that
was constructed to fit the tested reinforced concrete
specimens was utilised to expedite the penetration of
the chloride ion carried by the soil into the reinforced

24

concrete, utilising ,, The electrical migration technique”
[16]. Concrete specimens were used to partition each
container into two sections. As a representation of
the salt-laden soil the concrete was exposed to while
in use, the first section was partially filled with wa-
ter containing chloride salt. The specimen was ex-
posed on two sides, and it was raised using a tiny
glass base that let saline water come into touch with
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the targeted portion of the specimen. Distilled water
was poured into the second section of the contain-
er. Silicone material was put at the points of contact
between the glass and the specimens, between the
touched glass pieces, or between the concrete piec-
es themselves to isolate these two sections from one
another (see Fig. 2).

Power

2.4 The Tests

2.4.1 Compressive Strength Test

The compressive strength was assessed using
the LEL International machine, which is housed in
the structural laboratory of the University of Kufa’s
civil engineering department, in accordance with
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Figure 2 Cell accelerates the penetration of chloride ions

British Standard [B.S. 1881: part 116: 1989] [17].
The cubes were taken out of the curing water af-
ter 28 days and used to measure the compressive
strength of the concrete. Three samples on average
from each type of concrete mix were used to report
the values.

2.4.2 Optical Microscopy

Optical microscopy (OM)was specifically used
to detect areas of rust and its spatial distribution on
surfaces of reinforcing steel samples. This test was
performed at the Nanotechnology Unit at the Uni-
versity of Kufa using an optical microscope device
(NMM-800RF, Xiamen Phio, China Origin) equipped
with appropriate reflected illumination for observation.
Non-transparent surfaces of objects. The camera is
connected to computer programs and has the ability
to display and show images of the surfaces of ob-
jects.

3. RESULTS AND DISCUSSION

3.1 Compressive Strength Test

The results of the compressive strength test at
age 28 days for samples containing 2% and 4% by
weight of cement of both organic (sodium benzoate)
and green (pomegranate peel extract) inhibitors are
shown in Fig. 3.
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Figure 3 Compressive strength of concrete samples
with green inhibitor and organic Inhibitor
after immersion in tap water for 28 days.

The addition of sodium benzoate admixture (2%
by weight of cement) to concrete does not result in
a reduction in compressive strength after 28 days,
but the addition of sodium benzoate inhibiter admix-
ture (4% by weight of cement) to concrete does. This
admixture may act as a retarder [18], delaying the
action of tricalcium aluminate (C3A) and altering the
concrete’s compressive strength during its early ages.
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a b

Figure 4 Light optical micrographs of the steel surface with magnification 20X of the concrete columns
samples and with and without inhibitors showing the microstructure and the corrosion attack: a) immersed
in 2% NacCl solution, b) immersed in 4% NaCl solution.
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a b

Figure 5 Light optical micrographs of the steel surface with magnification 20X of the concrete beams
samples and with and without inhibitors showing the microstructure and the corrosion attack:
a) immersed in 2% NacCl solution, b) immersed in 4% NaCl solution.
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Following the application of a green inhibitor, pome-
granate peel extract added at 2% and 4% by weight
of cement increases compressive strength by 3.39%
and 4.90%, respectively. Pomegranate peel extract
increases the durability of concrete and is responsi-
ble for the noted increase in compressive strength.
Pomegranate peels, which have a calcium content
of 162.1 mg per 100 g, help to build additional calci-
um gel, which increases the strength of the concrete
by producing C-S-H gel. The densification effect was
brought about by this gel, which filled the spaces be-
tween the cement matrixes [19, 20].

3.2 Optical Microscopy

Optical micrographs of all reinforced concrete
samples with or without the presence of inhibitors
types are shown in the Figs. 4 and 5. Visual inspec-
tion revealed that in most cases of corrosion the cor-
rosion began between the ribs of the reinforcement
or directly at the edge of the rib as shown in Fig. 4
(some flash rust spots can also be seen on the sur-
face of beams and columns steel samples).

In Fig. 5, there are also some minor rust areas on
the steel surface of the samples.

Inspection of the steel concrete surface at the
onset of corrosion typically revealed a single distinct
corrosion point, which in some cases was surrounded
by much smaller corrosion pits, as shown in Fig. 5.
Small corrosion pits have been interpreted as sites
where corrosion had begun but were unable to reach
stable pit growth (as opposed to a dominant corrosion
site), and these pits were typically covered by a crust
of corrosion products.

3.3 Conclusion

1 This study investigated a green technique to
maintain the environmental cleanliness of organic
materials, limit the aggravation of chemical combi-
nations applied to concrete, and promote sustainable
engineering. This is accomplished by using pome-
granate peel extract, a low-cost, readily available,
and non-toxic corrosion inhibitor, in reinforced con-
crete exposed to chloride attack.

2 A concrete mix that contains 2% or 4% of
pomegranate peel by weight will have a higher com-
pressive strength; additionally, the addition of pome-
granate peel promotes the creation of calcium gel,
which further enhances the concrete’s strength de-
velopment by producing C-S-H gel. Densification is
caused by this gel, which filled the spaces between

the cement matrixes. The compressive strength of
fresh concrete mix is affected when 2% and 4% of
sodium benzoate by weight of cement is added. This
is because sodium benzoate serves as a retarder af-
ter 28 days of immersion.

3- Optical microscopy revealed that the amount
of oxides formed as a result of corrosion (iron oxide
and chlorides) increased while the concentration of
inhibitors (pomegranate peel extract and sodium ben-
zoate) decreased on the surface of the reinforcing
steel after it was removed from the concrete blocks.
Corrosion products were also found on the surface
of the reinforcing steel in samples C2, D1, D2, E1,
and E2. Simply looking at the surface reveals that
these samples have a less corroded surface or are
practically corrosion-free.
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SINERGISTICKI EFEKAT INHIBITORA NA KOROZIJU
ARMIRANOBETONSKIH KONSTRUKCIJA PREMA ACI STANDARDIMA

Primena jeftinih, niskotoksi¢nih inhibitora korozije smanjuje stopu korozije armiranog betona u mediju-
mu sa slanom vodom. Svrha ovog rada je da se uporedi inovativni, navodno ekolo$ki benigni inhibitor
dobijen iz vo¢nog otpada (ekstrakt kore nara (PPE)) sa natrijum benzoatom, organskim inhibitorom.
Inhibitori su uvedeni u betonsku meSavinu u koli¢inama od dva i Cetiri procenta mase cementa prema
ACI standardima. Maksimalni prinos ekstrakcije u pogledu celokupnog sadrzaja fenola dobijen je ko-
ris¢enjem vodenog rastvaraca i Soklet tehnikom. Efikasnost inhibitora korozije u sprecavanju korozije
je ispitivana primenom metoda ¢vrstoce na pritisak i opticke mikroskopije. LZO formira organski sloj
sastavljen od nekoliko komponenti u razli¢itim okruzenjima soli, obezbedujuci i hemijsku antioksida-
tivnu aktivnost i inhibitor korozije mesovitog tipa, najverovatnije zbog koncentracije polifenola.

Kljucne reci: zeleni inhibitor, natrijum benzoat, armirani beton, ¢vrstoca na pritisak, opticka mikroskopija.
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Investigations of Nanomaterial-Based Membranes
for Efficient Removal of Contaminants from Wastewater
via Membrane Distillation: A Critical Review

ABSTRACT

The requirement for wastewater treatment is paramount in ensuring environmental sustainability and
safeguarding public health. As industrialization and urbanization accelerate, the volume of waste-
water generated continues to increase, containing a diverse range of pollutants and contaminants.
Untreated wastewater poses serious threats to ecosystems, water bodies, and human communi-
ties, leading to pollution, waterborne diseases, and ecological imbalances. Effective wastewater
treatment becomes essential to mitigate these adverse effects by removing or reducing pollutants
before discharge into natural water sources. This process helps to preserve water quality, protect
aquatic life, and maintain the overall health of ecosystems. Membrane distillation (MD) has emerged
as a promising technology for wastewater treatment, offering an innovative approach to address
the challenges associated with conventional treatment methods. In MD, a hydrophobic membrane
serves as a selective barrier, allowing water vapor to pass through while preventing the passage of
contaminants. This paper offers an extensive overview of the latest advancements in nanotechnol-
ogy and membrane distillation applied in wastewater treatment. We will delve into different types of
nanomaterials that have been used to enhance the properties of MD membranes, such as nano-
composites, nanoparticles, and nanofiber membranes. We also explore the mechanisms by which
these nanomaterials improve the separation efficiency, anti-fouling properties, and durability of MD
membranes. Additionally, we highlight the potential of hybrid membranes that combine different
types of nanomaterials for further improving the performance of MD in wastewater treatment. We
provide examples of recent studies that have investigated the use of hybrid membranes, including
carbon nanotube-graphene oxide hybrid membranes, nanocomposite nanofiber membranes, and
silver nanoparticle-embedded membranes. We also identify some areas for future research and de-
velopment, such as the scale-up and commercialization of nanotechnology-based MD systems. In
summary, this review paper highlights the potential of nanotechnology to enhance the performance
of MD in wastewater treatment, leading to improved water quality and a cleaner environment.
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INTRODUCTION

Indeed, chemical contamination of water has
gained significant attention from the public sector,
society, and, most significantly, the whole industri-
alized globe [1]. There are two main sources, point
and non-point. The initial description pertains to
pollutants originating from a singular origin, such as
industrial emissions directly entering water bodies.
On the other hand, the second refers to pollutants
discharged from various sources. Water pollution
stems from various contributors, including energy
consumption, radioactive waste, urban expansion,
sewage discharge and treatment, industrial efflu-
ents, mining operations, as well as the use of pes-
ticides and chemical fertilizers. Every activity that
uses water, whether it be residential, agricultural,
or industrial, will cause pollution since the efflu-
ent will contain undesired contaminants, some of
which may be dangerous [2]. Nanotechnology has
great potential for improving the efficiency and ef-
fectiveness of wastewater treatment. It involves
the use of nanoscale materials and processes to
remove contaminants from wastewater [1,2]. By
utilizing membranes with nanoscale pores, Nano-
filtration and Reverse Osmosis processes offer ef-
ficient and effective treatment solutions, ensuring
the production of clean and safe water for various

ZASTITAMATERIJALA 66 (2025) broj 1

applications. Nanofiltration membranes can remove
particles down to 1 nm in size, while reverse osmo-
sis membranes can remove particles down to 0.1
nm in size [3,4]. Nanoparticles can also be used
to adsorb contaminants from wastewater. Overall,
the use of carbon nanotubes, graphene oxide, and
metal oxide nanoparticles in wastewater treatment
holds great promise for addressing the global wa-
ter pollution crisis. These advanced materials, with
their unique properties and exceptional pollutant re-
moval capabilities, offer a sustainable and efficient
solution for the purification of wastewater [5-7]. Na-
noparticles can also be used as photocatalysts to
break down contaminants in wastewater. Titanium
dioxide nanoparticles are commonly used for this
purpose, as they can be activated by UV light to
generate reactive oxygen species that can degrade
organic compounds [8]. Another one is Nanobub-
ble Technology, according to which nanobubbles
are small bubbles (less than 100 nm in diameter)
that can be used to enhance aeration and mixing
in wastewater treatment. They can also help to re-
move contaminants by attaching to them and car-
rying them to the surface of the water [9]. Figure
1 presents some of the technologies employed in
water treatment, where nanoparticle and nanotech-
nology are extensively used.
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Figure 1: Innovations of Nanotechnology
in water treatment

Nanotechnology and membrane distillation

By leveraging the unique properties of nanoma-
terials, researchers can develop advanced mem-
branes with improved flux rates, higher selectivity,
and reduced fouling. Furthermore, nanotechnology
enables the integration of membrane distillation with
other treatment technologies, opening up new possi-
bilities for more efficient and sustainable wastewater
treatment processes. Membrane distillation entails
a separation technique employing a hydrophobic
membrane to isolate impurities from water via vapor-
ization and subsequent condensation. The simplest
and mostly employed configuration of MD is Direct
Contact Membrane Distillation (DCMD). Figure 2
presents the DCMD (simplest configuration). Top of
FormThe process operates at low pressure and low
temperature, making it energy-efficient and suitable
for treating wastewater [10]. Recent Researches re-
ported some ways that nanotechnology can be used
to improve membrane distillation for wastewater
treatment [11-14]:

i N 5

Hydrophobic
membrane

Figure 2: Schematic diagram of DCMD Configuration

e Nanocomposite Membranes: Membranes
made of nanocomposites can have im-
proved hydrophobicity and stability, leading
to better separation efficiency and durability.
For example, adding carbon nanotubes or
graphene oxide to the membrane matrix can

enhance its thermal conductivity and make it
more resistant to fouling.

e Nanofiber Membranes:
Top of Form

The extensive surface area of electrospun na-
nofiber membranes offers benefits across different
fields such as filtration, tissue engineering, and en-
ergy storage applications. In filtration applications,
the large surface area allows for efficient capture of
particles and contaminants, enabling improved sep-
aration efficiency. The narrow pore size distribution
of these membranes further enhances their filtration
capabilities, as it restricts the passage of larger par-
ticles while allowing smaller molecules to permeate
through. These nanofiber membranes can be func-
tionalized with nanoparticles or nanocomposites to
enhance their hydrophobicity and anti-fouling prop-
erties. Here are some examples: Polyvinylidene flu-
oride (PVDF) nanofiber membrane, Polyacrylonitrile
(PAN) nanofiber membrane, Polysulfone (PSf) nano-
fiber membrane etc.

e Hybrid Membranes: Hybrid membranes
that incorporate different types of nano-
materials, such as carbon nanotubes and
graphene oxide, offer numerous advantag-
es over traditional single-component mem-
branes. These membranes demonstrate
superior separation efficiency, anti-fouling
properties, thermal stability, and mechanical
strength. With their potential for enhanced
performance in various applications, hybrid
membranes are poised to revolutionize the
field of membrane-based separations [15].
Nuthenya et al. synthesized PVDF mem-
brane embedded with SiO, nanoparticles
for MD. They found that the embedded na-
noparticles enhanced the hydrophobicity of
the membrane surface, resulting in higher
water vapor flux and reduced fouling [16].
Zhang et al. (2018) reported that a PVDF
membrane embedded with TiO, nanopar-
ticles exhibited excellent thermal stability
and anti-fouling properties [17]. In addition,
various studies have investigated the effect
of different types of nanoparticles on MD
performance. For instance, Alkhouzaam et
al. investigated the use of graphene oxide
(GO) nanoparticles embedded in a PVDF
membrane for MD. They found that the
embedded GO nanoparticles improved the
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membrane’s hydrophobicity and thermal
stability, resulting in higher water vapor flux
and reduced fouling [18].

Wastewater Treatment via Membrane Distillation

Sangeetha (2022) conducted a study investi-
gating the effectiveness of dual-layered omni pho-
bic electrospun nanofibrous membranes (ENFMs)
within the realm of direct contact membrane distilla-
tion (DCMD). These dual-layered membranes were
created using polyvinylidene fluoride (PVDF) and
a fluoropolymer known as perfluorohexane (PFH)
through the process of electrospinning. The study
included testing the dual-layered ENFMs with sim-
ulated seawater, and the results showcased their
exceptional vapor performance. Being tested with
simulated seawater, the dual-layered ENFMs had
outstanding vapor flux of 8.5 L/m?h and salt rejec-
tion of greater than 99.99%. They also revealed
a high porosity and water contact angle (WCA) of
143°. When tested with synthetic wastewater con-
taining pharmaceutical substances, the construct-
ed ENFMs (Electrospun Nanofiber Membranes)
exhibited excellent permeate quality. The permeate
showed a low organic content of 1 ppm (parts per
million) and had a conductivity of 30 S/cm (siemens
per centimeter). These results indicate that the EN-
FMs are highly effective in removing pharmaceuti-
cal substances from wastewater [19]. Jingjee Ju’s
(2020) study investigated the fabrication and perfor-
mance of hierarchically structured superhydrophaobic
polytetrafluoroethylene (PTFE)/polyhedral oligomer-
ic silsesquioxane (POSS) nanofibrous membranes
for MD. The membrane fabrication procedure includ-
ed electrospinning, succeeded by surface modifica-
tion employing a fluorinated silane agent. The main
focus of the study was to optimize the PTFE/POSS
nanofibrous membrane, specifically the membrane
labeled as #POSS-2. This particular membrane ex-
hibited a remarkable three-dimensional (3D) super-
hydrophobic property, with a WCA measured at 151
t* 4°. The vinyl-POSS concentration was varied to
identify the optimal concentration that would result in
the desired membrane performance. Similarly, differ-
ent temperatures and salt concentrations were test-
ed to understand their influence on the membrane’s
performance. The study conducted on #POSS-2 in
the field of membrane distillation has yielded prom-
ising results. Specifically, it has shown a remark-
ably competitive water flux of 40 + 2 L/mzh during
the DCMD process. This achievement was obtained

when the feed temperature was maintained at 60 °C,
while the permeate temperature was kept at 20 °C.

Alongside its notable water flux performance,
#POSS-2 has showcased exceptional long-term sta-
bility throughout a continuous DCMD operation last-
ing for 200 hours.Top of Form This indicates that the
material is capable of maintaining its effectiveness
and efficiency over an extended period of operation
[20]. In their study, Hadi Attia et al. (2017) document-
ed the effectiveness of a superhydrophobic electro-
spun membrane for removing heavy metals through
Air Gap Membrane Distillation (AGMD). The mem-
brane was prepared by combination of electrospin-
ning technique and surface modification with a fluor-
inated silane agent. The research conducted
revealed important findings regarding the manufac-
turing of an immaculate beadless membrane mat.
Through experimentation, it was determined that a
polymer concentration of 15 wt.%, combined with a
cationic surfactant concentration of 0.05 wt.%, pro-
duced the desired results. In terms of the solvent
mixture, a ratio of 6:4 of dimethylformamide (DMF)
to acetone was found to be optimal for the mem-
brane mat production. Additionally, an electric field
strength of 14 KV was applied during the manufac-
turing process. The performance of the membrane
mat was evaluated based on various parameters.
The lead rejection rate achieved was 72.77%, indi-
cating the membrane’s ability to effectively remove
lead from the solution. The liquid entry pressure was
measured to be 17 psi, suggesting the membrane’s
ability to withstand pressure differentials and prevent
liquid penetration. Furthermore, the WCA was deter-
mined to be 132°, indicating the hydrophobic nature
of the membrane. This property is significant as it
allows for the efficient separation of water from other
substances. Composite PVDF membranes contain-
ing 11 wt.% and 20 wt.% functionalized alumina
(AlLO,) membranes performed better than composite
PVDF membranes with 18° WCA and 27 psi liquid
entry pressure, with 99.36% heavy metal rejection
and 5.9% higher permeate flow [21]. Jiaxin Cui et al.
(2020) focuses on the application of electrospun na-
nofiber membranes for wastewater treatment. Elec-
trospun nanofiber membranes exhibited high porosi-
ty and specific surface area, providing an efficient
platform for various filtration and separation process-
es. The nanofiber membranes showed excellent me-
chanical strength and stability, which can be further
improved by optimizing the electrospinning parame-
ters such as polymer concentration and solvent type.
The performance of electrospun nanofiber mem-
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branes can be enhanced by incorporating functional
materials such as nanoparticles and biopolymers.
Electrospun nanofiber membranes demonstrated
superior adsorption and removal efficiency for vari-
ous pollutants in wastewater, including heavy met-
als, dyes, and organic compounds. The application
of electrospun nanofiber membranes in wastewater
treatment can significantly improve the efficiency
and reduce the cost compared to conventional tech-
nologies. Overall, the study provides quantitative ev-
idence for the potential of electrospun nanofiber
membranes as an efficient and cost-effective plat-
form for wastewater treatment [22]. Mohamed
Shaban (2015) aimed to investigate the effect of in-
corporating titanium dioxide (TiO,) nanotubes into a
mixed matrix polyethersulfone (PES) membrane on
its performance in terms of water flux and rejection
of various pollutants. The VMD mathematical model
was used to calculate the best membrane perfor-
mance under optimal conditions. The experimental
findings showed that by employing 0.53% TiO,NTs in
the membrane preparation solution, it was able to
generate a high-performance NF/RO mix membrane
with a salt rejection percentage of 97% and a per-
meate flow of 18.2 L/m2h [23]. Junghyun Kim et al.
(2022) presented a novel membrane modification
method using multi-layered single-wall carbon nano-
tubes (SWCNTSs) and polyvinylidene fluoride (PVDF)
to improve the performance of membrane distillation
(MD). The research aimed to explore how electrical
repulsion influences membrane performance and
fouling prevention. Quantitative findings revealed
that among the membranes tested, the SWCNT/
PVDF membrane with the greatest number of
SWCNT layers (10 layers) demonstrated the highest
water flux (up to 43 L/m2 h) and the lowest contact
angle (29°).The fouling resistance of the modified
membranes was evaluated by using humic acid as a
model foulant, and the results demonstrated that the
SWCNT/PVDF membrane with 10 layers exhibited
the highest fouling resistance with a flux decline of
only 6% after 6 hours of operation. The study con-
cluded that the incorporation of SWCNTs in the
PVDF membrane can improve the membrane per-
formance in terms of water flux and fouling resist-
ance by inducing electrical repulsion between the
membrane surface and the foulants. Moreover, in-
creasing the number of SWCNT layers can further
enhance the membrane performance, making it a
promising approach for the development of high-per-
formance MD membranes [24]. Navya Thomas’s
(2021) study investigated the use of antiscaling 3D

printed feed spacers coated with nanoparticles for
membrane distillation (MD) applications. The 3D
printed feed spacers were coated with silica nano-
particles using a facile dip-coating method. A
scale-inducing aqueous solution of calcium sulphate
was used as the feed of a direct contact MD process
to evaluate the antiscaling effectiveness of uncoated
and FS coated spacers. The FS coated spacer had
a scalant (Ca*) attachment of 0.24 mg cm?, which is
74% less than the uncoated 3D spacer’s attachment
of 0.95 mg cm?. Additionally, 60% less scaling on the
membrane surface was seen when the antiscaling
FS coated spacer was used. Microscale rough-
ness-induced hydrophobicity and decreased sur-
face-free energy, which impaired the scalant’s inter-
action with the spacer surface, were the main
variables that lowered scaling with FS coating. The
results showed that the coated spacers exhibited a
higher water vapor flux and salt rejection rate com-
pared to the uncoated spacers [25]. Teoh et al.
(2022) aimed to investigate the effectiveness of us-
ing DCMD for the simultaneous recovery of water
and nutrients from aquaculture wastewater. The final
membrane has surpassed the standard for super hy-
drophobicity. It attained a high 153.3° WCA and a
low 8.4° contact angle hysteresis. A slight and con-
sistent decrease in flow rate by 1.4 L/m?h was ob-
served during the continuous separation and treat-
ment of fish farm effluent, indicating reduced fouling
of the surface-printed membrane. The water recov-
ery in the batch feed concentration process reached
86.3%. The initial concentrations of ammonia (rang-
ing from 16.4 to 82.2 mg/L), phosphate (from 18.0 to
99.8 mg/L), and potassium (between 68.0 to 384.8
mg/L) were all at least five times higher in the reten-
tate concentration of fish farm water. This concen-
trated feed could potentially serve as the primary
nutrient source in liquid fertilizer production. Except
for ammonia (>86%), all chosen inorganic com-
pounds in the feed concentration process are reject-
ed at a rate higher than 99%. Overall, the results
suggest that the DCMD system has great potential
for the sustainable management of aquaculture
wastewater [26]. Table 1 presents the recent re-
search trends in DCMD incorporating nanoparticles:
Insights from Literature. Figure 3 presents correla-
tion between Feed Temperature and WCA and Flux
in Nanoparticle-Embedded Polymer Membrane. The
Michal Bodzek (2019) titled “Nanotechnology in wa-
ter and wastewater treatment. Graphene — the nano-
material for next generation of semipermeable mem-
branes” reviews the potential of graphene-based
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materials for water and wastewater treatment. The
author concludes that graphene-based materials
have the potential to revolutionize the field of mem-
brane technology due to their unique properties,
such as high mechanical strength, thermal stability,
and exceptional water transport properties.

Graphene-based membranes have shown promising
results for desalination, water purification, and
wastewater treatment applications. However, the pa-
per also highlights that more research is needed to
address the challenges related to the scalability and
cost-effectiveness of these membranes [27].
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Figure 3: Variation in Water Contact Angle (WCA) and Flux with Changing
Feed Temperature in Polymer-Embedded Nanoparticle Membrane

Table 1: Exploring Nanoparticle Integration in DCMD: Overview of Recent Investigations.

s, Mp Polymer.-Nanopar- Feed Water Liquid Mgmbrane Pgre quos- Flux .Salt. Refer-
No. Conflgu- ticle . t:amp. contac°t entry pres- | Thickness | Size ity (Limzh) Rejection ences
ration Membrane Material | ("C) angle (°) | sure (kPa) () (V)] (%) (%)
1 DCMD PVDF-CNT 60 150.4 40.5 88 1.12 89.4 NA NA 28
2 DCMD PVDF-ZnO 86 69 900 NA NA 14 25 99 29
3 DCMD PVDF-SiO2 60 151.7 72.3 135 127 79.9 342 299.9 30
4 DCMD PVDF-TiO2 40 140 NA 84.5 041 44.43 25 97 31
5 | DCMD PVDF-SiO2-CNT 60 103 590 NA 0.22 63.6 39.77 99 32
6 DCMD PTFE-POSS 80 149 NA 0.5 70 38 99.99 33
7 DCMD PTFE-Fe304 35 51 379 221 NA 60.7 18 NA 34
8 DCMD PTFE-MfSNPS 50 115.5 NA NA NA NA 8 99.1 35
9 DCMD PTFE-CNT 65 136 483 NA 0.292 NA 32.49 99.9 36
10 | DCMD PTFE-CA-SIiNPs 53 154.2 NA 303 0.47 50.6 19.92 NA 37
11 | DCMD | PVDF-HFP-TIO2-CNT 70 139 73 0.46 86 11.85 NA 38
12 | DCMD PVDF-HFP+ AC 60 140.9 1.36 200 0.805 91.3 45.6 99.99 39
13 | DCMD PVDF-HFP+ TiO2 80 153.4 90.5 99 0.76 89.8 37.6 99.99 40
14 | DCMD PVDF-HFP + SiF 70 100 250 142 0.23 59 26 NA 41
15 | DCMD PVDF-HFP+CNT 55 150 136 NA 0.715 NA 43 99.8 42
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CONCLUSION

e Silicon dioxide exhibits compatibility with
PVDF, modifying the water contact angle
to 151.7° with the inclusion of nanoparticles
and enhancing flux to 34.2 L/mzh. Likewise,
POSS shows good compatibility with PTFE.

e Additionally, the combination of silicon di-
oxide and carbon nanotubes with PVDF
demonstrates a high flux of 39.7 L/mzh.

e Inclusion of CNT to the polymer results in
major enhancement in measurement of
WCA and Flux.

e Pore size, liquid entry pressure, water con-
tact angle, temperature and salinity of feed
water are the key parameters which affects
the performance of membranes in terms of
flux and wettability.

e Nanofibrous polymer membranes and nano
particles embedded polymer membranes
have shown high flux and stability for sea-
water desalination

Despite the remarkable progress in nanoparti-
cle-enhanced polymeric membranes, several chal-
lenges remain to be addressed. These include scal-
ability, cost-effectiveness, long-term stability, and
environmental impacts associated with nanoparticle
synthesis and disposal. Additionally, there is a need
for further research to understand the interactions
between nanoparticles and polymeric matrices, as
well as their effects on membrane performance un-
der real-world conditions. Overall, nanoparticle-mod-
ified polymeric membranes hold great promise for
advancing the field of wastewater treatment by offer-
ing sustainable, cost-efficient, and high-performance
solutions. Continued interdisciplinary research and
collaboration will be essential in realizing the full po-
tential of these innovative membrane materials for
addressing global water challenges and ensuring
access to clean water for all.
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1ZVOD

ISTRAZIVANJA MEMBRANA NA BAZI NANOMATERIJALA ZA
EFIKASNO UKLANJANJE ZAGAPIVACA IZ OTPADNIH VODA
PREKO MEMBRANSKE DESTILACIJE: KRITICKI PREGLED

Zahtevi za tretman otpadnih voda su najvazniji u obezbedivanju odrzivosti Zivotne sredine i oc¢uvanju
javnog zdravlja. Kako se industrijalizacija i urbanizacija ubrzavaju, koli¢ina proizvedene otpadne
vode nastavlja da se povecava, koja sadrzi raznolik spektar zagadivac¢a. NepreciS¢ena otpadna
voda predstavlja ozbiljnu pretnju ekosistemima, vodnim telima i ljudskim zajednicama, Sto dovo-
di do zagadenja, bolesti, koje se prenose vodom, i ekoloSke neravnoteze. Efikasno preci¢avanje
otpadnih voda postaje neophodno za ublazavanje ovih $tetnih efekata uklanjanjem ili smanjenjem
zagadivaca pre ispu$tanja u prirodne izvore vode. Ovaj proces pomaZe u o¢uvanju kvaliteta vode,
zastiti vodenog sveta i odrZavanju opS$teg zdravlja ekosistema. Membranska destilacija (MD) se
pojavila kao obecavajuca tehnologija za precis¢avanje otpadnih voda, nudedi inovativan pristup
za reSavanje izazova povezanih sa konvencionalnim metodama preci§¢avanja. U MD, hidrofobna
membrana sluZi kao selektivna barijera, dozvoljavajuci vodenoj pari da prode, dok sprec¢ava prolaz
zagadivaca. Ovaj rad nudi opSiran pregled najnovijih dostignu¢a u nanotehnologiji i membranskoj
destilaciji primenjenoj u tretmanu otpadnih voda. Udubi¢emo se u razli¢ite vrste nanomaterijala koji
su korisceni za poboljSanje svojstava MD membrana, kao sto su nanokompoziti, nanocestice i mem-
brane od nanovlakna. Takode istrazujemo mehanizme pomocu kojih ovi nanomaterijali poboljSavaju
efikasnost odvajanja, svojstva protiv obrastanja i izdrzZljivost MD membrana. Pored toga, isticemo
potencijal hibridnih membrana koje kombinuju razlicite vrste nanomaterijala za dalje poboljSanje per-
formansi MD u tretmanu otpadnih voda. Dajemo primere nedavnih studija koje su istraZivale upotre-
bu hibridnih membrana, uklju¢ujuci hibridne membrane ugljenik nanocevi-grafen oksid, membrane
od nanokompozitnih nanovlakna i membrane ugradene u nanocestice srebra. Takode identifikujemo
neke oblasti za buduca istraZivanja i razvoj, kao $to je povecanje i komercijalizacija sistema MD
zasnovanih na nanotehnologiji. Ukratko, ovaj pregledni rad naglasava potencijal nanotehnologije
da poboljsa performanse MD u tretmanu otpadnih voda, $to dovodi do poboljsanog kvaliteta vode i
Cistije Zivotne sredine.

Kljuc¢ne reci: nanokompozit; Nanofibers; Tretman otpadnih voda; Membranska destilacija
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Botanical Corrosion Inhibitors in Reinforced Concrete:
Material Sustainability Assessment and Analysis - A Review

ABSTRACT

Various methodologies have emerged over the past few decades aimed at controlling and mitigating
corrosion. A new field has emerged in controlling corrosion through the use of plant-based corro-
sion inhibitors. The exploration of botanical extracts’ efficacy marks a significant shift in corrosion
science, tapping into the potential and utility offered by green plants. This comprehensive study
serves as a review encompassing the spectrum of botanical extracts and their applications in diverse
contexts concerning reinforced structures. This research critically assesses the correlation between
phytochemical compositions, the methodologies employed in solvent extraction, and the adsorption
mechanisms pivotal for enhancing the efficacy of plant extracts in corrosion inhibition. The primary
objective lies in uncovering the role of inhibitors in safeguarding embedded steel within concrete
structures while aiming to curtail corrosion rates. A focal point of this investigation revolves around
the transition from employing toxic inhibitors to environmentally friendly botanical extracts for corro-
sion mitigation. Furthermore, this study accentuates the range of botanical extracts used as corro-
sion inhibitors shedding light on the specific phytochemical components responsible for driving the
corrosion inhibition process. Notably, it expounds upon the future prospects of corrosion inhibitors,
outlining the inherent challenges that must be addressed to facilitate their scalability for widespread

commercial utilization.

Keywords: Corrosion Inhibitors, performance evaluation, corrosion protection, botanical inhibitors,

concrete deterioration.

1. INTRODUCTION

Corrosion is the process of a material eroding at-
tributable to chemical or electrochemical interaction
of the environments, leading to material mass loss
over some time [1]. Concrete and reinforcing bars
are constituents of Reinforced Cement Concrete
(RCC) where concrete withstands the compressive
strength and the reinforcing bars govern the tensile
strength. Presence of corrosion affects the durability
of the concrete structures leading to failure of struc-
tures in adverse situations. Most of the structures
today are made of reinforced bars. The reinforcing

* Corresponding author: Nishant Kumar

E-mail: Nishant.kumar4@sharda.ac.in

Paper received: 15.05.2024.

Paper accepted: 14.06.2024.

Papir is available on the website: www.idk.org.rs/journal

bars used in RCC structures should be good enough
to bear tensile strength. When the corrosion starts
on one region of the bars the chances of getting cor-
rosion on the other side of the bars gets increase
[1]. Due to the rapid deterioration process involved,
serviceability criteria design using reinforced bars
gets compromised. The corrosion of steel bars in-
duces the concrete to swell, and triggers scaling and
fissures in the concrete, resulting in catastrophic
events due to compromised performances through
structural deterioration [1]. The tendency of a met-
al to corrode is governed by its microstructures, its
composition as generated during alloying, or the
temperature developed during manufacturing for
the deformation of a single metal surface. It would
be more pragmatic to prevent corrosion instead of
endeavouring to eliminate it. Corrosion mechanisms
can be as diversified as the environments to which
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a substance is exposed, which makes them harder
to comprehend [1]. However, it can be controlled
simply by understanding the mechanisms of a reac-
tion involved in the process. As per the study con-
ducted by CORCON Institute of Corrosion in 2023,
the corrosion-related damage and deterioration of
structures is responsible for an economic impact
of around 4% of the world’s GDP annually. In India,
this figure can even surpass an estimated 5% of
the GDP per year. This is a clear indication about
the lack study on protection of concrete structures
against corrosion related damages which ultimately
leads to reduction in the design life of the structures.
The study also revealed that the saving costs can be
increased between 15% to 35% of total cost if differ-
ent corrosion management and controlling practices
are followed [2-4]. The cost of corrosion becomes a
burden due to its impacts on the economy, the safety
of human life, and material resources and energy.
Furthermore, the direct and indirect corrosion costs
are increased due to ignoring corrosion which adds
up to the economic loss for any country. The cost of
corrosion as shown in Figure 1 comprises the eco-
nomic loss and safety of human life [5].

Hurman Lt
e Sl

Namril and
Eomgy

Figure 1. Cost incurred due to corrosion [5]

In Reinforced structures, trillions of dollars have
been invested to control the corrosion. Research are
going on in finding the best implementable corrosion
protection methods [5]. The concept of green corrosion
always has better scopes due to its multiple advantag-
es. Furthermore, the efficiency of the green corrosion
inhibitors is higher than the toxic organic and inorganic
inhibitors. Thousands of green corrosion inhibitors are
available that can be used in the form of solutions and
paste in the reinforcing bars. The coating can be very
effective in different environments ranging from acidic
to basic to saline environments. The inhibition efficien-
cy of those natural extracts and eco-friendly materials
used in different concentrations is efficacious for use in
RC structures [5].
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Reinforced Concrete have flaws due to the
possibility of corrosion seen in a reinforced bar,
this process cannot be reversed rather it can be
controlled. The phenomenon of the corrosion pro-
cess is unpredictable and incalculable. Due to the
influence of numerous factors including pH and
temperatures, the exact calculation and predic-
tion become difficult [6]. The corrosion behaviour
shows contrast in every testing specimen too. So,
the tasks become more challenging to find accurate
results. The influence of the performances of the
materials, and reaction on the environment show
a direct impact on the corrosion process. Different
preventive techniques have been introduced for a
few decades. With the recent advancement in tech-
nology, numerous inorganic commercial corrosion
inhibitors are available, affirming having the high-
est efficiency of protection of rebars. Some studies
have proved that the use of arsenates, chromates,
phosphates molybdates etc. inhibits corrosion in a
different medium [7-9]. However, these inhibitors
are expensive, non-eco-friendly, and sometimes
toxic. Different standards have banned such inhib-
itors due to their impact on human lives. So, the
need for natural inhibitors is seen in more demand
due to their multiple advantages over conventional
inhibitors. this review attempts to study corrosion
and its mechanism in RC structures. In addition, it
explains some of the major constituents of differ-
ent plant-based extracts corrosion inhibitors, their
mechanisms of inhibitions, and some plant-based
extracts in different environments. Furthermore,
this study outlook at using corrosion inhibitors for
different applications, including RC structures. The
phenomenon involved in corrosion initiation to cor-
rosion inhibition process with different adsorption
processes on metal surfaces.

2. LITERATURE OVERVIEW

For a better understanding of the use of corro-
sion inhibitors in reinforced concrete, an extensive
literature review was done and the papers were ana-
lysed from 2004 to 2023. As per the database report
from Google Scholar, the number of articles pub-
lished on the use of corrosion inhibitors in reinforced
concrete vis-a-vis year is as,

2004-2009: 9,380
2010-2014: 13,200
2015-2019: 16,500 and
2020-2023: 20,100
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As evident through the increasing trend in the
number of articles published on the use of corrosion
inhibitors in concrete, it highlights the ongoing po-
tential for further research in this field. The online
database used to search the relevant literature on
the use of corrosion inhibitors in reinforced concrete
were, Scopus (www.scopus.com) and Web of Sci-
ence (www.webofscience.com). The keywords that
were used to search the literature were “Corrosion
Inhibitors”, “corrosion”, “corrosion protection”, “bo-
tanical inhibitors”, “durability of concrete” resulted in
203 articles. After scrutinizing and removing the irrel-

2020

2019

2018

Year

2017

[

evant and duplicate literature 84 articles were select-
ed for the study. The selected papers were classified
according to publication year and publication area.

The year-wise distribution of the articles (Figure
2) shows an increase in the number of papers pub-
lished with each passing year since 2017. However,
a decrease in the numbers of papers was observed
in the years 2017 and 2015. Also the point to focus
is from the year 2019, almost 61% of the total pa-
pers used in the study were published in the last 5
years which shows the tremendous potential of the
research in this field.

8 10 12 14 16 18

Number of Publications

Figure 2. Papers published in last 10 years

The spatial spread of the publications revealed

rocco as depicted in Figure 3. Latin America, North

that almost 43% of the research was carried out by America, UK and South East Asia contributed very

India and China, followed by Nigeria, Iran and Mo-

less to the research.

Spatial Spread of Literature Survey

Figure 3. Spatial spread of the literature survey
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3. CORROSION MECHANISM OF EMBEDDED
REINFORCEMENT BAR

Corrosion is the inevitable degradation of steel
influenced by numerous environmental parameters
such as acid, moisture, etc. making it phenomenon
more complex. The reactivity of the metal, the pres-
ence of inclusions, the availability of oxygen, humid-
ity, gases such as Sulphur dioxide and carbon diox-

ide, and the availability of electrolytes are all factors
that induce corrosion. While interlinked capillary po-
rosity makes it very difficult for chloride ions, oxygen,
and moisture to permeate concrete fractures and
gives a more direct route to react with reinforced bar
thus increasing the probability of corrosion [10-12].
Figure 4 explains the corrosion mechanism of rein-
forced concrete structures.

F.l> BT gt | e

Reinforcing Bar

Figure 4. Corrosion mechanism in Reinforced concrete [12]

Figure 5 explains the various stages of deterio-
ration in concrete due to corrosion of reinforcement.
Initially concrete has a pH value of 11-13 which indi-
cates high alkalinity due to the presence of Ca(OH),
which protects the reinforcement from corrosion.

Carbonation is a process of chemical reaction of al-
kaline components in concrete (i.e. Ca (OH),) with
atmospheric carbon dioxide which enters inside
concrete through the surface cracks developed and
causes a reduction of pH below 11 [12].

STAGES OF DETERIORATION
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Figure 5. Stages of Deterioration due to corrosion in Reinforced concrete
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During the Carbonation process, CO, reacts with
water or moisture available near structures, since
concrete is a permeable material, this gas pene-
trates concrete cover and reduces alkalinity to 10 or
9, and the passivating layer is damaged and once
the passivating layer is damaged, corrosion starts.
Once the corrosion starts, rust is formed on the sur-
face of the steel bar which exerts hoop pressure on
the surrounding concrete. Due to this continuous
hoop pressure, the concrete cracks and eventually
spalling of concrete occurs.

The performance of RC structures diminishes
as concrete structures deteriorate due to adverse
climatic conditions, and the untimely disintegration
of structures before the periodic maintenance life is
a primary issue for engineers and researchers. The
rate at which structures degrade is influenced by the
conditions of exposure and the intensity of mainte-
nance. Corrosion, which is triggered by chemical or
electrochemical responses, seems to be the most
prevalent cause of RC structure deterioration. It is
primarily governed by chloride ingress and RC struc-
ture carbonation depth. Carbonation and infiltration
of chloride ions are the two most common causes of
rebar corrosion in concrete constructions. Corrosion
of RC structures begins when chloride ions pierce

2H;0 + Oy + 4e° = (40HY

concrete beyond the predefined threshold or when
carbonation depth surpasses concrete cover.

If corrosion commences in concrete structures, it
proceeds and diminishes the structures’ service life,
and the pace of corrosion has an impact on the remain-
ing serviceability of RC structures [13]. Nevertheless,
these extreme environments promote reinforcement
corrosion unless the requisite concentrations of oxi-
dative degradation are accessible at the rebar level in
concrete structures. Corrosion can significantly impair
the strength and life of structures, and contaminants
from the atmosphere can permeate through the con-
crete cover and induce corrosion of steel in humid situ-
ations. As explained in Figure 6 the cathode and anode
are formed in various locations of the same reinforcing
bar. Whenever the corrosive process is initiated, the
section is degraded in the anodic region. The iron gets
transformed into ferrous ionic species, which also are
transferred from the anode to the cathode. These re-
gions on the reinforcement bar exhibiting positive elec-
trochemical potential serve as cathode material using
moisture, reducing oxygen, and devouring electrons
from the anode to form hydroxyl ions. Inside the elec-
trochemical system, the steel bars act as conducting
materials, whereas the concrete solution functions as
the electrolytic medium whereby the ions migrate [14].

It 1s an Electrolyte process
Pore water plays the role of Electrolyte

Fe = 2Fe” ~4e

Autetuitetat ot

Here

Ferrous lon Fe™
Hydroxide 10n (4OHY
Ferrous hydroxide Fe (OH)2
Ferric hydroxide Fe (OH):
Rust’ Corrosion Fe:O3H:0

2Fe™ + (4O0H) = 2Fe (OH):
4 Fe (OH);+ O; + 2 H:O =4 Fe (OH);
4 Fe (OH)s= 2Fe;0:H:0 + 4H:O

Rust/ Corrosion = FesO3H,0

Figure 6. Anode-Cathode formation on steel reinforcement bar [14]

4. CORROSION INHIBITORS

Corrosion inhibitors are additives to concrete
that are used to minimize or delay the start of cor-
rosion in reinforced concrete structures. Corrosion
inhibitors are substances that, when introduced in
minute doses to corrosive environments, avoid or
minimize the metal from interacting with it [15]. The

a4

majority of inhibitors stabilize steel by generating a
protective layer on its surface; nevertheless, certain
inhibitors react with concrete complexes to restrict
the concrete’s permeability. Corrosion inhibitors
are typically incorporated into the normal concrete
mixture in modern constructions, but they can also
be sprayed on the concrete surface during repairs.
Corrosion inhibitors help in reducing the ion’s move-
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ments within the surfaces which results in slowing
down of corrosion process. Furthermore, inhibitors
are known to increase the reinforcing bar’s cathodic
and anodic polarization behavior. The implementa-
tion of relevant and effective inhibitors is one of the
most appropriate strategies for preserving metals
against severe corrosion breakdown [16]. In recent
decades, researchers have been looking into the
inhibitory capabilities of bioactive antioxidants de-
rived from plants, and they have revealed that they
are potent inhibitors. Natural products have the ad-
vantage of becoming environmentally friendly and
ecologically accepted. Different synthetic inhibitors
have serious health consequences, consequent-
ly, natural products that seem to be affordable,
non-toxic, and environmentally preferable must be
used instead [16].

Organic and inorganic inhibitors have shown
promising potential in inhibiting efficiency. Different
green materials have been studied to understand the
nature of the inhibiting action it can bestow for the
corrosion-reducing process [17]. The inhibitors inhib-
it corrosion by increasing anodic or cathodic polar-
izing behavior, reducing ion mobility on the metallic
surface, and raising the metallic surface’s electrical
resistance [17]. Corrosion inhibitors in concrete have
become immensely popular in recent years due to
their low cost and accessibility of use in today’s sce-
nario, concrete and reinforcing bars have been used
worldwide [18].

4.1. Botanical Corrosion Inhibitors

Green Corrosion inhibitors are such inhibitors
that serve the purpose of inhibiting corrosion mech-
anisms without harming human health and envi-
ronment as they are non-toxic. Botanical corrosion
inhibitors are called plant-based extract inhibitors.
Due to their abundant availability and being environ-
mentally friendly, the use of corrosion inhibitors has
been used widely in different applications [19]. The
use of such corrosion inhibitors can add to up struc-
ture’s life from early deterioration. Using botanical
extracts is pertinent for corrosion protection as po-
tential botanical extracts have wide areas of appli-
cations. Leaf, roots, fruits, flowers, oil, whole plants,
wooden parts including stem, branch, bark, waste,
etc. all comprises the parts of plants. All parts of
plants have different inhibiting compounds. Different

studies on the materials and the methodology were
carried out to understand the potential plant-based
extract material.

It showed that the plant has an incredible cor-
rosion inhibition potential. Similarly, the use of cur-
cumin properties of turmeric powder had an inhib-
iting efficacy of 90% in 0.5M H_SO, on the carbon
steel [19]. A similar study was carried out on the use
of Xanthan gum in a 15% HCI environment to see
the insights of inhibiting efficiency. Experimental data
from the lab on mild steel and Density functional the-
ory (DFT) were used for correlation which resulted
in better inhibition performances [20]. Furthermore,
the use of Xanthan gum as a corrosion inhibitor in
aluminium in 0.5 M HCI was also studied and it was
observed that the inhibition efficiency was increased
while increasing the concentration of gum extract
and decreased with an increase in the temperatures
[20]. Numeral studies were carried out on plant-
based extracts which suggests that the corrosion
mechanisms are inhibited when using corrosion in-
hibitors and are influenced by the substrates. These
all-potential plant-based extracts have shown the in-
fluence of different adsorption mechanisms in inhibit-
ing efficiency [21-24].

4.2. Phytochemicals in Botanical Extracts

The study of phytochemicals present in the
plant-based extract is very important to understand
the concentration required for corrosion inhibition for
the intended applications [25-28]. Along with this,
the study of different phytochemicals helps in under-
standing which extracts to be used from the plants.
The reactivity and the adsorption types involved in
the metal substrate help to identify the efficiency of
botanical extract corrosion inhibitors. The phenolic
acids compounds, terpenoids, carbohydrates, lipids,
and alkaloids-based compounds have been proven
to be effective in slowing down the corrosion pro-
cess [26-28]. Figure 7 illustrates the composition of
the phytochemicals present in plant-based extracts
which are absorbed into the surface of metal follow-
ing the process of physisorption and chemisorption.
Alkaloids and phenolic acids are the most commonly
seen phytochemicals in botanical extracts. The com-
bination of different plants-based extracts and their
compatibility the similar kinds of phytochemicals can
be effective for increasing efficiency [29].
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* Purine

Figure 7. Phytochemicals present in botanical extract [25-29]

4.3. Solvent Extraction Methods of Botanical
Extracts

The identification of phytochemicals with char-
acterizations and quantification of plant-based ex-
traction are done using different types of method-
ological approaches [30]. Figure 8 comprises both
conventional and advanced solving extraction meth-
ods which are more commonly used for corrosion
inhibitors solvent extractions. Maceration, percola-
tion, decoction, etc. come under the conventional
extraction methods. These methods require a higher

Maceration 1
~ J

volume of solvents with a considerably longer time
for extraction. To overcome such problems, greener
and advanced extraction methods were introduced
like supercritical fluid (SFC), Pressurized Liquid
Extraction (PLE), microwave-assisted extraction
(MAE), etc. the advantages of using such methods
can be as the consumption of organic solvents is
lesser and has a very shorter extraction [31-32].
Such advanced methods are very effective in pos-
sessing and without losing any of those phytochem-
ical compounds.

Extraction

( Soxhlet Extraction

e
L Decoction Reflux J
-

I

Supercritical Fluid
extraction

Solvent Extraction Method

~

Accelerated solvent
| extraction

Microwave- assisted

extraction assisted extraction

; ]
=

Enzyme assisted
Extraction

Pressurized Liquid
Extraction

Figure 8. Solvent extraction methods of botanical extracts [33]

4.4. Performances of Botanical Extracts

Botanical extracts have been proven to be the
best environmental friendly alternative due to their
numerous benefits including higher efficiency in
different acidic, alkaline, and saline environments
[34-44]. Different advanced methods have been
employed for corrosion measurement which makes
it more efficient [45-61]. The role of inhibitors plays
a vital role in the performance of botanical extracts.
The parts of plants like leaves, fruit, peel, bark,

46

seed, root, etc. all can have different performances
with different efficiency. Studies revealed that leaf
extracts are potential parts for corrosion protection
[62-78]. These extracts can inhibit the corrosion pro-
cess more than the other extracts. Table: 1 in acidic,
Table: 2 in alkaline, and Table: 3 in saline environ-
ments show some of the potential botanical extracts
capable of inhibiting the corrosion process with bet-
ter efficiency.
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Table: 1 Botanical extracts in acidic environment

S. Plants Parts | Concentration | Substrate | Medium Methodology Efficiency | References
No. used %)
1 |Brassica oleracea Leaves 300 mg/l Q2355 steel | 1 M HCI | XPS, FTIR, UVS, XRD 93.8 [34]
Surface topography
2 | Neem Leaf Leaves 4g/200ml Mild Steel HCI WL. Phytochemical 93.24 [35]
test, FTIR, and GCMS
3 | Solanum Leaves 1g/L A3 steel HCl WLM, PDP, EIS, FTIS, 93.31 [36]
Lasiocarpum SEM
4 | Triticum aestivum straw 4g/L Stainless 15% HCI | PDP, AFM, XPS, SEM, 92.6 [37]
Steel XRD
(SS-410)
5 | Lilium Brownii Leaves 200 mg/L X70 Steel 1M HCI | EIS, FTIR, ECM 85 [38]
6 |Green Eucalyptus | Leaves 800 mg/l Mild Steel 1M HCI | EIS and polarization 88 [39]
test
7 | Citrullus lanatus fruit 800 mg/l Mild steel 1M HCI | PDP, EIS, SEM, AFM 91 [40]
8 |Pomelo Peel Fruit 8gml/l Mild steel | 0.1M HCL | PDP, EIS, SEM, FTIR, 74.64 [41]
waste EDS
9 | Natural Nutmeg oil | Oil 500 mg/l L-52 carbon | 1 M HCI |EIS, WL, ECM 94.73 [42]
steel
10 |Glycyrrhiza glabra | leaves 800g/I Mild Steel 1 MHCI | ECM, surface 88% [43]
Characterizations, MD
simulations
11 | Cuscuta reflexa Fruit 500 mg/L Mild Steel 05M | UV, FTIR,AFM, SEM, 95.47 [44]
H,SO, |DFT
12 | Peganum Harmala |Leaves 283.4 g/l C-Steel 0.25M | FTIR, EIS, SEM, UV- 98 [45]
H,SO, | spectroscopy
13 | Sunflower Seed 400 g/l Mild steel 1 MHCI |EIS, FTIR, GC 98.5 [46]
hull analysis and dynamic
polarization
14 | Ginkgo Leaves 200 mg/l X 70 steel 1 M HCI | Electrochemical 90 [47]
measurements,
FE-SEM, AFM
15 | Locust bean Gum 5mM Q 235 steel 0.5M | OCP, PDP, EIS, MDS, 89.8 [48]
H,SO, |QCC
16 | Tinospora crispa leaves 8 gl Mild Steel 1 MHCI | WLM, PDP, EIS, 80 [49]
17 | Punica granatum leaves 1g/l Mild steel 1 MHCI | FTIR, XRD, WLM, PDP 94 [50]
18 | Gantiana olivieri Fruit 800mg/I Mild steel | 0.5 M HCI | EIS, HPLC, SEM/EDX 93.7 [51]
19 | Tender arecanut Seed 4.5 gll Aluminum | 0.5 M HCI | AIS, AFM, 94.4 [52]
electrochemical
measurements
20 | Tagetes erecta flower 19/ Mild steel 0.5M | Gravimetric, PDP, EIS 96.1 [53]
H,SO,
21 | Luffa Aegyptiaca leaf 0.24 g/l Mild steel 0.5M PDP, FTIR, EIS 933 [54]
H,SO,
22 | Borage flower Flower 0.8 g/l Mild Steel 1 MHCL | WLM, PDP, EIS 91 [55]

ZASTITAMATERIJALA 66 (2025) broj 1

47




N. Kumar et al. Botanical Corrosion Inhibitorsin Reinforced Concrete: Material Sustainability Assessment ...

23 | Red apple (malus Fruit 5g/l Mild steel 0.5M HCL | WLM, PDP, EIS, SEM 87.9 [56]
domestica)
24 | Ammi visnaga seed 19/ Mild steel 1 M HCI |PDP, EIS 84 [57]
25 | Ircinia strobilina Crude 29/l Mild steel 1 MHCI |WLM, PDP, LPR, EIS 82 [58]
LC-MS
26 | Kappaphycus Thallus 0.5g/l Mild steel 1M WLM, PDP, EIS, SEM, 79.44 [59]
alvarezii H,SO, |AFM
27 | Myristica fragrans Fruit 0.5g/I Mild steel 05M |WLM, EIS, UV, SEM, 87.81 [60]
H,SO, |AFM
28 | Phyllanthus amarus | Leaves 4% (VIV) Mild steel 1 MHCl | WLM, Gasometric 96.1 [61]
technique
29 | Coffea canephora Seed 1g/l Carbon steel | 1 M HCI | EIS, SEM, WLM, PDP 94 [62]
30 |Barley Whole 0.1g/ Mild Steel 1 MHCI |WLM, EIS, SEM, PDP 92 [63]
plant
31 | Grewa Venusta Root 8% (V) Mild steel 1 M HCI | AAS, GC-MS, SEM, 97.9 [64]
32 | Magnolia Leaves 500 mgl/l Carbon Steel | 1 M HCI | WLM, PDP, EIS 88.2 [65]
grandiflora
33 | Orange peel waste | Fruit 0.25% Mild Steel 1 M HCI | WLM, PDP, EIS 95.36 [66]
34 | Nigella sativa seed 0.4 g/l Mild steel 0.5M PDP, EIS 74 [67]
HCL
35 | Armoracia root 100 mg/l Mild steel 05M |WLM, PDP, EIS, FTIR, 95.74 [68]
Rusticana H,SO, |SEM
36 |Maesobatrya barteri | Leaves 059/ Aluminum 2 M HCI | WLM, Thermometric 45.15 [69]
analysis

LC-HRMS: -Liquid chromatography-high resolution mass spectrometry, EIS: Electrochemical impedance Spectrosco-
py, PDP: - Potentiodynamic polarization, WLM, weight Loss Method, AFM: - Atomic force Microscope, FTIR: - Fourier
-Transform infrared spectroscopy, SEM: - Scanning Electron Microscope, MDS: - Molecular Dynamics Simulations,,
AAS: - Atomic Absorption Spectroscopy, ECM: - Electrochemical Measurement, GC-MS: - Gas Chromatography- Mass
Spectrometry, OCP: - Open Circuit Potential, HPLC: - High performance liquid chromatography, UVS:- Ultraviolet Visi-
ble Spectroscopy, XRD: - X-ray Powder Diffraction Spectroscopy, LPR: - Linear Polarization Resistance, XPS: - X-ray
Photoelectron spectroscopy

Table: 2 Botanical extracts on Alkaline medium

S. Parts . . Efficiency | Referenc-
Plants Concentration | Substrate Medium Methodology
No. used (%) es
1 |Henna powder leaves 50 mgll Tin 1 M NaOH WLS,AIS, TS, SEM 95.97 [70]
2 |A t husk 18 g/l Mild Steel 0-5> M PDP,AFM, SEM, EIS, 91.66 1
recanu usl g i eel NaOH XRD . [71]
Gossipium ) Chemical Techniques,
3 . Leaves 52% viv Aluminum | 2 M NaOH 97 [72]
hirsutum WL
(Pentaclethra
4 | macrophylla Root 0.3 g/l Mild Steel 0.5 KOH WLM, PDP, EIS 91 [73]
Bentham)
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Table: 3 Botanical extracts in Saline environments

S. Plants Parts Concentration | Substrate Medium Methodology Efficiency References
No. used (%)
1 | Catharanthus Stem 5mgl/| Mild steel | 3.5% NaCl | WLM, PDP, EIS, 96 [74]
roseus SEM, XRD, DFT
2 | Phyllanthus leaf 0.0833% - Mild steel 3.5% NaCl WLM, PPS, AIS 97.6 [75]
muellerianus 0.416%
3 | Pomelo peel Fruit 8gll Low carbon | 3.5% NaCl | WLM, SEM, PDP, 71.15 [76]
waste steel EDS, EIS,FTIR
4 | Cascabela leaves 34l Carbon 3.5%NaCl PDP, EFM, EIS, 94.4 [77]
Thevetia steel AFM, OCP
5 | Echium amoe- Whole 8g/l ST37 steel 3.5%NacCl EIS, FTIR, SEM 99.32 [78]
num fisch plant

5. CHALLENGES AND FUTURE SCOPE

The use of botanical extracts as corrosion inhibi-
tors in RC structures will have a dominating demand
due to their abundant availability, cost-effectiveness,
eco-friendly nature, and high efficiency [34-78]. How-
ever, for larger commercial purposes, arduous ef-
forts and innumerable challenges comes because of
the different parameters involved for the adsorption
mechanism facilitating corrosion inhibition [79-81].
The effectiveness of corrosion inhibition properties
of various botanical extracts is distinctive [82-84].
Furthermore, the research to prove the inhibition
mechanism of all potential plants is still inadequate.
In addition to this, the efficient parts of each plant-
based extracts exhibit different efficiency and the
adsorption mechanisms of each extract are differ-
ent. The solvent extraction process of extracting the
samples becomes expensive when moving toward
for commercial use of such inhibitors. The inhibi-
tors inhibiting period, extraction period, storage, etc.
makes a challenging task for the use of botanical ex-
tracts as corrosion inhibitors. Numeral plants-based
extracts which are explored have shown problems
of compatibility with other extracts, although some
have showed an increase in the inhibiting efficiency
but still there is inadequate research on aspects like
concentration required for the highest inhibition pos-
sible, optimal concentration for compatibility etc. The
study on the corrosion-inhibiting phenomena of po-
tential ideal botanical extracts and their combination
with other extracts will be beneficial to understand
and apply the corrosion inhibitors for intended appli-
cations.

Also another area of research can be presence
of corrosion inhibitors as coating on the reinforce-
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ment bars. As we know that the corrosion occurs on
the surface of reinforcement, so there can be a pos-
sibility of providing a coating of botanical corrosion
inhibitors on the surface of reinforcement to delay or
prevent the corrosion. Furthermore, when coatings
are provided on the surface of the reinforcement, the
coating thickness plays a vital role in development
of the bond strength between steel and surrounding
concrete. This can be another study area to obtain
the optimum coating thickness of the surface applied
corrosion inhibitors. The study of corrosion inhib-
itors in concrete presents diverse and compelling
research opportunities that can significantly contrib-
ute to the advancement of infrastructure sustainabil-
ity and durability. One avenue for investigation lies
in the comparative analysis of the effectiveness of
various corrosion inhibitors employed in concrete.
This research can delve into the differences between
commonly used inhibitors, such as calcium nitrite,
calcium nitrate, organic inhibitors, and silicate-based
inhibitors, providing insights into their specific advan-
tages and limitations.

Additionally, there is an opportunity to deepen
our understanding of the mechanisms underlying
corrosion inhibition in concrete structures. By explor-
ing the molecular and chemical processes at play,
researchers can uncover the intricate details of how
inhibitors interact with the concrete matrix and pre-
vent corrosion, paving the way for more informed
and targeted approaches in inhibitor design and
application. Long-term performance assessment is
another crucial dimension that warrants exploration.
Investigating the durability of corrosion inhibitors
over extended periods of exposure to harsh environ-
mental conditions will provide valuable data on the

49



N. Kumar et al.

Botanical Corrosion Inhibitors in Reinforced Concrete: Material Sustainability Assessment ...

sustainability of inhibitor treatments and inform main-
tenance strategies for aging infrastructure.

Furthermore, researchers can explore the com-
patibility of corrosion inhibitors with various types of
concrete mixtures, including high-performance con-
crete, self-compacting concrete, and lightweight con-
crete. This line of inquiry can lead to optimized for-
mulations that address the specific needs of different
construction scenarios. A holistic approach involves
considering the environmental impact of corrosion
inhibitors. Assessing the eco-friendliness of inhib-
itors and their potential effects on the surrounding
ecosystem is imperative for sustainable construction
practices. Complementing this, a study of inhibitor
applications in aggressive environments, such as
marine or industrial settings, can provide insights
into real-world challenges and opportunities for im-
provement.

6. CONCLUSION

Corrosion, an inevitable and relentless process,
exhibits a complexity influenced by various factors.
Countless protective measures have been devised
to inhibit corrosion across diverse applications.
Among these, the widespread use of efficient cor-
rosion inhibitors stands out. While inorganic corro-
sion inhibitors demonstrate strong efficacy, their
drawbacks, such as limited availability and non-eco-
friendly characteristics, render them less than ideal
for inhibition purposes. In contrast, botanical extracts
as corrosion inhibitors present a promising prospect
due to several advantages. These natural extracts
are abundantly available and offer higher efficiency
while employing environmentally friendly processes.
This comprehensive review seeks to highlight the
potential of environmentally sustainable corrosion
inhibitors within different contexts. It investigates into
the significance of phytochemicals present in bo-
tanical extracts, explores various solvent extraction
methods, and elucidates the adsorption mechanisms
utilized to enhance inhibiting efficiency. By focusing
on botanical inhibitors and their comparison to toxic
inorganic corrosion inhibitors, this study emphasiz-
es the shift towards more eco-conscious solutions.
Additionally, it provides an overview of the feasibili-
ty and advantages of employing botanical inhibitors
across various applications, including their relevance
in safeguarding reinforced concrete (RC) structures.

The exploration of botanical extracts as corro-
sion inhibitors unveils a promising pathway towards

sustainable corrosion prevention strategies. The
accessibility of these natural compounds coupled
with their increased efficiency in mitigating corrosion
showcases a potential alternative to conventional
inhibitors. Furthermore, this review aims to draw at-
tention to the pressing need for environmentally vi-
able corrosion inhibition methods, advocating for a
shift towards botanical inhibitors as a feasible and
eco-friendly solution in combating the pervasive is-
sue of corrosion in diverse settings.
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1ZVOD

BILINI INHIBITORI KOROZIJE U ARMIRANOM BETONU:
PROCENA | ANALIZA ODRZIVOSTI MATERIJALA - PREGLED

Tokom proteklih nekoliko decenija pojavile su se razlicite metodologije koje imaju za cilj kontro-
lu i ublazavanje korozije. Pojavilo se novo polje u kontroli korozije upotrebom inhibitora korozije
na bazi biljaka. Istrazivanje efikasnosti botanickih ekstrakata oznadava znacajan pomak u nauci o
koroziji, koristeci potencijal i korisnost zelenih biljaka. Ova sveobuhvatna studija s/uzi kao pregled
koji obuhvata spektar botanickih ekstrakata i njihovu primenu u razli¢itim kontekstima u vezi sa
ojac¢anim strukturama. Ovo istraZivanje kriticki procenjuje korelaciju izmedu fitohemijskih sastava,
metodologija koris¢enih u ekstrakciji rastvaracem i mehanizama adsorpcije, koji su kljuc¢ni za pov-
ecanje efikasnosti biljnih ekstrakata u inhibiciji korozije. Primarni cilj lezi u otkrivanju uloge inhibitora
u zastiti ugradenog Celika unutar betonskih konstrukcija sa ciljem smanjenja stope korozije. Fokus
ovog istraZivanja je oko prelaska sa upotrebe toksi¢nih inhibitora na ekolo$ki prihvatljive botani¢ke
ekstrakte za ublaZavanje korozije. Stavi$e, ova studija naglasava niz botanickih ekstrakata koji se
koriste kao inhibitori korozije, bacajuci svetlo na specificne fitohemijske komponente odgovorne za
pokretanje procesa inhibicije korozije. Narocito, objasSnjava buduce izglede inhibitora korozije, na-
glasavajuci inherentne izazove koji se moraju resiti da bi se olak3ala njihova skalabilnost za Siroku
komercijalnu upotrebu.

Kljucéne reci: Inhibitori korozije, ocena performansi, zastita od korozije, biljni inhibitori, propadanje
betona.
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ABSTRACT

Contamination by pathogenic bacteria represents a severe risk to public health and well-being. We
outlined current approaches to detecting and sensing harmful bacteria by integrating recognition
elements with nanomaterials (NMs)in this study. Nanomaterials have emerged as a
transformative technology for bacterial detection due to their unique physicochemical properties,
including high surface area, quantum effects, and enhanced reactivity. This review highlights the
current trends in the application of various nanomaterials, such as gold nanopatrticles, carbon
nanotubes, and quantum dots, in the detection of bacterial pathogens. These materials enable the
development of selective, and rapid detection methods through mechanisms like surface plasmon
resonance, electrochemical sensing, and fluorescence. Furthermore, integrating nanomaterials
with microfluidic devices and biosensors is discussed, showcasing advancements in point-of-care
diagnostics. Challenges such as stability, reproducibility, and potential toxicity of nanomaterials
are addressed, alongside regulatory considerations. The future outlook emphasizes the potential
of emerging nanomaterials, such as graphene and metal-organic frameworks, to revolutionize
bacterial detection. This review aims to enhance the scalability, cost-effectiveness, and
environmental sustainability of these technologies, paving the way for widespread clinical and
environmental applications.

Keywords: Contamination, nanomaterial, nanoprobes, pathogenic bacteria, sensing

1. INTRODUCTION

Rapid identification of pathogenic bacteria in
hospital and clinical diagnostics, environmental and
water quality controls, and resource-constrained
situations may all help reduce food- and water-
borne outbreaks [1]. Approximately one-third of all
fatalities worldwide are attributed to bacterial food
poisoning, which also causes 47.8 million ailments
across many states annually and expensive
product recalls [2]. Most cases of bacteria originate
from infection or poisoning with Listeria monocyto-
genes, Escherichia coli 0157:H7, tuberculosis,
Bacillus cereus, Salmonella typhimurium, and
Clostridium perfringens. Medicines may be used to
treat the majority of bacterial illnesses; however, a
significant issue arises because certain harmful
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bacteria have developed resistance to one or more
medicines. The World Health Organisation predicts
that throughout the next one to two decades, the
ability of present antibiotics to combat diseases will
decline [3]. The development of bacterial biofilms
on production equipment surfaces in food and
medical processing environments may lead to
raised expenses and risk by promoting corrosion,
increasing fouling, and contaminating products [4].

The PCR and ELISA have long been the gold
standards for bacterial infection diagnosis [5].
Staining a urine sample is the non-culturing
strategy used to identify bacterial infections;
however, this method takes more time and has
lower accuracy [6]. To lessen the danger of these
new hazards in food, medicine, and the
environment, it is urgently necessary to create
reliable, early-stage screening techniques.

Magnetic NPs, gold NPs, silver NPs, and
quantum dots (QDs) are examples of nanotechno-
logy-based methods that demonstrate selective
target-binding properties. They are the best options
for the biosensing and detection of bacterial
illnesses because of their qualities [7]. The NMs
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used in biosensors for the detection of bacteria
were reviewed in this paper. Using nanomaterials,
we highlighted the key biosensing recognition
components and processes of bacterial sensing.

2. BACTERIAL SENSING AND ITS IMPORTANCE
IN VARIOUS FIELDS

Bacteria can proliferate as single cells, a
process known as planktonic growth, or as cellular
clumps known as biofilms [8]. Increased resistance
to antimicrobials and the host defence systems are
among the wunique physical and chemical
characteristics that the biofilm community benefits
from, due to a self-produced matrix of extracellular
polymeric molecules [9]. At now, there are no
techniques used for the identification of biofilm,
despite its clinical significance [10]. Instead, most
bacterial detection methods use -culture-based
procedures that enable the growth of bacteria to
levels that can be recorded using optical density
before being analyzed on a chromogenic or
selective medium. These approaches have a
lengthy turnaround time and need skilled users,
which raises the total cost of therapy dramatically.
Therefore, techniques for the accurate, quick, as
well as reliable identification of harmful bacteria
continue to be difficult to come across [11].

Complying with the need for lightweight, prompt
diagnosis, easily navigable equipment is being
designed. The development of biosensors for uses
ranging from infection detection to metabolic
illnesses has been fuelled by the need for point-of-
care biosensor devices for healthcare purposes to
have a straightforward appearance [12, 13].

N=0AN Proteins
}:"@“- Enzymes ;
eladed - ‘ Antigens
o e DNA
Q%“ Cells
Bacteria & Virus Bioreceptor
Pathogens Bioreceptor

3. NANO-MATERIALS FOR BACTERIAL
SENSING: TYPES AND PROPERTIES

Compared to normal materials, NMs have
distinct mechanical, optical, magnetic, electrical,
and physical properties because of their very tiny
size. This is the nano biosensor’s extra benefit and
the source of all its improved sensing capabilities.
Various NMs have been used by researchers to
improve biosensing findings' accuracy, sensitivity,
and shelf life [14]. A wide range of potential uses
exist for biosensors in agricultural production, and
environmental monitoring, including online, in-field,
and real-time detection of antibiotics, microbes,
toxic materials, pathogens, pesticides, proteins,
odor-causing bacteria, etc. in water, air, animals,
food, soil, plants, and food processing. Biosensors
are combined with cutting-edge techniques in NMs,
microfluidics, and molecular biology.

Recently, there has been a lot of interest in
biosensors. They are thought to be potent new
instruments for identifying different biomarkers in
healthcare and environmental monitoring [15]. A
biosensor is a tiny apparatus that converts an
identification of a biological molecule—complete
cell, antibody, DNA or RNA, protein, etc. into an
optical signal, nanomechanical signal, piezoelectric
signal, electrical signal, mass-sensitive signal, etc
[16]. When compared to traditional analytical
procedures, biosensors may give a quick response
in an ultrasensitive biomolecule detection, a short
amount of time, and the ability to be miniaturized
for portable usage with little sample processing.
Fig. 1 represents a schematic image of a
conventional biosensor.

Optical
Electrochemical
Impedance
Acoustic

Transducer

Transducer

Figure 1.Guidelines for using biosensors [17]

Biosensors may find use in the following areas:
bacterial sensing, water analysis, farming,
healthcare,water treatment, and agriculture [15].
Numerous applications that operate in real-time
have made use of biosensors. One possible
method to address the aforementioned demands is
to use biosensor-based detection techniques [19].
A transducer, which converts the binding event into
a quantifiable signal, and a recognition element,
which binds to target analytes, are the essential
parts of a biosensor [20]. The surface plasmon
resonance (SPR) that metal nanoparticles show is

the basis for biosensor development being worked
on by several research groups [21]. Various metal
nanoparticle compositions and sizes may be
engineered to scatter light at various wavelengths
based on their unique surface plasmon resonance
[22].

It is known that materials' magnetic,
mechanical, optical, as well as electrical
characteristics change as they are reduced to
nanoscopic scales. Particles with diameters less
than 100 nm that exist at the nanoscale level are
referred to as nanoparticles. Because of their
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distinctive  physical characteristics, including
homogeneity, special optical qualities, conductivity,
and a high surface area to volume ratio that
provides a greater area for sensing and
identification, nano-materials are of interest to

Bacteria labeling under microscope

Recording of fluorescence intensity

scientists and biologists [23]. Particles with
diameters less than 100 nm that exist at the
nanoscale level are referred to as nanoparticles.
Various kinds of NPs and the sensing techniques
employed for bacterial sensing are shown in Fig. 2.

—_—

Machine learning for
bacteria detection

Figure 2.Figure illustrating the many types of nanoparticles, the methods of detecting bacteria, and the critical
role that machine learning may play in creating a point-of-care system for infectious illness detection [24]
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Figure 3.Several ways that NPs work in bacterial cells [26]

4. MECHANISMS OF BACTERIAL SENSING
USING NANOMATERIALS

Many different mechanisms allow NMs to exert
their antibacterial activity: (1) induction of
intracellular effects, such as interactions with DNA
and proteins; (2) reactive oxygen species (ROS)

production; (3) triggering of both innate and
adaptive host immune responses; and (4) direct
contact with the cell wall of the bacteria; (5)
reduction of the development of biofilms. They are
very useful against MDR bacteria since they do not
exhibit the same mechanisms of action as regular
antibiotics (Figure3) [25].
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Table 1. Biosensors based on nanoparticles for identifying harmful microorganisms

al

g[;?:?iso-n NP Pathogen Function of NP | Advantages LOD Ref.
Greater sensitivity
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5. TYPES OF NANOMATERIAL-BASED
BACTERIAL SENSORS

The process of translating biological
information into a digital signal by chemical or
physical means underlies the idea of bacterial
detection utilizing biosensors. This biological infor-
mation is obtained by the interactions among
recognition elements (bacteria, antibodies, enzy-
mes, nucleic acids, and viruses) and their associa-
ted biological targets. Recognition components are
usually immobilized through adsorption, cross-
linking, covalent binding, trapping, or encapsulation
onto a transducer surface [27].

Indirect (labeled) and direct (label-free)
detection methods are the two categories into
which biosensors fall. While the result of biological
processes is identified through a labeled probe
utilizing a sensor in indirect detection systems,
physical changes caused by the interaction of the
target analyte are measured directly and in real-
time in direct detection systems, meaning no label
is needed. Due to their simplicity of use, cheap
cost, high sensitivity, quick response, high signal-
to-noise ratio, adaptability in using recognition
components, instrumental simplicity, and little
interference with food matrices, electrochemical
biosensors are among the numerous transducer
types that show great promise [28]. Even at low
concentrations in a turbid medium, bacterial cell
may be detected with high sensitivity and selectivity
thanks to electrochemical biosensors.

Zero-dimension (0D) and three-dimension (3D)
carbon NMs have been modified for the creation of
electrochemical biosensors [29]. When it comes to
electrochemical sensing of bacterial infections,
carbon NMs like graphene, carbon nanotubes
(CNTs), and their derivatives provide a number of
benefits, particularly with regard to their high field-
effect sensitivity and mobility [30]. Table 1 provides
an overview of the typical nanomaterial-based
sensors and how well they work for quickly
detecting water contaminants.

6. RECENT ADVANCES IN NANO-MATERIALS
FOR BACTERIAL SENSING

NMsare being used in commercial goods at a
very fast rate. By 2010, there were about four times
as many commercial items on the market that
claimed to have improved qualities because they
used nanomaterials in 2006 [53]. The most often
utilized nanomaterial in goods is silver, which is
followed by materials based on carbon and metal
oxides like TiOz.

Recently, biosensors have been considered as
appealing substitutes for the traditional pathogen
detection platforms that are now in use. Biosensors
are devices that are intended to identify and
measure different biological substances such as
certain DNA sequences, proteins, oligonucleotides,

viruses, and bacteria [54]. A lot of the biosensors
that have been created so far are affinity-based,
which means that the target molecule is selectively
bound by an immobilized capture probe. Detecting
a change at a localised surface therefore becomes
the difficulty of detecting a target in solution. A
range of techniques, including surface plasmon
resonance, evanescent wave, and amperometric
measurements, may then be used to quantify this
shift [55].

Surface water resources that are contaminated
with water-borne pathogens pose a serious hazard
to human health and life on a global scale [56].
Therefore, maintaining pathogen (bacteria and
virus) control is essential. A unique, multifunctional
magneto-plasmonic nanosensor (MPnS) with target
antibodies (MPnS-Ab) was created by Panchal et
al., [57] based on replaceable sandwich ELISA. In
order to directly detect the bacterium Escherichia
coli (E. coli), Nair et al., [58] created a unique
silicon nanowire (SiNWs)-based sensing platform
covered with reduced graphene oxide (RGO). E.
coli showed preferential adherence to the SiNWs
network throughout the study, which led to a drop
in resistance and an increase in current. As a
direct, quick, and accurate nanosensor for the
detection of E. coli bacteria in aqueous solutions,
the discovered technology shows great promise.
Salaun et al., [59] described silicon nanowire-
based biosensors for electrical detection of
Escherichia coli. The sensors displayed great
specificity, which was made possible by chemically
modifying the nanowires to bind certain antibodies
to the intended E. coli target. Silver nanoparticles
(Ag-NPs) functionalized with fruit extracts from
banana peel (Musa paradisiaca) and grape (Vitis
vinifera) were green synthesized, as shown by
Ngunga et al., [60], and utilized as optical and
electrochemical sensors for the detection of E. coli.
The published limit of detection values for the
optical and electrochemical sensors, respectively,
are 1x10? CFU/mL and 3.5x10' CFU/mL, which are
both within the range for E. Coli in saltwater.

7. CHALLENGES AND LIMITATIONS

Differentiating and identifying living from dead
bacteria is a major problem when it comes to
germs. Agar medium plating is capable of
distinguishing between live bacteria. However, it
does not include viable but uncultivable cells.
Different types of optical sensors provide a number
of obstacles. For example, label-based biosensors
involve tagging samples with distinct fluorescent
tags, which increases detection time and expense
and may harm cell function. When creating
biosensors to identify bacteria, the design should

have high  specificity, no label, viable
distinguishability, affordability, small  size,
portability, ease of use, and minimal sample

preparation processes.The biosensor designs that
are now on the market can detect the sample at
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various concentrations ranging from fM to aM [61].
Consequently, a highly sensitive biosensing
platform that falls within the pM, zM, and yM range
must be able to detect the target sample at a very
low concentration. One major obstacle in the
development of implanted biosensors is power
consumption, which may be overcome with a self-
powered gadget. Optical sensors are more
expensive and difficult to use in environments with
limited resources since they need filters,
spectrometers, microscopes, light sources,
and fluorometers. For the Patho BactD, only
colorimetric and fluorescence-based sensors
among many optical biosensing systems are
commercially available [62]. The development of
interferometric, SERS, and plasmonics-based
sSensors is ongoing. It's crucial to note that because
of the electromagnetic field's shallow penetration
depth into bacteria, plasmonic sensors' commercial
uses are restricted to the detection of tiny
compounds, cancer cells, and chemicals. One of
the key issues is that calibration which labels may
help with is necessary for the estimation of the
amount of bacteria that the sensor detects
[63].0ther problems are more innate to the newly
introduced innovative technology, like poor
selectivity in microbial mixtures and intricate
physiological settings [64].

8. ENVIRONMENTAL AND SOCIETAL IMPACT

Bacteria emit tiny membranous structures
known as BEVs into the extracellular milieu. From
a conceptual standpoint, BEVs are conceptually
comparable to EVs seen in other animals,
especially eukaryotes. Experimental evidence has
demonstrated that different BEV phenotypes can
arise from different bacterial origins and the unique
mechanism of BEV production, leading to unique
biological capabilities. The source of membrane
vesicles (MV) is Gram-positive bacteria. In this
review, all of these vesicle subtypes that originate
from bacteria are referred to as BEVSs, regardless
of the biogenesis mechanism [65].Microbes, such
as bacteria, fungi, as well as viruses, are often
found in water systems. Many of these microbes
are harmful to humans. A subspecies of the
bacterium Escherichia coli (E. coli O157:H7) [66],
which is extensively distributed in the environment
and may be very harmful to humans, is one of the
most hazardous diseases [67]. The “US
Environmental Protection Agency (EPA)” has
advised keeping an eye on E. coli in freshwater as
an indicator organism for water danger. Thus, one
of the most important requirements for maintaining
such a vital natural resource is the ongoing
monitoring of water quality for different pollutants in
water distribution and treatment systems. To
maintain continuous control over the quality of the
water and to prevent tragedies that might endanger
public safety, this calls for precise and easily
accessible detecting systems. via enhancing water

safety, the use of fast sensors to detect
contaminates in the water might improve public
health via early notification of biological and
chemical contamination.

Few reviews have concentrated on the rapid
detection of water contaminants, despite the fact
that numerous reviews have summarised the
current state-of-the-art achievements of
nanomaterial-based sensors for water contaminant
detection, such as 2-D graphene nanosheets, 1-D
nanowires, and CNTs, and 0-D nanopatrticles (NPs)
[68]. Early recognition is one of the most promising
approaches for future water sensors and smart
systems since it eliminates negative impacts on the
environment and human health by allowing early
notifications of water pollution or ongoing water
quality monitoring.

9. FUTURE PROSPECTS AND EMERGING
TRENDS

The development of inexpensive, eco-friendly,
user-friendly, and portable sensors that need a
small amount of material for analysis has gained
traction in recent years. Contemporary techniques
for detecting water quality in real-time, such as
MEMS, optical sensors, and biosensors, are
fiercely competitive with more established ways.
These sensors can analyze data in real-time and
have excellent selectivity, sensitivity, and rapid
reaction times. They can also identify pathogens
(bacteria) and minute amounts of contaminants
with high confidence and little sample preparation
[69]. Combining contemporary sensing methods
into one system may provide better sensitivity
and selectivity as well as the potential for real-time
data processing.

A transducer (optical, electrochemical, thermal,
etc.) to produce a signal and a biological-indicator
molecule interface make up a biosensor [70].
Antibodies, tissue slices, microbial organisms,
enzymes, and cell membrane receptorsthat interact
with a certain parameter might all be considered
biological indicators [71]. Transducers describe a
change in a physical or chemical process by
generating a signal (potential or current) that is
proportionate to the goal [72]. Biosensors use the
selective  target-immobilized target indicator
interaction. There are some microfluids assays also
which have been developed for the same purpose
of work. They have outstanding sensing properties
and advances in nanomaterials especially high
surface area to volume ratio that facilitated the
expansion of their application to various purposes
[73].

10. CONCLUSION

Nanomaterials have undeniably revolutionized
the field of bacterial detection, offering
unprecedented sensitivity, selectivity, and speed.
Selecting  appropriate NMs provides sensitive
signal transduction pathways for the sensing of
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bacterial cells. The development of "next-
generation” biosensors that can meet societal
demands is made possible by carefully choosing
the right blend of recognition components and
nanomaterial transducers. The unique properties
of nanomaterials, such as high surface area and
enhanced reactivity, enable the development of
innovative diagnostic tools that significantly
improve the efficiency of pathogen detection.

Current trends demonstrate the successful
integration of nanomaterials with advanced
technologies like  microfluidic  devices and

biosensors, fostering the creation of portable and
user-friendly point-of-care diagnostics. Despite the
remarkable progress, several challenges remain.
Issues related to the stability, reproducibility, and
potential toxicity of nanomaterials must be
thoroughly addressed to ensure safe and reliable
applications.

Moreover, regulatory frameworks need to
evolve in parallel with technological advancements
to facilitate the commercialization and widespread
adoption of nanomaterial-based detection systems.
Looking ahead, emerging nanomaterials such as
graphene and metal-organic frameworks hold great
promise for further enhancing the capabilities of
bacterial detection methods. Continued research
and development efforts are essential to overcome
existing limitations and to improve the scalability,
cost-effectiveness, and environmental sustainability
of these technologies. As these advancements
come to fruition, nanomaterials are poised to play a
pivotal role in safeguarding public health through
more efficient and accessible bacterial detection
methods, with significant implications for clinical
diagnostics, environmental monitoring, and food
safety.
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1ZVOD

NANOMATERIJALI U DETEKCIJI BAKTERIJA: TRENUTNI TRENDOVI | BUDUCI
IZGLEDI

Kontaminacija patogenim bakterijama predstavlja ozbiljan rizik po javno zdravlje i dobrobit. U ovoj
studiji izneli smo trenutne pristupe otkrivanju S$tetnih bakterija integracijom elemenata za
prepoznavanje sa nanomaterijalima (NM). Nanomaterijali su se pojavili kao transformativna
tehnologija za detekciju bakterija zbog svojih jedinstvenih fizi¢ko-hemijskih svojstava, ukljuéujuci veliku
povrsinu, kvantne efekte i poboljsanu reaktivnost. Ovaj pregled naglasava trenutne trendove u primeni
razli¢itih nanomaterijala, kao $to su nanocestice zlata, ugljeni¢ne nanocevi i kvantne tacke, u detekciji
bakterijskih patogena. Ovi materijali omogucavaju razvoj selektivnih i brzih metoda detekcije kroz
mehanizme kao Sto su povrSinska plazmonska rezonanca, elektrohemijski sensing i fluorescencija.
Stavise, raspravija se o integraciji nanomaterijala sa mikrofluidnim uredajima i biosenzorima,
pokazujuéi napredak u dijagnostici na licu mesta. Izazovi kao Sto su stabilnost, ponovijivost i
potencijalna toksi¢nost nanomaterijala su adresirani, zajedno sa regulatornim razmatranjima. lzgledi
za buducnost naglasavaju potencijal nanomaterijala u nastajanju, kao sto su grafen i metal-organski
Okviri, da revolucioniSu otkrivanje bakterija. Ovaj pregled ima za cilj da poboljSa skalabilnost,
isplativost i ekolo$ku odrzivost ovih tehnologija, utiruci put Sirokoj klini¢koj i ekoloskoj primeni.
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Bio-inspired synthesis of sulphur nanoparticles and its application

ABSTRACT

We employed an economical, swift, and environmentally friendly approach to synthesize sulphur
nanoparticles, utilizing an extract from Ficus religiosa leaves. Comprehensive characterization of
these nanoparticles was performed through UV-Visible Spectroscopy, FTIR, XRD, and FESEM
techniques. The X-Ray diffraction method unequivocally confirmed the nanometre-scale
dimensions of the synthesized sulphur nanoparticles. SEM analysis elucidated their spherical
morphology, while XRD data indicated a crystalline size of 23.4 nm for these prepared
nanoparticles. Besides, the antibacterial assessment of sulphur nanoparticles produced from
Ficus religiosa leaves exhibited superior bioactivity against harmful bacteria species such as
Escherichia Coli and Staphylococcus aureus.

Keywords: Sulphur nanoparticles, Ficus religiosa, bioactivity, green synthesis

1. INTRODUCTION

Sulphur ranks as the third most abundant
mineral in the human body, found within essential
amino acids like methionine and cysteine, crucial
for protein synthesis in tissues such as skin, hair,
and nails. Our body acquires necessary Sulphur
from diverse sources, including animal and plant
proteins, sulfinates, allicin, and sulphides.
Additionally, Sulphur is a component of thiamine
(vitamin B-1) & biotin (vitamin H) [1, 2].Sulphur
plays vital roles in DNA construction, cell protection
against diseases like cancer, metabolism, and the
health of skin, tendons, and ligaments. Methionine,
an essential amino acid, must be sourced from
proteins, while cysteine, a non-essential amino
acid, is synthesized within the body.

Furthermore, Sulphur is present in supple-
ments like glucosamine sulfate, chondroitin sulfate,
and methylsulfonylmethane (MSM), often used for
alleviating joint pain and inflammation [3]. Some
natural health practitioners speculate on their pote-
ntial to enhance skin, fingernails, and other tissues,
possibly due to the presence of serum sulphates.
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However, these therapeutic claims lack
comprehensive scientific validation.It's imperative
to consult healthcare professionals and rely on
evidence-based research before using any
supplements for therapeutic purposes. While
Sulphur is undeniably vital for bodily functions, its
specific impact on skin, nails, and tissues may vary
from person to person, necessitating further
research for conclusive evidence.

Glucosamine sulphate, chondroitin sulphate,
and methylsulfonylmethane (MSM) are commonly
used supplements for joint health, and they do
contain Sulphur in various forms. Some individuals
believe these supplements can also benefit the
skin and other tissues, but these claims are often
anecdotal and not supported by rigorous scientific
studies.lt's crucial to consult with healthcare
professionals and rely on evidence-based research
before using any supplements for therapeutic
purposes. While Sulphur is undoubtedly important
for the body's functions, its specific effects on skin,
nails, and other tissues may vary from person to
person and require further research to establish
definitive conclusions.

However, its application in agrochemical
industries is currently limited due to the
requirement of bulk quantities and the potential
development of resistance in target species.
Additionally, the high hydrophobicity of Sulphur has
restricted its practical use. Nevertheless, the
emergence of nanotechnology offers a new avenue
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for Sulphur utilization. Surface-modified nano-sized
Sulphur  nanoparticles (SNPs) have shown
remarkable antimicrobial and antifungal activities,
as reported in previous studies [4-6]. Polymeric
sulphur nanoparticles are found to be effective
against gram-positive methicillin resistantS.aureus
and gram-negative P.aeruginosa [7,8]. These
SNPs have also been utilized in the production of
anticancer and antibacterial agents [9].

GREEN SYNTHESIS OF NANOMATERIALSs

In the past decade, nanoscience and
technology have seen intriguing developments in
novel synthesis methods for various nanomaterials,
including metal nanoparticles; quantum dots,
carbon nanotubes, graphene materials and their
related composites [10-15]. Researchers have

explored two fundamental principles of synthesis,
namely top-down and bottom-up methods, to
achieve nanomaterials with desired sizes, shapes,
and functionalities, as depicted in Fig.1[16]. Earlier
techniques involved lithographic methods, ball
milling, etching, and sputtering [17]. In the bottom-
up approach, the nanopatrticles are prepared from
small molecules using techniques such as PVD
(physical vapour deposition), CVD (chemical
vapour deposition), sol-gel method, spray and laser
pyrolysis  methods, etc.The morphological
characteristics of nanoparticles such as size, shape
can be controlled by adjusting chemical
concentrations and reaction conditions, such as
temperature and pH.

Metallic Nanoparticles J

Chemical etching
Laser ablation/Laser

Synthesis
Bulk : e
‘ ‘ ). .’ Nanoparticles
Top — down Bottom—up |.3 Mot
N articles . -
e '%' approach approach At

Chemical vapor deposition
Sol-gel processes w

ablation |, Laser pyrolysis
Mechanical milling/Ball Spray pyrolysis
milling Atomic/molecular condensation
Sputtering Aerosol processes
Electro-explosion |, Green Synthesis
v }
[ Microorganism ]
B . B B v v v
[ Leaves ] [ Root ] [ Flower ] [ Fruit ] [Bacteria ] [Fungus ] l Algae |
e A

Figure 1. Top Down and Bottom-up approaches of synthesis of Nano particles [15]

However, these produced nanomaterials face
challenges when applied practically including sta-
bility in aggressive environments, lack of under-
standing in fundamental mechanisms, modelling
factors, bioaccumulation/toxicity concerns, exten-
sive analysis requirements, need for skilful ope-
rators, challenges in device assembly and structu-
res, and issues related to recycling/reuse/
regeneration. To address these limitations, there is

a growing focus on green synthesis approaches in
current materials science and technology research
and development. Green synthesis methods,
involving regulation, control, clean-up, and
remediation processes, enhance the environmental
friendliness of materials/ nanomaterials. Green
synthesis principles include minimizing waste,
reducing derivatives/pollution, and utilizing safer or
non-toxic  solvents/auxiliaries and renewable
feedstock.
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To prevent the formation of unwanted by-
products and establish consistent, sustainable,
eco-friendly synthesis procedures, the use of
suitable solvent systems and natural
resourcessuch as organic systems, is crucial.
Green synthesis of metallic nanoparticles has
gained momentum, especially utilizing biological
materials viz., microorganisms — bacterial species,
fungus species, algal extract and plant extracts.
Among these methods, plant extract-mediated
synthesis is a simple, easily adaptable and
scalable process, making it easy to produce the
nano scale materials on a large scale compared to
microorganisms mediated synthesis. The resulting
materials are collectively fall under the category of
biogenic nanoparticles [18, 19].

‘Green Synthesis’ isvitaland mostly practiced
method now-a-days, mainly to minimize the
production of unwanted and harmful by-products
formation during the build-up of reliable,
sustainable and eco-friendly synthesis methods.
The use of suitable solvent systems and naturally
available resources are necessary to achieve the
goal. Green synthesis of metallic nanoparticles has
been accepted to have scope for various biological
materials. Among the available eco-friendly
methods of synthesis for nanoparticles, utilization
of plant extracts is quite simple and easy process
to prepare nanoparticles at large scale relative to
other microorganisms mediated synthesis. These
products are known collectively as biogenic
nanoparticles [19, 20].

To synthesize sulphur nanoparticles, we
utilized leaves from the Ficus religiosa tree, a
significant and revered species in Indian culture
due to its mythological, religious, and medicinal
importance. Traditional Indian medicine has long
utilized different parts of this tree for various
ailments. The bark serves as an antibacterial,
antiprotozoal, antiviral, astringent, and anti-
diarrheal agent, treating conditions like gonorrhea
and ulcers. Moreover, the leaves are used for skin
diseases, exhibiting anti-venom properties and
regulating menstrual cycles.

Both aqueous and ethanolic extracts from
F.religiosaleaves demonstrated antibacterial effects
against multiple strains, including Staphylococcus
aureus, Salmonella paratyphi, Shigella dysenteriae,
Salmonella typhimurium, Pseudomonas
aeruginosa, Bacillus subtillis, Escherichia coli,etc.
Notably, the methanolic extract of F.religiosaleaves
inhibited the production of nitric oxide and
proinflammatory  cytokines in LPS-stimulated
microglia via the mitogen-activated protein kinases
(MAPK) pathway, as confirmed by cell viability,

nitric oxide, and enzyme-linked immune-sorbent
assays(ELISA)[21]. This extract showed robust
anti-inflammatory properties in microglial activation,
suggesting a potential neuroprotective effect
against inflammation mediated by inflammatory
mediators such as nitric oxide.

Synthesizing nanoparticles using plant extracts
offers several advantages compared with other
green synthesis methods because plants are eco-
friendly and easy to handle [22]. Moreover, it offers
energy efficiency, low toxicity, high yield, time-,
cost-effectiveness, availability. Phytochemicals in

plants, such as neo-clerodane flavanol
glycosides, ergosterol, iridoid glycosides,
phytoecdysones, other polyphenols, play an
essential role in the green synthesis of

nanoparticles as reducing, capping, and stabilizing
agents [23].

In the present study, sulfur nanoparticles
(SNPs) were prepared through an environmentally
friendly process using F.religiosa leaf extract.
F.religiosaleaves were selected due to their proven
activity as an efficient biomaterial for the synthesis
of nanoparticles and ease of availability.F.religiosa
is tolerant to widely varying climatic conditions.
F.religiosa is used in traditional medicine systems
such as Ayurvedic, Siddha and Unani for disorders
like asthma, diabetes, diarrhoea, gastric trouble,
inflammatory disordersand
infectiousdiseases.Moreover  F.religiosa has a
lifespan 900 and 1,500 years.

2. EXPERIMENTAL PROCEDURES

2.1. Materials required

Ficus religiosaleaves were collected from trees
in Anna Nagar, Chennai. Sodium thiosulphate
pentahydrate (Na2S203-5H20, 99.5%), citric acid
(CeHsO7) and deionized water were procured from
lab chemicals (Chennai).

2.2. Preparation of leaf extract

Ficus religiosa leaves were washed thoroughly
with tap water and then with deionized water until
all the unwanted visible dirt particles were
removed. Subsequently, the leaves were allowed
to dry at room temperature to remove surface
moisture. The dried leaves were chopped into fine
pieces and 100gm of them were dispersed into
1000 ml of deionized water. The mixture was boiled
at 100°C for 2 hours and filtered. The filtrate
solution was used as a leaf extract. The
supernatant  liqguid was found to exhibit
fluorescence when kept under UV light and a
laboratory test was performed to detect the
presence of sulphur.
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2.3.Preparation of sulphur nanopatrticles (SNPS)

Before the synthesis of SNPs, all the glassware
was cleaned using anaqua regia solution to
remove the potential nucleation sites on the
surface of the glassware. First, sodium thiosulpate
pentahydrate (0.078 M) was dissolved in 250 ml
deionised water and to this solution 100 ml Ficus
religiosa leaf extract was added. After 5 min of

continuous stirring, 125 ml of 20% citric acid
(CeHsO7) was added into the preceding reaction
mixture. After the mixture was kept for 1 h at
continues stirring, a precipitation was observed.
The moisture was then centrifuged for 15 minutes
at 5000 rpm and supernatant was removed. The
precipitate was then washed and dried; the scheme
diagram is shown in Fig. 2.

Chopped F.religiosa
leaves in water
- boiled at 100 °C
2 hrs - filtered

Stirring for 1 hour

DRIED SULPHUR
NANOPARTICLES

Centrifuge

Figure 2. Scheme Diagram - Synthesis of Sulphur Nanopatrticles

2.4. Characterization of sulphur nanoparticles
(SNPS)

The prepared bio-inspired sulphur nano
particles were characterized using various spectral
techniques like UV-Visible, FTIR spectroscopy,
XRD, SEM and EDAX. The UV-Visible studies
were carried out using UV-Visible Spectrophoto-
meter (Model - JAZ; Oceian Optics, USA), and
FTIR spectral studies were carried out using
Spectrum Two FT-IR / SP10 Software (Perkin
Elmer).

The X-ray diffraction and SEM studies were
carried out using P-XRD (26 range5to 130) (Model-
Smart Lab SE X-Ray; Rigaku, Japan and Model-
Quattro S; Make-Thermo-Fisher Scientific, USA).

2.5. Antibacterial activity of SNPS

The efficiency of the antibacterial property of
sulphur nanoparticles was examined by the disc
diffusion method on Muller Hinton agar (MHA)
medium. Muller Hinton Agar (MHA) medium is
poured into the Petri plate. The activities of bio-
inspired sulphur nanoparticles were evaluated
individually and in combination with the antibiotics
by soaking 20ul sulphur nanoparticles solution in
the respective antibiotic discs and sulphur
nanoparticles alone on a sterile disc. The leaf
extract was maintained as a control. On incubation
at 37°C for 24 h, the zones of inhibition were
measured in millimeter.

3. RESULT AND DISCUSSION

3.1. Testing of sulphur by lassaigne’s test

Sulphur present in the resulting product is
detected by Lassaigne’s test by taking a small
piece of Na metal is heated in a fusion tube with
the precipitate obtained. To the Lassaigne's filtrate,
few drops of sodium nitroprusside have been
added and the solution turned purple which
confirms the presence of sulphur (Fig. 3).

Figure 3. Testing of Sulphur by Lassaigne’s test

3.2. UV analysis of sulphur nanoparticles (SNPS)

Fig. 4 shows the UV-Vis spectrum of sulphur
nanoparticles (SNPs), it is well known that a-
sulphur exhibits an optical absorption maximum in
the range of 260-280 nm.The peak at 274nm
in figure 3indicates the successful formation of
SNPs. A secondary peak at ~324nm corresponds
to the b2 — e3 transition [24].
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Figure 4. UV-Visible spectrum of sulphur nanoparticles

3.3. FTIR analysis of sulphur nanopatrticles (SNPS)

Fig. 5 showsan FTIR spectrum and the
corresponding absorbance peaks for SNPs. The
prominent peaks at 3334 cm, 2915 cm, and
1393 cm* show the presence of —OH groups, —N-H
stretching vibration, O=C=0 bonds, —COO (sym.
Stretching) and these bands revealed the presence
of phytoconstituents of F.religiosa leaf extract. The
peaks at 1584 cm™, 1082 cm, and 880 cm™ are
attributed to the presence of —C=0 (stretching), —

CN bending vibration (secondary amide), O—S,
and N—S stretching vibration of sulphur
nanoparticles. The nominal changes in peak
values, i.e.1052 cm™, 1513 cm?, 876 cm™, 656 cm-
li.e. the peak shift arises due to the interaction of
SNPs with amine groups in the biomolecules. The
results indicate that the biomolecules from
F.religiosa leaf extract proteins were bound onto
the surface of as-prepared SNPs [25,26].
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Figure 5. FTIR spectrum of sulphur nanoparticles
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3.4.X-Ray diffraction analysis

Fig. 6shows a typical XRD pattern of SNPs. All the diffraction peaks are in good conformity with
sulphur and no other impurity phases are observed, indicating the good phase purity of SNPs.
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Figure 6. X-RD pattern of sulphur nanopatrticles produced from F.religiosa leaf extract

The Debye-Scherrer formula was used to
calculate the average crystalline size of the SNPs,
which was found to be 23.4nm.

D=KAMN B cos 6
Where,

K is a dimensionlessshape factor, with a value
close to unity.

The shape factor has a typical value of about
0.9, but varies with the actual shape of the
crystallite;

A is the X-ray wavelength;

B is the line broadening at half the
maximum intensity (FWHM), after subtracting the
instrumental line broadening, inradians. This
guantity is also sometimes denoted as® is
the Bragg angle.The 206 value of 23.46°, 27.07°,
31.78°, 34.53°, 37.40°, 41.03° indicate the
crystalline nature of prepared sulphur nanoparticles
and the crystalline size was determined to be
23.4nm [27-29].

3.5. SEM with EDS Analysis

The structural characteristics of biosynthesized
SNPs were studied by scanning electron
microscopy The SEM specimen was prepared by
first drop-coating SNFs on a mica film followed by
sputter coating of gold, then the mica film was
transferred on to a sample holder made of carbon.
Fig. 7a & 7b shows SEM images of SNPs. It is
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The SEM micrographs depicted that the particle size ranged from ~25 to ~120 nm. The elemental
composition of SNPs was identified by EDS. The energy dispersive X-ray spectroscopy spectrum (Fig. 8)
showed the presence of sulphur. Other elements such as Na, O and C were also observed due mainly to
the presence of the by-product, sodium citrate.
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Figure 8. Energy Dispersive X-ray spectroscopy spectrum of Biosynthesized sulphur nanoparticles

3.6.Antibacterial activity of SNPs

The inhibitory effect of prepared sulphur nanoparticles on common pathogenic bacteria, E. coli, and S.
aureus, was assessed through disc diffusion and minimum inhibitory concentration methods. The zone of
inhibition values obtained isshown in Fig. 9. Once the medium solidified, bacterial inoculums were evenly
spread on the plates using a sterile swab moistened with the bacterial suspension. The antibacterial study
results revealed significantly heightened bioactivity of sulphur nanoparticles synthesized from F. religiosa
leaves against both pathogens, as indicated in Table. 1 [27].

Figure 9. Antibacterial study of sulphur nanoparticles prepared from F.religiosa leaves

Table 1. Antibacterial activity of SNPs 4. CONCLUSIONS

Zone of inhibition (mm) Sample A cost effective, rapid, environmentally friendly
(ug/ml) method was used for the synthesis of sulphur nano
ORganisms | 1000 | 750 | 500 | Standard | SD particles using F.religiosa leaf extract.The
Staphylococ nanoparticles were characterized using UV-Vis,
cus aureus 18 18 | 18 20 1 FTIR, XRD, FESEM, the synthesized sulphur
Escherichia nanoparticles were confirmed to be in nano meter

coli 14 14 14 20 3 scale with the help of X-ray diffraction method.

The SEM analysis have revealed that the
synthesized sulphur nano particles have a
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spherical size and from XRD the crystalline size of
the sulphur nano particles is found to be 23.4 nm
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analiza je razjasnila njihovu sfernu morfologiju, dok XRD podaci ukazuju na veli¢inu kristala od
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ABSTRACT

Modern materials for producing rings for compound rolls and their most important application
properties are described. The advantages and disadvantages of rings made of cemented carbide,
high-speed steel, ceramic materials and their damage mechanisms are analyzed. The structure of
composite material rings made of cemented carbide/ iron-based alloys, HSS rings manufactured
using powder metallurgy and melt metallurgy, and rings made of silicon nitride are described.

Keywords: ring, compound roll, cemented carbide, high-speed steel, silicon nitride, clamping

system

1. INTRODUCTION

The roll rings are the interchangeable
components of the composite rolls that are used in
the intermediate and finishing stands of wire and
bar steel, light section and pipe rolling mills. The
roll rings are mostly made of cemented carbide and
high-speed steel. The rings made from such
materials are usually manufactured using powder
metallurgy processes (hot isostatic pressing).
Depending on the operating conditions, the roll
rings are manufactured with different properties. In
order to adapt to the user's requirements, a number
of material groups and material qualities have been
developed that are used in the production of roll
rings.

2. MATERIALS FOR ROLL RINGS
Cemented carbide

The roll rings are mostly made of cemented
carbide (WC-Co). The tungsten carbide has
absolute wettability with cobalt and the ability to
assume a faceted shape in sintered cemented
carbidealloys. The cemented carbide rings are
used in hot and cold rolling. During hot rolling, the
cemented carbide rings are used in:
e  Wire rod finishing mills
e Wire rod intermediate mills

*Corresponding author: Vyacheslav Goryany
E-mail: dr.goryany@o2mail.de

Paper received: 15. 05. 2024.

Paper accepted: 01. 07. 2024.

The website: https://www.zastita-materijala.org/

e Cantilevered stand mills for rounds and shapes
e Merchant bar mills — rounds, rebar, shapes
e Pinch rolls — guide rolls
e Roller entry guides
During cold rolling, the roll rings are used in:
e  Cluster mill work rolls
e  2-Hi narrow strip mills
e Wire flattening and forming mills
e ERW tube mills
e Turks heads[1].

The rings can be made with or without a
caliber. The use of cemented carbide rolls leads to
[2]:
e Long caliber service life by significantly
reducing wear, especially at high rolling speeds
e Higher dimensional accuracy and dimensional

accuracy as well as surface quality of the

rolling stock, especially in multi-core rolling
mills

e Longer service life compared to conventional
roll materials, which leads to fewer wear-
related roll changes and a significant increase

in productivity of the rolling mill
e Possibilities of producing high-quality thin cold

strip due to insignificant roll flattening and low

coefficient of friction.

The reliability and service life of the rings
depend on the operating conditions in a particular
rolling stand. Depending on these, the rings are
made from alloys that differ in the WC/binding
metal ratio. In these materials, the binding metal
content can range from 4.5% to 31.5% and will
determine the mechanical and thermo-physical
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properties of the cemented carbide, such as
hardness, density, fracture toughness, compres-
sive strength, modulus of elasticity, thermal
conductivity, coefficient of thermal expansion, etc.
strongly influenced. The required operational
properties of the cemented carbide will be achieved
through a desired compromise between the
opposing properties such as hardness and
toughness as well as the other important
operational properties of the cemented carbide.
The rings made from such materials have the
following advantages:
¢ Homogeneous, segregation-free structures
with carbides of a defined grain size evenly
distributed in the basic structure
¢ Homogeneous properties
¢ Near-net-shape raw components.

The cyclical temperature changes and high
mechanical roll loads in the slow-running front
intermediate stands of the rolling mills can lead to
the formation of so-called “orange peel” on the
caliber surface as well as quite deep cracks
beneath the surface. These often lead to breakage.
In order to avoid such damage, the roll rings made
of tough cemented carbides types are used in
these rolling stands, which contain 25 - 30% binder
and have a hardness of 78.0 — 81.0 HRA. The
slightly lower hardness and wear resistance of
these “soft” cemented carbide rings are offset by
increased strength, toughness and thermal fatigue
resistance. The roll rings made of slightly harder
types of cemented carbides are used in a finishing
block of the high-speed wire rolling mills [3, 4]:

e in the front rolling stands, roll rings with a
hardness of 83.8 to 84.1 HRA are used (binder
content 20 — 15%, respectively)

e in the middle rolling stands, rings with a
hardness of 85.7 — 84.1 HRA and a binder
content of approx. 15% are used

e the rear rolling stands are equipped with hard
roll rings (87.2 — 88.3 HRA, binder content 10 —
8%, respectively).

When rolling ribbed reinforcing steel, cemented
carbide alloys with 25 — 30% binder are used in the
finishing block, which can withstand the notch
effect of the grooves and have better mechanical
machinability of the rings.

The rings made of cemented carbide grades
(87.7 — 87 HRA) with a binder content of 8 — 10 %
are also successfully used in sizing mills.

The cemented carbides roll rings have
excellent wear resistance with uniform wear, which
is associated with the high hardness of tungsten
carbide grains and their uniform distribution in the
microstructure. The Knoop hardness of the WC
grains can vary between 2500 and 1000 depending

on the crystal plane and direction [5]. The
cemented carbides still have a sufficiently high
hardness even at 1000 °C. The WC grain size
influences the properties of the cemented carbide.
The grain sizes of cemented carbide rolls are
generally between 0.7 and 7.0 um [1]. Coarse-
grained WC powder is most commonly used for the
production of roll rings. Although increasing grain
size for a given binder content reduces wear
resistance, it increases toughness. With regard to
thermal fatigue, experience shows that a coarse
grain tungsten carbide grain is superior to medium
or fine grain grades. Therefore, larger grain sizes
are very important in hot rolling. Finer grains, on
the other hand, improve wear resistance and
compressive strength and are therefore often used
in the cold rolling process [1].

Compared to highly wear-resistant iron-based
alloys (such as high-alloy hot-work steels, high-
chromium steels, high-speed steels), the cemented
carbides used in rolling mills have a significantly
lower coefficient of thermal expansion of 5,3 —
8.2-10° 1/K, which has a major influence on the
fatigue strength of cemented carbide. The thermal
expansion of the cemented carbide decreases with
increasing tungsten carbide content and increases
with increasing cobalt content.

The very high values of elastic modulus (420—
630 GPa), hardness (78 - 89 HRA, and
compressive strength (3000 — 4300 N/mm?), of the
cemented carbide ensure high rigidity of the ring
and enable its very high resistance to elastic
deformation in the deformation zone, which leads
to a significant reduction in ring flattening. This also
enables higher reductions with the same rolling
forces lies in improving the accuracy of the rolled
product.

The main types of cemented carbide ring
failure arewear,thermal fatigue, mechanical shear
due to tangential stress, and corrosion. Ring wear
is manifested in the sliding friction of the rolled
metal on the surface of the caliber due to the
different speed of their movement at the entrance
and exit from the deformation zone. Small thermal
fatigue cracks may appear on the roll work surface
caused by the cyclic temperature changes. The
service life of the rings in use is limited by the
formation and growth of cracks. A low resistance of
the cemented carbide to thermal fatigue is
compensated for by the use of efficient cooling
systems. Compared to iron-based alloys, the
cemented carbide has twice the thermal
conductivity (85 — 120 W/m-K) and the heat
penetrates deeper into the rolls. The thermal
conductivity of cobalt is 100 W/m-K. Rolls
withcemented carbide rings must always be cooled
during hot rolling and the cooling systems should
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have a built-in warning system coupled to a flying
shear to allow the workpiece to be sheared in the
event of a drop-in water pressure.This requires
effective ring cooling to prevent heat transfer from
the surface to the deeper areas of the composite
roll. Intensive roll cooling is particularly required in
the front rolling stands, where the rolling stock has
a significantly higher temperature and the contact
area of the roll and the rolling stock is larger than in
the rear rolling stands. In the front rolling stands,
the rolls rotate at a lower speed, which leads to a
longer contact time between the roll and the rolling
stock and thus promotes heat transfer. The
resulting microcracks will slowly propagate from the
surface into the depth of the ring. The crack
surfaces are attacked by corrosion due to constant
contact with the cooling water, which can lead to a
decrease in the strength of the cemented carbide
and can affect the wear resistance of cemented
carbide rings [6-8]. Binder corrosion leads to a
decrease in the bond between neighboring carbide
grains, which promotes the spalling of individual
carbides. The significant differences in the thermal
expansion coefficients of WC (5.4-10° 1/K) and
cobalt (12.3-10% 1/K) play an important role. The
presence of large carbides in the structure or their
accumulation can lead to a further accumulation of
local stresses, which can lead to a weakening of
the boundaries of the carbides and the binders.
The individual carbide grains or grain agglomerates
can therefore easily be detached or sheared off
and can form a crater. The interaction of
neighboring cracks can also lead to crater
formation. The resulting hills can be sheared off.
The detached WC grains that can enter the
deformation zone will themselves have an abrasive
effect. The effect of abrasive wear can also be
enhanced by oxides of the rolled metal, which can
enter the deformation zone. The separation of WC
grains causes roughening of the caliber surfaces.
As the rolls continues to operate, the crack
formation in these damaged areas can be
increased by diffusion processes and corrosion and
can lead to ring breakage.The problem of roll
fatigue is therefore purely a problem of crack
growth. To reap the benefits of carbide rings, all
surface cracks must be eliminated. Before the
cracks on the caliber surface reach a depth of 1 —
1.5 mm, it should be regrinded [8]. A ground roll
surface must be free of microcracks. The remaining
cracks immediately begin to grow when the roll
surface comes into contact with the hot rolling
stock.

The quality of the cooling water is also very
important for the successful use ofcemented
carbide rings and the requirements for the cooling
water are high. When the pH is high (about 8.5),
the Co-binder has good corrosion resistance. A

more acidic environment can lead to accelerated
erosion of the cobalt binder. At pH below 7.5,
cobalt alloys tend to electrochemical corrosion and
the corrosion rate is very high. The rate of
corrosion varies depending on the type of carbide
and is generally inversely related to that of the
binder content. The types of cemented carbide that
contain nickel in the binder phase have a higher
corrosion resistance than the types with a Co-
binder [8]. The use of cemented carbide rings with
binders containing chromium can minimize the
corrosion rate.Multi-component cemented carbide
grades such as WC-(Co-Ni) and WC-(Co-Ni-Cr)
were developed, which have higher corrosion and
temperature resistance [3, 4, 8-11]. Such materials
are used at low pH values. Through a controlled pH
value and the addition of calcium during the rolling
process, the cemented carbide can be coated with
a protective film of CawOs and thus protected
against corrosion [1].

In addition to the water flow, which can be from
10 to 50 m3/h depending on the rolling stand, and
the water pressure (from 2.8 to 5.5 baragain
depending on the rolling stand) the purity and low
ion content of water must be guaranteed,
especially with regard to chlorides and sulfates
[12]. The recommended water analyzes are (ug/L):
chlorides 40 max, sulfates 75 max, nitrites/nitrates
2 max, CaCOs 200 max; suspended solids 80 max;
total basicity 100 max; iron 25 max; pH 7.5 to 8.5
[3] or chlorides 40 max; sulfates 75 max; nitrates 3
max, CaCOs 400 max; suspended solids 80 max
and pH value 8 to 8.5 [8].

Another factor for the successful use of
tungsten carbide rings in rolling mills is the
temperature of the cooling water. It should not be
higher than 32 — 35°C [1] and should not exceed
the ambient temperature by more than 6°C [3]. The
difference between the temperature of the cooling
water and the surface temperature of the ring
should not be greater than 10°C [8] or 14°C
according to [3]. The water jet should generally be
approximately twice as large as the width of the
caliber. In addition, attention should be paid to
suitable cooling systems for sufficient cooling [1, 3,
8, 10].

A low fracture toughness of the cemented
carbide (Kic = 14.2 — 28.5MPa-+/m), which limits
the shrinkage of the rings on the steel shafts, as
well as a 10 — 50% lower impact resistance can
limit the transmission of torque via springs and
wedges in some cases [13].When rolling with the
use of cemented carbide rings, excessive
reductions and the increased coefficient of friction
must be avoided, especially when rolling alloyed
steels that are difficult to form. The optimal cross
section of the cemented carbide ring must also be
considered.
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The calculation of the elastic deformations of
roll rings and rolling shafts, especially in the fillet,
with the introduction of high loads (rolling forces,
torques) in the prestressed compound rolls as well
as the stress distribution in their bodies during the
rolling process are carried out using mathematical
methods based on finite elements occurs [14,
15].The contact conditions are defined for the
compound rolls and for the rolling stock and are
simulated together with all rolling parameters. The
software available makes it possible to determine
the mechanical stress on rolls (stresses and
deformations) based on the rolling parameters
(rolling force, torque, contact surfaces, etc.).

The use of cemented carbide roll rings is
characterized by its particular cost-effectiveness.
Despite the significantly higher manufacturing and
processing costs of the cemented carbide roll rings
compared to conventional cast materials, their use
in high-performance wire mills makes economic
sense due to the significantly increasing campaign
length [16-18]. The higher fatigue strength of the
cemented carbide and the minimized wear meant
that redressing could be reduced. Cemented
carbide rings increase groove life by a factor of 10
in rolling special steel bar [19, 20] and have at least
15 times longer life than rings made from AISI D2
tool steel in rolling bar steel [21].

Cemented carbide composite materials

When producing cemented carbide composite
materials, the melt of high-quality cast iron is cast
around the inner surface of a cemented carbide
ring (cast-in carbide or CIC-process) [22]. The
cemented carbide binder (cobalt) that comes into
contact with the melt is melted and dissolved in the
penetrated cast iron. The cobalt is completely
replaced by cast iron and only traces of cobalt are
observed in the newly formed binder.

The WC particles are well wetted by cast iron
melt, which stabilizes the formation process of the
composite layer.The penetration depth is
proportional to the overheating of the cast melt.
The greatest depth of penetration is achieved when
using alloys with the widest solidification interval.
The alloys with the narrow or not wide enough
solidification interval solidify very quickly and the
poured melt does not penetrate into the hard metal.
As a result — no connection of two materials. The
penetration depth depends heavily on the casting
temperature of the cast alloy.This must be at
around 350°C above the melting point in order for
penetration to occur, as the cemented carbide ring
will act like a permanent mold and the solidification
rate of the melt will be greatly accelerated, which
prevents or greatly impairs the penetration of the
melt.

The very fine WC particles that come into
contact with the melt are partially dissolved. In the
areas of the cast iron melt close to the bond, the
new tungsten carbides are formed, which have a
completely different morphology and sizes.In the
area of the tungsten carbides formed, the matrix is
depleted of carbon and a pearlite veil forms around
tungsten carbide. Practical experience shows that
both the tungsten carbides formed and the pearlite
veil will not affect the strength of the composite or
the overall performance of the rings. The
investigations of the mechanical properties of the
composite have shown that the composite material
formed has a strong metallurgical bond. The
graphitization of cast iron is not suppressed by
small amounts of dissolved tungsten. The graphite
precipitates are observed in the composite zone to
a depth of approx. 700 um.A comprehensive study
of the microstructure is presentedin the separate
article [23].

The development of cemented -carbide
composite materials has solved the problem of
torque transmission. The tough and easy-to-
machine ductile iron transfers the torque to the
cemented carbide area of the rolling ring. This
manufacturing process makes it possible to save
around half of the expensive cemented carbide,
which significantly reduces the manufacturing costs
of the rings. The unique CIC (Cast-in-Carbide)
ringsare successfully used in more than 100 rolling
mills worldwide and have a service life up to 20
times longer than conventional cast rolls, which has
a significant impact on downtime costs [12, 22]. In
pipe rolling mills, the CIC rolls have a service life
that is up to 40 times longer than conventional cast
iron rolls, with excellent surface quality, tolerances
and geometry of the rolled pipe [22].

In order to avoid a negative effect of the
brittleness of the cemented carbide, cemented
carbide/steel composite rings were developed [24].
The rings are manufactured as a material
composite made of cemented carbide and Invar
alloy using hot isostatic pressing. The composite
materials have a comparable coefficient of thermal
expansion, which corresponds to around two thirds
of the HSS value, so that only low stresses occur in
the composite.

Another material composite developed consists
of cemented carbide, Invar alloy and tool steel. The
resulting mechanical and thermal stresses are
reduced by the Invar alloy, which serves as a buffer
in this composite combination [25]. The rings can
be shrunk or connected to the shafts using side or
bore keys. The torque transmitted from the drive
shaft to the steel area is transmitted over a large
area to the integrated, wear-resistant cemented
carbide ring via an Invar layer. Such rolls are used
in cantilever middle mills, in flat rolling and in tube
rolling.
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High speed steel

Powder metallurgical process (PM process)

The roll rings made of high-speed steel (HSS)
produced using powder metallurgy are successfully
used in the rolling of steel profiles (wire and round
steel, angle and special profiles). The areas of
application of HSS roll rings depend on the
operating conditions. When rolling wire and bars,
the HSS roll rings are used in the intermediate
stands and in the pre-finishing stands. When rolling
reinforcing bars, the roll rings are used in the
intermediate stands.

The HSS roll rings manufactured using powder
metallurgy can be designed with or without a
caliber [26]. The rings have a homogeneous, pore-
free structure. The microstructure contains
approximately 20% by volume of carbides with a
size of 1 to 5 um, which ensure exceptionally good
wear resistance with the maximum possible
toughness of the HSS. The carbide size plays an
important role in the propagation of an emerging

crack in the basic structure. The small carbides
lead to frequent crack deflection or to delaying or
stopping the crack. Despite a lower hardness (50 —
64 HRC) compared to carbide rings, HSS rings
have a long service life and a uniform wear profile,
which is associated with a fine-grained,
segregation-free  microstructure and  evenly
distributed, fine, globular-shaped VC carbides is. A
high-volume fraction of these carbides leads to
high wear resistance and service life of the rings.
The HSS rings retain both hardness and wear
resistance up to the minimum diameter. The
modulus of elasticity of such steels is around 230 —
240GPa, which reduces roll flattening.

Although the powder metallurgy-produced HSS
rings have a low thermal conductivity (26 W/m-K),
they must be cooled intensively due to a higher
thermal expansion coefficient (11.6-10° 1/K), which
slows down thermal fatigue cracking.During hot
rolling, a firmly adhering oxide layer forms on the
ring surface (Figure 1, Table 1).
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Figure 1. Oxide layer on the caliber surface: a — microstructure (SEM image)with the position of the EDX
analysis; b — EDX analysis of the oxide layer; ¢ — EDX analysis of the matrix
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Table 1. EDX analysis of the caliber surface (mass%)

Spectrum (0] Si Ca \% Cr Fe Co Mo w C Total
1 10,43 - 0,91 1,12 2,52 81,62 - - - 3,40 100,00
2 1,97 0,50 - 0,86 | 3,98 76,20 8,90 | 2,38 1,79 | 3,42 100,00

The hard oxide layer protects the ring surface
from intensive wear and acts as thermal insulation,
which helps to reduce the contact temperature in
the tribosystem "rolling stock - work roll" and leads
to a reduction in heat transfer from the rolling stock
to the rolls, which prevents or slows down the
formation of thermal fatigue cracks on their surface.
The stability of the oxide layer (formation and
growth rate, thickness) depends on the chemical
composition of the HSS. The improvement of the

E 70um

corrosion resistance of HSS and the formation of
the desired iron oxide layer is achieved by a high
chromium content in the steel (approx. 4.5 — 6%).
Other elements that are crucial for corrosion
resistance (molybdenum and nitrogen) will primarily
increase the resistance to pitting corrosion.

Figure 2 shows the surface of a powder
metallurgically manufactured HSS rolling ring after
use with thermal fatigue cracks and areas of
corrosion.
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Figure 2. Thermal fatigue cracks with corrosion areas of an HSS rolling ring: a —surface appearance(SEM
image);b — detail with the location of the EDX analysis; ¢, d, e, f, g — EDX analyzes of the matrix (c, d, f)
and MC mixed carbide (e, g)

The corrosion attacks both the matrix and the from the matrix. The calcium identified comes from
carbides. The oxidation of carbides under cyclical the water used for ring cooling. Metallographic
action of dynamic and thermal loads can lead to investigations in the areas of the resulting thermal
the formation of cracks on their surface. This fatigue cracks showed that their edges are heavily
facilitates the carbide decomposition or detachment ~ oxidized (Figure 3).
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Figure 3. Element distribution in the area of a crack: a — microstructure(SEM image);b — microstructure
detail; c, d, e, f, g, h, j, k— mapping

Since the martensitic matrix of HSS is softer than VC carbide, if the ring is used for too long (or
depending on the type of steel being rolled), it can be washed out (Figure 4).
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Figure 4. PM steel ring after use (cross section): a — location of the EDX analysis(SEM image);b —matrix;
¢ — MC mixed carbide

This will compromise the mechanical support of
the carbides and facilitate carbide separation from
the ring surface. The roughness of the caliber is
affected and the formation of cracks in the ring
body is promoted.

HSS cast materials

The manufacturing processes described above
are energy and cost intensive. Nowadays, cheaper
rolled rings that can be manufactured using the
casting method are in demand on the market.
These are also used effectively with the shorter
campaign length. In order to meet the requested
requirements of users, ring manufacturers have
developed HSS casting grades that are alloyed
with different combinations and contents of
carbide-forming elements such as Cr, Mo, V, W,
Nb and Ti. Depending on the chemical composition
and heat treatment parameters, the hardness of
the HSS rings varies from 60 to 64 HRC.The
microstructure of these materials consists of

tempered martensite with a high proportion of
embedded primary and secondary carbides and
exhibits higher wear resistance even at higher
surface temperatures.

Figure 5 shows the structure of a ring made of
V-Mo-Cr-W-Nb alloyed HSS casting quality that
was developed by us in recent years [27, 28].
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Figure 5. Microstructure of an HSS ring: a — overview with the location of the EDX analysis (SEM image),
b, c — EDX analyzes of MC carbides
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The optimal contents of alloying elements and
structural components used were determined using
ThermoCalc software. In thermodynamic
equilibrium, the developed alloy contains
approximately 26% by volume of carbides. The
majority (approx. 10.4% by volume) is made up of
type MC carbides. A high-volume content of VC
carbide in the matrix is desirable. The VC carbides
have a high hardness (2800 —3000 HV), which is
not reduced even at higher temperatures [29],
which leads to a high reduction in wear.The
morphology of eutectic carbides is influenced by
the cooling rate. At high cooling rates, the eutectic
does not form a closed network. The very fine MC
carbides — mainly VC — are present everywhere in
the structure and are homogeneously distributed. A
homogeneous arrangement of primary MC
carbides was achieved by the fact that the first
nucleation sites precipitate out in the melt. The
formation and growth of MC carbide is facilitated at
these nucleation sites. The primary, face-centered
cubic VC carbide contains small amounts of
molybdenum, chromium, tungsten and niobium.
After the heat treatment (hardening and
tempering), the microstructure has a tempered
martensite, globular-shaped primary carbides that
were not dissolved during the heat treatment and
contribute significantly to the good resistance of the
material to abrasive wear. When tempering HSS,
10% to 10 1/cms3 of fine (about 1 x 10 x 10 nm)
secondary carbides precipitate from the martensite
[30], which is saturated with carbon and alloy
elements, which prevent the movement of
dislocations according to the Orowan mechanism
and thus harden the steel (secondary hardening).
The residual austenite remaining as a result of
incomplete martensitic transformation acts as a
carbon source for secondary carbide formation
during tempering. The secondary carbides increase
the room temperature and hot hardness, tempering
resistance and the thermal stability of the matrix. A
secondary hardness maximum corresponds to the
maximum crystal lattice strain as a result of the
maximum density of the precipitated hardening
phases. By increasing the strength of the matrix,
the mechanical support of the carbides is increased
and prevents them from tearing off from the contact
surface.

After heat treatment, such rings have a uniform
hardness of 66 to 67 HRC across the cross section
and can be re-set several times until the minimum
diameter is reached. The tensile strength of the
material is 980 MPa. The compressive strength
and fatigue strength of the developed HSS are
approximately 480 MPa and 3430 MPa,
respectively. The manufactured rings were
clamped onto roll shafts made of steel [31]. Each
roll was equipped with two HSS rings and the

manufactured composite rolls were delivered to a
rolling mill. The rolls were used in the 10" roll stand
of a steel bar rolling mill for rolling high-carbon
steel (final diameter 8.5 mm). Figure 6shows the
surface of an HSS ring after use.

Figure 6. Surface of an HSS ring after use [27, 28]

After use, the developed HSS rings show
uniform surface wear and a dwell time in the roll
stand that is desired from user. No fire cracks were
registered on the work surfaces.

The developed HSS was also used for the
production of rings for the Kocks block.

Compared to cemented carbide rings, the cast
HSS roll rings have a lower risk of breakage and
therefore a higher safety of the rolling process. The
high-speed steels therefore represent a reliable
and cost-effective choice of material.

Ceramic materials

As tungsten prices have risen dramatically in
recent years, this has led to significant cost
increases for users of cemented carbide products,
which can contain up to 96% tungsten. This
situation stimulates the search for new material
science and technological solutions.

Although the high-speed steels have a
significantly higher modulus of elasticity (230 — 240
GPa) than conventional iron-based materials (190
— 210 GPa), the HSS rolls cannot avoid flattening.
Significantly higher elastic moduli can only be
achieved with other materials such as high-
performance ceramics. The ceramic materials have
some positive properties or combinations of
properties that are not achieved by other material
groups. The great interest in ceramic materials is
based on certain significant advantages compared
to metallic materials, such as significantly higher
stiffness (elastic modulus), higher strength, a lower
coefficient of thermal expansion and very high wear
resistance. The further advantages of ceramic
materials compared to metallic materials include
the significantly higher resistance to temperature
changes, which are associated with medium
thermal conductivity and low coefficient of thermal
expansionof ceramic materials (Figure 7).
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Figure 7. Comparison of the properties of high-performance ceramics [32]

Applications in rolling technology require
ceramic materials that, in addition to high hardness
and wear resistance, have high strength and crack
toughness even at high temperatures. These
materials must also have sufficient chemical
resistance, in particular sufficiently high oxidation
and corrosion resistance. These requirements are
well met by many ceramic materials. In recent
years, the suitability of technical ceramics as
materials for rolls and other components of rolling
technology has been intensively investigated. The
ceramic rings for wire and bar rolls were made from
silicon nitride (SisNa4), silicon carbide (SiC) and
alumina-toughened zirconia (ATZ) and were used
in rolling various types of steel. The last two
ceramic types showed no measurable wear, but
there were edge fractures, a fracture through the
entire ring due to roll clamping, and edge fractures
along the entire caliber [33]. The best results were
achieved with silicon nitride. The SisN4 composite
rolls showed very little wear (max. height difference
when comparing new and used calibers approx.
200 pm) and no cracks or breaks.

Silicon nitride occupies a promising position
within  non-oxide ceramics because it has a
combination of many advantageous properties
compared to other technical ceramics. Significantly
higher strength values at room and higher
temperatures as well as crack toughness lead to
the long service life of SisN4 composite rolls. This is
associated with the unique needle-like or stalk-like
structure of the fine-grained and evenly distributed
SisN4 grains and their mutual arrangement (Figure
8).

F——6pm ——

Figure 8. SEM image of a SisN4 material (plasma-
etched) [34]

As the SisN4 starting powder is densified, the
metastable a-SisN4+ modification transforms into the
stable B-SizN4 modification. The SizN4 grains grow
anisotropically to form needles with a hexagonal
cross section. The main growth direction coincides
with the c-direction of the SisNs crystal lattice.
Since the starting powders are essentially globular,
a texture-free structure of needle-shaped SizN4
grains is formed when green bodies are sintered.
The fineness and uniformity of the SisN4 grains are
important aspects for strength and high abrasive
wear resistance [34]. The excellent high
temperature properties of silicon nitride are related
to the covalent bond. The excellent wear properties
of SisNas rings lead to a smoothing of the roll
surface and a significant improvement in the
surface condition of the rolled product. We first
observed this effect when rolling thin steel foils
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made of austenitic and ferritic steels in a 20-roll
Sendzimir mill [35].The average wear rate is 2-10%°
m per ring revolution, which corresponds to a
surface loss of about 0.6 um per rolled ton. Based
on the typical service life of conventional cemented
carbide rolls of 500 tons of rolled wire, this results
in a "noticeable" wear of about 300 um [36]. SisNa
rolling rings used in Kocks blocks also show no
damage after use [37].

Compared to hard metals and steels, the use of
silicon nitride results in reduction of frictional
forces, lower abrasive wear and no adhesion of
rolled metal, which is associated with the non-
metallic bonding type in ceramics. The high
hardness (15 GPa), elastic modulus (300 — 320
GPa) and compressive strength (3000 MPa)
prevent roll flattening in the roll gap and enable the
accuracy of the rolled product to be increased.Due
to its thermal properties, particularly as a result of

its low coefficient of thermal expansion (approx.
3-10® 1/K), silicon nitride has excellent resistance
to temperature changes.

Good resistance of silicon nitride to oxidation
and corrosionis an advantage when used at high
temperatures. However, the coolant (water) can
penetrate into the pores that can form during ring
production and increase their growth through stress
corrosion, which can lead to a reduction in the
strength of the silicon nitride. Depending on the
quality of the starting material and the
manufacturing process used, SisN4 products have
different surface porosities. As can be clearly seen
from Figure 9, the production of SisN4 products with
increasing sintering pressure (gas pressure: 100
bar, hot isostatic pressing: 2000 bar) and high
quality of the starting material results in material
structures with fewer pores and can ensure better
resistance to stress corrosion.

b)

*W‘d)

Figure 9. Micrographs of gas pressure sintered (left) and hot isostatically pressed (right) silicon nitride of
standard quality (a, b) and high quality (c, d)

Corrosion occurs between SisNs grains. The
grain boundary phase is often less stable than the
grains and is triggered by corrosion processes
deep into the interior of the structure, while the
grains remain stable. Therefore, the grain boundary
phase generally determines the corrosion stability
of these ceramics. The SizN4 grains can then easily
detach from the working surface of the ring, which
can lead to the formation of microcavities.
Mechanically caused structural damage can
intensify the corrosive attack. If a corrosive attack
occurs with superimposed abrasive wear, the

corrosion rate can increase significantly. As a
material for forming tools, silicon nitride has great
chemical stability.

Ceramic tools are successfully used as guide
rolls in hot rolling. The guide rolls guide the running
wire strand exactly into the rolling gap and prevent
the oval wire strand from tilting in a round rolling
caliber. Significant forces arise which are caused
by the high forming strength of the materials being
processed. The service life of SisN4 guide rolls is
on average 15 times longer [38].The SisNa4 pinch
rolls, which guide and brake the wire end, have
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shown extremely low wear when rolling wire with a
final dimension of 5.5 mm [33]. After eight times the
service life of the steel rings, the wear depth was in
the range of 90 um, which was the end of the
service life [37].

Silicon nitride rings are already routine in
individual areas of rolling mills. Compared to
standard materials —cemented carbide and steel —
ceramic forming tools bring significantly greater
efficiency to the production process. Production
costs can be reduced without major modifications
to production facilities. The economic advantage
for the user results from the increased service life,
depending on the application, by a factor of 10 to
15 [38].

Silicon nitride is a well-suited material for the
production of rings. A comprehensive overview of
the studies we have carried out in recent years can
be found in [39].

Ring clamping systems

Various types of radial and axial mechanical
clamping systems have been developed and used
for clamping rolled rings. The load on cemented
carbides and silicon nitride rings caused by the
radial clamping pressure of a clamping system and
by centrifugal force during the rolling process was
examined [40]. The calculation results for a rolling
ring made of cemented carbide have shown that
there are tangential tensile stresses on the outer
edge, which become even greater at high speeds
and are often the cause of rolling ring fractures
when clamped radially. Centrifugal forces that
occur at high rolling speeds counteract the effective
radial tension and impair the transferable torque.
Calculations have shown that this effect is less
pronounced when the mass density of the tool is
lower [40, 41]. The lower density of the silicon
nitride causes significantly smaller centrifugal
stresses than with a cemented carbide ring at the
same internal clamping pressure. This is of great
importance for the transferable torque during
rolling, especially for finished wire blocks, where
there are very high final rolling speeds of up to 120
m/s.

When using ceramic tools, it must be noted that
these materials cannot withstand tensile loads and
the smallest tensile stresses lead to the destruction
of the tool. Axial hydraulic clamping systems are
used to clamp rolled rings. Various types of such
tensioning systems have been developed that
transmit mechanical tension through hydraulically
generated preload. The absence of stress
concentrators on the cement carbide ring prevents
ring destruction due to the occurrence of critical

bending and tensile stresses. This is achieved by
using a sliding fit of the rings on the shaft with
subsequent fixation using a special clamping
device that creates compressive stresses along the
roll axis [42]. The roll rings can be clamped with an
axial pressure of 2000 bar [31]. To clamp the roll
rings on the rolling shaft, this is expanded
hydraulically via the ring piston and the resulting
gap is closed without play using the patented
wedge ring system. After the hydraulic pressure is
removed, the high clamping force generated by the
expansion of the rolling shaft is safely mechanically
maintained via the wedge ring. To change the
rings, the user relaxes the composite rolls, the roll
rings are changed and tightened again. The
hydraulic clamping system with a lower axial
pressure of 1500 to 2000 bar can ensure rolling
ring tensioning through a shaft expansion of 0.5
mm [43]. Using a hydraulic nut, a high axial contact
pressure of up to 4000 bar can be generated,
which ensures appropriate torque transmission and
prevents the roll rings from slipping [44].

With the clamping systems mentioned above,
radial clamping forces, which lead to an increased
risk of breakage and reduced service life, are
completely avoided. The clamping system is
therefore of central importance for operational
safety. In addition to secure rolling ring fastening,
clamping systems also achieve an increase in
production and further cost savings.

CONCLUSIONS

Depending on the operating conditions, the
type of steel being rolled and the campaign length,
the roll rings made from the available materials
(cemented carbide, high-speed steel) can be used
successfully to achieve the economic efficiency of
the rolling process. The development of composite
materials (cemented carbide/cast iron, cemented
carbide/steel) has solved the problem of torque
transmission and made it possible to save
expensive cemented carbide and significantly
reduce the production costs of rolled rings.

The ceramic materials offer high potential for
use as ring materials for hot and cold rolling mills.
This is due to their higher hardness and rigidity,
coupled with lower density compared to steel or
cemented carbide materials, which makes it easier
to solve many rolling problems that are limited by
the properties of steel or cemented carbide rings.
The application of silicon nitride in the production of
rolled rings and their successful use in different
operating conditions has shown that there is
significant potential for expensive but durable
materials that have several advantages. When
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producing hot-rolled wire, roll rings made of silicon
nitride offer advantages over conventional rings
made of cemented carbide or steel and can be
used as an alternative to cemented -carbide.
Substitution of cemented carbide with silicon nitride
plays an important role given the likely future
resource scarcity of tungsten.
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PRSTENOVI ZA SLOZENE VALJKE VALJAONICA

Opisani su savremeni materijali za proizvodnju prstenova za kompozitne valjke i njihova najvaznija
svojstva. Analizirane su prednosti i nedostaci prstenova izradenihod tvrdog metala, brzoreznog
Celika, keramickih materijala i mehanizmi njihovog o$tecenja. Dalje, predstavljeni su zahtjevi za
vodu za hladenje prstenova. Opisanaje struktura prstenova od kompozitnih materijala izradenih od
tvrdog metala i legura na bazi Zeljeza, brzoreznog c&elika, prstenova proizvedenih metalurgijom
praha i metalurgijom rastopljenog metala te prstenova izradenih od silicijum nitrida.

Kljucne reci: prsten, sloZeni valjak, tvrdi metal, brzorezni Eelik, silicijum nitrid, steznisistem
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Synthesis and characterization of Selenicereus undatus extract mediated
nano-Bi203 and its application in the adsorption of Rhodamine B dye

ABSTRACT

Betacyanins(BC) arereddish-purple pigment widely found in the peels of white-fleshed dragon fruit
(Selenicereus undatus) and peels and pulps ofred-fleshed dragon  fruit
(Selenicereuscostaricensis). BC pigments are good anti-oxidants that inhibit the formation of
reactive oxygen species (ROS) in plants and thereby promote the reduction of metal ions to zero
valent metals. It also acts as a good stabilising and capping agent in the synthesis of
nanoparticles. Hence, this research aims to extract, and quantize the content of BC from the peels
of Selenicereusundatus, to fabricate betacyanin rich-Selenicereusundatus (SU) modified bismuth
oxide nanoparticles (BizOs NPs) and characterize using UV-Vis, FTIR, XRD, SEM, EDAX and
BET. The quantity and stability of the betacyanin are optimized using various parameters like time,
temperature, solvent ratio, pH, etc.,, through UV-Vis spectrophotometer at 538 nm.
SynthesizedSU-Bi-Oz NPs aims for the alleviation of synthetic dye contaminantsthrough
adsorption- an efficient route for water remediation. The nano-adsorbent Bi-Os NPs showed
increase in dye adsorption with an increase in reaction time, temperature and Bi-Os NPs dosage,
enabling efficient removal of dyes such as Rhodamine B (RhB) dyes.

Keywords:Betacyanin, selenicereus undatus, bismuth oxide nanoparticles, characterization,

Rhodamine B dyes.

1. INTRODUCTION

The green extract obtained from plant parts,
microbes and biomass are used as a non-toxic,
eco-friendly reducing and stabilizing agent for the
synthesis of metal nanoparticles (M NPs) or metal
oxide nanoparticles (MxOy NPs). The bioactive
compound present in the green extract reduces the
metal ions to the required M NPs or MxOvy NPs.
One such bioactive compound that attracts the
recent research field is the ‘Bioactive Natural
Colorant’. The food and textile industries seek
interest in natural colorants (NC) to promote non-
toxic replacement and at the same instant health
beneficial products. Major parts of NC are obtained
from plant sources like bark (oak dye), roots
(madder dye), leaves (indigo), flowers (saffron,
hibiscus, butterfly pea and marigold lavender) fruits
(dragon fruit, beets, berries and red cabbage) and
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also from microbes (Streptomyces coelicolor,
Actinorhodin)[1,2]. The common bioactive pigments
responsible for the color of the dyes are
anthocyanin, betalain, carotenoids and chlorophyll.

Among them, betalains are found to show
antioxidant, detoxicant and readily get adsorbed
and digested in humans. Betalains is a water-
soluble nitrogen-containing NC with two types-
yellow pigment (betaxanthins) and reddish-violet
pigment (betacyanins) found exclusively in the
order Caryophyllales which includes, beets,
amaranth, pitayas, cactus pear, swiss chard, etc.
Besides, replacing synthetic dyes into NC requires
overcoming some limitations like high expense,
poor stability and poor staining in clothes. The peel
of pitayas, both red fleshed(Selenicereus
costaricensis) and white fleshed (Selenicereus
undatus) contains high content BC which is usually
discarded as waste. From the peels of pitayas,
BC(Figure 1) can be extracted using water as a
solvent and estimate the quantity through
spectroscopic techniques [3]. However, these
pigments are unstable by their nature and need
optimization of a few parameters like temperature,
time, solvent nature, dilution and pH.
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Figure 1. Structure of betacyanins

In the synthesis of nanoparticle, certain
features like stability, shape, size and surface area
depends on the reduction potential of ions which
was governed by the nature of plant extract. Green
synthesized MNPs showed vast applications in the
field of biomedical, catalysis, adsorption,
biosensors, nano-sensors, drug delivery, fertilizer
delivery, gene delivery, harmless cosmetics, crop
protection and water remediation[4]. Bismuth oxide
nanoparticles  (BizOs)  (Figure 2)  showed
considerable advances in many fields of application
due to peculiar properties like high surface area,
wide band gap, elevated refractive index, high
levels of electrical properties and good
diamagnetism. Existing polymorphs of Bi-Oz are a-
Bi2O3(monoclinic), B-Bi2Os(tetragonal), y-
Bi2Os(bcc), 6-Bi20s(fcc cubic), &-Bi2Os(metastable
related to a- and B-phase), w-Bi2Oa(triclinic). The
most stable form at room temperature is
monoclinic- a phase Bi:Osand others are high-
temperature phases. Due to the high surface area
of Bi2Os, it acts as a good nano-adsorbent in the
removal of various pollutants like dye, pesticides,
fertilizers, heavy metals, industrial effluents, soaps
and detergents|[5].

@) @)

Figure 2. Structure of bismuth oxide

The discharge of dyes into the biosphere,
mutilates mankind through dermatitis, carcinogenic,
asthmatic disorder, nausea and colon polyps.
Stability and resisting power of dyes makes it
difficult to degrade by oxidants, photocatalyst,
microbes and  electrochemical  destruction.
Adsorption via nanotechnology is a coherent,
eminent and advantageous method [6].Hazardous
effluents like dyes, heavy metals, Volatile organic

compounds (VOCs), pathogens, polymers, radio-
active sediments etc., are engulfed all over the
water bodies.Synthetic dyes ruin the grandeur
features of water via inhibiting photosynthesis,
disrupt the biological cycle and promoting skin toxi-
city, Septicemia, bone deformities, carcinogenicity
and neurological problems. One such menacing
dye is Rhodamine B (RhB) which wascategorized
as group 3 carcinogenic by International Agency for
Research on Cancer (IARC) and also banned its
use as artificial food colorant in India[7]. Thus water
remediationthrough nano-sorbent is an efficient
strategy to  demolish  ubiquitously available
contaminants especially dye abolition.

2. EXPERIMENTAL SECTION:

2.1. Separation of peels from the pulp of
Selenicereusundatus (SU):

White dragon fruit (Selenicereusundatus) was
purchased from the farms of Dharmapuri district,
Tamil Nadu, India. The fruit was washed with tap
water to remove all the dust and microbes. Further
rinsed with DD water for 2 to 3 times and separated
the peel part from flesh using a clean knife. The
non-red parts like flower end pit, bracts, areole are
removed completely. Even though the pulp of the
fruit was removed, yet it still contained some white
fibers like structure, which was also removed.
Finally, the peels were chopped into cubes (1-2
cm) and stored at low temperature for extraction.

2.2. Extraction of BC from the peels of SU:

Quantification of BC was achieved by
treatingthe peels with DD water as extraction
solvent. Dependence of extraction condition was
scrutinized by assorting solvent-peel ratio (5:1,
7.5:1, 10:1, 12.5:1, 15:1, 17.5:1, 20:1, 22.5:1 and
25:1), temperature of extraction (30°C, 40°C, 50°C,
60°C, 70°C, 80°C, 90°C, 100°C, 110°C and
120°C), duration of extraction (0.5 hr, 1 hr, 1.5 hrs,
2 hrs, 2.5 hrs, 3 hrs, 3.5 hrs, 4 hrs, 4.5 hrs, 5 hrs)
and pH ranges (1, 2, 3, 4,5, 6, 7, 8,9, 10, 11, 12).
The above acquired extracts were filtered using
Whatman no.1 filter papers and refrigerated until
further processing.

2.3. Determination of BC from SU peels extract:

Absorbance of individual peel extract was
determined using Visican Spectrophotometer-type
167 at wavelength 538 nm which corresponded to
BC pigment [8].

Quantification of BC (mg/100 g) =
Agats3s nm). M. D. u. 100/e. w. |
where,

At 538 nmy=Absorbance at 538 nm corresponding
to BC
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m= Molecular weight of BC = 550g mol!
D=Dilution factor

u= Volume of extract (in ml)

g=Molar absorption coefficient 6x10° L mol* cm™
w=Gram weight of SUpeels taken.

[=Path length = 1 cm

2.4. Green synthesis of BiOsNPs:

Green synthesis of Bi2OsNPs was carried out
using the optimizedSelenicereusundatuspeels
extract. About 10ml of Selenicereusundatusextract
was added to 0.1M Bi(NOs)sand stirred
continuously for 2hrs at 90°C. Initially, the color of
the solution appeared champagne pink and the pH
measured 6. Once the pH was increased to 10, the
solution start to precipitate and color turnedto pale
yellow. After completion of the reaction, the
precipitate was centrifuged 3-4 times with ethanol
and DD water, dried in hot air oven for 2 hrs and
calcinated in muffle furnace for 3hrs at 300°C.

2.5. Characterization of green Bi.OsNPs:

Green synthesized Bi-O3NPs were characte-
rized by P-XRD (PANalytical X'Pert Pro) to analyze
the structural modification with Cu-Ka radiation
source ranged from 0°to 90°. XRD helps in
determining the crystal structure, nature of
crystallinity, lattice parameters, orientation etc.,
based on the diffraction patterns obtained. Particle
size could be identified from the peaks, as the size
decreases, the peak gets broadened. Further it
was analyzed using FTIR spectrophotometer
(Perkin Elmer Spectrum Two) with LiTaOs3
detectors. Anhydrous KBr optical transparent salt
was used to make pellets with Bi2Oz NPs of 13 mm
diameter using hydraulic press machine (kimaya-
table top). FTIR measured the absorption/
Transmittance of the IR radiation produced by the

range 4000cm™* to  400cm™.
UV-Visible spectrophotometer for
Bi2OsNPswas recorded using Perkin Elmer
Lambda 35 with range  190nm-1100nm.
Nanopatrticles have unique optical characters that
affect the size, shape, agglomeration, refractive
index etc., which makes UV-Visible spectrophoto-
meter, an efficient tool for characterizing.
Additionally, the morphology of the green
synthesized Bi2OsNPswas studied using SEM
(Carel Zeiss-EVO 18). Enhanced topology
information was provided by BSD detectors on
EVO 18. High resolution of SEM helps to focus and
magnify closely packed specimen and provides a
visual ideology of shape and size. EDAX helped to
identify the elements present in the material and its
composition. This technique reassured the
presence of required elements with less or no
impurities. BET surface area analysis was carried
out for Bi2Os NPs using BETSORP Max-Microtrac
BEL. Adsorption capacity of Bi2OsNPs was tested
using N2 as adsorbate. Known amount of N2 was
passed over the sample till saturation pressure
attains and the adsorption layer formed was
detached byheating to estimate the desorption
process. The obtained data wasexhibited as BET
isotherm[9].

2.6. Adsorption studies of Bi,OsNPs

Adsorption properties of green Bi2OsNPs were
investigated using Rhobamine B dye with various
concentrations, time of contact, temperature and
pH. Based on these factors, the adsorption
capacities were measured and the best adsorption
behaviours of the nanoparticles were identified
minimizing the factors affecting adsorption. Various
adsorption processes were carried out at disparate
physical conditions are tabulated belowin table 1.

sample at
Furthermore,

Table 1. List of various adsorption parameters and ranges utilized for adsorption studies

Adsorbent dosage (NPs) 20mg 50mg 100mg 150mg 200mg 250mg
Adsorbate dosage (RhB dye) 10ppm 20ppm 30ppm 40ppm 50ppm 60ppm
Adsorption time 30mins 45mins 1lhr 1.5hrs 2hrs 2.5hrs
Adsorption Temperature 30°C 40°C 50°C 60°C 70°C 80°C
Adsorption pH 1 3 5 7 9 11

3. RESULTS AND DISCUSSION
3.1. Optimization of BC quantity

3.1.1. Optimization of BC based on solvent-peel ratio

The solvent-peel ratio was varied (5:1, 7.5:1, 10:1, 12.5:1, 15:1, 17.5:1, 20:1, 22.5:1, 25:1) and for
each extraction process, approximately 1gof peels was added to the required DD water at 40°C for 2
hrs.Based on the absorbance obtained at A=538 nm for the above solutions, its BC quantity was

determined using the equation (1).

92
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Figure 3. Plot depicting the correlation between Solvent-Peel ratio and BC quantity

Figure 3 represents the quantity of BC
modification with respect to the solvent-peel ratio.
BC quantity was highest for 15:1 with 5.63 +0.15
mg of BC content per 100 g of fresh peels of
Selenicereusundatus.BC being a water-soluble
pigment it required an enough quantity of solvent to
dissolve it. Hence solvent-peel ratio below 15:1
shows low BC quantity due to insufficient solvent. If
the solvent is increased over the optimum
condition, no change or slight decrease in BC
content, proving that the most suitable solvent-peel
ratio is 15:1.

3.1.2. Optimization of BC based on Temperature
BC pigments were highly unstable to thermal

resulting in decreases in the quantity of BC.
Extraction process was carried out with solvent-
peel ratio 15:1 and temperature varied from 30°C
to 120°C for 2 hrs. Figure 4 represents the quantity
of BC with respect to the temperature variation.
Optimum temperature for this case was found to be
50°C with BC content 5.87+ 0.22 (mg/100g) and
further increase leads to a gradual decrease in the
quantity of BC. Temperature from 30°C to 50°C
showed an increase of BC content because it
facilitates diffusion of pigment into solvent.
Additional increase of temperature beyond the
optimum condition might lead to degradation of
pigments resulted in decrease of BC content upto
1.99+ 0.11 (mg/100gq).

condition because it undergoes degradation
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Figure 4. Plot depicting the correlation between Temperature and BC quantity

3.1.3. Optimization of BC based on Time

The dependence of time was illustrated in
figure 5. In order to analyse the influence of extrac-
tion time, solvent-peel ratio of 15:1 was utilized at
temperature 50°C for various time periods (30mins,
lhr, 1hr 30mins, 2hrs, 2hrs 30mins, 3hrs, 3hrs
30mins, 4hrs, 4hrs 30mins and 5hrs). The optimum

condition with maximum extraction of BC was
found at 3hrs with quantity 4.31+ 0.13 (mg/100g).
When extraction time increases, naturally the BC
content increases and reaches a maximum (at pH-
6). Beyond this point, hydrolyzes occurs leading to
the formation of betanidine, betalamic acid,
aminesand ultimately decreases BC content.
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Figure 5. Plot depicting the correlation between Time and BC quantity

3.1.4. Optimization of BC based on pH

To analyse the dependence of pH, extraction
processes was carried out with solvent-peel ratio
15:1, at temperature 50°C for 3hrs with pH range
from 1.0 to 12.0. Figure 6 represents the
correlation between pH and BC quantity. BC
pigments show optimal stability at pH 5.0-6.0. This

study coincides with the previous theories, and
showed maximum BC quantity at pH 6.0 with 3.02
+ 0.19 (mg/100g). Both acidic and basic condition
for BC is non-favorable. In acidic medium, the color
change to yellow because of re-condensation of
betalamic acid with amino acid residues. In basic
medium decomposition of betanidin occurs [10].
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Figure 6. Plot depicting the correlation between pH and BC quantity

3.2. Characterization of BioO3sNPs

3.2.1. UV-Visible Spectroscopy

The UV-Vis spectrum of the green synthesized
Bi2Os NPs was given in Figure 7. The sharp
absorption peak observed at 290nm confirmed the

formation of Bi2OsNPs [11] and the band gap of
Bi2Os NPs was 3.31 eV calculated using the
formula, Eg = 1240/Am, where Am represented the
maximum absorbance value.
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Figure 7. UV-Visible spectrum ofBi-O3NPs

3.2.2. FT-IRSpectroscopy

The FTIR spectrum was recorded in the range
of 400 — 4000 cm™ to determine chemical bonding
and qualitative formation of green synthesized
Bi2O3 NPs, portrayed in figure 8. The O—Hstretching
vibrations appeared at 3436.11 cm™. The active
ingredient in Selenicereus undatus is betacyanin
pigment (figurel) and the peaks at 2926 cm®,
1634.47cm™* and 1389.88 cm™ represents C-H
stretching, N-H bend (1° amine) and C-C stretching
(aromatics) respectively. The characteristic
vibrational modes for metal-oxygen bonding are
usually found below 1000 cm[12]. Bi2Os NPs has
two bonding vibration (Bi-O and Bi-O-Bi) and their
peaks are found at 845.69 cm, 509.99 cm™ and
433.65 cm,

——Bi NPs
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Figure 8. FTIR of Bi-OsNPs
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3.2.3. X-Ray Diffraction of Bi;OsNPs

The crystalline nature and  structural
composition were illustrated through powder XRD
studies of Bi2OsNPs measured from diffraction
angle 5° to 90°. XRD spectrum of Bi2O3s NPs has
been shown in figure 9 which showed sharp
diffraction angles (20) at 6.55°, 12.33°, 19.65°,
23.31°, 26.28°, 27.87°, 29.45°, 33.01°37.10°,
39.33%and 42.79° which corresponded to the miller
indices of the reflecting angles (110), 020), (102),
(1112), (120), (012), (212), (121), (112), (131) and
(122) respectively [13]. All the peaks could be
indexed to the standard Joint Committee on
Powder Diffraction Standards (JCPDS) card no.76—
1730 and no additional peaks were obtained,
proclaims the purity and absence of unstable
polymorphs. The XRD pattern manifest the
monoclinic structure of Bi2Os which was the most
stable allotropes and it was denoted as a-Bi20s.
The sharp peaks manifested the high crystalline
nature and the crystalline size was ~122.16 nm,
calculated using Debye-Scherrer equation, where
(120) plane being the maximum intense plane was
utilized as © value [14].
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Figure 9. XRD pattern of Bi,O3NPs

3.2.4. Scanning Electron Microscope image of
BigO3NPS

The morphology and size of bismuth oxide
nanoparticles were analyzed using SEM. Figure 10
represented the SEM image of Bi;OsNPs with
resolution on the order of 1lum -100nm and
magnification range  from 10KX to  50KX
magnification which showed that the particles are
poly-dispersed structures having smooth surface
area. The particle size calculated from the SEM
micrograph ranged from 120-130 nm.
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Figure 10.SEM imagesand histogram ofBi,O3NPs

3.2.5. EDA Xspectrum of Bi;O3NPs

The elemental and compositional properties of Bi2OsNPs were investigated by EDAX shown in figure
11. The spectrum showed the presence of Bi and O peaks which indicated the presence of pure Bi.O3NPs
without any impurities and weight percentages of 72% and 28% for O and Bi respectively.

720

648

8,0 20 40 6.0 8.0 10.0 120 14.0 16.0 18.0
Lsec: 50.0 0 Cnts 0.000 keV Det: Octane Prime

Figure 11. EDAX Spectra of Bi,O3NPs
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3.2.6. BET Surface area analysis

BET surface area and pore volume of
Bi2O3sNPs was determined using standard N:
adsorption-desorption method at STP showed in
figure 12(A) & (B), which represented the N2
adsorption-desorption isotherm plot and BET

surface area plot. BET surface area of Bi.OsNPs
was 23.6591 + 0.4367 m2/g and its total pore

Nz Adsorption-Desorption
Isotherm Linear Plot

Volume Adsorbed (cm¥ig) @STP
9 » @

f
04 05 08
Relative Pressure (P/Po)

volume was less than 1909.324 A diameter at
P/P0=0.989770885 and quantity adsorbed at
STP=0.020829 cm?3/g. N2 adsorption and desor-
ption isotherm was plotted which resembled the
Type IV isotherm confirming the presence meso-
porous structures [15]. Low pressure showed
monolayer formation and inflection point occured at
the completion of monolayer.
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Figure 12. (A) N2 adsorption—desorption isotherms linear plot. (B) BET surface area plot

3.3. Application-Adsorptionof RhB by BiO3sNPs

Nowadays contagious diseases spread
drastically ever before due to many environmental
factors and one such prime element responsible is
the spread through contaminated water. Currently
arising worldwide issue is the poor accessibility to
clean and safe drinking water. There is a
requirement for sustainable water remediation
technigue and one such eminent method is
adsorption. The dissolved contaminants
(adsorbate) in solution when enter into close
vicinity of the adsorbent, some of the contaminants
gets adsorbed on the surface of the adsorbent
through intermolecular force of attraction. One such

adsorbent that provides an excellent adsorbing
ability is a nanoparticle which has high surface
area, more active site, many pores, low intra-
species diffusion distance etc. [16]. Commonly
known contaminants are textile dyes like RhB
which are carcinogenic and creates neurological
disorders in humans. In the present work
BiOsNPs, a magnificent nano-adsorbent was
utilized to adsorb RhB dye and the extent of
adsorption was studied through the intensity of
decolouration and the decrease of concentration
identified through the decrease of absorbance in
the UV-Vis spectra of treated RhB (An=538 nm)
[17] contaminated water.
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Figure 13. (A) Pictorial representation of RhB adsorption. (B) UV-Vis spectrum of RhB dye
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Figure 13(A) illustrates a pictorial representa-
tion of RhB dye degradation and figure 13(B)
shows the UV-Vis spectrum of RhB dye. The
impact of various operational factors on the
adsorption of nanoparticles by commercial organic
dye was examined. These factors included effect of
adsorbent dose, adsorbate dose, time, tempe-
rature, and pH of adsorption process.

3.3.1. Effect of adsorbent

The adsorption process was induced through
Bi.OsNPs, varied from 20mg to 250mg and the
RhB dye concentration was maintained as constant
(20 ppm) at room temperature for 2 hrs. Table 2
shows the corresponding absorbance (a.u.) for
various absorbent dosages in the adsorption
process and figure 14 represents the plot between
absorbance and adsorbent dosage. The results
obtained showed greater adsorption efficiency of
Bi.OsNPs towards the removal of RhB dye initially
and later above 100mg of Bi-O3NPs the decrease
of absorbance is moderate due to agglomeration of
Bi.OsNPs after reaching optimum level [18].

Table 2. Absorbance value for various adsorbent
dosage (in mg).

Adsorbent Dosage (mg) Absorbance (a.u.)
20 0.471
50 0.463
100 0.406
150 0.394
200 0.389
250 0.372

& EFFECT OF ADSORBENT
' (20 mg)

(50 mg)
0.46 -

0.44

0.42
(100 mg)

Absorbance (a.u)

0.40 (150 mg)

058 (250 mg)

0.36 T T T T T
0 50 100 150 200 250

Adsorbent Dosage (mg)

Figure 14. Plot between Absorbance and
Adsorbent dosage (in mg).

3.3.2. Effect of adsorbate

RhB dye of different concentrations (10, 20, 30,
40, 50, 60 ppm) were utilized for the study of
adsorption behaviors of Bi2O3z NPs and agitated at
room temperature for 2hrs. The quantity of

nanoparticles was maintained as 50 mg for all the
adsorbate variation studies. Table 3 shows the
corresponding absorbance (a.u.) for various
absorbate dosages in the adsorption process and
figure 15 represents the plot between absorbance
and adsorbate dosage. On increasing the
concentration of the dye the activity of adsorbent
becomes negligible and inefficient. Initially the
increases of concentration were gradual as the
possible adsorption ability of Bi-Os NPs played its
role to adsorb. Later at high concentrations of dye,
the adsorption process becomes incompetent and
ultimately the absorbance also increases (gradually
and then sharply).

Table 3. Absorbance value for various adsorbate
dosages (in ppm)

Adsorbate Dosage (ppm) Absorbance (a.u.)
10 0.401
20 0.425
30 0.441
40 0.521
50 0.565
60 0.635

EFFECT OF ADSORBATE

0.64

(60 ppm

0.60

u
o o
o o
) <]
1 1

Absorbance (a.u)
o
&
1

0.44

0.40 4

T T T T T T

10 20 30 40 50 60
Adsorbate Dosage (ppm)

Figure 15. Plot between Absorbance and
Adsorbate dosage (in ppm)

3.3.3. Effect of temperature

The temperature had a significant impact on
adsorption, which was investigated by varying the
temperature range from 30°C to 80°C and the
concentration of Bi2Oz NPs and RhB maintained as
constant. Table 4 shows the corresponding
absorbance (a.u.) for temperature dependence in
the adsorption process and figure 16 represents
the plot between absorbance and temperature. It
was observed that the adsorption of dye on NPs
increased with an increase of temperature. A
decrease in the concentration of dye could be
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confirmed through the decrease of absorbance

value [19]. The optimum temperature was found to

be 70°C and further increase of temperature

showed only a gradual decrease.

Table 4. Absorbance value for effect of tempera-
ture (in °C) variation in adsorption process

Temperature_ of Adsorption Absorbance (a.u.)
reaction (°C)
30 0.571
40 0.508
50 0.462
60 0.391
70 0.349
80 0.335
0.60 - EFFECT OF TEMPERATURE|

0.55 4

0.50 4

0.45 4

Absorbance (a.u)

0.40 4

0.35

0.30 T T T T T T
30 40 50 60 70 80

Temperature (°C)

Figure 16. Plot between Absorbance and
Temperature variation (in °C)

3.3.4. Effect of time

Constant dosage of Bi-Oz NPs and RhB were
agitated at room temperature with different time of
reaction starting from 30mins to 150mins. Table 5
shows the corresponding absorbance (a.u.) for
various time interval in the adsorption process and
figure 17 represents the plot between absorbance
and time dependence of adsorption. As the time of
reaction increases, the quantity of dye adsorbed by
NPs increases abruptly and then gradually which
could be confiimed with the decrease of
absorbance.

Table 5. Absorbance value for effect of time (in
mins) variation in adsorption process

EFFECT OF ADSORPTION TIME
(30 mins)

0.58

0.56

(45 mins)

0.54

0.52

0.50 4

0.48

0.46

Absorbance (a.u)

0.44 -

0.42

0.40 (150 mins)

038 T T T T T T 1
20 40 60 80 100 120 140 160

Time of Adsorption reaction (mins)

Figure 17. Plot between Absorbance and Time
variation (in mins)

Constant dosage of Bi-Os NPs and RhB were
agitated at room temperature with different time of
reaction starting from 30mins to 150mins. Table 5
shows the corresponding absorbance (a.u.) for
various time interval in the adsorption process and
figure 17 represents the plot between absorbance
and time dependence of adsorption.As the time of
reaction increases, the quantity of dye adsorbed by
NPs increases abruptly and then gradually which
could be confiimed with the decrease of
absorbance.

3.3.5. Effect of pH

On varying the pH from 1 to 11, adsorbents
demonstrated better adsorption capacity in basic
medium than in acidic medium. Table 6 shows the
corresponding absorbance (a.u.) for various pH in
the adsorption process and figure 18 represents
the plot between absorbance and pH dependence
of adsorprtion. At basic medium, the accumulation
of -OH" ions on the surface of the adsorbent
attracts the cationic RhB dye and hence adsorption
capacity increases. Since contaminants are wisely
adsorbed, concentration of the solution decreases
and thereby absorbance decreases [20].

Table 6. Absorbance value for pH change in
adsorption process

Tlrrnez c?tf| (;Or\]d(s n?,rﬁgf n Absorbance (a.u.)
30 0.558
45 0.542
60 0.482
90 0.435
120 0.4
150 0.394

pH of Adsorption reaction Absorbance (a.u.)
1 0.428
3 0.403
5 0.384
7 0.376
9 0.359
11 0.347
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EFFECT OF pH |

0.44 -

0.42

0.40

0.38

Absorbance (a.u)

0.36

0.34 T T T T T T
0 1 3 5 74 9 "

pH of Adsorption Reaction

Figure 18. Plot between Absorbance and pH
variation

4. CONCLUSION

This study has successfully extracted
betacyanin from Selenicereus undatus peel extract
and achieved in quantizing the maximum content of
betacyanin. Further, Selenicereus undatus peel
modified Bi2Os NPs was synthesized and the
formation of Bi2Os NPs was confirmed through UV-
Vis, FTIR, SEM, EDAX, XRD and BET surface
area. A favorable adsorption method for removal of
toxic dyes like RhB dye were investigated via green
synthesized Bi:O3 NPs as nano-adsorbent and
good adsorption behavior were shown. Hence, an
incredible adsorption studies were established
which could contribute to the sustainable
development of the society.
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HIJERARHIJSKI OKVIR, IZRADA | KARAKTERIZACIJA NANO-BI203
POSREDSTVOM EKSTRAKTA SELENICEREUS UNDATUS | NJEGOVA PRIMENA

Betacijanini (BC) su crvenkasto-ljubicasti pigment koji se Siroko nalazi u korama zmajevog voca
sa belim mesom (Selenicereus undatus) i kore i pulpe crvenog zmajevog voca (Selenicereus
costaricensis). BC pigmenti su dobri antioksidansi koji inhibiraju formiranje reaktivnih vrsta
kiseonika (ROS) u biljkama i na taj nacin promovisu redukciju metalnih jona na nula valentnih
metala. Takode, deluje kao dobar stabilizator i agens za zatvaranje u sintezi nanocCestica. Dakle,
ovo istraZivanje ima za cilj da ekstrahuje i kvantizuje sadrZzaj BC iz kore Selenicereus undatus,
kako bi se proizvele nanocestice modifikovanih bizmut oksida (SU) bogate betacijaninom-
Selenicereus undatus (BizOs NP) i karakterisale koris¢enjem UV-Vis, FTIR, XRD, SEM, EDAX i
BET. Koli¢ina i stabilnost betacijanina se optimizuju koris¢enjem razli¢itih parametara kao §to su
vreme, temperatura, odnos rastvaraca, pH, itd., preko UV-Vis spektrofotometra na 538 nm.
Sintetizovani SU-Bi2Os NP imaju za cilj ublaZzavanje zagadivaca sintetiCkih boja putem adsorpcije
— efikasan put za remedijaciju vode. Nano-adsorbenti Bi.Os NP su pokazali povecanje adsorpcije
boje sa povecanjem vremena reakcije, temperature i doze Bi-Oz NP, §to je omogucilo efikasno
uklanjanje boja kao $to su Rhodamine B (RhB) boje.

Kljuéne reci: betacijanin, Selenicereus undatus, nanocCestice bizmut oksida, karakterizacija,

rodamin B boje.
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Hydrate formation and its influence on natural gas pipeline:

Simulation study

ABSTRACT

This study simultaneously studied the twin problem of hydrate and corrosion that occurs in natural
gas pipeline, establishing their interdependent using a simulation approach. CO: corrosion was
simulated using NORSOK M-506 standard model in matlab. Major factors considered are the
relationship between corrosion rate and temperature, corrosion rate and P", corrosion-
temperature relationship for varying CO2 mole percent, and P" values. The result from this study
established that both type | and type Il hydrates could form at the operating conditions of 5°C and
60 bar. The obtained result also shows that rate of corrosion decreases and increases with
increase in P" values and temperature respectively to a certain temperature of approximately 78
OC, then a dip in rate of corrosion. The result for corrosion-temperature relationship for varying P"
values and CO2 mole percent shows a decrease in corrosion rate with an in increase in P", and an
increase with increase in CO2 mole percent t. Furthermore, the obtained results highlight a rise as
high as 5.7 mm/year at a 3 mole percent CO2. This value and trend portray a bad omen for the
affected pipeline. This study recommends that natural gas to be transported by pipeline should be

sweetened and processed to remove H.S, CO2 and mercaptans if present.
Keywords: CO: corrosion, model, simulation, hydrate, MATLAB

1. INTRODUCTION

Currently there are global quest ably led by the
most advanced economies of the world on the
utilization of a more environmentally friendly fuel.
The essence which is to cut-down on the volume of
emission of dangerous gaseous by-products of
combustion of dirty fossil fuel that causes global
warming with the propensity of causing environ-
mental pollution and ecological disturbances or
destruction. In all these, natural gas boldly stands
in the gap as a transition energy source, because it
emits relatively lower quantity of pollutants when
combusted, compared to the other fossil fuels. The
high demand of natural gas has led to large deplo-
yment of exploration and exploitation technologies
and the building of massive infrastructure for gas
processing, treatment and transportation. Among
the transportation modes of natural gas is pipeline
transportation, and the most popular because its
technology is easily understood, and it can be
easily adapted to different environment [1]. These
appealing features of pipeline transportation has
led to a remarkable global rise in its network.
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Study by Mokhatab et al. [2] revealed an
addition of twelve thousand miles (12,000 miles) of
pipeline yearly to the global pipeline infrastructure
in the last decade. However, pipeline transportation
of natural is faced with the flow assurance problem
of hydrate formation and CO: corrosion of the
internal walls of the pipeline. Proberezhny et al. [3]
stated that corrosion of natural gas pipeline can be
attributed to Hz2S and CO2 which are constituents of
the gas that is transported and by the formed
hydrate in the pipeline. Abbas et al. [4] in their
study on neural network modeling of high pressure
CO:2 corrosion in pipeline steel evaluated the
severity of CO:2 pipeline corrosion in economic
terms. They stated that CO:2 corrosion is so huge
that its cost implications in relation to the
production and manufacturing sector of the U.S
economy was $34.4 billion in the year 2014. They
reported that the gas industry share of this amount
was up to 50%. Studies in understanding the
interplay between hydrate formation and CO:
corrosion by researchers have been carried out.
Zunzhao et al. [5] deployed a natural gas hydrate
loop device to measure the corrosion rate of CO: in
the presence of hydrate on X80 steel, Obanijesua
et al. [6] developed a model to predict CO:2
corrosion rate of natural gas pipeline in the
presence of hydrate, their obtained results show
that the corrosion rate of CO2 was higher than the
gas liquid equilibrium.
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Studies [7,8] on CO2 corrosion prediction using
model by researchers has shown the availability
CO2 prediction models. Nesic et al. [9] listed the
three general groups of models used for CO:
corrosion prediction as: mechanistic, semi-
empirical and empirical while Kahyarian et al. [10]
grouped CO:2 corrosion prediction models into
empirical/semi-empirical, elementary mechanistic
and comprehensive mechanistic with the
mechanistic been more complex to handle, though
affording user greater insight into major variables
moving the entire corrosion process [11]. Recent
studies [4,12] have shown the growing interest in
the use of Neural Network (NN) modeling for the
prediction of CO:z corrosion. Hatami et al. [13]
reported that the use of least square support vector
machine (LSSVM) for the prediction of CO:
corrosion has yielded good result. They further
maintained that out of the three kernel functions
(linear, polynomial and Gaussian) compared, the
Gaussian function was the best in predicting CO:2
corrosion. Different approach is used by CO:
corrosion prediction models in predicting the effect
of protective film on CO:2 corrosion and in predicting
the effect of oil wetting on CO:2 corrosion [14].

CO: corrosion prediction is also affected by
environmental factors, based on this De Ward et al.
[15] advocated the use of correction factor for CO2
corrosion under different environmental settings.
Bernandus et al. [16] while making a strong case
for the need for a sound knowledge of the
governing processes of CO2 corrosion parameters,
asserted that model accuracy is less important than
the knowledge of the major corrosive parameters
governing the CO:z corrosion mechanism.

One very reliable model used in CO: corrosion
prediction is the NORSOK M-506, a standard
which is an empirical model used by the Norwegian
oil and gas industry capable of matching large
volume of laboratory data. The NORSOK M-506 is
built to consider the effect that protective film has
on CO:2 corrosion mechanism at higher tempera-
ture and high P" more than many other prediction
models. This model is well reputed for giving a
good representation of the maximum corrosion rate
in a CO:2 corrosion controlled system [7,8,17].

2. METHODOLOGY

2.1. Programming used

The programming used in this study includes
Matlab software, Excel spreadsheet application
and Unisim design software which is an interactive
process modeling software that enables engineers
to create steady and dynamic state models for
plant and process systems

2.2. Method

2.3. Hydrate Formation Simulation

The process simulation for fluid flow with the
intent of investigating the hydrate formation
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potential of the natural gas was done using Unisim
R380, a Honeywell's hydrate prediction software.
The fluid was modeled as Peng Robinson property
package. The operating conditions for the
simulation were: temperature of 5°C and pressure
of 60 bar. The composition of the natural gas
stream is as represented in Table 1.

Table 1. Mole composition of natural gas

Components Mole composition (%)
Cy 74.805
C> 5.633
Cs 4.264

nCy 2411
1C4 1.651
nCs 3.21
1Cs 2.104
Ce 1.712
Cy 0.867
Cs 0.652
Co 0.321
CO2 1.978
N2 0.294
H-0 0.098
100.00

2.4. CO; Corrosion Simulation

Hydrate prone natural gas from one of the
offshore fields in Niger Delta Nigeria was simulated
for possible corrosion effect on pipeline using the
NORSOK M-506 model. At different temperatures,
CO: fugacity, P" and wall shear stress possible
state of corrosion was analyzed. The model used
for the analysis is derived from research program
at the Institute of Energy Technology in Norway.
The corrosion rate equation for various
temperatures (5°C - 160°C) range used for the
prediction is given according to Egs. (1-3).

For T=5°C

Creo, = Kr X Fcoi)s;6 X f(P*)r (1)

For T=15°C

0.146+0.0324(Fco,)

Creo, = Kp X Fi5, X (E) X f(P™)r
(2
For: 20°C T 150°C
Cr{:o2 = Ky X F(?(')622' X
51 0-146+0.0324l0g(Fco,)
«(2) Y pomy, @

Where Cr¢, is CO corrosion rate, mm/year,Kr

is constant dependent on operating temperature, S
is wall shear stress in Pa, F¢q, is CO; fugacity in

Mpa and f(P*), is the complex function of P"
and temperature. The fugacity factor is used in
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place of partial pressure because, the natural gas
does not exist in ideal condition, and is calculated
according to Eq. (4).

Feo, = aX Pgg, 4)

Where: a is fugacity co-efficient and P, is the
partial pressure of CO2 which is represented as
shown on Eq.(5).

P __mol % of corrosion in the gaseous phase
€oz — 100

X P (5)

The fugacity coefficient ‘a
according to Egs. (6-7) respectively.

is evaluated

1.4
a= 10P(°'0031_T)f0r P <250 bar (6)
1.4
a = 102°00315) ¢4 p 5 250 bar )
The wall shear stress S is evaluated according
to Eg. (8).
S=05Xf Xp,XUZ2 (8)

Where f is the friction factor at the pipe wall,
pm iS the density of the fluid mixture in (}; 3
and U,, is the velocity of the fluid mixture in /sThe
friction factor is evaluated according to Eq.(9).

0.33
£ =0.001375 [1 + (200005 100 L) ] (9)

PmUmD
Where K is the pipe roughness in inches, D is

the pipe diameter in mm and y,, is the viscosity of
fluid mixtures in Ns/m2,

Matlab 2014b software was used for the
prediction of the corrosion rate of the pipeline due
to hydrates formation. Scripts were written for
solving the corrosion rate equation and performing
iterations. With the Matlab software, executable
scripts were run on command windows graphical
user interface (GUI).

3. RESULTS AND DISCUSSION

The results on the study carried out using
Unisim software and NORSOK-506 standard

T Hydrate Formation Utility: Hydrate Formation Utilit... EI@

Design Mame ydrate Formation L tility-1
Connections
Stream [ Select Stream...
todel Override
Motes Hydrate Formation at Stream Conditions
Hydrate Formation Flag | wfill Farm
Hydrate Type Formed | Tupe | &1

Calculation Mode | Fres Water Found

model to investigate hydrate formation and its
influence on natural gas pipeline is presented.

3.1. Hydrate Formation

The result of the hydrate formation simulation
of the natural gas using Unisim Design R380
software shows that free water was found in the
gas sample, and that both type | and type Il hydrate
will form. This is illustrated in Figure 1; the window
showing the highlights under the design menu of
the hydrate simulation program. At operating
temperatures of 5°C, the performance utility of the
software which gives discrete details, as shown in
Figure 2 indicates that hydrate will form at 10.92
bar, and that at operating pressure of 60 bar,
hydrate will form at 17.03°C. Figure 3 shows the
phase envelope utility for the natural gas stream. In
line with the presented result from Figure 1 and
Figure 2, which suggests that both type | and type
Il hydrate will be formed at the operating conditions
of 5°C and 60 bar.

Figure 3 which represents the phase envelope
utility for the analysed natural gas stream affirms
the possibilities of hydrate formation in the pipeline.
From Figure 3, the red line, blue line, yellow line
and green line represents bubble point curve, dew
point curve, critical point and hydrate formation line
respectively. The phase envelope utility for the
analysed natural gas stream shows that hydrate
will not form if the natural gas pipeline conveying
this gas is operated in the conditions of
temperature and pressure to the right-hand side
(RHS) of the hydrate formation line. But the result
from Figure 3 indicates that hydrate formation line
falls within the hydrate formation envelope, hence
the prevalence of high threat of hydrate formation
in the pipeline. Consequently, the need for hydrate
inhibitors for reliable transportation of this gas
through pipeline.

AT Hydrate Formation Utility: Hydrate Formation Utilit... EI@

Formation Temperature at Stream Pressure

Formation T emperature [C] 17.0329 |

Hydrate Type Formed Tupe | &I
Calculation Mode Free Wwater Found

Performance

Formation T/P

Formation Pressure at Stream Temperature

10.9204
Type | &I
Free “w'ater Found

Formation Pressure [bar]
Hydrate Type Formed
Calculation Mode

Design| Performance J Dyramics J

e
[lgnored

Delete

Figure 1. Hydrate formation utility for natural gas
stream

104

= Design  Performance | Dynamics
e

Delete [lgnered

Figure 2. Hydrate formation utility performance for
natural gas stream
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3.2. CO; Corrosion

The results of the simulation carried out on natural gas well stream to determine the CO:2 corrosion on
pipeline and the relationship between corrosion rate and temperature and P", corrosion rate-temperature
for varying CO2 mole percent and P" values are shown in Figures 4 to 7 respectively. The result as
obtained from Figure 4 shows that CO: corrosion increased with increasing temperature and peaked at
78°C thereafter, a dip in corrosion rate occurred.

5
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. 4
(1]
g 35
S~
E 3
gZ.S
s 2
2
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1
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0
0 20 40 60 80 100 120 140 160
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Figure 4. Effect of temperature on CO, corrosion rate on natural gas pipeline
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Figure 5. Effect of P" on CO; corrosion rate on natural gas pipeline

The result from Figure 5 clearly indicates that inverse. The CO:2 corrosion rate decreases with
the relationship between corrosion rate and P" is increase in pH value. The corrosion rate-
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temperature relationship for varying CO2 mole
percent as obtained from Figure 6 shows that CO:
corrosion increased in magnitude as the mole
percent of CO:z increases. The obtained result from

the corrosion rate-temperature relationship for
varying P" values as represented in Figure 7
shows that the higher the P values the lesser the
rate of corrosion on the pipeline.

7

6

5

Corrosion Rate, mm/year

—1% CO2
—_—2%C02
3%C02

Temperature,oC

Figure 6. Effect of temperature on CO; corrosion rate for varying CO2 mole percent on natural gas pipeline
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Figure 7. Effect of temperature on CO; corrosion rate for varying P" values on natural gas pipeline

The CO:2 corrosion rate increased with
increasing temperature and peaked at 78°C after
which follows a dip in rate of corrosion as
symbolized in Figure 4. This obtained result
compares to that of studies by Niklasson et al. [18]
and Krishnan et al. [19]. This can be explained
using the concept of the formation of protective film
on the pipeline. The film reduces the number of
sites open for corrosion attack and also forms a
compact ferrous carbonate barrier on the metal
surface that is not easily moved. From Figure 5, it
is evident that the relationship between corrosion
rate and P" is inverse. The corrosion rate
decreases with increase in P! values. This can be
explained by the fact that at lower P", the natural
gas stream becomes more acidic and the more
acidic the natural gas stream, the more its
corroding power. On the other hand, the higher the
P" of the natural gas stream, the more alkaline and
less corrosive the fluid becomes. It is however
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worthy of note that the impact of P" on the CO2
corrosion rate is dependent on the type of materials
used in the construction of the pipe. Some
materials are acid soluble (they are easily
dissolved in acid solution) hence they are easily
affected by corrosion. While others like noble
metals are not affected by CO:2 corrosion because
they do not dissolve in acid solutions. The result
from Figure 6 shows an increase in size in
corrosion rate with an increase in mole percent
CO:a.

The CO: corrosion rate rose as high as
5.7mm/yr at 3mole percent of CO2. This can simply
be explained by the fact that the tendency of
carbonic acid which is a corroding species to cause
corrosion is higher at higher CO2 concentrations. It
is explicit from Figure 6 that 3mole percent CO: of
the natural gas stream induced more corrosion on
the natural gas pipeline internal wall than the 1mole
and 2mole percent CO2 composition. A 3mole
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percent CO:z induced 49%,53% and 102.5% more
corrosion on the natural gas pipeline than the
1mole percent CO: for temperature of 5°C, 15°C
and 20°C. This values and trend portray a bad
omen for the affected natural gas pipeline. From
Figure 7 it is crystal clear that the corrosion rate
decreases with increase in P values. The fluid that
has the highest P (5.5) value had the least
corrosion effect while that with the least P" (3.5)
value has the most corrosion effect. The PH of
natural gas stream affects CO2 corrosion as P"
controls the rate of dissolution of iron into solution.
High PH equates to high alkalinity which leads to a
decreased iron carbonate solubility and scale
formation.

4. CONCLUSION

Based on the obtained results and discussions
under hydrate formation and its influence on
natural gas pipeline using simulation approach,
there is higher probability of formation of both type |
and type Il hydrate at the conditions of 5°C and 60
bar. This above conclusion is in agreement with the
principle of hydrate formation where decrease in
temperature and increase in pressure favours
hydrate formation. This study clearly indicates that
the relationship between corrosion rate and P" is
inverse, as CO: corrosion rate decreases with
increase in PM. It can therefore be confidently
stated from this study that P is a parameter that
critically affects the CO:2 corrosion rate by
influencing the rate of dissolution of iron into
solution. The general result obtained shows that
rate of corrosion increases with increase in
temperature, increase in CO2 mole percent of the
natural gas stream and decreases with increase in
P values with them all peaking at 78°C before a
dip from their respective trend.

From the results obtained in this study, it is
concluded that the rise in corrosion rate as much
as 5.7 mm/year at 3 mole percent CO:2 is
worrisome. This study has successfully established
in quantified term from the obtained results the
increment in corrosion rate that equates to 49%,
53% and 102.5% for the temperature conditions of
5°C,15°C and 20°C when mole percent increase
from 1 to 3. This is a true effects and reflections of
the propensity of carbonic acid, a corroding species
that remains higher at higher CO2 concentration.
This values and trend as obtained in this study
portray a bad omen for the affected natural gas
pipeline.

Nomenclature
a - Fugacity coefficient
bar - Unit of pressure measurement

CO:2 - Carbon dioxide (carbon Il oxide)
Cr¢o, - CO2 corrosion rate

D - Internal diameter of pipe (mm)
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f - Friction factor
F¢o, - CO2 Fugacity
f(P"), - Complex function of P and temperature
GUI - Graphic user interface
H2S - Hydrogen sulphide
IFE - Institute for energy technology
K - Kelvin (temperature scale)
K - Pipe roughness
K, - Operating temperature dependent constant
MATLAB - Matrix laboratory
NORSOK-Norsk sokkels konkurranseposisjon
NORSOK M-506 - CO:2 corrosion prediction model
NN - Neural network
Pco, - Partial pressure of CO:
P - Hydrogen potential
RHS - Right hand side
S - Wall shear stress
T - Temperature
U,, - Velocity of fluid mixture
Unisim - Equation oriented simulation software
package
Pm - Mixture density
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FORMIRANJE HIDRATA | NJEGOV UTICAJ NA CEVOVOD PRIRODNOG GASA:

SIMULACIONA STUDIJA

Ova studija je istovremeno proucavala dvostruki problem hidrata i korozije koji se javija u gasovodu
prirodnog gasa, utvrdujuci njihovu meduzavisnost koris¢enjem simulacionog pristupa. CO:2 korozija
je simulirana kori$¢enjem standardnog modela NORSOK M-506 u matlab-u. Glavni faktori koji se
razmatraju su odnos izmedu brzine korozije i temperature, brzine korozije i PH, odnos korozije i
temperature za razlicite molske procente COz i PH vrednosti. Rezultat ove studije je pokazao da se
i hidrati tipa | i tipa Il mogu formirati pri radnim uslovima od 5°C i 60 bara. Dobijeni rezultat, takode,
pokazuje da se brzina korozije smanjuje i povecava sa povecanjem PH vrednosti i temperature do
odredene temperature od priblizno 78°C, a zatim pada u stopi korozije. Rezultat za odnos korozije-
temperatura za razli¢ite vrednosti PH i molskog procenta CO. pokazuje smanjenje brzine korozije
sa povecanjem PH i povecanje sa povecanjem molskog procenta CO: t. Stavise, dobijjeni rezultati
istiCu porast od ¢ak 5,7 mm/godisnje pri 3 mol procenta CO.. Ova vrednost i trend predstavijaju lo$
zZnak za pogodeni cevovod. Ova studija preporucuje da prirodni gas koji se transportuje cevovodom
treba zasladiti i preraditi kako bi se uklonili H2S, CO: i merkaptani ako su prisutni.

Kljuéne reci: CO: korozija, model, simulacija, hidrat, MATLAB
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A survey of water quality in areas of Albanian ports

ABSTRACT

Thisstudy reportdata on physical-chemical parameters and on concentrations of organic pollutants
in marine water samples of Albanian ports. Nutrients, PH, temperature, conductivity, TSS, DO,
BOD, COD, chlorines, sulfates, magnesium and calcium ions were the indicators used for
evaluation of water quality. Also, organic pollutants (organochlorine pesticides, PCBs, PAH and
benzene) were determined in seawater samples. Albania is facing by lonian and Adriatic seas in a
coastline of more than 300km. Several ports are in function in Albanian coastline. Ship transport
and many activities (automobile transport, mechanical activities, deposits, etc.)are the main
factors of water pollution in port areas. Water samples from seven ports (the main Albanian ports)
starting from Saranda port in the South to Shengjini port in the North, were analyzed in this study.
Sampling was realized in May 2023.

Based on physical-chemical indicators the water in the port of Saranda was the cleanest water,
while Porto-Romano, Petrolifera and the fishing port in Zvernec was the most polluted one.
Organic pollutants were detected in all water samples. Presence of the degradation products of
pesticides may be related with previous uses of them. Presence of PCBs can be because of
atmospheric deposition (volatile congeners), water currents and mechanical businesses (heavy
congeners). PAHs and Benzene were detected on more than 70% of the analyzed samples.
Intense ship and automobile transport in the port areas, mechanical businessesdischarge and
hydrocarbon processingi(Petrolifera and Porto-Romano) can be main factor for their presence.
Water currents and new arrivals from the rivers can influence the levels and profile of pollutants.
The found levels of organic pollutants in water samples of Albanian ports were higher than

reported levels in previous studies for the Adriatic Sea (Albania coastline).
Keywords: Albanianports, Physical-chemical parameters, Organic pollutants, Water analyzes

1. INTRODUCTION

Albania facing bylonian and Adriatic in a
coastline of about 316kmof which 260 km belong to
the Adriatic Sea [1-3]. Trade and communications
through the sea have been used since ancient
times, which is confirmed by numerous remains
found along the coast. Many small harbors and
boat anchorages have been and continue to be
used along the coast. They are mainly located in
small natural bays such as Saranda, Shengjini or in
large natural bayssuch asthe bay of Viora (Note
that, in Vlora Bay areseveral important ports such
as Vlora's port, Petrolifera - hydrocarbon port,
Marina's port for Delta Force near Radhima,
Military Base of Orikum and a fishing harbor near
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Zverneci). Some other ports are built artificially
such as the port of Durres, Porto-Romano,
Petrolifera, etc. The construction/function of ports
promote the development of these areas, cities,
encouragepopulation growth, impact in economic
aspect, employment and nowadays the develop-
ment of tourism and increased communication/
exchange with other countries[1, 2].

In the port areas have anintense activity not
only in the marine but also in terrestrial areas near
the port. Marine transport of ships/ferries/boats,
their anchorages, mechanical/technical services to
them, cleaning/sanitization of their interiors,
import/export trade (cereals, minerals, hydrocar-
bons, etc.), the storage of many materials/
food/chemicals near the ports, the movements of
cars/cranes and other mechanical equipment in
port areas are the main reasons why there is
generallyexpected a higher pollution compare to
other coastal areas. In many cases, discharges by
urban pollution and the various businesses that
operate near the port areas can be added. In the
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other side, the construction of ports, usually in
areas that have depth and protected in the form of
a bay, favors the concentration of pollutants inside
the port areas. The effects of water currents in/out
ports or the new arrivals from the rivers/effluents
(even distant from the port) can bring pollution from
areas that may be far from the ports[1-3].

The possibility of pollution for the port areas
and the lack of information about the quality of
marine waters were the main reasons for
undertaking this study in which some of the most
important indicators (physical-chemical
parameters) such as pH, temperature, DO, BOD,
COD, TSS, nutrients and some other ions such as
chlorides, sulfates, calcium and magnesium have
been determined. The values of these parameters
are directly related to the quality of marine waters
in these areas [2,4-7]. In addition to them, the
concentrations of organochlorine  pesticides
according to EPA 8081B, marker PCBs, Benzene
and 13 PAH according to EPA 525 have also been
determined. These organic pollutants are classified
as priority substances due to their persistence and
high toxicity. Although some of them are not
common pollutants of ports, they have been
reported in various works due to various accidents
and/or the influence of water currents. These data
will help us and authorities to determine the quality
of marine waters in the main Albanian ports
according to national and international norms [6, 8]
and also identify the possible factors that influence
their presence in the analyzed samples.

2. MATERIAL AND METHODS

Water sampling in Albanian ports

To evaluate water quality and water pollution at
the ports of Albaniaand their impact in the sea were
analyzed a total of 64 water samples(38 samples
inside and 26 samples outside port areas) from
seven different ports (Figure 1) starting from
Saranda’s port (South Albania) to Shengjin’s port
(North Albania). Sampling stations wereas follow:9
stations at Saranda’s port (WSP); 12 stations at
Vlore’s port (WVP); 8 stations at Petrolifera (WPP);
6 stations at fishing port, Zvernec (WZP); 12
stations at Durres’s port (WSP);9 stations at Porto-
Romano (WPR) and 8 stations at Shengjin’'s port
(WSH). Water samples were collected port areas in
May 2023. This sampling period represent a
normal period for the activities in these ports. In
each sampling station, 2.5 L of sea water were
collected in glass bottles equipped withTeflon caps,
based in I1ISO 5667-3: 201 Method [9]. Water
samples were stored and transported at 4°C to the
laboratory for further analysis. For each station pH,
conductivity, DO(Dissolved oxygen) and
temperature were determined in field by using
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Figure 1. Sampling stations in the main ports of
Albania

Determination of BODs

VELP brand automatic sensors (respirometers)
were used to estimate the 5-day biological oxygen
demand (BODs) in seawater. The measurement
was carried out at a level of 250 ppm. The samples
were placed at 20°C for 5 days, and a direct
reading of the BOD value was made for each
sample [9].

Determination of COD

For the determination of chemical oxygen
demand (COD), SPEC COD digestion tubes were
used, which use standard 16-mm tubes pre-
prepared with mercury sulfate (HgSO4). 2 ml of
seawater was taken in the pre-filled COD digestion
tube, close the cap and mix vigorously for 1 minute.
The tube was placed in the thermo-reactor ECO
16, set at 150°C. After being heated for 2 hours,
the samples were cooled at room temperature,
then measured in a PF-3 spectrophotometer at
wavelengths suitable for COD analysis [10].

Analyzeof nutrients and sulfates by using SPUV-
VIS method

The UV-VIS measurements of nutrients
(nitrates, nitrites ammonium, N-Total, Phosphates
and P-Total) and sulfate ions were carried out in
the UV 31 SCAN ONDA model spectrophotometer
as follows:The analysis of NOs in water is based on
the ISO 7890-3: 1988 method for their
determination  with  the  spectrophotometry
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technique at a wavelength of 420 nm. The analysis
of NO2 in water is based on the ISO 6777: 1984
method for their determination by the colorimetric
method at 540 nm. The analysis of NH4 in water is
based on the ISO 7150/1:1984 method for their
determination  with  the  spectrophotometry
technique at 655 nm. N-total was determined using
complete disaggregation of the sample with K2S20s
and determination of nitrogen at two wavelengths:
220 nm and 275 nm. All forms of nitrogen are
oxidized and measured as NOs(Screening
Method). P-total was determined using the
disaggregation method, which aims to oxidize all
forms of phosphorus into PO4 ions and further
make their determination using the spectro-
photometer method at 880 nm. The analysis of
sulfates in water is based on method 9038 for the
determination of sulfates by the turbidimetry
method at a wavelength of 420 nm [2, 6, 9].

Determination of CI- (salinity), Ca?* and Mg?* by
titration methods

Chloride ions were determined in seawater
samples using the argentometric method (4500-CI
B, Argentometric Method, known as the Mohr
method). The data obtained for chloride ions in
seawater were used to calculate the salinity of the
samples. The concentration of calcium ions in
seawater was realized by using the titration method
with EDTA in the presence of the indicator Ericrom
black T (3500-Ca B). Magnesium ions have been
determined in seawater using the titration with
MgCl2 of the complex forming Mg?* with EDTA
(3500-Mg B, C) [6, 9].

Determination of TSS (Total Suspended Solids) in
seawater

The analysis of total suspend solids (TSS) in
water was based on their determination by the
gravimetric method. The water is filtered using 32
mm diameter glass filters with 0.45 um pores in a
vacuum filtration system. TSS is calculated from
the difference of the weights before and after
filtration. The conditioning and drying of the filters
was done in the thermostat for 8 hours at 105°C

[9].
Water treatment for pesticide and PCB analyses

For the determination of OCPs and PCBs in
water samples was used liquid-liquid extraction.
One liter of water samplewas extracted with n-
hexane (2 x 40 ml) in a separatory funnel. After
extraction, the organic phase was dried with
anhydrous sodium sulphate Na>SOa (5 g) for water
removal. A florisil column was used for the sample
clean-up. 20 ml n-hexane/dichloromethane (4/1)
was used for elution. After concentration to 1 ml
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hexane, the samples were injected in GC/ECD [3,
4,11,12].

Gas chromatography analysis of pesticides and
PCBs

Organochlorine pesticides and PCBs were
analyzed simultaneously using capillary column
type Rtx-5 (30 m long x 0.25 mm in diameter x 0.25
pm film thicknesses) on a gas chromatograph
(Varian 450 GC) with electron capture detection
(ECD detector). Helium was used as carrier gas (1
ml/min) while nitrogen as make-up gas (24 ml/min).
The manual injection was done in splitlesss mode
at 280°C. The 21 individuals of organochlorine
pesticides according EPA 8081B were: DDT-
related chemicals, HCH isomers, Heptachlor’s,
Chlordanes, Aldrin’'s and Endosulfanes. Analysis of
PCBs was based on the determination of the seven
PCB markers (IUPAC No. 28, 52, 101, 118, 138,
153 and 180). Quantification of OCPs and PCBs
was based on external standard method by using
five calibration points as follow: 1 ppb, 2 ppb, 5
ppb, 10 ppb and 25 ppb. The R? various form
0.9452 (Endrin keton) to 0.9965 (b-HCH) and the
LOD for each individual OCP and/or PCB markers
was 0.05ppb [3,4,11].

Treatment of water samples for PAH analyses

Two steps liquid-liquid extraction (LLE) was
used for extracting PAHs and Benzene from sea
water samples. One liter of water with firstly 40 ml
dichloromethane (first step LLE) and after that 40
ml hexane (second step LLE) as extracting solvent
was added in a separator funnel. After extraction,
the organic phase was dried with 5 g of anhydrous
Na.SO4 for water removing. Extracts were concen-
trated to 1 ml hexane using Kuderna-Danish and
then were injected in GC/FID for qualifi-
cation/quantification of PAHs [1, 13-16].

Gas chromatography analysis of PAHs in water
samples

Gas chromatographic analyses of PAHs and
Benzene in water samples were realized with a
Varian 450 GC instrument equipped with a flame
ionization detector and PTV injector. VF-1 ms
capillary column (30 m x 0.33 mm x 0.25 ym) was
used for qualification and quantification of 13 PAHs
according EPA 525 Method. Helium was used as
carrier gas with 1 ml/min. FID temperature was
held at 280°C. Nitrogen was used as the make-up
gas (25 ml/min). Hydrogen and air were flame
detector gases with 30 ml/min and 300 ml/min,
respectively. EPA 525 Standard Mixture was used
for qualitative and quantitative analyze of aromatic
hydrocarbons. Benzene, Acenaphthylene,
Fluorene, Phenanthrene, Anthracene, Pyrene,
Benzo [a] anthracene, Chrysene, Perilene, Benzo
[b] fluoranthene, Benzo [K] fluoranthene, Indeo
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[1,2,3-cd] pyrene, Dibenzo [a, b] anthracene and
Benzo [g,h,i] perylene were determined in seawater
samples. Quantification of PAHs was based on
external standard method by using six calibration
points as follow: 1ppm, 2.5ppm, 5 ppm, 10 ppm, 25
ppm and 50 ppm. The R? various form 0.8912
(Indeo [1,2,2-cd] pyerene) to 0.9964 (Anthracene)
and the LOD for each PAH (including Benzene)
was 0.05ppm[1,13,15].

3. RESULTS AND DISCUSSION

In this study, water samples from 64 different
stations from the main ports of Albania were
analyzed. Water samples were taken in May 2023
from the ports of Saranda, Vlore, Petrolifera, fishing
port (Zvernec), Durres, Porto-Romano and
Shengjin. The physico-chemical parameters were
determined in water samples were: temperature,
pH, Conductivity, DO, BOD5, COD, TSS, NO3,
NO2, NH4, N-total, P-Total, sulfates, chlorides
(salinity), ions calcium and magnesium.

The analysis of organic pollutants includes:
organochlorine  pesticides, their degradation
products (21 individuals according to EPA 8081B),
PCB markers (7 congeners), Benzene and PAHs
(13 individuals according to EPA 525). All methods
used for the determinations of physico-chemical
indicators and organic pollutants were based on
the Albanian and international norms recommen-
ded for these analyzes in marine and surface
waters.

Physical-chemical parameters

The average data of measurements of physico-
chemical parameters for water samples from port
stations in Albania was as follows: The average pH
of the water samples was in the range from 7.6 for
the port of Saranda to 8.2 in Porto-Romano. These
slightly basic pH values are suitable for the growth
of living organisms in marine waters. The average
seawater temperature at the time of sampling was
from 17.6°C in the port of Saranda to 22.8°C for the
water of Porto-Romano. These temperatures are
normal for the seawater in the month of May. Port
water conductivity ranged from 38.8 ms/cm for the
port of Shengjin to 60.0 ms/cm for Petrolifera.
These values indicate relatively high levels of
electrolytes in these waters, which is expected both
from the salinity of the sea water and from other
ions that come from urban/industrial/agricultural
pollution [2, 5, 6].

The maximum value for dissolved oxygen in
seawater was for the port of Saranda with 10.8
mg/l, while the minimum value for DO was in the
fishing port, Zvernec, with 8.3 mg/l. The limit of 5
mg/l is not exceeded for 2 samples in the fishing
port, Zvernec, 2 samples in Porto-Romano and 1
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sample in Shengjin port. In general, waters are
classified as good according to these DO values.
BODS5 values ranged from 25.3 mg/l in the port of
Saranda to 132.6 mg/l in Porto-Romano. These
values classify the marine waters of the ports as
moderately good. The minimum COD value was in
the port of Saranda with 50.8 mg/l, while the
maximum was again for Porto-Romano with 129.7
mg/l. These values are influenced by the presence
of chemicals in the water samples. These COD
values classify the analyzed water as very good for
Saranda port and moderately good for other ports
[5-7].The analysis of particles in suspension (TSS)
showed that their value was from 31.9 mg/l in the
port of Saranda to 141.1 mg/l for the port of
Shengjin. These values classify the waters of the
analyzed portsfromgood (Saranda port) to
moderately good (other ports) [6].Levels of
nutrients in Albanian ports were as follows: The
minimum concentration of NO3 in the waters of the
Albanian ports was for the port of Saranda with 0.5
mg/l. Note that, for more than 60% of NO3 samples
were not detected in the water of this port. The
maximum was for the samples analyzed from
Petrolifera with 8.6 mg/l. The concentration of
nitrites in the water samples had an average value
from 0.006 mg/l in the waters of the port of
Saranda to 0.46 mg/l for the port of Durrés. The
average concentration of NH4 was from 0.004 mg/l
(Saranda port) to 0.58 mg/l (Vlora port). N-total in
analyzed water samples ranged from 0.17 mg/l for
the port of Saranda to 4.93 mg/l in Petrolifera.

The average value of PO4 was in the interval
between 0.026 mg/l in the port of Saranda to 9.0
mg/I for the port of Vlora. P-total measured in water
samples was from 0.018 mg/l (Saranda port) to 4.7
mg/l for the port of Durrés. Nutrient values in the
waters of Albanian ports indicate an impact of
urban waste discharges and agriculture on
seawater. Their levels classify the water of ports as
moderately good. The flows for the rivers Vjosa
and Semani (for the ports of Vlora Bay),
Shkumbini, Erzeni, Ishemi(for the ports of Durres
and Porto-Romano) and the rivers Mat and Drin
(for the port of Shengjin) have a strong influence on
the found values for physical-chemical indicators
as well as water quality. Rainfall amount, the
direction of the wind and the wave’sgrade (at the
time when the samples were taken)are factors that
can affect in momentum values [2, 5 — 7].The
concentration of sulfates in the water samples
ranged from 18.2 mg/l in the port of Shengjin to
521.2 mg/l for the fishing port in Zvrnec. Their
presence must be related to urban pollution,
natural background, hydrocarbon spills,
ship/automobilist transport, etc. The average value
of chlorides and/or salinity in the analyzed port
water was from 19.93 g/l (36.0 g/l) in the port of
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Vlora to 20.38 g/l (36.8 g/l) in the port of Saranda
and in the fishing port in Vlora. The lonian Sea has
a higher salinity than the Adriatic Sea and this was
expected for Saranda port, while influence of the
Narta Lagoon can affect the increase in chloride
values for the fishing port in Zvrnec. The
concentration of calcium ions was from 1.13 mgl/l
for the port of Durres to 7.1 mg/l for the port of
Saranda, while the concentration of magnesium
ions was from 0.44 mg/l for the port of Vlora to 3.76
mg/l for the port of Saranda. These values are
related to both the natural background and the
geological structure of the sampling stations [6,
7].iof organochlorine pesticides was as follows:
Total of HCHs (a-, b-, y- and d-isomers of
Hexachlorcyclohexane) ranged from 0.4 ug/l
(Saranda port) to 6.9 ug/l (Porto-Romano) ;
Heptachlor's (Heptachlor and Heptachlorepoxide)
ranged from 0.1 ug/l (Saranda port) to 1.4 ug/l
(Porto-Romano); Chlordanes (alpha and gamma-
Chlordanes) ranged from 0.2 ug/l (Saranda port) to

1.0 wug/l (Porto-Romano); Aldrin's (Aldrine,
Dieldrine, Endrin, Endrin aldehyde and Endrin
ketone) ranged from 1.4 ug/l (Saranda port) to 5.3
ug/l (Durres port); DDT-related chemicals (o,p-
DDE, p,p-DDE, p,p-DDD, p,p-DDT) ranged from
0.2 ug/l (ports of Saranda, Vlora, Petrolifera and
fishing port of Zvernec) to 0.9 ug/l (Porto-Romano)
and Endosulfanes (Endosulfan alpha, Endosulfan
beta and Endosulfan sulfate) ranged from 0.5 ugl/l
(Saranda port) to 4.0 ug/l (port of Durres). These
data clearly shown that the port of Saranda was
lower polluted by pesticides due to the stronger
currents of the lonian Sea and the smaller
agricultural areas near this port. The most polluted
ports with pesticides were Porto-Romano and the
port of Durres. The production and storage of
pesticides in Porto-Romano for a period of more
than 30 years is the main reason. The new arrivals
of pesticides from the rivers Shkumbin, Erzen and
Ishem have impact on these values.

Dendrogram
Complete Linkage. Correlation Coefficient Distance

48,60

Similarity
)]
o
4
w

82,87

100,00

WSP WSH WVP

—1 |

WPP wzp WDP WPR

Variables

Figure 2. Cluster analyze for distribution of OCPs in Albanian ports

Figure 2 shows cluster analyzes for distribution
of OCPs in Albanian ports. The results show that
there are two main groups. In the first group were
Saranda and Shengjini ports with a similarity level
of 92.7%. These groups were built by ports with
low level of pesticides. The second group, which is
the largest group, includes Petrolifera and the
fishing port, Zvernec (similarity level 95.2%).
Connected with them was port of Durres (similarity
level 91.3%), Porto-Romano (similarity level
75.3%) and port of Vlora (similarity level 73.2%).
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These ports showed higher levels of contamination
for some of the individual pesticides and for their
total too. Figure 3 shows the multifactorial cluster
analysis data for each individual of the analyzed
pesticides. There are five main groups of them as
follows: The first group has three subgroups, a-
HCH and b-HCH (similarity level of 98.6%), d-HCH
and Heptachlor epoxide (similarity level of 96.5%)
and Aldrine, Chlordane (similarity level of 97.2%)
and Endosulfane | (similarity level of 87.1%). First
and second subgroups were connected together
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with a similarity level of 86.8% and with the third
group with a similarity level of 74.3%. In the second
group were two subgroups: Lindane, Methoxychlor
(similarity level of 97.3%) and Endrin aldehyde
(similarity level of 93.2%) are part of the first
subgroup, while in the second DDE and DDT
(similarity level of 93.5%). They are connected
together with a similarity level of 74.4%. Endrin and
DDD built together third group with a similarity level
of 72.6%. The fourth group was built by Heptachlor,
Dieldrine (98.3%), Endosulfan sulfate (86.6%),
Endrin ketone (76.3%) and alpha-Chlordane
(70.2%). Endosulfane Il and Mirex were part of fifth

group with a similarity level of 53.3%. The first and
second groups have a similarity level of 51.2%.
The connection with the third group was less than
40%, while with the fourth and fifth groups they
have a similarity level of less than 10%. These
clusters were built by pesticides of the same class
and/or the same  concentrations. OCP
concentrations in the water samples of Albanian
ports were in the same range as data reported in
previous studies in the Adriatic Sea [3,11,12]. For
all analyzed samples levels of individual pesticides
were below acceptable levels according to
Albanian and EU standards|[8].
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Figure 3. Cluster analyze for organochlorine pesticides (21 individuals) in water samples of Albanian ports

PCB markers were detected in more than 75%
of analyzed samples from the Albanian ports. Their
total concentrations ranged from 2.9 ug/l (Saranda
port) to 15.1 ug/l (Durres port). Their presence in
seawater samples can be related to ship
transport/anchorage/repair,  industrial/mechanical
activity near port areas, atmospheric deposition,
water currents, and new arrivals from rivers and/or
effluents. Oil discharges from some operations/
reparati ofmachineries and activities (in and out of
the port) are likely terrestrial sources of PCBs and
hydrocarbons in seawater samples. Figure 4 shows
cluster analysis data for distribution of PCB
markers in Albanian ports. Again, Saranda and
Shengjin ports were grouped together with a
similarity level of 97.6% because of low levels for
PCBs. The higher similarity was for fishing port of
Zverneci and Porto-Romano (99.1%) and for Vlora
port and Petrolifera (98.2%) which were grouped

114

together in the second group, with a similarity level
of 97.5%. Connected with them was Durresi port
with a similarity level of 89.6%. This second group
was connected with the first one with a similarity
level of 65.2%. Note that water pollution with PCBs
for all Albanian ports was almost in the same range
(high level of similarity) because of the same
pollution origin. Figure 5 shows cluster observation
of PCB markers in the water samples of Albanian
ports. It was noted that clusters were built in three
main groups. In the first group were: PCB 52, PCB
118 (96.1%) and PCB 28 (93.6%). These volatile
PCBs were detected frequently in all samples. PCB
153 ad PCB 180 (95.2%) were part of the second
group which was connected with the first group
with a similarity level of 61.1%. The similarity level
for PCB 101 and PCB 138 (third group) was 82.2
%. The connection of the third group with the first
and the second group was with a similarity level of
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10.7%. These clusters were results of levels and
profiles of PCB markers in water samples of
Albanian ports. PCB levels for analyzed sea water
samples were comparable to data reported in

previous studies in the Adriatic Sea [3, 11, 12]. The
PCB levels were lower than the permitted level by
Albanian and EU standards [8].
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Figure 4. Cluster analyze for distribution of PCBs in ports of Albania
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Figure 5. Cluster analyze for PCB markers in water samples of Albanian ports

PAHs and Benzene were detected in more
than 60% of water samples analyzed from Albanian
ports. The average value for 13 PAHs according
EPA 525 standard was between 0.6 mg/l (Saranda
port) and 2.9 pg/l (Petrolifera, hydrocarbon port of
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Vlora) while for Benzene from 0.4 mg/l (Saranda
port) to 2.2 mg/l (Porto Romano). The main
reasons of hydrocarbon presence could be ship
transport and any possible accident of
hydrocarbons (in the port areas or near it),
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mechanical activities near the port as well as some
massive fires near these areas could be sources of
hydrocarbons in marine water. Note that, the
presence of some individual PAHs were found in
higher level for some stations in Petrolifera, Durres
and Porto-Romano. PAH presence was a

combination of non-pyrogenic PAHs (transport
emitting, spillage of hydrocarbons, mechanical
activities, etc) and pyrogenic PAHs (forest and
urban waste burning, transport emitting, industrial
activities, etc).
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Figure 6. Cluster analyze for distribution of PAHs in water ports
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Figure 7. Cluster analyze for 13 individuals of PAHs in water samples of Albanian ports

Figure 6 shows cluster analyze data for
distribution of 13 PAH according EPA525 in
Albanian ports. In the first group were Saranda,
Porto-Romano (84.5 %) and Shengjin ports (60.2
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%) while in the second group were ports of Vlora,
Durres (99.3%), Petrolifera (95.6%) and fishing port
of Zverneci (85.1%). Both groups were linked
together with a similarity level of 53.3%.Figure 7
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shows clusters for PAHs in Albanian ports. It was
noted presence of five main groups (clusters) as
follows: In the first group were: Acenaftilene,
Fluorene, Pyrene and Benzo [ghi]perilene with a
similarity level between 93.2 — 72.1%. In the
second group were Benzo[b] fluornathrene and
Benzo[k] fluoranthrene (98.3%) which was
connected with first group (34.4%). In third group
was Anthravene and Benzo[a] Anthracene (73.8%)
while in the fourth group were Chrysene and
Perilene (79.3%). These groups were connected
together (50.2%) and with previous groups (7.3%).
The last group was built by Indeo[123cd]Pyrene
and Dibenzo[ab[anthracene (74.5%) and
Fenantrene (65.7%). These clusters were results of
levels and profile of PAHs in water samples. PAH
levels in analyzed samples were in the same
range/higher than the reported levels for other
stations of Adriatic Sea, Albania [1, 13-16]. The
presence of Benzene and Anthracene for some
stations was higher than permitted level according
to Albanian and EU norms [8].

4. CONCLUSIONS

Data of physical-chemical parameters and the
determination of organic pollutants in the water of
the Albanian ports, shown that the waters of the
port of Saranda were cleaner (very good) than
other ports. The waters of the other ports were
classified as good to moderately good.
Anthropogenic activity can influence water quality.
This comes mainly from the activities in the port
areas, but also from urban pollution and/or
agriculture, which are relatively far from the ports
but flows from rivers and sea currents can affect
them. The values reported in this paper generally
do not have significant differences with previous
works for the Adriatic Sea [2, 4, 5], however it can
be said that these are momentum values and can
be change quickly. For this, recommend that the
physical-chemical parameters should be kept
under continuous monitoring by the relevant
institutions.

Pesticides, PCBs and PAHs were detected in
water samples of Albanian ports. Their presence
could be because of ship/automobilist transport,
elevated activity near port areas, new arrivals from
rivers, water currents, punctual sources, accidents,
etc. Pesticide degradation products were found in
high concentrations because of their previous use.
The presence of PCBs and PAHs can be related to
the transport, industrial/mechanical activity,
atmospheric  deposition and water currents.
Statistical analysis of cluster showed a good
connection between the pollutant levels and profile
for each class of them. Levels of individual
organochlorine pesticides, PCB markers, Benzene
and 13 most toxic PAHs according to EPA in water
samples were generally lower than permitted levels
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for surface waters according to EU Directive
2013/39 and Albanian norms. Exception was for
some individuals (in some stations) found relatively
in higher concentration than others. Monitoring of
organic pollutants in Albanian ports should be
ongoing, because can be identify many sources of
pollution that can affect them. Generally, their
concentrations in water samples were similar to the
reports made for the Adriatic Sea [3, 4, 11-16].
Continuous analysis of organic pollutants is
recommended to realize by using GC/MS/MS and
LC/MS/MS techniques.
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ISTRAZIVANJE KVALITETA VODE NA PODRUCJIMA ALBANSKIH LUKA

Ova studija daje podatke o fizicko-hemijskim parametrima i

koncentracijama organskih

zagadivaca u uzorcima morske vode albanskih luka. Hranljivi sastojci, PH, temperatura,
provodljivost, TSS, DO, BPK, COD, hlor, sulfati, joni magnezijuma i kalcijuma bili su indikatori koji
Su koris¢eni za ocenu kvaliteta vode. Takode, u uzorcima morske vode utvrdeni su organski
zagadivaci (organohlorni pesticidi, PCB, PAH i benzen). Albanija je suo¢ena sa Jonskim i
Jadranskim morem na obali duZoj od 300 km. Nekoliko luka je u funkciji na albanskoj obali.
Brodski transport i mnoge delatnosti (automobilski transport, masinske delatnosti, nanosi i dr.)
glavni su faktori zagadenja vode u luckim podrucjima. U ovoj studiji analizirani su uzorci vode iz
sedam luka (glavnih albanskih luka) pocev od luke Saranda na jugu do luke Shengjini na severu.

Uzorkovanije je realizovano u maju 2023. godine.

Na osnovu fizicko-hemijskih pokazatelja voda u luci Saranda je bila najéistija voda, dok su Porto-
Romano, Petrolifera i ribarska luka u Zvernecu bila najzagadenija. U svim uzorcima vode otkriveni
su organski zagadivaci. Prisustvo proizvoda razgradnje pesticida moZe biti povezano sa njihovom
prethodnom upotrebom. Prisustvo PCB-a moZe biti zbog atmosferskog taloZenja (isparljivi
kongeneri), strujanja vode i mehanickih poslova (teski kongeneri). PAH i benzen su detektovani na
vise od 70% analiziranih uzoraka. Intenzivan brodski i automobilski transport u lu¢kim oblastima,
istovar mehanickih preduzeca i prerada ugljovodonika (Petrolifera i Porto-Romano) mogu biti
glavni faktor njihovog prisustva. Vodeni tokovi i novi dolasci iz reka mogu uticati na nivoe i profil
zagadivaca. Pronadeni nivoi organskih zagadivaa u uzorcima vode albanskih luka bili su visi od
nivoa prijavljenih u prethodnim studijama za Jadransko more (obala Albanije).

Kljucne reci: albanske luke, fizicko-hemijski parametri, organski zagadivaci, analize vode
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The influence of tannin on the improvement of adhesive
properties of urea-formaldehyde resin

ABSTRACT

The aim of this study was to examine the properties of urea-formaldehyde (UF) adhesive with the
addition of tannin, in order to determine whether it is possible to obtain so-called, bio-adhesives for
wood with better mechanical properties compared to commercial UF. Tannin-based UF resins,
with four different concentrations of tannin (5, 10, 15, and 20%), were prepared, and adhesive
properties were tested and compared with properties of pure UF. Testing of tensile shear strength
showed that the addition of tannin in UF adhesive formulation significantly increases its
performance compared to pure UF adhesive. It was found that tensile shear strength increased
with increasing concentration of tannin, while UF-tannin adhesives with tannin concentrations of
15% and 20% showed higher tensile shear strength than the corresponding pure UF adhesive.
Therefore, it can be concluded that tannin-based UF adhesive can be a good candidate for
application as an environmentally-friendly wood adhesive due to improvement in terms of
adhesive and mechanical properties.

Keywords: wood adhesive,UF resin, tannin, bio-adhesives, wood-based composites

1. INTRODUCTION

Phenolic resins are the first synthetic polymers
whose industrial production started at the
beginning of the 20th century [1]. Today, these
resins have found their widest application in the
wood industry. With the increase in the humber of
inhabitants on earth, the consumption of wood-
based products is also increasing every day.
Conventional wood adhesives based on
formaldehyde (phenol-formaldehyde (PF), urea-
formaldehyde (UF) and melamine—formaldehyde
(MF)) have a wide use (even though formaldehyde
is classified as highly carcinogenic), mostly
because of their durability, moisture resistance, low
cost, and gap-filling properties. This especially
applies to urea-formaldehyde(UF) due to its
characteristics such as good binding properties and
high reactivity [2], but these resins also have
certain disadvantages such as poor water
resistance and formaldehyde emission (FE) [3].
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These synthetic resins are widely used in the
production of wood-based panels thanks to their
low cost and good reactivity, but their fossil origin
and formaldehyde content have increased the
interest in resin synthesis studies with the use of
bio-based materials [4]. In recent years, the
emphasis has been placed on the so-called "green"
approach in the adhesive industry, so many plant
sources, like tannins, have been used to make bio-
based adhesives, even epoxies [5].

Tannins are polyphenols present in plant
species and are widespread in nature [6], with a
significantly higher extraction potential than lignin
[7]. Tannins have an antibacterial and antifungal
effect. Vegetable tannins have been used to tan
leather for thousands of years [6]. Tannins are also
used in enology (during winemaking) to give color
stability, and protection against oxidation, odor, and
flavor[8].Due to their natural origin and broad
availability, the application field of tannins is
spreading from pharmacy and adhesives to solid
biofuels. Tannin is one of the most studied raw
materials to synthesize bio-based wood adhesives
due to its chemical structure and availability [9].
Tannin-formaldehyde resins have been
commercially available for several years and are
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characterized by very low
emission(FE) and fast pressing times.

The term natural plant tannin refers to two
broad classes of chemical compounds, condensed
or polyflavonoid tannins and hydrolyzable tannins
[6].Although tannins have limitations, wood
adhesives based on condensed tannins are
intensively studied because of theirmoisture
resistance[10], unlike hydrolyzable tannins.

Compared to hydrolyzable tannins, condensed
tannins show greater reactivity with formaldehyde
resulting in reduced formaldehyde emissions (FE),
making them one of the most researched wood
glue precursors [11].Tannins applied with synthetic
adhesives also act as formaldehyde scavengers in
phenol-formaldehyde (PF), melamine-
formaldehyde (MF), and UF resin [12].

Tannin is considered an additional component
that can be mixed with typical UF resins in different
ratios [14] to make bio-adhesives with very good
adhesion and moisture tolerance [13]. The addition
of tannin causes lower formaldehyde emission,
even though too much tannin can cause gelation,
but also improves the bonding properties and water
resistance of conventional UF resin [15].

In this work, new adhesives based on UF resin
and tannin were prepared and tested for
application as wood adhesives. The influence of
different concentrations of tannins on the properties
of the commercial UF adhesive was examined by
measuring the shear strength of the tested
samples.

formaldehyde

2. EXPERIMENTAL

2.1 Materials

In this study, we used a commercial UF resin
provided by a domestic company (Serbia). Tannin
sodium salt was purchased from CHIMAR HELLAS
SA (Greece).Ammonium chloride was purchased
from Centrohem (Serbia). Beech (Fagus sylvatica)
logs were selected from a known locality and
growth conditions (Go¢ Mountain, Serbia), and
then primary boards (with the desired orientation of
growth rings) were cut.

2.2. Tensile shear strength determination

2.2.1. Preparation of wood samples

The sawn timber was dried in a semi-industrial
conventional kiln (Nigos MC 3000, capacity 0.8
m3). The most homogeneous groups of testing
samples were selected for further experiments.

2.2.2. Preparation of UF-tannin adhesive

At the beginning of this experiment, we
determined the solid content of UF resin as
important data for further adhesive formulations

120

and analyses. Every formulation was prepared in
concentration calculated using solid weight relative
to UF resin solid content. A 20% ammonium
chloride salt solution was used as a hardener for all
samples (in the concentration of 1% w/w). One
group of samples, with pure UF resin, was used as
a control group while tannin was added to the
others in concentrations of 5, 10, 15, and 20%,
respectively, by weight.

2.2.3. Characterization of UF adhesive

Adhesives obtained in this research were
performed according to the following standards:
determination of pH (SRPS EN 1245:2012);
determination of density (SRPS EN 542:2009);
determination of conventional solids content and
constant mass solids content (SRPS EN
827:2009); determination of tensile shear strength
of lap joints for wood adhesives (SRPS EN
205:2017); and adhesives were classified
according to the standard fortheclassification of
thermosetting wood adhesives (SRPS EN
12765:2017).

The gel time of the resins containing
ammonium chloride as hardener was determined
by the boiling water test. The time measurement
began when a test tube containing approximately
2.0 g of resin together with the hardener
ammonium chloride (1 % based on the adhesive
dry matter) was immersed in boiling water. The
resin in the test tube was gently stirred throughout
the test. The gel time was taken as the time
elapsed from immersion of the test tube until
hardening of the resin, when stirring was no longer
possible.

The FTIR-ATR spectra were obtained with an
FTIR spectrometer (iS20, Thermo Nicolet) with a
resolution of 4 cm™ in the wavelength region 4000—
525cm™, using a diamond single reflection
attenuated total reflectance (ATR). All spectra were
obtained with 32 scans and the background
measurement was made using air.

2.2.4. Determination and optimization of glue-line
quality

The adhesive mixes were applied by a rubber
roller onto one surface of the two wood specimens
to be bonded (200 g/m?). Assembling was always
performed in a parallel grain direction. The ply
without direct application of the adhesive mix was
always in the bottom position to improve the
penetration into its structure. Again, a special effort
was made to have the taper as low as possible,
guaranteeing equal penetration conditions for all
samples. Ten joint samples were pressed in a
hydraulic press at 120°C and 1.5 MPa for 15
minutes. Before testing, the single lap shear test
specimens (150 mm x 20 mm x 5 mm) were
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conditioned at 20 £ 2°C and 65 * 5% relative
humidity for one week. The lap shear test was
conducted according to SRPS EN 205 standard
test on a hydraulic test machine (Wood tester WT4)
with a measuring scale of 50 kN at a testing speed
of 6 mm/min loading rate in tensile mode with the
load direction always parallel to the grain in all
tested specimens. The failure zone (shear area 20
mm x 10 mm) was examined using a light
microscope to determine the proportion of wood
failure and the thickness of the wood layer in the
wood failure. Ten replications were performed for
each set of parameters. An analysis of variance
was applied to obtain centralized values and
standard errors.

3. RESULTS AND DISCUSSION

For any type of bio-based wood adhesives, it is
important to effectively evaluate their prospects for
wood composite application and understand the
adhesive/wood interaction to gain scientific insights
to guide the adhesive development in terms of the
mechanical strength, water resistance, thermal and
rheological properties of the adhesives, as well as
the adhesive penetration. To interpret the
measured bonding strength of wood adhesives, it is
also essential to take into consideration the type of
failure or separation that occurred in the
mechanical tests. There are four main types of
failure modes for the adhesive bonded wood
composites: (a) cohesive failure of the adhesive;

Table 1. The technical properties of UF resin

(b) adhesive failure (c) mixed failure - a
combination of (a) and (b), and (d) wood cohesive
failure or wood failure.

UF adhesive is the most important adhesive in
the wood industry, especially in the production of
wood-based panels, primarily because of its
relatively good characteristics and low price.
However, considering that it has poor water
resistance and high formaldehyde emission, it is
necessary to make some modifications to the
chemistry of the glue itself in order to make it more
environmentally  friendly.Herein, we prepared
modified adhesive formulations based on
commercial UF resins (UF), cured alone (cUF) and
with tannin (labels UFT5, UFT10, UFT15, and
UFT20 correspond to samples with 5, 10, 15 and
20% of tannin added to UF). The maximum tannin
concentration of 20% was chosen because in the
case of higher tannin concentration, it was hard to
achieve homogeneity of the adhesive system due
to its high viscosity, and consequently, the
application on the wood surface was difficult. Their
adhesive properties wereevaluated following the
change in shear strength of samples with different
tannin content.

Commercial UF resin was characterized and its
technical specifications are given in Table 1.
Properties, such as solid content, density, pH,
viscosity, free formaldehyde content, and gel time
were determined (Table 1).

Property
Sample Solid content Density Gel time Free-F Viscosity, F*o
(wt%) (g/em?) (s) PH (wt%) (©)
UF 68 1.290 71 8.0 0.14 84

3.1. FTIR analysis

Fourier transform infrared (FTIR) spectroscopy
was used to characterize the chemical structures of
the resins. The obtained FTIR spectra of
commercial UF adhesive emulsions examined in
this work are given in Figure 1lfor UF adhesive
emulsion and for cured cUF resin. The following
four spectra given in Figure 2are for cured resin
with tannin addition of different concentrations,
respectively: a) 5%, b) 10%, c) 15%, and d) 20%.

The wide bands at 3321 cm™ are related to the
stretching vibration of O—H and N-H and originate
from the presence of by-products such as water
and excess formaldehyde that can hydrogen bond
to the CH2OH, NHz, and NH functional groups
present in the UF resins and their intensities
decreased in cured samples, as it was expected. A
sharp but small peak occurring at 2959 cm arising
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from the stretching C—H vibrations originated from
dimethylene ether bonds (CH2-O-CHy),
hydroxymethyl (CH20H) and methylene bonds (N—
CH.). The characteristic bands that appear at 1629,
1531, and 1243 cm™ represent amide | (C=0
stretching vibration in —CONH), amide Il (stretching
vibration of C-N and deformation of vibration of N-H
in NH-CO), and amide Ill and all amide bands
become broader after curing. The peak at 1457 cm"
1 of methylene bonds (~CH2-) which appear only as
a shoulder in UF emulsion broadens and becomes
stronger after curing leading to the conclusion that
the resulting resin contains more methylene
bridges liberating formaldehyde for further
crosslinking. The methylene ether bridge (—CHz—
O—CH>-) characteristic absorption peak at 1129
cm? ascribed to the C-O stretching vibration of
hydroxymethyl decreases after curing compared
with UF resin, as well as the peak at 1011 cm™,

121



T. TeSi¢ et al.

The influence of tannin on the improvement of adhesive properties ...

assigned to v(C—O-C) of ether linkage indicated
additional crosslinking probably due to the
transformation of unstable ether bridges (—CH2—O-

polymer spectra is usually assigned to C-H
vibrations in CHz and CHs structures. A small peak
at 767 cm* which appears in cured samples is the

CH2-), initially formed, to methylene ones (—CH2—).  characteristic absorption peak of the uronic
On the contrary, the weak band at 1361 cm™ in UF  structure that is formed.
emulsion, broaden after curing. This area of UF
3 2 83 8385 B
——UF
cUF
&
3
=
g
=
T T T T T
3500 3000 2500 2000 1500 1000
Wavenumber (cm™)
Figure 1. FTIR spectra of pure commercial UF resin and cured adhesive (cUF)
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Figure 2. FTIR spectra of cured UF adhesive with different tannin concentrations: 5%, 10%, 15%, and 20%
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According to FTIR analysis of UF resin cured
after tannin addition, all amid bands did not show
significant change. The peak at 1436 cm* indicates
the presence of methylene linkages and increases
with tannin percentage. However, characteristic
absorption peaks at 1112 cm? (-C-O stretching
vibrations) and 1015 cm? originated from the
methylene ether bridge (—CH2—O—-CHz) that belong
to the C-O stretching vibration of hydroxymethyl
increased with increasing tannin concentration
indicating the reaction of UF resin and tannin and
formation of new ether linkages. Similarly, the weak
band at 1361 cm™? (—C—H vibrations in CH:> and
CHs structures), broadens with increased tannin
concentration. This area of UF polymer spectra is
usually assigned to C—H vibrations in CH2 and CHs
structures. The spectra of all UFT samples
indicated a greater amount of ether and methylene
linkages compared to pure UF resin which
increased with the addition of tannin.

3.2. Tensile shear strength determination

The tensile shear strengths of examined
adhesives are shown in Figure 3.The tensile test
results of the samples demonstrated that the resin
mixed with tannin (10,15, and 20% by weight) had
better performance than the corresponding pure

UF resin. Compared to pure UF resin, shear
strength was slightly lower in the case with 5%
tannin addition but increased with every higher
content of tannin. Some authors showed that the
addition of tannin to UF resins in particleboards
appears to decrease formaldehyde emission over
some time proportional to the amount of tannin
added but the improvement of the strength
performance caused by the denser cross-linking
was offset by the decrease of the amount of UF
resin [16]. In that case, the formaldehyde emission
of tannin-UF resin decreased but the bonding
strength was also decreased compared with pure
UF resin.Additionally, Zanetti et al. [17] used
condensed tannins to improve the heat resistance
of UF resins and the result showed that a high
percentage of tannin in a UF-tannin blend improves
the overall UF thermal resistance to a great extent.
However, in this study, tannin was used to
substitute some of the UF resin, to reduce
formaldehyde emission and to produce an
environmentally friendly wood adhesive along with
enhanced adhesive properties. The higher shear
strength of UFT compared to UF might be the result
of better water resistance of the product arising
from the reaction between tannin and UF resin.

e A
12 UFT20
= 10 —
= cUF UFT10  UFT15
o 8 UFT5 B B
<
6 — — — _—
g (10.38)
g
c 2 | [ [ [
[72]
0
0 5 10 15 20
Tannin [%
_ %] Y,

Figure 3. Tensile shear strength of beech wood samples with cured pure UF adhesive (cUF) and samples
with added tannin in different concentrations (UFT)

The diverse types of failure after completion of
the adhesion tests i.e., cohesive, adhesive, and
substrate failure, were considered by analysing the
surface of both specimens through high-resolution
imaging. Cohesive failure was considered when
both samples presented adhesive on the
overlapping surfaces; adhesive failure means that
only one of the overlapping surfaces had adhesive,
whereas substrate failure indicates breakage of the
substrate itself so that the bonding surface was not
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altered.Examination of the failure showed that all
samples had a 100% fracture through the wood
(Figure 4).The mode of failure is important to take
into consideration when discussing the strength of
wood adhesives. If the adhesive is stronger than
the wood itself, the wood fibers in contact with the
adhesive are ripped off. Thus, regarding wood
adhesives, wood failure is preferred to obtain well-
bonded and high-performance wood composites.
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Figure 4. The failure zone of all sample groups: (a) cured pure UF, (b) UF cured with 5% tannin, (c) UF
cured with 10% tannin, (d) UF cured with 15% tannin and (e) UF cured with 20% tannin

4. CONCLUSION

Wood adhesives based on UF resin and tannin
were prepared (using different concentrations of
tannin — 5, 10, 15, and 20%) and characterized and
their adhesion properties were investigated to
determine their potential as wood adhesives.The
main goal of this study was to determine if natural
adhesive materials, presented above, can
significantly reduce the negative environmental
impact of formaldehyde emissions and provide
better performance of the adhesive. FTIR results
confirmed the reaction between UF resins and
tannin due to increased content of ether and
methylene linkages. The addition of tannin
improved crosslinking in UF resins.Based on
characterization results, it was found that tensile
shear strength increased with increasing
concentration of tannin, while UF-tannin adhesives
with tannin concentrations of 15% and 20%
showed higher tensile shear strength than the
corresponding pure UF adhesive. It was shown that
a tannin content of 20% in UF adhesive formulation
gave the best performance compared to the one
with 5, 10, and 15%, even compared to pure UF
adhesive. Therefore, the general conclusion after
the experiment is that UF adhesives with the
addition of tannin could be used as "green",
environmentally-friendly wood adhesives that can
show much better characteristics than pure UF in
terms of adhesion and mechanical properties.
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UTICAJ TANINA NA POBOLJSANJE ADHEZIVNIH SVOJSTAVA
UREA-FORMALDEHIDNIH ADHEZIVA

Cilj ovog rada je bio da se ispitaju svojstva urea-formaldehidnog (UF) adheziva sa dodatkom
tanina, kako bi se utvrdilo da li je moguce dobiti bioadheziv sa pobolj§anim mehanickim svojstvima
u poredenju sa komercijalnim UF. Pripremljene su UF smole na bazi tanina, sa cCetiri razliite
koncentracije tanina (5, 10, 15i 20%), a adhezivna svojstva su ispitana i uporedena sa svojstvima
Gistog UF. Ispitivanje zatezne ¢vrstoce na smicanje pokazalo je da dodavanje tanina u formulaciju
UF adheziva znaéajno povecava njegove performanse u poredenju sa cistim UF lepkom.
Utvrdeno je da se zatezna cvrstoca na smicanje povecava sa povecanjem koncentracije tanina,
dok su UF-taninski lepkoviadhezivi sa koncentracijom tanina od 15% i 20% pokazali vecu zateznu
évrstocu na smicanje od odgovarajuceg Cistog UF adheziva. Stoga se moZe zakljuCiti da UF
adheziv na bazi tanina mozZe biti dobar kandidat za primenu kao ekolo$ki prihvatljiv adheziv za
drvo sapoboljSanimadhezivnim i mehani¢kim svojstvima.
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Identification of optically active vibrational modes of
columbite AB,Og using correlation method

ABSTRACT

In the modern era, the examination of molecular structure heavily relies on the application of
infrared and Raman spectra within crystalline structures. These methodologies are essential in
understanding the arrangement of atoms within molecules and the internal forces governing them.
An essential aspect of this analysis involves identifying vibrational modes that can be detected
optically. The correlation method is employed to establish rules for selecting these vibrational
modes, both in crystals and molecules, through a systematic calculation process that aids in
predicting their activity in Infrared (IR) and Raman spectra. The correlation method utilizes group
theory to determine which vibrational modes are spectroscopically active in crystals. In our
research, our aim is to employ this method to identify the irreducible representations and
determine the IR and Raman active vibrational modes of orthorhombic AB20s compounds within
the Pbcn space group. By conducting comprehensive group theory calculations, our objective is to
elucidate the spectroscopic properties using the correlation method.

Keywords: Correlation method, spectroscopy, group theory, columbite-type structure

1. INTRODUCTION

Due to the large application of IR and Raman
modes of crystals, it is useful to know the active
spectroscopic modes. The correlation method is
employed to establish the selection criteria for both
crystals and molecules. The correlation method is
preferred over the conventional selection rules due
to their time-consuming and laborious procedure.
For the molecular structures, it is easy to derive the
vibrational modes using selection rules but for the
crystals it becomes cumbersome. Lately, there has
been an increasing fascination with the
investigation of AB20Os oxides, mainly due to their
wide-ranging applications and their prevalence in
the natural environment.

As a result, there is a pressing demand for
comprehensive investigations into their structural
characteristics[1], properties, and lattice arrange-
ments. The AB20e structure represents a class of
semiconductor metal oxides that have demonstra-
ted potential for photocatalysis. Columbite-structure
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AB20s Oxides are attractive for various applications
due to its excellent dielectric properties, as well as
its photocatalytic and organic catalytic activities.
Typically, the columbite-type structure crystallizes
in the orthorhombic space group Pbcn[2].

AB20s Oxides (A=Mn?*, B=V>*, here) crystallize
in the columbite structure. The cations of A and B
are located in the center of the octahedra are
surrounded by six oxygen atoms while the AOs and
BOes octahedra share the edges, forming
independent zigzag chains. This sequential
situation repeats as ABBABB octahedral layers as
the chains are connected by sharing corners in
order to the AOs chain-BOs chain-BOs chain [3].

In this ongoing dialogue, we have explored
AB20s oxides in their orthorhombic phase with the
Pbcn space group, employing the correlation
method [4,5].

Through meticulous calculations, we have
successfully anticipated the Raman and infrared
activities, as well as their associated vibrational
modes. Prior to delving into specifics, it is essential
to grasp the following terms:

1.t¥ = the quantity of movements within the
specific site species y, which can vary between 0
and 3. This data is accessible through the
character table.
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2.R Y = no. of rotations in site species, it may
also have values 0,1,2, or 3 and represented as Ry,
Ry, Rz.

3.f Y = the degree of freedom for vibrational and

is obtained from f Y = nt'; n represent  no. of
equivalent atoms, ions, or molecules in site
species.

4.Fr' = the degree of freedom for rotational
modes inherent in each species y within an

equivalent set of ions or molecules, determined by
FrY=n.RY

5. ay = the degrees of freedom provided by
each site species y to a factor group ¢, with ay
derived from ay ="/} :Cs¢

6.C¢ = the multiplicity of species y within the
factor group, as detailed in Table 1. At times, it
demonstrates its relationship to the species within
the site group.

Table 1: Types of Species and their Corresponding
C¢ Values [4]

Species Value of C;
A 1

I@|Mmim|wm
ga|hlw|N|E

Within the realm of factor group species,
irreducible equation provides a clear insight into the
tally of lattice vibrations within a corresponding
group of similar atoms. Additionally irreducible-
representation symbolized as' I,' to emphasize
that, for the crystal precisely indicates the quantity
of lattice vibrations existing within each category of
the factor group. It's noteworthy that the irreducible-
representation  'Tcrystal' encompasses both
acoustical and optical vibrations.

Entire irreducible-representation is obtained by
adding irreducible-representations of  each
equivalent set of atoms [6]

To specifically isolate the optical vibrations, this
process entails subtracting the irreducible-
representation of acoustical vibrations, resulting in
the representation denoted as 'Toptical':

loptical = l'crystal — Nacoustical

A step-by-step discussion of correlation using
MnV20 s in orthorhombic structure with space
group Pbcn [7] as an example is done here.

Factor group analysis of orthorhombic MnV,O¢ in
Pbcn structure
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2. CRYSTALLOGRAPHIC INFORMATION AND
SPACE GROUP IDENTIFICATION

The first step of the correlation method is to
find the space group and Bravais lattice. The space
group and Bravais lattice must be known to get the
crystallography of the compound. Here we have
the Pbcn space group and orthorhombic crystal
structure for the present compound MnV20 e,

Z(No of molecules in unit cell)/ L P (lattice points)= Z&

MnV20s is four formula unit crystal belonging to
space group Pbcn. MnV20s has 4 equivalent Mn
atoms, 8 atoms of Vanadium, and 24 Oxygen
atoms in the Bravais unit cell.

Site symmetry
The site symmetry for MnV20s s as follows:

DIt : 2C; (4); Ca(4); Ca(8)

The number enclosed within the parentheses of
site symmetry [9] signifies the count of equivalent
atoms that possess that specific site symmetry. For
instance, there are four equivalent atoms on sites
labeled as C2, and eight equivalent atoms on sites
denoted as Ci. The site Ci can accommodate up to
four equivalent atoms, and the coefficient '2'
indicates the existence of two distinct types of C;
sites within the unit cell, given in Table 2. It's
possible to have atoms on either, both, or neither
site within the crystal. It's crucial to verify that the
quantity of equivalent atoms corresponds to the
capacity stipulated by the site symmetry.

Table 2. Site symmetry and Wycoff position of

atoms [8,9]
Atom Wycoff position Site symmetry
Mn 4c C2(4)
\Y 8d Ci(8)
0, 8d Cy(8)
0, 8d C(8
O3 8d Ci(8)

Site C2(4) is filled with Manganese, while site
C1(8) accommodates both Vanadium and Oxygen.
Site 2Ci (4) remains unoccupied. The Wyckoff
positions are specified as follows: 4c for
Manganese, 8d for Vanadium, and 8d each for
Oxygen sites labelled as O3, Oz, and O3,

Correlation

The subsequent stage involves aligning the site
group with the factor group through correlation.
Utilizing the correlation table [4], each species
within the site group is matched with its counterpart
in the factor group. This correlation aids in
identifying the species responsible for lattice
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vibrations in the crystal, facilitating the prediction of
infrared and Raman activity [10,11]. This
correlation process establishes the connection
between each species in the site group and its
corresponding species in the factor group [12].

3. APPLICATION OF CORRELATION METHOD
TO MANGANESE ATOMS IS AS FOLLOWS

Manganese is situated at site Cz(4), which
accommodates four atoms. According to the
character table of site Cz, displacements along the
X, ¥, and z axes are associated with site species A
and B. The proper correlation method for relating
the C2 site symmetry to the D2n factor group, as
indicated by the Wyckoff description, is based on

the presence of Manganese Mn atoms located at
the Wyckoff site 4c, where 'c' is associated with the
site correlation column C: (y) within Di}. Referring
to the correlation table, we can establish that A
corresponds to Ag, Bzg, Ay, Bz, while B
corresponds to Big, Bsg, Biy, and Bsu. Therefore,
following table 3 & 4 utilizes the correlation method
for this purpose.

Table 3. Character Table for C, Point Group [4]

Cz E Cz
A 1 1 T R, Qlxx, Qyy, Qzz, Oxy
B 1 -1 Tx, Ty;Rx Ry Qxz,, Qyz

Table 4: Correlation for the Lattice Vibrations of Manganese in the MnV.0¢ Crystal in the Pbcn Phase
between the Site Group C, and Factor Group Dzn

n fv=ntv tY  Site species correlation Factor group Ct ag species
v(C2) &(Dan)
Aq 1 1
4 4 T.(1) A Bzg 1 1
Ay 1 1
Bay 1
Big 1 2
8 TxTy (2) B Bag 1 2
Blu 1 2
Bau 1 2

Using the relation, f¥ = ay Y:C¢,we can deter-
mine the value of the degrees of freedom provided
by each site species y to a factor group ay

There are two possible values of f¥,f¥ =4, f¥=8

By employing the equation f¥=ay 3 ¢Cs,

For f¥ = 4, we find that 4 = 4ay, which leads to ay= 1
For f¥ = 8, the equation 8 = 4ay yields ay = 2.

Utilizing the equation ' = Ya:Cg, for the
irreducible-representation for the Manganese atom,
[mn = Ag + B2g+ Au+ Boy + 2B1g +2B3g+ 2B1u + 2B3u.
However, this irreducible-representation encom-
passes both acoustical and vibrational modes. To
isolate the vibrational modes, the acoustic modes
must be subtracted.

The correlation method is applied to Vanadium
atoms as follows:

128

The vanadium atom lies on site C1(8) as shown
in Table 5.

Table 5. Character table for the Symmetry Group
Ci[4]

C:1 E

A 1

T Ty, T,

From the character table of site Ci, translations
along x, y, and z corresponds to site A, and from
the correlation table A corresponds to Ag, Big, Bag,
Bag, Au, B2y, B1u, B2y, Bau According to the character
table of site Cy, Displacements along the x, y, and z
axes are attributed to the site species A. According
to the Wyckoff description, the appropriate
correlation method to link the C1 site symmetry to
the D2n factor group relies on the existence of
Vanadium atoms situated at the Wyckoff site 8d,
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where 'd’ is associated with the site correlation corresponds to Ag, Big, B2g, Bsg, Au, B2u, By, Bz,
column Cz (y) within D;f . Referring to the Bsu Therefore, following Table 6 utlizes the
correlation table, we can establish that A correlation method for this purpose.

Table 6. Correlation for the Lattice Vibrations of Vanadium in the MnV,06 Crystal in the Pbcn Phase
between the Site Group C; and Factor Group Dzn

n fYy=ntY t¥ Sitespecies Correlation Factor group species Cg¢ a¢
V(C) ——» &(D2n)

Ag 1 3
Blg 1 3
B2g 1 3
8 24 Tx, Ty, Tz A ~ B3g 1 3
\ Au 1 3
Blu 1 3
B2u 1 3
B3u 1 3

Using the relation, f* = ay Y¢C¢,we can deter- The correlation method is applied to all three types
mine the value of the degrees of freedom provided of Oxygen atom is Oz, Oz & Oz atoms as follows:

by each site species y to a factor group ay From the character table of site Ci, translations

For V=24, 24=8a,, we get a,=3 along x,y, and z corresponds to site A, and from
Using M=Ya:Ce, irreducible-representation for the correlation table A corresponds to Ag, Big, Bag,
Vanadium atom Bag, Au, B2y, B1u, B2y, Bsu According to the character
Iy = 3Ag + 3B1g + 3Byg + 3Bag + 3A, + table of site Ci, displacements along the x, y, and z

axes are associated with site species A.
+ 3B2u + 3Blu + 3BZU +3BSU

Table 7. Correlation concerning the lattice vibrations of oxygen atoms O, Oz, and O3 within the MnV;0s
crystal in the Pbcn phase, comparing Site Group C; with Factor Group D2n

n fY=ntv t Sitespecies Correlation Factor group species Cg¢ ag
v(C1) > §(Dan)

Ag 1 3
Bilg 1 3
8 24 Tx,Ty, Tz A > 829 1 3
B3g 1 3
Au 1 3

Blu 1 3

B2u 1 3
B3u 1 3
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The proper correlation method for relating the
Ci1 site symmetry to the D2 factor group, as
indicated by the Wyckoff description, is based on
the presence of Oxygen atoms located at the
Wyckoff site 8d, where 'd’ is associated with the
site correlation column C: (y) within D7 . Referring
to the correlation table, we can establish that A
corresponds to Ag, Big, B2g, Bag, Au, Bau, B, Bay,
Bsu Therefore, table 7 gives the correlation method
for this purpose.

Using the relation, f¥ = ay Y:Cegwe can
determine the value of the degrees of freedom
provided by each site species y to a factor group
ay

For f¥=24,24=8a,, we get a,=3.

Using T[=Ya:Ce,we can determine the
irreducible representations .Since 01,02,0z3 lies on
same Wycoff site 8d , irreducible representations
for each Oxygen atom will be same .Therefore,
Irreducible-representation for Oxygen Oz, O2& O3

I_oj_, 02,03 = 3Ag + 3819 + 3Bzg + 3B3g + 3A, +
+ 3BZu + 3Blu + 3BZu +383u

The overall representation of the crystal,
denoted as [lcrystal, can be determined by
summing the irreducible representations for each
group of equivalent atoms i.e. Mangnese Mn,
Vanadium V, three types of Oxygen Oz, Oz, Oz

/_optic = /_crystal - /_acoustical

Table 8. Character Table for D2, Point Group [4]

Terystal = Fvn+ Tv+ To1+ To2+ o3

rcrysta| = 13Ag + 13829 + 14Blg + 14839 + 13Au
+ 13B2y+ 14B1y + 14Bsy

Acoustic modes are recognized within the
factor group due to their similarity in character to
translational motion. The acoustical mode
representation is denoted as [acoustca and
comprises B, Bzu, and Bau as indicated in the
character table for Dzn, which assigns translations
to these modes.

The representation [Macoustical cONsists of Biu, Bay,
and Bszu as these modes are associated with
translations according to the character table of D2n
(Table 8).

[acoustical = B1u+ Bay + Bay

In the realm of vibrational spectroscopy,
crystals exhibit vibrational modes that can be
categorized into irreducible representations of their
respective  point groups. Acoustical modes
represent the translational motions of the crystal
and typically have zero frequency. They are
included in the irreducible representations [14] but
are not physically meaningful for vibrational
spectroscopy. To analyze the relevant vibrational
modes, you need to remove these acoustical
modes from the irreducible representations.

= 13Ag+ 13BZg + 14B]_g + 14B3g + 13Au + lZBZU + 13B]_u + 1383u

Dzn E Ca(2) Ca(y) Ca(x) i a(xy) a(zx) oy(z) Rot./trans. Polarization
Ag 1 1 1 1 1 1 1 1 Oxx, Clyy, Qlzz
Big 1 1 -1 -1 1 1 -1 -1 R, Olxy

Bog 1 -1 1 -1 1 -1 1 -1 Ry Oxz

By | 1 -1 -1 1 1 -1 -1 1 Rx Qy,

Ay 1 1 1 1 -1 -1 -1 -1

B1u 1 1 -1 -1 -1 -1 1 1 T,

Bou 1 -1 1 -1 -1 1 -1 1 Ty

Bau 1 -1 -1 1 -1 1 1 -1 Tx

By using character table & correlation table
used for D2n space group, infrared and Raman
activity can be anticipated. In addition to
characters, the character table contains two
columns. the vibrational modes represented by
symbols Tx, Ty, and Tz belong to irreducible
representations  that exhibit  the same
transformation properties as x, y, and z, and they
are also active in the infrared spectrum. Another
additional column contains various binary
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combinations of coordinates from which the Raman
activity of vibrations can be obtained.

Therefore, we find that Raman active modes
are - Ag, Big, B2, and Bsg and Infrared active
modes are Ay, B, Bauy, and Bau. with Ay
representing an inactive mode. These results are
presented in tabular form in Table 9. These
findings are also reported in the works of Dapeng
Xu et al. [15] and Tyagi et al. [16], thereby
validating our results.
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Table 9. Dyn Character Species, Raman and Infrared Active, Acoustical and Silent Modes in the MnV,0s
Crystal in phase Pbcn obtained by Correlation Method

Factor Group | Translational Acoustical . Infrared Raman Raman
Species species mode species Feryst Fvib activity | polarization tensor activity

Ag 13 13 Oxx, Clyy, Olzz V
Big 14 14 Cy V
Bag 13 13 Oxz V
Bag 14 14 Qyz V
Ay 13 13
Biu Tx 1 14 13 \
B2u Ty 1 13 12 \/
Bau T, 1 14 13 \

4. CONCLUSION

The application of group theory calculations to
orthorhombic  MnV20s has facilitated the
identification of spectroscopically active vibrational
modes within the crystal This calculation involves
correlating the site symmetry of each atom within
the crystal with the factor group of the crystal. This
correlation is crucial in deriving an irreducible-
representation for the vibrational modes of the
crystal, enabling the separate examination of each
mode. The results obtained can be reinforced by
accounting for both the atomic degrees of freedom
within the crystal and the vibrational degrees of
freedom. This comprehensive analysis ensures the
accuracy and reliability of the calculated vibrational
mode. These results hold significant value, as they
can be applied to the study of the microstructure of
both the molecules and crystals, shedding light on
their dynamic behavior and structural properties.
Such insights are essential for understanding the
fundamental characteristics of materials and their
potential applications.
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1ZVOD

IDENTIFIKACIJA OPTICKI AKTIVNIH VIBRACIJSKIH REZIMA KOLUMBITA
AB20¢ KORISCENJEM METODE KORELACIJE

U modernoj eri, ispitivanje molekularne strukture se u velikoj meri oslanja na primenu infracrvenog
i Ramanovog spektra unutar kristalnih struktura. Ove metodologije su neophodne za razumevanje
rasporeda atoma unutar molekula i unutrasnjih sila koje njima upravijaju. Sustinski aspekt ove
analize ukljucuje identifikaciju vibracionih modova koji se mogu opti¢ki detektovati. Korelacioni
metod se koristi za uspostavljanje pravila za odabir ovih vibracionih modova, kako u kristalima
tako i u molekulima, kroz sistematski proces proracuna koji pomazZe u predvidanju njihove
aktivnosti u infracrvenom (IR) i Raman spektru. Korelacioni metod koristi teoriju grupa da odredi
koji su vibracioni modovi spektroskopski aktivni u kristalima. U nasem istraZivanju, na$ cilj je da
upotrebimo ovu metodu za identifikaciju nereducibilnih reprezentacija i odredivanje IR i Raman
aktivnih vibracionih modova ortorombskih AB206 jedinjenja unutar Pbcn prostorne grupe.
Sprovodenjem sveobuhvatnih proracuna teorije grupa, na$ cilj je da razjasnimo spektroskopska
svojstva koris¢enjem metode korelacije.

Kljuéne reci: Korelacioni metod, spektroskopija, teorija grupa, struktura tipa kolumbita
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Role of nanomaterials in modern agriculture

ABSTRACT

Agriculture is a foundation of several emerging countries, and it is one of the most economically
significant drivers. Farmers, consumers, and the environment are all at risk as a result of the
increased usage of mineral fertilizers and harmful pesticides. Over the last few years, substantial
research into the application of Nanotechnology to boost agricultural productivity has been
undertaken. Nanoparticles (NPs) have been discovered to be beneficial as nanopesticides,
nanobiosensor, nanofertilizers, and nanoremediation in agrifood production. Nutrients, pesticides,
fungicides, and herbicides are compacted with a variety of NPs to facilitate the progressive
release of fertilisers and pesticides, resulting in exact dose accessibility to plants. Nanofertilizers
improve nutrient utilization, reduce nutrient deficiencies, reduce soil toxicity, and lessen the
negative consequences of overdosing, all while reducing treatment frequency. Nanoformulations
are used in agriculture to boost germination of seed, reduce nutrient losses in fertilization, reduce
the amount of pesticides dispersed, aid water and nutrient management, and. This review also
discusses various challenges and concerns about pesticide product development, formulation,

and toxicity for ecologically friendly and sustainable agriculture.

Keywords:Agriculture, nanofertilizers,

nanomaterials

1. INTRODUCTION

Nanotechnology has gained prominence in
recent decades as a technological breakthrough in
the food industry. It is a nanometer-scale platform
that enables the creation and usage of novel
materials by macromolecules, molecules, or atoms
with a size of 1-100 nm- [1].Nanoscience has
revolutionized the concept of industrialization, and
both the developing and developed nations are
keen to invest more in this innovation due to the
plethora of opportunities for the creation and
application of novel structures, materials, and
systems in fields such as agriculture, food, and
medicine, among others [2]. Consumers' growing
knowledge of the health advantages of food and
agricultural goods is pressuring research
communities, industry leaders, and farmers to
discover a solution to increase food quality without
compromising nutritional values.
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nanobiosensors,

nanopesticides, nanoformulations,

Currently, nanoscience and its associated
technologies are widely regarded as having
enormous promise for a wide range of research
and applications, including the food and agriculture
industries [2]. Agriculture is also optimistic about
the long-term viability of this fast-growing
technology. Nanotechnology aids agriculture in the
production of pesticides and chemical fertilizers by
utilizing nanocapsules and nanoparticles (NPs) that
have the potential to increase effectiveness, control
or delay delivery, absorption, and the production of
eco-friendly nanocrystals to enhance the capacity
of pesticides for their implementation at lower
doses, thereby reducing pollution [3].Nanotechno-
logy can be used as a broad prospect and covers
all major application areas, including, agriculture
wastewater treatment, bioremediation of pesticide
resistance, nano-biosensors, and nanomaterial
production for agriculture, due to its unique
features[4, 5].Less use of chemical fertilizers and
pesticides will help in maintaining the natural
ecological balance of geo-biological cycles, which
has been mess up or disrupted by synthetic
chemicals. Researchers are developing agricultural
input nano-formulations and encapsulation, which
they have tested in vitro and in vivo on a number of
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crops. According to Kuzma et al.,, 2006 food
packaging, animal decontamination and nano-
medication, plant defense and fertilizer
implementation, genetic manipulation of plants,
pollution and restoration of water in the ecosystem,
and nano-sensing are all examples of how
nanotechnology can be employed in the agri-food
business [6]. Insufficiencies in amount of
macronutrient and  micronutrient, population
growth, industrial development, shrinking of water
sources, alteration in soil conditions, and erosion of
top most soil layer are all factors that affect
agriculture, according to this. The fundamental
basis for using fertilizer in crop production is to
deliver complete micro and macro nutrients that are
mostly lacking in soil. Although some fertilizers
have a direct impact on plant development, thus
accounts for 35-40% of agricultural productivity. To
solve all of these shortcomings in a quicker and
summary way, nanotechnology can be one of the
applications. Given the importance of fertilizers,
producing nano-based fertilizers would be a
groundbreaking invention in this field [7].

Nanofertilizers boost nutrient usage efficiency
(NUE) by three times and help plants deal with
stress. Nanotechnology increases biological source
utilisation and is environmentally friendly in nature,
boosts carbon absorption, and enhances soil
aggregation, regardless of the type of crop.
Nanotechnology is the study of atoms at the
nanoscale level, with an emphasis on their optical,
catalytic, magnetic, and physical characteristics [8].
On the other hand, much as biotechnology has a
detrimental influence on acquired resistance or
gene modification, nanotechnology has a negative
imprint on the biological and chemical
atmosphere[9]. As a result, before integrating
nanotechnology in agricultural techniques, an
environmental impact analysis is required. As NUE
(nano-fertilizers) increase the nutrient use
efficiency three times as well as it also enables
plant to tolerate various biotic and abiotic stresses.
Nanotechnology can be used on all crop types, it
increase the biosource use and also is ecofriendly
in nature. It also helps plant in carbon uptake and
improves aggregation of soil. As nanotechnology is
the science based on nanoscale range, it collects
information of atomic particles, with respect to
physical, magnetic, optical and catalytic properties
[8].0On the other hand, we also know that there are
some negative impact of biotechnology like
resistance development, manipulation of gene
pool, same case is with nanotechnology. It also
have some side effects on chemical and biological
environment [9]. Thus, it also becomes important to
access the environmental impact of
nanotechnology before approving it for agricultural
practices.
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2. FACETS OF NANOTECHNOLOGY IN
AGRICULTURE AND FOOD SCIENCE

Nanotechnology is an illustration of a
commonly utilised technology with the potential to
revolutionise civilisation. Packaging, irrigation, and
water filtration, animal feed aquaculture, and other
related industries may practically cover every
aspect of the agriculture and food sector [10].
Nanotechnology has the potential to transform the
agriculture and food industries by offering new
techniques and instrumentsfor diagnosis of
diseases, targeted treatment, and enhancing
plants' capability of nutrient absorbance, fight
infections, and withstand environmental stresses,
as well as improving plant processing, storage, and
packaging [11]. Nanotechnology has given rise to
novel customized solutions to problems in plants
and food science (post-harvest commodities), as
well as novel approaches for rational raw material
procurement and processing to enhance crop
product quality [12]. Oxygen can cause food to
decay and discolour, which is a problem in food
packaging and hence was resolved with the
development of new nonmaterial for the food
packaging. In order to develop these polymers,
nanoparticles are used in a zigzag pattern which
displayed novel characteristics by acting as a
barrier that stops oxygen from entering. Fruit has
recently been coated with nano-coatings that
completely cover it and prevent it from losing
weight or shrinking in size [13]. With the usage of
different novel mediators such as nano-sensors,
nanoparticles, nano-pesticides, nano-fertilizers,
and antimicrobial agentsthe fast spread of
nanotechnology has accelerated the changes of
traditional food and agriculture systems.The food
industry has taken an interest in nanomaterial-
based components since many of them include
critical nutrients  while  being non-toxic.
Furthermore, the nanoparticles are found to
withstand pressure and temperature extremes
[2].Nanotechnology has been suggested as having
a positive impact on food science and nutrition by
increasing the shelf-life of eatables, assisting in the
tracking and tracing of contaminants, developing
improved food storage strategies, and developing
value-added health supplements or antimicrobial
agents into food. Nanotechnology could make a
significant contribution to food science and
agriculture by employing a variety of unique
processes and materials such as nanofibers
nanomaterials, nanoencapsulation, nanoemulsions,
and carbon nanotubes [14].

3. NANOMATERIALS

Nanoparticles are one to one hundred
nanometers in size (10° m). Each particle
throughout this scale exhibits different mechanical,
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optical, and electrical properties as compared to
substantial matter, which makes sense given the
increased surface area per unit weight or volume in
the nano form. Nanoparticles have a privilege over
bulk counterparts because of their Surface Plasma
Resonance (SPR), Surface Enhanced Raman
Scattering (SERS), and Enhanced Rayleigh
Scattering (ERS) attributes, which contributes to
their development as the foundation for
optoelectronics, next-gen electronics, biochemical,

and chemical sensors[15, 16]. As a result,
nanomaterials have successfully established
themselves as among the most intriguing

microscopic materialswith enormous implications in
engineering, medicine, food, and agriculture. A
variety of nanomaterials have been suggested for
application in agriculture to greatly lower pesticide
usage through smart delivery systems, eliminate
nutrient deficiencies, and boost productivity through
better water and nutrient management [17].
Nonmaterial which can be amorphous or crystalline
can function as transporters for gases or liquid
droplets. These nanoparticles should be
considered a different state of matter from solid,
gaseous, liquid, and plasma states due to their
guantum size outcomes and large surface area[18].
Several types of nonmaterial are now in use,
including crystalline nonmaterial (fullerenes and
carbon nanotubes)[19].

4. NANOEMULSION

Nanoemulsions are heterogeneous particulate
complexes with oil-in-water emulsion properties
that contain solid spheres with amorphous and
lipophilic surfaces and droplet sizes ranging from
10 to 1000 nm[20]. Nanoemulsions provide
superior optical clarity, physical stability, and
bioavailability as compared to conventional
emulsions[21]. Nanotechnology applications have
been investigated in the food and agriculture sector
to enhance food security around the world, such as
providing edible coatings for dairy products,
cheese, vegetables, fruits, meat, and fish, or smart
packaging of foods, which helps to improve the
standard of the food [22].Nanoemulsions are a new
food bioactive delivery technology made up of
emulsified water in oil or oil in water droplets
ranging in size from 50 to 1000 nanometres. The
molecule's centre is made up of either oil or water.
Even dispersion and active component diffusion
through the surfaces are benefits of tiny droplet
size in nanoemulsions. Nanoemulsions further
improve bioactive component penetration due to
the low surface tension and large surface area of
the  whole emulsion. Furthermore, the
manufacturing of both water in oil or oil in water
emulsions necessitates a surfactant concentration
of 3-10% [23]. Food-grade nanoemulsions are
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being used more and more to improve
encapsulation, absorbability, digestibility, targeted
delivery, and bioavailability of active ingredients.
Because of the earlier advantages of
nanoemulsions over normal emulsions, their use in
the food industry has increased. Stabilizers
including emulsifiers, weighing agents, ripening
retarders and texture modifiers can improve the
kinetic stability of nanoemulsions. To improve and
enhance pharmacological effects, food-grade
derived nanoemulsions are progressively getting
employed to incorporate diverse bioactive
constituents such as polyunsaturated fatty acids
(PUFAs) and Omega-3 fatty acids [24].

5. NANOENCAPSULATION

With the passage of time and advancements in
nanotechnology, food bioactive constituents have
been explored in systems ranging from simple food
systems to very sophisticated systems dubbed
innovative bioactive delivery systems. Several of
nanotechnology's fundamental achievements in
food science include altering the texture of food
products, discovering new flavours and fragrances,
controlling the discharge of flavours, enhancing the
bioavailability of nutritive value, and encapsulating
additives and bioactive food components.
Encapsulation was first used in biotechnology to
enhance the quality of production processes and to
promote the degradation of generating cells and
their by-product [25]. Later, encapsulation was
used to nanotechnology and was shown to be
substantially more effective than conventional
encapsulating. Encapsulation is a novel method of
entrapping  active  elements or  bioactive
components/substances in matrix that allow for the
controlled release of their payload under regulated
settings and rates. Nutrients are protected from
uncontrolled conditions using encapsulation
methods until they are released in a controlled way.
As a result, nanoencapsulation, also known as
nanocapsules, is defined as the encapsulation of
active components (solids, liquids, and gases) in
nanometre-sized capsules[26]. The distribution of
any bioactive material to different bodily regions is
influenced by particle size [27].When compared to
microencapsulation, nanoencapsulation has the
potential to improve the controlled release, precise
targeting and bioavailability = of  bioactive
substances[28]. Particle size, surface area, shape,
size distribution, encapsulation efficiency, solubility,
andas well as release mechanisms, have all been
documented to be affected by the encapsulation
technique and delivery system. As a result,
selecting the appropriate encapsulation method
based on the required size, physicochemical
properties, core material type, and wall material is
becoming increasingly crucial. Nanoencapsulation
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techniques are also more difficult to master than
microencapsulation techniques. The major reasons
for this include the difficulties in establishing a
complex morphology of the capsule and core
material, as well as the needs of hanoencapsulate
release rates[29].

6. NANOPARTICLES AS A SMART DELIVERY
AGENT

The use of nanoparticles as 'smart’ delivery
systems is an intriguing use of nanopatrticles in the
field of life sciences. They have already been
proposed as 'magic bullets' in 1906 by Nobel
laureate P. Ehrlich [30].Delivery systems are critical
in agriculture for pesticide and fertiliser
administration, as well as plant improvement via
genetic material. Pesticide application techniques
must focus on efficacy improvement and spray drift
management, whereas fertiliser bioavailability is
hindered by soil chelation, over-application, and
run-offs. Controlled delivery systems for pesticide
and fertiliser application offer a feasible solution to
these issues. Figure 1 depicts various applications
of nanomaterials in the form of nanosensores,
nanofertilizers, nanopesticides, nanoherbicides, etc
in agriculture for assessing the risk factors and
preventing them. The goal of the controlled delivery
strategy is to release essential and sufficient
amounts of agrochemicals over time in order to
achieve maximum biological efficacy while
minimising negative consequences [31].In a
species-independent method, gene transfer via
bombardment of DNA-absorbed gold particles has
proved successful in producing transgenic plants

[32]. Torney et al. (2007) discovered that silica
nanoparticles internalised in plant cells may
efficiently transfer DNA and chemicals without the
use of specialised equipment[33]. To do this
efficiently, it is necessary to conduct research on
how transport andpenetration operate within the
entire plant, its tissues, and cells. The purpose of
this study is to develop and apply microscopy tools
and techniques with a range of resolutions that are
readily available in most research institutes in order
to visualise and track the transport and deposition
of magnetic nanopatrticles inside plants, as well as
to explore the potential of concentrating magnetic
nanoparticles into specific areas of plants using
small magnets. For this reason, sub-micronic and
micronic particles were studied as pesticide
delivery vehicles. Due to its larger surface area,
easy adhesion, and rapid mass transfer,
nanoparticles (1000 nm) have the advantage of
effective loading over micronic particles (1000 nm).
The slow release features of the nanomaterial, the
bonding of the chemicals to the material, and the
ambient circumstances all contribute to controlled
release of the active ingredient. When it comes to
genetic material, delivery mechanisms confront
obstacles such as restricted cell membrane transit,
host range, and nucleus trafficking. Nonetheless,
the use of NPs to assist in the transmission of
genetic information in order to generate insect-
resistant crops is being researched. For example,
DNA-coated gold nanoparticles are used as bullets
in a device called a 'gene gun' to assault plant
tissues and cells in order to induce gene
transfer[34].

*Smart disease prevention and control
*Smart pest control
«Improved soil condition
*Toxicity and risk assessment
+Smart monitoring and information
management

L'-""“u
Nancherbici Nanosensors

¥

e

Nanopesticides

Figure 1. Applications of nanomaterials in the form of nanosensores, nanofertilizers, nanopesticides,
nanoherbicides, etc in agriculture for assessing the risk factors and preventing them

7. NANOSENSORS

Nanotechnology-based sensing has exploded
in popularity, with a wide range of applications in
the food and agriculture industries. Nano-
technology enables real-time monitoring of crop
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progress and farm status, including soil fertility,
moisture  content, crop nutrition  capacity,
temperature, plant diseases and pathogens [35].
Nanosensors are emerging as feasible agricultural
and food production technology. They significantly
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outperform conventional chemical and biological
approaches in terms of selectivity, speed, and
sensitivity. Nanosensors may be used to assess
the presence of pollutants, microbes, and the
freshness of food. Nanosensors are made up of
tiny particles such as carbon nanotubes (high
surface area), nanoscale wires (high detection
sensitivity), nanoparticles, polymer nanomaterials
and thin films.These sensors determine a swap in
conductance when a semiconducting carbon
nanotube is revealed to specific chemicals. In this
current study, we are exploring the applicability and
significance of nanosensors in  agricultural
production and crop management. [35].
Nanosensors, with their chemical and electrooptical
capabilities, can help to mitigate the drawbacks of
food packaging. Gases, smells, chemical
pollutants, viruses, and even changes in ambient
conditions can all be detected by nanosensors.
Food safety is enhanced by the use of
nanosensors, which guarantee that customers
receive fresh and appealing foods and help prevent
the spread of food-borne diseases. Nanosensors
provide a number of benefits over conventional
sensors, notably near real-time detection and high
sensitivity and selectivity, low cost and mobility,
and other significant characteristics that are
enhanced when nanopatrticles are incorporated into
their design. [36].Smart nanosensors have been
constructed that can be connected to a GPS
system, enabling real-time surveillance of crop
husbandry feasible through the use of separate
biosensors [37]. Numerous nanosensors are being
designed for a variety of agricultural and food
industry purposes, including rapidly identifying
hazards in the event of potential food illness and
putting nanotracers into packaging to demonstrate
the food product's history and standard at any
given moment. For occasion, nanosensors
embedded in food packaging that ascertain
microbe growth and alter colour when a preset
threshold is met, and nanosensors used during on-
line management system to track storage
conditions, can assist avoid food poisoning. [38]. It
should be noted that nanosensors are important for
sensing as well as reporting real-time information
about products from production through distribution
to consumers. Nanosensors are distant from being
merely a passive information-gathering gadget.
Nanosensors dispersed throughout the field can
detect the presence of plant viruses as well as the
quantity of soil nutrients. They also reduce fertilizer
use and pollutants in the environment [39]. They
are capable of collecting and evaluating data both
from remote and local areas, as well as recording,
recording, and reporting on it. Nanosensors may be
used to handle critical control points along the
distribution chain, from the stage of manufacturing
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or packaging to the point of consumption. Recent
improvements have enabled nanosensors to give
superior assurance by detecting germs, toxins, and
pollutants across the food production chain and
capturing data for automated control functions and
documentation[36].

8. NANOFERTILIZERS

Fertilizers have been utilised in agriculture for
many Yyears forthe advantage of farmers.
Traditional fertilisers are not only costly, but they
are also damaging to humans and the
environment. Nanotechnology is emerging as a
possible option in the form of nanofertilizers for the
development of environmentally friendly fertilisers
with high nutritional value and soil and environment
friendliness[40]. A nanofertilizer is made up of
nanoformulations of nutrients that are delivered to
plants in a way that allows for prolonged and
uniform absorption. Nanofertilizers are divided into
three types based on the kind of formulation:1)
nanoscale fertiliser, which is traditional fertiliser that
has been decreased in size and is usually in the
form of nanoparticles; 2) standard fertiliser
including a supplement nanomaterial is known as
nanoscale additive fertiliser, and 3) Nutrients
enclosed by nanofims or intercalated into
nanoscale pores of a host material are referred to
as nanoscale coating fertiliser [40]. The
classification of nanofertilizers is based on
nutritional categorization in this case. As a result,
micronutrient (Fe, Mn, Zn, Cu, Mo, and Ni) and
macronutrient (N, P, K) nanofertilizers are the two
most common forms of nanofertilizers.Chemical
(bottom-up), physical (top-down), and biological
(biosynthetic) techniques can all be used to make
nanomaterials for nanofertilizers. The top-down
method focuses on lowering the density of bulk
counterparts to  well-organized nanoscale
assemblies. Top-down is a physical method based
on material milling. Two disadvantages of this
method are the limited control over the size
of nanoparticle and a larger quantity of impurities.
The bottom-up method begins with molecular level
chemical reactions to make nanoparticles. Due to
the fact that this is a scientifically controlled
synthetic process, it improves particle size control
and removes impurities [41, 42]. In addition to
physical and chemical methods, nanoparticles may
be made biologically utilising the so-called
biosynthetic methodology. There are a variety of
natural sources for this function, including plants,
fungus, and bacteria. The advantage of this
method is that it allows for more precise control of
particle toxicity and size [43, 44].

Nanofertilizers should be developed to have all
of the required features, such as high solubility,
stability, time-controlled release, efficiency,
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increased targeted action with effective
concentration, lower eco-toxicity with a safe, and
simple means of administration. The following is
the procedure for loading nutrients onto these
nanoparticles: (a) Assimilation of nanoparticles, (b)

Ligand mediated adherence on nanoparticles, (c)
Encapsulation of nanoparticles in polymeric jacket,
(d) Nanoparticles  entrapment, and (e)
Nanopatrticles synthesis formed of the nutrient itself
[45].
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Figure 2. Mechanism of action ofnano-fertilizer

Crops can be fertilised with nanopatrticles via
leaves and roots. NPs have the ability to penetrate
endodermis and epidermis of the root, penetrating
the xylem vessels and delivering them to aerial
portion of the plant. Additionally, NPs can be
captured by the stomata of the leaf and transported
throughout the plant via the phloem. [46]. NPs must
pass through pores in the cell wall that typically
range from 3 to 8 nanometers in both cases. As a
result, only NPs with a diameter smaller than 8 nm
may flow via holes and penetrate the plasma
membrane. Absorption and translocation of
nanoparticles may vary amongst plants, dependent
on the plant's physiology and numerous routes of
uptake, transportation, and dispersion[47]. Plants
respond to NPs in a number of ways. This emerges
to be especially relevant for metal oxide-based
nanofertilizers, in which the plant must battle with
both the parent nanomaterials and the metal ions
produced during the dissolution of customised
nanofertilizers[48, 49]. A carrot experiment
contrasting the absorbance of metallic oxide
nanoparticles (ZnO, CeOz, or CuO) to that of metal
ions indicated because both non-metal oxides and
metal ions were absorbed. Such absorption and
accumulation in edible portions may not only affect
the physiology of plants, but also offer serious
health risks to humans [50]. Metallicoxide
nanoparticles accumulated on the carrot's
outermost surface and did not penetrate the fleshy
edible portion, although metallic ions did.
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Cucumber plants have demonstrated
biotransformation in the presence of
CeOznanoparticles. The biotransformation reduced
Ce (IV) to Ce (lll) by 15% and 20% in roots and
shoots, respectively[51].

The aggregation of nanopatrticles is determined
by a variety of parameters, but mostly by the plant
species, the tissue/organ utilised straightforwardly
as food or for food preparation, and the kind and
size of the nanoparticles. Due to the variety in the
interactions between NPs and plants, nanoparticles
employed in nanofertilizers can aggregate in plants
and, in certain situations, create toxicity hazards to
both plants and humans. For instance, multi-walled
carbon nanotubes cause phytotoxicity in red
spinach (Amaranthus tricolour L.), inhibiting growth,
producing reactive oxygen species, and resulting in
cell death [52]. CeO2 nanoparticles can aggregate
and inhibit soybean's ability to fix nitrogen[53]. In
chick pea, nanoparticles of zinc oxide boosted
germination, root growth, and indole acetic acid
production. In Maize, nano-silicon dioxide
conferred drought tolerance, increased the number
of lateral roots, and increased shoot length. In
spinach, nano-TiO2 boosted vigour indicators and
chlorophyll content[54]. In maize, nano-iron slag
powder decreased insect pest incidence. In cotton,
nano-iron and organic organic fertilizers regulate
nutrient release, operate as an effective pesticide,
and promote soil fertility. Grapes contain gold
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nanoparticles and sulphur, which works as an
antioxidant. Polyethylene and indium oxide were
discovered to promote vegetable photosynthesis.
Apart from these, there are a variety of
nanofertilizers that offer good characteristics to
agriculture from a human welfare standpoint [54].

Nanofertilizers increase the efficiency with
which nutrients are used. They improve yield by
enhancing plant growth and metabolic processes
such as photosynthesis. More nutrient availability
aids in the improvement of crop quality parameters
such as protein, sugar content,the prevention of
biotic and abiotic stress and oil content.
Nanofertilizers regulate the rate and dose of
encapsulated nutrients and fertilisers to increase

crop plant uptake and also reduce fertiliser waste
and demand. They increase microbial activity and
improve water-holding capacity and soil quality
[55].Due to their sensitivity, nanomaterials can
combine with many components of their
surroundings, resulting in transformation and
modification of their physicochemical chara-
cteristics. Nanofertilizers can collect in plant
sections, inhibiting development, generating
reactive oxygen species, and ultimately causing
cell death. Due to the reactivity and unpredictability
of nanomaterials, safety concerns have been
raised for employees who may come into contact
with them during their manufacture and use in the
field [55].

Table 1. Impact of nanofertilizers on various crop growths

Nanofertilizers
Nanopatrticles Plant source Size Concentration Impact Ref.
Aluminium Ryeglrass, ey 1-100 2,000 mg L? Decreased root length [56]
ettuce nm

1-100 g .

Copper Lettuce am 0.013% (w/w) improved shoot/root ratio [57]
1-100 _1 .
Copper Mung bean nm <200 mg L Reduced seedling growth [58]
Copper Zucchini 50 nm 1,000 mg L* Reduced biomass [59]
Positive effect on
-1
Gold Cucumber, lettuce 10 nm 62, 100 and 116 mg L germination index [60]
Iron EIE1(E77, R 1-100 nm | 2,000 and 5,000 mg Lt |  COmpletely inhibited [61]
ryegrass germination

. 0.5, 1.5, 2.5, 3.5 and Reduced shoot and root

Silver Wheat 10 nm 5.0 mg kg-! length [62]
Corn, cucumber,
Zinc lettuce, radish, 2,000 mg L? Reduceglégo;ggc;lwth e [56]
rapeseed, ryegrass 9

9. ROLE OF NANOPARTICLES IN CROP
PROTECTION AND PEST MANAGEMENT

Pesticides are valuable for crop protection,
disease prevention, food safety, and material
safety. However, it is lethal to humans, animals,
and non-target  organisms. Nanopesticide
compositions can improve water solubility,
bioavailability, and preserve agrochemicals from
deterioration in the environment, revolutionising
disease, weed, and pest management in crops
[74]. By manipulating the outer layer of the
nanocapsules, which releases a small dose over a
long period of time and eliminates undesirable
pesticide run-off, nanoencapsulation of pesticides
is advantageous in controlled and gradual release
of active component[37].The size range of
nanocapsules and nanoparticles between 0.1 and
1000 nm is critical for plant defence. The
nanocapsule's shell contains medicinal substances
in its centre. This nanocapsule assists in the entry
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of agrochemicals into plant tissue, stabilises active
ingredients, and releases steadily, gently, or
completely once the shell is opened. Shell rupture
is reliant on physiological pH changes or enzymatic
breakdown and is also dependent on the external
environment of nanocapsules[75]. Pesticides
embedded in nanoparticles are now being
designed with the objective of delivering them on a
scheduled basis or in response to an
environmental trigger[37].

The use of Ag nanoparticles (AgNPs) as a
pesticide-free alternative to suppress sclerotium-
forming phytopathogenic fungus was examined.
When fungal hyphae were exposed to AgNPs, the
sections of the hyphal wall disintegrated and the
hyphae collapsed. AgNPs were also tested for their
effect on undiscovered fungal species of the genus
Raffaelea that cause oak tree mortality, and it was
discovered that AgNPs had a detrimental influence
on conidial germination [76].
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Table 2. Impact of various nanopesticides

Nanoparticles Size Concentration Effective against Impact Ref.
Insects and larvae are killed in a
- 20-60 1, 1.5, 2, and Callosobruchus dose-dependent manner.
Silicon ) . . [63]
nm 2.5 g/kg maculates It's good for keeping grain safe
while it's being kept.
Induces the death of larvae in a
. . | dose-dependent manner.
Silicon U0, 00, T g R o HEEL After 15 days, the plant's lifetime [64]
400 ppm S
and number of leaves per plant
had increased.
Insects are killed in a dose and
Rh thadomi size-dependent manner.
yzoperthadomi | e effect of NPs was found to be
Silicon 2Ll =), (A0, 200, . nica, stronger on wheat grains than on [65]
nm and 300 ppm Triboliumconfusu b :
- arley grains.
It's good for keeping grains safe
while they're being stored.
Xanthomonascam .
. . Substantial cabbage decrease,
S 0.1 ng/mL pestris . black rot in the growth chamber [66]
pv. Campesitris
Validamycin . . .
. 50-200 . . .| Validamycinnano formulation has
Ioad_ednano sized nm Rhizoctoniasolani a higher germicidal efficacy [67]
calciumcarbonate
The Halfa was destroyed by 80
Thiamine di-lauryl (258.6 - percent growth suppression of C.
sulfate (TDS) nano nm) 100 ppm C. gloeosporioides gloeosporioides and TDS nano [68]
particles
Rhizopus sp.
Chitosan nano 20-100 Colletotrichum In comparison to the control,
. . : . [69]
particles nm capsici, C. mycelia growth is delayed.
gloeosporioides,
Nano copper suppressed deve-
Xanthomonasaxo | lopment 10,000 times more
Nano copper 0.2 ppm nopodis effectively than the commonly [70]
pv. punicae prescribed amount of Cu-
oxychloride
Photocatalytic activity that is
significantly higher than that of
Titanium =500 to 800 Xanthomonasperf | the control and _ _ [71]
ppm orans decreasedbacterial spotwithout
causing any negative
consequencesimpact on yield.
. At lower doses, it was more
Copper nano 11-55 Phytophthorainfes . ’ :
particles nm tans effective than commercial [72]
agrochemicals
When compared to untreated
Silvernano particles 1;]1;30 Xaer:]fgfnr?;nncaes tomato transplants, the bacterial [73]
P spot disease was reduced.
When compared to the untreated
N N 1-100 . control and other commercial
UV ) 21 nm Bacteria bactericides, there was a signify- (7]
cant reduction in bacterial spot.

10. NANOPARTICLES MECHANISM OF ACTION

oxygen species (ROS); (3) NPs' disruption of the
integrity of cell membranes; (4) NPs' disruption of
energy transduction; (5) NPs' release of toxic
components; and (6) NPs' destabilisation and
oxidation of proteins.

Here we discuss the major mechanisms
underlying nanomaterial toxicity, including (1) NPs'
effects on ATP production, DNA replication, and
gene expression; (2) NPs' generation of reactive
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11. IMPACT ON ATP PRODUCTION, DNA
REPLICATION AND GENE EXPRESSION

At low concentrations, nano ions may interact
with enzymes in the respiratory chain, including
NADH dehydrogenase, leading to the uncoupling of
ATP generation from respiration. Furthermore, the
binding of ionic nanoparticles to the transport
protein results in proton leakage and the
breakdown of the proton motive force[77].
Additional proteomic tests on Bacillus thuringiensis-
exposed silver nanoparticles demonstrated an
influence on the aggregation of envelope protein
precursors, suggesting a function for the proton
motive force[78]. DNA marking and DNA cleavage
are two applications of nanomaterial interactions
with nucleic acids. In contrast to the beneficial uses
of DNA-nanomaterial conjugation, fullerenes have
been discovered to bind DNA and produce strand
deformation, thereby impacting the molecule's
function and stability. Cross-linking, DNA strand
breakage, and sugar or base adducts are all
secondary effects of ROS released by certain
nanoparticles[79]. Gene polymerization in vivo
utilising polymerase chain reaction (PCR) revealed
frequent DNA alterations in cells that had taken up
nano ions .Sunscreens containing titanium dioxide
nanoparticles may cause supercoiled DNA to
become nicked due to the presence of oxygen
radicals. Cleavage of double-stranded DNA by
photosensitive fullerenes is very context-dependent
and requires a specific fullerene derivative. Despite
these findings, few investigations on nanoparticle
genotoxicity using Ames tests or other protocols
have been undertaken, and little is known about
their mutagenic effect [80]. Nanoparticles and ions
may impact DNA replication and gene expression.
Silver ions impede DNA replication [79]. Silver
nanoparticles attach to E. coli DNA, impairing DNA
replication [81].

12. REACTIVE OXYGEN SPECIES (ROS)
GENERATION

Distinct kinds of nanoparticles create different
forms of ROS by reducing oxygen molecules.
Mitochondria produce most ROS from oxidative
cellular metabolism. ROS are hydroxyl (OH"),
superoxide (0O?%), hydrogen peroxide (H202), and
singlet oxygen (*O2) [82, 83]. Chemical constitution
of designed nanoparticles determines ROS
production [84]. ROS are created by nanoparticle
absorption and cause cellular oxidative stress,
nanotoxicity, DNA damage, cell signalling
manipulation, cell motility changes, apoptosis,
cytotoxicity, and cancer promotion and initiation
[85]. ROS targets DNA. Oxidative DNA damage
includes base and sugar lesions, DNA-protein
crosslinks, double- and single-strand breaks, and
basic sites [86]. ROS play a significant role in some
biological processes and in governing cell
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physiology and function by influencing signal
transduction pathways [87]. Normal circumstances
balance ROS generation in microbial cells. Cell
redox balance promotes oxidation with high ROS
production. Unbalanced conditions generate
oxidative stress, which destroys microbial cells. Xia
et al. (2008) and Yin et al. (2012) found that
oxidative stress alters cell membrane permeability
and damages microbial cell membranes [82, 88].

13. NANOTECHNOLOGY IN SUSTAINABLE
FARMING

The most challenging global issue is ensuring
food security for the world's rapidly growing
population. According to projections, the world’s
food demand would climb from 59 to 98 percent by
2050, when the global population will reach 9 billion
people [89]. Agriculture supports the majority of the
world's population, either directly or indirectly.
Chemicals such as insecticides and fertilizers are
commonly used to increase food production.
Pesticides are employed in agriculture to combat
biotic stressors, but they have a detrimental impact
on crop quality and soil health. Excessive fertiliser
application, such as ammonium salts, nitrate,
phosphate compounds, or urea results in a
deterioration in soil quality [90]. Nanotechnology is
being widely used in modern agriculture to make
precision agriculture a reality. Nanoparticles with
one or more dimensions of 100 nm or less are
included in nanotechnology [90]. It's an exciting
new field of science with plentiful applications in
both basic and applied sciences [91]. As a future
instrument, nanotechnology may be utilised to
repair agricultural divisions; it aids in the discovery
of crops' biochemical pathways by displacing
conventional methods for studying environmental
problems and their implementation to production
upgrades [92]. Nanotechnology has led to the
development of a wide range of nanomaterials,
including nanopesticides, nanoinsecticides,
nanoparticles and nano emulsions. The material
used for production of nanomaterials are plant
extracts, metal oxides, silicates, ceramics, lipids,
emulsions and polymers[93].The potential use of
nanoscale agro - chemicals such as nanoformu-
lations, nanopesticides, nanosensors and nano-
fertilizershas revolutionised traditional agricultural
approaches. Nanotechnology in agriculture can
play a vital role to remediate wastewater, improve
soil quality and increase crop output using sensors
that detect diseases [2, 94]. It is critical to develop
cost-effective, high-performing insecticides, pesti-
cides that are environmentally friendly too.
Pesticides that are made using concepts like
nanotechnology, which could reduce toxicity,
improve shelf life, and enhance the solubility of
pesticides that are poorly water soluble, all of which
could have a good environmental impact [95,96].
There are about 400 companies which are
commencing research and development in
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nanotechnology sector throughout the world, and
the number is predicted to rise to more than 1000
in this decade. In the imminent era of agricultural
mechanization, new nanotechnology tools and
methods can enhance the way agriculture is seen
and has a significant future. Precision delivery of
fertilizers and nutrients, as well as disease
diagnosis at an early stage, have a bright future
thanks to biotechnological advancements and the
use of nanomaterials to create faster and more
precise diagnosis instruments [97].

Nanoparticles possess distinctive interactions
within the human body, owing to their diminutive
size and heightened responsiveness, which give
rise to a range of health issues. Nanoparticles have
the ability to trigger oxidative stress by producing
reactive oxygen species (ROS), which can result in
cellular damage and inflammation [98]. These can
have an impact on many organs and systems,
potentially leading to the development of diseases
such as cancer, cardiovascular ailments, and
neurodegenerative disorders. Exposure to specific
nanoparticles can induce both acute and chronic
inflammation, which can result in tissue damage
and contribute to the development of illnesses such
as asthma and other respiratory disorders [99].
Nanoparticles have the ability to engage with DNA,
resulting in genetic alterations and abnormalities in
the structure of chromosomes. The genotoxic effect
has the potential to elevate the susceptibility to
cancer and other genetic problems. Nanoparticles
have the ability to disturb cell membranes, resulting
in either cell demise or impairment [100]. This can
undermine the structural soundness of different
tissues and organs. Nanoparticles can elicit an
immunological response as they are perceived as
alien entities by the immune system, which can
have either beneficial or detrimental effects on the
body. This can lead to either hypersensitivity or
immunological suppression, which can impact the
body's capacity to combat infections and
diseases[101]. Certain nanoparticles have the
ability to traverse the blood-brain barrier, which
could result in neurological consequences and
harm to the brain[102]. This gives rise to worries
regarding their utilization in medical applications
and the possibility of neurotoxicity.

14. CONCLUSION

Innovative tools are now being created that will
incorporate nanodevices that will be capable of
successfully replacing a variety of various forms of
biological equipment. Nanotechnology may enable
quick improvements in agricultural research,
including reproduction science and technology
capable of producing vast amounts of seeds and
fruits regardless of the season or period.
Nanofertilizers are critical in agriculture for incre-
asing output and resilience to abiotic stressors.
Thus, the potential uses of nanofertilizers, nano-
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sensors, and other nanomaterials in agriculture,
biotechnology, and horticulture cannot be unde-
restimated. Additionally, nanomaterials were evalu-
ated for their ability to enhance plant height,
germination rate, root growth and number of roots,
leaf chlorophyll, and antioxidant content of fruits.
To attain sustainable crop yields, smart
nanofertilizers with the ability to release nutrients
according to the plants' temporal and geographical
requirements must be developed. In plants, early
diagnosis of stress and alleviation of stress effects,
as well as disease prevention and treatment are all
important.

The entire potential of nanotechnology in the
agriculture and food sectors has not yet been
realised, although it is rapidly progressing from
theoretical knowledge to implementation. To
combat viruses, spores, and other crop diseases,
agriculture will benefit from smart sensors and
smart delivery systems. Before items are com-
mercialised, we must assess the influence of nano-
technology on agriculture. Nanomaterial accumu-
lation and its negative impact on the environment
are also key concerns and crucial in the application
of nanotechnology. More research is needed to
examine the environmental effect of nhanomaterials
and estimate the non-toxic concentration for each
crop.
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1ZVOD

ULOGA NANOMATERIJALA U SAVREMENOJ POLJOPRIVREDI

Poljoprivreda je temelj nekoliko zemalja u usponu i jedan je od ekonomski najznacajnijih
pokretaca. Poljoprivrednici, potro$aci i Zivotna sredina su u opasnosti kao rezultat povecane
upotrebe mineralnih dubriva i Stetnih pesticida. Tokom poslednjih nekoliko godina, preduzeta su
znalajna istraZivanja o primeni nanotehnologije za povecanje poljoprivredne produktivnosti.
Otkriveno je da su nanocestice (NP) korisne kao nanopesticidi, nanobiosenzor, nanodubriva i
nanoremedijacija u proizvodnji poljopriviedne hrane. Hranjive materije, pesticidi, fungicidi i
herbicidi su sabijeni sa raznim NP-ima kako bi se olakSalo progresivno oslobadanje dubriva i
pesticida, $to rezultira tacnom dozom dostupnosti biljkama. Nanodubriva poboljSavaju iskori§cenje
hranljivih materija, smanjuju nedostatak hranljivih materija, smanjuju toksi¢nost zemijista i
smanjuju negativne posledice predoziranja, a sve to istovremeno smanjujuci ucestalost tretmana.
Nanoformulacije se koriste u poljoprivredi za povecanje klijanja semena, smanjenje gubitaka
hranljivih materija u dubrenju, smanjenje koli¢ine rasprsenih pesticida, pomoc¢ u upravljanju vodom
i hranljivim materijama i. Ovaj pregled takode razmatra razliCite izazove i zabrinutosti u vezi sa
razvojem proizvoda pesticida, formulacijom i toksi¢noScu za ekoloSki prihvatljivu i odrZivu
poljoprivredu.

Kljuéne reci: poljoprivreda, nanodubriva, nanobiosenzori, nanopesticidi, nanoformulacije,
nanomaterijali.
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Adomian decompositionmethod for modelling the growth
of FeB/Fe2B layer in boronizing process

ABSTRACT

The main objective of this paper is to explore the practical implementation of the Adomian
decomposition method (ADM) in effectively solving the system of equationsgoverning boron
diffusion during the boronizing process. This study uses ADM to investigate the kinetics of the
boronizing process, assess the influence of various parameters on the growth of the layer
thickness, and determine the boron concentration in FeB and Fe:B phases. To validate the
simulation results, data obtained from the literature were utilized. Overall, this research contributes
to understanding the boronizing process and demonstrates the effectiveness of ADM as a
mathematical tool for solving complex diffusion equations.

Keywords:Adomian decomposition method, Model, Diffusion, Boronizing, kinetic,simulation

1. INTRODUCTION

Different treatments are used to improve steel
surfaces' physical, chemical, and mechanical
properties [1]. Iron-based coatings have recently
attracted attention for their mechanical properties
[1,2], resistance to friction, and corrosion resista-
nce. Compared to ceramics or traditional ceramic
and cermet materials [3], iron-based materials offer
affordability, reduced strategic importance, and can
be economically manufactured using various ther-
mal methods, making fabrication and processing
simpler [1,4].

In boronizing, the modification of the surface's
chemical composition is based on diffusing the
boron atoms into the material. The reaction leads
to the formation of a single or bilayer boride [5],
which depends on the material's chemical
composition and treatment process [6]. The single
boride layer is preferable in industrial applications.
Boronizing is frequently employed to enhance
resistance against abrasion, corrosion, wear, and
oxidation [1,2].It finds applications across diverse
industries, including petroleum and gas refining,
chemical mining, automotive, agriculture, casting,
textile extrusion, and injection molding [7].
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Iron boride encompasses a range of inorganic
compounds denoted by the formula FexBy, with
FeB and Fe2B being the stable and primary forms
[8]. Certain iron borides exhibit advantageous traits
like magnetism, electrical conductivity, corrosion
resistance, and remarkable hardness. Combining
ceramic attributes such as high hardness with
metallic properties like thermal and electrical
conductivity, iron borides offer a versatile range of
properties [9].FeB exhibits greater hardness
compared to Fe:B, yet it is more prone to
brittleness and fractures upon impact. Boronizing is
a versatile technique applicable to numerous
metals, including all ferrous alloys [6,10], as well as
titanium, nickel, cobalt alloys, and refractory metals
such as chromium, molybdenum, vanadium,
niobium, tantalum, tungsten, and zirconium.
Certain non-metals like cemented carbides can
also undergo boronizing [11]. However, copper is
an exception, as its atoms act as a barrier
hindering the diffusion of boron atoms [12]. The
speed of boronizing increases with higher substrate
purity, i.e., fewer alloying elements present in the
substrate [1,5], with alloying elements also
influencing the thickness and structure of the
resulting boride layer.

During the boronizing process, the surface
layer of the material becomes saturated with boron,
conducted in either a solid, liquid, or gaseous
medium [13]. For steel, this process typically
occurs within temperatures ranging from 1113 to
1323 K for durations of up to 10 hours, yielding
FeB and Fe:B borides with a needle-shaped
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structure and hardness levels reaching up to 2000
HV [14,15].

The modeling and simulation of the growth
kinetics of boride layers produced by this process
allow for the optimization of the operating
conditions of this treatment [16]. Kinetic models are
developed to predict the thickness of the boride
layer formed as a function of two critical
parameters: temperature and treatment time
[17].The main goal of applying these models is to
predict the thicknesses of borided layers [18]. Most
of these models are based on the resolution of
Fick's equations. They are applied either to the
study of the kinetic growth of the Fe2B monolayer
or to the bilayer (FeB+Fe2B)[17]. Indeed, these
diffusion models assume that the formation of
boride layers obeys a parabolic-type law.

Brakman et al. [19] tookinto account the
difference in specific volumes between FeB and
Fe2B layers, with boron concentration profiles that
are linear through the FeB and Fe:B layers.
Another kinetic model was proposed by Campos et
al. [20] for the growth kinetics of Fez:B layers
obtained on the surface of high-alloy steel. This
kinetic approach is based on the conservation of
mass equation at the interface (Fez2B/substrate),
where a linear-type distribution gives the boron
diffusion profile. Keddam et al. [17] suggested a
diffusion model for the bilayer (FeB+Fe2B) formed
on Armco iron by the powder method. In this
model, they adopted a nonlinear boron
concentration profile in each layer, taking into
account the diffusion of boron in the substrate.

Experimental and artificial intelligence
approaches [21] also allow measurements of the
wear behavior.Bindal etal.[22] used empirical
techniques to calculate the boron diffusion
coefficient, Keddam et al. [23] simulated the
kinetics of the boronizingprocess using the integral
approach, Dybkov et al. [8,24] modeled the bilayer

configuration in different processes, Mebarek et
al.[25,26] developed an artificial intelligence model
based on RNN and in another work proposed an
FNN approach to simulate the growth of the boride
layer. The Ls-SVM model for predicting the layer
thickness was used by Mebarek et al.[27], and to
evaluate and estimate the effect of different
parameters, [28] used the fuzzy system.

Numerical computation has become a powerful
tool for scientific research and is essential for
engineering development. The development of
approximate solution methods for mathematical
and physical problems, along with powerful
computers, has made it possible to simulate
physical phenomena. This type of development
relies on integrating traditional disciplines: applied
mathematics, computer science, and engineering
sciences.

Numerous methods are available to solve the
diffusion model of boron in steel. In this paper, we
focus on applying the Adomian Decomposition
Method (ADM) to solve the Dybkov equations
within the context of the boronizing process. The
main objective of this research is to develop a
robust and efficient computational model that
accurately simulates the boron diffusion
phenomenon through the surface of ferrous alloys.
This study enhances the predictive capabilities of
diffusion models in the boronizing treatment of
steel by employing the Dybkov equations and
solutions derived from the ADM method

2. DYBKOV MODEL

The diffusion model is based on Dybkov's
equations [8]. It is used to study the kinetics of
biphasic layer formation (FeB, Fe2B) on steel sub-
jected to boronizing via powder technique. Fig.1
illustrates a schematic representation of the boron
concentration profiles within the FeB and Fe2B
layers.
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Figure 1.Schematic profile of boron concentration along the FeB and Fe2B layers [29]
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Figure 2.Schematic diagram illustrating the growth process of FeB and Fe,B layers under diffusion-
controlled conditions

The Dybkov model [8] is extensively employed
to depict the growth kinetics of boronized layers on
steel, accounting for the influence of boride
incubation periods. According to this model, the
progression of boride layers is governed by the
diffusion process. Entailing the diffusion of boron
atoms into the FeB layer, followed by their reaction
with the Fe2B compound. Likewise, the expansion
of the Fe2B layer is governed by the diffusion of
iron atoms into its structure, followed by their
reaction with the FeB compound.

The growth kinetics of layers of chemical

compounds is commonly modeled using a
parabolic equation of the form:

Where

u - represents the thickness of the layer

k, - is the growth rate constant of the layer
t - is the time

This equation (1) is derived from Fick's laws of
diffusion. The parabolic equations have been
shown to provide a satisfactory fit to the
experimental data for sufficiently thick layers in the
order of micrometers, particularly for iron borides.
However, for a more accurate description of the
growth kinetics of FeB and Fe2B layers, equations
(2) and (3) are given.

dx a al rg ¢
- = Tax +—— <y 2
dt 1+ b 1+Ex p 1+d
dy c (o} q ar
— =t a= ®)
dt 1+ a 1+E sg 1+7

Where

x: is the thickness of the outer layer of FeB
X: is the thickness of the inner layer of Fe2B
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a=koFe, and @ = KkeBz are the chemical
growth rate constants of the FeB layer at the
expense of the diffusion of iron and boron atoms,
respectively

b=k,Fe, and b’ =k,B, are the
diffusional (physical) growth rate constants of the

FeB layer at the expense of the diffusion of iron
and boron atoms, respectively

c=koFes and € =keBaz the chemical
growth rate constants of the Fe2B layer at the
expense of the diffusion of iron and boron atoms,
respectively;

d=kyFe; and d =k;B;  are the
diffusional (physical) growth rate constants of the

Fe2B layer at the expense of the diffusion of iron
and boron atoms, respectively

& is the ratio of the molar volumes of the
compounds FeB and FezB

P=qg=7r=1 gnd 5= 2 factors of the
chemical formulas of FeB (written as BFe) and
Fe:B(BFe2)

The value of & is determined from the density
of the compounds FeB o = 6,70x10° kgm and
Fe:Bpo, = 7.34x10° kgm=3[30] M; = 66,65 gmol
tandM; = 122.49 g mol*;g = M1p2/M2p1 = 0.60.

The set of equations (2) and (3) characterizes
the stage of reaction-controlled growth in boride
layers, wherein the rapid diffusion rates of iron and
boron atoms through the layer render their influen-
ce on overall layer formation rates negligible
compared to the subsequent chemical transfor-
mations occurring at phase interfaces. As a result,
the rate is mainly governed by chemical processes
alone (referred to as chemical control) due to the
plentiful scattering of atoms of both types
facilitating layer growth. However, it is essential to

ZASTITA MATERIJALA 66 (2025) broj 1



B. Mebarek et al.

Adomian decomposition method for modelling the growth of FeB/FezB layer ...

note that the occurrence and growth of FeB and
Fe2B layers at the interface are not necessarily
simultaneous. The Dybkov model provides a
means to study the Kkinetics involved in the
formation of FeB and Fe:B layers. The changes
over time in the thickness of these layers can be
described using the following system of ordinary
differential equations:

dut) _Dreg 79  Dreys
dt ul®) P (v(t) - u(t)) @
div@ - u@®l _  Dre,5 | q Dres
dt v(t) - u®)  sg u@® (5

With u(t) and v(t), the thicknesses of FeB and

Fe-B layers. The constant & depends on the
molar volume of FeB and Fe:B phases, as
obtained from the stoichiometric coefficients for
phases FeB and Fe2B.

The two growth parameters krer and kFE:B
, Which are provided by equations (6, 7) [8], can be
obtained from the fitting of experimental data [19].
From the preceding system, the expressions of the
diffusion coefficients are given as follows:

05k
Dpep = (—ﬁéj [0 —r@dkpes + Tgkre 5]
P=s

(6)
0.5(Kge,z — kreg)

Dre,5 = (1 - ;P_?) [k + (% - 1) D::es] 7

3. ADOMIAN DECOMPOSITION METHOD

The Adomian decomposition method has been
applied to solve various types of differential and
integral equations in mathematics, physics, biology,
and chemistry, and many research papers have
been published to demonstrate its effectiveness.

The Adomian decomposition method provides
a solution expressed as an infinite series of terms,
offering flexibility for reevaluation. This approach
demonstrates effectiveness across various types of
equations, including linear and nonlinear differential
equations, integral equations, and Integro-
differential equations. George Adomian introduced
this method in his publications [31], characterizing
it essentially as a power series technique. Widely
recognized as a semi-analytical approach for
solving differential equations, its convergence has
been validated through prior research [32].

Previous research has shown that the Adomian

decomposition method is helpful in solving inverse
problems of differential equations [33]. In the
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current section, we extend this approach to tackle
various nonlinear functional equations, including
but not limited to differential, integral, integro-
differential, and algebraic equations.

The Adomian decomposition method consists

of decomposing the unknown function yx) of any
equation into a sum of an infinite number of
components defined by the decomposition series.

T

Y= )y, ()
=0 ®)

Generally, the nonlinear differential equation is
given as follows:

Ly + Ny +Ry=¢@Q 9)

Where

L -invertible linear operator
Ly: g4
derivative

linear term with a higher-order

N3 the nonlinear operator
Ny represents the nonlinear terms

R . a linear differential operator of order less
than L

RY remaining parts of the equation under
consideration

Q: the specified bounded function

Once the inverse operator L™ s applied to
Eq. 9, we obtained the following equation:

vy=c—L*Q-L*Ny—-L*Ry (10)

Where

Cis the

integrations such that £€ =0  for the case of a

parameter resulting from the

first-order ODE, € is the constant of integration.
For initial value problems, we conveniently

defined L7 forLzﬁas the n-fold definite

integration from 0 to x.

By employing the ADM method, wherein the
solution ofEqg. 9 is represented by Eq. 14 as an
infinite series, and by selecting the initial solution
component as:

Ly+Ny+Ry=Q (12)
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The solution is given by the recursive

relationship given by the following system:

y = c-L'1Q-L'*Ny-L'1Ry (12)

The nonlinear terms as Ny = Y +% A, is
decomposed by the ADM
where:

Anrepresent the Adomian polynomials given by
the following expression:

1 [da™ o 4l
An(yO'yll'"yn);[WN( ?—:0 A yi)]izo (13)
Using the recursive relationship given by the
precedent system (12), we can construct the
solution y as:
y@) = lim Y=y, (x) (14)
Many researchers have guaranteed the

convergence of the ADM and the series of the
Adomian polynomials [32,34].We not thatADM can
converge to the exact solution more efficiently
under certain conditions, especially for linear and
non-linear differential equations. Generally ADM
provides a series solution that can offer analytical
insight into the problem, which is often not directly
available with numerical methods.

4. SOLUTION OF THE DYBKOV SYSTEM BY
ADM

In this study, we adapted the model calculation
of Fatoorehchi et al. [35], which was applied to
describe the growth dynamics of AlsMg. and
Al12Mgz7 layers. However, in this case, we applied
the ADM to modeling the boronizing process.

From Eq. 4 and Eq. 5, we replace ¥ in the

equation system by ¥ and @ —u) py ¥ . we get
the growth kinetics of boride layers at the
diffusional stage of their formation described by a
system of two differential equations:

d_x __ DreB _ QDFQZB

We apply the ADM method to solve the system
(15) and (16) given by Dybkovmodel. This system
describes the diffusion of boron in the treated steel.

With the use of the precedent system, the

expression of £ is as follows:

x = qDFeB(DFE'zB d}r)_l

sg y dt 17)

Withthe derivative of % , we obtained the
equation given by:

DFe,Bdy  d%y

dx _ qDpep \ y? dt dt?

dt sg  (PFesB_dy\’
y dt

(18)

We replace Equations (17) and (18) into
Equation (15) to obtain the second-order ODE
given by Equation (19):

dz}" _ DFS‘:B d}:r

sig? (DFQ;,B d},)a_

dt2  y® dt  q*Dpeg\ y  dt
_59°rDre,p l(ﬂrs-zs ~ @)
qpDres Y\ ¥y dt (19)

The ODE given in Eqg. 19 can be solved by the
ADM, and its solution is given as:

o
-3

1=o

T

1

(20)
In (19) we use the following operator
[dtz ) (.)

and we note that

L) = fdt fdr’(.j

L)

dt X p y (15)
dy _ Dre;p 4 Dres (16)
dt y sg x
where the solution components are calculated as
Yo =a+ ft
_ t t ' s2g? ot ¢ ,  Sg%rDre,p t t , (21)
Yi+1 = —Dpe,p [, dt [ A; dt’ + Dres J, dt [, Bidt —mfo dt [ C;dt

Fori = 0. Two parameters, a,andp, have to be determined by the initial conditions of theproblem, i.e.

Y0
dt

a = y(0)

B =

152

(22)
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Inturn, i , Bi and €i are the Adomian polynomials such that

+00 _ idy

too p Dpe, dy 3 +oo Dpe,p dy 2
, Zi:o i =\, T ) rLi=obi =\~ T &

y dt (23)

After evaluating the function y, calculating the function x using Eq. (15) is simple.

5. EXPERIMENTAL PROCEDURE

In order to validate the simulation, experimental
data carried out by Brakman et al. [19] using the
boronizing technique on pure iron powders were
used, and the chemical composition of pure iron is
presented in Table 1.

Table 1. Chemical composition of used pure iron
(mass%) [19].

Elements C Mn Ni
% (wt) 0.005 0.0013 0.004

Boronizingwith solid substances has numerous
industrial applications due to its cleanliness and
simplicity. The technique involves packing the parts
in steel boxes filled with boronizingpowder
(amorphous boron or ferroboron) and introducing

them into muffle furnaces. It is the most widely
used technique in the industry.

FeB and Fe2B borides have an acicular shape
and are oriented perpendicularly to the sample's
surface. In practice, it is not easy to experimentally
measure the thickness of the boride layer due to
the nature and structure of the boride/substrate
interface. The thickness determined experimentally
for biphasic borided layers is the average of 10
measurements made at different locations on the
sample [19]. Consequently, experimental data
regarding the thickness of the FeB and Fe:B layers
are illustrated in Table 2.From the experimental
data presented in Table 2 of layerthickness,we
calculated the values of the growth rate constants,
givenin Table 3.

Table 2.Experimental data of FeB and Fe;B layer thickness [19]

Time (h
Temperature (K) M) 1 1.25 2.5 4 4.25 6 8 8.5

FeB (um)

1023 | 6.96 852 | 9.842

1073 6.84 14.1 19.94

1123 1315 | 1659 | 2152
Fe2,B (um)

1023 | 37.08 4541 | 52.44

1073 25.5 52.56 75.34

1123 42.13 | 59.58 | 75.34

6RESULTS AND DISCUSSIONS

The ADM is applied to describe the growth
dynamics of FeB and FezBlayers, denoted by xand
y, respectively. The five numerical values of the
Adomian coefficients Ai, Bi, and Ci used in the
calculations are taken from Fatoorehchia et al. [35].

Theresults are compared with the experimental
data from [19]. D5*%® and D{*® are the growth

rate constantsfor Fe2B and FeBgiven by the
following expressions [17]:

175%10°

D™® =1.28x10°%¢ _
B xp( =T )

157 <10°

Df*® =6.3x<10°° =
B > exp( = )
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Where, R=8.32 j/mol k

To simulate the boronizing kinetics using a
simple model, we set the boron concentration at
the surface to 27.26 wt%.Additionally, we assumed
that the concentration of boron at the interface
(FeB/Fez2B) is 16.23 wt%. Specifically, for the
Fe2B/Fe interface,the boron concentration is
8.83wt%. The initial concentration of boron in the
substrate is 35x10 wt%.

Using a biphasic boride layer kinetic model and
the boron diffusivity data, a simulation code was
developed to calculate the thickness of the Fe2B
and FeB layers and predict the boron
concentration.

The ADM approach is used to simulate the
Dybkov model, utilizing the parameters illustrated
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in this simulation. The input data for the simulation
calculations comprises a ratio of molar volumes of
Fe2B and FeB denoted as g = 0.6. Additionally, o =
0.1012x10m represents the initial layer thickness
y, and the initial slope of y is denoted asp, which is
equal t05.5x10*° m/s.

The stoichiometric coefficients used in this
study are specified as (p, g, 1, s) = (1, 1, 1, 2).

Table 3 depicts the comparison between the
simulation and experimental data.Comparing the
calculated growth rate constants with the
experimental values reveals a strong agreement
between the experimental data and the simulation
results.

Table 3. Comparing the calculated growth rate constants with the experimental ones

Growth rate constant (um/s)
FeB Fe;B
Temperature (K) Simulation Ex Simulation
Exp[19] | Simple ADM-Dybkov [19'3 Simple ADM-Dybkov
Model [17] Model Model [17] Model
1023 0.058 0.0607 0.0635 0.3090 0.2818 0.2988
1073 0.144 0.1012 0.1123 0.4250 0.4356 0.4527
1123 0.196 0.1611 0.1722 0.6280 0.6479 0.6650
35 T T T T T T T T T
—8Sim 1, 1023 K
—8im1,1073 K
0 —S8Sim1, 1123 K _— B
Sim 2,1023 K _—
Sim 2, 1073 K B —
. 25 Sim 2, 1123 K - ]
5 o Exp,1023K -
@ o  Exp, 1073 K & ._/_./-"”
g 20 ¢ Exp, 1123 K _/ O |
- /./
[ -
£ o// - _
u B - } — - —
S 15 e o -
| & -
p _,_.
[
Y 10
5
O | 1 | 1 | | 1 | |

1 2 3 4 5

6 7 8 9 10

Time (h)

Figure 3. Comparison between Sim1 (simple model) [17], Sim2 (ADM-Dybkov model)
and Experimental thicknessesof FeB layer

Fig.3 llustrates a comparative analysis
between Sim1 (simple model), Sim2 (ADM-Dybkov
model), and experimental thicknessesof the FeB
layer. This comparison aims to evaluate the
performance and accuracy of these models.

Fig.4 presents a comparative assessment
involving Sim1 (simple model), Sim2 (ADM-Dybkov
model), and experimental data related to the Fe2B
layer. The objective of this comparison is to assess
the effectiveness and precision of these models.
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This comparison between Sim1 (simple model),
Sim2 (ADM-Dybkov model), and experimental data
of the Fe2B layer provides a comprehensive evalu-
ation of the model's predictive capabilities in simu-
lating the growth kinetics of the boronized layers on
steel. The ADM-Dybkov model gives good results
when compared with experimental data. The error
of the ADM-Dybkov model compared to the
experimental data is estimated to be 2.9 pm for the
Fe2B layer and 1.4 um for the FeB layer.
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Figure 4.Comparison between Sim1 (simple model) [17], Sim 2 (ADM-Dybkov model)
and Experimental data of Fe;B layer

7. CONCLUSION

This  study introduces the  Adomian
decomposition method (ADM) as a robust strategy
for approximating solutions to nonlinear equations
through an infinite series, typically converging to
the precise solution. Applied to first-order
differential equations, ADM exhibits convergence of
series solutions to exact solutions for each
problem. Utilizing ADM, the study effectively
models boron diffusion in the boronizing process,
demonstrating its capability to closely match
experimental data, which are the thicknesses of
FeB and Fe2B layers. The investigation delves into
the kinetics of boronizing, exploring how various
parameters influence layer thickness growth and
boron concentration across phases. Simulation
results are validated using data from literature
sources, underscoring ADM's effectiveness in
tackling intricate diffusion equations and advancing
understanding of the boronizing process.

As prospects for future work, we aim to
combine ADM with other computational techniques,
such as machine learning and optimization
algorithms, to create hybrid models. These models
could enhance predictive accuracy and provide
more robust solutions for complex problems.
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APPENDIX

We assume a standard form of an integro-
differential equation defined by the standard form:

[}rmcx) - Fe)+ f M(x, )y @)dt

y™@©) = by, 0<sk<n-1

(A)

It is natural to seek an expression for y(x) that
will be derived from equation (A). This can be done
by integrating both sides of equation (A) from 0 to x
as many times as the order of derivative involved.
Therefore, we obtain:

m-1 ;
)= Z%b“xk +17(f(1)) +L'1(KM(x,t]y(t]dt)
=
' ®)

With
n-1 1
Ebkxk
k=no
the solution is obtained using the initial conditions,
and L* is an integration operator. Now, we can
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apply the decomposition method by defining the
solution y(x) of equation (B) as a series.

[£4]
vy = ) 3y, )
n=o (©)
By substituting equation (C) into (B), we obtain
[ -1 1
Z ynlx) = Z mbkxk + L“(f(x]} +.
n=o k=o
+Lt ( r M(x, £) LZ Vi (r]] dt)
: =e (D)
This equation can be explicitly written as:
@ n-1 1
D= ) mbixk 4 L7 (f(x)) +
n=e L=a
$L1 (chr, 9| v (r)] dt)
“ =e (B)
We have the solution in the form:
n-1 1
Yol = ) hix + L7 (FC)
k=o (F)

T =1 T
Ynt () =1L (EM&,t]}n(t]dt)ﬂEU ©)
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ABSTRACT

During this research has been used laboratory mill and production cement mill for comparing
results. The purpose of the research was to determine the influence of the gypsum with different
phase state (dihydrate or hemihydrate), active additive of blast granulated slag and the total SOs
content to the free water separation, spreading of the well cement slurry and flexural and
compressive strength of the cement mortar. The conducted cycle of research made it possible to
obtain guantitative dependences of that parameters. At the researches was used gypsum
preheated at the furnace with 200°C for 60 minutes. During this research was discovered that
presence of hemihydrate gypsumin the cement don’t have big impact on the free water separation,
but it has some impact on the spreading of the well cement slurry. Also, at this research has been
discover influence of hemihydrate gypsum to compressive strength at the age of 28 days and
flexural strength at the age of 1 day. During this research was discovered that presence of
hemihydrate gypsum at the cementreduce the thickening time for 60 minutes. Presence of blast
granulated slag at the cement reduce free water separation of the well cement slurry. During
research at the production cement mill was ensured that presence of hemihydrate gypsum at the
cement reduce spreading for 25 mm and reduce free water separation for 1 ml. The results of the
tests from the production cement mill and laboratory mill are comparable and representative.
Keywords.oil-well cement, free water separation, spreading of the well cement slurry

1. INTRODUCTION

The properties of the well cement slurries
intended for cementing oil and gas wells are
produced both by the composition of determined
mixtures and by the composition of cement, as well
as by the finesses of grinding [1]. The requirements
for the composition of well cements are regulated
by an international standards ISO-10426-1 and API
Specification 10A which establish requirements for
the chemical, mineralogical and material composi-
tion of cement [2,3]. An important component of the
cement is dihydrate gypsum. The main task of
gypsum is to regulate the setting time due to
formation on the CsA surface - the most rapidly
hardening cement phase of hydrosulfoaluminate
protective shells [4,5].
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Recent studies have shown that the mecha-
nism of gypsum influence is also associated with a
change in the concentration of active centers on
cement particles and, accordingly, the speed of the
coagulation process [5]. Gypsum also effects on
the most other properties of cement [6]. Optimizing
the addition of gypsum leads to a certain increase
in early strength, a decrease in shrinkage
deformation, and an increasing in the plasticity of
cement mortars [6]. Gypsum content in well ce-
ments, in terms of total SOs, normalized within 1,5-
3,5%, for cements with high sulfate resistance — up
to 3%, taking into account the low CsA content.

One of the important properties of well cement
slurries is a high water-holding capacity, which can
be ensured both by adding various additives and
by the composition of well cement, including
hemihydrate gypsum [7,8]. During grinding cement,
the temperature can reach to 150°C and more,
which leads to dehydration of gypsum and the
formation of hemihydrate CaS0O4-0,5H20. At a high
content of hemihydrate, so-called "false set" is
possible, which causes to the rapid loss of plasticity
of the mortar mixture, the need for a significant
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increase in water consumption and, as a result, the
deterioration of the main properties of mortar [1].
However, when the hemihydrate gypsum content is
below the critical level, his effect on the properties
of well mortars is ambiguous. There is no simple
rule to determine the optimal SOz content, as it
depends on a range of different parameters
including particle size[6].

It was established [9] that with presence of
hemuihydrate gypsum in the cement, associated
with a lack of SOs ions in the initial period of
cement hydration, ettringite is not formed on the
CsA surface, but formed in the intergranular space.
This increases the degree of hydration and
increases the strength of the cement in the early
stages [9].

Experimental results [9] showed that cements
containing hemihydrate gypsum have reduced free
water separation due to the difference in the
mechanism of formation of hydrated phases [9].
However, in this research were studied Ordinary
PortlandCements (OPC) and a technique was used
to determine free water separation in percentage
and with W/C=1,0 [10], while at this article attention
is focused specifically on the well cements with a
different method of determining free water
separation, which is measured in milliliters with
W/C=0,5 [11].

The available experimental data will not allow
to quantitatively assess the influence of the ratio of
dihydrate and hemihydrate gypsum on the main
properties of oil-well mortars, considering the
content of active mineral additives in the cement.
The influence of this ratio allows to select the
appropriate mode of cement grinding to ensure the
necessary parameters of its properties. Solving this
task is the goal of the research, the results are
given in this article.

2. MATERIALS AND METHODS

The clinker used for research of oil-well cement
class |-Ghad the following chemical and
mineralogical composition: SiO2 — 22,1%, Al2Os —
4,06%, Fe20s3 — 5,31%, CaO — 64,63%, MgO —
0,61%, SO3 — 0,71%, K20 — 0,53%, Na20 -—0,14%,
CaOrree — 0,65%, LSF — 0,914; CsS — 57,75%; C2S
— 21,59%; Cs3A — 1,57%; CsAF — 15,81%.Gypsum
stone, which was added to the cement, had a
CaS04-2H20 content - 93,1%.The blast granulated
slag had the following chemical and mineralogical
composition:SiO2 — 36,44%, Al20z — 5,87%, CaO —
43,48%, MgO - 4,63%, Cao+MgO+SiO2 — 84,55%,
Glass — 97,89%, Merwinite — 1,41%, Melilite —
0,38%, Hedenbergite — 0,32%.

For the purpose to generate experimental-
statistical models and establishing the relationship
between the presence of hemihydrate gypsum and
blast granulated slag (as the active additive in

ZASTITA MATERIJALA 66 (2025) broj 1

quantity of 15%) in cement and total SOs content,
was applied full factors experiment for the three
factors [12]: clinker content (xi1), hemihydrate
gypsum content (x2) and total SOz content of
cement (xs3). The terms for planning experiments
are given in table 1.The interval of the amount of
gypsum hemihydrate from 1 to 3 % was chosen
from the state of limited content in oil-well cement
class I-G. The researches were conducted using
the mathematical planning of experiments [12]. The
phase state of gypsum (dihydrate and
hemihydrate) was  determined by  X-ray
Difraction(XRD diffractometer) (Fig. 1, a), total SOs
content by analyzer LECO CS744 (Fig. 1, b), free
water separation and spreading were determined
according to the methods by Ukrainian standard
“‘DSTUBV.2.7-86-99” for oil-well cements, testing
methods (Ukraine) [11].This techniques are similar
to the requirement of international standards [2,
3,11].

b)

Figure 1. Common view of the XRD diffractometer
(a) and LECO CS744 analyzer (b)
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Table 1. Terms for planning experiments

Factors The levels of
variation
Natural view Coded -1 +1
names

Clinker content at the X1 80 95
cement, %
Hemihydrate gypsum x 1 3
content at the cement, % 2
SO; content, % X3 1,8 35

3. RESULTS AND DISCUSSION

Research was conducted in laboratory
conditions on a laboratory mill with mixed (balls
and cilpebs) loading.To study the influence of
hemihydrate gypsum, which used in a laboratory

mill, gypsum was preheated to a temperature of
200°C in a muffle furnace for 60 minutes.After heat
treatment, the XRD diffractometer confirmed the
complete transition of dihydrate gypsum to
hemihydrate gypsum. At the same time, the
received cements were also checked for
compliance with other requirements according to
Ukrainian standard “DSTUBV.2.7-86-99 Portland
oil-well cements. Technical terms” (Ukraine) [5],
that is: flexural strength in 1 day (should be not less
than 3,5 MPa)and thickening time to the
consistency 30 Bc(nhot less than 90 min).

The XRD diffractograms of cements are
presented in Fig. 2 and 3.The experimental results,
that were obtained during the implementation of the
experiments, are given in the table. 2.
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Figure 2. XRD diffractogram of cement with hemihydrate gypsum in the amount of 3%
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Figure 3. XRD diffractogram of cement with dihydrate gypsum in the amount of 5%

Statistical processing of the results made it possible to obtain experimental-statistical models of free
water separation (Eq. 1), spreading (Eq. 2), flexural strength at the age of 1 day (Eq. 3) and thickening

time to a consistency of 30 Bc (Eq. 4):
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y1=4,56+1,0625x1-0,1875x%2-0,3125x3-0,4372x1X2- 0,0625X1X3 +0,1875X2X3 Q)
y2=240,63+15,625x1-9,375X2-6,875x3-9,375X1X2- 1,875X1X3 -1,875X2X3 (2)
y3=6,09+0,085x1-0,1975x,-0,0225%3-0,6275X1X2+0,0975X1X3 -0,135X2X3 3)
y4=150,13+5,875x1-9,625%,+2,875x3+22,125x1X2+4,625X1X3 +7,625X2X3 4)

Table 2. Experimental results

Factors Experimental results

Point icke-ni

om's Free Spre- Flexu- T.h'Cke ning Compres- Compres-
of the X X X watersep : time to the . :

| 1 2 3 T ading, ralstre-ngth, iy sive strength | sive strength
pian aration, | "y | 1 day, MPa | CONSISTENCY | 5 Gays, MPa | 28days, MPa

ml Y, 30 Bc, min ys, ys,

1 95 3 3,5 5 225 54 192 20,95 44,04

2 95 3 1,8 5 250 53 145 19,17 41,6

3 95 1 3,5 5,5 270 7,1 135 17,5 42,6

4 95 1 1,8 7 280 6,9 152 19,71 41,79

5 80 3 3,5 3,5 220 6,07 110 17,89 43,43

6 80 3 1,8 4 230 6,8 115 19,54 41,12

7 80 1 3,5 3 220 57 175 11,83 38,96

8 80 1 1,8 3,5 230 5,45 177 15,93 41,03

Analyzing the mathematical model of free this figure will be 0.24%, which is not a significant

waterseparation (Eq. 1), can see that an increase
of the clinker content (absence of slag), during
grinding cement, significantly increases the
indicator of free water separation, and the
combination of factors of slag content and the
presence of dihydrategypsum -reduces free water
separation.The presence of hemihydrate gypsum
slightly affects to the indicator of free water
separation (Fig. 4, a).

During analyzing the mathematical model of
spreading (Eq. 2), it can be stated that the content
of blast granulated slag in cement significantly
reduces the indicator of spreading, the presence of
hemihydrate in cement, and combination of slag
content and dihydrate gypsum also reduces
spreading. The presence of hemihydrate gypsum in
cement reduces spreading by 15-20 mm compared
to dihydrate gypsum (Fig. 4, b).

Analysis of the mathematical model of flexural
strength at the age of 1 day (Eq. 3) shows that the
combination of factors of slag content and the
presence of dihydrate gypsum reduces the strength
index.

A mathematical model of the thickening time to
a consistency of 30 Bc (Eg. 4) shows that the
combination of the factors of slag content and the
presence of dihydrate gypsum adds 22 minutes to
the thickening time, while the presence of
hemihydrate gypsum - reduces the thickening time.

According to the results of the experiments and
the processing of that results, was found that in the
presence of hemihydrate gypsum in additive-free
cement, the free water separation decreases by 1
ml, compared to the presence of dihydrate gypsum,
which can be seen in fig. 4, a.In percentage terms,
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decrease.
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Figure 4. Dependencies of free water separation
fromhemihydrate gypsum content and % of additive
(slag) in cement (a), and spreading
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fromhemihydrate gypsum content and % of total
SOscontent in the cement (b)

Analyzing the results, it can be seen that the
flexural strength (3) decreases in the presence of
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hemihydrate and without the blast granulated
slagcontent (Fig. 5, a), as well as with the
simultaneous presence of hemihydrate in the
cement and the total SOscontent of 3,5%.
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Figure 5. Dependencies of flexural strength at the age of 1 day fromhemihydrare gypsum content and
clinker content (%) in cement (a), to the total SOscontent in cement and hemihydrate gypsum content (b),
to the total SOscontent in cement and clinker content (c), tohemihydrate gypsum content and the total
SOscontent in the cement (d)

It should be especially noted that with an SOz
content of 1,8%, the presence of hemihydrate
gypsum in cement does not affect to the flexural
strength at the age of 1 day, which can be seen in
Fig. 5, c. In fig. 5, d shows that when the total SOz
content in the cement is 3,5% and the presence of
3% hemihydrate gypsum - the strength decreases.
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Considering the results of the thickening time to
a consistency of 30 Bc, it can be concluded that the
time decreases by 60 min with the presence of
hemihydrate gypsum in the cement at the same
time with slag, which can be seen in fig. 6, a.The
thickening time increases to 170 min in the cement
without additives and with the presence of hemi-
hydrate gypsum, which can be seen in fig. 6, b.
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Figure 6. Dependencies of the thickening time to a consistency of 30 Bcfrom the hemihydrate gypsum
content and clinker content (%) in cement (a), from the clinker content (%) in cement and the hemihydrate
gypsum content (b)

In addition, during the experiments, was noted
that the free water separation decreases with the
slag content in the cement, which can be seen in
fig. 1, a.Also spreading increases with additive-free
cement compared to slag including cement, which
can be seen in fig. 1, b. According that information
we can conclude that the presence of an additive
(in the form of slag) in cement has a positive effect
on the indicator of free water separation and a
negative effect on the indicator of spreading.

During laboratory tests, were performed also
the compressive strength analyzes of the received
cements at the age of 2 and 28 days, according to
the methods for OPC [7].The data are presented in
table 2. Statistical processing of the results made it
possible to obtain mathematical models of
compressive strength at the age of 2 days (Eq. 5)
and 28 days (Eq. 6).

y5=l7 ,82+1,5175x1+1,5725x%,-0,7725X3-0,845X1X2+0,665X1X3 +0,805X2X3 (5)

y5=41,82+0,68625x1+0,72625x2+0,43625x3—0,41375x1x2+0,37625x1x3 +0,75125x%2X3 (6)

Analyzing the mathematical model of the
compressive strength at the age of 2 days (Eqg. 5),
can see that cement without additives and
presence of hemihydrate gypsum has increased
early strength. The minimum level of total SOs
content reduce the compressive strength at the age
of 2 days. The combination of factors of additive
content (slag) and hemihydrate gypsum also
reduces compressive strength. The combination of
factors of additive-free cement content together
with the presence of hemihydrate gypsum -
increases early compressive strength.

The mathematical model of compressive
strength at the age of 28 days (Eg. 6) shows that
the presence in additive-free cement hemihydrate
gypsum and an increased total SOz content
increased the compressive strength. The
combination of factors of slag content cement with
dihydrate gypsum reduces compressive strength.
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Combination factors of hemihydrate gypsum and
the increased total SOs content has increased the
compressive strength at the age of 28 days.
Compressive strength (2 and 28 days) graphs are
shown in fig. 7 and 8.

Along with this, was carried out a production
test on a cement mill with two-chambersof standard
size of 3.2x15 m with ball loading of the 1st and
2nd chambers.During the production process, the
required contents of hemihydrate and dihydrate
gypsum were achieved.The data are shown in
table 3.

Analyzing the data obtained during the
production experiment, it can confirm the results
obtained during the laboratory study, namely: the
presence of hemihydrate gypsum in the cement
reduces free water separation and reduces
spreading.
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Table 3. Results of production experiments
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Analyzing the intensity of influence researched
factors on the studied properties (Egs. 7-12)in the
direction of reduction it can be ranked in the
following sequence (the most significant coeffi-
cients are selected):

free water separation (y1)

X1x2>x3>%2 (7
spreading (y2)

X1>x2>x1x2>x3 (8)
flexural strength at the age of 1 day (ys)

X1X2> X2> X2X3 9)
thickening time to a consistency of 30 Bc (ya)

XIX2>x2>%2 X3>x1>X1x3 (10)

compressive strength at the age of 2 days (ys)

X2>X1>X1X2>x2x3>X3 (11)

compressive strength at the age of 28 days (ys)

X2X3> x2>x1>X3 (12)

4. CONCLUSION

The conducted cycle of research made it
possible to obtain quantitative dependences of the
influence of the additive content in cement (slag),
the hemihydrate gypsum content and the total
SOzscontent in cement.

The analysis of the obtained models allows that
the presence of hemihydrate gypsum has an
ambiguous effect on the properties of oil-well
cement, reducing the spreading of the well cement
slurry, but at the same time increasing the flexural
strength at the age of 1 day.

The presence of hemihydrate in the cement in
the amount of 3% - reduces free water separation
and the thickening time to the consistency of 30
Bc.The presence of hemihydrate gypsum in the
cement with a total SOz content of 1,8% practically
does not affect the flexural strength.Also, in the
presence of hemihydrate gypsum, the thickening
time level is not less than the requred 90 minutes.
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Numerical analysis of the coefficients of the
models allows to rank the factors according to
growth or decline and their influence on the
corresponding initial parameters.
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1ZVOD

UTICAJ HEMIHIDRATNOG GIPSA NA OSNOVNA SVOJSTVA
ULJNOG CEMENTA

Tokom ovog istrazivanja kori§¢eni su laboratorijski mlin i mlin za proizvodnju cementa za
poredenje rezultata. Svrha istraZivanja je bila da se utvrdi uticaj gipsa razli¢itog faznog stanja
(dihidrat ili hemihidrat), aktivnog aditiva granulisane Sljake i ukupnog sadrZzaja SOz na separaciju
slobodne vode, rasprostranjenost cementne suspenzije bunara i savijanje i pritisak. ¢vrstoca
cementnog maltera. Sproveden ciklus istraZzivanja omogucio je dobijanje kvantitativne zavisnosti
tih parametara. Za istraZivanja je koriscen gips prethodno zagrejan u peci na 200°C u trajanju od
60 minuta. Tokom ovog istraZivanja otkriveno je da prisustvo hemihidrata gipsa u cementu nema
veliki uticaj na separaciju slobodne vode, ali ima izvestan uticaj na Sirenje cementne suspenzije
bunara. Takode, ovim istraZivanjem je otkriven uticaj hemihidratnog gipsa na ¢vrstocu na pritisak
u dobi od 28 dana i ¢vrstocu na savijanje u dobi od 1 dana. Tokom ovog istraZivanja otkriveno je
da prisustvo hemihidrata gipsa na cementu smanjuje vreme zgu$njavanja za 60 minuta. Prisustvo
granulirane Sljake na cementu smanjuje slobodnu separaciju vode u cementnoj suspenziji bunara.
Tokom istraZivanja u proizvodnom mlinu cementa obezbedeno je da prisustvo hemihidrata gipsa
na cementu smanji Sirenje za 25 mm i smanji slobodnu separaciju vode za 1 ml. Rezultati
ispitivanja iz proizvodnog mlina za cement i laboratorijskog mlina su uporedivi i reprezentativni.
Kljuéne reci: cement iz bunara, slobodna separacija vode, nanoSenje bu$otine cementne
suspenzije.

Nauéni rad
Rad primljen: 12.06.2024.
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Study of green microalgae as a feedstock for biodiesel production

ABSTRACT

Biodiesel as an energy source has marked an edge to a growing energy crisis issue. There are
multiple ways by which biodiesel can be produced, and aggressive researchisgoing on in the field
of biodiesel. In this work, we have focused on biodiesel production from microalgae. Green
microalgae, a third-generation feedstock, are promising candidates for biodiesel production
because of their high lipid content and rapid growth. In this study, for the cultivation of microalgae,
an environment of varying temperatures that was between 27°C to 32°C was created. Also, three
different concentrations (2:2, 2.5:1.5, and 3:1) of aquarium and freshwater were considered in this
work for algae growth, and the lipid extraction method like mechanical cell destruction was
investigated to determine its efficiency. Once the lipid extraction process was optimized, the
extracted lipids were subjected to a transesterification process, converting them into biodiesel.
The results of this study show that the greater concentration of aquarium water resulted in better
algae production, i.e., dried weights of algae extracted from the above-considered concentrations
were 2.69 grams, 2.79 grams, and 2.92 grams respectively. Biodiesel produced from the dried
algae was 3.15 ml, 3.96 ml, and 4.95 ml, respectively. These results suggest that green
microalgae can be considered an enticing raw material for biodiesel production. Optimizing
cultivation and lipid extraction methods can improve biomass and lipid productivity, boosting
overall biomass yield. This study concludes that algal biodiesel can be an alternative source to

petroleum-based diesel fuel.

Keywords: Biodiesel; microalgae; lipid extraction; biomass; temperature

1. INTRODUCTION

The global energy consumption through energy
sources like petroleum, coal, and diesel in the last
thirty years has increased very drastically with an
average annual increase of 3.4 %, which is almost
1.2 % points higher than the average growth of
energy consumption (1). Humans fulfill their energy
demand by burning fossil fuels, as they are easy to
use, provide high energy density, and have a low
cost compared to any other alternative energy
source or non-conventional energy source.
However, prolonged use of petroleum-based fuels
has led to the emission of greenhouse gases like
carbon dioxide at a high rate, causing acid rain and
global warming—the earth’s mean temperature
increased by an average of 0.14 °F per decade
since 1880, or about 2 °F in total (2).
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Also, because of the continuous use of fossil
fuels, their reserves are depleting fast, so they may
not last more than a hundred years from now.
According to the Millennium Alliance for Humanity
and the Biosphere (MAHB) report, the world’s oil
reserves will run out by 2052, natural gas by 2060,
and coal by 2090(3). Therefore, several research
projects and experiments are being carried out to
find different alternative sources for the fulfillment
of energy demand that can be renewable,
economical, and environmentally friendly. It
includes solar energy, wind energy, geothermal
energy, and biofuels. A lot of innovative work is
going on in these fields (4-7), and in the future,
they will change the pattern of energy production.

The transport sector uses approximately 25%
of the total energy consumption and islargely
dependent on petroleum (8). Fortunately, biofuels
can be used as an alternative to diesel engines.
Biofuels are combustible fuels produced from
renewable biomass resources, i.e., agricultural or
forest products, animal waste, and biodegradable
portions of industrial waste. Biofuels are classified
into two categories: primary and secondary
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biofuels, based on whether biomass undergoes
processing or remains unprocessed to be used as
biofuel. Primary biofuel (solid biofuel) is an
unprocessed form of biofuel generally used for
cooking, heating, and electricity generation. Wood
pallets, charcoal, sugarcane, corn, maze, etc. are a
few examples of primary biofuels. On the other
hand, secondary biofuel is produced by processing
biomass through fermentation or transesterification
processes(9).1t includes liquid and gaseous forms
of biofuel, such as biodiesel and bioethanol in the
liquid phase, while biogas and biomethane in
gaseous form can be used as an alternative source
for petroleum-based fuels in the transport and
industrial sectors. Assuming that in the future there
will be high demand and extensive use of biofuel,
which will require a much greater supply of
feedstock on a sustainable basis. To fulfill that
demand, there is considerable enthusiasm that is
being taken to include many potential biomass
sources other than edible crops to increase the
production of biofuel at a large scale while avoiding
the conflict of fuel versus food security. In this
context, biofuel feedstock is classified into four
generations depending on the characteristics of
biomass feedstock and the technology involved in
biomass processing. First-generation feedstocks
like corn, hay crops, etc. undergo distillation,
hydrolysis, transesterification, and fermentation
technology, but they pose a threat to the food
crisis. While second-generation feedstock contains
all the non-edible crops such as rice husk, jatropha,
agricultural residue, etc. They produce biofuels
from expensive technologies like thermochemical
and complex biochemical. Third- and fourth-
generation biofuel feedstocks are microorganisms
or microalgae and modification of microorganisms
genetically, respectively.

This study focuses on third-generation biofuel
feedstock microalgae. Biodiesel produced from
microorganisms through the transesterification
process is a better alternative to conventional
diesel fuels. It is renewable and biodegradable and
is considered a ‘carbon neutral fuel’ because its net
emission of greenhouse gases is almost nil.
Biodiesels have the property of high lubricity,
which, when used in diesel engines, increases the
vehicle's life span. Biodiesel can be used in its pure
form as well as in blended form, where it is blended
with petroleum diesel. According to the Mubarak et
al.(10), the pure (unblended) biodiesel that is used
is termed B100 and when it is blended with
fossildiesel fuel,in different ratios, it is termedB2,
B5, and B20 where the numberindicates the
percentage of biodiesel blended with the fossil
diesel fuel withshares2%, 5%,20% and100% in
agallonofdiesel fuel.
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Microalgae is a unicellular or eukaryotic
photosynthetic microorganism that has a simple
cell structure that uses sunlight, water, carbon
dioxide, and materials like phosphorus and
nitrogen as their main nutrient for its growth. They
can easily be found in seawater as well as fresh
water. Microalgae particularly have high oil content
and grow rapidly, so they can double their mass in
24 hours(11).Microalgae have great flexibility and
adaptability to grow even in diverse environments.
In other words, it uses less arable land than any of
the other terrestrial plants; therefore, the conflict
with food production is not the issue here. The
growth rate of microalgae is about 5-10 times
faster than any conventional food crop. Moreover,
microalgae have high lipid productivity which is the
major reason for using it as analternative to
biodiesel feed stock (11).According to a study,
microalgae can have 15-300 times more lipid or fat
productivity than any common oil crop (12).

In recent years, microalgae have attracted
much more attention for producingbiodiesel.

At present, several studies are being carried
out with different compositions of biodiesel from
different species of microalgae. A California
company, Salarymen, has already generated tens
of thousands of gallons of algae-based fuels as
part of their research and development agreement
(13). In a study conducted by Lim et al., they
successfully converted microalgal oil into bio-jet
fuel using a hydroprocessing technique(14).
Previous studies performed by Maria et al., Yanan
et al.,, Sushantet al., and Jassinnee et al.have
proven that different species of microalgae have a
great potential to produce biodiesel(15-18).
According to the literature review(19-22) marine
and freshwater species of microalgae should be
considered to produce biodiesel because of their
high lipid content.However, in recent yearsstudies
conducted by Tahir et al., Gang et al., and
Alejandra et al.revealed that algae cultivated in
wastewater also have the potential to produce a
significant amount of biodiesel, and algae can also
effectively remove the toxic elements from the
wastewater, playing an important role in
wastewater treatment (23-25). Their capability of
wastewater treatment and being a rich source for
biodiesel production makes them suitable sources
to be grown on a large scale (26).

However, this study focuses on microalgae
cultivation in different compositions of aquarium
and freshwater and its impact on lipids. It also
gives a picture of the filtration methodused for
microalgae harvesting,and a brief description of
thebead-beating oil extraction technique, where a
household blender RPM 18000 is used for cell
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disruption. Furthermore, this study also discusses
the production of the catalyst potassium hydroxide
(KOH)through rainwater. So far, this is the first-time
aquarium and freshwater composition have been
discussed for algal cultivation. Though this study
was performed on a small scale, it can be
implemented on a large-scale project because it is
economical and achievable.

2. MATERIAL AND METHOD USED

The material and methods used in this study
are mentioned below:

2.1.Algae production process

\V Vi
\.‘ L : (L;f’ ®|@|e
G & .

Nutrients

Algae can be cultivated in open ponds,
conventional bioreactors, and photobioreactors
through phototropic, heterotropic, mixotrophic, and
photo-heterotropiccultivation  processes.  Abrief
presentation of the different stages of biodiesel
production is shown in Figure 1. In this study,
microalgae were cultivated for biodiesel production.
The cultivation required sunlight, water, carbon
dioxide, and nutrients in a 19:19:19 ratio of
nitrogen, phosphorus, and potassium (19:19:19
NPK). This water-soluble fertilizer mixture is a

Micro algae o

Figure 1. Different steps of biodiesel production

product of the Indian Farmers Fertilizer Co-
operative Limited (IFFCO).
+ & + [ co
! Water
‘ i Bio Diesel
5 ©
phototrophs like microalgae under controlled

2.1.1.Preparation of culture media

There are two most common microalgal
cultivation systems:(i) openmicroalgalcultivation
systems and (i) closed microalgal cultivation
systems (27). The proper light and temperature are
required for algal growth with the other specific
components in both culture systems. In the closed
cultivation system, different types of enclosed
photo-bioreactors areused for the growth of

ZASTITA MATERIJALA 66 (2025) broj 1

conditions. In this work, for the production of
microalgae, fish aquarium water that was stored
for28 days was mixed with fresh water (213 TDS)
in differentratiosi.e. 2:2,2.5:1.5, and 3:1 in three
different glass jars (Figure2) and 5 ml of micro-
algal sample were added in each concentration.
Continuousshaking was  administered,so it
didnotproduce excessive CO..
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Figure 2.Stages of Microalgae Cultivation

2.1.2. Culturing Conditions

Microalgal growth depends on light, carbon
dioxide, pH value, temperature,andthe presence of
materials like phosphorus and nitrogen. The basic
condition for algae cultivation is, the presence
oflight wavelengthbetween 600nm to 700nm, a
temperature range between 10°C-35°C, a pHvalue
between 7-9, and a water salinity range between
12-40 g/l issuitable.During the experiment, to
maintain the temperature and avoid the production
of excess CO: in culturing media, the Orbital
Shaking Incubator (tabletop VSLI-144 model) was
used. In this work, microscopic green algae were
used,the selection of this algae is based on
itsrelatively high lipid accumulation in comparison
to red algae and brownalgae. However, red algae
can be used as a key for accelerating biodiesel
production.

2.1.3. Monitoring culture growth

During the experiment, temperature and pH
valueswere monitoredand maintained between
27°C-32°C and 8.5 respectively. This cultural
growth was monitored for 16 days.

2.1.4. Microalgae Harvesting

Algal harvesting has many different harvesting
techniques such as gravitysedimentation, filtration,
floatation, and centrifugation (28). In this
experiment, the filtration technique was used as it
does not require any kind of installation, has quite
high recovery efficiency, and produces much more
clear material than the sedimentation process. The
micro-algal culture of the jar was poured on the
filter paper (Weightoffilterpaper=0.23 g) placedover
the other jar and we waited till the complete
draining. The green slime found on the filterpaper
(Figure3)wasalgalbiomassthatwasfurther used
foroil extraction. The total dry weight of algae is
calculated using the given formula:

Total dry weight of algae = Weight of filter paper without filtrate - Weight of filter paper without filtrate (1)
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Figure 3: Algae Sample for Different
Concentrations

2.1.5. Oilextraction from microalgae

There are several oil extraction methods to
extractlipids from microalgae, but all those methods
areclassified into two broad categories: (i) the
Mechanical OilExtraction Method and (ii) the
Chemical Oil ExtractionMethod.However, in recent
years, some scientists classifiedthe oil extraction
method for microalgae into threemore different

Dry weight of algae

groups that are based on Enzymes i.e. (i) Enzyme-
Assisted Method, (i) Accelerated Solvent
Extraction (ASE),and (ii) Microwave-Assisted
Extraction (MAE) (29)In this work, bead beating a
mechanical method was used for lipid extraction
during the experiment. This method refers to the
disruption of microalgae cells, where damage
isdirectly caused to the cell by high-speed spinning.
There are two very common types of bead
millmethods, the Shaking VesselMethod (SVM)
and the Agitated Beads Method (ABM) (30). In
shaking vessels, the cells aredamaged by
continuous shaking of the entire vessel on a
vibrating platform whereas a rotating agitator is
fixed inside the culture ves sel which damages the
cells of microalgae in ABM.

A complete ABM technique is shown in Figure
4.Duringtheexperiment,due to the unavailability of
oil extraction equipment, a household blender
(RPM 18000) was used for breakingcells of
microalgae usinga mechanical technique and water
was addedto form a solution. Then it was left to be
settled. Oil was separated as itformed a layer at the
top of the jar (Figure5). The volume of the algal oil
was initially measured, and the volume vyield per
liter was determined using the formula given below:

Concentration of algae per litre =

Whole Algal Cell Bead Beating Technique

Algal water collected

x 1000 @)

—

- :
M T

Disrupted Algal Cell Exectrated Algal Lipid

Figure 4.Bead Beating Oil Extraction Technique

Figure 5. Oil Extraction
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2.1.6. Preparation of catalyst KOH for
thetransesterification process

For this study potassium hydroxide solution
was made from white ashes of hardwood. When
hardwood trees like sugar maple, buckeye, and
beech grow they extract potassium from the
ground(31) In this experiment, Indian Horse
Chestnut tree ashes were used as the potassium
present in the wood does not burn with fire and is
in the ashes.

Figure 6: Preparation of Potassium Hydroxide

The second thing we need is soft water, in this
work, rainwater is taken as soft water because it is
ideal for preparing KOH solution as it has a lower
concentration of other components and is available
in large quantities. After this layers of pebbles,
dried straw, hardwood ashes, and rainwater are
filled in a disposable glass from bottom to top (31)
as shown in Figure 6. The glass has holes at the
bottom, for the drainage of water. This drained
water is collected, and the pH value is testified. If
the pH value is 13, it is a strong KOH solution but if
its value is less, then the entire water is again
poured into the barrel. In this work, 15 ml of
rainwater with 10 g of hardwood ashes was taken
to prepare the catalyst that produced 12.5 ml of
potassium hydroxide (KOH) solution with a pH of
13.48.

2.1.7.ConversionofMicro-AlgalLipidtoBiodiesel

Following the oil extraction process, the
resultant micro-algal lipidor oilcan be converted into
biodiesel by any of the mechanical or chemical
methods.However, in this study lipid is converted
into biodiesel by theprocess of transesterification
which is a chemicalprocess where triglyceride
(TAG) i.e. algal oilwas reactedwith ethanolin the
presence of catalyst i.e. KOH resulting in the
formation of biodiesel andgly cerolasaby-product
(Figure7).

Solution
CH,OCH,R, CH,OH IT1COOCsz
Catalyst
H,0COR,  + 3HOC,Hs KO Soluton > éleoH ¥ IT2COO(32H5
CH,0OCOR, CH,OH R,COOC,H;
Triglyceride or algal oil Ethanol Glycerol Ethyl ester or Biodiesel

R1, R2& R3 represent the chain of fatty acids in TAG and ethylester.

2.1.8. SeparationofBiodieselandGlycerinbyGravitySettlementMethod

After the transesterification process, the mixture of glycerol and ethylesteriskeptforapproximately 24
hourstoseparate biodieselandglycerin. Figure7shows the separation of biodiesel from glycerin.

Figure 7.(a) Transesterification process, (b) Produced Biodiesel
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3. RESULT AND DISCUSSION

The amount of cultivated algae, algal oil extraction, andbiodiesel produced for 2:2, 2.5:1.5, and 3:1

concentrations are shown in Figures.

400 1

3501

300 -

2501

200 4

Water (ml)

1504

1001

501

0,
2:2

EZZ Tank water
[ Tap water

2.5:1.5 3:1

Concentration

Figure 8. Proportion of aquarium and freshwater for different concentrations utilized for the experiment

The previous studies conducted by Sanchez-
Bayo et al. and Osundeko et al. (19-22), they had

cultivated algae in seawater, freshwater, and
wastewater.However,this study cultivated
algaeusingaquarium  water and  freshwater

composition.Figure8 shows the composition of
aquarium water (tank water) and freshwater (tap
water) used at three different concentrations for

while the y-axis represents the volume of water in
milliliters (ml).For 2:2 concentration 200 ml of
aquarium and 200 ml of fresh water were taken
while for 2.5:1.5 concentration, 250 ml of aquarium
and 150 ml of fresh waterwere used. And for 3:1,
300 ml of aquarium water and 100 ml of fresh
water wereemployed.The blue hatched bars
indicate the volume of aquarium water, and the

algae production.The x-axis represents the Pink bars show the volume of freshwater used in
different concentrations (2:2, 2.5:1.5, and 3:1), €ach concentration.
2.90 1
¥ 2.851
L0
[~
Y
=]
& 2.80
¢}
=
3
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22 25015 31
Concentration

Figure 9.Dry weight of Algae Produced from different Concentrations.

ZASTITA MATERIJALA 66 (2025) broj 1

173



Nikita Singh et al.

Study of greenmicroalgaeasafeedstock for biodiesel production

The dry weight of microalgae produced from
different concentrations is represented in Figure 9.
The graph indicates a positive linear relationship
between the concentration ratio of aquarium water
to fresh water and the dry weight of algae. We can
see that a higher amount of 2.92 g microalgae is
produced in concentration 3:1 while in concen-

tration 2:2 lower amount of 2.69 g microalgae was
cultivated.As the proportion of aquarium water
increases relative to fresh water, the dry weight of
algae also increases. This suggests that higher
concentrations of aquarium water led to greater
algae cultivation.

7.90+

7.851

7.804

7.754

7.704

Conc.of algae per liter (g/1)

7.65+

7.60+

T
2:2

T T
2.5:1.5 31

Concentration

Figure 10. Concentration of Algae PerLiter (g/l) for Different Concentrations

In the experiment performed by Amit et al.(32)
they took four algal strains and produced biomass
yield per liter- 0.65 g/l, 0.37 g/l, 0.35 g/l, and 0.32
g/l in STS (secondary-treated sewage), PTS
(primary-treated sewage), CWW (lIT Roorkee
Saharanpur campus wastewater), and PWW
(paper mill wastewater)respectively. In their
experiment, STS had the highest algal biomass
yield. Anotherexperiment performed byVictor et al.
produced 1.69 g/l and 2.25 g/l from two algae
strains Chlorella and Nannochloris respectively and

7

had the highest biomass yield in the Nannochloris
algae strain(33). Whereas, in this study, algal
biomass found was 7.59 g/l, 7.76 g/l, and 7.90 g/l
for three different concentrations of aquarium and
freshwater. Thisamount of algae per liter is
calculated for the different concentrations using
equation (2) and is shown in Figure 10. However,
the concentration of algae per liter depends on the
produced algal biomass. The concentration of
algae per liter was higher for concentration 3:1
while it was lower for 2:2 concentration.

Oil production (ml)

2:2

EE Algal oil
I Biodiesel

2.5:1.5 3:1

Concentration

Figure 11. Algal Oil and Biodiesel Produced from Different Concentrations
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KOH Used (ml)

2:2 2.5:1.5

Concentration

Ethanol Used (ml)

T
2:2 2.5:1.5 3:1

Concentration

Algal Oil Used (ml)
o [ M w Y

2:2 2.5:1.5

Concentration

Biodiesel Produced (ml)
o = L& w

2:2 2.5:1.5

Concentration

Glycerin Produced (ml)
o = L& w EY
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Figure 12.Chemicals Used for Biodiesel Production
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The algal oil extracted from algal biomass and
biodiesel produced from algal oil are shown in
Figure 11. As we can see, algal oil extracted from
different compositions of aquarium and freshwater
is high in 3:1 concentration i.e. 5 ml, the biodiesel
produced from algal oil is also high in this
concentration i.e. 4.95 ml produced by bead
beating oil extraction technique. Algal oil produced
in 2:2 and 2.5:1.5 was in equal amounts i.e. 4.5 ml,
while biodiesel produced in 2:2 was the least 3.15
ml. Also, the produced biodiesel from 2.5:1.5
concentration was 3.96 ml. On comparing our
study's results with experiment results performed
by Reem et al., the total algal oil content was found
to be 5.8+- 0.16% through the Folch oil extraction
method, and the produced biodiesel yield was
19.3% (34).

Figure 12 shows the usage of KOH, ethanol,
and algal oil and the resultant production of
biodiesel and glycerin across three different
concentrations 2:2, 2.5:1.5, and 3:1. For each
concentration 2ml of KOH was used. The algal oil
and ethanol were in equal amounts for 2:2 and
2.5:1.5 concentration i.e. 4 ml each while for
concentration 3:1 their amount was increased to
4.5 ml each so that we can observe the changes in
the biodiesel production reaction. The production of
biodiesel increased with higher concentrations,
yielding 3.15 ml for 2:2, 3.96 ml for 2.5:1.5, and
4.95 ml for 3:1 concentration. The production of by-
product i.e. glycerin was relatively constant for
2.5:1.5 and 3:1 concentration, both producing 4.0
ml of glycerin, whereas it was slightly higher for 2:2
concentration. We have analyzed, that as we
increased the concentration of algal oil and ethanol
the production of biodiesel increased while the by-
product production remained constant.

4. CONCLUSION

This study concludes that microscopic green
algae can be effectively cultivated in glass jars
under controlled conditions. The findings suggest
that algal biodiesel can be an alternative source to
petroleum-baseddiesel fuel as it is environment-
friendly, does not affect human health, and
issustainable.

In this study, three different ratios of aquarium
water to freshwater (2:2, 2.5:1.5, and 3:1) were
used for microalgae cultivation. The bead-
beatingoil extraction technique was used because
of its high efficiency in cell disruption and shorter
processing time compared to other methods. It was
observed that a higher concentration of aquarium
water in the considered mixture resulted in greater
microalgae growth.

176

The results of this study showed that the
highest concentration of algal oil and ethanol
resulted in a higher quantity of biodiesel. However,
comparing the two concentrations i.e. 2:2 and
2.5:1.5, and adding equal amounts of algal oil and
ethanol to both, yields different biodiesel outcomes.
In the 2:2 concentration, less biodiesel was
produced, and a higher amount of by-product i.e.
glycerin was generated. On the other hand, in the
2.5:1.5 concentration, more biodiesel was
produced, and less glycerin was generated. The
third concentration that was considered was in the
ratio 3:1 and in this mixture amount of algal oil and
ethanol was also increased by 0.5 ml resulting in a
higher quantity of biodiesel, while the glycerin
production remained the same as it was present in
the 2.5:1.5 concentration.

A limitation of this study was that the processes
of cultivation, harvesting, oil extraction, and
transesterification process of microalgae were
time-consuming. However, refiningtheseprocesses
could potentiallymaximize the yield and will lead
the transport sector towards a green fuel.
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1ZVOD
STUDIJA ZELENIH MIKROALGI KAO SIROVINE ZA PROIZVODNJU BIODIZELA

Biodizel kao izvor energije oznacio je ivicu rastuce energetske krize. Postoji viSe nacina na koje se
biodizel moZe proizvesti, a u toku su agresivna istraZivanja u oblasti biodizela. U ovom radu smo
se fokusirali na proizvodnju biodizela iz mikroalgi. Zelene mikroalge, sirovina trece generacije, su
obecavajuci kandidati za proizvodnju biodizela zbog visokog sadrZaja lipida i brzog rasta. U ovoj
studiji, za uzgoj mikroalgi, stvoreno je okruZenje razliCitih temperatura koje su bile izmedu 27°C i
32°C. Takode, tri razli¢ite koncentracije (2:2, 2,5:1,5 i 3:1) akvarijumske i slatke vode razmatrane
Su u ovom radu za rast algi, a istraZzen je metod ekstrakcije lipida kao Sto je mehanicko
uniStavanje celija da bi se utvrdila njegova efikasnost. Kada je proces ekstrakcije lipida
optimizovan, ekstrahovani lipidi su podvrgnuti procesu transesterifikacije, pretvarajuci ih u biodizel.
Rezultati ovog istraZivanja pokazuju da je veca koncentracija akvarijumske vode rezultirala boljom
proizvodnjom algi, odnosno, osusene mase algi ekstrahovanih iz gore navedenih koncentracija
bile su 2,69 grama, 2,79 grama, odnosno 2,92 grama. Biodizel proizveden od su$enih algi bio je
3,15 ml, 3,96 ml i 4,95 ml, respektivno. Ovi rezultati sugeriSu da se zelene mikroalge mogu
smatrati primamljivom sirovinom za proizvodnju biodizela. Optimizacija metoda uzgoja i
ekstrakcije lipida mozZe poboljsati biomasu i produktivnost lipida, povecavajuc¢i ukupan prinos
biomase. Ova studija zakljucuje da biodizel iz algi moZe biti alternativni izvor za dizel gorivo na
bazi nafte.

Kljuéne reci: Biodizel; microalgae; ekstrakcija lipida; biomasa; temperatura.
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Investigating the effect of polypropylene fibres and curing parameters
on the workability and mechanical properties of concrete

ABSTRACT

Polypropylene fibres possess certain characteristics that make them an ideal counterpart to attain
explicit advantages when used for building works, more specifically, when added to concrete. In
this investigation, polypropylene fibres were added by weight of cement (0.25%, 0.5% and 0.75%)
in M20 grade of concrete and their impact on workability, compressive strength and flexural
strength was assessed and analyzed. The slump test revealed that as the polypropylene fiber
loading in the concrete mix was increased, the workability of the mixture continued to decrease;
the workability decreased by 11.11%, 19.44% and 45.83% upon addition of 0.25 %, 0.5%, and
0.75% fibres respectively in the concrete. The compressive strength as well as the flexural
strength of the concrete increased monotonously with increase in the curing time and fibre
loading. For instance, in case of acidic water curing, the compressive strength enhanced from
19.08 MPa to 22.85 MPa upon increasing the fibre content from 0.25% to 0.75%. Adding 0.25%
polypropylene fibre resulted in an increase in the flexural strength of conventional concrete mix by
15.78% and 10.29% when cured in normal water for 28 days and 56 days, respectively. Both
compressive and flexural strength of the samples cured in normal water was found to be higher
than the samples cured in acidic water and it was observed that the fibre reinforced concretes
were more resistant to acids than the normal unreinforced concrete.

Keywords:Cement,curing time, slump behavior, compressive strength, flexural strength

1. INTRODUCTION

In the construction sector, concrete is the most
popular building material.lt consists of a carefully
selected mixture of binders such as cement, well-
classified fine and coarse aggregates, water and
additives.To improve the qualities of conventional
concrete, short, discrete fine fibers are randomly
dispersed throughout the material [1-3]. The
strength properties, aspect ratio, orientation,
volume, shape, spacing and dispersion of the fibers
affect how well a structure performs. A variety of
fibers, including asbestos, steel, glass, carbon,
nylon, and others, have been employed to enhance
the characteristics of typicalconcrete [4-6].0ff late,
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a noveldevelopment in concrete related research
has been the reinforcement of variousfibers, which
has displayedexcellentoutcomes in the form of
enhanced compressive and flexural strength of the
concrete. Polypropylene (PP), also known as
polypropene, is a fiber that is used for strengthen
concrete and for protection of concrete against
micro cracks [7-10]. The durability of concrete has
been found to improve by adding polypropylene
fibers. Zhang et al. [1] noted that the compressive
strength of concrete increased with increase in
fiber dosage up to 0.3%. However, additional
upsurge in the fibre content caused a reduction in
the compressive strength. The incorporation of
chopped basalt fibers to concrete mixtures exerted
a positive impact on both compressive and flexural
strength without compromising on the workability.
Addition of 1% basalt fibersled to an upsurge in the
flexural and tensile strength by 64% and 46%,
respectively [2]. Toutanji [10] investigated the
consequence of adding polypropylene fibers and
silica fume on the mechanical properties of cement
concrete. The silicon fume contents used were 5
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and 10%, and the fiber volume fractions were 0.10,
0.30, and 0.50%. The findings showed that 5%
fumed silica in combination with 0.30% fiber
volume fraction provided the best mix design for
repair applications in terms of processability,
bonding, strength, elongation, and permeability.
However, it is noteworthy that adding silica fume
alone ensued a substantialreduction in perme-
ability. Curing is essential to the development of
the dense microstructure and pore structure, which
in turn controls the concrete's moisture loss during
cement hydration and leads to the achievement of
desired properties. Yan and Cui [11] discovered
that grinding fine slag powder with cement, fly ash,
silicon ash composite, and gelled material at curing
temperatures over 50°C greatly increases the
reactivity of cement. However, a high curing
temperature exerts a detrimental impact on
adhesion and mechanical properties [12].

In this investigation, polypropylene fibres were
added by weight of cement (0.25%, 0.5% and
0.75%) in M20 grade of concrete to assess their
impact on the various properties of the
concrete.Concrete specimens reinforced with and
without polypropylene fibres were casted and
subsequently cured in normal and acidic water for
7, 28 and 56 days. The impact of polypropylene
content, curing medium and curing time on
workability, compressive and flexural properties
were determined, analyzed and discussed during
the investigation.

2. MATERIALS AND METHODOLOGY

2.1. Materials Used

Materials utilized in the production of concrete
mixtures include cement, aggregates (coarse and
fine),polypropylene fibers, and sodium sulfate.
Each material has been tested and its physical
properties are described below. Digital photograph
of polypropylene fibre used in this work.

Cement:Grade 43 ordinary Portland cement
(OPC) was used as recommended by 1S-8112 [13].
A cement plant was used throughout the JK OPC
experimental work. Table 1 shows the
characteristics of OPC.

Table 1. Properties of cement

Properties of Cement Experimental value
Normal cqnsistency 35
(% by weight of cement)
Setting time (minutes)
Initial 45
Final 350
Specific gravity 3.14

Fine Aggregate:Sand present in the nearby
locality was utilized as the fine aggregate. The
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physical properties of these aggregates
enumerated in Table 2 were determined according
to the test procedure described in 1S-383 [13].

Table 2. Properties of fine sand aggregates

Physical properties Values
Grading zone i
Specific gravity 2.7
Moisture content (%) 25

Coarse Aggregate: Natural crushed stone with
a maximum size of 20 mm were used as coarse
aggregate. The aggregates were tested in
accordance with 1S-2386[13] and the findings are
illustrated in Table 3.

Table 3.Properties of coarse natural stone
aggregates.
Physical properties Values
Specific gravity 2.63
Water absorption 1.11%
Free surface moisture 1.976
Water content 1.4%

Polypropylene fibre: Polypropylene fibre was
taken from Indiamart. The length of the fibres was
2-12mm; diameter was 0.01-0.1mm and was
having an aspect ratio of 200. Other specifications
of these fibres are presented as under. The digital
photograph of polypropylene fibre used in this work
and its properties are recorded in Table 4.

Table 4. Properties of polypropylene fibre

Properties Value
Unit weight 0.91 g/cc
Length 2-12 mm
Diameter 0.01-0.1 mm
Colour White
Moisture absorption Nil
Modulus of elasticity 3500 MPa
Tensile strength 40,000 psi
Dispensability Excellent

Sodium sulfate:The sodium sulfate which was
used in the work was procured from ROYAL CHEM
in Delhi. The properties are shown in Table 5.

Table 5. Properties of sodium sulfate.

Properties Value
Chemical formula Na2SO04
Appearance White crystalline solid
Odor Odorless
Density 2.664 g/cm?®
Melting point 884 °C
Boiling point 1429 °C
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Figure 1. Digital photo graph of polypropylene fibre used in this work

2.2. Mix Proportioning Table 6. Mix proportions per cubic meter
The mix proportion followed in this study Material Quantity
wasl1:1.479:3.19 according to 1S-10262[13] with Cement 383.33
water-cement ratio of 0.5 for M20 grade of Fine aggregate 567.102
concrete. The calculated proportion for 1ms3 is Coarse aggregate 1224.9
illustrated in Table 6. Water 191.61
Water/cement ratio 0.5

7 <

Figure 2. Digital photograph of (a) cast samples, (b) curing process, (c) compressive test
and (d) flexural test being carried out on the samples
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2.3. Mixing of Concrete

Mixing was carried out manually. First, the dry
mix components, cement and both types of
aggregates, were mixed for 2 minutes, then water
was added and mixing was carried out for
additional 2 minutes. The cumulative time of mixing
was maintained at 4 min in all experiments until a
homogeneous mixture was produced. Compaction
was first done manually using a standard tamping
rod, with appropriate blows to ensure layered filling
of the mold, and finally compaction was performed
using a vibrator.All samples were taken out from
the mold after 24 h and placed in water until the
testing was performed.

2.4. Casting and Curing of Test Specimens

For compressive strength, total 72 cubes of
size 150x150x150mm were casted using M20 mix
of concrete. Demoulding of the casted cubes was
done after 24 hours from the time of casting of
cubes. Water curing of the respective cubes was
done for 7, 28 and 56 days in normal water and
acidic water. These cubes were removed from the
curing tank and tested while still wet, immediately
after removal from the water. The support surface
of the cube was wiped clean to remove all the
loose particles adhered on to the surface. For
permeability, 3 cubes were casted which includes
one cube of normal concrete, one cube by adding
0.25% of fibre by weight of cement in concrete and
one cube by adding 0.75% of fibres to the
concrete.

For flexural strength, total 72 beams were
prepared using M20 mix of concrete having size of
100x100x500mm. Demoulding of the casted
beams was done after 24 hours from the time of
casting of beams. Water curing of the respective
beams of normal concrete and fibre reinforced
concrete was done for 7, 28 and 56 days in normal
and acidic water. These beams were removed from
the curing tank and tested while still wet,
immediately after removal from the water.

2.5. Testing of Specimens

Test methods include workability testing of
fresh concrete mixtures and compressive and
flexural strength testing of hardened concrete
samples. To estimate the workability, slump test
was conducted as per 1S-1199 [13]. Compressive
strength tests were conducted as per 1S-516
[13].72 cubes of size 150x150x150mm were
prepared for each mix which includes 36 cubes for
normal water curing and 36 cubes for acidic water
curing. After 24 hours, the samples were taken out
from the molds and allowed to cure in water for 7,
28, and 56 days. Flexural strength was measured
according to 1S-516. Tests were conducted on
beam samples with dimensions of 100 x 100 x 500
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mm after 7, 28 and 56 days of curing. The reported
values of both types of strengths is the average of
the results obtained from three identical test
samples for each configuration. Digital photograph
of cast samples, curing process, compressive test
and flexural test being carried out on the samples
is shown in Fig. 2.

3. RESULTS AND DISCUSSION

3.1. Slump values

The slump values obtained for the fabricated
specimens is shown in Fig. 3. Results reveal that
concrete without fibre exhibitedthe highest slump
value (72 mm). Continuous increase in the quantity
of fibres resulted in a decline in the slump value
from 64 mm for concrete containing 0.25% fibres to
39 mm for concrete containing 0.75% fibres. The
slump decreased with the incorporation of
polypropylene fibre due to the high absorption
characteristics of the fibers. The results of the
slump test conclude that as the fiber content in the
concrete mixture increases, the workability of the
mixture continues to decrease. The workability of
the concrete mix decreased by 11.11%, 19.44%
and 45.83% upon addition of 0.25 %, 0.5%, and
0.75% of fibres respectively to the concrete.

80 |
70
60
50
40— — - E -
30 -
20 +
10 -
0 4

Slump value (mm)

0 0.25 0.50 0.75
Polypropylene fibre content (wt.%)

Figure 3. Slump values of concrete mixtures
containing different proportions of polypropylene
fibers

3.2. Compressive Strength

The results of compressive strength test
performed over the fabricated samples is displayed
in Table 7 (normal water curing) and Table 8 (acid
water curing). It is evident that the compressive
strength of the concrete increases monotonously
with increase in the fibre loading irrespective of the
curing medium.In case of water curing, with
increase in concentration of polypropylene fibre
from 0.25% to 0.75%, the average compressive
strength got enhanced from 28.11 MPa to 30.76
MPa showing an increase of 8.7%. Similarly, for
acid curing the compressive strength enhanced by
19.8% upon increasing the fibre content from
0.25% to 0.75%. This behavior may be attributed to
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the fact that the polypropylene fibres hold the
micro-cracks and delay their propagation when the
concrete is subjected to compressive load [14].
Furthermore, the table indicates that increasing the
curing time led to an upsurge in the compressive
strength for both type of curing medium. In case of
normal water curing, for the sample containing
0.75% fibre, the compressive strength increased
from 22.96 MPa to 29 MPa upon increasing the
curing time from 7 days to 28 days. Further
increasing the curing time to 56 days led to a
further increase in compressive strength to 40.35
MPa. In case of acidic water curing, the
compressive strength of 0.75% fibre reinforced

concrete was found to be 15.23 MPa, 20.32 MPa
and 32.99 MPa for 7, 28 and 56 days of curing,
respectively. Among all tested configurations,
highest compressive strength of 40.35 MPa was
reported for the specimenhaving 0.75% poly-
propylene fibers cured for 56 days in normal water.
The compressive strength of the specimens cured
in normal water was found to be greater than the
samples cured in acidic water. Consequently, the
loss in compressive strength for the considered
concrete mixes as a result of change in the curing
medium from normal water to acidic water post 28
and 56 days of curing.is displayed in Fig. 4.

Table 7. Influence of polypropylene fibres on the compressive strength of concrete mix post normal water curing

S.No. Polypropylene Compressive strength (MPa) Avg. compressive
fibre(%) 7 days 28 days 56 days strength (MPa)
1 0 18.40 24.93 35.86 26.394
2 0.25 19.87 26.88 37.58 28.11
3 0.5 20.32 28.06 38.57 28.98
4 0.75 22.96 29.00 40.35 30.76

Table 8. Influence of polypropylene fibres on the compressive strength of concrete mix post acidic water curing

S.No. | Polypropylene fibre(%) Compressive strength (MPa) Avg. compressive strength
7 days | 28 days 56 days (MPa)
1 0 11.06 16.94 22.94 16.98
2 0.25 13.74 18.33 25.19 19.08
3 0.5 14.70 19.61 28.05 20.78
4 0.75 15.23 20.32 32.99 22.85

It is apparent that the loss in compressive strength is much more substantial in case of unreinforced
concrete than the reinforced concrete specimens. Additionally, the loss in compressive strength
diminished with upsurge in the fibre loading. For instance, the loss in compressive strength for 0.25% fibre
reinforced concrete post 56 days of curing is 32.9%, which reduces significantly to 18.2% upon 0.75%

fibre reinforcement.

40

35

30

25 -

loss in compressive strength after 28

20

15

days

® loss in compressive strength after 56

days

10 +—

Loss in Compressive strength (%)

0 0.25
Polypropylene fibre content (wt.%)

0.50

0.75

Figure 4. Loss in compressive strength for the considered concrete mixes as a result of change in the
curing medium from normal water to acidic water post 28 and 56 days of curing
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3.3. Flexural Strength

Flexural strength of concrete mix comprisingof
varied loadings of polypropylene fibre after 7, 28
and 56 days of curing in normal water and acidic
water is illustrated in Fig. 5a and 5b, respectively.
Remarkable improvement in the flexural strength

was obtained on addition of polypropylene fibres
into the concrete. Adding 0.25% polypropylene
fibres caused an increase in the flexural strength of
conventional concrete mix by 15.78% and 10.29%
when cured in normal water for 28 days and 56
days, respectively.

10
S
&
e 8
=P - -~ flexural strength after 7
£ days
E 4 =fi=flexural strength after 28
B g days
£ flexural strength after 56
= 0 : : : : days
0% 0.25% 0.50% 0.75%
( a) Percentage of fibre
8
&7
6 r
=5 - flexural strength for 7
%‘3 4 /. days
=3 .-______.,_4 = =fi=flexural strength for 28
E 2 days
21 flexural strength for 56
D
=0 : . ; . day
0% 0.25% 0.50% 0.75%
(b) Percentage of fibre
40
& 35
S 30
)
S 25
§ 20 4— loss in flexural strength
=15 1 after 28 days
= ) il M loss in compressive
z 10
= 5 strength after 56 days
=g pu
5 5 | .
o 0% 0.25% 0.50% 0.75%
(C) Percentage of fibre

Figure 5.Influence of polypropylene fibres on the flexural strength of concrete mix post (a) normal water
curing and (b) acidic water curing; and (c) loss in flexural strength for the considered concrete mixes as a
result of change in the curing medium post 28 and 56 days of curing

Increase in the loading of polypropylene fibre to
0.75% led to a further improvement in the flexural
strength of the concrete mix by 78.94% for 28 days
and 54.88% for 56 days of normal water curing.
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Similar behavior was found for the samples cured
in acidic water. The flexural strength of the
specimens cured in normal water was found to be
greater than the samples cured in acidic water. Fig.
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5c depicts the reduction in the flexural strength for
the considered concrete mixes as a result of
change in the curing medium from normal water to
acidic water post 28 and 56 days of curing. It is
clear that the fibre reinforced concretes are more
resistant to acids than the normal concrete. The
loss in flexural strength in case of normal
unreinforced concrete was found to be 27.61% for
28 days and 22.06% for 56 days of curing.
However, the addition of 0.75% of fibre in concrete
reduced the loss in strength to 16.13% for 28 days
and 11.97% for 56 days of curing. The loss in
flexural strength decreased upon increasing the
percentage of polypropylene fibres in the concrete.
It is worth mentioning that the findings of the
flexural test were in line with the observations
found in case of compressive test.

4. CONCLUSION

In this investigation, polypropylene fibres were
added by weight of cement (0.25%, 0.5% and
0.75%) in M20 grade of concrete and their effect on
workability, compressive strength and flexural
strength was assessed and analyzed. Additionally,
the specimens were cured in normal and acidic
water for 7, 28 and 56 days to understand the
effect of curing medium and curing time. The

findings of the study are summarized in the
following observations and conclusions.
e The slump test revealed that as the

polypropylene fiber loading in the concrete mix
was increased, the workability of the mixture
continued to decrease. The workability
decreased by 11.11%, 19.44% and 45.83%
upon addition of 0.25 %, 0.5%, and 0.75% of
fibres respectively to the concrete.

e The compressive strength as well as the
flexural strength of the concrete increased
monotonously with increase in the curing time
and fibre loading. For instance, in case of
acidic water curing, the compressive strength
enhanced from 19.08 MPa to 22.85 MPa upon
increasing the fibre content from 0.25% to
0.75%. Adding 0.25% polypropylene fibre
resulted in an increase in the flexural strength
of conventional concrete mix by 15.78% and
10.29% when cured in normal water for 28
days and 56 days, respectively.

e Both compressive and flexural strength of the
samples cured in normal water was found to be
higher than the samples cured in acidic water
and it was observed that the fibre reinforced
concretes were more resistant to acids than the
normal unreinforced concrete.
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1ZVOD

ISPITIVANJE UTICAJA POLIPROPILENSKIH VLAKANA | PARAMETARA
OCVRSCAVANJA NA OBRADIVOST | MEHANICKA SVOJSTVA BETONA

Polipropilenska viakna poseduju odredene karakteristike koje ih ¢ine idealnim parom za postizanje
eksplicitnih prednosti kada se koriste za gradevinske radove, tacnije kada se dodaju betonu. U
ovom istraZivanju dodata su polipropilenska viakna po masi cementa (0,25%, 0,5% i 0,75%) u
betonu marke M20 i procenjen je i analiziran njihov uticaj na obradivost, ¢vrstocu na pritisak i
¢vrstocu na savijanje. Test sleganja je otkrio da kako je opterecenje polipropilenskim vlaknima u
betonskoj mesavini bilo povecano, obradivost smeSe je nastavila da opada; obradivost je
smanjena za 11,11%, 19,44% i 45,83% nakon dodavanja 0,25%, 0,5% i 0,75% vlakana u beton
respektivno. Cvrstoda na pritisak kao i évrstoéa betona na savijanje monotono su se povedavala
sa povecanjem vremena ocvrScavanja i opterecenja vlaknima. Na primer, u sluCaju kiselog
ocCvr§cavanja u vodi, ¢vrstoca na pritisak se povecava sa 19,08 MPa na 22,85 MPa povecanjem
sadrZaja vlakana sa 0,25% na 0,75%. Dodavanje 0,25% polipropilenskih viakana rezultiralo je
povecanjem cEvrstoce na savijanje konvencionalne betonske meSavine za 15,78% i 10,29% kada
se osusi u normalnoj vodi tokom 28 dana i 56 dana, respektivno. Utvrdeno je da su i tlacna i
savojna c¢vrstoca uzoraka ocvrscanih u normalnoj vodi ve¢a od uzoraka ocvrsnutih u kiseloj vodi i
uoceno je da su betoni ojacani vlaknima otporniji na kiseline od normalnog nearmiranog betona.
Kljuéne rec¢i: Cement, vreme ocvrscavanja, ponaSanje pri slijeganju, Cvrstoca na pritisak,
¢vrstoca na savijanje
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ABSTRACT

Within conducted research the results of microbiological investigations on specific metabolic
(phenotypic) groups of bacteria that play crucial roles in the biogeochemical cycling of iron,
manganese, nitrogen, sulfur, and carbon are presented. These bacteria are also involved in the
development of biocorrosion and biofouling processes, with some posing risks to public health.
Utilizing results from applied biological activity reaction tests (BART tests), processed using
specialized software, potential risks for the development of microbiologically mediated corrosion,
biofouling, and health risks were calculated for seven wells within two oxic sites in the Danube
alluvium — Vinci and Veliko Gradiste, Serbia.Moderate to high corrosion risk was determined for all
seven wells at both sites (CR=5.4). Microbiological fouling risk was very high in three out of the
seven investigated wells (PR=8.10). Among the seven sites studied, one site stood out based on
the calculated high value of health risk coefficient (HR=8.10).The research results provide new
insights into the microbiological role in aging wells in oxic groundwater of the Danube alluvium. It
is demonstrated that the physicochemical composition and chemical species such as minerals,
organic matter, and the specific composition of microbial communities in the studied groundwater
have the potential to stimulate biocorrosion and the formation of deposits and biofilms within well
structures.In addition to biochemical analyses, hydrogeological characteristics of the analyzed
area are presented to define the geological stratigraphy, for which specific microbiological
transformations would be expected based on the obtained results.

Key words:biocorrosion, biofouling, groundwater, health risk, Serbia

1. INTRODUCTION

Well corrosion and biological clogging affect
water quality, the operational lifespan of pumps,
pipelines, and the quality of hydraulic structure
operation in general. The occurrence of 'aging' wells
and reduced vyields, attributed to heightened
resistance in the pre-filter zone, primarily stems
from “unfavorable” groundwater chemistry that
promotes chemical and biological incrustation
(clogging) of the pre-filtering zone and the well filter
structures. Specific water composition and increase
of hydraulic resistance in the pre-filtering zone
intensify these processes. The impact of well
‘aging' is evident in wells operational limitations,
particularly in their inability to maintain the required
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(adopted) protection criteria and achieve the
permissible groundwater level relative to the terrain
surface. Due to the expenses related to labor,
equipment, and production caused by biofouling,
this issue poses a notable economic concern
[1].Biofouling is the term used to describe the
unwanted accumulation of microbial organisms and
their extracellular substances [1,2]. The micro-
organisms (bacteria, archaea, and fungi) naturally
present in groundwater can significantly impact the
surface processes and expedite corrosion in
environments where corrosion would not typically
occur favorably [3, 4]. The biofim forming
community is diverse and contains species that
have often been linked with corrosion, such as
sulphate  reducing bacteria (SRB) and
methanogenic archaea (MA) [3]. Alongside the
conventional assessment of well aging processes
primarily centered around calculated risks
(Langelier Saturation Index, Riznar stability index)
associated with chemical corrosion and incrustation
- chemical fouling [5], contemporary research is
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placing a growing emphasis on investigating the
impact of microorganisms on well aging and the
formation of biofouling [6]. The type of clogging and
biofouling associated with the growth and activity of
specific bacterial groups can vary and depends on
the chemistry of groundwater, particularly on the
availability of electron donors (mostly available
reactive organic carbon), electron acceptors
(oxygen, trivalent iron, manganese, nitrates,
sulfates, carbon dioxide), and parameters such as
temperature and pH of groundwater.

Bacterial activity oxidizing reduced iron can
result in various consequences for water chemistry.
These include scaling due to high carbonates,
encrustation caused by elevated iron levels,
nodules forming cores rich in iron and organic
matter, and the production of slime. These
alterations can impact the color, odor, and taste of
groundwater, as well as induce turbidity.According
to [7] bacteria most commonly associated with
microbiologically influenced clogging (MIC) area)
Iron-reducing bacteria (IRB), which tend to
dominate where iron accumulates (nodules,
encrustations), and heterotrophic aerobic bacteria
(HAB), particularly dominant when biomass
resembles slime.Microbially mediated biofouling
can occur through activity of aerobic and facultative

anaerobic corrosive bacteria from groundwater
reaching pipelines that have organic and inorganic
film on the surface [7].Heterotrophic bacteria
producing extracellular polymeric saccharides
initially attach to the walls of the pipeline/metal
surfaces, creating a favorable environment for the
adhesion of other microorganisms. The action of
microaerophilic bacteria oxidizing iron in the biofilm
results in the accumulation of iron oxide hydroxide
deposits, leading to pipe volume reduction
(clogging), generation of sulfuric acid released by
sulfur-oxidizing bacteria, which accelerates envi-
ronmental acidification, lowering Ph [7]. Conditions
with low oxygen concentration and organic acids
released by acid-producing bacteria (e.g., fermen-
tation) favor the attachment and development of
sulfate-reducing bacteria, producing hydrogen
sulfide (H2S), accelerating the corrosion process
and lowering pH, causing localized corrosion.In
groundwater a certain chemical equilibrium is
established under natural conditions. It can be
disrupted by groundwater exploitation, resulting in
the appearance or acceleration of sedimentation
processes affecting the clogging of well filters and
the pre-filter zone, as well as processes leading to
corrosion of filter structures.

DANUBE

LEGEND:
E;IO DRAINAGE WELL
| == ==1 HYDROGEOLOGICAL PROFILE
4997

500 m

754 759

Figure 1. The position of examined areas with marked well’s location (left Vinci, right VelikoGradiste)
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This paper seeks to clarify the roles of sulfate-
reducing, iron-related, heterotrophic-aerobic bac-
teria, denitrification and slyme forming micro-
organisms (SRB, IRB, HAB, DN, and SLYME,
respectively) in the investigated biofouling and
related health risk, that could substantially influ-
ence the maintenance of groundwater extraction
facilities and associated costs. By employing a
system of five types of Biological Activity Reaction
Tests (BART tests), the risks for the development
of biological processes leading to the formation of
various types of deposits, encrustations, and
clogging (biofouling), as well as the development of
biocorrosion processes, primarily by indigenous
bacterial groups, were assessed. The ubiquitous
nature of biofouling and the substantial challenges
associated with material protection for its
prevention across various applications are well-
documented in numerous studies [8-13].

Investigations were carried out at two
groundwater sampling sites near the settlements of
Vinci and Veliko Gradiste, Serbia, where a yield
decrease of installed drainage wells was observed.
At the Vinci site, samples were collected from four
drainage wells (B-1, B-2, B-3, B-4), whereas at the
Veliko Gradiste location, three drainage wells were
analyzed (B-10, B-13, and B-15) (Figure 1). The
observed decrease in yield led to an increase in the
groundwater level, posing a threat to both the
settlement and existing structures because of the
shallow depth of the groundwater.

2. MATERIALS AND METHODS

IRB BART tests were utilized to identify iron-
related bacteria and specific enteric species with
the ability to precipitate iron. SLYME BART biotests
are employed to identify various bacteria capable
of generating extracellular polymeric substances,
particularly those that form biofilms, which
encompass enteric and opportunistic pathogenic
fluorescent Pseudomonas species. SRB BART
biotests are utilized to detect sulfate-reducing
bacteria responsible for producing biogenic H2S
and inducing pitting corrosion. HAB BART biotests
are used to identify a diverse array of heterotrophic
aerobic and facultatively anaerobic bacteria crucial
for biofilm development, playing a role in
biocorrosion and biofouling processes. Applied DN
BART biotests, besides the detection of denitrifying
bacteria can indirectly indicate organic pollution as
well as potential presence of pesticides and
pathogens. Based on the timing of occurrence and
type of reliably identified signature reactions in
each applied BART biotest, entered into the
dedicated software in the order they are observed,
risks were calculated, ranging from 0 to 9,
depending on community structure and estimated
bacterial population size. Lower numerical values
suggest lower potential risks for the development of

ZASTITA MATERIJALA 66 (2025) broj 1

biofouling processes, biocorrosion, as well as

potential risks to public health.

The examined area - Vinci

The settlement of Vinci is located on the right
bank of the Danube River (Figure 1). A section of
the settlement, located at lower elevations ranging
from 71 to 72 meters asl, is situated next to the
Danube River. This area extends partially inland to
the north and northwest, reaching towards the
lower terrains of the Vinci-PozZzeZena reclamation
system, and towards the west, close to the "Vinci"
water supply source for the Golubac municipality.
Increase of groundwater levels, observed in the
coastal part of the settlement, has posed a threat to
existing structures. These levels have been
recorded at depths of less than 2.0 meters from the
ground surface. The necessary protection was
obtained by constructed drainage system
consisting of 4 wells (B-1, B-2, B-3, and B-4) with
their own submerged pumping units and separate
discharge outlets into the Danube. Within the
hydrogeological investigations in the wider area of
the Vinci settlement, aquifer is formed within the
aquiferous sandy-gravelly complex of Quaternary
age (Figure 2). Surficial aquifer layer, consisting of
transposed fine-grained sands, mainly 2-3 meters
thick, while it is absent in the coastal part of the
settlement. Aquitard layer, poorly permeable,
composed of clayey-silty sediments, mainly 1-3
meters thick. Semi-permeable layer in the upper
part of the aquifer complex, composed of fine-
grained sands, silts, mainly 1-4 meters thick. Main
aquifer layer consists of medium to coarse-grained,
highly gravelly sands, and in the lower part,
gravelly sandy, even gravelly. The thickness of
these sediments in the settlement area is up to 6
meters [14].

The examined area — VelikoGradiSte

The settlement of Veliko Gradiste is located on
the right bank of the Danube upstream from the
confluence of the Pek River, at station km 1059
(Figure 1). The lowest parts of the settlement are
situated to the north along the Danube and in the
central-eastern part of the town towards the
lowlands of the reclaimed area of the Pek - Veliko
Gradiste. The southern and southwestern parts of
the settlement are built on a high river terrace.
Veliko Gradiste settlement protection was obtained
by constructed drainage system consisting of wells
(B-9 to B-16) with their own submerged pumping
units. The rise in groundwater levels, indicating the
development of aging processes in the wells was
observed. The alluvial complex in Veliko Gradiste
settlement consists of surface humus and sandy
sediments overlaying a basic aquifer gravelly-
sandy layer. The humus layer is located at the
surface of the terrain and ranges in thickness from
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0.5 to 2 meters. Beneath the humus, there are
yellow clays, silts, and sandy loams, generally with
a thickness of 3 to 5 meters, increasing slightly
towards the hinterland. The aquifer complex
consists of very gravelly sandy gravel and sand,

with layers of medium-grained sand. The thickness
of this aquifer complex varies but is typically within
the range of 15 to 18 meters. Hydrogeological
profile of examined area Veliko Gradiste is
presented in Figure 3.
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Observation dataof groundwater levels over
time, from both locations, have indicated a
weakening of the effects of well operation during
the previous exploitation period, potentially due to
the occurrence of "aging" of the wells because of
long-term operation [14,15]. This has led to an
increase in groundwater levels in the coastal area,
with levels recorded in the lowest parts of the
terrain behind the well array during the spring
period at depths of less than 2.0 meters.

In 2021, the groundwater quality from the wells
B-1, B-2, B-3, and B-4 in the Vinci area and B-10,
B-13, and B-15 from Veliko Gradiste area was

analyzed in a one-time campaign (Figure 4 and
Figure 5). The sampling was carried out in
accordance with SRPS EN ISO 19458:2009, Water
Quality - Sampling for Microbiological Analysis
standard. Quality control and quality assurance
were guaranteed by ISO/IEC 17025:2017 General
requirements for the competence of testing and
calibration laboratories.Details of applied physico-
chemical analysis are stated in Standard Methods
for the Examination of Water and Wastewater, 21st
Edition (2005) [16]. The BART test results were
processed using specialized software known as
BART-SOFT V.6 [17, 18].
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Based on the type and time of signature
reaction appearance the description of consortia
and estimation of the abundance and
aggressiveness of detected bacterial groups and
the corrosion risk, clogging risk, and potential
health risks were calculated. The corrosion risk
(CR) and biofouling risk (BF) scale is represented
by a numerical value ranging from 0 (indicating no
risk) to 9 (denoting maximum risk) for the
progression of these phenomena. During the Lag
period (10-15 days) of sample incubation, the
appearance of reactions in biodetectors was
observed, photographed, and archived daily.

3. RESULTS AND DISCUSSION

Analysis of Groundwater Quality - Vinci

The oxygen content in groundwater in the Vinci
wells B-1, B-2, B-3, and B-4 ranged from 2.5 mg/l
to 3.75 mg/l. The standard redox potential ranged
from 363 mV to 394 mV, confirming that oxidation
processes of reduced chemical species likely
dominate in investigated area. Electrolytic
conductivity in the range of 362 uS/cm to 583
uS/cm proved oligosalinity. The pH value was
within a narrow range from 7.16 to 7.62. The
concentrations of ammonium ions were from 0.14
mgN/l to 1.36 mgN/L. The concentration of nitrite
and nitrate were not significant, while iron and
especially manganese were increased. The
moderately increased concentrations of organic
carbon in B-4, B-3, and B-1 (3.9 mg/l, 3.8 mgl/l, 2.5
mg/l, respectively), could indicate the presence of
organic pollution, thus possible high numbers of
aerobic heterotrophic bacteria and a health risk due
to possible presence of pathogens. The determined
content of divalent iron and oxygen at the same
time of measurement indicates imbalance and
disequilibrium of redox-sensitive species (redox
state) due to artificially intruded oxygen, likely

B-1 log,, pac/ ml

IRB BART 455
SRB BART 6.84

= SLYME BART 378
HAB BART ‘
DN BART

B-3 log,, pac/ml

IRB BART
SRB BART

= SLYME BART
HAB BART

DN BART

because of lowering the static level and depression
cone due to excessive pumping or infiltration
through the unsaturated zone [6,14]. The mixing of
different hydrochemical zones, reductive and
slightly oxidative, due to significant content of
reduced iron, suggests potential for chemical and
microbiological oxidation and the formation of iron
oxides-hydroxides  precipitates, resulting in
biofouling in the pre-filter zone and on well screens,
as well as corrosion on hydro-technical elements
and well construction. A wide range of sulfate
concentrations from 3.33 mg/l to 25.47 mgll
suggests intensive microbiological processes of
sulfate reduction, oxidation of ferrous sulfide with
nitrate reduction (B-4). Dissolved sulfides were not
detected in any groundwater sample, but their
value may be underestimated due to precipitation
by rapid reaction with dissolved divalent iron
(insoluble ferrous sulfides-black precipitates) [19].
Groundwater in the B1l, B2, B3 exhibits similar
biochemical diversity and a very high number of
aerobic heterotrophic bacteria and bacteria
producing extracellular polymers, i.e., biofilm-
forming groups, with values ranging from very high
values of 6.84-6.95 log pac/ml (Figure 6). The
population of iron-manganese oxidizing bacteria
was present in the range of 3.95-5.15log pac/ml. A
uniform population of sulfate-reducing bacteria,
with their aggressiveness assessed as high (3.78
log pac/ml), was observed in all four samples in
Vinci. Groundwater in the B-4 stood out from the
examined group due to the positive finding of
fluorescent Pseudomonas species (Pseudomonas
aeruginosa), biofilm-forming, motile, opportunistic
pathogenic species. The population counts of the
tested bacterial groups are given in the form of a
logarithm for ease of representation due to the
population size, with the tested groups indicated by
color (Figure 6 and Figure 7).

B-2 log,, pac/ml

IRB BART 395

SRB BART 6.84

B-4 log,, pac/ml

= SLYME BART
HAB BART
DN BART

IRB BART 4.24 515

6.84 . S8

SRB BART

= SLYME BART

HAB BART

DN BART

Figure 6. Abundance and Biochemical Diversity of Tested Samples - Vinci
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Analysis of Groundwater Quality - VelikoGradiste

In the groundwater sampled from selected,
tested drainage wells B-10, B-13, B-15, in situ
measurements indicated oxic environment, with the
dissolved oxygen (DO) concentration in the range
of 2.0 mg/l -3.9 mg/l. The values of the standard
redox potential in groundwater varied in the range
of 406 mV - 459 mV. The electrolytic conductivity
ranged from 402 to 476 uS/cm. The pH was within
a narrow range of basic values of 8.1-8.5.
Concentrations of iron and manganese in all wells
were increased. Dissolved sulfides were detected
in one groundwater sample (B-10). Sodium,

chloride, and sulfate concentrations were not
significant. Groundwater from B-10, B-13, B-15
exhibits similar biochemical diversity and very high
number of aerobic heterotrophic bacteria and
bacteria producing extracellular polymers, (i.e.,
biofilm-forming groups, ranging from 6.84 to 6.94
log pac/ml) (Figure 7). The population of iron-
manganese oxidizing bacteria ranged from 3.95 log
pac/ml in B-15 to 5.15 log pac/ml in B-10 and B-13.
Sulfate reducing bacteria, whose aggressiveness
(biochemical activity) was assessed as high (3.78
log pac/ml), were detected in the groundwater of all
three examined wells.

B-10 log,o pac/mL

IRB BART
SRB BART

= SLYME BART
HAB BART
DN BART

B-13 log,, pac/ml

IRB BART
SRB BART

= SLYME BART
HAB BART
DN BART

424 515

6.34 | 3.78

262 g4p
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B-15 log,, pac/mi

IRB BART 2620
SRB BART

= SLYME BART 5.76 3.78
HAB BART .
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Figure 7. Abundance and Biochemical Diversity of Tested Samples — VelikoGradiste

Calculated risks for bio-corrosion, bio-clogging and
health risk

Based on the timing of all recognized reactions
in the system of five types of BART, the structure of
consortia, and the estimated numbers and
aggressiveness of detected bacterial groups,
software-predicted risks for the development of
biocorrosion and biofouling processes, as well as
risks to public health, are calculated. The
calculated risk for the development of corrosion
processes beneath deposits and biologically
generated pitting corrosion in the groundwater was
uniform within moderately high-risk ranges (Table
1).Very high risks for the development of
biologically induced clogging were determined for
groundwater in B-4 (Vinci) B-10 (Veliko Gradiste)
and B-13 (Veliko Gradiste).In B-4, denitrification
activity has been detected, indicating a sanitary risk

as well. Within the same wellthe positive finding of
fluorescent pseudomonas species (Pseudomonas
aeruginosa), which is biofilim-forming, motile,
opportunistic pathogenic species was observed.
Additionally, identified signature reactions within
the IRB BART testing indicated that in the
groundwater within zones B-1, B-3, and B-4, some
enteric species were likely present as well.High
risks to public health and the probable presence of
pathogens have been identified for groundwater in
B-13. In B-13 and B-15, the presence of biofilm-
forming, motile, opportunely pathogenic species
(Pseudomonas aeruginosa) was indicated. Also,
signature reactions within IRB BART testing
indicated that some enteric species were present in
groundwater in B-10. Denitrifying bacteria were
also detected in groundwater B-13 with significant
numbers.

Table 1. Software-predicted risks for the development of biocorrosion, biofouling, and health risks in
groundwater in the drainage wells zone (CR — biocorrosion risk; PR — biofouling risk; HR — health risk)

B-1 B-2 B-3 B-4

B-10 B-13 B-15

Software-predicted
risks

Vinci Vinci | Vinci | Vinci VelikoGradiste VelikoGradiste VelikoGradiste
CR 5.40 5.40 5.40 5.40 5.40 5.40 5.40
PR 7.20 7.00 7.20 8.10 8.10 8.10 6.30
HR 5.40 2.10 | 4.50 5.40 6.30 8.10 1.80
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Figure 8.Graphical presentation of software-
predicted risks for biocorrosion, biofouling, and
health risk in groundwater— Vinci
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-o—-CR

(opRN[e o}

—e-PR
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B-15 B-13
Figure 9. Graphical presentation of software-
predicted risks for biocorrosion, biofouling, and
health risk in groundwater — VelikoGradiste

4. CONCLUSION

The potential impact of the analyzed chemical
and microbiological parameters on the aging
process of the wells was thoroughly analyzed on
twoalluvial groundwater sites. The results of the
conducted physico-chemical analyses of
groundwater in the drainage well zone indicated an
oxic environment (elevated values of oxygen and
redox potential) along with the increased
concentrations of iron and manganese; thus, a
potential for aerobic oxidation of reduced chemical
species, which could be mediated both chemically
and microbiologically. The rapid "aging" and
decline in specific yield of examined wells are
influenced by a combination of chemical instability
(oxidation) of the environment conducive to this
process and suboptimal well operation (over-
pumping by high-capacity pumps, low engagement,
with short intervals of operation).A moderately high
risk was observed for corrosion of all examined
wells, while a very high risk was calculated for
biofouling for three of total seven wells. In one out
of seven examined wells, the high risk for human
health was determined. Special attention needs to
be paid to the design of newly planned drainage
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wells to optimize their operation, ensuring a
functional dependency on the installed capacities
of the units, their engagement, and maintenance of
required groundwater levels.This study highlights
the significance of comprehensive understanding of
physico-chemical and microbiological composition
of water,as well as their interconnections and
mutual dependencies. This interconnection not only
signals potential health risks but also explicitly
defines the probability of bio-induced corrosion and
biofouling occurrences through coefficient calcula-
tions.Based on these results the engineers and
technicians can implement preventive measures
and treatments to mitigate clogging issues,
ensuring the sustained functionality and efficiency
of the well system.
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PROCENA BIOKOROZIJE, BIOOBRASTANJA | ZDRAVSTVENIH RIZIKA
NA DVE ISTRAZIVANE LOKACIJE U DUNAVSKIM ALUVIJUMIMA

U radu su prezentovani rezultati mikrobioloSkih istraZivanja posebnih metaboli¢kih (fenotipskih)
grupa bakterija koje igraju vaznu ekolosku ulogu u biogeohemijskom kruZenju gvoZda , mangana,
azota, sumpora i ugljienika, a koje ucestvuju i u razvoji procesa biokorozije, biofulinga a neke od
njih predstavljaju i rizik za javno zdravlje. Na osnovu dobijenih rezultata primenjenih reakcionih
testova bioloske aktivnosti (BART testovi), koji su obradeni u namenskom softveru, izracunati su

potencijalni rizici

za razvoj mikrobioloSki posredovanih procesa korozije, mikrobioloSkog

kolmiranja i zdravstveni rizici za podzemne vode u zoni sedam hidrotehni¢kih objekata dva
oksicna lokaliteta u aluvijonu Dunava - Vinci i Veliko Gradiste, u Srbiji. Umereno visok rizik za
biokoroziju odreden je za svih sedam bunara na oba lokaliteta (CR=5.4). Rizik od mikrobioloskog
kolmiranja bio je vrlo visok u tri od sedam ispitivanih bunara (PR=8.10). Medu sedam ispitivanih
lokaliteta, jedan se posebno izdvojio na osnovu izracunate visoke vrednosti koeficijenta zdravstve-
nog rizika (HR=8.10). Rezultati istraZivanja su pruZili nove uvide u mikrobioloSku ulogu u starenju
bunara u oksi¢nim podzemnim vodama dunavskog aluvijona. Pokazano je da fizicko-hemijski
sastav i hemijske vrste poput minerala, organske materije i specifi¢an sastav zajednica mikro-
organizama u ispitivanim podzemnim vodama imaju potencijal da podstaknu biokoroziju |
formiranje naslaga i biofilmova unutar strukture bunara. Osim biohemijskih analiza, prikazane su i
hidrogeoloske karakteristike analiziranog podrucja, kako bi se definisala geoloSka stratigrafija za
koju bi, na osnovu dobijenih rezultata, bilo ocCekivano odvijanje specificnih mikrobioloSkih

transformacija.

Kljucne reci: biokorozija, biozaepljavanje, podzemna voda, zdravstveni rizik, Srbija
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Advancements in thermal barrier coatings for internal
combustion (IC) engines

ABSTRACT

Pistons of diesel engines are made of aluminum alloys. There has always been a need to increase
the thermal efficiency of engines which use these pistons. Aluminum Alloy pistons find their
application because they are lightweight and have a comparatively good heat transfer ability and
strength to weight ratio. However, aluminum alloys exhibit increased coefficient of thermal
expansion, low durability at high temperatures, increased wear rates and formation of aluminum
oxide due to interaction with oxygen in air at high temperatures. These challenges are solved by
coating a ceramic material onto the piston, known as the thermal barrier coatings (TBCs), due to
its low specific heat and heat transfer properties. TBCs play an important role in improving the
effectiveness of elevated temperatures in industrial applications like gas turbines, automobiles and
aeronautical systems. TBCs tend to quickly reduce the upper surface temperature of the piston
crown. This paper highlights the prominent methods of producing thermal barrier coatings
including Diffusion coating, thermal spray technique, Electric Arc Wire Spray Technique, PVD,
CVD, Electrodeposition and Additive Manufacturing Method. The crucial discussion is on the
materials and emerging trends in developing an efficient thermal protection system. Additionally,
the review throws light on employing novel materials like advanced ceramics, alloys and
nanocomposites for their impact as TBCs. The paper also focuses on future prospects and current
challenges in research and development of TBCs. Factors such as thermal conductivity,
environmental stability and manufacturing processes are evaluated to meet the demands of high
temperature internal combustion (IC) engine application. Finally, this brief review combines the
existing information on TBCs for engineers, practitioners and scientists to understand the present
practices and contribute to the improvement in thermal protection technologies in IC engines.
Keywords: Thermal Barrier Coatings (TBCs), Internal Combustion (IC), Air Plasma Sprays (APS),
Vacuum Plasma Spray (VPS), Physical Vapor Deposition (PVD), High-Velocity Oxy-Fuel (HVOF),
Suspension Plasma Spray (SPS), Sol-Gel, Ceramics.

1. INTRODUCTION

IC engines fall under the category of high
temperature applications and there is a standing
need to improve the thermomechanical behavior
and service life of pistons [1]. Thermal barrier
coatings (TBCs) are protective coatings applied
onto metallic surfaces, exposed to high
temperatures, corrosive and harsh conditions.
TBCs are usually ceramics or composite systems
consisting of metallic and ceramic materials to
enhance the thermal insulation and thermal
expansion of components [2].
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The demand for electric cars globally has
doubled over the past decade. However, the
vehicle sales aspect of electric vehicles is still small
in  number pertaining to issues on charging
infrastructure, customer satisfaction on cost and
batteries [3]. Further, the electrification of
transportation is primarily focused on passenger
cars and two-wheeler segments [4]. IC engines are
set to remain for heavy duty diesel vehicles beyond
2040 as well. Therefore, attempts to create an
environmentally friendly and energy-efficient I1C
engine are set to continue [5]. Some innovations in
this direction includes; innovative combustion
systems, piezo fuel injection system (FIS) and
additive manufacturing to create pistons [6].Engine
thermal management remains one of the prime
innovation areas to improve engine efficiency.
Reducing the losses involved in conversion of fuels
chemical energy to useful work is the practice
applied to enhance the efficiency of IC engines.
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Automobile diesel engines expel about 50-60% of
energy as heat [7]. The heat transferred from within
the combustion chamber to the walls, leads to
reduction of work per cycle being transferred to the
piston. This leads to incomplete oxidation [8].

To overcome this TBCs were infused to various
components of IC engines in the 1980s. They are
usually ceramic based coatings having poor heat
conductivity, such as valves, liners, cylinder heads,
and piston crowns, applied to the combustion
chamber's surface [9]. The aim is to reduce the
heat transfer from the fuel (working gas) to the
cylinder walls during the combustion process by
reducing thermal conductivity; thereby reducing
heat lost to the coolant. This improves engine
performance [10].

The most popular TBC material which is widely
used today is Yttria Stabilized Zirconia (YSZ). It
delivers best performance at high temperatures
[11]. Using YSZ decreases engine volumetric
efficiency, increases working temperature of gas
leading to lower work output and poor emission
characteristics. This is observed as the wall
temperature remains high even during intake and
compression strokes [12].

A lot of developments have taken place in
recent  years, especially  low-temperature-
conductivity thin ceramic coatings for compression,
and spark ignition engines [13, 14]. A major
breakthrough in TBC technology was development
of Silica Reinforced Porous Anodized Aluminum (Si
RPA) coating by Toyota, also known as Thermo-
swing Wall Insulation Technology (TSWIN). This
coating has the ability to change wall temperatures
rapidly following the transient gas temperature. The
TSWIN coating's low heat-capacity and low thermal
conductivity lead to fast surface temperature
changes, even in short cycle durations. The
surface temperatures increase during combustion
and decrease during intake and exhaust stroke
with gas temperature. This reduces heat loss
compared to traditional TBC coatings [15, 16].

Many drawbacks were observed by
researchers for anodized TBCs [17-20]. High
surface roughness of TBCs was observed to
increase the heat transfer rate, THC emissions and
reduce combustion. Along with surface roughness,
imperfections, porosity and non uniformity in
coating thickness, limited the benefits of TSWIN.
The problem was countered by the application of a
sealant of silica.

Plasma Electrolytic Oxidation (PEO) is an
innovative surface coating method that overcomes
many of these problems with benefits of high
hardness, wear resistance, adhesion, corrosion
resistance, ultra-low thermal conductivity, heat
capacity and improved homogeneity in porosity,
surface finish and coating thickness [21, 22].
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2. THERMAL BARRIER COATINGS DESIGN

TBCs provide solutions to various problems
related to thermal insulation of IC engines by
lowering the thermal conductivity and improving the
system's overall effectiveness. TBCs also reduce
the degradation of the substrate material. The
substrate, bond coat, thermally grown oxide (TGO)
layer, and topcoat are the components of the TBC
design. The schematic representation of the
structure of TBCs is displayed in figure 1 [23].

Hot Air

T Ty e by

Top Coat

Thermally Grown Oxide (TGO)

Metallic Substrate

N L

Figure 1. Schematic of TBC Design [23]

The bond coat forms an adhesive layer
between the substrate and the other layers by
imparting the coating's structural stability. The TGO
layer is formed by diffusion of oxygen during the
manufacturing stage. The top coat is a ceramic
layer which protects the substrate thermally [23].

2.1. Top Coat Materials

Ideal materials for top coat should possess the
following properties; phase stability, low thermal
diffusivity, thermal shock resistance, strong
adhesion, and corrosion resistance [24]. Some of
the materials that can be considered as top coat
materials include; zirconia, titania (titanium oxide),
porcelain, alumina, pyrochlores, porcelanite,
garnets, monazite, perovskites, lanthanum
magnesium hexa-aluminate and diamond [25].

Yttria partially stabilized zirconia (YTZP)
exhibiting properties like low thermal diffusivity,
high dielectric constant, excellent fracture
toughness and chemically inert at high
temperatures is widely used [26]. Yttria-stabilized
zirconia (YSZ) is observed to display higher
resistance to thermal shocks compared to other
ceramics viz Magnesia stabilized zirconia (MSZ),
Magnesium oxide partially stabilized zirconia (Mg-
PSZ), Glass-infiltrated zirconia-toughened alumina
(ZTA), Zirconia-containing lithium silicate ceramics
(ZIs). Under applied external stress, it maintains
the zirconia tetragonal phase at room temperature
through a monoclinic phase transition [27]. This
phase change builds up compressive stress in the
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vicinity of cracks, building transformational
toughness. The disadvantage associated with YSZ
is that its application is limited to temperatures
below 1200°C [28, 29]. This happens predominantly
because of the metastable tetragonal phase
transition and sinterability leading to increase in
heat transfer and spallation in TBCs [30, 31].

Among the other top coat materials, Zirconates
are introduced. One such alternative to YSZ is
Pyrochlore La2Zr207 due to low young’s modulus
(160-125 GPa at temperatures between 200°C
and 1000°C) and thermal conductivity (1.8-3.0
W/mK at temperatures between 200°C and
1000°C) [32]. Monazite or LaPOs4, a topcoat
material, is stable at high temperatures (around
1300°c) with high coefficient of thermal expansion
and low conductivity.

The LaTi2AlsO19 (LTA) system is tested for
stability at high temperatures around 1300°C and it
exhibits excellent stability of phase [33]. LTA has a
thermal expansion coefficient similar to YSZ.
However, LTA displayed lower fracture toughness
compared to YSZ. This can be solved by having a
double layer of YSZ/LTA [34, 35]. Introducing
dopants like Yb203, Gd203, CeO: etc. decreases
heat conductivity and Young's modulus while
preserving YSZ-like fracture toughness. The phase
instability problems associated with conventional
YSZ are resolved by this technique [36]. Use of few
garnets like YsAlsO12 are gaining importance
among researchers because of its ideal mechanical
and thermal properties with phase stability and low
diffusivity of oxygen [37, 38].

2.2. Bond Coat Materials

Diffusion and overlay coatings are two forms of
bond coats used in TBC applications. In diffusion
coatings, an intermetallic layer is diffused to form a
boundary for oxygen diffusion. Aluminum coated
superalloy like NiAl with silicon and chromium
inclusions is one such example of diffusion bond
coats [39]. Platinum-modified NiAl bond coats are
presently used for many applications [40]. It is
observed that for longer thermal cycles Pt-modified
NiAl bond coatings work effectively, yet for smaller
thermal cycles overlay coatings are proved to be
better. One such prominent overlay coating is
MCrAIX bond coat where X stands for Y or Zr and
M for base material such as Co, Ni or Fe. M is
intended to improve the substrate material's
compatibility. and X helps in thermal resistivity with
grown aluminum oxide and ceramic coating [41].

2.3. Thermally Grown Oxide (TGO) Layer

The TGO layer develops and grows at high
temperatures between bond and ceramic top coats.
Growth stresses are introduced because of
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differences in thermal expansion coefficients of
TBC layers and continuous formation of TGO
material [42].

2.4. Multi Ceramic Layer Coatings

The commonly used YSZ single layered
coating exhibits short Thermal cyclic fatigue (TCF)
life time. To enhance the lifetime of coatings,
researchers have started working on double
layered and triple layered TBCs. Using double-
ceramic layer (DCL) coatings is a novel method of
improving TBC performance. It is achieved by
introducing Zirconate layers into YSZ top coat [43].

Zirconates like La2Zr207 (LZ), Gd2Zr.07 (GZ)
and Nd2Zr.07 (NZ) exhibit low thermal conductivity,
high temperature for phase transformations and
corrosion resistance properties but have low coef-
ficients of thermal expansion and fracture
toughness [44]. By using multiple layers of Zirco-
nates the mismatch in thermal expansions are re-
duced and fracture toughness is improved [45, 46].

Mahade and Dolekar et al. [47]- compared GZ /
YSZ (double layered), GZ dense / GZ / YSZ (three
layered) and single-layered YSZ coatings. Single-
layered YSZ coating exhibits low thermal life cycle,
while the three-layered TBC exhibited the highest
[47]. Also, multi layered coatings are more resistant
to corrosion as tested for different molten salts
[48,49]. The schematic representation is provided
in figure 2.

Dense GZ (30 pm)

GZ
GZ
YSz {240-250 pm) (220 pm)
(280-300 pm)
YSZ YSzZ
(50-60 pm) {50-60 pm)
Bond Coat Bond Coat Bond Coat
{200-220 pm) {200-220 pm) {200-220 um)
Substrate Substrate Substrate

Figure 2. Coating architectures of single layered,
double layered and triple layered coatings [47]

3. FABRICATION TECHNIQUES

Among the prominent TBC fabrication
techniques; electric arc wire spray coating, thermal
spray techniques, diffusion coating, Ni-dispersion
coating, magnetron sputtering and physical vapor
deposition (PVD) dominate the most. Figure 3
represents the broad classification of fabrication
techniques.

ZASTITA MATERIJALA 66 (2025) broj 1



C. Sherwin, K. Raju

Advancements in thermal barrier coatings for internal ...

TBC Fabrication

Diffusion Coating Thermal Spray

Ifi Ni Dispersion
Coating

Electric Arc Wire

S PVD

Magnetron
Sputtering

Figure 3. Broad Classification of TBC Fabrication Techniques
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Metal Green Coating Debinding at  Diffusion Coating (Heat
Powder {spraying or 300 - 500°C Treatment in Ar) at
Slurry dipping) 600 - 1000°C

Figure 4. Diffusion Coating Process

During diffusion coating, protective materials
like aluminum + silicon or aluminum + chromium
are evaporated on the hot component at
approximately 900°C. In this process a slurry of
metal powder is initially sprayed on the base
material followed by debinding and oxidation at
high temperatures [50]. Figure 4 displays the
diffusion coating process.

In thermal spray technique, the material of high
melting point is deposited onto the substrate
material using a plasma jet or HYOF method. The
energy carrying media (plasma) heats and melts
the feed, followed by injection in the form of rod,
wire or powder. The peak velocity and pressure
causes the particle droplets to flatten and deposit
as layers [51]. Figure 5 displays the schematic
representation of thermal spray technique.

Anode

&

Cooling Water—

Cathode

Plasma Gas —»

N

Powder and Carrier Gas

Substrate

Coating

Figure 5. Schematic representation of coating process by thermal spray technique

wire

Compressed
air

Y

wire

coating

Electric Arc

———
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Figure 6. Schematic representation of electric arc wire spray technique
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Electric arc wire spray technique uses an
electric arc which is struck between two feedstock
wires. The heat generated is sufficient to melt the
material. The molten metal is then transported by
gas stream onto the target surface where it
solidifies [52]. The schematic representation of
electric arc wire spray technique is represented in
figure 6.

Physical Vapour Deposition (PVD) is a thermal
barrier coating technique in which the material to
be deposited is sublimated and evaporated into
atoms or molecules and is transported towards the
substrate where it is condensed. It is very much
crucial to maintain the chamber under low pressure
like plasma or vacuum [53]. Among the different
PVD deposition techniques EB-PVD (Electron
Beam-PVD) is most commonly used in industries,
in which the electron beam is used to melt the
target material followed by vaporizing and
depositing on the surface with unique columnar
microstructure [54]. Aluminium Titanium Nitride,
ceramic, titanium, and zirconium are the coating

Chemical Vapour Deposition (CVD) is used to
deposit thin films. The material gets deposited in
vapor phase onto the heated substrate. One or
more precursors are kept in a chamber throughout
this process for reaction and decompose on the
substrate surface as thin film [56]. Figure 8
represents a simple CVD process.
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Electrochemical processes are being tried
recently to fabricate metal and ceramic thermal
barrier coatings. The electrochemical processes
are categorized as; electrophoretic and electro-
deposition. In electrophoretic deposition, charged
particles are deposited onto oppositely charged
electrodes from a suspension source [57]. Elec-
trolytic deposition uses soluble salt solution of the
metal to be coated and deposits the oxide layer
[58].

One of the latest advancements in fabricating
Functionally Graded Materials (FGM) is through
additive manufacturing process. Among the AM
methods, material jetting, powder bed fusion,
stereolithography, directed energy deposition
(DED), and fused deposition modelling are
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presently used for thermal barrier coatings. These
processes exhibit better control of process
parameters [59].

4. CORROSION RESISTANCE AND
MECHANICAL PROPERTIES OF THERMAL
BARRIER COATINGS

Thermal barrier coatings in IC engines are
aimed to operate at very high temperature and
pressure. A lot of tests are being conducted to
determine oxidation and mechanical properties.
The properties are greatly affected because of the
microstructure of coating, usually columnar and
lamellar depending on coating technique. Also the
parameters selected for the process like powder
size, spray distance, spray rate, current etc., will
have an impact [60].
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Failure in TBCs occurs due to growth of TGO
due to oxidation. The growth causes additional
stresses leading to nucleation and propagation of
microcracks between layers. Therefore, controlling
the formation and thickness of TGO is critical in
determining the life of TBCs. Applying ceramic
layers was observed to provide higher oxidation
resistance as compared to nickel based alloy
material, typically used for IC engines. The coated
components were tested by exposing for 100 h at
1000°C. Microstructural changes due to oxidation
were observed up to the depth of 35 um in coated
samples as compared to 80 um in as received alloy
material [61].

TBCs also fail due to mismatch in thermal
expansion coefficients between metals / alloys and
ceramics on cooling. Crack formation can be
avoided by selecting materials with almost similar
thermal expansion coefficients [62]. The coatings
after deposition are usually marked by a significant
quantity of smooth craters. Exposure to high
temperature forms needle-like features and with
the exposure to corrosive environments leads to
the growth of certain crystals [63].

The microstructures of coatings produced by
SPS, EB-PVD methods are made of columns in the
top coat (third layer of coating). The columns are
thinner in comparison to other coatings. This is due
to lower surface roughness and diffusion layers.
This provides higher adhesion of layer particles
during deposition creating more peaks. However,
there is an issue of spallation due to poor bonding
between SPS top coat and bond coat surface [64-
66]. HVAF and diffusion coats form a dense, thin
and uniform TGO layer after certain exposures to
high temperatures [63]. A gradually grown TGO
layer is ideal to prevent oxidation. Comparing
HVAF and VPS, HVAF bond coats exhibit a 20%
higher lifetime for corrosion. Comparing APS, SPS
and PS-PVD TC in porous, standard and dense
configurations, dense PS-PVD coating is more
durable for thermal cycle fatigue and corrosion
lifecycles. High column density due to much
narrower column width, small intercolumnar gaps
for enhanced strain tolerance, and medium intra-
columnar porosity for reduced thermal conductivity
are characteristics of the ideal columnar
microstructure [67].

The fracture toughness is the critical factor
which determines the durability of TBCs [68]. The
fracture in brittle materials is initiated by thermo
mechanical loading or processing defects like
pores, cavities, and cracks [69]. Besides
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thermomechanical loading or manufacturing
defects, the complex mechanical loading also leads
to accelerated total failure [70].

The durability of coating is measured by the
bending test, by which modulus of elasticity and
fracture toughness is determined [71]. The results
show that the TC elastic modulus gradually
decreases for increasing temperatures. Three-point
bending and micro cantilever bending are two
prominent methods to analyze the strength of
thermal barrier coatings [72]. Regardless of the
length of heating, it is intended that ceramic coating
enhance vyield strength and ultimate tensile
strength [73]. Higher the heating duration, higher
the difference between yield strength and ultimate
tensile strength [74].

5. CONCLUSIONS

The following conclusions may be drawn from
the present study on Thermal Barrier coatings
(TBC) for Internal Combustion (IC) engines:

e TBCs provide better solutions to various
problems on thermal insulation of IC engines
for improving the overall efficiency.

e The TBC design consists of a topcoat, a bond
coat and a thermally grown oxide (TGO) layer

e Use of two and / or three layer coatings is a
novel method of improving TBC performance.

e Besides traditional methods, Electrochemical
Processes and Additive Manufacturing techni-
ques are being explored to develop thermal
barrier coatings.

e Corrosion resistance and Mechanical pro-
perties are the crucial parameters in estimating
the life of thermal barrier coating.

e The finer the coating’s microstructure is, the
better are the corrosion resistance and
mechanical properties

6. REFERENCES

[1] E. Lima, K. Costa, A. Medeiros, J. Medeiros (2006)
Life Cycle Analysis of an Internal Combustion
Engine Through Thermal History of the Cylinder
Head and Scanning Electron Microscopy. SAE
Technical Paper 2006-01-2802
https://doi.org/10.4271/2006-01-2802.

[2] N. P. Padture (2022) Thermal barrier coatings for
gas-turbine engine applications. Science, 296, 280—
284, https://doi.org/10.1126/science.1068609.

[3] REUTERS. Electric dream: Britain to ban new petrol
and hybrid cars from 2035. Available on:
https://uk.reuters.com/article/us-climate-change-
accord-idUKKBN1ZX2RY. (accessed 15 Nov 2023).

201


https://doi.org/10.4271/2006-01-2802
https://doi.org/10.1126/science.1068609

C. Sherwin, K. Raju

Advancements in thermal barrier coatings for internal ...

[4] International Energy Agency (IEA). Global EV
outlook 2019 - Scaling-up the transition to electric
mobility. May 20109.

[5] International Energy Agency (IEA). The Future of
trucks — Implications for energy and the
environment. 2017.

[6] A. Hegab, A. La Rocca, P. Shayler (2017) Towards
keeping diesel fuel supply and demand in balance:
Dual-fuelling of diesel engines with natural gas.
Renewable Sustainable Energy Revs, 70, 666—697,
https://doi.org/10.1016/j.rser.2016.11.249.

[71 J. B. Heywood (2018) Internal combustion engine
fundamentals. McGraw-Hill, New York, USA, 2nd
Edition, ISBN: 9781260116106.

[8] G. Borman, K. Nishiwaki (1987) Internal-combustion
engine heat transfer. Prog Energy Combust Sci, 13
(1), 1-46
https://doi.org/10.1016/0360-1285(87)90005-0.

[91 R. Kamo (1987) The adiabatic engine for advanced
automotive applications, in: R. L. Evans (Ed.).
Automotive Engine Alternatives, Plenum Press, New
York, USA, 143-165, https://doi.org/10.1007/978-1-
4757-9348-2_6.

[10] G. Woschni, W. Spindler, K. Kolesa (1987) Heat
Insulation of Combustion Chamber Walls— A
Measure to Decrease the Fuel Consumption of I.C,
Engines?. SAE Tech Pap, 8703397,
https://doi.org/10.4271/870339.

[11] S. Dhomne, A. M. Mahalle (2019) Thermal barrier
coating materials for Sl engine. Mater Res Technol,
8 (1), 1532-1537,
https://doi.org/10.1016/j.jmrt.2018.08.002.

[12] M. Andrie, S. Kokjohn, S. Paliwal, L. S. Kamo, A.
Kamo, D. Procknow (2019) Low heat capacitance
thermal barrier coatings for internal combustion
engines. SAE Tech Pap, 2019-01-0228,
https://doi.org/10.4271/2019-01-0228.

[13] A. Kikusato, K. Terahata, K. Jin, Y. Daisho (2014) A
numerical simulation study on improving the thermal
efficiency of a spark ignited engine — Part 2: predi-
cting instantaneous combustion chamber wall tem-
peratures, heat losses and knock. SAE Tech Pap,
2014-01-1066, https://doi.org/10.4271/2014-01-1066

[14] S. Caputo, F. Millo, G. Cifali, F. C. Pesce (2017)
Numerical investigation on the effects of different
thermal insulation strategies for a passenger car
diesel engine. SAE Tech Pap, 2017-24-0021,
https://doi.org/10.4271/2017-24-0021.

[15] H. Kosaka, Y. Wakisaka, Y. Nomura, Y. Hotta, M.
Koike K. Nakakita (2013) Concept of “temperature
swing heat insulation” in combustion chamber walls,
and appropriate thermo-physical properties for heat
insulation coat. SAE Tech Pap, 2013-01-0274,
https://doi.org/10.4271/2013-01-0274.

[16] K. Fukui, Y. Wakisaka, K. Nishikawa, Y. Hattori, H.
Kosaka, A. Kawaguchi (2016) Development of
instantaneous temperature measurement technique
for combustion chamber surface and verification of
temperature swing concept. SAE Tech Pap 2016—
01-0675, https://doi.org/10.4271/2016-01-0675.

202

[17] J. Somhorst, M. Oevermann, M. Bovo, |. Denbratt
(2019) Evaluation of thermal barrier coatings and
surface roughness in a single-cylinder light-duty
diesel engine. Int J Engine Res, 22 (3), 1-21,
https://doi.org/10.1177/1468087419875837.

[18] A. Kawaguchi, Y. Wakisaka, N. Nishikawa (2019)
Thermo-swing insulation to reduce heat loss from
the combustion chamber wall of a diesel engine. Int
J Engine Res, 20 (7), 805-816,
https://doi.org/10.1177/1468087419852013.

[19] S. Memme, J. S. Wallace (2012) The influence of
thermal barrier coating surface roughness on spark-
ignition engine performance and emissions.
Proceedings of the ASME 2012 internal combustion
engine division fall technical conference, Vancouver,
BC, Canada, 23-26 September 2012, 893-905.
New York: ASME. DOI: 10.1115/ICEF2012-92002.

[20] H. Osada, H. Watanabe, Y. Onozawa, K. Enya, N.
Uchida (2017). Experimental analysis of heat-loss
with different piston wall surface conditions in a
heavy-duty diesel engine. Proceedings of the
Comodia 9th international conference, Okayama,
Japan, 25-28 July 2017. Tokyo, Japan: JSME.

[21] G. B. Darband, M. Aliofkhazraei, P. Hamghalam, N.
Valizade (2017) Plasma electrolytic oxidation of
magnesium and its alloys: Mechanism, properties
and applications. Magnesium Alloys, 5 (1), 74-132,
https://doi.org/10.1016/j.jma.2017.02.004.

[22] F. C. Walsh, C. T. J. Low, R. J. K. Wood, K. T.
Stevens, J. Archer, A. R. Poeton, et al.,, (2013)
Plasma electrolytic oxidation (PEO) for production of
anodised coatings on lightweight metal (Al, Mg, Ti)
alloys. Trans IMF, 87(3), 122-135,
https://doi.org/10.1179/174591908X372482.

[23] M. Kunal, N. Luis, M. Downey Calvin, J. Van
Rooyen Isabella (2021) Thermal barrier coatings
overview: Design, manufacturing, and applications
in high-temperature industries. Industrial and
Engineering Chemistry Research, 60 (17), 6061-
6077. https://doi.org/10.1021/acs.iecr.1c00788.

[24] E. J. Young, E. Mateeva, J. J. Moore, B. Mishra, M.
Loch (2000) Low Pressure Plasma Spray Coatings.
Thin Solid Films, 377-378, 788-792.
https://doi.org/10.1016/S0040-6090(00)01452-8.

[25] A. K. Saini, D. Das, M. K. Pathak (2012) Thermal
Barrier Coatings - Applications, Stability and
Longevity Aspects. Procedia Eng. 38, 3173-3179.
https://doi.org/10.1016/j.proeng.2012.06.368.

[26] X. Song, M. Xie. F. Zhou, G. Jia, X. Hao, S. An
(2011) High- Temperature Thermal Properties of
Yttria Fully Stabilized Zirconia Ceramics. Rare
Earths, 29 (2), 155-159.
https://doi.org/10.1016/S1002-0721(10)60422-X.

[27] X. Ren, W. Pan (2014), Mechanical Properties of
High-Temperature-  Degraded  VYttria-Stabilized
Zirconia. Acta Mater, 69, 397-406.
https://doi.org/10.1016/j.actamat.2014.01.017.

[28] M. F. Smith, A. C. Hall, J. D. Fleetwood, P. Meyer
(2011) Very Low Pressure Plasma Spray- A Review
of an Emerging Technology in the Thermal Spray

ZASTITA MATERIJALA 66 (2025) broj 1


https://doi.org/10.1016/j.rser.2016.11.249
https://doi.org/10.1016/0360-1285(87)90005-0
https://doi.org/10.1007/978-1-4757-9348-2_6
https://doi.org/10.1007/978-1-4757-9348-2_6
https://doi.org/10.4271/870339
https://doi.org/10.1016/j.jmrt.2018.08.002
https://doi.org/10.4271/2019-01-0228
https://doi.org/10.4271/2014-01-1066
https://doi.org/10.4271/2017-24-0021
https://doi.org/10.4271/2013-01-0274
https://doi.org/10.4271/2016-01-0675
https://doi.org/10.1177/1468087419875837
https://doi.org/10.1177/1468087419852013
https://doi.org/10.1016/j.jma.2017.02.004
https://doi.org/10.1179/174591908X372482
https://doi.org/10.1021/acs.iecr.1c00788
https://doi.org/10.1016/S0040-6090(00)01452-8
https://doi.org/10.1016/j.proeng.2012.06.368
https://doi.org/10.1016/S1002-0721(10)60422-X
https://doi.org/10.1016/j.actamat.2014.01.017

C. Sherwin, K. Raju

Advancements in thermal barrier coatings for internal ...

Community. Coatings, 1 (2), 117-132.

https://doi.org/10.3390/coatings1020117.
[29] R. Hashaikeh, J. A. Szpunar (2009) Electrolytic

Processing of MgO Coatings. Phys. Conf. Ser., 165,
012008. DOI: 10.1088/1742-6596/165/1/012008.

[30] I. Zhitomirsky (2002) Cathodic Electrodeposition of
Ceramic and Organoceramic Materials Fundamental
Aspects. Adv. Colloid Interface Sci., 97 (1-3), 279-
317,https://doi.org/10.1016/S0001-8686(01)00068-9

[31] A. R. Boccaccini, I. Zhitomirsky (2002) Application of
Electrophoretic  and Electrolytic ~ Deposition
Techniques in Ceramics Processing Curr. Opin.
Solid State Mater. Sci., 6 (3), 251-260.
https://doi.org/10.1016/S1359-0286(02)00080-3.

[32] J. Zhang, X. Guo, Y. G. Jung, L. Li, J. Knapp (2017)
Lanthanum Zirconate Based Thermal Barrier Coa-
tings: A Review. Surf. Coat. Technol., 323, 18-29.
https://doi.org/10.1016/j.surfcoat.2016.10.019.

[33] O. Sudre, J. Cheung, D. Marshall, P. Morgan, C. G.
Levi (2001) Thermal Insulation Coatings of LaPO4.
Ceramic Engineering and Science Proceedings;
Singh, M., Jessen, T., Eds.; John Wiley & Sons,
Inc..  Hoboken, NJ, USA, 22, 367-374.
https://doi.org/10.1002/9780470294703.ch44.

[34] X. Xie, H. Guo, S. Gong, H. Xu (2011) Thermal
Cycling Behavior and Failure Mechanism of

LaTi2AI9019/YSZ Thermal Barrier Coatings
Exposed to Gas Flame. Surf. Coat. Technol., 205
(17-18), 4291-4298.

https://doi.org/10.1016/j.surfcoat.2011.03.047.

[35] S. Ghosh (2015), Thermal Barrier Ceramic Coatings
A Review. Advanced Ceramic Processing;
Mohamed, A. M. A, Ed,; InTech, DOIL:
10.5772/61346. DOI: 10.5772/61346.

[36] W. Ma, D. Mack, J. Malzbender, R. VaRen, D.
Stdver (2008) Yb203 and Gd203 Doped Strontium
Zirconate for Thermal Barrier Coatings. Eur. Ceram.
Soc. 28 (16), 3071-3081.
https://doi.org/10.1016/j.jeurceramsoc.2008.05.013.

[37] K. Jiang, S. Liu, X. Wang (2018) Low-Thermal-
Conductivity and High-Toughness Ce0O2-Gd203
Co-Stabilized Zirconia Ceramic for Potential
Thermal Barrier Coating Applications. Eur. Ceram.
Soc., 38 (11), 3986-3993.
https://doi.org/10.1016/j.jeurceramsoc.2018.04.065.

[38] N. P. Padture, P. G. Klemens (1997) Low Thermal
Conductivity in Garnets. Am. Ceram. Soc., 80 (4),
1018-1020.
https://doi.org/10.1111/j.1151-2916.1997.tb02937 .x.

[39] X. Fan, B. Zou, L. Gu, C. Wang, Y. Wang, W.
Huang, L. Zhu, X. Cao (2013) Investigation of the
Bond Coats for Thermal Barrier Coatings on Mg
Alloy. Appl. Surf. Sci., 265, 264-273,
https://doi.org/10.1016/j.apsusc.2012.10.192.

[40] G. M. Kim, N. M. Yanar, E. N. Hewitt, F. S. Pettit, G.
H. Meier (2002) The Effect of the Type of Thermal
Exposure on the Durability of Thermal Barrier
Coatings. Scr. Mater., 46 (7), 489-495,
https://doi.org/10.4028/www.scientific.net/KEM.197.145

ZASTITA MATERIJALA 66 (2025) broj 1

[41] M. Bai, B. Song, L. Reddy, T. Hussain (2019)
Preparation of MCrAlY-Al,O3 Composite Coatings
with Enhanced Oxidation Resistance through a
Novel Powder Manufacturing Process. Therm.
Spray Technol., 28 (3), 433-443.
http://dx.doi.org/10.1007/s11666-019-00830-y.

[42] P. Rahul, Zh. Sulin, K. Hsia Jimmy (2003) Bond coat
surface rumpling in thermal barrier coatings. Acta
Materialia, 51 (1), 239-249. DOI: 10.1016/S1359-
6454(02)00456-8.

[43] Z. H Xu, L. M. He, R. D. Mu, S. M. He, G. H Huang,
X. Q. Cao (2010) Double-Ceramic-Layer Thermal
Barrier Coatings Based on
La2(Zr0.7Ce0.3)207/La2Ce207  Deposited by
Electron Beam- Physical Vapor Deposition. Appl.
Surf. Sci., 256 (11), 3661-3668.
https://doi.org/10.1016/j.apsusc.2010.01.004.

[44] R. Vassen, X. Cao, F. Tietz, D. Basu, D. Stover
(2000) Zirconates as New Materials for Thermal
Barrier Coatings. Am. Ceram. Soc., 83 (8),
2023-2028.
https://doi.org/10.1111/j.1151-2916.2000.tb01506.x

[45] X. Guo, Z. Lu, H-Y Park, L. Li, J. Knapp, Y-G Jung,
J. Zhang (2019) Thermal Properties of LaZr,O7
Double-Layer Thermal Barrier Coatings. Adv. Appl.
Ceram. 118 (3), 91-97,

DOI: 10.1080/17436753.2018.1542997.

[46] E. Jordan, M. Gell (2015) Low Thermal Conductivity,
High Durability Thermal Barrier Coatings for IGCC
Environments.  Technical Report: 1182555.
https://doi.org/10.2172/1182555.

[47] S. Mahade, N. Curry, S. Bjo'rklund, N. Markocsan,
P. Nyle'n (2015) Thermal conductivity and thermal
cyclic fatigue of multilayered Gd»Zr,O-/YSZ thermal
barrier coatings processed by suspension plasma
spray. Surf Coat Technol.,, 283, 329-336,
https://doi.org/10.1016/j.surfcoat.2015.11.009.

[48] S. Mahade, N. Curry, S. Bjo'rklund, N, Markocsan,
P. Nyle'n, R. Val3en (2017) Functional performance
of GdZr,07/YSZ multi-layered thermal barrier
coatings deposited by suspension plasma spray.
Surf Coat Technol., 318, 208-216,
https://doi.org/10.1016/j.surfcoat.2016.12.062.

[49] K. M. Doleker, H. Ahlatci, A. C. Karaoglanli (2017)
Investigation of isothermal oxidation behavior of
thermal barrier coatings (TBCs) consisting of YSZ
and multilayered YSZ/Gd,Zr,O; ceramic layers.
Oxid Met. 88(1-2) 109-119,
https://doi.org/10.1007/s11085-016-9690-4.

[50] J. Th. Bauer, X. Montero, M. Ch. Galetz (2020) Fast
heat treatment methods for al slurry diffusion
coatings on alloy 800 prepared in air. Surface and
Coatings Technology, 381, 125140,
https://doi.org/10.1016/j.surfcoat.2019.125140.

[51] A. J. Ruys, B. A. Sutton (2021) Metal-ceramic
functionally graded materials (FGMs). Metal-
Reinforced Ceramics; Ruys, A.J., Ed.; Woodhead
Publishing: Cambridge, UK, 327-359,
https://doi.org/10.1016/B978-0-08-102869-8.00009-4

[52] E. Bakan, D. E. Mack, G. Mauer, R. Valen, J.
Lamon, N. P. Padture (2020) High-temperature

203


https://doi.org/10.3390/coatings1020117
https://doi.org/10.1016/S0001-8686(01)00068-9
https://doi.org/10.1016/S1359-0286(02)00080-3
https://doi.org/10.1016/j.surfcoat.2016.10.019
https://doi.org/10.1002/9780470294703.ch44
https://doi.org/10.1016/j.surfcoat.2011.03.047
https://doi.org/10.1016/j.jeurceramsoc.2008.05.013
https://doi.org/10.1016/j.jeurceramsoc.2018.04.065
https://doi.org/10.1111/j.1151-2916.1997.tb02937.x
https://doi.org/10.1016/j.apsusc.2012.10.192
https://doi.org/10.4028/www.scientific.net/KEM.197.145
http://dx.doi.org/10.1007/s11666-019-00830-y
https://doi.org/10.1016/j.apsusc.2010.01.004
https://doi.org/10.1111/j.1151-2916.2000.tb01506.x
https://doi.org/10.2172/1182555
https://doi.org/10.1016/j.surfcoat.2015.11.009
https://doi.org/10.1016/j.surfcoat.2016.12.062
https://doi.org/10.1007/s11085-016-9690-4
https://doi.org/10.1016/j.surfcoat.2019.125140
https://doi.org/10.1016/B978-0-08-102869-8.00009-4

C. Sherwin, K. Raju

Advancements in thermal barrier coatings for internal ...

materials for power generation in gas turbines.
Advanced Ceramics for Energy Conversion and
Storage; Guillon, O., Ed.; Elsevier: Amsterdam, The
Netherlands, 3-62,
https://doi.org/10.1016/B978-0-08-102726-4.00001-6

[53] S. Mbam, S. E. Nwonu, O. A. Orelaja, U. S. Nwigwe,
X. F. Gou (2019) Thin-film coating; historical
evolution, conventional deposition technologies,
stress-state micro/nano-level measurement/models
and prospects projection: A critical review. Mater.
Res. Express, 6, 122001. DOI: 10.1088/2053-
1591/ab5647.

[54] S-Y Qiu, C-W Wu, C-G Huang, Y. Ma, H-B Guo
(2021) Microstructure Dependence of Effective
Thermal Conductivity of EB-PVD TBCs. Materials,
14 (8), 1838. https://doi.org/10.3390/mal14081838.

[55] V. Miguel-Pérez, A. Martinez-Amesti, M. L. N¢, J.
Calvo- Angés, M. I. Arriortua (2014) EB-PVD
Deposition of Spinel Coatings on Metallic Materials
and Silicon Wafers. Int. J. Hydrogen Energy, 39
(28), 15735-15745.
https://doi.org/10.1016/j.ijhydene.2014.07.115.

[56] G. L. Doll, B. A. Mensah, H. Mohseni, T. W. Scharf
(2009) Chemical Vapor Deposition and Atomic
Layer Deposition of Coatings for Mechanical
Applications. Therm. Spray Technol., 19, 510-516.
DOI: 10.1007/s11666-009-9335-8.

[57] V. B. Miskovié-Stankovi¢ (2014) Electrophoretic
Deposition of Ceramic Coatings on Metal Surfaces.
Electrodeposition and Surface Finishing:
Fundamentals and Applications; Djoki¢, S. S., Ed.;
Springer New York: New York, 133-216.
https://doi.org/10.1007/978-1-4939-0289-7_3.

[58] E. I. Meletis, X. Nie, F. L. Wang, J. C. Jiang (2002)
Electrolytic Plasma Processing for Cleaning and
Metal-Coating of Steel Surfaces. Surf. Coat.
Technol., 150 (2), 246-256.
https://doi.org/10.1016/S0257-8972(01)01521-3.

[59] B. E. Carroll, R. A. Otis, J. P. Borgonia, J. Suh, R. P.
Dillon, A. A. Shapiro, D. C. Hofmann, Z-K Liu, A. M.
Beese (2016) Functionally Graded Material of 304L
Stainless Steel and Inconel 625 Fabricated by
Directed Energy Deposition: Characterization and
Thermodynamic Modeling. Acta Mater., 108, 46-54.
https://doi.org/10.1016/j.actamat.2016.02.019.

[60] D. Kukla, M. Kopec, K. Wang, C. Senderowski, Z. L.
Kowalewski (2021) Nondestructive Methodology for
Identification of Local Discontinuities in Aluminide
Layer-Coated MAR 247 during Its Fatigue
Performance. Materials, 14, 3824.
https://doi.org/10.3390/mal4143824.

[61] J. He (2022) Advanced MCrAIlY alloys with doubled
TBC lifetime. Surf. Coat. Technol., 448, 128931.
https://doi.org/10.1016/j.surfcoat.2022.128931.

[62] T. A. Taylor, P. N. Walsh (2004) Thermal expansion
of MCrAlY alloys. Surf. Coat. Technol., 177-178,
24-31.
https://doi.org/10.1016/j.surfcoat.2003.05.001.

[63] M. Gupta, N. Markocsan, X. H. Li, L. Ostergren
(2018) Influence of Bond Coat Spray Process on
Lifetime of Suspension Plasma-Sprayed Thermal

204

Barrier Coatings. Therm. Spray Technol., 27, 84—
97, https://doi.org/10.1007/s11666-017-0672-0.

N. Curry, Z. Tang, N. Markocsan, P. Nylén (2015)
Influence of Bond Coat Surface Roughness on the
Structure of Axial Suspension Plasma Spray
Thermal Barrier Coatings—Thermal and Lifetime
Performance. Surf. Coat. Technol., 268, 15-23.
https://doi.org/10.1016/j.surfcoat.2014.08.067.

[64] B. Bernard, A. Quet, L. Bianchi, V. Schick, A. Joulia,
A. Malié, B. Rémy (2017) Effect of Suspension
Plasma-Sprayed YSZ Columnar Microstructure and
Bond Coat Surface Preparation on Thermal Barrier
Coating Properties. Therm. Spray Technol., 26,
1025-1037
https://doi.org/10.1007/s11666-017-0584-z.

[65] P. Sokotowski, L. Pawilowski, D. Dietrich, T.
Lampke, D. Jech (2016) Advanced Microscopic
Study of Suspension Plasma-Sprayed Zirconia
Coatings with Different Microstructures. Therm.
Spray Technol., 25, 94-104.
https://doi.org/10.1007/s11666-015-0310-7.

[66] D. Seo, K. Ogawa, T. Shoji, S. Murata (2007) Effect
of Particle Size Distribution on Isothermal Oxidation
Characteristics of Plasma Sprayed CoNi- and
CoCrAlY Coatings. Therm. Spray Technol., 16, 954—
966, DOI: 10.1007/s11666-007-9125-x.

[67] N. P. Padture, M. Gell, E. H. Jorda (2002) Thermal
Barrier Coatings for Gas-Turbine  Engine
Application. Science 296, 280-284,
doi: 10.1126/science.1068609.

[68] M. Parchoviansky, |I. Parchovianska, O. Hanzel, Z.
Netriovd, A. Pakseresht (2022) Phase Evaluation,
Mechanical Properties and Thermal Behavior of Hot-
Pressed LC-YSZ Composites for TBC Applications.
Materials, 15, 2839.
https://doi.org/10.3390/mal5082839.

[69] A. K. Ray, E. S. Dwarakadasa, D. K. Das, V. R.
Ranganath, B. Goswami, J. K. Sahu, J. D.
Whittenberger (2007) Fatigue behavior of a thermal
barrier coated superalloy at 800°C. Mater. Sci. Eng.,
A 448, 294-298.
https://doi.org/10.1016/j.msea.2006.10.035.

[70] W. Zhu, Q. Wu, L. Yang, Y. C. Zho (2020) In situ
characterization of high temperature elastic modulus
and fracture toughness in air plasma sprayed
thermal barrier coatings under bending by using
digital image correlation. Ceram., Int. 46, 18526—
18533, https://doi.org/10.1016/j.ceramint.2020.04.158.

[71] A. G. Evans, D. R. Mumm, J. W. Hutchinson, G. H.
Meier, F. S. Pettit (2001) Mechanisms controlling the
durability of thermal barrier coatings. Prog. Mater.
Sci., 46, 505-553, https://doi.org/10.1016/S0079-
6425(00)00020-7.

[72] Q. Wei, J. Zhu, W. Chen (2016) Anisotropic
Mechanical Properties of Plasma-Sprayed Thermal
Barrier Coatings at High Temperature Determined
by Ultrasonic Method. Therm. Spray Technol., 25,
605-612. https://doi.org/10.1007/s11666-016-0378-8

[73] Y. Tan, A. Shyam, W. B. Choi, E. Lara-Curzio, S.
Sampath (2010) Anisotropic elastic properties of
thermal spray coatings determined via resonant
ultrasound spectroscopy. Acta Mater., 58, 5305-
5315. https://doi.org/10.1016/j.actamat.2010.06.003.

ZASTITA MATERIJALA 66 (2025) broj 1


https://doi.org/10.1016/B978-0-08-102726-4.00001-6
https://doi.org/10.3390/ma14081838
https://doi.org/10.1016/j.ijhydene.2014.07.115
https://doi.org/10.1007/978-1-4939-0289-7_3
https://doi.org/10.1016/S0257-8972(01)01521-3
https://doi.org/10.1016/j.actamat.2016.02.019
https://doi.org/10.3390/ma14143824
https://doi.org/10.1016/j.surfcoat.2022.128931
https://doi.org/10.1016/j.surfcoat.2003.05.001
https://doi.org/10.1007/s11666-017-0672-0
https://doi.org/10.1016/j.surfcoat.2014.08.067
https://doi.org/10.1007/s11666-017-0584-z
https://doi.org/10.1007/s11666-015-0310-7
https://doi.org/10.3390/ma15082839
https://doi.org/10.1016/j.msea.2006.10.035
https://doi.org/10.1016/j.ceramint.2020.04.158
https://doi.org/10.1016/S0079-6425(00)00020-7
https://doi.org/10.1016/S0079-6425(00)00020-7
https://doi.org/10.1007/s11666-016-0378-8
https://doi.org/10.1016/j.actamat.2010.06.003

C. Sherwin, K. Raju Advancements in thermal barrier coatings for internal ...

1ZVOD

NAPREDOVANJE U PREMAZIMA TERMICKE BARIJERE ZA MOTORE
SA UNUTRASNJIM SAGOREVANJEM (IC)

Klipovi dizel motora su napravljeni od legura aluminijjuma. Uvek je postojala potreba za
povecanjem toplotne efikasnosti motora koji koriste ove klipove. Klipovi od aluminijumske legure
nalaze svoju primenu jer su lagani i imaju relativno dobru sposobnost prenosa toplote i odnos
snage i teZine. Medutim, legure aluminijuma pokazuju povecan koeficijent toplotnog Sirenja, nisku
izdrzljivost na visokim temperaturama, povecanu stopu habanja i formiranje aluminijum oksida
usled interakcije sa kiseonikom u vazduhu na visokim temperaturama. Ovi izazovi se reSavaju
nanoSenjem kerami¢kog materijala na klip, poznatih kao previake termalne barijere (TBC), zbog
svojih niskih specificnih svojstava prenosa toplote. TBC igraju vaznu ulogu u poboljSanju
efikasnosti povisenih temperatura u industrijskim primenama kao $to su gasne turbine, automobili
i vazduhoplovni sistemi. TBC imaju tendenciju da brzo smanje temperaturu gornje povrsine krune
klipa. Ovaj rad naglaSava istaknute metode proizvodnje termickih barijernih premaza uklju¢ujuci
difuzioni premaz, tehniku termickog spreja, tehniku prskanja elektricnim lukom, PVD, CVD,
elektrodepoziciju i metodu proizvodnje aditiva. Klju¢na diskusija je o materijalima i trendovima koji
se pojavljuju u razvoju efikasnog sistema toplotne zastite. Pored toga, pregled baca svetlo na
kori§¢enje novih materijala kao $to su napredna keramika, legure i nanokompoziti za njihov uticaj
kao TBC. Rad se, takode, fokusira na buduce izglede i trenutne izazove u istraZivanju i razvoju
TBC-a. Faktori kao $to su toplotna provodijivost, stabilnost Zivotne sredine i proizvodni procesi se
procenjuju kako bi se ispunili zahtevi primene motora sa unutrasnjim sagorevanjem na visokim
temperaturama (IC). Konacno, ovaj kratak pregled kombinuje postojece informacije o TBC za
inZenjere, praktiCare i naucnike kako bi razumeli sadasnju praksu i doprineli poboljSanju
tehnologija toplotne zastite u IC motorima.

Kljuéne reci: previake za termicku barijeru (TBC), unutrasnje sagorevanje (IC), sprejevi vazdusne
plazme (APS), vakuum plazma sprej (VPS), fizicko taloZenje pare (PVD), oksi-gorivo velike brzine
(HVOF), suspenzija plazma sprej (SPS), Sol-Gel, Keramika.
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The inhibitory properties of the boiling extracts from Fagus
sylvatica purpurea fallen leaves on the corrosion of mild steel in
acidic environments

ABSTRACT

The inhibitory ability of the boiling extracts from the fallen leaves ofFagus sylvatica purpurea on
the corrosion of mild steel EN Fe37-3FN in 0.5 M hydrochloric acid and 0.5 M sulphuric acid
media was investigated using gravimetric, electrochemical, and EIS methods. It was shown that
the addition of 100 mg/l of the Fagus sylvatica purpureafallen leaves extract reduces the corrosion
rate by 20-25%, and that of of 1 g/l and more — by 65-70%. The adsorption of the extract
components on a steel surface follows the Langmuir adsorption model, and the nature of
adsorption is physical. The Fagus sylvatica purpureafallen leaves extractshowsitself as
prospective and environmentally friendly substance for reducing the steel corrosion rate in acidic
environments.

Keywords: Fagus sylvatica purpurea, purple beech, boiling extracts, acid medium corrosion
inhibition, mild steel, gravimetric study, electrochemical study, electrochemical impedance

spectroscopy, Langmuir adsorption isotherm.

1. INTRODUCTION

The usage of industrial side products and
wastes [1], expired drugs [2], food and biomass
waste [3,4] and compounds extracted from natural
products [4]attracts a growing interest of the corro-
sion engineers around the globe. By employing
environmentally degradable natural compounds
one could drastically reduce the costs and the
ecological impactof both production of inhibitors,
and their subsequent utilisation. A plant's roots,
leaves, aerial parts, fruits, and seeds are frequently
used as the source of extracted compounds [4].

The purple beech (Fagus sylvatica purpurea) is
a cultivar of the European beech, which is widely
distributed in several parts of Europe, Middle Asia
and North America [5]. Due to its unusual purple
colour or leaves, it is commonlyused as the orna-
mental tree. The bark and the leaf of the European
beech are well-known strong antioxidants [6,7], and
contain several polyphenolic compounds including
phenolic acids and flavonoids [7-9]. However, both
flavonoids [10, 11] and phenols exhibit inhibitory
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properties on metal oxidation. Moreover, there is a
clear dependency between the antioxidant and
inhibition properties of natural compounds [12], and
therefore, the compounds extracted from Fagus
sylvatica leaves might be useful and environ-
mentally friendly corrosion inhibitors.

Acidic environments are often employed for the
study of the effectiveness of inhibitors, because
acids give the most demonstrative results [11]. In
addition, the study of the acidic corrosion of metals
is important for oil and gas industry, the galvanic
electroplating of metals, the development of the
solutions for the metal pickling, and for the rust
removal [11]. Only a single study concerning the
usage of extract of the common beech leaves as
the inhibitor of the corrosion of carbon steel in
sulphuric acid was already published [13].
However, in that paper a commercial ethanolic
extract was used, and its concentration was not
specified, therefore, it is impossible to understand
the dependency on the inhibitory properties on the
concentration of the extracted compounds.
Moreover, the employment of toxic organic
extractant undermines the sustainability of the
obtained extract. The usage of boiling water extract
seems a more environmentally friendly solution.

At the end of September, the beech tree
exhibits the leaf fall producing the considerable
amount of fallen leaves. It was previously found [8]
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that the concentration of the bioactive compounds
in the beech leaves remain stable till the leaf fall.
Therefore, collecting the freshly fallen leaves and
extracting phenolic compounds from them is a
sustainable way to produce extract without
jeopardising the growing tree.

Therefore, in the present study, the inhibitory
properties of the boiling extracts of the Fagus
sylvatica purpureafreshly fallen leaves on the
corrosion of mild steel EN Fe37-3FN in 0.5 M
hydrochloric acid and 0.5 M sulphuric acid media
are aimed to be investigated.

2. METHODS

2.1. Reagents and Equipment

Ethanol (analytical grade) and hydrochloric and
sulphuric acids (pure grade)were purchased from
LLC “Sigma Tek”. Steel electrodes were
manufactured from cylindrical ingots made of mild
steel EN Fe37-3FN (containing no more than
0.14% C, 0.3% Ni, Cu, and Cr, 0.05% Si, 0.4% Mn,
0.05% P and 0.04% S).The unused flat end surface
of the ingots was sealed by the epoxy resin, and
the cylindrical working surface immersed in the
solution was equal to 0.04 cm?.

Weighting of the samples was performed using
the analytical balanceEX224/AD (Ohaus
Corp.).Electrochemical and EIS measurements
were conducted using the potentiostat-galvanostat
PS-50 (LLC “SmartStat”).The mercury-mercurous
sulphate  reference  electrode by  Schott
Intstruments GmbH was used. A water for solution
preparation was first distilled using the aquadistiller
AE-15 (LLC “Livam”) and then deionised using the
water purification system AkvalLab S18 (LLC
“Akvalab”). The magnetic stirrer MS-200 LT (LLC
“Labtex”) was used for stirring and heating the
solutions. The single-channel laboratory pipettes
manufactured by Thermo Fisher Scientific were
used for pipetting the solutions. A laboratory
glassware of 2nd grade was used.

2.2. Preparation of the Extracts

The freshly fallen leaves of the purple beeches
(Fagus sylvatica purpurea)were collected in early
October from the trees located in the woods in the
outskirts ofNovosibirsk, Russia. The leaves were
air-dried in the absence of the direct sunlight during
three months and subsequently ground.

A total of 100 g of dried and groundFagus
sylvatica purpurealeaves were weighted, immersed
into a litre of the deionised water,heated and boiled
under the reflux condenser during 3 h. The boiling
extracts were cooled, the plant materialwas
removed, and the solid residues were filtered off
through the filter paper with the pore diameter of 12
pm.
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A total of 10 ml of the extract was taken, placed
in a beaker and heated to dryness in order to
determine the mass of the dissolved substances
and the initial concentrations of the extract
solutions. Then the working solutions of the Fagus
sylvatica purpurea leaf extract with the
concentrations ranging from 0.2 to 20 g/l were
prepared by the appropriate dilutions. The solutions
were then equally diluted by 1 M hydrochloric acid
or by 1 M sulphuric acid to finally produce a series
of acidic solutions of Fagus sylvatica purpurea leaf
extractin 0.5 M HClI or 05 M H2SOaswith
concentrations ranging from 0.1 to 10 g/l.

2.3. Gravimetric studies

For gravimetric tests, rectangular flat plates
made of EN Fe37-3FN mild steel with thickness 3
mm, width 20 £ 2 mm, and height 30 £ 2 mm were
polished using the P2500 emery paper and
degreased by ethanol. The weighted plates (mo)
were immersed into corrosive media for 2 h, then
washed with distilled water, dried, and reweighted
(m). Each experiment was performed in triplicate.
From the measured weight losses (Am = mo — m),
sample surfaces (S), and immersion times (t) the
average corrosion rates (w) were estimated [11]:

w=4Am/(S 1. 1

An inhibitory ability (IE) of the compound was
estimated from the ratio of the corrosion rates in
the absence (wo) and in the presence (w) of the
inhibitor [11]:

IE = (wo — w) / wo 100%. (2)
2.4. Polarisation studies

For polarisation tests,electrodes made of EN
Fe37-3FN mild steeland sealed with the epoxy
resin with the working surface of 0.04cm?were
polished using theP2500 emery paperand
degreased by ethanol.The measurements were
conducted in a standard three-electrode electro-
chemical cell, consisting from the working electrode
(steel sample), auxiliary electrode from the porous
graphite, and the mercury-mercurous sulphate
reference electrode. An open circuit potential (Ecorr)
was recorded during 30 min.

For the measurement of the linear polarisation
resistance the polarisation curves were recorded in
the current range from -10 pA and to +10 pAIn
galvanodynamic mode with the current sweep rate
of 2pA/s. Each experiment was performed in
triplicate. The obtained polarisation curves were
presented in the coordinates E(I), and the
polarisation resistances were evaluated as the
slopes of these curves using the least squares
technique:

R, = dE /dI. 3)
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The inhibitory ability of the compound was
estimated from the ratio of the polarisation
resistances in the presence (R) and in the absence
(Ro) of the inhibitor [11]:

IE = (R—Ro) /R 100%. )

For the measurement of the Tafel slopes [14]
and the corrosion current density the polarisation
curves were recorded in both directions in the
potential ranges from the measured open circuit
potential to =500 mVand to +500 mV relatively to it
with the potential sweep rate of 10 mV/s. Each
experiment was performed in triplicate. The
obtained polarisation curves were presented in the
coordinateskE(lg i), and the Tafel slopes (b) and the
corrosion current density (icor) Were evaluated from
them [15]. Subsequently, the polarisation
resistances (Rp) were estimated from the Tafel
slopes and the corrosion current densities using
the Stern — Geary equation [16,17]:
ba'|bc|

Ro = 0o Tomr baribel )
where b, and b. are the slopes of the anodic and
cathodic branches of the polarisation curve. The
inhibitory ability of the compound was estimated
from the ratio of the corrosion current densities in
the absence (io) and in the presence (i)of the
inhibitor [11]:

IE = (io — i) / i 100%, (6)
and also from the ratio of the polarisation

resistances in the presence (R) and in the absence
(Ro) of the inhibitor using equation (4).

2.5. EIS studies

For EIS tests, electrodes were prepared
similarly to that described in the previous
section.An open circuit potential was recorded
during 30 min.Impedance values were recorded at
the open circuit potential value in the alternating
current frequency interval from
100mHzto10kHzwith the potential amplitude of 10
mV. Each experiment was performed in
triplicate.The obtained results were presented in
the form of Bode and Nyquist plots [18].

Rs Ca
— -
Rt
1
1|

Figure 1. The Randles equivalent electrical circuit
used to fit the EIS data

For the estimation of the impedance para-
meters, a simplified Randles equivalent electrical
circuit (Figure 1) [19], containing the solution
resistance Rs, the consecutive charge transfer
resistance Rq of the passivation layer, and the
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parallel constant-phase element representing the
double electric layer, was employed.

The impedance (Z) of the Randles equivalent
circuit is expressed by the equation [17]:

1
Z=R,+ o - R, +
S PR MR i) (7)

where wis the frequency of the alternating current,
P and n are the parameters of the constant phase
element.

The fitting of the equivalent circuit parameters
to the experimental impedance values was
performed using the free software EIS Spectrum
Analyser [20]. In addition, the capacitance (Cq) and
the thickness (d) of the double electric layer were
estimated [21]:

1-n
_ L . RsRet \'n

Car = P (RS+R”) ’ (®)

d :(S " & 8) / Cql. (9)

where Sis the electrode surface, ¢ is the dielectric
constant of water, and g = 8.85 102 F/m is the
dielectric constant of vacuum.

The inhibitory ability of the compound was
estimated from the ratio of the charge transfer
resistances in the presence (R) and in the absence
(Ro)of the inhibitor using equation (4) [11].

3. RESULTS AND DISCUSSION

3.1. Gravimetric studies

The dependence of the measured inhibition
efficiencies at the different inhibitor concentrations
(Cinn) is presented in Table 1.

Table 1.Variation of corrosion rates and inhibition
efficiencies for mild steel in 0.5 M HCI and
0.5 M H;S0O, acid solutions with different
concentrations of

Fagussylvaticapurpureafallen leaves
extracts obtained in the gravimetric
measurements
Medium 0.5 M HCI 0.5 M H2SO4
Cinh, 9/l |, mg/(cm?- h)|IE, %| w, mg/(cm?-h) | IE, %
0 0.89+0.08 - 11+0.1 -
0.1 0.67£0.07 |24.9 0.81 £0.09 25.9
0.3 0.51+0.06 (43.1 0.72+£0.08 34.7
1 0.30+0.04 |66.3 0.54 £ 0.06 51.3
3 0.28+0.04 |67.9 0.40 £ 0.05 63.8
10 0.26 £+ 0.04 |70.8 0.26 £ 0.05 76.2
3.2. Polarisation studies
The graphs of the open circuit potential

measurements are presented in Figure 2.
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The results of the linear polarisation resistance
measurements are presented in Figure 3 and in

Table 2.

Table 2. Variation of the measured polarisation

resistance and estimated inhibition efficien-
cies of mild steel in 0.5 M HCI and 0.5 M
H>S0s acid solutions with different concentra-
tions of Fagussylvaticapurpurea fallen leaves

extracts
Medium 0.5 M HCI 0.5 M H2SO4
Cinn, 9/l | Rp, Ohm -cm?|IE, %| Ry, Ohm cm? | IE, %
0 520+10 - 300+10 -
0.1 70020 25.2 45010 32.2
0.3 950 £ 20 45.0 510 £ 20 40.0
1 1460+ 30 |64.1 660 £ 20 53.3
3 1640+ 30 |68.0 860 £ 20 64.4
10 1790+ 30 |70.7 1540 + 30 80.1

The results of the potentiodynamic polarisation
measurements are presented in Figure 4 and in

Table 3.
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Figure 4. The polarisation curves of steel in (a) 0.5
M HCI, and (b) 0.5 M H,SO4 with the different
additions of the Fagussylvaticapurpurea leaf

extract after 30 min of exposure
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Table 3.Variation of the measured open circuit potentials, Tafel slopes of polarisation curves,and
estimated corrosion current densities, polarisation resistance and inhibition efficiencies of mild
steel in 0.5 MHCI and 0.5 M H»SO, acid solutions with different concentrations of
Fagussylvaticapurpureafallen leaves extracts

Cinh, O/ | Ecor, MV | ba, mV/dec | be, mV/dec | icor, LA/CM? | IE, % | Rp, Ohm-cm? | IE, %
0.5 M HCI with additions of Fagussylvaticapurpurealeaf extract

0 -903 98.8 -129.8 45.9 - 527 -
0.1 —-898 92.7 -128.3 33.9 26.1 715 26.3
0.3 -892 82.2 -129.6 24.5 46.7 891 40.9
1 —-881 66.1 -126.1 12.7 71.2 1482 64.5
877 74.0 -129.1 12.9 71.8 1529 65.5
10 -873 72.7 -129.4 13.2 72.4 1622 67.6

0.5 M H2SO4 with additions of Fagussylvaticapurpurealeaf extract

0 —886 65.2 -131.4 51.7 - 335 -
0.1 —-881 55.5 -129.2 40.8 21.2 414 19.1
0.3 -877 52.3 -129.3 35.6 31.1 466 28.2
1 -872 47.8 -130.0 26.6 48.5 655 48.9
—-865 44.2 -128.2 20.3 60.7 821 59.2
10 —-857 41.6 -133.0 13.6 73.6 1026 67.4

3.3. EIS studies
The results of electrochemical impedance measurements are presented in Figure 5 and in Table 4.
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Figure 5. The Bode plots of steel in (a), (b) 0.5 M HCI, and (d), (e) 0.5 M H,SO4, and the Nyquist plots of
steel in (c) 0.5 M HCI, and (f) 0.5 M H,SO.with the different additions of the Fagussylvaticapurpurea leaf

extract after 30 min of exposure

Table 4.Variation of theestimatedelectrochemical parameters obtained in the electrochemical impedance
measurements and of inhibition efficiencies of mild steel in 0.5 MHCI and 0.5 M H»SO4 acid
solutions with different concentrations of Fagussylvaticapurpureafallen leaves extracts

con, o1 | Rs, Ohm | P, pOhm=s" | n | CapwF | dmm | RgOm | IE %
0.5 M HCI with additions of Fagussylvaticapurpurealeaf extract
0 17.0 67.6 0.88 26.8 1.04 1144.7 -
0.1 9.9 82.4 0.87 28.4 0.98 1583.5 27.7
0.3 9.8 71.3 0.87 24.1 1.15 2087.0 45.1
1 14.8 55.7 0.86 17.5 1.58 3163.2 63.8
3 14.4 60.7 0.86 19.3 1.44 3645.5 68.6
10 14.7 59.1 0.86 18.8 1.48 4052.8 71.7
0.5 M H2SO. with additions of Fagussylvaticapurpurealeaf extract

0 13.3 55.6 0.91 342 0.08 927.4 -
0.1 12.5 50.9 0.90 290 0.10 1237.1 25.0
0.3 12.5 43.0 0.91 256 0.11 1521.8 39.1
1 18.5 44.5 0.90 261 0.11 1873.1 50.4
3 18.1 52.7 0.88 279 0.10 2225.4 59.3
10 2.8 329 0.89 138 0.20 3894.1 76.2

3.4. Langmuir adsorption model IE=6-100% (11)

The description of the adsorption of the leaf

extract components on the steel surface was 14 7 R

performed in terms of the Langmuir adsorption 1+ el

model, because this model is simple and used in 7

most corrosion inhibition studies [22]. The - 101 ’

Langmuir adsorption isotherm equation was g+ 5

linearised in the form: 5'; 6 1 L o 1

Cinh/0 = 1/Kads + Cinh, (10) ° 4 1 .;;%’5 . 2
where cinnis the concentration of the Fagus 21 47 -
sylvatica purpurea leaf extract solution, Kagsis the 0 A , , , ,

adsorption-desorption equilibrium constant, and 6is 0 5 4 6 3 10
the degree of surface coverage which represents

. Cinne &/1
the fraction of the surface of the metal covered by wE

the inhibitor molecules adsorbed on to the metal
surface. It is connected to the inhibition efficiency,
IE of the inhibitor through the relation:
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Figure 6. The plots of cinn / 8 vs. cinn for the
adsorption of the Fagussylvaticapurpurea leaf
extract on the steel surface
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The dependencies of cw/6 on cin are
presented in Figure 6 and in Table 5.

The data were processed using the least
squares technique [23], and the equilibrium
constants Kags Were estimated as the intercepts of
the regression equations. The Gibbs energy

changes of the sorption (AaisG) were estimated
from the equation:

NagsG =—RT In (Kads' Cwater), (12)

where cwater = 10° g/l is the water concentration
in the extracts. The results are presented in Table
5.

Table 5. The estimated parameters of the Langmuir adsorption model, sorption-desorption equilibrium
constants and the Gibbs energies of adsorption for the sorption of Fagussylvaticapurpureafallen
leaves extracts on the steel surface

Cion g/l | 8 [ Cmn/6, g/ | Regression equation | Kaas, /g | DaasG, kd/mol
0.5 M HCI with additions of Fagussylvaticapurpurealeaf extract

0.1 0.261 0.383

03 |9d07| 0.642 Cinh / 6 = (1.36 + 0.01) Cinn + (0.16 * 0.06);

1 0.712 1.404 R2 = 0.999 73 —21+2
3 0.718 4.178

10 0.724 13.812

0.5 M H2S04 with additions of Fagussylvaticapurpurealeaf extract

0.1 0.212 0.472

03 081 9965 Cinh / 8 = (1.31 + 0.04) Cinn + (0.6 + 0.2);

1 0.485 2.062 R? = 0.997 ’ 1.8+0.6 -18+2
3 0.607 4,942

10 0.736 13.587

3.5. Discussion
The results of the open circuit potential

This implies that in the solutions of both acids the
purple beech leaf extract acts as the anodic-type

measurements show that with the addition of a
Fagus sylvatica purpurea leaf extract the potential
of the mild steel both in the solution of 0.5 M HCI
and 0.5 M H2SOs shifts to the more positive values.
In addition, the Tafel slopes of the anodic branches
of the polarisation curves decrease with alteration
of the extract concentration, whereas the slopes of

inhibitor [24,25].

The values of the inhibition efficiencies estima-
ted from the data of gravimetric, electrochemical
and EIS experiments coincide well and show the
similar trend (see Table 6). The values of the
polarisation resistance of the absorbed inhibitor
estimated from the data of linear polarisation and

the cathodic branches remain nearly the same. from the Tafel slopes also coincide well.

Table 6. The comparison of the inhibition efficiencies of Fagussylvaticapurpureafallen leaves

extractsobtained by the various methods

c Inhibition efficiency, %
gljr}T Gravir_netric Linear polarisation Corrosion_current Calculatepl polarisation Charg_e transfer
experiment resistance density resistance resistance
0.5 M HCI with additions of Fagussylvaticapurpurealeaf extract
0.1 24.9 25.2 26.1 26.3 27.7
0.3 43.1 45.0 46.7 40.9 45.1
66.3 64.1 71.2 64.5 63.8
3 67.9 68.0 71.8 65.5 68.6
10 70.8 70.7 72.4 67.6 71.7
0.5 M H2SO. with additions of Fagussylvaticapurpurealeaf extract
0.1 25.9 32.2 21.2 19.1 25.0
0.3 34.7 40.0 31.1 28.2 39.1
1 51.3 53.3 48.5 48.9 50.4
63.8 64.4 60.7 59.2 59.3
10 76.2 80.1 73.6 67.4 76.2
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With the increase of the extract concentration
from 0.1 to 1 g/l its inhibition efficiency on the
corrosion of mild steel EN Fe37-3FN in a 0.5 M
hydrochloric acid medium rises from ~25-30% to
~65-70%, but the further concentration increase
gives no significant improvement of the inhibition
efficiency. In contrast, the inhibition efficiency of the
extract on the corrosion of the same steel in a 0.5
M sulphuric aicd medium continues to increase
with the rise of extract concentration, and
approaches ~70-75% when the concentration of
10 g/l is achieved.

The adsorption of the extracted components on
the steel surface fairly obeys the Langmuir
adsorption model. The values of the sorption—
desorption equilibrium constants and the Gibbs
energies of sorption estimated using the degrees of
surface coverage obtained from the different
methods coincide within their ranges of uncertainty.
The calculated Gibbs energies of sorption are in
the range ~ —20 kJ/mol for both hydrochloric and
sulphuric acids, which means that the nature of the
adsorption is physical due to the electrostatic
interactions [26].

Despite the experimental values of the
inhibition efficiencies may vary significantly with
alteration of both the solution composition and
temperature [27], the leaf extracts of Fagus
sylvatica  purpurearevealed the prospective
inhibition potential against the corrosionofmild steel
in acidic environments. The addition of common
beech leaf extracts to a corrosive environment can
be used to protect equipment from corrosion in
pickling areas of metal processing industries, and
in electroplating baths.The extracts may also be
used as the part of products for removing corrosion
products from steel surfaces [28,29]. Moreover,
using the freshly fallen leaves for extract
preparation does not put the trees into danger, and
could contribute to the biomass waste usage.

4. CONCLUSION

The inhibitory ability of the Fagus sylvatica
purpurealeaf boiling extracts on the corrosion of
mild steel EN Fe37-3FN in 0.5 M hydrochloric acid
and 0.5 M sulphuric acid media was investigated
using the gravimetric, electrochemical, and EIS
methods. It was shown that the addition of 100 mg/I
of the extract reduces the corrosion rate in HCI by
25% and in H2SO4 by 20-25%, and that of of 1 g/l
— by 65-70% and 45-50%, respectively, whereas
the addition of 10 g/l of the extract further reduces
the corrosion rate in H2SOsby 70-75%.The
inhibition efficiency values obtained by the various
methods show the similar trends. The adsorption of
the extract components on a steel surface follows
the Langmuir adsorption model, and the nature of
adsorption is physical. The Fagus sylvatica

ZASTITA MATERIJALA 66 (2025) broj 1

purpurea leaf extract showsitself as prospective
and environmentally friendly substance for redu-
cing the steel corrosion rate in acidic environments.
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corrosion

INHIBITORNA SVOJSTVA EKSTRAKATA IZ OPALOG LISCA FAGUS SILVATICA
PURPUREA NA KOROZI|JU BLAGOG CELIKA U KISELIM SREDINAMA

Inhibiciona sposobnost ekstrakata iz opalog lis¢a Fagus silvatica purpurea na koroziju mekog
Celika EN Fe37-3FN u 0,5 M medijumu hlorovodoni¢ne kiseline i 0,5 M sumporne kiseline
ispitivana je gravimetrijskim, elektrohemijskim i EIS metodama. Pokazalo se da dodatak 100 mg/I|
ekstrakta opalog lis¢a Fagus silvatica purpurea smanjuje stopu korozije za 20-25%, a od 1 g/l i
viSe — za 65-70%. Adsorpcija komponenti ekstrakta na Celicnoj povrSini prati Langmuir model
adsorpcije, a priroda adsorpcije je fizicka. Ekstrakt opalog lis¢a Fagus silvatica purpurea pokazuje
se kao perspektivna i ekoloSki prihvatljiva supstanca za smanjenje stope korozije Celika u kiselim

sredinama.

Kljuéne reci: Fagus silvatica purpurea, ljubicasta bukva, kljuéajuci ekstrakti, inhibicija korozije u

kiseloj sredini,

blagi Celik, gravimetrijska studija, elekirohemijska studija, spektroskopija

elektrohemijske impedanse, Langmuir adsorpciona izoterma
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