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Correct determination of the hydrogen evolution reaction parameters
at Ni foam electrode modified by electrodeposited Ni-Sn alloy layer

ABSTRACT

The example of the procedure for the correct determination of the parameters of hydrogen
evolution reaction (HER), the exchange current density (j,) and relaxation time (z,) for intermediate
(adsorbed hydrogen, H.q4s) adsorption at modified porous Ni-based electrode are presented in this
work. Such a procedure is applicable for the HER at all electrode materials. The value of j, was
obtained from the intercept at » = 0 mV from the 7 vs. log (Ry") dependence (7 - overpotential),
while the value of 7, was obtained from the intercept at » = 0 mV from the logz vs. n dependence.
It was shown that for the correct determination of j, and z, it is necessary to correct applied 7 for
the jRs drop, by recording current density (j) for applied 7 and correcting it for jRs.

Keywords: HER parameters, exchange current density, relaxation time, Ni-Sn alloy, Ni foam, 30%

KOH

1. INTRODUCTION

As one of the most investigated electroche-
mical reactions, the HER was the subject of many
chapters and books by different authors, with some
of them being cited here [1-6]. The mechanism and
kinetics of the HER were mainly studied by Tafel
plots analysis and electrochemical impedance
spectroscopy (EIS) investigations. Since it was
shown that by Tafel plots analysis it is not possible
to determine the influence of overpotential on the
electrosorption/electrodesorption of active
intermediate [7] and that only EIS measurements
can provide sufficient data for this process, in this
introduction (as well as in the paper) only EIS
results for the HER were considered [8-21].

The first theoretical treatment of the electro-
sorption / electrodesorption of active intermediate
was presented in the work of R.D. Armstrong et al.
[8], where the impedance of electrochemical reac-
tion with an adsorbed intermediate without diffusion
has been analyzed. At that time a constant phase
element (CPE) had not yet been introduced in the
literature and the equivalent circuit for intermediate

*Corresponding author: Vladimir D. Jovi¢

E-mail: vladajovic@imsi.bg.ac.rs

Paper received: 12. 11. 2023.

Paper accepted: 01. 12. 2023.

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

adsorption (shown in Figure 1) was composed of
the charge transfer resistance (R.) of the HER in
series with the adsorption pseudocapacitance (C),
and the charge transfer resistance of the
electrodesorption of intermediate (R,) connected in
parallel. It was assumed that the rate of the
formation of the intermediate is v,, while the rate of
its disappearance is v,. In the steady-state v; = v,
and the concentration of intermediate at the
surface is given by equation

ar

V17 V2 (1)

while relaxation time (z) is defined as
_ 92\ _ (9v1) 1-1
t= [( 61")5 (BF)E] (2)
and

R, (additional resistance at zero frequency) as

2= etnar (52), +mar (52) 710(5), - (32),
3)
Where

n, is the number of electrons involved in the
formation of one molecule of intermediate and n, is
the number of electrons involved in its
disappearance.
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Figure 1. Equivalent circuit for the electrosorption /
electrodesorption of active intermediate [8]

Slika 1. Ekvivalentno kolo za reakciju
elektrosorpcije / elektrodesorpcije intermedijara [8]

By the analysis of the impedance of this
equivalent circuit following equations were derived:

R, = ——a_ (@)
P Ro+Re
R
Cp = —Rig: (5)

Detailed analysis of the obtained impedance
equations predicted three general shapes of
Nyquist plots [8]:

(1) Ro >> R — the equivalent circuit is reduced to
the parallel connection of R, and Cg producing
one semi-circle;

(2) R comparable to R — if RyCqy << 7 two semi-
circles will appear on the Nyquist plot, one at
high frequencies (@ > 1/R.Cy) corresponding
to the parallel connection of R and Cg4 and
another one at low frequencies (o < 1/7)
corresponding to the parallel connection of R,
and C;

(3) Ro << Ry — producing complex shapes of
Nyquist plots depending on the values of
parameters.

In 1982 Harrington et al. [16] provided a
detailed theoretical analysis for such a case
considering the same equivalent circuit as that in
Ref. [8] connected in parallel with the double layer
capacitance (Cy) by discussing the significance of
the equivalent circuit elements on the behavior of a
multi-step reaction with the adsorbed intermediate
in the absence of diffusion control. The best
example for this analysis was the HER. The total
impedance was given by the equation

7= L (6)

Ret

+jwCq;

(—1 )
+jwC
Rp Jolp

Where

R. is the charge transfer resistance of the
HER, R, is the charge transfer resistance of the
electrodesorption step and/or recombination step,
and C, is the pseudo-capacitance of the
electrosorbed species. The capacitance C, was
assumed to appear in combination with the resistor
Rp.

There are in the literature only a few papers
presenting experimentally obtained results for the
parameters R, and C,, [17-21]. In Ref. [17] the HER
at a rotating Pt electrode was investigated in 0.5 M
NaOH and 0.5 M H,SO, by EIS measurements.
Nyquist plots in both solutions were characterized
by two semi-circles with the values of C, being one
order of magnitude higher than the values of Cg,
increasing with the overpotential, while R, values
decreased with the overpotential increase. Two
semi-circles were also obtained for the EIS of HER
on modified (Ni-Al-Cu-Cr) and pure Reney nickel
electrode (Ni-Al) in 5.36 M KOH at 70 °C, with C,
increasing and R, decreasing with the overpotential
[18]. Kinetics and mechanism of the HER at
electrodeposited Ni/NiMoS, electrode in 6 M KOH
at 25 °C were also investigated by EIS
measurements in the work of Castro et al. [19].
Again, two semi-circles in Nyquist plots were
obtained, but the values of C, and R, as a function
of overpotential were not presented. The same
equivalent circuit (as that in Refs. [16] and [17])
was used to fit EIS results of the HER at Pd-Ni
alloys in 0.5 M NaOH at 25 °C. Fitting results
showed that the values of C, and Cg4 are
comparable as a consequence of hydrogen
absorption at the electrode surface reducing
available electrode surface for the HER to only 10
% [20]. In Ref. [21] the HER was investigated in 0.1
M H,SO, at a rough Pd rotating electrode. EIS
results were fitted with the equivalent circuit
presented in Figure 5, since all Nyquist plots were
characterized with well-defined two semi-circles. It
was shown that the value of C, is practically
independent of overpotential, with the value of
dn/dlogR, being ~ 0.062 V dec™. Such behavior
was explained by the fact that hydrogen adsorption
does not follow Langmuir adsorption isotherm.

The procedure of interpretation of the experi-
mental results and calculation of correct values of
parameters for the HER at Ni-Sn coated Ni foam by
the analysis of EIS results is presented in this work.

2. EXPERIMENTAL

2.1. Sample preparation

All solutions were made from p.a. chemicals
(Sigma-Aldrich) in extra pure (18.2 MQ) UV water
(Smart2, Pure UV, TKA). Ni foam with average
open pore size of 800 ym was used as a substrate

4 ZASTITA MATERIJALA 65 (2024) broj 1
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for electrdeposition. In order to remove oxide from
the Ni surface Ni foam substrate was first soaked in
acetone for 10 min. with ultrasonication. The next
step was cleaning in 1.0 M HCI solution in an
ultrasound bath for 10 min., while the final step was
ultrasonication for 5 min. in deionized water.
Pretreatment of Ni foam was performed at room
temperature. Such sample was used for the
electrodeposition of Ni-Sn alloy on it. The sample
was made by the procedure shown in Figure 2 [22].
The foam was cut into dimensions 2 cm x 1 cm.
Half of the foam (1 cm) was covered with the L-
shaped Ni mesh 40 (2.5 cm x 1 cm) and pressed to
provide good contact between the foam and Ni
mesh 40. This part of the electrode, as well as part
of Ni mesh, were isolated with Teflon tape (foil) in
order to prevent contact with the electrolyte. The
top of the Ni mesh was soldered for Ni wire and
placed in a glass tube in such a way that electrolyte
could not enter the tube.

The geometric surface area (Sg), as well as the
real surface area (RSA), are presented in Table 1.
The RSA was obtained by BET analysis
(Brunauer—Emmett—Teller), where BET surface
areas were measured by krypton adsorption at
77.3 K according to DIN ISO 9277 (Autosorb AS-
1). The values given in Table 1 were obtained for

pure Ni foam without Ni-Sn coating on the Ni foam

[22].

Ni wire soldered I
for Ni mesh I

Ni mesh

pressed b
over the

Ni foam

and

isolated c
with
Teflon a
tape

Figure 2. Schematic presentation of the Ni foam
working electrode. Geometric electrode surface
area was calculated by the equation:

Sy =2ab + (a+ 2b)-c[22]

Slika 2. Shematski prikaz elektrode od Ni pene.
Geometrijska povrsina elektrode je izraCunata
pomocu jednacine: Sy = 2ab + (a + 2b)-c [22]

Table 1. Geometric surface area (Sy) and the value of RSA for Ni foam

Tabela 1. Geometrijska povrsina elektrode (Sg) i vrednost realne povrsine elektrode (RSA) za Ni penu

Ni foam Specification (cm?®/cm®)

Sy (sz)

V (cm®) RSA (cm?) RSA/ S,

800 uym 83

3.16

0.282 23.406 7.41

The H-type electrochemical cell was used for
the HER testing.

The Ni foams are commercially available as a
mass product for different applications. Ni foam
(Alantum) was used as a substrate for the
electrodeposition of Ni-Sn alloy coating.

2.2. Electrodeposition of Ni-Sn alloy on Ni foam
substrate

The electrodeposition of Ni-Sn coating on Ni
foam substrate was performed by means of a
potentiostat Interface 1010E (Gamry Instruments
Inc.) at constant current density of jgep, = -40 MA
cm™ for 2000 s in the bath containing 0.6 M K,P,0
+ 0.1 M NiCl,-6H,0 + 0.03 M SnCl,-2H,0 + 0.3 M
NH,CH,COOH (pH 6.7) at the room temperature.

2.3. HER polarization curves

The HER polarization characteristic at the
investigated electrode was tested in 30 % KOH
solution at the temperature of 70 °C. The sample
was first submitted to HER at a constant current

density j = -300 mA cm™ for 600 s (j was calculated
using geometric surface area Sy — see Table 1).
The polarization curves were recorded using linear
sweep voltammetry (LSV) at the sweep rate of 1
mvV s* by two procedures: (1) Without jRs drop
correction, starting from 7 = -50 mV and finishing at
n =-110 mV; (2) Using current interrupt technique,
starting from 7 = -20 mV up to the 7 at which the
current reached maximum value of 1 A (limit of the
potentiostat).

2.4. HER investigation by EIS

EIS measurements were performed in the
same cell with the same potentiostat, using
software EIS 300 (Gamry Instruments Inc.):
amplitude 5 mV RMS, 20 points per decade,
starting at 20 kHz and finishing at 0.01 Hz at four
values of 7: -50 mV, -70 mV, -90 mV and -110 mV.
Before recording EIS results, sample was held at
the potential of the EIS measurements for 100 s to
establish a stable current density response. Fitting
of the experimental results was carried out by

ZASTITA MATERIJALA 65 (2024) broj 1 5
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Echem Analyst software -
Instruments Inc.).

EIS 300 (Gamry

3. RESULTS AND DISCUSSION

3.1. Polarization curves for the HER
The polarization curve measured without jRg

correction and polarization curve corrected for jRg

for the HER at Ni-Sn/Ni foam 800 sample in 30 %

KOH at 70 °C are shown in Figure 3.
0 T

30% KOH, 70 °C
20 .

nlmV

-100 -

10?2 10"
jiAcm?

Figure 3. Polarization curves for the HER at
investigated sample in 30 % KOH at 70 °C: (1)
Without jRs drop correction; (2) With jRs drop
correction using current interrupt technique
Slika 3. Polarizacione krive za izdvajanje vodonika
na ispitivanoj elektrodi u 30 % KOH na temperaturi
od 70 °C: (1) Bez korekcije za pad napona jRs; (2)
Sa korekcijom za pad napona jRs

Curve 1 corresponds to the measurement
without jRs correction, while curve 2 represents the
measurement with current interrupt jRs correction.
As can be seen, the same overpotential has been

0.3

n ImV O
o -50 (a)
—fit
02F © -70
- — fit

o0 0P80,

30 % KOH, 70 °C

07 0.8 0.9 1.0

Z'locm’

reached at a higher current density for the jRs drop
corrected curve.

3.2. HER investigation by EIS

Nyquist plots recorded at four overpotentials (-
50 mV, -70 mV, -90 mV and -110 mV) are
presented in Figure 4. All Nyquist plots are
characterized by the presence of two semi-circles,
one at high frequencies corresponding to the
charge transfer and the other one at low
frequencies, which could only be ascribed to the
overpotential-dependence of the process of
electrosorption / electrodesorption of  Hggs
intermediate. Those Nyquist plots were fitted with
the equivalent circuit shown in Figure 5. The values
of C, were calculated using the equation [23,24]

(7)

with Y, being the constant of CPE, and o,
exponent. Obtained values for Ry, C, and R, were
used for further calculation.

According to Armstrong et al. [8] marked part of
the equivalent circuit presented in Figure 5
corresponds to the process of intermediate
electrosorption / electrodesorption. Using obtained
values for Ry, C, and R,, the values of R, and ¢
were calculated by the following equations:

C, = [YpR;“P'”]“LP

_ —Rat(1+Rp)

Ro=—p— (8)

_ —Co(R%)

.- ©)

I'mV I I
o " (b)
........ ﬁt
™ 989
L g L 4
g 0.1 & P90
c o
N | R &
30 % KOH, 70 °C
D.U 1 1
0.4 05 0.6 0.7

Z’locm’

Figure 4. Nyquist plots recorded at different overpotentials in 30 % KOH at 70 °C. Squares, circles and
triangles represent experimental points, while lines (solid, dotted, dashed and dash-dot) correspond to the
fitting curves

Slika 4. Nyquist-ovi dijagrami registrovani pri razli¢itim vrednostima prenapetosti u 30 % KOH na
temperaturi od 70 °C. Kvadrati, krugovi i trouglovi predstavljaju eksperimentalne tacke, a linije (puna,
taCkasta, isprekidana i tacka-crtica) odgovaraju krivama fitovanja

6 ZASTITA MATERIJALA 65 (2024) broj 1
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Figure 5. Equivalent circuit for fitting Nyquist plots presented in Figure 4: R — solution resistance; R —
charge transfer resistance; CPEy — constant phase element corresponding to double layer capacitance;
CPE, - constant phase element corresponding to adsorption pseudo capacitance and R, - charge transfer
resistance of the electrosorption / electrodesorption of intermediate

Slika 5. Ekvivalentno kolo za fitovanje Nyquist-ovih dijagrama prikazanih na slici 4: Rs — omski otpor
elektrolita; R — otpor razmene naelektrisanja; CPEy — konstantni fazni element koji odgovara kapacitetu
dvojnog sloja; CPE, - konstantni fazni element koji odgovara kapacitetu adsorpcije intermedijara; R, -
otpor razmene naelektrisanja pri electrosorpciji / electrodesorpciji intermedijara

As stated in the Section 2.4. before recording
EIS results, sample was held at applied
overpotential for 100 s to establish a stable current
density response. Since the EIS measurements
cannot be performed with jRs drop compensation,
the current density for each overpotential was
recorded for 100 s, as shown in Figure 6. As can
be seen after the initial decrease of the current
density well-defined plateaus were established.

In order to obtain the values of 7 corrected for
jRs drop, the values of current density plateaus (j)
were multiplied with the values of solution

resistance (Rs) and subtracted from the applied
overpotentials by the equation:

oo/ = 11 /= iR/

In Table 2 are given the absolute values of |
and R;, as well as uncorrected and corrected
overpotentials (7 and 7). Hence, it is obvious
that the applied overpotential is higher than the
corrected one, and this (corrected) value should be
used for determining the real values of j, and .

(11)

— e & S, & L e R . . e TS e M - S . e =

30% KOH,70°C -

-20 ————
-40
. 60|
E
(]
< 80
E
; ’
00 Y
. —-50
2ol = =-70
’ —- =110
-140 S
0 20 40

60 80 100
tls

Figure 6. j vs. t responses for different values of 7 before the EIS measurements at these overpotentials

Slika 6. j -t odgovori pri razli¢itim vrednostima prenapetosti pre impedansnih merenja na tim
prenapetostima
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Table 2. Applied () and corrected (7.0rr) Values of the overpotentials

Tabela 2. Zadate (7) i korigovane (77.0rr) Vrednosti prenapetosti

A Rs/ Q cm? li/Acm?| liRs/ V| | 5core 1 V|
0.05 0.43891 0.02559 0.01123 0.03959
0.07 0.43942 0.04346 0.0191 0.05233
0.09 0.44247 0.06591 0.06285 0.06285
0.11 0.44399 0.09303 0.0413 0.07163

In Figure 7(a) are presented 7 vs. log (Re")
and e VS. log (Rc{l) dependences. It is obvious
that the value of j,(corr.) obtained from 7, vs. log
(Ry") dependence is much lower, and that
particular value should be used for the correct
determination of j,. In Figure 7(b) are presented
logz vs. ny and logz vs. 7. dependencies with z,

and 7,(corr.) corresponding to measured and
D T
20 | i ) (a) i
/ (corr.) = -61|mA ¢y

40 |- j,=91mAcm”
>
£ 80
=

80 | a7

o ﬂcon.
-100 |- 30 % KOH, 70 °C

Rd'1 io' em?

correct values ofz, respectively. The values of j,
and jo(corr.) were calculated using equation

. _RT 1
0= rR (11)

with 1/R.’ representing the intercept at the x
axis for n = 0 (Figure 7(a)).

| (b) z(corr.)=2.16s cm?

7 =126s cm?

zlsem?

.'G...

o a7
... o ncorr.
30 % KOH, 70 °C

0.1 L A a 1 L L
-100 -80 -60 -40 -20 0

nlmV

Figure 7. (a) nm vs. log (Rc{l) and 7jcorr VS. log (Rc{l) dependences for the HER at investigated electrode in
30 % KOH at 70 °C. (b) logzvs. 7, and logzvs. neonr

Slika 7. (&) nm vs. log (Rc{l) and 7corr VS. log (Rc{l) za izdvajanje vodonika na ispitivanoj elektrodi u 30 %
KOH na temperaturi od 70 °C. (b) logzvs. i, and logzVs. reor

All  obtained values correspond to the
geometric surface area Syg. Assuming that the RSA
for pure Ni foam and that covered with the Ni-Sn
coating is the same, the values given in Figure 7
should be divided by 7.41 (see Table 1) in order to
obtain values of j, and 7, expressed per real
surface area.

4. CONCLUSIONS

In order to obtain correct values of the
parameters of HER at any type of electrode
materials, the exchange current density (j,) and
relaxation time (7) for intermediate (Hags)
adsorption, the procedure explained in this work
should be used. The value of j, was obtained from
the intercept at = 0 mV from the 7 vs. log (Rc{l)
dependence, and the value of 7, was obtained from
the intercept at » = 0 mV from the logr vs. 7

dependence. It was shown that for the correct
determination of j, and 1z, it is necessary to correct
applied 7 for the jRs drop, by recording current
density (j) for applied 7 and correcting it for jRs.
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1ZVOD

PROCEDURA KOREKTNOG ODREDIVANJA PARAMETARA REAKCIJE
IZDVAJANJA VODONIKA NA ELEKTRODI OD Ni PENE MODIFIKOVANE
ELEKTROHEMIJSKI ISTALOZENOM Ni-Sn LEGUROM

Na primeru izdvajanja vodonika na Ni-Sn/Ni pena 800 elektrodi u ovom radu je prikazana
procedura korektnog odredivanja parametara ove reakcije, a to su: gustina struje izmene (j,) i
relaksaciono vreme adsorpcije intermedijara (7) (Hags). Vrednost j, je odredena iz odsecka za =0
mV zavisnosti 7 vs. log(R") (77 - prenapetost), dok je vrednost z, odredena iz odsecka za = 0
mV zavisnosti logz vs. 7. Pokazano je da je za korektno odredivanje ovih parametara neophodno
korigovati gustinu struje pri svakoj zadatoj prenapetosti za vrednost omskog pada napona jRs.

Kljuéne reci: Reakcija izdvajanja vodonika, gustina struje izmene, relaksaciono vreme, Ni-Sn
legura, Ni pena, 30 % KOH

Naucni rad

Rad primljen: 12.11.2023.

Rad prihvacen: 01.12.2023.

Rad je dostupan na sajtu: www.idk.org.rs/casopis

© 2024 Authors. Published by Engineering Society for Corrosion. This article is an open access article
distributed under the terms and conditions of the Creative Commons Attribution 4.0 International license
(https://creativecommons.org/licenses/by/4.0/)
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ABSTRACT

This paper concerns the overview of previous studies on the corrosion and inhibition of carbon
steel that is allowed to degrade in a corrosive medium by the extract of the eucalyptus plant, with
an emphasis on the extract's adsorption behaviour. Many researchers have largely employed
eucalyptus plant bark, oil, and leaf extracts to prevent the corrosion of mild steel in acidic
environments under various temperature settings. According to the results, when the bark extract
of the eucalyptus plant was added to HCI (6%) at a concentration of 900 ppm, the inhibitor's
maximum efficiency was 98.2 %. The leaf extract, on the other hand, had the maximum inhibitory
efficacy of 93.09 % at 600 mg/L extract concentration in the H2SO4 (0.5 M) medium. The extracts’
potency was shown to diminish with increasing temperature. The mechanism for eucalyptus
extract's protection of carbon steel from corrosion in diverse corrosive situations was largely
associated with the adsorption of the extract's inhibitive components on the steel's surface to
reduce the interaction between the metal and the corrosive surroundings. The majority of the
reported inhibitive behaviour of the eucalyptus extract was consistent with the Langmuir
adsorption isotherm model.

Keywords: eucalyptus leaf-extract, inhibition efficiency, mild steel, Langmuir isotherm model,
corrosion inhibition, carbon steel.

1. INTRODUCTION Corrosion inhibition is one of the strategies

The breakdown of a metal as a result of its
contact with its environment is known as corrosion
[1]. Metal corrosion occurs as a result of its
interaction with specific elements in the
environment, resulting in the deterioration of
metal's characteristics. This is a natural and
unavoidable process [2]. Metal corrosion has
several negative effects on human society's
progress [3]. Alloys and metals, in particular, had
shown a significant proclivity to corrode in the
presence of acid. Certainly, metals are vulnerable
to corrosion in acid solutions because the acid can
target the metal's surface, dissolving it into its ions
[4]. In addition, weldments also corrode in the
presence of degrading environments [5,6].

Corrosion inhibition is one of the strategies
used to reduce the impact of corrosion. In general,

*Corresponding author: Agha Inya Ndukwe
E-mail: agha.ndukwe@futo.edu.ng

Paper received: 18. 06. 2023.

Paper accepted: 12. 07. 2023.

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

used to reduce the impact of corrosion. In general,
corrosion inhibitors are divided into two types:
inorganic and organic [7]. Organic corrosion
inhibitors (such as chromium-based inhibitors) can
successfully prevent metal corrosion, but they also
have drawbacks. Many chemical compounds, for
example, are very poisonous and will cause
significant environmental harm when used [8]. The
use of aqueous extracts is favoured over organic
extracts in theory because aqueous extracts, being
inorganic inhibitors, include comparatively polar
phytochemicals that allow stronger bonding with
the metallic surface than the non-polar
phytochemicals of organic extracts [9].

Environmentally friendly inhibitor as a
replacement for chromate-based inhibitors is a
long-standing endeavour by researchers to solve
environmental challenges [10]. A lot of plant
extracts have previously been reported as effective
for inhibiting the corrosion of carbon steel in some
corrosive media [11-21]. Extracts from different
parts of the eucalyptus plant have been studied
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and affirmed to be effective inhibitors to deter the
corrosion of mild steel in different corrosive
environments. A study to investigate the inhibitory
behaviour of the oil obtained from the eucalyptus
globulus leaves has been undertaken [22] It was
reported that the application of the oil at 1.6 g/L
gave the maximum inhibition efficiency of 89.03 %
at room temperature. In addition, the inhibition
efficiency was observed to reduce as the
temperature increased from 298 to 338 K. The
adsorption behaviour of the oil was found to be in
sync with the Langmuir adsorption isotherm model.
Different scholars have acknowledged the
effectiveness of the eucalyptus plant extract as a
natural material for inhibiting the corrosion of metal
in acidic media [23,24].

This current work aims at studying recent
developments on the corrosion and inhibition of
carbon steel that are allowed to degrade in
corrosive media by the extracts of the eucalyptus
plant with the adsorption behaviour of the extract in
perspective.

2. UNDERSTANDING CORROSION

Corrosion refers to the degradation process
which is instigated between the metal or alloy and
the exposed surrounding which invariably leads to
the weakening of the physical and mechanical
properties of the metal [25]. The degradation
process can be in the form of an electrochemical or
chemical process [26].

2.1. Electrochemical process

An electrochemical process causes corrosion.
That is, corrosion often happens as a result of the
attendant electrochemical half-cell processes
rather than a metal reacting chemically with its
surroundings directly [27]. A process in which
electrons are transferred is referred to as an
electrochemical reaction. The reaction also
includes both oxidation and reduction. Because
both processes are frequently coupled in one piece
of metal, it is not always evident that corrosion is
made up of a minimum of one chemical reaction
and one reduction reaction [28].

2.1.1.Reactions in half a cell

When electrons only occur on one side of the
reaction, the reaction is said to be a half-cell
reaction. The half-cell reaction is an oxidation
process if electrons are products (right side of the
reaction). On the other hand, the half-cell reaction
is a reduction process if electrons are reactants (on
the left-hand side of the reaction) [27]. A half
reaction (also known as a half-cell reaction) is the
oxidation or reduction reaction portion of a redox
reaction in chemistry [29].

2.1.2.What happens at the anodic half-cell
An anodic reaction results in metal loss, viz:

Fe(s) = Fe?*(aq) + 2e (1)

The reaction can be possible if there is a rise in
the species' oxidation number, and the process
produces electrons [27]. Figure 1 presents a
graphical representation of these concepts.

2.1.3.Cathodic reaction half-cell

For the reaction to be cathodic, the given
species must undergo a reduction in its oxidation
number.

.Feb

Solution \
rFe

Reaction at the anodic side: Fe = Fe?* + 2e”

Figure 1. Schematic illustration of the dissolution of
iron during anodic reaction [27]

Slika 1. Sematski prikaz rastvaranja gvoZda tokom
anodne reakcije [27]

This results in the consumption of electrons at
the cathodic region. A veritable instance is the
decrease of 2 ions of hydrogen to give rise to one
molecule of hydrogen gas [30]:

2H* (aq) + 26~ — H2(g) (2

A schematic representation of this reaction is
shown in Figure 2.

5 5 oo
Solution \ //
[ re \/ |
e -

Reaction at the cathodic side: 2H" + 2~ ——» Hj

Figure 2. Schematic reaction at the cathodic region
involving the evolution of hydrogen on Fe in an acid
medium [27]

Slika 2. Sematska reakcija u katodnom delu
koja ukljuéuje izdvajanje vodonika na Fe u kiseloj
sredini [27]

The reduction of dissolved oxygen to hydroxyl
ions, which takes place in neutral or basic fluids, is
another typical cathodic process [31].

O2(g) + 2H20 + 4¢~ — 40H(aq) (3)
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2.2. Electrochemical studies

2.2.1. Potentiodynamic Polarization Analysis

The Potentiodynamic Polarization Measure-
ment (PDP) is one of the most used DC
electrochemical methods used in corrosion
measurements. In PDPs, a broad range of potential
is given to the test electrode as a consequence of
which a sufficient current is produced. Depending
on the polarization direction, this causes a
dominating oxidation or reduction process to occur
on the metal surface. One may derive the
polarization curve by presenting the potential as a
function of the current density () (or log I) at each
measured point. The metal's propensity for
corrosion and rate of corrosion under the
conditions present may be calculated using the
polarization curve (Tafel slope) [32]. The benefit of
potentiodynamic polarization measurement can be
seen in the ability to detect localized corrosion, the
simplicity and speed with which the corrosion rate
can be calculated, as well as the effectiveness of
corrosion protection. However, in many cases, to
calculate the Tafel slope, we must use data that
are located further away from the corrosion
potential, allowing us to take into account additional
reactions that could result in significant errors in the
calculated slope [32,33].

2.2.2. Impedance spectroscopy for
electrochemistry

The electrochemical measuring technique (EIS)
uses many frequencies of AC. Over a broad
frequency range (from 1 MHz to 10 kHz), it detects
the electrical resistance (impedance) of the
metal/solution contact. The EIS data provide for the
possibility of calculating the double Ilayer's
capacitance, solution resistance, and polarization
resistance (low- and high-frequency regions). The
corrosion rate is frequently determined using
polarization resistance [32,34].

2.2.3. Weight-loss corrosion study

Of all the corrosion monitoring systems, the
Weight Loss method is the most well-known and
straightforward [35]. A sample of material (the
coupon) is exposed to a process environment for a
predetermined amount of time before being
removed for analysis. Weight loss is the
fundamental measurement that may be obtained
from corrosion coupons; the corrosion rate is given
as the weight loss over the exposure period. As a
result of the corrosion coupon technique's ease of
use, it serves as the standard method of
measurement in  many corrosion monitoring
programs. The method is incredibly adaptable
since weight loss coupons may be made from any
alloy that is readily available in commerce.
Moreover, a range of corrosion processes employs

suitable geometric shapes [35]. The corrosion rate
can be quantified using the method [36]:

rCorr = VV/oss/Aexp X Texp (4)

where,
rCorr = rate of corrosion.

Wiess = difference between the initial and final
weights.

Aexp = area of exposure.
Texp = time of exposure.

The measure of the inhibition efficiency of
corrosion studies can be quantified by using the
relationship [37]:

I.Efficiency (%) = ((rCorru, — rCorrin) / rCorru;) x 100

(5
Where,
|.Efficiency (%) = Efficiency in corrosion
inhibition.

rCorry, = corrosion rate of the blank solution.

rCorri, = corrosion rate of the solution wherein
the inhibitor had been added.

2.3. Surface characterization method utilized in
corrosion studies

2.3.1. Atomic force microscopy (AFM)

The fundamental working tenet of the AFM is
the accurate detection of forces operating at very
small distances between a sharp probe tip and a
sample surface [38]. The contact force of a
corresponding physical quantity is preserved
constantly by feedback loops when the probe tip is
raster-scanned across the sample surface to
accomplish imaging [38]. The following elements
make up an AFM (Figure 3): (i) a scanner to
precisely position the sample to the probe tip in
three dimensions (x, y, and z); (ii) a force sensing
element and the associated detection scheme; and
(iii) control electronics and a computer to (a)
operate scanners and other components; (b)
record, display, and save data; and (c) operate
feedback loops.

According to Baykara et al. [38], a laser beam
deflector is used to detect the deflections of a
micro-fabricated cantilever with an integrated probe
tip, while a piezoelectric scanner is used to adjust
the relative tip-sample location with picometer
accuracy in three dimensions. Control electronics
that are in charge of tip-sample placement, data
collecting, and feedback loop functioning are driven
by a computer. When doing dynamic AFM, the
cantilever base is stimulated with an amplitude,
which causes the probe tip to oscillate [38]. Several
studies have employed AFM as one of the methods

ZASTITA MATERIJALA 65 (2024) broj 1 13



A. |I. Ndukwe

Corrosion inhibition of carbon steel by eucalyptus leaves in ...

to characterize the surface phenomena of metals in
various corrosive environments [39].

Photo-diode
laser
Amplitude
Test piece '*—Tip of the probe v
I ‘ Control || Computer
X ', y
The scanner

Figure 3. Diagram of a typical AFM setup [38]
Slika 3. Dijagram tipicne AFM postavke [38]

2.3.2. Scanning Electron Microscopy

The scanning electron microscope (SEM) uses
a focused stream of high-energy electrons to
generate a variety of signals at the surface of solid
objects. The signals originating from electron-
sample interactions give information on the sample
in addition to its external morphology (texture),
chemical composition, crystalline structure, and
orientation of its parts. The sample surface is
typically selected for data collection, and a 2-
dimensional image is produced to demonstrate the
spatial variations in these parameters [40].

2.3.3. Transmission electron microscopy

To see the tiniest structures in materials,
analysts utilize transmission electron microscopy
(TEM). In contrast to optical microscopes, which
rely on light in the visible spectrum, TEM can
enlarge nanoscale structures by a factor of up to 50
million, revealing astonishing detail at the atomic
scale [41]. This is because, when accelerated via a
strong electromagnetic field, electrons may have a
wavelength that is hundreds of orders of magnitude
shorter (about 100,000 times smaller) than that of
visible light, improving the resolution of a
microscope by a wide margin. A high-intensity
electron beam is propelled through an incredibly
thin "electron transparent" material, usually less
than 100 nm, to create a TEM picture. The beam of
light is focused on the sample, distortions are
reduced, and the resulting picture is magnified onto
a phosphor screen or a specialized camera using a
series of electromagnetic lenses and apertures
positioned throughout the microscope's column
[41].

2.4. Inhibitors that deter corrosion

There are several categories into which
inhibitors might be placed. Adsorption inhibitors
and film-forming inhibitors are the two primary
categories.

2.4.1. Adsorption inhibitors

Adsorption inhibitors block ongoing
electrochemical dissolution processes by forming a
chemisorptive link with the metal surface.
Chemical-type inhibitors make up the majority of
organic inhibitors [27,42-43]. A schematic
representation of an organic molecule with an
electron pair on the nitrogen atom that is available
for donation to the metal surface is shown in Figure
4 (a), for instance.

(a)

Potential

bonding
electrons

The atomic number of N is 7,
with filled shells containing
electrons: 2, 8, 18, and so on.

Solution Alloy/Metal

(b)
EVAVAVAVAVANAVANAEN '/
AVAVAVANVAVAVAVANEN 1
AYAVAVAVAVANVANVANEN ' H
AYAVAVAVAVAVANVANEN '

Figure 4. (a) The chemical absorption of an organic
substance onto a metal surface. The symbols
represent electrons from H or C atoms, whereas
the solid black dots represent N atom electrons. (b)
On the metal surface, a tightly packed monolayer
forms [27].

Slika 4. (a) Hemijska apsorpcija organske supstan-
ce na metalnu povrSinu. Simboli predstavijaju
elektrone iz H ili C atoma, dok pune crne tacke
predstavijaju elektrone N atoma. (b) Na povrsini
metala formira se ¢vrsto zbijeni monosloj [27].

Additionally, the hydrocarbon tails of the
molecule are directed toward the solution and away
from the interface such that an array of
hydrophobic hydrocarbon tails forms on an
adjacently adsorbed organic component, providing
additional protection. As seen in Figure 4 (b), this
hydrophobic network serves to keep water
molecules and aggressive anions like Cl- away
from the metal surface [27].

2.4.2.Inhibitors of film formation

Passivating inhibitors and  precipitation
inhibitors are the two different manifestations of
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film-forming inhibitors. Passivating inhibitors work
by encouraging the development of a passive
coating on the surface, as suggested by their
name. There are oxidizing and non-oxidizing
passivating inhibitors. In the process of oxidizing
another molecule, oxidizing agents undergo
reduction [43]. The chromate ion is reduced to
Cr203 or Cr(OH)s on the metal surface when
combined with iron or steel, producing a protective
mixed oxide of chromium and iron. Chromates are
common oxidizing inhibitors. Since oxidizing
inhibitors are often adsorbed on the metal surface
before being reduced and forming the passive
layer, adsorption is also crucial in the case of these
substances. To create the passive film, non-
oxidizing passivation like benzoates, azelates, and
phosphates also initially adsorb on the surface [27].

With  precipitation  inhibitors, a three-
dimensional barrier layer is deposited on the metal
surface as a result of a precipitation interaction
between the cations of the corroding metal and the
inhibitor. When the salt generated between the
cations of the metal and the anions of the inhibitor
exceeds its solubility product, a film of this nature
forms. Examples of inhibitors of the precipitation
type include phosphates and silicates. According to
which partial electrochemical process is impacted,
inhibitors can be categorized as anodic, cathodic,
or mixed inhibitors. Chromate compounds, certain
phosphates, and the majority of organic molecules
are all examples of anodic, cathodic, and mixed
inhibitors, respectively [27].

2.4.3.Mechanism of corrosion inhibition in acidic
media

The research on the adsorption of inhibitors
onto the surface of the metal has found that the
efficiency of an inhibitor may be determined by
quantifying the amount of extract adsorbed on the
metal's surface. This development can manifest in
the form reduction in the rate at which the metal
corrodes. According to Shreir et al. [45], the
adsorbed inhibitors can be directly measured using

solution depletion, and radio-tracer detection
techniques.
The adsorption behaviour of an inhibitor

stipulates that corrosion may be prevented within
the region of the metal’'s surface that is already
inundated with the adsorbed inhibitive materials. In
essence, the level of inhibition is commensurate
with the fraction of the metal surface that is
covered by the adsorbed inhibitor [45].

2.4.4 Factors that influence the adsorption of the
inhibitor species on alloys and metals
It has been reported that the adsorption of the
inhibitor species on alloys and metals is dependent
on the metal’s surface charge, the structure of the

inhibitor and the functional group, interaction of the
inhibitor with water and adsorbed inhibitor species
[45].

The attraction (electrostatic) interactions
between the charges (ionic) on the adsorbed
materials and the charge (electric) on the alloy at
the solution/metal contact might cause adsorption.
Whenever the potential, compared to the zero-
charge potential is in the positive direction, the
anions are favourably adsorbed and when it is
more negative, cations are more likely to be
adsorbed.

The bonding between the inhibitor species and
the metal surfaces can be formed by the transfer of
electrons. Transition metals are more favoured for
this kind of relationship because of low energy and
vacant electron orbitals. For the functional groups
containing groups VI and V of the periodic table, it
has been discovered that bond formation with
stronger coordination (leading to stronger
adsorption) occurs by these elements with
descending value of electronegativity [45].

2.4.5.Interaction of the inhibitor with water and
adsorbed inhibitor species

In the first instance, the metal surfaces in
solutions (aqueous) are covered with adsorbed
water molecules. When inhibitor molecules are
adsorbed on the metal's surface, water molecules
are displaced off the metal's surface. On the other
hand, the increase in the adsorbed surface
coverage may lead to the interaction among the
adsorbed species. This reaction may either be
repulsive or attractive. Repulsive reactions can
exist between molecules containing charges
thereby leading to poor adsorption of the inhibitor
on the surface of the metal. Conversely, attractive
interactions can occur between molecules that
contain excessive hydrocarbons. An increase in
van der Waals's attractive force between adjoining
molecules makes for stronger adsorption at
maximum coverage.

Through electrochemical retardation, the
adsorbed inhibitor can react to form a product,
which in turn can be protective. The nature of the
inhibition, occasioned by the introduction of the
inhibitive material into a corrosive system is
referred to as primary inhibition, whereas that of
the reaction product is secondary inhibition [45].

2.4.6.Inhibitors' effect on corrosion reactions

The corrosion process at the anode of an acid-
containing solution involves the release of metal
ions from the metal surface into the corrosive
medium, whereas, at the cathode, hydrogen ions
are discharged, resulting in the generation of
hydrogen gas. In an acidic environment, the
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presence of an inhibitor may entail the decrease of
one or both cathodic and anodic processes [46].

2.5. Adsorption isotherm

Several models have been established to
explain the adsorption behaviour of experimental
data. The current study is largely in agreement with
the Langmuir adsorption isotherm model.

2.5.1.Langmuir adsorption isotherm model

The Langmuir isotherm model hinges on the
assumption that under constant thermodynamic
conditions, the adsorbate exhibits the behaviour of
an ideal gas. In addition, the adsorption of the
adsorbate is considered the interaction between an
empty sorption area and the adsorbate gaseous
molecule under chemical reaction conditions. The
formula for the Langmuir isotherm is stated thus
[47]:

_ Kgpr
gads - 1+K5pr (6)
where,
0,45 = fraction of material located at the

adsorption area.
q = equilibrium constant of the adsorbate.
pr = partial pressure of the adsorbate.

2.5.2. Freundlich adsorption isotherm

The Freundlich adsorption isotherm may be
used to define an exponential energy distribution
that surrounds a heterogeneous surface [48,49]. It
gives a clear explanation of the relationship
between the inhibitor concentration in a liquid that
is in touch with a metal's surface and the inhibitor
concentration there. The Freundlich adsorption
isotherm model's mathematical formulation is as
follows [48]:

Y
- Nt
Ocor = KFrdCad ‘

(7)

where,

6c0r = The quantity of metal absorbed per gram
of the adsorbent at equilibrium.

Kr,q = Freundlich isotherm constant (mg/g).

n;; = the level of absorption.

Cac = equilibrium adsorbate concentration
(mg/L).
2.5.3Temkin Adsorption Isotherm

The linearity in the decline of adsorption heat
with surface coverage is demonstrated by Temkin's
adsorption isotherm. The model is used as an
example to show how the interactions between the
adsorbent and adsorbate uniformly distribute

binding energy. Because it explains the interactions
that take place in the adsorbed layer, the Temkin
adsorption model stands out from all the other
models that have been previously given. In
mathematics, it is expressed as [47,48]:

Orcorr = Bsp Ay + BSp InCy, (8)
RT
BSorp = E 9)
where,

0,.corr = the percentage of surface covering.
B, = constant heat of sorption (J/mol).

Ar, = Temkin isotherm equilibrium binding
constant (I/g).

C;, = concentration of inhibitors.

R = standard gas constant (8.314J/mol/K).
T = absolute degree of heat.

brm = Temkin's constant for isotherm.

2.6. The Eucalyptus Plant

Eucalyptus (genus Eucalyptus), a massive
genus comprising around 660 species of shrubs
and tall trees in the Myrtaceae family, is indigenous
to Australia, Tasmania, and neighbouring islands
[50].

Eucalyptus grow swiftly, and some species can
reach great heights. In Victoria and Tasmania, the
huge gum tree, or mountain ash (Eucalyptus
regnans), grows to a height of roughly 90 metres
(300 feet) with a girth of 7.5 metres (24.5 feet).
Many species shed their dead outermost layer of
bark in flakes or ribbons regularly, but others have
thick, textured bark. The leathery leaves hang
obliquely or vertically, and the majority of species
are evergreen [50].

Photography 1. The leaves of the eucalyptus
plant [50]

Fotografija 1. Listovi biljke eukaliptusa [50]

When the bloom grows, the petals stick
together to form a cap. The capsule fruit, which
contains numerous minute seeds, is surrounded by
a woody cup-shaped receptacle [50].
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3. AN OVERVIEW OF PREVIOUS WORK ON THE
INHIBITION OF CARBON STEEL IN VARIOUS
CORROSIVE ENVIRONMENTS BY THE LEAF
EXTRACTS OF THE EUCALYPTUS PLANT

Many studies have employed eucalyptus plant
extracts to lower the rate of corrosion of metals in
acidic conditions. Table 1 summarizes the greatest
inhibition efficiency achieved, as well as the
corresponding inhibitor concentration.

Eucalyptus leaf extract has been used to
prevent mild steel corrosion in hydrochloric acid
solutions [51]. Following the addition of 800 ppm
eucalyptus leaf extract, the corrosion rate fell from
0.93 pA/lcm? to 0.25 pA/cm? after 5 hours. The
maximal inhibitory efficiency was roughly 88%. The
leaf extract's adsorption behaviour was shown to
be consistent with the Langmuir isotherm model,

while the polarization analysis demonstrated that
the eucalyptus leaf extract influenced a mixed-type
inhibitive behaviour. In a separate research,
Abdulkhaleq [53] used eucalyptus camaldulens
leaves to prevent corrosion of low-carbon steel in
HCl (3M) media at various study temperatures
ranging from 25 to 55 °C. After 46 hours of adding
8 g/L of the leaf extract, the maximal inhibitory
effect of 91% was obtained. Furthermore, the
efficiency of the inhibitory mechanism was found to
rise as the concentration of the plant extract
increased. The explanation for this development
was linked to the adsorption of the extract's
inhibitive elements on the surface of the mild steel
to prevent additional corrosive environment attacks
on the steel. In essence, the plant leaf extract's
adsorption behaviour was determined to corres-
pond with the Langmuir adsorption isotherm model.

Table 1. Summary of corrosion inhibition of mild steel in the corrosive environment by Eucalyptus plant

extracts
Tabela 1. Rezime inhibicije korozije mekog Celika u korozivnoj sredini ekstraktima biljaka eukaliptusa
Part of Maximum
Inhibited Study Study the Inhibition Extract Adsorbtion | Ref
material Environment Method (s) plant Efficiency Concentration P )
used Attained (%)
MS HCI (1 M) EIS, PDP Leaf 88 800 ppm Langmuir [52]
LCS HCI (3 M) WL Leaf 91 8g/L Langmuir [53]
MS HCI (5 %) WL, EIS, PDP Bark 98.2 900 ppm Langmuir [54]
CS H2S04 (1 M) WL, PDP, EIS Leaf 84 1.5g/L Langmuir [55]
H2S04 (0.5 M) PDP, EIS 91 0.4 mol/L .
MS HzP4 (0.5 M) EIS, PDP Leaf 78 0.2 mol/L Langmuir |~ [S6]
LCS H2S04 (0.5 M) | Tafel, WL, EIS Leaf 93.09 600 mg/L Langmuir [57]
HCI (2 M) 91.56 .
WL Leaf : L L
CS HCI (4 M) ea 8568 0.08g/m angmuir [58]
Leaf + 600 ppm Zn* +
MS NaCl EIS, PDP Znt 90 200 ppm of the Langmuir [59]
n
extract 5.0g/L
MS HCI (0.1 M) WL Bark 97.86 Langmuir [60]
Oil
MS HCI (0.5 M) EIS, Tafel (essent 91.1 - Langmuir [61]
ial)
H2S04 (1 M) 84
LCS H2S04 (0.5 M) WL Leaf 86 120 ml - [62]
H2S0a4 (1.5 M) 75

The bark extract of the eucalyptus plant has
been researched for its ability to preserve mild
steel against corrosion in HCI (5%) solution [54]. At
900 ppm concentration of the extract in an acidic
medium, an inhibitory effect of 98.2% was found.
Furthermore, the inhibitive disposition of eucalyptus
bark extract was discovered to be mixed-type and
consistent with the Langmuir isotherm model.

The use of eucalyptus globulus leaf extract to
minimize carbon steel corrosion in H2S04 (1 M)

media has been explored [55]. The addition of 1.5
g/L of methanolic leaf extract of the eucalyptus
plant in the aforementioned corrosive solution
resulted in a maximum inhibitory efficacy of 84%.
The inhibitive properties were discovered to be of
the mixed kind and consistent with the Langmuir
adsorption isotherm model. The adhesion of the
extract on the surface of the carbon steel was
thought to be the preventative mechanism that the
leaf extract utilized to prevent corrosion, hence
minimizing the aggressive response between the
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corrosive solution and the steel. In a similar work,
Haldhar et al. [57] evaluated the use of eucalyptus
globulus leaf extract to prevent corrosion of low-
carbon steel in H2SO4 (0.5 M). After adding 600
mg/L of the plant's leaf extract, the inhibition
effectiveness reached 93.09%. The adsorption
characteristic of the plant extract was discovered to
be consistent with the Langmuir adsorption
isotherm model.

Abdel-Gaber et al. [56] investigated the use of
eucalyptus leaf extract to suppress mild steel
corrosion in both phosphoric (H2POa4) and sulphuric
acid solutions. The addition of the extract to both
acidic solutions lowered the rate of mild steel
deterioration as the extract concentration
increased. After adding 0.4 and 0.2 mol/L of
eucalyptus leaf extracts to the corrosive media, the
impedance (electrochemical) findings indicated 91
% and 78 %, respectively. The more persistent
contact between the mild steel surface and the
eucalyptus extract was credited with the leaf
extract being more successful in preventing the
corrosion of mild steel immersed in H2SO4 (1 M)
than in H2POs4 (1 M). Physical adsorption was
identified as the mechanism for the inhibitory
process. Furthermore, the adsorption behaviour of
the extract was discovered to correspond with
Temkin and kinetic thermodynamic isotherm
models.

A study has been conducted to reduce the
deterioration of carbon steel in the H2SO4 (2 M and
4 M) medium [58]. At 20 °C, the maximal inhibition
efficiencies after the addition of 0.08 g/L of the
extract were 91.56 % and 85.68 % for the H2SO4 (2
M) and H2SO4 (4 M) solutions, respectively. The
effectiveness of the leaf extract was observed to
increase with increasing extract concentration but
decrease with increasing temperature. In addition,
the extract's adsorption disposition agreed with the
Langmuir isotherm model. In another work, the
inhibitive impact of the synergy of zinc ions
(divalent) and eucalyptus plant leaf extract on mild
steel corrosion in NaCl solution was investigated
[59]. After 48 hours, the inhibitive materials
combined in the following proportions: zinc ions
(600 ppm) and eucalyptus leaf extract (200 ppm)
achieved the greatest inhibition efficacy of 90 %.
Additionally, the analytical analysis demonstrated
that the adsorption mechanism that exists between
the inhibitors is dependent on the acceptor-donor
system.

Gupta et al. [60] used the bark of the
eucalyptus plant to prevent mild steel corrosion in
HCI (0.1 M). The presence of the inhibitor lowered
the corrosion rate of mild steel in the acidic
medium, but the inhibition efficacy decreased as
the temperature increased. The greatest inhibitory
efficiency reported was 97.86 %. In another work,
Gualdron et al. [61] employed eucalyptus oil to
prevent mild steel corrosion in HCI (0.5 M).

Eucalyptus oil was determined to be a mixed-type
inhibitor with a maximum inhibition effectiveness of
91.1%. In addition, Abdal-nabi et al. [62] studied
the protection against corrosion of low-carbon steel
using eucalyptus leaf extract at different sulphuric
acid concentrations (1 M, 0.5 M, and 1.5 M). The
inhibition efficiency dropped as the temperature
increased from 25 to 60 °C, with the inhibition
efficiencies dropping to 86 — 67 %, 84 — 59 %, and
75 — 52 % for 0.5 M H2S04, 1 M H2SO4, and 1.5 M
H2SO4 solutions, respectively.

4. IDENTIFIED GAPS IN KNOWLEDGE AND
RECOMMENDATIONS

The review of previous studies on the use of
the extracts of the eucalyptus plant to prevent the
corrosion of mild steel in various acid
concentrations has revealed the following gaps in
knowledge:

1. It is true that different parts of the eucalyptus
plant have been reported to give high values of
inhibition efficiencies, but the combination of the
parts to inhibit the corrosion of steel is yet to be
adequately explored. Further studies to
understand the influence of the synergy of the
plants parts to avert corrosion are
recommended.

2. There is limited knowledge in the exploration of
the active constituents of the eucalyptus
extracts that were responsible for the inhibition
process. Further studies are encouraged to
identify in specific terms the active materials in
the eucalyptus extract that inhibit corrosion.

3. There is a lack of predictive models that can
forecast the corrosion rate of mild steel in the
absence and presence of the eucalyptus plant.
Further studies should be intensified in this
direction.

5. CONCLUSION

After reviewing previous studies on the use of
eucalyptus extracts to hinder the corrosion of
carbon steels in several corrosive media, the
following conclusions can be drawn:
1.The adsorption behaviour of the leaf and bark

extracts of the eucalyptus plant were found to

be of mixed type and predominantly obey the

Langmuir adsorption isotherm model.
2.The inhibition efficiencies of the examined

eucalyptus extracts were found to increase with

concentration while their effectiveness was

principally reported to reduce with a

temperature rise.
3.The mechanism for the protection of the carbon

steel from corrosion in different corrosive media
by the eucalyptus extract was largely linked to
the adherence of the inhibitive constituents of
the extract on the surface of the steel to reduce
the interaction between the metal and the
corrosive surrounding.
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1ZVOD

INHIBICIJA KOROZIJE UGLJENICNOG CELIKA LISCEM EUKALIPTUSA

U KISELOJ SREDINI: PREGLED

Ovaj rad se bavi pregledom prethodnih studija o koroziji i inhibiciji ugljenicnog Celika kome je
dozvoljeno da se razgradi u korozivnom medijumu ekstraktom biljke eukaliptusa, sa naglaskom na
adsorpcionom ponaSanju ekstrakta. Mnogi istrazivaéi su uglavnom koristili koru, ulje i ekstrakte
listova eukaliptusa kako bi sprecili koroziju mekog Celika u kiselim sredinama pod razli¢itim
temperaturnim uslovima. Prema rezultatima, kada je ekstrakt kore biljke eukaliptusa dodat u HCI
(5%) u koncentraciji od 900 ppm, maksimalna efikasnost inhibitora iznosila je 98,2 %. Ekstrakt
lista je, s druge strane, imao maksimalnu inhibitornu efikasnost od 93,09 % pri koncentraciji
ekstrakta od 600 mg/L u medijumu H2SO4 (0,5 M). Pokazalo se da potencija ekstrakata opada sa
povecanjem temperature. Mehanizam za zastitu ugljeni¢nog Celika ekstrakta eukaliptusa od
korozije u razli¢itim korozivnim situacijama bio je u velikoj meri povezan sa adsorpcijom inhibitivnih
komponenti ekstrakta na povrsini ¢elika kako bi se smanijila interakcija izmedu metala i korozivne
okoline. Vecina prijavijenih inhibitivnih ponaSanja ekstrakta eukaliptusa bila je u skladu sa

modelom izoterme Langmuir adsorpcije.

Kljuéne reci: ekstrakt lista eukaliptusa, efikasnost inhibicije, meki Celik, model Langmuirove

izoterme, inhibicija korozije, ugljeni¢ni Celik
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Corrosion inhibition by fruit extracts -Inhibition of corrosion of mild
steel in simulated concrete pore solution prepared in sea water by an
aqueous extract of apple juice- A Case study

ABSTRACT

The inhibition efficiency of an aqueous extract of apple juice in controlling corrosion of mild steel
immersed in simulated concrete pore solution (SCPS) prepared in sea water, has been
evaluated by weight loss method. Langmuir adsorption isotherm has been investigated. The
mechanistic aspect of corrosion inhibition has been investigated by Electrochemical impedance
spectra (AC impedance spectra). The protective film has been analysed by Fluorescence
spectroscopy, FTIR spectroscopy and AFM. The SCPS system offers 60% inhibition efficiency to
mild steel immersed in sea water. In presence of apple juice extract the inhibition efficiency
increases as the concentration of the extract increases. When 10 ml of extract is added, 85%
inhibition efficiency is obtained. Electrochemical impedance spectra (AC impedance spectra)
reveal that a protective film is formed on the metal surface. In the presence of inhibitor system,
charge transfer resistance value increases, impedance value increases, phase angle value
increases whereas double layer capacitance value decreases as expected. The FTIR spectral
study reveals that the protective film consists of complexes consisting of iron-active principles of
the apple juice extract. AFM study reveals that when the inhibition efficiency increases the
roughness of the surface decreases or in other words the smoothness of the system increases.

Keywords: corrosion inhibition, mild steel |, simulated concrete pore solution ,sea water , an

aqueous extract of apple juice, electrochemical studies, FTIR, Fluorescence spectroscopy, AFM.

1. INTRODUCTION

Corrosion is the process of slowly eating up
metals by gas and water vapours present in the
atmosphere due to the formation of certain
compounds like oxide, sulphide, carbonate, etc.
Corrosion is a natural spontaneous and thermo-
dynamically stable process. Corrosion cannot be
prevented even though the rate of corrosion can be
controlled. There are several methods of controlling
corrosion. One such method is use of inhibitors.
Corrosion inhibitors are chemical molecules used
in small quantities to control corrosion by
adsorption on the metal surface or by blanketing

*Corresponding author: Susai Rajendran

E-mail: susairajendran@gmail.com

Paper received: 09. 07. 2023.

Paper accepted: 28. 07. 2023.

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

effect. Once chromates were used as corrosion
inhibitors. But due to environmental toxicity use of
chromates were avoided. This being the new trend
and need of the hour many researchers are going
for extracts of (aqueous, alcoholic etc.,) natural
products. This is due to the facts they are less toxic
or non toxic, less expensive and readily available .
Chemically speaking the extracts contain many
active ingredients. These molecules have polar
atoms such as oxygen, sulphur , nitrogen and
aromatic rings. Some molecules (B-carotene for
example) have conjugated dienes also. Hence
electron transfer from these molecules to the metal
ions (Fe?* for example) generated during the
corrosion process is easy. Under these conditions
metal-inhibitor complexes are formed on the anodic
sites of the metal surface. Thus the corrosion
process is controlled. Moreover the plant extract
contains many active ingredients. Hence there is
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chance of synergistic effect also. Both anodic
reaction and cathodic reactions are controlled,
simultaneously. That is the plant extracts act as
mixed type of inhibitors and electron pumpers.

Various parts of the natural products, such as
leaves, barks, roots and fruits can be used as

extracts of some fruits is discussed. A case study is
also presented. That is “Inhibition of corrosion of
mild steel in simulated concrete pore solution

prepared in sea water by an aqueous extract of

corrosion inhibitors. In the present study, the use of 1.

Table 1. Use of extracts of fruits as corrosion inhibitors

Tabela 1. Upotreba ekstrakta voca kao inhibitora korozije

apple juice” is presented. The use of extracts of
fruits as corrosion inhibitors is summarized in Table
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Wild Lycium . .
ferocissimum potgnthdynamlc
Carbon Steel in an Miers Fruit polarization (PDP), o
9 Acidic Medium Extract electrochemical impedance 80 % IE. 9
h I'. spectroscopy (EIS), and
(Zxﬁggtl)c weight loss method.
Aqueous Extract poteqtiodynamic
10 Aluminium Alloy in of Punica electrggrlwaerrﬁiac]:tzla??rr?n:dance Langmuir adsorption 10
Acidic Medium Granatum Fruit P isotherm.
Peel s.pectroscopy
techniques.SEM. FTIR

Extracts of various fruits [1-10] have been used as corrosion inhibitors.

Metals: Extracts of various fruits [1-10] have been used as corrosion inhibitors to control various metals and alloys
such as mild steel [1-3,6,7,9], stainless steel [4,5,8] and aluminium [10].

Medium: Corrosion of metals have been prevented by flower extracts in various media such as acid [1,2, 4-7,9,10]
and sodium chloride [3] medium.

Flowers: Extracts of various flowers such as red dragon fruit[1], Swietenia macrophylla fruit shell [2], mulberry fruit [3],
Terminalia bellirica Fruit[4], orange peel extract[5], Tamarind[6], grapefruit[7], Tomato pomace extract[8], Wild
Lycium ferocissimum Miers Fruit[9] and Punica Granatum Fruit Peel[10].

Methods: Various methods have been used to control the corrosion process. Weight loss method [2,8] and
electrochemical methods[2-5,8-10] have been employed.

Surface analysis of protective films: Methods such as SEM [2,3,6,8,10], FTIR [3,6,10], AFM [8] and EDX [3,6] have
been used for this purpose.

Contact angle measurements have not been used to study the hydrophobic nature of the protective film.

Case study

Title: “Inhibition of corrosion of mild steel in simulated concrete pore solution prepared in sea water by an aqueous
extract of apple juice”

2. EXPERIMENTAL - -
Inhibition efficiency = [(CR+-CR2)/CR1] x 100 %

Preparation of mild steel specimens

Mild steel specimens of dimensions 1.0 cm x Where
4.0 cm x 0.2 cm were polished to a mirror finish CR1 = corrosion rate in the absence of inhibitor
and degreased with trichloroethylene. CR: = corrosion rate in the presence of
Weight loss method inhibitor.

Mild steel specimens in ftriplicate were

immersed in 100 ml of the simulated concrete pore Electrochemical study

solution (SCPS) prepared in sea water in the
absence and presence of an aqueous extract of
apple juice , for a period of one day. The weight of
the specimens before and after immersion was
determined using a Shimadzu balance, model
AY62. The corrosion products were cleaned with
Clarke’s solution. The corrosion rate was
calculated using the following equation.

Corrosion rate =( W/AT) mdd

Where

W = loss in weight (mg)

A = surface area of the specimen (dm2)

T = period of immersion (days)

The corrosion rate is expressed in mdd units

[mdd = mg/(dm?) (day)]

The inhibition efficiency was calculated using
the relation.

AC impedance spectra (Electrochemical
Impedance Spectra - EIS)

In the present work, corrosion resistance of
mild steel immersed in various test solutions were
measured by Electrochemical Impedance Spectra -
EIS. The experiments were done at room
temperature. Electrochemical Impedance Spectra
were recorded in a CHI- electrochemical work
station with impedance model 660A. It was
provided with iR compensation facility. A three-
electrode cell assembly was used. Mild steel was
used as working electrode. Platinum was used as
counter electrode and saturated calomel electrode
(SCE) was used as reference electrode. From
Electrochemical Impedance Spectra, corrosion
parameters such as charge transfer resistance
(Rt), double layer capacitance value (Cdl) and
impedance log (Z/Ohm) value were calculated.
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Surface characterization study

FTIR
The FTIR spectra were recorded in a Perkin
Elmer 1600 series spectrophotometer with

resolving power of 4 cm-'.

Atomic force microscopy (AFM)

The mild steel specimens immersed in various
test solutions for one day were taken out, rinsed
with double distilled water, dried and subjected to
the surface examination. The surface morphology
measurements of the mild steel surface was
carried out by atomic force microscopy (AFM)
using SPM Veecodi Innova connected with the
software version V7.00 and the scan rate of 0.7 Hz.

3. RESULTS AND DISCUSSION

The inhibition efficiency of an aqueous extract
of apple juice in controlling corrosion of mild steel

immersed in SCPS prepared in sea water has been
evaluated by weight loss method. Langmuir
adsorption isotherm has been investigated, The
mechanistic aspect of corrosion inhibition has been
investigated by Electrochemical impedance spectra
(AC impedance spectra). The protective film has
been analyzed by Fluorescence spectroscopy,
FTIR spectroscopy and AFM.

Weight loss method

The inhibition efficiency of an aqueous extract
of apple juice in controlling corrosion of mild steel
immersed in SCPS prepared in sea water has been
evaluated by weight loss method. Three mild steel
specimens were immersed in SCPS prepared in
sea water in the absence and presence of an
aqueous extract of apple juice extract. The
corrosion rates and inhibition efficiencies are given
in Table 2.

Table 2. Corrosion rate and inhibition efficiency of mild steel immersed in SCPS prepared in sea water in
the absence and presence of apple juice obtained by weight loss method

Tabela 2. Brzina korozije i efikasnost inhibicije mekog celika uronjenog u SCPS pripremljen u morskoj vodi
u odsustvu i prisustvu soka od jabuke dobijenog metodom gubitka tezine

System Corrosion rate, mdd IE, % surface coverage 6 C/o
Sea water 20.86 - -

SCPS 8.34 60 0.60 0
SCPS + extract 2ml 7.30 65 0.65 3.1
SCPS + extract 4ml 6.47 69 0.69 5.8
SCPS + extract 6ml 5.01 76 0.76 7.9
SCPS + extract 8ml 4.17 80 0.80 10.0
SCPS + extract 10ml 3.13 85 0.85 11.8

It is observed from Table2 that as the
concentration of apple juice (C ml) increases, the
corrosion rate decreases and inhibition efficiency
increases and surface coverage (8 = IE%/100)
increases.

Langmuir adsorption isotherm

The Langmuir adsorption isotherm is used to
describe the equilibrium between adsorbate and
adsorbent system, where the adsorbate adsorption
is limited to one molecular layer at or before a
relative pressure of unity is reached.

There are the three assumptions of the
Langmuir isotherm. They are the adsorption
consists entirely of a monolayer at the surface; (2)
there is no interaction between molecules on
different sites and each site can hold only one
adsorbed molecule; (3) the heat of adsorption does
not depend on the number of sites and is equal for
all sites.

SCPS + Apple juice system

A plot of C vs C/ 0 gives a straight line ( Table
3, Figure 1). This indicates that Langmuir
adsorption isotherm is obeyed. The R? value is
very high (0.989). The adsorption consists entirely
of a monolayer of the ingredients of apple juice
(Figure 1) the metal surface.

Table 3. Data for Langmuir adsorption isotherm
Tabela 3. Podaci za Langmuir-ovu adsorpcionu

izotermu

C, ml of extract c/e
0 0
2 3.1
4 5.8
6 7.9
8 10.0
10 11.8
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Figure 1. Langmuir adsorption isotherm for apple juice system

Slika 1. Langmuir-ova adsorpciona izoterma za sistem soka od jabuke

Analysis of AC impedance spectra

AC impedance spectra have been used to confirm the formation of protective film on the metal
surface. If a protective film is formed on the metal surface, charge transfer resistance (Rt) increases,
double layer capacitance value (Ca) decreases and impedance log (Z/Ohm) value increases (Figure 2).

EIS (AC impedance spectra)

Corrosion resistance increases

R: increases

Ca decreases

Impedance increases

Phase angle increases

Figure 2. Corrosion parameters obtained from AC impedance spectra
(Principles of AC impedance spectra)

Slika 2. Parametri korozije dobijeni iz spektra impedanse naizmenicne struje
(Principi spektra impedanse naizmenicne struje)

The AC impedance spectra (Nyquist plots and
Bode plots) of mild steel immersed in various test
solutions are shown in Figures (3-5). The corrosion
parameters, namely, charge transfer resistance
(Rt), double layer capacitance (Ca), and impedance
values are given in Table 3.

It is observed that when mild steel is immersed
is sea water, the charge transfer resistance is 42.7
Ohmcm2. The Cq value is 1.19 x 107 F/cmZ2. The
impedance value is 1.671 [log(Z/Ohm)] .

It is further inferred that when mild steel in
immersed in SCPS, the charge transfer resistance
increases from 42.7 Ohmcm? to 50.04 Ohmcm?2.
The Ca value decreases from 1.19 x 107 x 107
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F/cm2 to 1.02 x 107 A/cm2. The impedance value
increases from 1.671 to 1.741. It is interesting to
observe that when apple juice is added to SCPS
system,the charge transfer resistance increases
from 42.7 Ohmcm? to 55.8 Ohmcm?. The Cq value
decreases from 1.19 x 107 x 107 F/cm?2 to 0.91 x
107 A/lcm2. The impedance value increases from
1.671 to 1.828.

From all these experimental data, the following
useful conclusions are scientifically drawn from the
principles of AC impedance spectra. When mild
steel is immersed in SCPS prepared in sea water
the corrosion resistance of mild steel increases.
When apple juice is added to SCPS prepared in
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sea water the corrosion resistance of mild steel
further increases. It is interpreted that in the
presence of SCPS, the increase in corrosion is due
to the formation of CaCOs and CaO . The increase
in corrosion protection in the presence of apple
juice is due to the fact that in the presence of apple

juice, the ingredients present in apple juice,
namely, Quercetin, Epicatechin, Procyanidin B2
and Caffeic acid have been deposited on the metal
surface resulting in the formation iron-active
ingredient complexes formed on the anodic sites of
the metal surface (Schema 1).

Epicatechin

'

OH
OH
o o N
(1]
OH
OH O
Quercetin
O
HO
AN OH
HO
Caffeic acid
»

Scheme 1: Phenolic compounds present in apples

(Quercetin, Epicatechin, Procyanidin B2, Caffeic acid)

Shema 1. Fenolna jedinjenja prisutna u jabukama

40.0 i i i i i
35,0 MS in sea water Nyquist plots N
) ®
30.0 o’
E 25.01 ° Y o (c) SCPS + AJ
° 200 o X x KKK
-~ PY * *
N 15.0] 0O L ax*T s
N . o, x*
100‘ (a) sea water
5.01
0 Y T T . .
0 100 200 300 40.0 50.0 60.0

Figure 3. Nyquist plots of mild steel immersed in various test solutions. (a) sea water; (b) SCPS prepared
in sea water (c) SCPS + apple juice

Slika 3. Nyquist-ove krive mekog Celika uronjenog u razli¢ita testna re$enja: (a) morska voda; (b) SCPS
pripremljen u morskoj vodi, (c) SCPS + sok od jabuke

Table 4. Corrosion parameters of mild steel (MS) immersed in simulated concrete pore solution prepared
in sea water, in the absence and presence of inhibitor, an aqueous extract of apple [apple juice

(AJ) ] obtained by the impedance spectra

Tabela 4. Parametri korozije mekog ¢elika (MS) uronjenog u simulirani rastvor pora betona pripremljen u
morskoj vodi, u odsustvu i prisustvu inhibitora, vodeni ekstrakt jabuke [sok od jabuke (AJ)] dobijen

spektrom impedanse

System Rt, Ohmcm? Cdl,F/cm? Impedance, [log(Z/Ohm)]
sea water 42.7 1.19x 107 1.671
SCPS 50.04 1.02x 107 1.741
SCPS + AJ 55.8 0.91 x 107 1.828
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Equivalent circuit diagram for various systems

The equivalent circuit for various systems is shown in Figure 4. This is in accordance with the shape
of the corresponding Nyquist plot, wherein two time constants are noticed. The one in the high frequency
region is obvious. The one in the low frequency region is less obvious. This type of Nyquist plot is

characteristic of film formation and film breaking.

4 — "
high frequency 1 low frequency
I Cc
Rs I
o—{ |- Cd
reference —||
electrode
R po
Rct
|
|
Electrolyte Interface metal
., y

Figure 4. Equivalent circuit diagram for failed coating (Film formation and film breaking)

Slika 4. Ekvivalentna Sema za neuspeli premaz (formiranje filma i pucanje filma)

2.0

1 (c) SCPS + AJ
1'8:'. b) SCPS
1.6
14- (a) sea water
1.2;
1.0
0.8

0.4 T T

log (Z/ohm)

MS in sea water

Apple Juice (AJ)

log frequency vs impedance plots

10 15 20 25

30 35 40

log (Freq/Hz)

Figure 5. Bode plots of mild steel immersed in various test solutions. (a) sea water; (b) SCPS prepared in
sea water (c) SCPS + apple juice

Slika 5. Bode-ove krive mekog ¢elika uronjene u razlicita testna reSenja. (a) morska voda; (b) SCPS
pripremljen u morskoj vodi (c) SCPS + sok od jabuke

Analysis of FTIR spectra

The active principles of an aqueous extract of
apple juice are Quercetin, Epicatechin,
Procyanidin B2, Caffeic acid (Scheme 1). The
main functional groups are phenolic —OH, carbonyl
group C=0 and ether -O- group. A few drops of an
aqueous extract of apple juice were dried on a
glass plated. A solid mass was obtained. The FTIR

spectrum (KBr) of this solid mass is shown in
Figures 6,7. The various stretching frequencies
are given in Table 5. The FTIR spectrum (KBr) of
the protective film formed on the metal surface
after immersion in the solution containing SCPS
and apple extract for one day is shown in Figures
8,9,10. The various stretching frequencies are
given in Table 5.
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Table 5. Stretching frequencies of various functional groups

Tabela 5. Frekvencije istezanja razli¢itih funkcionalnih grupa

Details solid mass obtained from apple extract film formed on metal surface
-OH stretching 3403.72 cm™! 3429 cm™’
C-H stretching 2928 2924
C=0 stetching 1637.78 1636
O-H bending, carboxylic acid 1408.3 1452
C-H bending, 1,2-disubstituted 779.07 763
C-H bending, aromatic compound 2095.14 Disappeared
phenol O-H bending 1384, 1408 1384, 1452
ether C-O-C stretching 1058.8 1037
y N

100

90 2095 14em1

80

70

621.002m-1

10377861 1408 3Hem-1
6y

%T *

40

apple juice extract dried

1058.80em-1
30

20

n
4000 3500 3000 2500 2000 1500 1000 500 400
Wavenumber cm?

Figure 6. FTIR spectrum of of apple juice extract dried on a glass plate
Slika 6. FTIR spektar ekstrakta soka od jabuke osusenog na staklenoj ploci

2095 14cm-1
I

Enlarged image

l 1240.84cm-1
13&11.53cm—1

1637.78cm-1 1408.31cm-1

2028 02cm-1

apple juice extract dried solid
mass

1058 80cm-1

3403.72cm-1
I

Figure 7. FTIR spectrum of of apple juice extract dried on a glass plate (Enlarged image)
Slika 7. FTIR spektar ekstrakta soka od jabuke suSenog na staklenoj ploci (uvecana slika)
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Figure 8. FTIR spectrum (KBr) of protective film.
Slika 8. FTIR spektar (KBr) zastitnog filma

Enlarged image Apple juice extract protective film

2923.91em-1

3429.08¢m-1

Figure 9. FTIR spectrum (KBr) of protective film(Enlarged image)
Slika 9. FTIR spektar (KBr) zastitnog filma (uvecana slika)
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Figure 10. FTIR spectrum(KBr) of protective film (Enlarged image)
Slika 10. FTIR spektar (KBr) zastitnog filma (uvecana slika)
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It is observed from the Table 5 that the Fe?*
ions on the metal surface, generated during
corrosion process on the metal surface, have
coordinated with the polar groups of the active
ingredients of the apple juice such as phenolic O-H
, C-O-C , and aromatic pi electrons, resulting in the
formation of a protective film on the metal surface.
This film is responsible for corroion protection.

The peaks at 1452 cm!, 870 cm™ and 762 cm™"
690 are due to calcium oxide and calcium
carbonate formed on the metal surface [11,12].

TES2 267

Luminescence spectra

Luminescence spectra have been used in
corrosion inhibition studies. Apple juice extract is
mixed with ferrous sulphate solution to prepare a
complex consisting of Fe?*-active principles of the
ingredients of apple juice. Luminescence spectrum
(Aex = 300nm) of this solution was recorded. A
peak appears at 305 nm.

s121.814

Apple juice
system

TSl 361

Intensity,au

2050 9082

1530 _4a455

305, 6654.146
1

(313,5,,5906.588)
1

=== (a) Fe?*-active
principles complex
in solution

(b) Protective film

O_ 000
200.0

280.0

Wavelength, nm

360.0 440.0

Figure 11. Fluoresence spectra of SCPS + Apple juice
Slika 11. Fluorescentni spektri SCPS + sok od jabuke

Luminescence spectrum (Aex = 300nm) of the
protective film formed on the metal surface after
immersion in the solution consisting of SCPS and
apple juice for a period of one day is shown in
Figure 11. A peak appears at 313.5 nm. This peak
very closely matches with the previous peak at
305nm. Thus it is confirmed that the protective film
consists of Fe?*-active principles of the ingredients
of apple juice. It is noted that there is decrease in
the intensity of the peak. This is due to the fact that
in the solid state there is restriction in the
movement of electrons.

ANALYSIS OF AFM

Atomic force microscopy is used widely in
corrosion inhibition study. The roughness of the
metal surface can be investigated and measured
for three systems, namely polished metal (system
A), polished metal immersed in the blank

solution(SCPS) (system-B) and polished metal
immersed in the inhibitor system (SCPS + Apple
juice) (system C) (Fig. 12-14).The average
roughness (Ra), RMS roughness (Rq) and
maximum peak -to -valley height can be derived
from AFM images. In general, for the three
systems, A, B and C the average roughness is in
following order A>B>C. This indicates that a
protective film is formed on the metal surface and
hence corrosion inhibition efficiency increases for
system B and system C. The average roughness
decreases as the corrosion inhibition efficiency
increases. The high value of the average
roughness for polished metal (system A) may be
due to the formation of iron oxide formed on the
metal surface. As the smoothness increases the
inhibition efficiency increases. 2D images and 3D
images are produced in AFM study (Fig. 12-14).
Section analysis is another aspect of AFM.
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Figure 12. Polished mild steel
Slika 12. Polirani meki &elik
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Polished mild steel SCPS
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Figure 13. Polished mild steel immersed in SCPS
Slika 13. Polirani meki ¢elik uronjen u SCPS
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Figure 14. Polished mild steel immersed in SCPS +Apple juice

Slika 14. Polirani meki ¢elik uronjen u SCPS + sok od jabuke

Table 6: AFM parameters of various surfaces

Tabela 6. AFM parametri razlicitih povrsina

Samoles RMS (Rq) Roughness Average (Ra) Maximum peak — to valley—
P (nm) Roughness (nm) height (nm)
Polished mild steel (Control) 422.76 nm 396.01nm 1290.5nm
Mild Steel immersed in SCPS 239.13nm 205.74nm 973.88nm
Mikd stee! immersed in SCPS 91.984nm 69.477nm 415.76nm
pple juice

4. CONCLUSIONS

The inhibition efficiency SCPS prepared in sea
water in controlling corrosion of mild steel
immersed in SCPS prepared in sea water has been
evaluated by weight loss method. Langmuir
adsorption isotherm has been investigated, The
mechanistic aspect of corrosion inhibition has been
investigated by Electrochemical impedance spectra
(AC impedance spectra). The protective film has
been analysed by Fluorescence spectroscopy,
FTIR spectroscopy and AFM.

The SCPS system offers 60% inhibition
efficiency to mild steel immersed in sea water.

In presence of apple juice extract the inhibition
efficiency increases as the concentration of the
extract increases

When 10 ml of extract is added, 85% inhibition
efficiency is obtained.

Electrochemical impedance spectra (AC
impedance spectra) reveal that a protective film is
formed on the metal surface.

In the presence of inhibitor system , charge
transfer resistance value increases, impedance
value increases, phase angle value increases
whereas double layer capacitance value decreases
as expected.

The FTIR spectral study reveals that the
protective film consists of complexes consisting of
iron-active principles of the apple juice extract.

AFM study reveals that when the inhibition
efficiency increases the roughness of the surface
decreases or in other words the smoothness of the
system increases.
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INHIBICIJA KOROZIJE VOCNIM EKSTRAKTIMA - INHIBICIJA KOROZIJE MEKOG

CELIKA U SIMULIRANOM RASTVORU PORA BETONA PRIPREMLJENOM U MORSKOJ
VODI VODENIM EKSTRAKTOM SOKA OD JABUKE - STUDIJA SLUCAJA

Efikasnost inhibicije vodenog ekstrakta soka od jabuke u kontroli korozije mekog Celika uronjenog
u rastvor simuliranih betonskih pora (SCPS) pripremljen u morskoj vodi, procenjena je metodom
gubitka teZine. IstraZena je Lengmirova izoterma adsorpcije. Mehanicki aspekt inhibicije korozije je
istraZzen spektrima elektrohemijske impedanse (AC impedance spectra). Zastitni film je analiziran
fluorescentnom spektroskopijom, FTIR spektroskopijom i AFM. SCPS sistem nudi efikasnost
inhibicije od 60% za meki Celik uronjen u morsku vodu. U prisustvu ekstrakta soka od jabuke
efikasnost inhibicije se povecava kako se koncentracija ekstrakta povecava. Kada se doda 10 ml/
ekstrakta, postize se 85% efikasnost inhibicije. Spektri elektrohemijske impedanse (AC impedance
spectra) otkrivaju da se na povrsini metala formira zastitni film. U prisustvu inhibitornog sistema,
vrednost ofpora prenosa naelektrisanja se povecava, vrednost impedanse raste, vrednost faznog
ugla se povecava dok vrednost kapacitivnosti dvojnog sloja opada prema ocekivanjima. FTIR
spektralna studija otkriva da se zaS$titni film sastoji od kompleksa koji se sastoje od gvozde
aktivnih supstanic ekstrakta soka od jabuke. AFM studija otkriva da kada se efikasnost inhibicije
poveca, hrapavost povrsine se smanjuje ili drugim re¢ima, glatkocCa sistema se povecava.

Kiljuéne reci: inhibicija korozije, meki Celik, simulirani rastvor pora betona, morska voda, vodeni
ekstrakt soka od jabuke, elektrohemijske studije, FTIR, fluorescentna spektroskopija, AFM.
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Electrochemical analysis of corrosion inhibition shallot leaf
(Allium cepa) extract on mild steel in acidic medium at different

immersion times

ABSTRACT

Plant derivatives as eco-friendly corrosion inhibitors are currently greatly interested in much
research. Shallot leaf (Allium cepa) was utilized in 0.1M HCI as a corrosion inhibitor of mild steel.
The functional groups present in the macerated extract were subsequently identified using an
FTIR test. Electrochemical tests such as tafel polarization and EIS were carried out to determine
the corrosion inhibition performance of shallot leaf extract on the SS400 steel. The results of the
electrochemical analysis show that shallot leaf extract can inhibit mild steel up to 94% at a
concentration of 500 ppm. Furthermore, the addition of SLE reduces surface damage of mild steel,

which can be seen by SEM.

Keywords: Corrosion inhibitor, plant extract, shallot leaf extract, carbon steel, immersion time

1. INTRODUCTION

Mild steel is frequently used as structural steel
due to its remarkable mechanical qualities and
inexpensive cost. However, it suffers corrosion
attacks in acidic environments commonly used in
industrial processes such as oil and gas pipelines,
chemical processing, paper, textile, refining, etc [1].
Corrosion leads to various losses, including
decreased metal service life, safety, human life,
cost, and material conservation [2]. Hydrochloric
acid (HCI) is a common acid used in the energy
industry, particularly oil and gas, for a variety of
purposes, including well stimulation, well
completion, and well cleaning. It is most often used
for acidizing, which is the process of pumping acid
into the well to dissolve rock and increase
permeability. HCI is also used in well acidizing to
remove damage to the wellbore caused by drilling,
completion, or production [3].

However, if mild steel is continuously exposed
to an environment containing hydrochloric acid
(HCI), it will undergo corrosion. Various corrosion
inhibitors can be used to stop mild steel from
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corroding in HCI surroundings. These inhibitors
create a protective coating on the metal, blocking
any acid from coming into contact with the steel's
surface [4].

Inhibitors are generally classified into organic
and inorganic, commercially available, and utilized
in industrial settings. On the other hand, commer-
cial synthetic inorganic inhibitors are harmful to the
environment [5]. Even though organic inhibitors
prevent corrosion, many of these substances are
created through chemical processes. These
technologies have a limited range of applications
since they are prohibitively expensive and
environmentally harmful [6]. The use of affordable,
environmentally friendly chemicals is a hot topic.

Additionally, it has been stated that these
compounds work incredibly effectively to safeguard
metals in acidic situations [7]. As a result, environ-
mentalists are concerned about the safety of
corrosion inhibitors to the environment. Hence,
numerous scientists are paying attention to
creating green corrosion inhibitors.

Organic inhibitors contain antioxidant compo-
unds that can delay, slow, or stop oxidation by
donating electrons. Inhibitors can boost corrosion
inhibition with electronegative components such as
Oxygen, Sulfur, Nitrogen, and Phosphorus, as well
as through the conjugation of double or triple bonds
and the presence of aromatic rings [8,9]. Corrosion
inhibitors can physically adsorb to the metal
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surface and prevent any interaction with the
corrosive solution, or they can chemically react with
the surface of the metal to stop corrosion.

Various recent studies have developed a green
organic compound that can be obtained from plant
extracts such as fruit [10], leaves [11], stem [12],
flowers [13,14], seed [15], peel [16] which have
shown has high efficiency as a corrosion inhibitor in
acidic media. Shallot (Allium cepa) has active
compounds in flavonoids and phenolic content that
capture free radicals to release hydrogen atoms
from their hydroxyl groups [17,18]. The highest
total flavonoid content is found in shallot leaves
when compared to 62 other common plants [19].
The total flavonoid content in leeks of 2720.5
mg/kg ranked first and was followed by Semambu
leaves, cayenne pepper, black tea, papaya and
guava plants [20]. Flavonoids and phenolics can be
used as corrosion inhibitors to protect carbon steel
from an aggressive environment and prevent
corrosion [21,22]. From this explanation, shallot
leaves have the potential to be used as an organic
inhibitor. In addition, research has never been
conducted on the use of shallot leaf extract (SLE)
as an evironmetal friendly corrosion inhibitor.
Therefore, this study was conducted to determine
the effect of shallot leaf extract on the corrosion
phenomenon of mild steel in an acidic solution,
namely 0.1 M HCI solution.

2. EXPERIMENTAL SECTION

2.1. Preparation Of Mild Steel

SS400 mild steel was the material chosen for
this study, which has the following composition:
C:0.19%wt.; Mn: 0.3%wt.; P: 0.009%wt.; S:
0.009%wt.; Si: 0.15%wt.; Ni: 0.11%wt.; Cu:
0.014%wt.; Zn: 0.01%wt.; Al: 0.02%wt.; Fe: Remai-
ning. Mild steel was cut into 10 x 10 x 10 mm?3
dimensions and embedded with resin for the
electrochemical experimental procedure. The
surface sections of the metals were abraded using
sandpapers of various grit levels before each
experiment (240, 400, 600, 800, 1000, and 1200).

2.2. Extraction of Shallot Leaves

The extraction of the shallot leaves begins with
drying the shallots at room temperature. Shallots
are then reduced in size by cutting them. After that,
the maceration process was carried out: soaking
the shallots in 96% ethanol for four days. The
obtained filtrate was then filtered from the residue
with filter paper (Whatman No. 44), and the solvent
was then evaporated over the course of three days
inside an oven at 100°C. The solid waste was then
gathered, kept, and employed as an inhibitor (SLE)
in several studies in an acidic media.

2.3. Fourier Transform Infrared Spectroscopy
(FTIR)

The functional groups contained in the shallot
extract were tested using FTIR. The analysis was
carried out with the FTIR test instrument. The
procedure was performed by homogenizing shallot
leaf extract with KBr powder. After that, the mixture
is made in pellets or pills and ready for analysis.

2.4. Total Phenolic Content

Total phenol analysis was initiated by making
gallic acid master liquor and sample preparation. A
master solution of gallic acid was produced by
dissolving 1 mg of the acid into 1 mL of methanol
(1000 g/mL). Each tube received 25, 50, 100, 150,
and 200 L of the master solution by pipetting. To
prepare the sample, dissolve 4 mg of the dry
sample extract in 4 mL of 1000 g/mL methanol.

The Folin Ciocalteau method with gallic acid as
a standard was used to determine the total pheno-
lic content of the extract. The regression equation
from the calibration curve obtained was used to
represent the total phenolic content of the extract
as gallic acid equivalent in mg/g extract. Pipette 25,
50, 100, 150, and 200 mL of Gallic acid standard
solutions or a 250 mL sample solution into
separate test tubes. Add 7.5 mL of distilled water
and 0.5mL of Follin Ciocalteau to each test tube,
then shake them. After allowing the mixture to rest
for 8 minutes, add 1.5 mL of 20% Na2CO3 to each
test tube and mix thoroughly. Set aside for two
hours at room temperature before continuing. A
wavelength of 765 nm was used to measure
absorption. The measurements were carried out
twice to ensure the phenol obtained was equal to
gallic acid (mg/gr extract).

2.5. Tafel Polarization

Tafel measurements were conducted at 0.6
mV/s in a potential range of -0.25 to +0.25 V, using
a GAMRY PCIl4G750-50090 potentiostat testing
equipment. This electrochemical analysis was com-
pleted with a three-electrode cell in the solution,
having a platinum counter electrode, calomel
reference electrode and a mild steel abrasively
prepared working electrode. By extrapolating the
Tafel curves, we were able to obtain data such as
corrosion potential (Ecorr), cathodic Tafel slope (Bc)
and corrosion current density (icorr). Next, using Eq.
1, the current density of corrosion was applied for
determining the inhibition efficiency [15].

0
n (%) = llo—‘ x 100% (1)
corr
Where
i%,. is corrosion current density without

addition of inhibitor and is current after

addition of inhibitor.

lCOTT
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2.6. Electrochemical Impedance Spectroscopy

The EIS measurement was conducted with a
frequency range between 300,000 Hz to 0.1 Hz
using the Gamry instrument, and a Nyquist plot
was used to represent EIS data. A fitting line from a
practical equivalent circuit measures the impe-
dance parameter. The surface coverage was calcu-
lated from corrosion charge transfer resistance
using the following equation [15]:

R% is charge transfer resistance without
inhibitor and R, is charge transfer after the addition
of inhibitors.

3. RESULTS AND DISCUSSION

3.1. Ftir Analysis

The functional organic compounds that were
present in the SLE were identified using the FTIR
assay. The results of the FTIR experiment result in
a graph that shows tiny peaks in a certain

_RO X -
0 (%) = ReemRet . 100% (2) wavelength range, which may indicate the
ct existence of several groups. Figure 1 shows the
Where FTIR results of shallot leaf extract.
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Figure 1. FTIR graph of SLE
Slika 1. FTIR grafik SLE

From the results of this analysis, it can be
analyzed for the groups of functions contained in
the shallot leaf extract. the functional groups
detected in shallot leaf extract are C-H alkyne and
alkane and aromatic at 1405.2 cm', C-O and C-N
bonds carboxyl at 1296.22 cm', NO2 and C=C
aromatic at 1521.9 cm', O-H and N-H groups at
334.1 cm-'[23]. The SLE had N, C, and OH groups,
all of which belonged to the alkaloids carboxyl
groups, according to the FTIR data. The SLE had
polyphenol and flavonoid compounds since they
contained aromatic components and phenol.

3.2. Total Phenolic Content

The total phenol content is expressed in EAG
(gallic acid equivalent), a unit for defining the
number of milligram equivalents of the gallic acid
compound from one gram of sample. The total

ZASTITA MATERIJALA 65 (2024) broj 1

phenol test results showed that the tested shallot
leaf extract has a total phenol content of 5.535
mgEAG/g extract.

3.3. Tafel Polarization

Figure 2 depicts Tafel polarization's outcome
shallot leaf extract at various immersion times and
inhibitor concentrations. The increase of SLE
concentration to 500 ppm resulting high inhibition
efficiency that reaches 94 percent at 60 min of
immersion, as shown in table 2. At 500 ppm
corrosion current of SLE decreases from 752.9 pA
cm2 to 107.7 pA cm2 (0 min), from 793.3 pA cm2
to 60,90 pA cm-2 (30 min), and from 802,4 to 46,74
MA cm2 (60 min). The corrosion current density
and corrosion rate of mild steel decreases when
concentration of the SLE

inhibitor increases,
resulting in higher efficiency inhibition. The
37
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deposited corrosion inhibitor molecule on the metal
surface formed a protective barrier at the metal
interface, protecting the metal surface from the

acidic media and reducing the metal’s corrosion
rate [24,25].
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Figure 2. Tafel polarization of mild steel in the absence and presence of SLE in 0.1 M HCI after immersion
(a) 0 minutes, (b) 30 minutes, (c) 60 minutes

Slika 2. Tafel-ove krive mekog Celika u odsustvu i prisustvu SLE u 0,1 M HCI nakon potapanja
(a) 0 minuta, (b) 30 minuta, (c) 60 minuta

Corrosion potential slightly increases with
adding SLE if it is compared to the blank. SLE
addition reduces anodic dissolution and blocks
oxidation reactions by preventing reaction sites that
become active on the steel surface [26], showing
that adding inhibitors to the solution reduces both
cathodic and anodic currents without modifying the
mechanism [27,28]. It has been reported that if the
corrosion potential movement from blank to anodic
or cathodic directions is more significant than 85
mV is categorized as an anodic or cathodic
inhibitor. In this report, the greatest movement of
Ecorr value was 45.5 mV indicating that inhibitor
SLE is a mixed-type inhibitor.

Table 1 shows the current density (icorr) and
corrosion rate of mild steel decrease after 30 and
60 minutes of immersion. The decrease in current
density as well as corrosion rate indicates that SLE
has a great inhibitor effectiveness and durability in
film inhibition [29]. The inhibitor efficiency rises at
the longer immersion time up to 94.2% in 500 ppm
of SLE. The immersion period will also give the
antioxidant compound molecules of the shallot leaf
extract and the SS400 steel enough time to adsorb
or inhibit one another and create a film or
monolayer layer on the steel surface [30]. Figure 3
examines the influence of concentration on
changing the corrosion potential and decreasing
current density to reduce corrosion rate and
increase inhibition efficiency.
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Table 1. Electrochemical parameters of SLE

Tabela 1. Elektrohemijski parametri SLE

Immersion Time (min.) | Concentration (ppm) | Bc (V/decade) | Ecor (MV) icorr (WA/CM?) | CR (mpy) n (%)
0 0.2347 -544.8 752.9 344.9 0
100 0.2116 -530.2 279.4 128.0 62.89
0 200 0.1932 -508.3 255.1 116.9 66.10
300 0.1744 -580.8 116.5 53.37 84.52
400 0.1735 -499.3 1121 51.36 85.11
500 0.1717 -503.0 107.7 49.33 85.70
0 0.2318 -541.9 793.3 363.4 0
100 0.1588 -538.5 184.9 84.69 76.70
30 200 0.1567 -515.4 70.19 50.96 85.98
300 0.1441 -501.5 85.55 39.19 89.21
400 0.1398 -512.7 70.99 32.52 91.05
500 0.1409 -528.7 60.90 27.90 92.32
0 0.2125 -530.4 802.4 367.6 0
100 0.1486 -515.3 131.3 60.17 83.63
60 200 0.1479 -497.5 108.4 49.65 86.49
300 0.1378 -516.0 77.31 35.42 90.36
400 0.1365 -500.6 70.71 32.39 91.19
500 0.1311 -517.1 46.74 21.41 94.17
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Figure 3. Graph of the effect of concentration on corrosion rate and inhibition efficiency

Slika 3. Grafikon uticaja koncentracije na brzinu korozije i efikasnost inhibicije

3.4. Electrochemical Impedance Spectroscopy
(EIS)

The EIS tests create Nyquist curves which to

The semicircular Nyquist diameter can be
assumed as an inhibitor's capacity to prevent
corrosion. The larger the curve's radius indicates

learn more about the phenomena carried on by the greater charge transfer resistance (Ra).
adding XME inhibitors at the metallelectrolyte Semicircular —Nyquist diameter —grows more
contact. EIS test was carried out at various Significant with the SLE inhibitor presence and

concentrations and immersion periods both without
and with the addition of inhibitors. The Nyquist
curve is typically depicted as a semicircle, showing
the difference between the real and imaginary
impedance values. Figure 4 displays the Nyquist
curve for this study. EIS data were measured
between 300 kHz and 0.1 Hz in frequency. A
primary Randles-type electrical circuit will simulate
a Nyquist curve derived from the test findings.
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increases as SLE concentration rises. Likewise,
increased immersion time will make an enormous
semicircular diameter Nyquist curve. The fitting line
from EIS was used the Randles model editor,
which is shown in Figure 5, to determine the
solution resistance (Ru), charge transfer resistance
(Ret), and double-layer capacitance (Ca). The
resistance parameters of SLE on SS400 steel are
shown in Table 3.
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Figure 4. Nyquist plot of mild steel in various concentration of SLE in 0.1 M HCI after immersion (a) 0
minutes, (b) 30 minutes, (c) 60 minutes

Slika 4. Nyquist-ove krive mekog ¢elika u razli¢itim koncentracijama SLE u 0,1 M HCI nakon potapanja (a)
0 minuta, (b) 30 minuta, (c) 60 minuta

The observation from Table 2 shows that the
Rct value increases by increasing SLE
concentration and the longer immersion duration of
the steel in the solution. Because of resistance in a
layer on the electrode's surface, Rct rises, causing
a drop in potential and a fall in corrosion rate. After
adding SLE, a barrier will form on the metallic
surface, preventing electrons or ions from passing.
It shows that as the inhibitor concentration rises,
inhibitor molecules that adsorb to the surface of the
steel increase resulting in increasing the steel's
resistance to charge transfer only by inhibiting
active sites on the metal [31]. An increase in Rct
value affects better inhibition efficiency, calculated
using eq.2. Table 2 also shows that increasing
immersion increases the Rct value. Excellent
surface coverage was obtained after a longer
immersion time of 60 minutes, improving the
inhibitor's efficiency. This trend suggests that SLE
molecules adsorbed to the metal/solution interface

create a long-term protective barrier, inhibiting the
molecules from adhering to the metal surface and,
thus, shielding it from corrosive attack. Plant
extracts, including syzygium cumini [32], rosa
canina [33], esfan seed [34], and dardagan fruit
[29] also exhibit this behavior.

DA VAN &
R.E. Ru R W.E.
huY
alpha

Figure 5. An equivalent circuit model was used in
this study

Slika 5. Model ekvivalentnog kola koris¢en u ovoj
studiji
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Table 2. The fitted data of EIS result in concentration and immersion time variations

Tabela 2. Dobijeni podaci EIS-a pri varijacijama koncentracije i viemena uranjanja

'mm(’frr“sr']%rt‘e;'me &Tﬁj Ru(ohm) | Re(ohm) | YO (104 | n Cal (WF) 8 (%)
0 9.543 42.14 438 | 073 97 0.00

100 9.807 1155 302 | 072 80 63.52

. 200 8.274 153.4 124 | 077 37 72.53
300 8.286 162.1 111 0.77 33 74.00

400 8.272 198.0 105 | 075 29 78.72

500 13.26 210.9 118 | 070 24 80.02

0 9.252 49.56 617 | 069 131 0.00

100 6.862 244.7 152 | 081 70 79.75

0 200 8.976 268.8 095 | 082 43 81.56
300 8.029 3138 093 | 081 40 84.21

400 9.304 346.9 080 | 080 33 85.71

500 9.003 392.2 0.81 0.78 31 87.36

0 8.485 51.07 1205 | 058 401 0.00

100 9.313 3016 126 | 082 390 83.07

5 200 6.466 3236 185 | 0.79 388 84.22
300 8.727 3304 382 | 082 382 8454

400 9.019 404.0 104 | 080 297 87.36

500 7.404 527.9 045 | 092 162 90.33

From Table 2, the results demonstrate clearly
that double-layer capacitance (Ca) decreases as
Rct values increase. The Ca value gradually
decreases as inhibitor concentration increases,
showing that the adsorption of corrosion inhibitor
leads to the dielectric constant being reduced,
thickening the electric double-layer at the
metal/electrolyte interface [35].

3.5. Surface Characterization

The surface of corrosion inhibitors of SLE was
characterized by SEM. The carbon steel was
soaked in 0.1M HCI in the blank and with the
addition of 500 ppm SLE for 24 hours at room
temperature. Figure 6 shows the smoother surface
on the steel was found after adding of 500 ppm of
SLE. On the other hand, pitting corrosion can occur
and the surface of carbon steel without the
presence of SLE seems rough. The rough surface
of the metal without inhibitors indicates that the
surfaces formed a corrosion product from the
interaction between metal and electrolyte. The
addition of SLE increases the homogeneity of the
surface and minimizes the roughness of the steel
substrate. Surface smoothness is produced when a
layer of protective Fe2* complex and shallot leaf
extract is formed on the metal surface, reducing the
carbon steel corrosion rate [36,37].
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Figure 6. SEM morphology of carbon steel (a)

blank and (b) after the addition of 500 ppm SLE
Slika 6. SEM morfologija ugljeni¢nog Celika (a)

blanko i (b) nakon dodavanja 500 ppm SLE
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3.6. Proposed Inhibition Mechanism

Potentiodynamic polarization and EIS observed
a greater efficiency at higher concentrations of
corrosion inhibitors. Thus, the mechanism and
efficiency of inhibition are dependent on inhibitor
concentration. The difference in immersion time on
mild steel also gives another effect on the
adsorption of the inhibitor. During the first step of
immersion, the plant extract components were
adsorbed onto the steel surface. The process can
lead to the formation of a barrier layer that protects

adhering to the metal surface, producing a thicker
protective layer as the immersion duration
lengthens. This may result in a decrease in the
corrosion rate and an improvement in the
effectiveness of the inhibitor. However, due to the
aggressive environment and prolonged immersion
times, the inhibitor molecules may begin to desorb
from the metal surface. This may cause the
inhibition efficiency to drop and the rate of
corrosion to rise [38]. Figure 7 provides an
illustration of the potential SLE adsorption process
on the surface of mild steel.

the metal surface from damaging the HCI
environment. The inhibitor molecules keep
O~_OH O~_OH O~_OH
cr e o cr o
Cl
HO OH HO OH HO | OH
cr OH OH I OH
Cl cr cr cr Cl Cr

Figure 7. Possible adsorption mechanism process of SLE onto mild steel surface

Slika 7. Moguci proces mehanizma adsorpcije SLE na povr$ini od mekog Celika

4. CONCLUSION

In this study, ethanol extracted an eco-friendly
corrosion inhibitor from shallot leaf and evaluated
using electrochemical and surface analysis in 0.1
M HCI. Tafel polarization of carbon steel shows a
decrease in corrosion rate after the addition of SLE
with 94% inhibition effectiveness after 60 minutes
of immersion. The polarization test also showed
that SLE acted as a mixed-type inhibitor. SEM
morphology of metal surface showed that the
inhibitor adsorption of SLE significantly decreases
the surface damage of mild steel.
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ELEKTROHEMIJSKA ANALIZA INHIBICIJE KOROZIJE EKSTRAKTA
LISTA SHALLOT (A/lium cepa) NA MEKOM CELIKU U KISELOJ SREDINI
PRI RAZLICITIM VREMENIMA POTARPANJA

Biljni derivati kao ekolo$ki prihvatljivi inhibitori korozije su trenutno veoma zainteresantni za mnoga
istraZivanja. List SHALLOT (Allium cepa) je koris¢éen u 0,1 M HCI kao inhibitor korozije mekog
Celika. Funkcionalne grupe prisutne u maceriranom ekstraktu su naknadno identifikovane
koris¢enjem FTIR testa. Sprovedeni su elektrohemijski testovi kao $to su Tafel polarizacija i EIS
da bi se odredio ucinak inhibicije korozije ekstrakta lista Shallot na SS400 celiku. Rezultati
elektrohemijske analize pokazuju da ekstrakt lista Shallot moZe inhibirati meki celik do 94% u
koncentraciji od 500 ppm. Stavise, dodatak SLE smanjuje povrsinsko osteéenje mekog Gelika, $to
se moZze videti pomocu SEM.

Kljuéne reci: inhibitor korozije, biljni ekstrakt, ekstrakt lista ljutike, ugljeniéni celik, vreme
potapanja.
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Corrosion behavior of high- and low-chromium steel grinding
balls in chloride solution

ABSTRACT

The corrosion behaviour of three types of alloys (two low-alloy carbon steel and one stainless iron
with ~15 wt.% Cr), in a solution which simulates seawater (3% NaCl solution, pH 8.1) was tested.
Tested samples are used to make steel (iron) balls applied in mils for grinding copper and other
ore. The corrosion tests were performed using three electrochemical methods, at room
temperature in the presence of atmospheric oxygen. The linear polarization resistance (LPR)
method, electrochemical impedance spectroscopy (EIS) method, and linear sweep voltammetry
(LSV) method were applied. Based on measurements by LPR and EIS methods (as non-
destructive methods), the value of polarization resistance (Rp,) was determined and the general
corrosion rate (veorr) Of the examined samples was calculated. The obtained values of the general
corrosion rate can be used to calculate the service life of steel (iron) balls under exploitation
conditions (seawater). The appearance of the surface after linear sweep voltammetry (LSV)
measurement showed the presence of localized corrosion (pits were formed) of the tested
samples, especially stainless iron, and the LSV method is not suitable for the determination of the
general corrosion rate of tested samples in seawater. This form of corrosion occurs at high anodic
polarizations, during performing LSV measurements.

Keywords: Low-alloy Steel, Stainless Iron, Electrochemical Corrosion, LPR, EIS, LSV, Seawater

1. INTRODUCTION

Steel balls used for grinding copper and other
ores during exploitation are exposed to intense
wear and corrosion. Corrosion processes are very
important considering that steel balls and ore are in
contact with seawater. The procedure for
determination of the level of synergetic action wear
and corrosion is analysed in the ASTM G119
standard [1].

In seawater, during electrochemical corrosion,
on the steel surface, two electrochemical reactions
(anodic and cathodic) occur simultaneously. The
anodic reaction is the dissolution of the metal
(steel), i.e. the transition of metal ions into the
solution. The cathodic reaction is the reduction of
oxygen dissolved in seawater. The oxygen present
in the seawater removes electrons from the metal
surface, ensuring the transition of the metal atom to
the ionic state.
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Paper accepted: 12. 10. 2023.
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In accordance with the heterogeneous theory
of electrochemical corrosion, the places where the
anodic and cathodic reactions take place on the
metal surface are separated and the flow of
electrons in the metal is necessary for the
occurrence of the corrosion processes. Such a
separation of anodic and cathodic reactions is
energetically favourable. General corrosion is
characterized by a uniform reduction in metal
thickness, without significant localized attack.
During the occurrence of general corrosion, the
anodic and cathodic sites are replaced, as a result
of which the dissolution of the steel is
approximately the same over the entire surface of
the metal [2].

A quantitative indicator of general corrosion is
its corrosion rate. The rate of corrosion can be
determined in the exploitation conditions [3, 4], at
corrosion stations [4-6], based on mass loss of the
specimens before and after corrosion tests [7-9], in
the different chambers such as a chamber with
neutral salt spray, a chamber with acid-salt spray
[10], etc. The mentioned methods require a long
time to obtain appropriate results. The rate of
general corrosion is presented by the depth of the
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corrosion into metal for a certain period and is most
often expressed in mm year-'.

In the last decades, electrochemical methods
have been increasingly used to determine the
corrosion rate of metals. As a result of
electrochemical measurements, the polarization
resistance and corrosion current density are
obtained, on which value of the corrosion rate can
be calculated.

In this work, the rate of general corrosion of
three types of alloys (two low-alloyed carbon steels
and one stainless iron with ~ 15 wt.% Cr) was
determined. The tests were performed in a slightly
alkaline 3% NaCl solution (pH 8.1), which
simulates seawater, using several electrochemical
methods. The electrochemical polarization
resistance (LPR) method [11-14], the
electrochemical impedance spectroscopy (EIS)
method [15-18], and the linear sweep voltammetry
(LSV) method [19-22], were applied.

With increasing the concentration of NaCl in
the solution up to 3%, the solution conductivity
increases. At the same time, the rate of steel
corrosion also increases. On the other hand, at
higher concentrations of NaCl, the solubility of the
atmospheric oxygen decreases and the corrosion
rate decreases [23]. Accordingly, the highest
corrosion rate of the steel is in a 3% NaCl solution.
This is the reason for the application of a 3% NacCl
solution for performing experiments in this study.

Before the electrochemical corrosion
measurements, the specimens (steel) were kept in
the tested solution (3% NaCl solution, pH 8.1) for a
certain time, at an open circuit potential, until a
stable value of that potential was established. The
open circuit potential is known as the mixed
potential or corrosion potential for a given
metal/electrolyte system. Corrosion potential is a
basic indicator of the state of the corrosion system
and it is a basis for subsequent electrochemical
corrosion tests using the aforementioned methods.

The corrosion potential value can be used
independently of other electrochemical measur-
ements, as in the case of determining the condition
of steel reinforcement in concrete. Steel
reinforcement in concrete that is in a passive state
has a corrosion potential value that is several
hundred millivolts more positive than reinforcement
that is in an active state, i.e., corroding reinfor-
cement [24]. Also, the value of the corrosion
potential of metals and alloys in a corrosive
environment is used to predict the occurrence of
galvanic corrosion [25-27]. A large number of
different applications of corrosion potential
measurement are summarized in the ASTM G215
standard [28] and literature [29, 30].

This paper aims to consider the possibility of
determining the general corrosion rate of steel in a
3 % NaCl solution using different electrochemical
methods. Also, based on the obtained values for
the corrosion rate, the goal is to predict the
reduction of the wall thickness of the steel balls
(which are used for grinding copper or other ore),
as well as the determination of the service life of
the steel (iron) balls under the specified exploitation
conditions.

2. MATERIALS AND METHODS

2.1. Materials

The chemical composition of the tested
samples was determined by the optical emission
spectrometer for metal analysis, Belec lab 3000s
(Belec Spectrometric  Opto-Elektronik  GmbH,
Germany) and is given in Table 1. S1 is casted
steel, and contains < 0.1% chromium, S2 is steel in
a wrought state and contains ~ 0.5% chromium,
while S3 is casted iron and contains ~ 15 wt.%
chromium. For the steels (iron) to be stainless, the
chromium content must be greater than ~ 12 wt. %.
Accordingly, S3 is stainless cast iron, because the
carbon content in this sample is 2.56 wt. %.

Table 1. Chemical composition of the tested samples (wt.%)

Tabela 1. Hemijski sastav ispitanih uzoraka (mas. %)

C Si Mn P S Cu Cr Ni Mo Fe

S1 0.445 0.355 0.765 0.013 0.035 0.17 0.08 0.048 0.08 Rest

S2 0.74 0.42 0.667 0.008 0.005 0.049 0.51 0.033 0.013 Rest

S3 2.56 0.61 0.483 0.03 0.024 0.055 15.14 0.11 0.03 Rest
Table 2 lists the hardness values (HB), size of the indentation by optical microscopy. The

measured on a Brinell hardness testing machine.
The Brinell hardness test was measured by
pressing a hard steel ball (5 mm) into tested
specimens with a 750 kg force for 20 seconds
(AMSLER, Switzerland) and then measuring the

hardness value is the highest for S3 (iron with the
highest concentration of carbon and chromium),
and the lowest for the steel with the lowest
concentration of carbon and chromium (steel S1).
The hardness of steel S2 is higher than for S1, due
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to its hardening structure formed during steel ball
rolling.

Table 2. The hardness of the tested samples (HB)

Tabela 2. Tvrdoca ispitivanih uzoraka (HB)

HB
S1 285
S2 547
S3 555

Before the electrochemical corrosion
measurements, test specimens were cut from steel
(iron) balls (the diameter of the balls was ~70 mm),
and then successively grinded with grind paper
with a fineness of 400 grit to 1000 grit. The
specimens were washed with distilled water and
dried. Until the beginning of the corrosion
measurements, the specimens were kept in a
desiccator.

A test solution (3% NaCl solution, pH 8.1)
which simulates seawater was made using bi-
distilled water and analytical grade NaCl. Natural
seawater has a pH of 8.1 due to the presence of
dissolved basic minerals, such as various
carbonates. During the Industrial Revolution, due to
the presence of acid rain, the pH value of seawater
decreased from 8.2 to 8.1.

2.2. Linear polarization resistance (LPR)

The LPR method was used to determine the
value of polarization resistance (Rp) of the tested
samples in a corrosive environment (3% NaCl
solution, pH 8.1). The Rp value is inversely
proportional to the corrosion current density (jcorr),
and the corrosion rate (veor). The steel in the
solution was polarized in a narrow potential range
(E = £ 10 mV) concerning the corrosion potential
(Ecorr), starting from the cathodic to the anodic
potential values, and the corresponding current (j)
was registered. The applied potential sweep rate
was 0.5 mV s'. The polarization resistance was
determined as the slope of the experimental curve
E—j, at the corrosion potential. Based on the
experimentally determined R, value, the corrosion
current density, and general corrosion rate of the
samples were calculated.

2.3. Electrochemical impedance spectroscopy

(EIS)

The EIS method also allows the determination
of the value of the polarization resistance (Rp). A
small amplitude alternating potential (+ 10 mV vs.
Ecor) was applied to the tested steel in the test
solution. The range of applied frequencies (f) was
from 100 000 Hz to 0.01 Hz. Based on the value of
electrochemical impedance at very high and very
low frequencies, the value of polarization

resistance (Rp) was determined. The corrosion
current density and the corrosion rate were
calculated on the base measured Rp values.

The corrosion current density (jcorr) was
calculated based on the value of the polarization
resistance (Rp), using the Stern—Geary equation
[31, 32]:

jcorr = B/Rp (1)

Where

B is a constant that depends on the value of
the anodic (ba) and cathodic (bc) Tafel slopes:

B = ba-bo/(2.3-(ba + b)) (2)

Tafel slopes can be determined experimentally,
by forming polarization Tafel diagrams, or their
values can be taken from the literature [11]. For
carbon steel in seawater, the value of the constant
B is ~ 25 mV. Therefore, the corrosion current
density (jcorr) is:

Jeorr =25 mV/R, (3)

The corrosion rate of the tested samples (vecorr
in mm yr') was calculated using Faraday law,
based on the obtained value of the corrosion
current density (jeor in A cm2), in accordance with
the ASTM G102 standard [32]:

Veorr = 0.01166jcorr (4)

2.4. Linear sweep voltammetry (LSV)

Tafel diagrams are obtained by this method.
The steel in the 3% NaCl solution was polarized in
the potential range E = £ 0.250 V in relation to the
corrosion potential (Ecorr) and the corresponding
value of the current density (j) was registered. The
applied potential sweep rate was 0.5 mV s™'. From
the obtained polarisation diagrams (E-log j), the
corrosion current density (jcorr) Was determined by
extrapolation of the Tafel region of the anodic
polarization curve to the corrosion potential (Ecorr).

All electrochemical tests were performed using
a potentiostat/galvanostat BioLogic SP-200, in a
3% NaCl solution (pH 8.1). Tests were performed
at room temperature, in the presence of
atmospheric oxygen.

The tests were carried out in a classical three-
electrode electrochemical cell with a saturated
calomel electrode (SCE) as a reference electrode
and a Pt grid as an auxiliary electrode. The working
electrode was the tested specimens, with a working
surface of 1 cm2  Before starting the
electrochemical measurements, each specimen
was held in the test solution for a certain time at the
open circuit potential (up to 1 h), until a relatively
stable corrosion potential (Ecorr) was established.
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2.5. Optical microscopy

The morphology of the surface of tested
samples after polarization measurements (linear
sweep voltammetry (LSV) method) was analysed
by applying optical microscopy Carl Zeiss-Jena,
JENAPOL-U polarizing microscope for reflected
and transmitted light. The microscope was ouftfitted
with a “Carl Zeiss AxioVision SE64 Rel. 4.9.1.”
software package, a “Multiphase” module, and an
“Axiocam 105 color” camera.

3. RESULTS AND DISCUSSION

3.1. Corrosion potential (Ecor;)

The tested specimens were kept in a 3% NaCl
solution at an open circuit potential until a relatively
stable corrosion potential was established. In the
initial period of exposure, there was a relatively
rapid decrease in the value of the corrosion
potential (Figure 1).
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Figure 1. Time dependence of the corrosion
potential for samples S1, S2, and S3

Slika 1. Zavisnost korozionog potencijala od
vremena za uzorke S1, S2i S3

The decrease in the value of the corrosion
potential of the tested samples can be explained by
the gradual activation of the steel surface due to
the action of chloride ions.

The value of the corrosion potential established
at the end of the test period (> 2500 s) for S1 and
S2 is approximately the same and amounts to ~ -
615 mV, while in the case of S3, the value of the
corrosion potential was more positive and
amounted to ~ -585 mV. The more positive value of
the corrosion potential for S3 is a consequence of
the higher chromium content in that sample (~ 15
wt.% Cr), i.e. the presence of a passive film on its
surface.

3.2. LPR measurements

The linear polarization resistance (LPR)
method is a widely used electrochemical method
for determining the corrosion rate of steel and other
metals and alloys as well as protective systems

(corrosion inhibitors and organic and inorganic
coatings). Corrosion monitors that are usually used
to determine the value of general corrosion and the
tendency to pitting corrosion in an on-field
environment are based on the LPR method.

Figure 2a-c shows the polarization diagrams E-
j obtained by the LPR measurements. The slope of
the curve (AE/Aj) on the corrosion potential (Ecorr)
corresponds to the value of the polarization
resistance (Rp). The value of polarization
resistance for S1 is the lowest and the highest for
S3 (Figure 2 and Table 3). The highest value R, for
S3 as can be expected is a consequence of a
higher amount of chromium (~15 wt.% Cr).
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Based on the experimental values for the
polarization resistance (Rp), the corrosion current
density (jcorr) was calculated using Equation (3).
The corrosion current density is directly
proportional to the corrosion rate (vcor). The
corrosion rate was calculated using Equation (4).

3.3. EIS measurements

Electrochemical impedance spectroscopy (EIS)
has been successfully applied to the study of
corrosion systems during the previous few decades
and today it is considered a reliable and precise
method for studying the corrosion process and
determining the corrosion rate. An important
advantage of this method is the possibility of
applying signals of small amplitudes, which
negligiblely disturb the tested metal surface.

Figure 3 summarizes the Nyquist diagrams
obtained by the EIS measurements for S1, S2 and
S3 in 3% NaCl solution (pH 8.1). The INSET of
Figure 3 shows the Equivalent Electrical Circuit
(EEC) which can be applied for the analyses of the
corrosion system (tested samples/NaCl solution).
On the EEC the polarization resistance is
presented by Ry, the Constant Phase Element is
presented by CPE, and the electrolyte resistance
by Re. The Constant Phase Element (CPE) was
introduced instead of the capacity of the double
layer on the surface of the tested steels (Ca). The
CPE contains all the microstructural
inhomogeneities of the examined steel surface,
such as surface roughness and segregation of
alloying elements [16].
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Figure 3. Nyquist diagrams obtained by the EIS
method for S1, S2, and S3. INSET: Equivalent
Electrical Circuit (EEC)

Slika 3. Najkvistovi dijagrami dobijeni primenom
EIS metode za Celik 1, Celik 2 i Celik 3.
UMETNUTO: Ekvivalentno Elektricno Kolo (EEC)

The larger the diameter of the semicircle on the

Nyquist diagrams (Figure 3), the higher the value of
the polarization resistance (Rp), that is, the greater

the steel resistance to general corrosion. In the
case of stainless iron (S3), the largest semicircle
diameter was obtained on the Nyquist diagram.

The Nyquist plot gives the dependence of the
real impedance component (Zre) and the imaginary
impedance component (Zm) in linear coordinates.
The electrolyte resistance value is Re ~ 10 Q cm?
(Figure 3 and Figure 4a). On the right side of the
Nyquist diagram, the total resistance Re + Rp is
shown. Therefore, the values of polarization
resistances (Rp) are ~ 1100 Q cm?, ~ 1400 Q cm?,
and ~1700 Q cm?, for S1, S2 and S3 respectively.
The values of the corrosion current density were
calculated using Equation (3), and corrosion rate
values using Equation (4).

Figure 4a shows a summary of the Bode
modulus diagrams obtained using the EIS method
for the tested samples. The Bode modulus diagram
represents the dependence of the impedance
modulus (Zmod) on the applied frequency (f) in
logarithmic coordinates.

= 351
e 82
1034 s S3
&
£
[&]
<}
'8102-
N
Re
10'4 a
102 10" 10° 10" 10° 10° 10* 10°
f(Hz)
0 5 F
A e
o
-10- 'b.; o :‘A
[ oN
om 4
=20 x .l. ‘A
> --. A
—.-30- Ly ou 4
Q HIS oy
E’ =A‘ on A‘
40 [ ar
Ba C- A
-50 L s
I- N o Fag = 51
-60 - o g » S2
b geenr 4 S3
'70 T T T T T T T
10° 10% 107 10° 10" 10* 10* 10* 10°

f(Hz)

Figure 4. Bode diagrams obtained using the EIS
method a) Bode modulus, and b) Bode phase
diagrams, for samples S1, S2, and S3

Slika 4. Bodeovi dijagrami dobijeni primenom EIS
metode a) Bode moduo, i b) Bode fazni dijagram,
za uzorke: S1, S2i S3
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The Bode modulus diagrams at relatively high
frequencies (from 103 to 105 Hz) are related to the
electrolyte resistance (Re), which remains constant
during the measurements (Re ~ 10 Q cm?). For
intermediate frequency values (103 to 10" Hz) the
Bode modulus curves for S1 and S2 overlap, while
the curve for S3 (stainless cast iron) is shifted
towards higher impedance values. The shift of the
Bode modulus curve towards higher impedance
values is also a consequence of the higher
chromium content (~15 wt.% Cr) and the presence
of a passive layer on the surface of that stainless
iron. The plateau at low frequencies corresponds to
the value of polarization resistance (Re + Rp).

Figure 4b shows a summary of the Bode phase
diagrams for the tested samples. The Bode phase
diagram shows the dependence of the phase angle
(8) on the logarithm of the frequency (f). The
frequency at which some corrosion reaction takes
place can be determined. Also, deeper
interpretations of corrosion processes on the metal
surface can be performed. The shape of the Bode
phase diagrams for the tested samples in 3% NaCl
solution (Figure 4b) indicates the existence of only
one time constant, i.e. existence of one peak on
the phase diagrams. The corresponding Equivalent
Electrical Circuit is shown in the INSET of Figure 3.

Table 3. Summarized results of LPR and EIS
methods for the tested samples

Tabela 3. Sumirani rezultati LPR i EIS metoda za
ispitane Celike

LPR EIS
Rp Vcorr Ro Veorr
(Qem?) | (mmyr") | (Qcm?) | (mmyr'")
S1 1280 0.23 1100 0.26
S2 1380 0.21 1400 0.21
S3 1540 0.19 1700 0.17
Table 3 lists the values of polarization

resistance (Rp), measured using the LPR and EIS
method, as well as the values of the corrosion rate
(veorr), calculated using equation (4).

3.4. Linear sweep voltammetry (LSV)

Applying the LSV method, the value of the
corrosion current density (jeor) Was determined.
The value of the corrosion rate (veorr) can be
directly calculated by applying the Faraday law,
based on corrosion current density. The
disadvantage of the LSV method is relatively large
polarizations (usually + 0.25 V), and as a result,
there is a significant perturbance in the metal
surface (the tested samples), so the LSV method is
considered a destructive method.

Summarised Tafel diagrams (obtained in a 3%
NaCl solution, pH 8.1) for the tested samples are
shown in Figure 5. The corrosion current density
(jeorr) was determined by extrapolation of the anodic
Tafel regions on the corrosion potential (Ecorr). The
corrosion current density value jeorr = 38 A cm2,
27 YA cm?, and 23 pA cm2 for S1, S2, and S3,
respectively. Based on the corrosion current
density, the corrosion rate (veor) can be calculated,
provided that the steel corrodes uniformly.
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Figure 5. Tafel diagrams for samples: S1, S2, and
S3, in a 3 %NaCl solution (pH 8.1).

Slika 5. Tafelovi dijagrami za uzorke: S1, S2i S3,
dobijeni u rastvoru 3% NaCl (pH 8,1).

3.5. Appearance of the surface of the samples after
polarization measurements

Figure 6 shows the appearance of the steel
surface after performing linear sweep voltammetry
(LSV) measurements. The application of this
electrochemical method involves relatively high
anodic polarizations (x 0.25 V) so that intense
dissolution of the steel surface can occur during
testing. Dissolution of the steel surface is
incomparably less when tests are performed using
the LPR or EIS method.

Localized corrosion (pitting corrosion) occurred
in all tested samples, after anodic polarization in a
3% NaCl solution applying the LSV method. In the
case of S1 as casted steel, the pits are significantly
larger than in the case of S2 (rolled steel). In the
case of stainless iron (cast S3), the formed pits are
of very large dimensions (several hundred
micrometres) and have the form of pits with a so-
called lacy cover (Figure 6). The passive film on
the surface of S3 (stainless cast iron because this
steel contains 15.14 wt.% Cr and 2.56 wt.% C), in a
solution containing a high concentration of chloride
ions (3% NacCl solution), is not stable enough under
anodic polarizations, so pits are formed. Pits are
formed at favourable places in the microstructure of
the tested stainless steel, such as the boundaries
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of MnS inclusions with the surrounding matrix, as
well as on the other inhomogeneities, as liquations
on the steel surface [33].

Figure 6. Appearance of samples surface after
polarization measurements a) S1, b) S2, and ¢) S3

Slika 6. Izgled povrsine uzoraka nakon
polarizacionih merenja: a) S1, b) S2ic) S3

During the polarization measurements (LSV
method), localized forms of corrosion (pitting
corrosion) occurred, so the obtained values of the
corrosion current density (jcorr) cannot be used to
calculate the general corrosion rate (veor) of the
tested samples.

4. CONCLUSION

The corrosion behaviour of different types of
steel and iron that can be potentially used for
making steel balls in copper and other ore grinding
mills in the presence of seawater was analysed.
Two steels are low-alloy carbon steels (S1 as cast,
and S2 as rolled), while the third (S3) is stainless
cast iron, containing ~15.14 wt.% Cr and 2.56 wt.%
C. Three electrochemical methods were used to
determine the corrosion rate: the linear polarization
resistance (LPR) method, the electrochemical
impedance spectroscopy (EIS) method and the
linear sweep voltammetry (LSV) method.

Based on the results of the LPR and EIS
methods (as non-destructive methods), the value of
polarization resistance (Rp) was determined, and
then, using the Stern-Gary equation and Faraday
law, the general corrosion rate (vcorr) of the samples
was calculated.

The obtained values for the general corrosion
rate (veor) can be used to predict the service life of
the steel balls in the exploitation conditions
(seawater).

Using the linear sweep voltammetry (LSV)
method, the corrosion current density (jeorr) was
determined, which can be used to directly calculate
the general corrosion rate (veor), using Faraday
law. However, during the linear sweep voltammetry
testing at relatively high anodic polarizations,
localized forms of corrosion occur, such as pitting
corrosion. Therefore, this method is not suitable for
calculating the general corrosion rate.

Characteristic microphotographs (which show
the presence of localized forms of corrosion, such
as pitting corrosion) were obtained for the tested
steels after performing the linear sweep
voltammetry (LSV) measurements.
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1ZVOD

KOROZIONO PQNAéANJE CELICNIH KUGLICA ZA MLEVENJE SA VISOKIM
I NISKIM SADRZAJEM HROMA U RASTVORU HLORIDA

Ispitivano je koroziono pona$anje tri vrste legura (dva nisko-legirana ugljenicna Celika i jedan
uzorak je nerdajuce gvozde sa ~15% Cr), u rastvoru koji simulira morsku vodu (3% rastvor NaCl,
pH 8,1). Ispitani uzorci se koriste za proizvodnju cCelicnih kugli koje se primenjuju u mlinovima za
mlevenje bakarnih i drugih ruda. Koroziona ispitivanja su izvedena primenom tri elektrohemijske
metode, na sobnoj temperaturi u prisustvu atmosferskog kiseonika. Kori§¢ene su metoda linearne
polarizacione otpornosti (LPR), metoda elektrohemijske impedansne spektroskopije (EIS) i
metoda linearne promene potencijala (LSV). Na osnovu merenja LPR i EIS metodama (kao
nerazaraju¢im metodama), odredena je vrednost polarizacione otpornosti (Rp), a zatim je
izraCunata vrednost brzine opS$te korozije (vkor) ispitivanih uzoraka. Dobijene vrednosti za brzinu
opSte korozije se mogu Koristiti za izraCunavanje veka trajanja kugli u uslovima eksploatacije
(morska voda). Izgled povrSine ispitivanih uzoraka nakon izvodenja LSV metode pokazao je
prisustvo lokalizovane korozije (formirane su jamice, pitovi) na ispitivanim uzorcima, posebno na
nerdajuc¢em gvozdu. Prema tome, LSV metoda nije pogodna za odredivanje brzine opSte korozije
ispitivanih ¢elika u morskoj vodi. Ovaj oblik korozije javlja se pri visokim anodnim polarizacijama
tokom izvodenja LSV merenja.

Kljuéne reci: Nisko-legirani Celik, nerdajuce gvozde, elektrohemijska korozija, LPR, EIS, LSV,
morska voda
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ABSTRACT

Since activated carbon is a highly porous material with a sizable internal surface area, it is simple
to adsorb a wide range of substances when used in energy storage devices, sewage treatment,
water purification, catalyst, food processing and other applications. This work focuses on the
viability of using mixed fruit peels as a precursor for the carbonization process with physical
activation to produce activated carbon. The Phase confirmation was examined using X-ray
diffraction (XRD). Fourier transform infrared spectrometer (FTIR) concludes the functional groups
present in mixed fruit peels activated carbon. Field emission scanning electron microscopy
(FESEM) was used to analyze the morphological makeup and textural traits of the activated
carbon that was produced. Energy Dispersive X-Ray Analysis (EDX) shows the elemental
composition of nano powdered carbon. Raman spectroscopy confirms the presence of graphene
that appears at 1580cm™. Electrochemical Impedance Spectroscopy (EIS) and Nyquist plot in
order to evaluate the conductivity performance over the frequency range of 1uHz to 10 kHz,
measurements were used.
Carbon yield analysis were conducted and analyzed. Wettability of the mixed fruit peels were
examined using contact angle. The Mixed Fruit peels activated carbon were subjected to low
temperature plasma to increase its surface properties, The outcomes were evaluated, and the
charge transfer resistance and the polarization resistance for air plasma treatment is 1.43 and 0.2
ohms. Hydrophilic nature is occurred when treated with air plasma. According to these findings,
air plasma treatment of mixed fruit peel activated carbon improves its surface characteristics,
making it suitable for electrode in energy storage applications.
Keywords: Mixed fruit peels, physical activation, low temperature plasma, surface modification,
Nano powder
1. INTRODUCTION waste management but also offers numerous
applications in diverse fields [1,2]. This revolutiona-

The ever-growing demand for sustainable
solutions has led to an increasing focus on the
utilization of natural resources and waste materials.
In this pursuit, researchers and innovators have
turned their attention to the vast potential hidden
within fruit peels, recognizing them as a rich source
of valuable compounds and fibers. Among these
advancements, the emergence of mixed fruit peels
activated carbon stands out as a promising
development that not only addresses the issue of
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ry material, derived from a combination of discar-
ded fruit peels and advanced activation techniques,
has garnered attention as an eco-friendly
alternative to conventional activated carbon [3].
With its exceptional adsorption properties, mixed
fruit peels activated carbon has the potential to
revolutionize industries such as water purification,
energy storage, and environmental remediation,
contributing to a greener and more sustainable
future [4]. Fruit peels, until recently, were largely
considered as waste products resulting from the
consumption of fruits. Fruit peels, consisting of a
complex matrix of cellulose, hemicellulose, lignin,
and various bioactive compounds, possess unique
chemical and physical properties that make them
an attractive raw material for activated carbon
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production[5]. By diverting these peels from
landfills and transforming them into activated
carbon, not only reduce waste accumulation but
also contribute to a circular economy by reusing a
valuable resource that would otherwise go to
waste. Due to its extraordinarily high surface area
and purity, which activated carbons were directly
related to the performance in the preferred
electrode material in capacitors, batteries, and a
variety of advanced batteries [6,7].

Plasma surface modification: The objective of
Plasma surface treatment is to enhance the
surface characteristics without compromising the
bulk qualities, which is typically challenging to
achieve through conventional methods[8]. Plasma
treatment, as depicted in (Fig. 1), generates a
greater number of free radicals, ions, and
electrons, making it a promising approach for

improving energy storage systems. The
interactions between plasma species and the
surface facilitate various energy and matter
exchange processes, offering a wide range of
options for modifying the surface.

Consequently, this technique enhances the
properties of different materials and expands their
applications in electrochemical systems[9]. Plasma
modification serves multiple purposes, including
the creation of functional groups that interact with
other groups, alteration of surface free energy, and
prevention of corrosion [10]. These modifications
result in improved resistance, changes in interface
nature and morphology, impurity removal, and the
formation of cross-linking between molecules. The
adhesion, bonding, and chemical inertness are also
enhanced through these processes [11].
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Figure 1. Schematic diagram of plasma chamber

Slika 1. Sematski dijagram plazma komore

Porous electrodes have a substantially higher
surface area than conventional electrodes in
capacitors, activated carbon has proven excellent
properties and can be used in energy storage
devices allows them to store much more energy.
Activated carbon also enhances the adsorption
properties [7,12,13]. To achieve high energy
density for such devices, high capacitance
materials must be used. In order to boost the
energy density of these devices without reducing
their power capacity, research efforts are currently
concentrated upon the development of electrode

materials and electrolytes. The use of electroactive
materials in carbon-based electrodes is also
gaining popularity as a means to boost the amount
of energy that can be stored in such a device. Low
temperature plasma treatment improves the
properties and surface of the carbon material
without altering its fundamental nature.

2. MATERIALS AND METHODS.

The garbage from mixed fruit peels (MFP) is
created by physical processes. The fruit peels from
apple, pomegranate, papaya, mango and
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muskmelon were obtained from a nearby local fruit
market. The peels were cleaned with tap water
first, then with distilled water. They were then set
for drying in direct sunlight, and after seven days,
the dried peels were stored for synthesis.
Carbonization and activation are the two processes
that was used in the processing of synthesis. The
dried peels were carbonized in an air muffle
furnace (KEMI-KMF-1S) for two hours at 300°C,
then well ground and maintained for 30 minutes at
400°C for activation in an air muffle furnace.
Obtained mixed fruit peel activated carbon was
labeled as MFPAC and it was subject to
characterization.

In this study, a DC glow discharge cold plasma,
which is suitable for heat-sensitive materials, was
used. A stainless-steel chamber measuring 30 cm
in diameter and 50 cm in length serves as the DC
glow discharge plasma reactor for the experiment.
Two aluminum electrodes were placed within the
chamber, six centimeters apart and symmetrically
arranged perpendicular to the axis. A vacuum
pump was used to initially suction the chamber
down to a pressure of 0.03 mbar. By modulating
the gas input using a controlled needle valve and
monitoring it with a Pirani gauge, the necessary low
pressure was maintained.

Mixed fruit

A,

Carbonized

Carbonization
in Muffle

furnace

Mixed fruit peels

Plasma coated
carbon

Activation in
Muffle furnace

Plasma treatment

Activated carbon

Figure 2. Synthesis of Mixed fruit peel activated carbon

Slika 2. Sinteza meSovitog aktivnog uglja od kore voca

X Ray diffraction — XRD (XPERT-PRO with
CuK radiation) is used to analyze the nature of the
sample and the particle size. Functional groups
were identified by Fourier-transform infrared
spectroscopy - FTIR (SHIMADZU FTIR-8400S).
Field emission scanning electron microscopes -
FE-SEM (VEGA3, TESCAN (Czech Republic))
analyze the morphological character of the
activated carbon and the porosity of the material.
Energy-dispersive X-ray spectroscopy - EDX
(BURKER Nano, GmbH, D-12489(Germany))
confirms the presence of element in the activated
carbon. Raman analysis (WiTec alpha 300,
Germany) shows the existence of two bands (D
and G band). Electrochemical Impedance

Spectroscopy - EIS confirms, resistivity of the
material. Hydrophobic and hydrophilic nature is
identified by wetting angle.

3. RESULTS AND DISCUSSION

This section presents the experimental findings
about the elements, functional groups, functional
morphology, resistivity and nature of the activated
mixed fruit peels.

In order to calculate the carbon yield fifteen
grams of dried peels were carbonized and
activated. A yield of 82% was achieved. Using (Eq.
1), the carbon yield percentage is calculated.

Yield (in %) = (Quantity of activated carbon/Quantity of raw material) * 100 (1)
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3.1. XRD Analysis

In the Figure 3 XRD spectrum of untreated
MFP, air plasma MFP and oxygen plasma MFP
were presented. A few sharp peaks are visible in
the XRD profile in the range of 10° - 80° at an
angle 26. In this investigation, crystalline carbon
makes up the majority of the product. The pyrolysis
reaction was finished as a result[14] The peak at 26
value was 28.3°, which is evidence that this could

be the carbon structure of graphite[15]. Its
crystalline nature is represented by the peak 26
range at 40.41°[16]. MFPAC that has been plasma-
treated gains intensity without altering its nature or
structure. (Fig. 3) illustrates that MFPAC treated
with air plasma has a higher intensity than MFPAC
treated with oxygen plasma[17]. The grain size of
the air plasma treated MFPAC is 26.75nm.

Mixed Fruit peel (MFP)

14400 =
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0 l i l, X
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Figure 3. XRD of Untreated, Air plasma treated and oxygen plasma treated MFPAC

Slika 3. XRD netretiranog, vazdusnom plazmom tretiranog i MFPAC tretiranog plazmom kiseonikom
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Figure 4. FTIR of Untreated, Air plasma treated and oxygen plasma treated MFPAC

Slika 4. FTIR netretiranog, MFPAC tretiranog vazdusnom plazmom i kiseonickom plazmom
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3.2. FTIR evaluation

By using FTIR analysis, functional groups of
obtained materials can be observed. The results
are presented in (Fig. 4) and cover the 400 cm™! to
4000 cm™ range. Band at 1109 cm in the
untreated MFPAC spectrum could be assigned to
the C-O group, while band at 1394 cm-! indicate C-
H bending. Bands between 1600 cm™ and 2344
cm', could be assigned to C=C stretches due to
presence of aromatic rings. The band at 3406 cm-’
indicates the function group O-H. The emergence
of a new functional group follows the plasma
treatment that increases wettability. At 776 cm-
and 2796 cm', the C-H group's peaks were found.
The C-O group might have produced the peak
ranges at 1069 cm and 1109 cm-'. Moreover, the
aromatic ring bond has C=C stretch that varies
between 1385 cm', 1600 cm™', and 2344 cm'[18],
while the, bend at 2869 cm' suggest C-H bending

[19,20]. The band at 3406 cm™ serve as a
representation of the function group O-H
[21].Around 2329 cm-', two different bands that
represent the carboxylic group that can be found in
the O-H band can be seen [22]. According to the
results, activated carbon that has been treated with
air plasma contains hydroxylic and carbonyl
functional groups.

3.3. SEM Analysis

The porous structure of the materials can be
seen in (Fig.5), together with morphological study
of the MFPAC. The activated carbon that has
undergone plasma treatment demonstrates that it
has more porous structure [17], [23,24]. MFPAC
that has been air plasma treated is quite porous
than untreated and oxygen plasma treated
activated carbon, which will lead to increase in
surface area. EDX confirms the presence of
oxygen and carbon in all EDX spectra.

ke

25 30 35 ) 45 50 05 10 15 20 25 30 35 40 45 50

kev kel

Figure 5. FE-SEM of a) Untreated, b) Air plasma treated, c) oxygen plasma treated MFPAC. d) EDX of
Untreated, e) Air plasma treated, f) oxygen plasma treated MFPAC

Slika 5. FE-SEM od a) neobradenog, b) tretiranog vazdusnom plazmom, c) MFPAC tretiranog
kiseonickom plazmom. d) EDX neobradenog, e) tretiranog vazdusnom plazmom, f) MFPAC tretiranog
kiseoni¢kom plazmom

3.4. Raman Spectroscopy

Both untreated and plasma-treated MFPAC
were analyzed using the Raman spectroscopy,
and the obtained spectra are presented in Fig. 6.
Two bands are dominant: D-Band, at 1394cm-! and
the G-Band, at 1512cm™'. The disordered carbon
structure is linked to the D-Band. In contrast, the G-

58

Band is connected to the graphitic or ordered
lattice of carbon. The sp?® hybridized disordered
carbon phase appears by the D-band, whereas the
sp? hybridized graphitic carbon phase is
represented by the G-band. The defect with the
sample's sp? carbon network, which may exist in
either a C=C aromatic structure [24].
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Figure 6. Raman spectra of Untreated, Air plasma treated and oxygen plasma treated MFPAC

Slika 6. Ramanski spektri netretiranog, obradenog vazdusnom plazmom i MFPAC tretiranog plazmom
kiseonikom

The MFPAC was subjected to the plasma
treatment which result in the increases in the
intensity which evidently shows by the intensity
ratio (Io/lc)[25]. The Raman spectra characteristics
that it has the amorphous nature with the intensity
ratio of Ipo/lc for the untreated MFPAC is 0.82 and
for Oxygen plasma treated MFPAC is 0.87, then for
Air plasma treated MFPAC is 0.92. (Fig. 6)
indicates the Raman shift of untreated, oxygen and
air plasma treated MFPAC.

3.5. Impedance analysis

The MFPAC, EIS Nyquist plot in order to
evaluate the conductivity performance over the
frequency range of 1uHz to 10 kHz, measurements
were used. For each sample, the EIS
measurement reveals a semicircle shape. Which
includes the real Z’ and imaginary Z” components.
(Fig. 7) shows the characteristics of the
Polarization Resistance (Rs) and the Charge-
Transfer Resistance (Rct). According to the graphs,
linear shapes display at low frequencies
(Polarization Resistance) and semicircular shapes
at high frequencies (Charge-Transfer Resistance).
The diameter of the semicircle at high frequencies
represents the charge transfer resistance at the
electrode-electrolyte interface [26].

The Polarization resistance is 0.2 ohms and the
charge transfer resistance is 1.76 ohms for the
untreated MFPAC and for air plasma treatment the
polarization resistance and the charge transfer
resistance are 0.2 and 1.43 ohms thus for Oxygen
plasma treatment the polarization resistance and
the charge transfer resistance are 0.2 and 1.43
ohms. Thus due to the hydrophobic nature of the
plasma treated materials the resistance is lowering
due the surface modification[27].

3.6. Contact angle analysis

The surface wettability of MFPAC is assessed
using contact angle measurement. The wetting
angle of MFPAC is shown in (Fig. 8). The MFPAC
that has been plasma treated is hydrophilic in
nature, while the untreated MFPAC has an angle of
114°, which is hydrophobic. When comparing the
air and oxygen plasma treated MFPAC, the air
plasma treated carbon has a higher level of
wetness and has an angle of 16° and 61° for
oxygen plasma treated carbon. This demonstrates
that air plasma treated MFPAC has higher
wettability than oxygen plasma treated and
untreated MFPAC[28].
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Figure 7. EIS of Untreated, Air plasma treated and oxygen plasma treated MFPAC

Slika 7. EIS netretiranog, vazdusnom plazmom tretiranog i MFPAC tretiranog plazmom kiseonikom
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Figure 8. Contact angle of Untreated, Air plasma treated and oxygen plasma treated MFPAC

Slika 8. Kontaktni ugao netretiranog, obradenog vazdusnom plazmom i MFPAC tretiranog kiseoni¢ckom
plazmom

These qualities have led to the high intensity of
air plasma treated (MFPAC), which has been
detected in XRD analysis. According to IR
spectroscopy, MFPAC that has been treated with
air plasma has improved bonding, which results in
better pore structure. Additionally, the air plasma
treated MFPAC has a more increased porosity
structure in comparison to oxygen plasma treated
and untreated mixed fruit peels. Raman spectra
reveal that MFPAC treated with air plasma has the
highest ratio of intensity. EIS explains the benefits
of good conductance for MFPAC treated with air
plasma. The wettability of MFPAC treated with air
plasma has increased. According to these findings,
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air plasma treatment of MFPAC improves its
surface characteristics, making it suitable for
electrode in energy storage applications.

4. CONCLUSION

The emergence of Air plasma treated MFPAC
presents a sustainable and eco-friendly solution to
energy storage applications. By harnessing the
inherent value of discarded fruit peels, this material
offers good porous properties for air plasma
exposed activated carbon that can be harnessed
across various industries, from water and air
purification to energy storage remediation. MFPAC
shows promise in energy storage applications,
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particularly in supercapacitors, because of its large
surface area and good electrical conductivity. As

we

strive for a greener and more sustainable

future, MFPAC stands as a testament to the

potential

hidden within nature's bio waste,

unlocking new possibilities for a circular economy
and a healthier planet.
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1ZVOD

OJACANA POVR’SINSKA SVOJSTVA AKTIVNOG UGLJA IZ KUCNOG
OTPADA POMOCU PLAZME NISKE TEMPERATURE KOJA SE KORISTI
U APLIKACIJAMA ZA SKLADISTENJE ENERGIJE

Posto je aktivni ugalj visoko porozan materijal sa znacajnom unutrasnjom povrsinom, lako je
adsorbovati Sirok spektar supstanci kada se Koristi u uredajima za skladistenje energije, tretmanu
otpadnih voda, preciS¢avanju vode, katalizatorima, preradi hrane i drugim primenama. Ovaj rad se
fokusira na odrzivost upotrebe meSanih kora voca kao prekursora za proces karbonizacije sa
fizickom aktivacijom za proizvodnju aktivnog uglja. Fazna potvrda je ispitana koriSéenjem
rendgenske difrakcije (XRD). Infracrveni spektrometar sa Furijeovom transformacijom (FTIR)
zakljucuje funkcionalne grupe prisutne u me$anom aktivnom ugljiu od kore vocéa. Skenirajuca
elektronska mikroskopija polja (FESEM) je koriS¢ena za analizu morfoloSkog sastava i teksturnih
osobina aktivnog uglja koji je proizveden. Energetska disperzivna rendgenska analiza (EDX)
pokazuje elementarni sastav nano praSkastog ugljenika. Ramanova spektroskopija potvrduje
prisustvo grafena koji se pojavijuje na 1580cm™. Koris$éena su elektrohemijska impedansna
spektroskopija (EIS) i Nyquist-ovi dijagrami u cilju procene performansi provodljivosti u opsegu
frekvencija od 1uHz do 10 kHz.

Sprovedena je i analizirana kolicina prinosa ugljenika. VlaZenje kore meSanog voca je ispitivano
primenom kontaktnog ugla. Aktivni ugalj za meSane vocne kore je podvrgnut plazmi niske
temperature da bi se povecala svojstva povrSine. Rezultati su procenjeni, a otpor prenosa
naelektrisanja i otpor polarizacije za tretman vazdusnom plazmom je 1,43 i 0,2 oma. Hidrofilna
priroda se javija kada se tretira vazdusnom plazmom. Prema ovim nalazima, tretman vazdusnom
plazmom meSanog aktivnog uglia od kore voca poboljSava njegove povrsinske karakteristike,
Cineci ga pogodnim za elektrode u aplikacijama za skladiStenje energije.

Kljuéne reci: MeSane vocne kore, fizicka aktivacija, niskotemperaturna plazma, modifikacija
povrsine, Nano prah.
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Development of hyaluronate tethered magnetic nanoparticles
for targeted anti-cancer drug delivery

ABSTRACT

Despite the tremendous progress in understanding the molecular basis of the disease, cancer still
remains one of the leading causes of deaths. Recently, advances in nanotechnology are rapidly
enabling the development of novel, multifunctional materials with combined cancer specific
targeting, therapeutic and diagnostic functions within a single nanocomplex (NP) that address the
shortcomings of traditional disease diagnostic and therapeutic agents. Among the myriad of
nanocarriers, magnetic nanoparticles (MNPs) have sparked extensive promise as novel
theranostic applications as these MNPs can be directly targeted to the diseased cells with
effective therapeutic efficiency. For this, these MNPs should be modified with some highly
biocompatible polymers (specially polysaccharides) exhibiting the cancer targeting properties that
can strongly interact with receptors expressed on the target cancer to facilitate accurate detection
of the specific cancer and enhanced delivery to the target site while reducing unintended tside
effects. Over the last few years, many groups have reported hyaluronic acid (HA) as the targeting
agent as it directly delivers targeted MNPs to CD44 overexpressed cancer cells. In most of the
cases, doxorubicin (DOX) has been used as the anticancer drug as it is largely utilized for treating
a broad spectrum of cancers. In our work, we have designed a novel, intravenously injectable,
CD44 receptor targeted MNP formulation, where the HA moiety of MNPs facilitate easy detection
of cancer cells via receptor specific interactions, DOX can regress the cancer cells with
simultaneous imaging efficacy. This theranostic MNPs led to the formation of novel
nanoformulation, capable of performing concomitant detection, regression and imaging in in vitro

CD44 over expressing cancer cells.

Keywords: Multifunctional, MNP, Hyaluronic acid, Doxorubicin, CD44.

1. INTRODUCTION

From last few decades, cancer, a complex,
multifactorial disease are threatening human health
by causing high mortality and recurrence rates [1].
The major drawbacks in chemotherapy are the
poor intratumoral drug penetration and distribution,
which can lead to serious off-target side effects and
toxicities[2]. Another associated challenge in
chemotherapy is the development of multidrug
resistance (MDR) by tumor cells, which also
reduced efficacy of drugs[3,4]. Therefore, it's
important to create new methods for the precise
identification of early-stage cancer and for targeted
therapies that can only treat cancer with high
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dosages of lethal medications with minimal
cytotoxicity to normal cells [5,6]. Recently
nanotechnology provides an alternative strategy to
overcome MDR by adopting various conceivable
approaches to solve this issue. The increased
permeability and retention (EPR) effect has been
used to demonstrate that nanoparticles can
passively accumulate in malignancies [7,8]. Among
many multifunctional nanomedicines, magnetic
nanoparticles (MNPs) have emerged as promising

multifunctional nanoprobes because of their
enhanced capability of delivering therapeutic
agents (therapeutic drugs, DNA and small

interfering RNA) to the targeted lesions along with
their MR based diagnostic imaging efficiency [9-
11]. Currently, a huge research impetus has been
introduced to fabricate actively targeted MNPs with
multiple imaging, detection and delivery functions
through conjugating cancer specific “targeting”
molecule to the surface of MNPs [12]. Many
molecular targeting agents such as various
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antibodies, peptides, naturally occurring
polysaccharides, folic acid (FA) have been used in
targeted drug delivery systems [13,14]. Among the
natural polymers as cancer specific targeting
agents, anionic glycosoaminoglycans such as
hyaluronic acid (HA), its nonsulfated form has
attracted striking interest not only due to their
biodegradability, lower toxicity but also their
contribution to the formation of extracellular
constituent of connective tissues [15,16]. The main
target molecule of HA is the antigen CD44 It is a
breast cancer cell-surface glycoprotein antigen and
is well known for its particular affinity for hyaluronic
acid (HA) [17,18]. It is a multipurpose cell-surface
molecule that has a role in the pathological
characteristics of cancer cells, including cell
proliferation, differentiation, migration, angioge-
nesis, and chemokines. Additionally, CD44 is
known to be a marker for cancer stem cells, a
subpopulation of cancer cells with the ability to self-
renew. Hence, HA has been frequently utilized as a
targeting moiety to detect CD44 receptors, which
are available at Ilow levels on epithelial,
hematopoietic and neuronal cells and at elevated
levels in various carcinomas, melanomas,
lymphomas, colorectal, and lung tumor cells [15]. In
recent times, the field of self-assembled HA
carriers with CD44 targeting efficacy has attracted
emerging attention as these nanocarriers can

therapeutics exploiting their amphiphilic nature [19-
24]. In most of the cases, doxorubicin (DOX)
molecules has been used as the anticancer drug
as it is largely utilized for treating a broad spectrum
of cancers. The main purpose of the present work
is to develop a CD44 targeted HA-tethered
nanotherapeutics with combined cancer specific
targeting, diagnostic imaging and therapeutic
efficiency for cancer specific drug delivery and
noninvasive treatment monitoring. In order to
overcome the intricate modification steps, we have
prepared targeted DOX entrapped HA tethered
MNPs where simple electrostatic interactions as
well as chemical conjugation (as represented in
Figure 1) was adopted for conjugating amine
functionalities of Polyethylene imine (PEI)
stabilized MNPs with carboxyl groups of HA
groups. The DOX molecules are entrapped inside
the self-assembled HA-MNP nanoparticles by the
combined hydrophobic and the ionic interactions to
construct a CD44 receptor targeted nanoprobes
with targeting, imaging and therapeutic property.
This theranostic pro drug with HA, DOX,
Fluorescent dyes and MNPs led to the formation of
novel nanoformulation, capable of performing
concomitant detection, regression and imaging in in
vitro CD44 over expressing cancer cells. These
CD44 targeted formulations were extensively
evaluated in CD44 over expressing cancer cells
while extensive crosschecking with normal cells.

NH,

imbibe both the hydrophobic and hydrophilic
N\/\N/\/ \/\NH
H \L J
H()% H H NH,
HO OH NH,  Polyethylimine (PEI)
OH  on

Magnetic nanoparticles (MINPs)

HO

Hyaluronic acid (HA)

EDC/NHS at pH 7.4
OH

OH
O
(s} 8]
omﬂ - m“mn
i

OH NH

COOH
DOX entrapped HA tethered magneto-polymeric hybrids

HA stabilized MINPs

Figure 1. Schematic representation of synthesis of PEI functionalized MNPs followed by targeting
with HA and DOX loading

Slika 1. Sematski prikaz sinteze PEI funkcionalizovanih MNP-a nakon &ega sledi ciljanje
sa HA i DOX opterecenjem
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2. MATERIALS AND METHODS

2.1. Materials

Ferric chloride (FeCls), ferrous sulphate
(FeS04.7H20), branched poly-(ethylenimine) (PElI,
25 kDa), hyaluronic acid (HA), N-hydroxy-
succinimide (NHS), and 1-[3-(dimethylamino)-
propyl] The following items were acquired from
Sigma-Aldrich Chemicals in the United States: 3-
ethyl carbodiimide hydrochloride (EDC), rhodamine
isothiocyanate (RITC), doxorubicin, 4-6-diamidino-
2-phenylindole (DAPI), propidium iodide (PI),
RNase, and 3-(4,5-dimethylthiazol-2-yl)-2,5-
Vacuum distillation was used to clean up com-
mercially available dimethyl sulfoxide (DMSO) and
N, N-dimethyl formamide (DMF), then dried 1, 4-
dioxane was distiled over salt. We bought
chloroform (CHCIs) from Merck in Germany.
Minimum essential medium (MEM) and foetal
bovine serum were purchased from Hyclone in the
United States and Himedia in India, respectively.

2.2. Methods

Synthesis of amine functionalized PEI-MNPs and
HA targeted PEI-MNPs

Highly hydrophilic, biocompatible MNPs were
synthesized using the standard controlled co-
precipitation approach of using Fe2* and Fe3* (1:2
ratio) in presence of branched PEI according to our
previously reported procedure[25,26]. In brief, a
mixture of 0.324 g of FeCls and 0.278 g of
FeS04.7H20 were dissolved in 40 ml deoxyge-
nated Milli-Q water containing 2 mg/ml of branched
PEI in a three neck flask with a magnetic stirrer and
an argon flow. To this, ammonium hydroxide (5 ml)
was added drop wise and the mixture was stirred
for 4 h at 70°C. After completion of the reaction,
these PEI-MNPs were recovered using magnetic
separation, dialysis followed by freeze drying.
Hyaluronic acid tethering to PEI-MNPs was carried
out via EDC/NHS chemistry according to a
reported procedure with little modification [27]. In a
typical synthesis, a total of 100 mL of PBS, 0.15 g
of HA, 0.1 g of EDC.HCI, and 0.6 g of NHS were
added. Dilute NaOH was used to keep the pH
between 8 and 10. Using EDC (100 mg, 0.48 mM)
and NHS (56 mg, 0.48 mM) for 4 hours in the dark,
the carboxyl group was activated. Subsequently, it
was mixed with the aqueous dispersion of 150 mg
of PEI-MNPs, and the final mixture was agitated
overnight at RT. The HA-PEI-MNPs were finally
retrieved after being magnetically concentrated,
multiple times washed with Milli Q water, and PBS.

Development of anticancer drug entrapped HA-
PEI-MNPs

After the successful development of MNP
nanocarriers, doxorubicin (DOX), the anticancer

drug, was entrapped inside these HA-PEI-MNPs
with the weight ratio of 1:10. The red-colored
solution was gently swirled for 36 hours at 25°C in
the dark. The resultant solution was then dialyzed
against double distilled water while being stirred for
24 hours and having at least five water changes to
get rid of undesirable components. To get DOX,
the dialyzed solution was lyophilized in a speed
vacuum for 24 hours. To get DOX, the dialyzed
solution was lyophilized in a speed vacuum for 24
hours loaded HA-PEI-MNPs [28]. For evaluation of
the loading and entrapment of the drug, 2 mg
amount of DOX loaded nanoparticles were
dissolved in 10 ml of Milli-Q water under stirring
condition and absorbance of the drug was checked
using standard UV-Vis and Fluorescence
microscopy. It was degraded for 24 h in 10 ml of
PBS: water mixture (1:1) under gentle shaking and
the absorbance of the solution was measured at
480 nm. The amount of DOX entrapped inside this
MNPs was determined using a previously drawn
calibration curve of the drug using different

concentrations. All the measurements were
performed in triplicate.
Drug Loading (DL) = DOX % 100 (1)

MNP + DOX
Entrapment Efficiency
(EE) = Amount of actual DOX loaded in MNPs (2)

Amount of total DOX taken for entrapment

To investigate the release of DOX, 10 mg of
DOX-HA-PEI-MNPs were dispersed in 10 ml PBS
solution and was placed in a dialysis bag at
different pH values i.e. 7.4 (molecular weight cut-off
of 12 kDa). The bags were suspended in 50 ml
PBS solution at pH 7.4 and shaken for 5 days at
200 rpm. At selected time intervals, 1 ml of the
sample was taken and replaced by an equal
volume of fresh PBS. By spectrophotometrically
analysing the solution's absorbance at 480 nm
collected at predetermined intervals, the amount of
released DOX was determined [26]. After being
measured, and the samples that were obtained for
sampling were added back to the receiver solution.
A standard curve of a free drug solution was used
to calculate the percentage of released drug. Three
independent experiments' means and standard
deviations were used to express the data.

Preparation of RITC labelled HA-PEI-MNPs
(fluorescent conjugates of 1 and 2).

For the fluorescent labelling, a fraction of the
previously stated HA-Poly-MNPs were covalently
coupled using the amine groups with the highly
fluorescent molecule rhodamine isothiocyanate
(RITC) for the fluorescent labelling according to the
previous reported literature [26].
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The characterization of nanoparticles

Transmission electronic microscopy was used
to observe the nanoparticles' size and form (TEM,
JEOL-2100). The nanoparticles were dissolved in
deionized water and subjected to a 10-minute
ultrasonic process for the TEM investigation. The
solution was then dropped onto a copper grip that
had been carbon-coated before the pictures were
taken and air-dried [29]. Image J software was
used to analyse the average particle size. The
MNPs' alteration was controlled by FTIR spectra in
the range 500—4000cm.

Cell lines and cytotoxicity studies.

The biocompatibility of the HA-PEI-MNPs and
cytotoxicity of DOX-HA-PEI-MNPs was evaluated
by a standard MTT [3-(4, 5-dimethylthiazol-2-yl)-
2,5-diphenyltetrazolium bromide] assay. Two types
of cells cultivated for in vitro experiments were
A549 (Lung Carcinoma Cell Line for adenovirus)
and HaCaT (immortalized human keratinocyte),
which were acquired from the National Centre for
Cell sciences (NCCS), Pune, India.Trypsinized
cells were adjusted to a concentration of 1x10%
cells per ml and plated in 96 well flat bottom culture
plates for the cytotoxicity assay. (180 ml per well)
and were incubated with DOX-HA-PEI-MNPs for
24 h at 37°C in a humidified 5% CO: incubator [30].
Cell toxicity was measured by the MTT colorimetric
procedure. Mean and standard deviation for the
triplicate wells were reported.

Intracellular uptake studies by Confocal imaging
and Prussian blue staining

The internalization and intracellular distribution
of HA-PEI-MNPs were observed by fluorescence
microscopic imaging. The PEI-MNPs and HA-PEI-
MNPs were incubated with A549 cells. The cells
(1x108 cells/well) were treated with 1 mg/ml of
nanoconjugates in the culture for 4 h, the culture
media were removed, and the cells were washed
three times with PBS. The cells were then stained
with DAPI for 10 min at room temperature and
observed by fluorescence microscopy [26]. For the
concentration dependent uptake via Prussian Blue
staining, 1x108 cells was seeded in each wells for
24 h and were incubated with 25ug/ml of non-
targeted PEI-MNPs and dose dependent
concentrations of 5, 10, 20 and 25 pg/ml of
targeted HA-PEI-MNPs for 4h respectively. After
the incubation period, these wells were washed
with PBS to remove any free nanoparticles. Cells
were fixed for 40 minutes using 4%
paraformaldehyde (Sigma-Aldrich). The cells were
washed three times with PBS, counterstained with
neutral red (0.02%) (Sigma-Aldrich), and
subsequently observed by an inverted optical
microscope [31,32].

Cell cycle analysis.

For the evaluation of the therapeutic efficacy of
the DOX-HA-PEI-MNPs, time dependent cell-
cycle analysis was performed in A549 cells. Cells
(1x10°) were treated with 10 ug free DOX, 25 ug
HA-PEI-MNPs and the same concentrations of
DOX-HA-PEI-MNPs for 0 hr, 30 min, 1 hr and 2 hrs
at 37°C. Cells were harvested and fixed in ethanol
with a 70% alcohol content. The cells were then
washed with ice-cold PBS (10 mM, pH 7.4),
resuspended in 200 | of PBS, and incubated at 37
oC for 1 h in the dark with 20 | of DNA intercalating
dye Pl (1 mg/ml) and 20 | of DNAase free RNase.
The hypochromic sub-diploid staining
characteristics of the cells were used to identify
apoptotic cells. Using a Becton-Dickinson FACS
Calibur Flow Cytometer and Cell Quest software,
the DNA histogram was examined to determine the
distribution of cells in various cell-cycle phases.

DAPI staining for nuclear morphology study.

For visualization of A549 cells, the cell nucleus
was stained with DAPI. The DAPI staining was
performed to corroborate the apoptotic effect of
DOX entrapped MNPs on A549 cells. For this,
A549 cells were treated with HA-PEI-MNPs (control
set) and (5, 10, 20 and 25 pg/ml) of DOX-HA-PEI-
MNPs for 24 h at 37°C. After this, cells were fixed
with 3.7% formaldehyde for 15min, permeabilized
with 0.1 percent Triton X-100 and dyed for 5
minutes at 37 degrees with 1 g/ml DAPI. After
being cleaned with PBS, the cells were analysed
using fluorescence microscopy (Olympus IX 70).

Statistical Analysis

One-way ANOVA was used to assess the
statistical significance of differences (p 0.05)
between the groups tested.

3. RESULTS AND DISCUSSIONS

HA-MNPs with superparamagnetic properties
are synthesised from the step up chemistry of PEI-
MNPs followed by the successful modification with
Hyaluronic acid which is represented in Scheme 1.
First, NH2 functionalized highly stable, water-
dispersible MNPs were synthesized through a
standard co-precipitation technique using PEI as
the stabilizing as well as surface anchoring agent.
Further, HA was used as a CD44 receptor specific
targeting agent to introduce targeting efficacy on
the PEI-MNPs and the carboxylic acid groups in
HA molecules were covalently conjugated with the
ample NH:z functionalities of PEI-MNPs through
standard  carbodimide  activation  approach.
Therefore, the carboxyl groups of the HA
molecules were conjugated to the amine group on
the surface of NH2-MNPs via the formation of
amide bonds (HA-MSNs) [33,34]. Both of these
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PEI-MNPs and HA-PEI-MNPs were labelled with
RITC by covalent linking utilizing some of the
residual surface amine groups [25]. The structure of
PEI-MNPs and HA-PEI-MNPs was observed by
transmission electron microscopy (TEM) analysis.
As indicated in Figure 2(A-B), it was confirmed that
before modification through HA, the size of the PEI-
MNPs were in between 5-7 nm whereas after
modification with high molecular weight HA, these
HA-PEI-MNPs showed a size enhancement around
7 nm showing the size in the range of 15-17 nm. It
authenticates their successful modification with PEI
as well as HA as shown in Figure 2(A-B). The
particle sizes of these functionalized MNPs were
also checked by Dynamic Light Scattering
technique i.e DLS. The hydrodynamic diameters
(HDs) of these PEI-MNPs and HA-PEI-MNPs were
observed at 85+10 nm and 205+10 nm (Table 1)
with poly dispersity index (PDI) 0.25 and 0.28 of
indicating larger diameters observed from TEM.
This discrepancy is due to the fact that TEM
measures the size of the NP core under vaccum,
while the hydrodynamic diameter is a measure of
the size of the core and the total hydrated coating
in solution[35].

The surface charges of these nanoconjugates
also show the +45.7 and -27.8 mV confirming the
successful functionalization with NH2 groups of PEI
and —COOH groups of HA molecules. The
decrease of zeta potential of the MNPs from +45.7
to -27 indicates the free amine groups of PEI-
MNPs should be protonated and hence positive
charged at neutral pH while after modification with
HA, as HA is negatively charged —COOH groups
and —CONH groups due to covalent bonding, this
rendered HA-PEI-MNPs bearing negative zeta
potential [36,37]. The successful functionalization
with HA was confirmed by Fourier transform
infrared (FTIR) spectroscopy. The FTIR spectra of
HA-PEI-MNPs (Figure 2D) have shown all the
peaks at 3470 cm™, 2936 cm', 2856 cm', 1358
cm, 1230 cm™, 1057 cm~" and 560 cm~" indicating
the presence of NH2, O-H, C-H, C-O, NH-CO and
Fe-O stretching vibrations, respectively [38].

Table 1. Hydrodynamic (HD) size and zeta
potential of the PEI-MNPs and HA-PEI-
MNPs at physiological pH.

Tabela 1. Hidrodinami¢ka (HD) velicina i zeta
potencijal PEI-MNP i HA-PEI-MNP pri
fizioloSkom pH.

Size Poly Zeta

Nanoparticles (nm) dispersity potential
index (PDI) (mV)
PEG-NH2-MNPs 85110 0.25 +45.7
HA-PEI-MNPs 20516 0.28 -27.8

3.1.Therapeuitic efficiency, Potential Cytotoxicity
and Receptor Mediated Internalization analysis

Despite the powerful anti-cancer actions of
doxorubicin (DOX), its non-specific side effects led
to the creation of DOX loaded HA targeted
nanocarriers to enable tumor-specific targeting.
According to UV-vis spectrophotometry used in this
investigation, the DOX loading and entrapment
efficiency of DOX-HA-PEI-MNPs was around 6.2
percent and 82 percent [26,39]. According to a
prior publication, DOX molecules can be loaded
inside nanocarriers using both covalent pH-sen-
sitive bonding and hydrophobic/ionic interactions
[40-42]. In our situation, the combination hydro-
phobic and hydrogen bonding interactions between
DOX molecules led to the entrapment of DOX in
HA-PEI-MNPs. and carboxyl groups of HA-PEI-
MNPs as previously reported from our group [26].
As shown in Figure 2C, the release of DOX
molecules from DOX-HA-PEI-MNPs at pH 7.4
shows a sustained release of 25% within 24 h
indicating the successful entrapment as well as
sustained release of therapeutics at physiological
pH.

From the cytotoxicity assay as shown in Figure
2(E-F), the cellular toxicity values of DOX-HA-PEI-
MNPs along with free DOX molecules were
examined in healthy HaCaT and target cancer cells
(A549 cells: high CD44 expression) for 24 h with
cell proliferation kit. As HaCaT cells has low CD44
expression, DOX-HA-PEI-MNPs shows almost
80% cell viability in comparison to free drug in
normal HaCaT cells while in A549 cells with high
CD44 expression, DOX-HA-PEI-MNPs indicates
higher cytotoxicity compared to free drug mole-
cules. Thus, due to the targeted internalization in
A549 cells, the DOX-HA-PEI-MNPs shows enhan-
ced toxicity indicating their efficiency over bulk
DOX molecules. To authenticate the targeted
CD44 receptor mediated internalization of RITC-
HA-PEI-MNPs labelled over RITC-PEI-MNPs,
confocal laser scanning microscopy was used and
these nanoconjugates were incubated with A549
cells for 4 h which was shown in Figure 3(A-B).
Compared with the internalization of RITC-PEI-
MNPs demonstrated in Figure 3(A), HA targeted
nanoconjugates (as shown in Figure 3B) showed
enhanced red fluorescence intensity indicating
higher internalization of RITC-HA-nanoconjugates
due to the CD44 receptor mediated endocytosis of
HA-PEI-MNPs [43,44]. The dose dependent
intracellular uptake of HA-PEI-MNPs was
investigated using Prussian Blue staining in shown
in Figure 3(C-G). According to the images shown,
the HA-PEI-MNPs show enhanced cell uptake
when same concentrations of A549 cells was
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incubated with increasing concentrations from 5, internalization, HA-PEI-MNPs exhibited enhanced
10, 20 and 25 ug/ml Figure 3(D-G). It was evident intracellular uptake as compared to PEI-MNPs of
that due to the CD 44 receptor mediated the same concentration.
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Figure 2. (A-B) TEM images of PEI-MNPs and HA-PEI-MNPs, C) DOX release from DOX-HA-PEI-MNPs,
D) FT-IR spectrum of HA-PEI-MNPs. (E-F) MTT assays of DOX-HA-PEI-MNPs in HaCaT and A549 cells

Slika 2. (A-B) TEM slike PEI-MNP i HA-PEI-MNP, C) Oslobadanje DOX iz DOX-HA-PEI-MNP, D) FT-IR
spektar HA-PEI-MNP, (E-F) MTT testovi DOX-HA-PEI-MNP u HaCaT i A549 ¢elijjama

r

Figure 3. (A-B) Intracellular uptake of PEI-MNPs and HA-PEI-MNPs in A549 cells. (C-G) Intracellular
uptake by Prussian Blue Staining of C) 25 ug/ml of PEI-MNPs D) to G) 5, 10, 20 and 25 ug/ml
of HA-PEI-MNPs

Slika 3. (A-B) Intracelularno preuzimanje PEI-MNP i HA-PEI-MNP u A549 Celijama. (C-G) Intracelularno
preuzimanje pruskom plavim bojenjem od C) 25 ug/ml PEI-MNP D) do G) 5, 10, 20 i 25 ug/ml
HA-PEI-MNP
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Propidium iodide (PI) and DAPI staining have
been used to analyse the cell cycle and undertake
DNA fragmentation studies, or apoptosis studies, to

of DOX-HA-PEI-MNPs (5, 10, 20 and 25 ug/ml) as
represented in Figure 4(A-B), it was indicative that
with increasing concentration there was substantial

nuclei fragmentation, including membrane bleb-
bing, condensed nuclei, and the development of
apoptotic bodies.

further assess the anti-proliferative effect of DOX-
HA-PEI-MNPs on A549 cells. From the DNA

fragmentation study using increasing concentration

A

Figure 4. (A-D) DOX-HA-PEI-MNPs were used to evaluate apoptosis by examining the morphological
changes in cell nuclei using fluorescence microscopy following DAPI labelling. For 24 hours, DOX-HA-
PEI-MNPs were administered to A549 cells at concentrations of (A) 5 g/ml, (C) 10 g/ml, (D) 20 g/ml, and
(E) 25 g/ml. Apoptotic nuclei are shown by arrows

Slika 4. (A-D) DOX-HA-PEI-MNP-ovi su koris¢eni za procenu apoptoze ispitivanjem morfoloskih promena
u celijskim jezgrima koris¢enjem fluorescentne mikroskopije nakon obeleZavanja DAPI. Tokom 24 sata,
DOX-HA-PEI-MNP su davani celijama A549 u koncentracijama od (A) 5 g/ml, (C) 10 g/ml, (D) 20 g/ml i (E)
25 g/ ml. Apoptoti¢na jezgra su prikazana strelicama
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Figure 5. Flow-cytometric analysis of cell cycle phase distribution. Distribution of A549 cells treated with
(A) HA-targeted nanopatrticles (B) DOX only (C) 25 ug/mL of DOX-HA-MNPs for 0 hr (D) 25 ug/mL of
DOX-HA-MNPs for 0.5 hr (E) 1 hr (F) 2 hrs

Slika 5. Proto¢na citometrijska analiza distribucije faza c¢elijskog ciklusa. Distribucija ¢elija A549 tretiranih
sa (A) HA ciljanim nanocesticama (B) samo DOX (C) 25 ug/mL DOX-HA-MNP tokom 0 sati (D) 25 ug/mL

DOX-HA-MNP tokom 0,5h (E) 1 sat (F) 2h
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It was also evident that as the concentration of
DOX-Poly-FA-MFNPs increased, the number of
apoptotic nuclei increased as well (apoptotic nuclei
shown by arrow in the Figure 4).This observation
was fully supported by cell cycle analysis shown in
Figure 5 where only HA-PEI-MNPs with highest
concentration (25 pg/ml) has no apoptotic effect
while increasing concentrations of DOX-HA-PEI-
MNPs showed the maximum cell intensification at
the G2/M phase [45], exhibiting cell cycle arrest in
the same phase. Therefore, these DOX-HA-PEI-
MNPs inhibited the growth of A549 cells by
arresting cell cycle progression at the G2/M phase
and followed to apoptosis or cell death.

4. CONCLUSIONS

In summary, we successfully fabricated DOX
entrapped CD 44 receptor targeted HA-PEI-MNPs
with combined cancer specific targeting and optical
imaging by a facile preparation method. TEM
images showed that these HA targeted
nanoconjugates are highly dispersed and as they
are intricately designed for the drug delivery
applications, they should especially be taken up by
cancer cells as opposed to normal cells. According
to in vitro biological investigations, the DOX-HA-
PEI-MNPs can deliver a single nanoconstruct with
exceptional efficacy for locating and eliminating
cancer cells.The DOX-HA-PEI-MNPs  could
efficiently deliver DOX to the tumor tissues, and
gradually destroy CD44 receptor expressing cells
compared to the free drug. Although further studies
are needed, the various studies described in this
manuscript indicate that the DOX-HA-PEI-MNPs
represent an attractive nanocarrier that should
have great potential for the treatment of cancer.
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1ZVvOD

RAZVOJ MAGNETNIH NANOCESTICA VEZANIH HIJALURONATOM ZA
CILJANU ISPORUKU LEKOVA PROTIV RAKA

Uprkos ogromnom napretku u razumevanju molekularne osnove bolesti, rak i dalje ostaje jedan od
vodecih uzroka smrti. Nedavno, napredak u nanotehnologiji ubrzano omogucava razvoj novih,
multifunkcionalnih materijala sa kombinovanim ciljanim, terapeutskim i dijagnosti¢kim funkcijama
za rak u okviru jednog nanokompleksa (NP) koji se bavi nedostacima tradicionalnih dijagnostickih i
terapeutskih agenasa za bolesti. Medu bezbroj nanonosaca, magnetne nanocestice (MNP) su
izazvale veliko obecanje kao nove terapeutske primene jer ovi MNP mogu biti direktno ciljani na
obolele celije sa efikasnom terapijskom efikasnoSc¢u. Za ovo, ovi MNP-ovi bi trebalo da budu
modifikovani nekim visoko biokompatibilnim polimerima (posebno polisaharidima) koji pokazuju
svojstva ciljanja raka, koja mogu snazno da interaguju sa receptorima eksprimiranim na ciljnom
karcinomu kako bi se olakSalo tacno otkrivanje specificnog raka i poboljsana isporuka na ciljno
mesto uz smanjenje neZeljene nuspojave. Tokom poslednjih nekoliko godina, mnoge grupe su
prijavile hijaluronsku kiselinu (HA) kao sredstvo za ciljanje jer direktno isporucuje ciljane MNP u
Celije raka sa prekomernom ekspresijom CD44. U vecini sluajeva, doksorubicin (DOKS) je
koriscen kao lek protiv raka jer se u velikoj meri koristi za leCenje Sirokog spektra karcinoma. U
nasem radu, dizajnirali smo novu, intravenozno injekcionu, CD44 receptor cilianu MNP
formulaciju, gde HA deo MNP-a, olakSava lako otkrivanje Celija raka putem interakcija specificnih
za receptor, DOKS moZe regresirati Celije raka uz istovremenu efikasnost snimanja. Ovi
teranosticki MNP-i doveli su do formiranja nove nanoformulacije, sposobne da sprovede
istovremenu detekciju, regresiju i snimanje u in vitro CD44 preko ekspresije ¢elija raka.

Kljuéne reci: multifunkcionalno, MNP, hijaluronska kiselina, doksorubicin, CD44.
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Comparative analysis of geothermal binary ORC systems:
performance and environmental considerations for CO; and

water as geofluids

ABSTRACT

This study considers the process simulation of geothermal binary Organic Rankine Cycle (ORC)
systems which utilizes CO: and water as geofluids for electricity generation. The simulation was
performed using Hysys v11 software by using Peng Robinson’s fluid property package. Two dry
working fluids including isopentane and n-pentane, were used. The effects of geofiluid temperature
and working fluid mass flowrate on power generation, as well as the maximum pressure of
working fluids were evaluated. The result showed that power generation increases with higher
geofluid temperature due to enhanced heat transfer. Isopentane outperformed n-pentane,
attributed to its superior thermodynamic properties. CO2 showed better performance as geofluid
than water highlighting its superiority, observed in the increased power generation. The unique
characteristics of CO: enable efficient heat transfer at lower temperatures, making it an
environmentally friendly and effective choice. Contrarily, the use of water as a geofluid poses
some implications for local ecosystems and water resources. From an environmental perspective,
CO:2 shows greater potential for reduced environmental impact, which aligns with the transition to
cleaner energy sources. However, the economic considerations suggest a trade-off, as CO:2
projects may entail higher upfront costs compared to water-based systems. Regulatory factors
and economic feasibility, therefore, play a crucial role in the choice of geofluid for geothermal

power generation.

Keywords: Geofluid, working fluid, ORC, renewable energy

1. INTRODUCTION

In recent times, there has been increasing
pressure to raise the proportion of renewable
energy sources in electricity generation. This push
has opened up opportunities for the development
of geothermal energy in regions that were
previously deemed unviable for this purpose [1].

Global concerns such as climate change,
ozone layer depletion, rising electrical energy
demand, and diminishing fossil fuel reserves have
driven advancements in renewable energy techno-
logy. While wind and solar farms are gaining popu-
larity, they are subject to weather-dependent ope-
ration [2]. Consequently, they require collaboration
with traditional power plants and the advancement
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of energy storage solutions, including the
exploration of underground caverns and fuel cell
technology [3,4]. On the other hand, biomass
combustion, hydroelectric, and geothermal power
plants offer relatively stable or cyclical renewable
energy [5] However, biomass power plants, despite
their potential for compact construction, necessitate
substantial quantities of low-energy feedstocks,
often requiring significant land areas, unless ultili-
zing waste materials. Hydroelectric power plants, in
turn, can cause notable environmental contami-
nation of local water sources [6]. Geothermal
power plants stand out for their minimal surface
impact on the environment. They extract heat
energy by drilling deep into the earth [7].

Geothermal energy serves various purposes,
including electricity and heat generation, combined
heat and power applications, and space heating
and cooling. It is broadly categorized into three
temperature ranges: high temperature (above
150°C), intermediate temperature (between 90°C
and 150°C), and low temperature (below 90°C)
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resources [8]. These applications can be classified
into power generation and direct use [9].

Geothermal power plants fall into three types:
flash, dry-steam, and binary, each suitable for
different temperature ranges. Flash and dry-steam
technologies are employed with higher temperature
sources (above 180°C), while binary plants utilize
lower temperature sources (from lower than 180°C)
[9]. Globally, flash, dry-steam, and binary
technologies comprise 58%, 26%, and 15% of the
market, with emerging technologies constituting 1%
of facilities [9].

The flash technology is well-established and
used when the geothermal fluid contains both liquid
and vapor phases at the wellhead, typically above
180°C [10]. In this method, the geothermal fluid
undergoes a direct cycle: it is flashed to separate
steam, which then drives a steam turbine before
being condensed. The plant design depends on the
geothermal fluid's composition, often containing
salts and non-condensable gases (NCG) [10].
Treatment of the fluid, including NCG extraction for
proper condenser operation, is essential.
Depending on chemical composition, NCG may
undergo further treatment or be released into the
environment. Geothermal fluids can have varying
chemical compositions, often including CO2, H2S,
and sometimes hydrocarbons [9].

Binary cycle technology employs two separate
cycles: a geothermal loop and a power cycle (ORC
or Kalina cycle). This approach is commonly used
for liquid sources or medium-low-temperature
resources (typically 100-170°C) [11]. A significant
benefit of the binary cycle is the enclosed geo-
thermal fluid loop, which prevents environmental
pollution by containing potential pollutants and
reinjecting them underground. In ORC binary
geothermal power plants, organic working fluids
are used [10].

Several research has been conducted on the
performance of different working fluids in Organic
Rankine Cycle (ORC) systems, Pasetti et al. [12]
investigated decomposition temperatures for n-
butane, toluene, and n-pentane, with toluene
remarkably stable at around 400°C, n-pentane
stable below 315°C, and n-butane stable near
290°C. Notably, n-butane (R600), n-pentane, cyclo-
pentane, hexamethyldisiloxane (MM), and toluene
demonstrate higher thermal stability, making them
suitable for geothermal solar hybrid applications.
However, the existing literature lacks extensive
analysis of these working fluids in such hybrid
systems.

Ashouri et al. [13] investigated a small-scale
ORC coupled with a parabolic trough solar collector
in Tehran, favouring benzene for net electric
efficiency. However, they didn't consider the impact

of the Solar Heat Transfer Fluid on working fluid
performance.

Salman et al. [14] conducted research
comparing n-butane (R600), R236ea, R245fa, and
n-hexane as working fluid using solar heat fluid in
Aspen Plus software. They showed that n-butane
possesses superior thermal efficiency at 13.55%
within the 70°C—90°C range. However, their study
did not consider the analysis of the impact of solar
heat fluid on organic working fluid performance, as
well as pump power requirements and network
output. Additionally, they analyzed R245fa with a
high Global Warming Potential (GWP) of 1030.

Najjar and Qatramez [15] studied various
working fluids for ORC power generation using a
geothermal temperature source of 200°C-260°C.
Their study identified R11 with the highest net
power output (24.89 MW) and efficiency (18.76%),
however, its high GWP (4750) makes it unsuitable
for ORC applications.

Wang et al. [16] compared small ORC systems
powered by solar, using R245fa, R134a, and
isobutane as working fluids. Their results showed
that a thermal-driven pump solar system
outperforms the conventional system for residential
use. In another study, Wang et al. [17] performed a
thermodynamic economic analysis of a solar-
powered ORC, they showed that isobutane as the
optimal working fluid for small-scale systems.

Song et al. [18] studied geothermal ORC
systems and found that low critical temperature
working fluids perform better when superheated,
but higher critical temperature fluids degrade when
superheated. In a subsequent study, Song et al.
[19] performed a thermodynamic and financial
analysis of carbon dioxide-ORC systems for hybrid
geothermal and solar electricity generation, they
concluded that the hybrid systems are superior.

2. GEOTHERMAL ENERGY

Geothermal energy refers to the energy
harnessed from the internal heat of the earth. It
represents a sustainable and renewable alternative
to fossil fuels, which makes it attractive.
Geothermal energy source is particularly well-
suited for providing consistent base-load power
due to its minimal variability [20]. Geothermal
energy has various applications which includes
both electricity and heat generation, being utilised
for combined heat and power needs, as well as
space heating and cooling requirements [21].

The advantages of geothermal energy are
substantial. Geothermal power plants can reliably
be operated for over 7000 hours annually,
contributing to the stability of power grids [21]. With
proper reservoir management, these power plants
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can have an extended operational lifespan.
However, it is worthwhile to note that reservoir
water balance management is critical for ensuring
sustainable and effective geothermal power plant
operation [2].

Numerous studies centred around the
modelling of geothermal power plants, principally
focuses on two key aspects: power generation and
reinjection facilities [2]. The former relates to the
production wells and the closed power cycle, while
the latter involves compressor trains and reinjection
wells. Among various technologies, the Organic
Rankine Cycle (ORC) technology emerges as
highly compatible with "closed cycle reservoirs".
ORCs show great promise for the conversion of
low-temperature geothermal heat into power [2].

2.1. Organic Rankine Cycle (ORC) Systems

The successful exploitation of geothermal
resources lies in the efficiency of the technologies
adapted to its operation. Power production
technologies of the geothermal plants are classified
as flash, dry-steam and binary types. Flash and
dry-steam types use geothermal sources with
higher temperatures (i.e., minimum 220 °C). On the
other hand, binary plants utilize sources that have
lower temperatures (i.e., from 100 °C to 220 °C) [9].

A critical example of binary cycle turbine for
geothermal turbine system is organic Rankine
cycle (ORC). ORC have demonstrated capacity to
convert low-temperature geothermal fluids to
electricity. However, the efficiency of the system is
reported to be around 13%. In ORC system,
organic working fluids are used, these fluids are
basically refrigerants or hydrocarbons [22].

It has been reported that the performance of
ORC is largely dependent on the working fluid
used. Therefore, choice of organic working fluid is
critical and imperative and should be carefully
done. The choice of working fluids for Organic
Rankine Cycle (ORC) systems is influenced by a
range of factors including health, safety,
economics, environmental considerations, and
thermodynamic properties [23]. The environmental
and safety aspects of potential working fluids
encompass flammability, toxicity, Global Warming
Potential (GWP), and Ozone Depletion Potential
(ODP). Organic working fluids, for instance, should
possess a GWP below 150 and an absence of
ODP [22].

In the selection of an ideal ORC working fluid
favourable parameters such as low specific
volume, liquid specific heat, viscosity, flammability,
toxicity, ODP, GWP, and cost should be
considered Bahrami, et al., [22] Moreover, process
characteristics like high efficiency, latent heat,
density, molecular weight, suitable thermal stability
limits, compatibility with turbine materials and lubri-
cating oil, non-corrosiveness, non-inflammability,

and moderate heat exchanger pressures are
important [24]. Saturated vapor specific volume is
indicative of condenser size, tied to initial system
costs. Higher saturation pressure (>100 kPa)
prevents gas infiltration, which can reduce system
efficiency. A working fluid with high latent heat and
density is preferred to optimize output power in a
combined cycle.

Working fluids can be categorized into three
types: isentropic fluids, dry fluids, and wet fluids,
based on the slope of the T-s saturation curve
during expansion [25]. Wet fluids have a negative
slope, isentropic fluids have a vertical slope, and
dry fluids have a positive slope. Water is an
example of a wet fluid, while dry fluids include
many hydrocarbon gases like propane, butane,
pentane, and hexane. Isentropic fluids include
toluene and R245fa etc [9].

Water has been largely utilised for large-scale
fossil fuel-fired Rankine cycle plants, particularly at
high temperatures, but its limitations become
significant at lower temperatures. Organic fluids,
derived from petroleum, exhibit lower evaporation
energy compared to water, requiring less heat for
vaporization [23]. Their thermodynamic and
chemical characteristics eliminate the need for
superheating. Unlike water, most organic fluids
result in superheated vapor through a turbine
during isentropic expansion, avoiding two-phase
mixtures and simplifying turbine and cycle design
[24]. Dry working fluids are preferable for ORC use
due to erosion concerns associated with droplets
from wet fluid expansion. Isentropic fluids, due to
their higher GWP, are becoming less favoured [23].

The steady-state energy models for the ORC
system are given below

XMy = Xy (1)
20+ X Mpphiy =X W + X ouchous (2
Wowmp (3
— houe) (4)

Whet = Weurbine —

Wiirbine = mf (hin
where

m (kg /s) is the mass flow rate

h is the specific enthalpy of the system’s
working fluid streams, (kJ/kg)

Q represent the heat energy passing via the
component boundaries, (Watts)

W is the work energy passing via the
component boundaries, (Watts).

Whet is the network, Watts

Whumine is the turbine work, Watts

Woump is the pump work, Watts

my is the mass flow rate,

hin is the specific enthalpy at the turbine entry

hout is the specific enthalpy at the exit of the
turbine
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Figure 1. The working principle of the ORC system

Slika 1. Princip rada ORC sistema

Figure 1 describes the working principle of the
ORC system.

The binary organic Rankine cycle (ORC) for
generation of electricity using geothermal fluids is
adequately similar to the conventional binary ORC
process. The slight difference is the exclusion of
the heat generator where the heat is generated.
For the geothermal ORC, the geofluid is a hot fluid
from the geothermal wells. The geothermal
reservoir acts as the source of heat. As can be
observed in figure 1, the geothermal fluid from the
well is sent to the evaporator where superheated
vapours are generated. usually, fluids with low
boiling points are used as working fluids so that
they can be easily vapourized. These working
fluids gets vapourized upon moderate or low
temperature heating by the geothermal fluid [22].
The working fluid is pumped from to the evaporated
where it extracts the heat from the geofluid and
vapourizes. The vapourized working fluid is sent to
the turbine where its heat causes its expansion and
is used to rotate the turbine blades generating

electricity. The working fluid after being extracted of
its heat leaves the turbine at lower temperature and
pressure and goes to the condenser where it is
cooled. The cooled working fluid is pumped back to
the evaporator to continue the cycle. Meanwhile,
the cooled geofluid is injected back into the well
[23].

3. METHODS

The methods comprise the process modelling
and simulation of binary geothermal system. The
heat source is from abandoned oil and gas wells.
Geothermal heat is mined using water and
supercritical COz as geofluid. The ORC system for
electricity generation consists of binary plant
modelled with isopentane and n-pentane as
working fluids. The geofluids recovered from the
well via the wellheads were sent to the ORC
system. The process modelling and simulation is
summarized using the block diagram given below.

Hysys Software

Results and

Hysys Base
Input Data case
sourcing and modelling
implementation and
simulation

Sensitivity - compari§on

Analyses of »  of working
ORC process fluid and
Geofluid

Figure 2. Simulation Process Block Diagram

Slika 2. Blok dijagram procesa simulacije

3.1. Input data

The input data comprises the thermodynamic
the fluid parameters comprising the temperature,
pressure and mass flowrate of the geofluids and

76

the working fluids, the process components
parameters, and operating conditions of the ORC
system.

The input data is given in Table 1.
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Table 1. Input data for process simulation
Tabela 1. Ulazni podaci za simulaciju procesa

Parameter Value
Turbine isentropic efficiency 75%
Turbine polytropic efficiency 74%
Pump Adiabatic efficiency 75%
Ambient temperature 20°C
Water Mass Flowrate (Base) 80 kg/s
Water inlet temp (Base) 100°C
Water Inlet Pressure (Base 10 bars
CO, Mass Flowrate (Base) 80 kg/s
CO; inlet temp (Base) 100°C
CO; Inlet Pressure (Base 20 Mpa
Working fluid inlet temperature 36.1°C
Working fluid inlet pressure 20 bars
Working fluid mass flowrate 10 kgls
(Base)
Working Fluids Isopentane, n-pentane
Geofluids Water, CO2

3.2. Process Simulation

The process was modelled using Aspen Hysys
V11 software. The fluid property package used in
the process was Peng Robinson’s property
package. The main process Hysys process
components used includes the heat exchangers
which were used to model the evaporators, the
expander which was used to model the turbine, the
air cooler which was used to model the condenser,
and the pump. Two heat exchangers in series were
used in the modelling. This was required to
maximize the heat extraction from the geofluid. The
process flow diagram (PFD) for the ORC process
simulated in Hysys is given in figure 3.

Geofluid
Out

Geofluid

In E-100  Mid E-101

—.

-
Working
Fluid Mid

=)
Working
Fluid Out

Turbine
Out

Figure 3. Process flow diagram (PFD) of the geothermal binary ORC system

Slika 3. Dijagram toka procesa (PFD) geotermalnog binarnog ORC sistema

Following figure 3, the geofluid coming from the
well enters into HEX1 (E-100) and subsequently to
HEX2 (E-101). The working fluid pumped into the
heat exchangers extracted heat both from HEX2
and HEX1 and then exits HEX1 towards the tur-
bine. At the turbine, the vapourized working fluid
caused expansion which was used to rotate the
turbine producing electricity. The electrical power
was measured in kW at the turbine outlet. The wor-
king fluids exits the turbine at lower temperature
and pressure and goes to the air cooler where it is
cooled and then pumped back to the HEXs to
continue the cycle. The Geofluid out from the outlet
of HEX2 is injected back into the well and the cycle
continues.

3.3. Sensitivity

The process model described above were
conducted at base case and at varying process
parameters highlighting the sensitivity of the
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process. Sensitivity analyses were conducted to
investigate the effect of geofluid temperature, and
working fluid flowrate. These formed the indepen-
dent variables. The output results of the sensitivity
included the electrical power generated and the
max working fluid pressure. The two working fluids
modelled were isopentane and n-pentane. These
sensitivities were performed using water and CO:
as geofluid-

4. RESULTS

Results of simulations are given and discussed
in this section.

4.1. Results using water as geofluid

4.1.1. Effects of temperature on power generated

For water as geofluid, the effect of geofluid
temperature on the electrical power produced using
isopentane and n-pentane as working fluid is
shown in figure 4.
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Figure 4. Effect of geofluid temperature on power produced using water as geofluid at 80 kg/s

Slika 4. Uticaj masenog protoka na proizvodnju energije koriS§¢enjem vode kao geofluida na 100 °C

From figure 4, it can be seen that for both
isopentane and n-pentane working fluids, the
power produced increased as the water
temperature is increased. This is expected as
increase in temperature increases the thermal
capacity of the geofluid, thus increasing its heat
transfer to the working fluid for power production at
the turbines. Furthermore, it can be observed that
the use of isopentane working fluid resulted to
higher electrical power generation at the turbine
than n-pentane working fluid. Moreover, n-pentane
showed negative power production when geofluid
temperature was 60 °C while negative power
production was observed for isopentane when the
temperature of the water was 50 °C. it is seen that
isopentane can handle lower temperatures than n-
pentane at same operating conditions.

From the chart, at 80 kg/s mass flowrate of
working fluid, the outlet power production from the
turbine corresponding to isopentane and n-pentane
working fluids at geofluid temperature of 180°C are
6924.8 kW and 6308 kW respectively. At this
condition, it is seen that the use of isopentane as

30
25
20
15

10

Max Pressure, bars

100

working fluid increased the power production by
9.8%.

4.1.2. Effects of geofluid temperature on maximum
pressure of working fluid for water geofluid

The maximum pressure denotes the range of
operability for the working fluid used at the process
conditions specified. Figure 4 shows the maximum
pressure for isopentane and n-pentane working
fluids corresponding to varying temperature of
water geofluid investigated.

From figure 5, it can be seen that isopentane
showed higher maximum pressure than n-pentane.
These pressures affect the outlet temperature of
the working fluid from the evaporator. At higher
operable pressures, the working fluids exits the
evaporator with higher temperatures which trans-
lates to higher power production. this highlights the
advantage of isopentane as a better working fluid
than n-pentane. However, as can be seen from the
char, at lower geofluid temperature, the differences
in pressures between the two fluids widens.

IsoPentane

nPentane

150 200

Working Fluid Temperature, °C

Figure 5. Maximum working fluid outlet pressure for water geofiluid

Slika 5. Maksimalni izlazni pritisak radne tecnosti za vodeni geofluid
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4.1.3. Effect of working fluid flowrate on power
produced

The effect of the mass flowrate of the working
fluids on the electrical power output of the turbine is
given in this section.

The mass flowrates investigated were within
the range of 1 to 100 kg/s at 100 °C. From figure 6,
it can be seen that the mass flowrate of the working
fluids yielded linearly proportionate increase with
power production for both isopentane and n-
pentane working fluids. Power increased as mass
flowrate of working fluid increased. However, the
rate of increase in power for isopentane was higher
than that of n-pentane at corresponding mass
flowrate of working fluids. Moreover, the nominal
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= N N
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o o o
o o o

1000
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differences in the power produced relative to the
mass flowrates of the working fluids increased
progressively as the mass flowrate increased
although their percentage increased remained
constant. For instance, at mass flowrate of 10 kg/s,
the power generated using isopentane and n-
pentane were 367.8 kW and 324.6 kW respectively
which gave a nominal and percentage difference of
43.14 kW and 13.29% respectively. also, at mass
flowrate of 100 kg/s, the power generated using
isopentane and n-pentane were 3677.6 kW and
3246.3 kW respectively which gave a nominal and
percentage difference of 431.4 kW and 13.29%
respectively.

Isopentane

nPentane

80 100

Working Fluid Mass Flowrate, kg/s

Figure 6. Effect of mass flowrate on power production using water as geofluid at 100°C

Slika 6. Uticaj masenog protoka na proizvodnju energije koriS¢enjem vode kao geofluida na 100°C

4.2. Results using CO; as geofluid

4.2.1. Effects of temperature on power generated

The effect of CO2 geofluid temperature on the
turbine outlet power generation is shown in Figure
7.

It is quickly observed from figure 7 that for CO2
geofluid system, isopentane serves as a better
working fluid than n-pentane demonstrated in the
power produced relative to temperature. The power
produced for both isopentane and n-pentane
increased with increasing geofluid temperature.
However, isopentane showed higher power output
corresponding to each temperature increase
compared to n-pentane. furthermore, it can be
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seen from the chart, that CO2 geofluid enable low-
temperature binary system. Maximum operable
temperature of the CO2 geofluid was observed at
110°C. This implies that the usage of CO: as
geofluid includes temperature ranges not greater
than 110°C. At higher temperature, the process
system. Moreover, isopentane showed better
characteristics as a working fluid than n-pentane
visible in the power generation. At 80 kg/s mass
flowrate of working fluid, the outlet power
production from the turbine corresponding to
isopentane and n-pentane working fluids at
geofluid temperature of 110°C are 3738.4 kW and
3448 kW respectively. At this condition, it is seen
that the use of isopentane as working fluid
increased the power production by 8.4%.
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Figure 7. Effect of geofiuid temperature on power produced using CO; as geofiuid at 80 kg/s

Slika 7. Uticaj temperature geofluida na snagu proizvedenu koriS¢enjem CQO; kao geofluida pri 80 kg/s

4.2.2. Effects of geofluid temperature on maximum
pressure of working fluid for CO2 geofluid

Figure 8 shows the maximum pressure for iso-
pentane and n-pentane working fluids correspon-
ding to varying temperature of CO2 geofluid
investigated.

From figure 8, it can be seen that isopentane
showed higher maximum pressure than n-pentane

8

7

Max Pressure, psi

0 20 40 60

when used with CO2 geofluid. At higher operable
pressures, the working fluids exits the evaporator
with higher temperatures which translates to higher
power production. This shows the advantage of
isopentane as a better working fluid than n-
pentane. However, as can be seen from the chart,
at lower geofluid temperature, the differences in
pressures between the two fluids widens.

— |so-Pentane

n-Pentane

80 100 120

Mass Flowrate of Working Fluid, kg/s

Figure 8. Maximum Working Fluid Outlet Pressure for Water geofiluid

Slika 8. Maksimalni izlazni pritisak radne tecnosti za vodeni geofluid

80 ZASTITA MATERIJALA 65 (2024) broj 1



Izuwa, N.C. et al.

Comparative analysis of geothermal binary ORC systems: performance ...

4.2.3. Effect of Working Fluid Flowrate on Power Produced
The effect of the mass flowrate of the working fluids on the electrical power output of the turbine is

given in this section.
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Figure 9. Effect of mass flowrate on power production using CO; as geofiuid at 100 °C

Slika 9. Uticaj masenog protoka na proizvodnju energije koris¢enjem CO; kao geofluida na 100 °C

From figure 9, it can be observed that the
power produced increased linearly with mass
flowrate for both isopentane and n-pentane working
fluids. However, the power generated for
isopentane working fluid was higher than that of n-
pentane at corresponding mass flowrates. At mass
flowrate of 10 kg/s, the power generated using
isopentane and n-pentane were 4009.7 kW and
3577.9 kW respectively. This gave a nominal and
percentage difference of 43.18 kW and 12.07 %
respectively. Furthermore, at mass flowrate of 100
kg/s, the power generated using isopentane and n-
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pentane were 3677.6kW and 3246.3kW
respectively which gave a nominal and percentage
difference of 431.4 kW and 12.07 % respectively
4.2.4. Comparison of Water and CO:2 as geofluids

Comparison of the simulation results is made
relative to water and COz as geofluids.

Figure 9 shows the effect geofluid temperature
on power production using water and CO:2
geofluids.
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Figure 10. Effect of Geofluid on power production using water and CO; geofiluids

Slika 10. Uticaj Geofluida na proizvodnju energije kori§¢éenjem vode i CO; geofluida
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From figure 10, it can be observed that the
power produced from CO:2 geofluid is significantly
higher than that of water at all geofluid tempe-
ratures. This was observed for both isopentane and
n-pentane working fluids respectively. The compa-
rison was made for geofluids temperatures within
the range of 50 °C to 110 °C. This was necessary
since the CO2 geofluid showed maximum tempe-
rature operability at 110 °C. At 110 °C, the power
produced using water geofluid at 80kg/s mass
flowrate are 3560.8 kW and 3193.6 kW for
isopentane and n-pentane  working fluids
respectively while the power produced at the same
conditions for CO2 geofluids are 3738.4 kW and
3448 kW for isopentane and n-pentane working
fluids respectively. CO2 geofluid showed 5% and
8% higher power generation than water for
isopentane and n-pentane  working fluids
respectively. CO2 proves a better geofluid than
water for geothermal heat exploitation for low-
temperature geothermal systems.

COz2 has been selected as geofluid to its high
compressibility, expansivity and low viscosity in
comparison to water. However, CO: is feasible at
lower temperatures, transferring geothermal heat
more efficiently than water. Using CO2 as working
fluid fosters the utilization of low-temperature
geothermal systems enabling the widespread
adoption of the renewable resource.

4.3. Discussion

The study presented the modelling of a binary
Organic Rankine Cycle (ORC) system used for
electricity generation using geothermal fluids. Heat
from a geothermal reservoir to generate power
using water and CO2 as the heat extraction fluids
(geofluids). The geothermal fluid is sent to an
evaporator where it heats the working fluid, causing
it to vaporize and subsequently to produce electri-
city in the turbine. Two working fluids, isopentane
and n-pentane, were considered, and simulations
were conducted using both water and CO:2 as
geofluids. A complete thermodynamic modelling
and simulation of the process was conducted in
Aspen Hysys. The process, environmental and
economic aspect of the study are discussed.

4.3.1. Process Consideration

From the results on the effects of geofluid
temperature on power generation, it was observed
that power generation increased with higher
geofluid temperature. This aligns with the basic
principles of thermodynamics. As the geofluid
temperature rises, it carries more thermal energy,
leading to increased heat transfer to the working
fluid in the evaporator. This results in higher

vaporization and subsequently greater expansion
in the turbine, generating more power. This
phenomenon is well-established in heat-to-power
conversion processes.

Furthermore, it was observed that isopentane
showed higher power generation compared to n-
pentane at all geofluid temperatures. The results
can be attributed to the distinct thermodynamic
properties of isopentane and n-pentane.
Isopentane has higher boiling point, specific heat
capacity, and vaporization than n-pentane. These
characteristics  contribute to its  superior
performance enhancing its ability to absorb heat
from the geofluid, resulting in more efficient
vaporization and expansion in the turbine.

It was also observed that Isopentane could
handle lower temperatures than n-pentane. The
ability of isopentane to handle lower temperatures
ranges highlights its usage in the design and
exploitation of wider range of geothermal
resources.

It was observed that Isopentane generally
exhibited higher maximum pressure than n-
pentane, indicating a better performance in terms
of operability. Higher maximum pressures indicate
the working fluid's capacity to expand more in the
turbine, which translates to greater mechanical
work done, hence higher power output.
Furthermore, higher pressure allowed the working
fluid to exit the evaporator at higher temperatures,
resulting in higher power generation.

Furthermore, it was observed from the results
that power generation increased linearly with the
mass flow rate of the working fluids. Higher mass
flowrates of the working fluids translate to higher
heat energy extraction from the geofluid resulting to
increased power generation. Isopentane had a
higher rate of increase in power compared to n-
pentane at the same mass flow rate which as has
been demonstrated highlights its much-enhanced
thermodynamic properties.

CO2 geofluid performed better than water
geofluid in terms of power generation across
various geofluid temperatures. CO2 possess higher
compressibility and expansivity, lower viscosity
compared to water, which makes it a more efficient
heat transfer fluid. The maximum operable
temperature for CO2 geofluid which was observed
at 110°C suggests that CO: is well-suited for low-
temperature geothermal systems. Thus, CO:2 cha-
racteristics as a geofluid enable the utilization of
low-temperature geothermal resources. Due to its
specific heat capacity and compressibility, CO2 can
efficiently transfer heat at the lower temperatures.
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4.3.2. Environmental Considerations

The results indicate that CO2 can lead to higher
power generation and efficiency in low-temperature
geothermal systems. This is important when
environmental consideration is paramount, as
increased process efficiency translates to higher
power output from the same amount of heat. This
potentially reduces the need for additional heat
extraction, thus minimizing the environmental
impact on geothermal reservoirs. Furthermore, the
use of CO2 as geofluid in geothermal systems
aligns with the broader goals of reducing
greenhouse gas emissions and transitioning to
cleaner energy sources. The thermodynamic
properties of CO2 contribute to better heat transfer
between the geothermal reservoir and the working
fluid, potentially reducing the need for aggressive
reservoir stimulation thus inducing positive
implications for maintaining reservoir integrity and
minimizing induced seismicity potentially
widespread with water as geofluid.

On the other hand, while water is a natural
choice for geofluid, its extraction and reinjection
could have local environmental effects. Altering the
temperature and pressure of the geothermal
reservoir can affect the subsurface ecosystem,
potentially impacting local ecosystems and water
resources. Water might not be as efficient as CO:
in low-temperature geothermal systems, which
could lead to a higher environmental footprint.
Extracting more water from the reservoir to achieve
the desired power output might have greater
ecological consequences.

4.3.3. Economic Considerations

In terms of economics, while the potentials of
CO2 for higher power output translates to more
revenue from electricity sales, CO:2 project has
more complex designs requiring higher upfront
investment and operational costs than water. Also,
the use of water as geofluid has reduced
uncertainty during project implementation. Water
extraction and reinjection regulations can vary by
region. If local regulations favour water use over
COz, this might influence the economic feasibility of
geothermal projects. However, the characteristics
of CO2 for low-temperature geothermal resource
exploitation expands the potential for geothermal
power generation, maximizing resource utilization
and potentially attracting more investment.
Thorough economic investigation of CO2 and water
as geofluid in geothermal resource extraction
would aid decision process in the choice of the
geothermal heat extraction fluid.

5. CONCLUSION

This study presented a comprehensive analysis
of a binary Organic Rankine Cycle (ORC) system
for electricity generation using geothermal fluids as
heat sources and hydrocarbon fluids as working
fluids. Isopentane and n-pentane were used as the
working fluid for binary system turbine electricity
generation. The study focused on the comparison
between water and CO: as geofluids, assessing
their impacts on power generation, efficiency, and
operability.

Base on process considerations from the
simulation performed, both isopentane and n-pen-
tane geofluids exhibited thermodynamic behaviour
that showed theoretical correlations. Higher geo-
fluid temperatures led to increased power gene-
ration, attributed to the greater heat transfer and
subsequent vaporization of the working fluid in the
evaporator. Isopentane consistently outperformed
n-pentane due to its better thermodynamic
properties, resulting in higher power output and
broader operational temperature range.

CO2 as a geofluid demonstrated significant
advantages, highlighting its potential as a more
efficient heat transfer medium compared to water.
The unique characteristics of CO2, such as high
compressibility, expansivity, and low viscosity, tran-
slated to higher power generation. This is parti-
cularly significant for enabling the utilization of low-
temperature geothermal resources, which is critical
for sustainable geothermal energy development.

Environmental considerations highlighted CO2's
alignment with clean energy goals, contributing to
reduced emissions and better reservoir
management. Additionally, CO:'s potential for lower
seismic impact due to enhanced heat transfer
characteristics is a positive aspect in terms of
reservoir integrity and induced seismicity.

Economically, the choice between CO:2 and
water as geofluids involves a trade-off. While CO:
presents the potential for higher power output and
revenue generation, it also entails more complex
system designs and potentially higher upfront
investments. Water, being a well-established
geofluid, offers simpler project implementation and
operational advantages but might have limitations
in terms of efficiency and resource utilization.
Further research on economic evaluations were
suggested as it is essential to fully determine the
feasibility and sustainability of using CO2 as a
geofluid for geothermal heat extraction.
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1ZVOD

KOMPARATIVNA ANALIZA GEOTERMALNIH BINARNIH ORC SISTEMA:
PERFORMANSE | RAZMATRANJA ZIVOTNE SREDINE ZA CO: 1 VODU KAO
GEOFLUIDE

Ova studija razmatra simulaciju procesa geotermalnih binarnih sistema organskog Rankinovog
ciklusa (ORC) koji koriste CO2 i vodu kao geofluide za proizvodnju elektricne energije. Simulacija
je izvedena koriséenjem softvera Hisis v11 koriS¢enjem Peng Robinsonovog paketa fluidnih
svojstava. Koriséene su dve suve radne tecnosti ukljucéujuci izopentan i n-pentan. Ocenjeni su
uticaji temperature geofluida i masenog protoka radnog fluida na proizvodnju elektriéne energije,
kao i maksimalnog pritiska radnih fluida. Rezultat je pokazao da se proizvodnja energije povecava
sa viSsom temperaturom geofluida zbog poboljsanog prenosa toplote. Izopetan je nadmasio n-
pentan, 8to se pripisuje njegovim superiornim termodinamickim svojstvima. CO: je pokazao bolje
performanse kao geofluid od vode, naglasavajuci njegovu superiornost, primec¢enu u povecanju
proizvodnje energije. Jedinstvene karakteristike CO2 omogucavaju efikasan prenos toplote na
nizim temperaturama, $to ga cCini ekoloSki prihvatljivim i efikasnim izborom. Nasuprot tome,
upotreba vode kao geofluida predstavija neke implikacije za lokalne ekosisteme i vodne resurse.
Iz perspektive Zivotne sredine, CO: pokazuje veci potencijal za smanjenje uticaja na Zivotnu
sredinu, Sto je u skladu sa prelaskom na Cistije izvore energije. Medutim, ekonomska razmatranja
sugerisu kompromis, jer projekti CO2 mogu dovesti do vecih pocetnih troskova u poredenju sa
sistemima zasnovanim na vodi. Regulatorni faktori i ekonomska izvodiljivost, stoga, igraju klju¢nu
ulogu u izboru geofluida za proizvodnju geotermalne energije.

Kljuéne reci: Geofluid, radni fluid, ORC, obnovljiva energija
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Inhibition of corrosion of mild steel in simulated oil well water
by aqueous extract of Hibiscus rosa-sinensis flower

ABSTRACT

An aqueous extract of Hibiscus rosa-sinensis flower (HRF) has been used as corrosion inhibitor in
controlling the corrosion of mild steel in simulated oil well water (SOWW). Weight loss method
reveals that 10 % v/v of the extract offers 82 % inhibition efficiency (IE) to mild steel (MS)
immersed SOWW. The mechanistic aspects of corrosion inhibitive effect have been investigated
by polarization study and AC impedance spectra. Polarization study reveals that the mixed type of
inhibitor in the presence of inhibitor system. The corrosion inhibition effect is confirmed by the
increase in the linear polarization resistance value and decrease in the corrosion current value.
The protective layer is formed on the metal surface is confirmed by the AC impedance spectra.
This is confirmed by the fact that there is increase in charge transfer resistance value and
decrease in the double layer capacitance value. The adsorption of inhibitor molecule obey
Langmuir adsorption isotherm. The protective coating is characterized by FTIR spectroscopy. It
confirms that the inhibitor has coordinated with ferrous ion the metal surface through the active
principle component of [-sitosterol, quercetin and kaempferol-3-xylosylglucoside. The surface
morphology has been investigated by scanning electron microscopy (SEM). Hence, aqueous
extract of Hibiscus rosa-sinensis flower with simulated oil well water good corrosive inhibitive
effect on pipeline made of mild steel.

Keywords: Hibiscus rosa-sinensis, simulated oil well water, mild steel, corrosion inhibition,
surface morphology, SEM

1. INTRODUCTION

Corrosion normally occurs in oil and gas
pipelines. Since the pipelines play the role of
transporting oil and gas from the wellheads to the
processing facilities, they are exposed to the
continuous threat of corrosion, from the date of
commissioning up to decommissioning or aban-
donment [1]. AlImost any aqueous environment can
promote corrosion, which occurs under numerous
complex conditions in oil and gas production,
processing and pipeline systems [2]. Internal
corrosion in oil and gas industry is generally
caused by water, carbon dioxide (CO2) and
hydrogen sulfide (H2S) and also can be aggravated
by microbiological activity [3]. One method used to

*Corresponding author: Balakrishnan Latha

E-mail: susairajendran@gmail.com

Paper received: 24. 09. 2023.

Paper accepted: 03. 10. 2023.

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

reduce corrosion in the petroleum industry is
corrosion inhibitors. The inhibitors must be put
above a specific minimum concentration to obtain
an optimal inhibition.

The plant extraction may become corrosion
inhibitors due to the advantages of wide sources
and biodegradation. It was previously reported that
the extracts of Napoleonaeaimperalis [4],
Cardiospermumhalicacabum leaf [5,6], Tiliacordata
[7], Morindacitrifolia [8], Acanthus montanus [9] and
Calotropisprocera [10] showed corrosion inhibition.
Heteroatoms such as nitrogen (N), oxygen (O),
sulfur (S) and phosphorus (P) can be used as
adsorption centers of inhibitor molecules and these
atoms also have become important features of
efficient corrosion inhibitors. Anuratha et al have
used the corrosion inhibition of carbon steel in low
chloride media by an aqueous extract of Hibiscus
rosa-sinensis [11]. Rajendran et al have studied the
corrosion behaviour of aluminium in the presence
of an aqueous extract of Hibiscus rosa-sinensis
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[12], Desai have studied the Hibiscus rosa-sinensis
leaves extracts used as corrosion inhibitors for mild
steel in HCI [13]. However, to the best of our
knowledge the aqueous extract of Hibiscus rosa-
sinensis flower has not been investigated in
SOWW medium for its anticorrosion properties.

Hibiscus rosa-sinensis (Figure 1) is a perennial
ornamental woody plant; belong to Malvaceae
family available throughout India. Various parts of
this plant like roots, leaves and flowers have been
known to possess medicinal properties like anti
inflammatery, antifungal, anti-microbial, oral contra-
ceptive, laxative, aphrodisiac, menorrhagicetc [14].
The aqueous extract of Hibiscus rosa-sinensis
flower contain main active principle constituents
such as [-sitosterol, quercetin and kaempferol-3-
xylosylglucoside [15].

In the present study, the corrosion inhibitive
properties of the aqueous extract of Hibiscus rosa-
sinensis flower (HRF) in controlling corrosion of
mild steel in SOWW solution have been
investigated by weight loss and electrochemical
study. The HRF extract of active principle
constituents have been characterized by FTIR, with
the formation of protective film formation against
corrosion. The morphology of the mild steel surface
was examined by SEM.

Figure 1. Hibiscus rosa-sinensis flower

Slika 1. Cvet Hibiscus rosa-sinensis

2. MATERIALS AND METHODS

Preparation of inhibitor

The aqueous extract of Hibiscus rosa-sinensis
flower (HRF) were prepared by the method of
soxhlet extraction. About 100 g of powdered plant
of Hibiscus rosa-sinensis flower was uniformly
packed into thimble and extracted with 1000 ml of
double distilled water. The process of extraction
continues till the solvent in siphon tube of the

extractor becomes colourless. After the process of
extraction, the extract was kept overnight for
cooling and made up to 1000 ml with the same
double distilled water to get 10 % (w/v) extract.

Preparation of simulated oil well water (SOWW)

In 100 mL of DD water, sodium chloride (3.5 g),
calcium chloride (0.305 g) and magnesium chloride
(0.186 g) are added. Just before experiment add
0.067 g sodium sulfide and 0.4 mL of concentrated
hydrochloric acid to generate hydrogen sulfide gas
to form a simulated oil well water containing 100
ppm of H2S [16].

Preparation of mild steel (MS)

Mild steel specimens (0.0267 % S, 0.06 % P,
0.4 % Mn, 0.1 % C and the rest iron) of dimensions
1.0 cm x 4.0 cm x 0.2 cm were polished to a mirror
finish and degreased with acetone.

Weight loss method

Mild steel specimens in ftriplicate were
immersed in 100 ml of the simulated oil well water
containing various concentrations of the inhibitor
(aqueous extract of Hibiscus rosa-sinensis flower)
for a period of one day. The weight of the
specimens before and after immersion was
determined using a Shimadzu balance, model
AY62. The corrosion products were cleaned with
Clarke’s solution [17]. The corrosion rate were
calculated using the following equation [18,19].

Corrosion rate = W/AT

Where

W = loss in weight (mg)

A = surface area of the specimen (dm?)

T = period of immersion (days)

The corrosion rate is expressed in mdd units
[mdd = mg/(dm?)(day)]

The inhibition efficiency was calculated using
the relation.

Inhibition efficiency = [(CR:-CR2)/CR+] x 100 %

Where
CR;= corrosion rate in the absence of inhibitor
CR, = corrosion rate in the presence of
inhibitor.
Electrochemical studies

In the present work, corrosion resistance of MS
immersed in various test solutions were measured
by polarization study and AC impedance spectra.

Polarization study

Polarization studies were carried out in a CHI-
electrochemical work station with impedance model
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660A. It was provided with iR compensation facility.
A three electrode cell assembly was used. Mild
steel was used as working electrode, platinum as
counter electrode and saturated calomel electrode
(SCE) as reference electrode. From polarization
study, corrosion parameters such as corrosion
potential (Ecorr), corrosion current (lcorr), Tafel slo-
pes, anodic=ba and cathodic=bc and linear polari-
zation resistance (LPR) value were calculated.

AC Impedance spectra

The same instrument and set-up used for
polarization study was used to record AC
impedance spectra also. A time interval of 5 to 10
min was given for the system to attain a steady
state open circuit model. The real part (Z’) and
imaginary part (-Z”) of the cell impedance were
measured in Ohms at various frequencies. AC
impedance spectra were recorded with initial E(V)
= 0, high frequency (1-10° Hz), low frequency (1
Hz), amplitude (V) = 0.005 and quiet time (s) = 2.
From Nyquist plot the values of charge transfer
resistance (Rt) and the double layer capacitance
(Ca) values were calculated.

FTIR spectra

FTIR spectra were recorded in a Perkin - EImer
“Spectrum Two” spectrophotometer. The film was
carefully removed, mixed thoroughly with KBr
made in to pellets and FTIR spectra were recorded.

Scanning electron microscopy (SEM)

The mild steel specimens immersed in various
test solutions for one day were taken out, rinsed
with double distilled water, dried and subjected to
the surface examination. The surface morphology
measurements of the mild steel surface were
carried out by scanning electron microscopy (SEM)
using CAREL ZEISS make model EVO-18.

3. RESULTS AND DISCUSSION

Pipelines made of MS are used to carry oil well
water in petroleum industry. These pipes may
undergo inner corrosion. To prevent corrosion,
corrosion inhibitors are used. The corrosion
resistance of MS in SOWW, has been evaluated by
polarization study and AC impedance specira.
Surface morphology was analysed by scanning
electron microscopy. Aqueous extract of HRF has
been used as corrosion inhibitor.

Weight loss method

The corrosion rate of mild steel in SOWW is
studied by weight loss method in the absence and
presence of aqueous extract of Hibiscus rosa-
sinensis flower (HRF) on immersion period of one
day at 30°C and the percentage inhibition efficiency

is calculated. Table 1 shows the variation of
corrosion rate (mdd), inhibition efficiency (IE in %)
and surface coverage (8) with varying
concentration of inhibitor (in % v/v). From the data,
it is observed that corrosion rate is significantly
lowered down in the presence of the inhibitor. The
corrosion rate is found to be dependent on the
concentration of the inhibitor. With the increase in
concentration, the corrosion rate decreases
gradually. The decrease in the corrosion rate is due
to the presence of active phytochemicals.

Figure 2 shows the variation of corrosion rate
(CR) with concentration of inhibitor (in % v/v) and
the data reveals that inhibition efficiency increases
with increase in the concentration of the inhibitor
(HRF) in SOWW medium. The maximum inhibition
efficiency of 82 % is noticed at 10 % v/v of the
inhibitor concentration. The decreasing corrosion
rate and increasing inhibition efficiency are
attributed to the adsorption of inhibitor on the metal
surface.

Table 1. The corrosion rate, inhibition efficiency
and surface coverage of aqueous extract
of HRF on MS in SOWW at room
temperature (303K)

Tabela 1. Brzina korozije, efikasnost inhibicije i
pokrivenost povrSine vodenog ekstrakta
HRF na MS u SOWW na sobnoj
temperaturi (303K)

Inhibitor Corrosion IE% Surface
(HRF % v/v) | rate (CR) mdd coverage (0)
0 15.55 - -

2 6.53 58 0.580
4 5.44 65 0.650
6 4.35 72 0.720
8 3.11 80 0.800
10 2.80 82 0.820

The increase in the concentration increases the
surface coverage due to adsorption which
increases the active sites on the metal surface.
Hence, the inhibition efficiency increases with
increase in the concentration. The presence of lone
pair of electrons on the hetero atoms of oxygen
facilitates the formation of co-ordinate bonds with
the metal and is responsible for corrosion inhibition.
Most of the effective organic inhibitors used in
petroleum industry have hetero atom such as O, N
and S along with multiple bonds in their molecules
through which they are adsorbed on the metal
surface [20, 21].
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. method. According to Langmuir adsorption
Weight loss method isotherm, the following equation relates the surface
coverage (8) and inhibitor concentration, C.
100 " 80 82
80 - 65 C/0=1/Kagss + C
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Figure 2. Column chart: HRF (% v/v), corrosion
rate (mdd) and IE (%) of MS in SOWW medium in
absence and presence of different concentrations

of inhibitor (HRF)

Slika 2. Kolona grafikon: HRF (% v/v), brzina
korozije (mdd) i IE (%) MS u SOWW medijumu u
odsustvu i prisustvu razli¢itih koncentracija
inhibitora (HRF)

Adsorption isotherm

An adsorption isotherm gives the direct
relationship between the corrosion inhibition
efficiency with the degree of surface coverage at
constant temperature for different concentrations of
inhibitor  solutions. The adsorption isotherm
provides the basic information about the nature of
interaction between the mild steel surface and
inhibitor molecular constituents [22]. Adsorption of
the corrosion inhibitor molecules occurs on the mild
steel surface by the displacement of molecule of
water adsorbed on the metal surface. Also, the
adsorption depends on the temperature, chemical
composition and constituents of inhibitor and the
electrochemical potential at the metal-solution
interface [23, 24].

Langmuir adsorption isotherm was proposed to
account for the adsorption of the corrosion inhibitor
molecules on the surface of metal. From the
isotherm, the linear relationship between 6 and
concentration of inhibitor can be found.

Advantage of use of Langmuir adsorption isotherm

The Langmuir isotherm model is one of the
most common and simple to use isotherms due to
its effectiveness in low concentrations, exibility with
computer simulations, and easy handling. The
Langmuir adsorption isotherms predict linear
adsorption at low adsorption densities and a
maximum surface coverage at higher solute metal
concentrations.

To specify the adsorption mode of Hibiscus
rosa-sinensis flower extract molecules on the mild
steel surface in the SOWW medium, the degree of
surface coverage (0) for different concentrations of
inhibitor (2, 4, 6, 8 and 10 % v/v) at room
temperature was found from the weight loss

The plot of Langmuir adsorption isotherm, C/6
vs C is shown in Figure 3. The AG%qs is calculated
from the equation.

AGP%gs = -2.303 RT log (Kags % 55.55)

The values of adsorption parameters obtained
from Langmuir adsorption includes free energy of
adsorption (AGPuqs), equilibrium constant (Kags),
coefficient of correlation (R2), slope and intercept
values are presented in Table 2. The R2 value
approaches unity. The value of standard free
energy of adsorption is -8.905 kJmol-' indicates the
physical adsorption process. The negative sign
indicates that the adsorption of the inhibitor (HRF)
constituents on the metal is a spontaneous process
and adsorption takes place very easily without
requiring any extra energy. These observations
indicates that the adsorption of inhibitor molecules
on the metal surface obey the Langmuir adsorption
isotherm [25, 26].

14
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Figure 3. Langmuir adsorption isotherm for the
inhibition effect of aqueous extract of HRF on mild
steel corrosion in SOWW at room temperature
(303 K)

Slika 3. Langmuir-ova adsorpciona izoterma za
inhibicioni efekat vodenog ekstrakta HRF na blagu
koroziju ¢elika u SOWW na sobnoj temperaturi
(303 K)

Table 2. Adsorption parameters obtained from
Langmuir adsorption isotherm for the
corrosion inhibitive effect of aqueous
extract of HRF on mild steel in SOWW

Tabela 2. Parametri adsorpcije dobijeni iz
Langmuir-ove adsorpcione izoterme za
inhibicijski efekat vodenog ekstrakta HRF
na meki ¢elik u SOWW

R? Slope
0.9937 1.0675

AGO%ds
-8.905

Kads
0.617

Intercept
1.621
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Electrochemical study

Analysis of polarization study

Polarization study is employed to confirm the
formation of protective layer on the MS surface. If a
protective layer is formed, the linear polarization
resistance (LPR) value increases and the corrosion
current (lcor) value decreases. The polarization
curves of MS immersed in different environments
are shown in Figure 4 and 5.

Tafel plot

log(Current/A)
A
=)

MS + SOWW
-6.0 T T -

-5.51

-0.60 -0.70 -0.80 -0.90 -1.00

Potential / V

-0.40 -0.50

Figure 4. Polarization curves for corrosion of MS
immersed in SOWW

Slika 4. Polarizacione krive za koroziju MS
uronjenog u SOWW

Polarization parameters such as corrosion
potential (Ecorr) value, corrosion current (lcorr) value,
linear polarization resistance (LPR) value and Tafel
slopes (bc = cathodic slope and ba = anodic slope)
are calculated from the polarization curves. The
values are summarized in Table 3. It is noticed
from the Table 3 that when mild steel is immersed
in SOWW medium, the corrosion potential (Ecorr)

value is -745 mV vs SCE. The corrosion current
(lcorr) value is 3.14 x 10 A/cm?. The linear pola-
rization resistance (LPR) value is 127 ohm cm?2.

2.5 Tafel plot
3.0
35

*

log(Current/A)
A

MS +SOWW + HRF ? EE
20.40 -0.50

.0.60 -0.70 -0.80 -0.90 -1.00

Potential / V

Figure 5. Polarization curve for corrosion of MS
immersed in SOWW + 10 % v/v HRF

Slika 5. Kriva polarizacije za koroziju MS uronjenog
u SOWW + 10 % v/v HRF

The addition of 10 % v/v of inhibitor (HRF) in
SOWW medium the corrosion potential (Ecorr) value
is shifted from -745 to -726 mV vs SCE. This shift
is very small. The displacement of Ecor is < 85 mV,
hence the inhibitor can be classified as a mixed
type inhibitor [27] controlling both anodic reaction
and cathodic reaction by forming a protectivefilm
[28, 29]. When 10 % v/v of HRF is added to the
SOWW medium the linear polarization resistance
(LPR) value increases from 127 to 662 ohm cm?2.
The corrosion current (lcorr) value decreases from
3.14 x 10 to 4.93 x 10 A/cmZ2. The results confirm
that a protective layer is formed on the MS surface.
Hence the corrosion of MS is controlled.

Table 3. Potentiodynamic polarization parameters of mild steel in SOWW in the absence and presence of

aqueous extract of inhibitor (HRF)

Tabela 3. PotenciodinamiCki parametri polarizacije mekog celika u SOWW u odsustvu i prisustvu vodenog

ekstrakta inhibitora (HRF)

Concentration of £ Tafel slope LPR |
aqueous extract of CHL o mV/decade ) o
(% Viv) mV vs SCE be bs Ohm cm Alcm
0 =745 183 183 127 3.14 x 10
10 -726 141 160 662 4.93 x 10°
Analysis of AC impedance spectra are shown in Figure 6 and 7 respectively. The
AC impedance spectra provide information corrosion parameters, namely the charge transfer

about the formation of protective layer on the MS. If
a protective layer is formed on the MS surface, the
charge ftransfer resistance (Rt) value increases;
double layer capacitance (Ca) value decreases and
the impedance [log (z/ohm)] value enhances. The
AC impedance spectra of MS immersed in SOWW
medium in presence of inhibitor HRF are shown in
Figure 6 and 7. The Nyquist plot and the Bodeplots

resistance (Rt), double layer capacitance value
(Ca) and impedance [log(z/ohm)] value are
summarized in Table 4.

It is noticed from the Table 4 that when MS is
immersed in SOWW, the charge transfer resis-
tance (Rt) value is 17.435 ohm cm?. The double
layer capacitance (Ca) value is 2.925 x 107 F/cm2,
The impedance [log (z/ohm)] value is 1.391 and the

90 ZASTITA MATERIJALA 65 (2024) broj 1



B. Latha et al.

Inhibition of corrosion of mild steel in simulated oil well water by aqueous ...

phase angle value is 26.58°. In the presence of
inhibitor HRF, the charge transfer resistance (Rt)
value increases from 17.435 ohm cm? to 22.948
ohm cm?2. The double layer capacitance (Ca) value
decreases from 2.925x107 F/cm? to 2.223x107
F/cm2. The impedance [log (z/ohm)] value incre-
ases from 1.391 to 1.936. The phase angle value
increases from 26.58° to 28.95°. The results con-
clude that a protective layer is formed on the MS
surface [11, 31, 32]. It restricts the flow of electrons

24.0 Nyquist plot (@)

- 120 MS + SOWW
6.0 **t******

Sof e g

0 3.0 6.0 9.0 12.015.018.021.024.027.0

.|
Figure 7a. Bode plots of mild steel in SOWW without inhibitor (blank)
Slika 7a. Bode-ovi dijagrami mekog cCelika u SOWW bez inhibitora (prazno)
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Figure 7b. Bode plots of mild steel in SOWW with 10 % v/v aqueous extract of inhibitor (HRF)
Slika 7b. Bode-ovi dijagrami mekog cCelika u SOWW sa 10% v/v vodenog ekstrakta inhibitora (HRF)

Analysis of FTIR spectra

FTIR spectra have been used to analyse the
protective film formed on the metal surface. A few
drops of an aqueous extract of Hibiscus rosa-
sinensis flower were dried on a glass plate. A solid
mass was obtained. It was blended with KBr and
converted into pellet. Its FTIR spectral pattern is
recorded and given in Figure 8, the assignments
are shown in Table 5. A broad band appears at
3423.09 cm is attributed to -OH group. The band
observed at 2924.60 cm' and 2855.20 cm
represents the aliphatic C-H stretching. The peak
at 1637.75 cm' shows the presence of C=0
(aromatic ketone) and aromatic ring (C=C) group.
The peak at 1385.94 cm™' has been assigned to
CH bending frequency. The band 1244.85 cm-’
indicates the presence of C-O stretching group.
The peak at 1069.75 cm™ is assigned to C-O-C
stretching vibration. The C-H out of plane bending
(oop) absorbs at 899.80 cm™* and 668.44 cm-".

The FTIR spectrum of the protective layer
formed on the mild steel surface after immersion in
the solution containing SOWW with 10 % v/v of
inhibitor (HRF) solution is shown in Figure 9. The
respective absorption frequencies are given in
Table 5. The shift at 3423.09 cm-! to 3382.19 cm™!
can be attributed to the presence of -OH stretching.
The slight shift from 2924.60 cm' to 2925.10 cm™!
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indicates the presence of C-H bond. The peak has
shifted from 1637.75 cm' to 1629.76 cm- indicate
the presence of C=0 and C=C aromatic ring group.

Table 5. FTIR spectral data for the aqueous extract
of HRF and the scratched film from mild
steel surface after immersion in SOWW

with 10 % v/v HRF

Tabela 5. FTIR spektralni podaci za vodeni ekstrakt
HRF i izgrebani film sa povrSine mekog
Celika nakon potapanja u SOWW sa 10 %

v/V HRF
Stretching frequency, cm™’
Dried aqueous Protective film funct?{)?lrell?zsroups
extract of HRF formed on mild
steel surface
3423.09 3382.19 -OH stretching
2924.60 2925.10 -CH stretching
2855.20 - -CH stretching
1637.75 1629.76 ;fgé ﬁ;g’
1385.94 1454.39 -CH bending
1244.85 - C-0O stretching
1069.75 1022.37 C-O-C stretching
899.80 872.82 CH “oop”
668.44 688.46 CH “oop”
- 469.70 y-Fe203
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The C-H bending frequency has shifted from
1385.94 cm' to 1454.39 cm'. The frequency
1244.85 cm™' for C-O group is disappeared. The C-
O-C stretching frequency has shifted from 1069.75
cm™ to 1022.37 cm'. The peak C-H “oop” bending
shifted from 899.80 cm-" to 872.82 cm-" and 618.11
cm™ to 694.82 cm'. The new absorption band at

469.70 cm™ probably originates from the Fe2*-
Hibiscus rosa-sinensis flower complex formation.
This shows that due to interaction between the
metal and the active constituents present in the
flower extract, there is a change in the chemical
nature of the active constituents [33, 34].

e Dried aqueous extract of HRF
= 3854.660m]
&0
7o
H ==
2 =
S 2924.60cm!
40
30
o
3423.09cmr'!
10
-EEEE 3500 3000 =00 prans 1500 1000 SO0 40

Wavenumber, cm!

Figure 8. FTIR spectrum of dried aqueous extract of pure inhibitor (HRF)

Slika 8. FTIR spektar osuSenog vodenog ekstrakta cistog inhibitora (HRF)

/"'9*5 10cm!
- 3382.19cm!

% T

= S 82
. 154.39cm! 1022.37cm !

Protective film formed on MS

469 Them™!

1629.T6cm™) 688.46cm!

amu =m -] =m

Wavenumber, cm!

o] =m o =o am

Figure 9. FTIR spectrum of scratched film from the mild steel surface after immersion in SOWW with 10 %
v/v aqueous extract of inhibitor (HRF)

Slika 9. FTIR spektar izgrebanog filma sa povrSine mekog ¢elika nakon potapanja u SOWW sa 10% v/v
vodenog ekstrakta inhibitora (HRF)

Analysis of SEM studies

SEM image is employed in the analysis of
surface morphology of the specimen. The SEM
images of MS in various environments are shown
in Figure 10. The SEM image of polished MS is
given in Figure 10a. The SEM image of polished

MS immersed in SOWW is shown in Figure 10b.
The SEM image of the MS immersed in SOWW in
presence of inhibitor HRF are given in Figure 10c.
The SEM images of polished MS are appeared to
be smooth. The SEM image of the MS in SOWW
environment is seemed to be rough. The noticeable
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cavities are present on the MS surface. The SEM
image of the MS in SOWW and inhibitor (HRF) are
appeared to be significantly smooth than in the
SOWW medium. Thus the SEM study reveals the

MS surface is protected by the formation of non-
porous smooth thin film in the presence of inhibitor
(HRF)[35].
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WD= 70mm

Signal A= SE1
Mag= 500X

Date :29 Feb 2020
Time *13:30-49

ZEISK|

Date 4 Jan 2021
Time :10.37.30

EHT= 1500 kV
WD= $.5mm

Signal A= SE1
Mag= 500X

Signal A= SE1
Mag= 500X

EHT = 15.00 ki
Wo = 8.0mm

"‘fi'\
Date :29 Feb 2020
Time :13:25:06

Figure 10. SEM micrographs of (a) Polished MS (b) MS immersed in SOWW (c) MS immersed in SOWW
with 10 % v/v aqueous extract of HRF

Slika 10. SEM mikrografije (a) Poliranog MS (b) MS uronjenog u SOWW (c) MS uronjenog u SOWW
sa 10% v/v vodenog ekstrakta HRF

Mechanism of corrosion inhibition

The extract of the flower contains many che-
mical constituents such as cyanidin, quercetin,
hentriacontane, calcium oxalate, thiamine, ribofla-
vin, niacin and ascorbic acidsThey adsorbed on the
metal surface and form protective film on the metal
surface and thus corrosion is controlled [36].

4. CONCLUSION

The following conclusions can be obtained from
the results.
The weight loss method reveals that 82 %
inhibition efficiency is observed in controlling
corrosion of mild steel in simulated oil well
water containing corrosion of an aqueous
extract of Hibiscus rosa-sinensis flower.

Potentiodynamic polarization study shows that
mixed type of inhibitor.
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e AC impedance spectra reveal that protective

film is formed on the metal surface.

The presence of active principle component in
the aqueous extract of HRF has been
confirmed by FTIR spectra.

The smoothness of the metal surface has been
studied by SEM.
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1ZVOD

INHIBICIJA KOROZIJE MEKOG CELIKA U SIMULIRANOJ VODI IZ BUNARA
VODENIM EKSTRAKTOM CVETA Hibiscus rosa-sinensis

Vodeni ekstrakt cveta Hibiscus rosa-sinensis (HRF) kori§¢en je kao inhibitor korozije u kontroli
korozije mekog c¢elika u simuliranoj vodi iz bunara (SOWW). Metoda gubitka teZine otkriva da 10%
v/v ekstrakta nudi 82% efikasnost inhibicije (IE) za SOWW uronjen u meki celik (MS). Mehanisticki
aspekti inhibicije korozije su istraZzeni prouCavanjem polarizacije i spektra impedanse naizmeni¢ne
struje. Studija polarizacije otkriva da je meSouviti tip inhibitora u prisustvu inhibitornog sistema.
Efekat inhibicie korozije je potvrden povecanjem vrednosti otpora linearne polarizacije i
smanjenjem vrednosti struje korozije. Zastitni sloj koji se formira na povrSini metala potvrduju
spektri impedanse naizmenicne struje. Ovo potvrduje Cinjenica da dolazi do povecanja vrednosti
ofpora prenosa naelektrisanja i smanjenja vrednosti kapacitivnosti dvostrukog sloja. Adsorpcija
molekula inhibitora je podredena Langmuir-ovoj adsorpcionoj izotermi. Zastitni premaz karakteriSe
FTIR spektroskopija. To potvrduje da je inhibitor koordinirao sa jonima gvoZda na povrSini metala
preko aktivne komponente b-sitosterola, kvercetina i kempferola-3-ksilozilglukozida. Morfologija
povrsine je ispitana skeniraju¢im elektronskim mikroskopom (SEM). Dakle, vodeni ekstrakt cveta
Hibiscus rosa-sinensis sa simuliranom vodom iz bunara ima dobar korozivni inhibitivni efekat na
cevovode od mekog celika.

Kljuéne reci: Hibiscus rosa-sinensis, simulirana naftna bu$otina, meki &elik, inhibicija korozije,
morfologija povrSine, SEM.
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Confrontation of linear versus nonlinear approach in Fe2B boride

layer thickness predictions

ABSTRACT

Kinetic studies of boride layers focus on trying to accurately predict their thicknesses according to
some variables using different approaches. In this paper, an approach that is reliant on a
multilinear regression is investigated. In doing so, with an engineering perspective, temperature T
and time t are used as the sole variables in predicting a boride layer thickness u. The approach
uses experimental data from a boriding process performed on iron substrates of the XC38 steel. A
comparison between the proposed linear model and a nonlinear one is seen afterward to
scrutinize the results. That nonlinear approach is known as the diffusion model and is based on
Fick’'s second law, where it uses more variables than the linear approach to estimate its
predictions. Ultimately, the comparison elucidated that the use of a linear regression-based model
can be an accurate engineering tool to identify boride layer thicknesses, but without interpolating
the results outside the scope of the studied interval.

Keywords: Multilinear regression / Linear regression / Boriding / Boride layer / Boron.

1. INTRODUCTION

Different hardening processes have been
envisaged since the revolution of industrial
machining. These processes focus on surface
treatments of tools and parts, enhancing wear
resistance during use to further prolong lifespan.
Nitriding, carbonizing, chromium plating, thermal
spraying, chemical vapor deposition or physical
vapor deposition coatings are some known
processes. Boriding is one such process where
significant advantages of mechanical properties are
reached [1 - 3].

Boriding is widely spread over diverse fields
like fittings, gear transmissions, milling and crus-
hing technologies, extrusion techniques, stamping,
tools, renewable energies, and others [4,5]. The
process is also known as boronizing or boron
coating, a thermo-chemical treatment carried out in
solid, liquid or gaseous media, hence the naming of
the processes. E.g., gas boriding, paste boriding,
powder pack boriding process or others [1,5,6].
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The most common one is the latter, and it is
done by immersing parts in a boriding agent, where
there are different boron sources (B4C, amorphous
boron, ferroboron), activators (NaBFs4, KBF4,
NH4Cl, Na2COs3, NiO) and diluents (SiC, SiOo,
SisN4, Al203), then sealing them in a heat resistant
steel furnace [5,7]. During the process, intermetallic
compounds are formed between the boron and
other elements, for instance, iron, chromium,
nickel, vanadium, cobalt, molybdenum, tungsten,
and titanium [8], depending upon the material
processed. Borided materials range from cast iron,
cast steel, and most steel grades to nickel-based
alloys and specific materials such as stellite, except
silicon and aluminum [9].

Each boriding process is founded upon the
diffusion of boron atoms at high temperatures
during a time period, resulting in either a
monophase layer or a multiphase one [10,11]. This
particular layer has multiple valuable properties,
increased resistance to wear from abrasions [12],
acids [13], oxidations [14], corrosions [15], erosions
[16], and adhesions by decreasing friction [17,18].
Depending on the base material and other aspects,
it also increases hardness to about 1000 or 2600
HV and even higher [19,20]. All those factors
expand the service life of parts by improving their
degradation resistance [21].
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Throughout the advancement of research and
the increase of its expenditure, modeling the
kinetics of that boride layer became predominantly
essential. Doing so demanded the characterization
of the required variables to predict the boride layer
thickness with less cost and fewer experiments.
Specific models were developed by researchers,
and further investigations were carried out. Presen-
ting a few, the parabolic growth law model [22], the
alternative diffusion model [23], the Dybkov model
[24], the integral model [25,26] and the diffusion
model that is based on the second law of Fick [26-
30]. All these models are nonlinear and have a
common goal: to analyze the diffusion data by
studying the kinetics of boride layer thicknesses.

In this study, data of a boronized XC38 steel
substrate [28] is explored through an attempt to
predict the growth of the Fe2B boride layer
thickness u with a linear-based model that uses
engineering lenses, hence, needing the least
variables possible, temperature T and time t. After
getting the predicted results, they are compared
with a nonlinear model presented by Mebarek et al.
in previous research, the diffusion model [28]. This
comparison allows us to see if not taking other
variables, such as incubation time ¢,, boron

Table 1. Composition of the XC38 steel samples
Tabela 1. Sastav uzoraka od ¢elika XC38

concentrations C and the diffusion coefficients D,
into account can mislead or falsify predictions.

Primarily, the study begins by developing the
theories that support both the nonlinear model of
Mebarek et al. [28] and the proposed linear model.
After that, calculating and illustrating the results,
then comparing each model’s results by assessing
their errors with the experimental data. The
purpose is to ascertain if using engineering lenses
via a linear model can be considered in the studies
of Fe2B boride layer kinetics due to it needing fewer
variables, thus, ease of use.

2. EXPERIMENTAL DATA

The linear approach can be of use from an
engineering point of view and is validated through
comparison with another nonlinear approach, the
diffusion model, published previously by Mebarek
et al. [27]. Both approaches use the same
experiment results obtained from boronizing
substrates of XC38 steel [29]. Moreover, the
samples’ composition is given in Table 1, and the
thermochemical boriding experiments were carried
out in liquid mediums composed of borax
(Naz2B4O7) and 30 wt. % silicon carbide (SiC).

Elements C Cr Cu

Co Si Mn Fe

[wt. %] ~0.38 <0.1 <0.05

=0.045

=0.17 =0.34 =0.67 balance

The experiments were performed at three
different temperatures, 850, 950 and 1000 °C with
three treatment times, two, four and six hours.

160 T
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O 850 °C
<
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Figure 1. Boriding XC38 steel from 2 to 6 h on 850,
950 and 1000 °C

Slika 1. Boronizacija ¢elika XC38 u trajanju od 2 do
6 h na temperaturi 850, 950 i 1000 °C

By observations under an optical and electron
microscope with sweeping, Fe2B boride genesis
was observed and different layer thicknesses were
obtained depending on temperatures and treatment
times, as illustrated in Figure 1.

3. MODELS

Diffusion model

The diffusion model is nonlinear and uses an
approach presented by Mebarek et al. [28]. It is
based on the equation of Fick used on semi-infinite
media where different equations are summoned in
order to characterize the growth rate constant k
with  which the model is established from
experimental data. The boron concentration profile
is illustrated in Figure 2, and described by the
diffusion equation (1), the second law given by
Fick.

=D (1)

at L gx2
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As all models have assumptions, this model's
assumptions are given as follows:

e The flow of boron atoms is perpendicular to the
sample surface, and the interface runs parallel
to the sample surface.

e The growth of the position of the interface
according to time is parabolic.

e The borided layer is thin compared to the
thickness of the sample.

e The porosity effect does not exist on the
surface of the material.

e The borided layer FezB is formed instantly and
immediately covers the surface (inexistence of
the incubation time t,).

e The diffusion coefficient
composition.

is constant with

Cg(x, B, wt.%

ngs -k Mcubation
time
S/FeyB
Cs

CF22B/IV_FE :‘.-M' ‘‘‘‘‘ —=
B Q
H
Qe

Fe,B ri;l 3| Substrate
%]
3
Cg—Fe/FezB )
o dx=diu
0 X, um
x =1, = g
F xX=u+du

Figure 2. Boron concentration throughout the Fe.B
boride layer thickness

Slika 2. Koncentracija bora u celoj debljini sloja
Fe2>B borida

The general solution of the first given equation
for each phase i (Fe2B and y-Fe) is given as
equation (2) which characterizes the general
concentration equation:

Ci(x,t) = A; + Bierf (2\/’;_1.) (2)

where

A; and B; constants

erf Gaussian error function
x boride layer thickness

The boride layer thickness u is simulated via a
parabolic law of time t and the growth rate constant
k whose value is unknown, as given in equation

(3).
Ugim = kAt (3)

The Boundary conditions of the study are:
At initial conditions and limits

C(x,0) =0,
c(0,t) = c5/Fe",
C(oo,t) = 0.

At interface

FeyzB—Fe
CFezB(usim' t) = CB )

_ pY-—Fe/Fe;B
Cy—Fe(usiml t) - CB /e

where
c3/Fe2 at the sample surface

Fe;B/y—F
che2B/Y=F and

—Fe/Fe;B
ct
B

in the interface of Fe2B and y-Fe.

Using equations (2), (3) and the boundary
conditions, the concentrations of each phase i
(Fe2B and y-Fe), are reached as follows:

Cre,p(x,t) = C;/FezB +

+ C;‘ezB/y—Fe_CS/FezB
erf k
2 |DFe,B
y—-Fe/Fe;B x
— B _
Cy-re(x, 1) = ( >erf ¢ (2 Dy_pet) (5

erfc k
2 |Dy—Fe

The mass balance equation for the Fe2B/y-Fe
interface is derived from the literature, equation (6):

erf (5 4

: )
DFe,Bt

dugim

w
dt

= A]x:usim (6)
where
1 _
W = E(Cg/FeZB _ Cg‘ezB/y Fe)
+(C;‘e28/y—Fe _ C;/—Fe/FezB)

A]x:usim = (]il _]iz)x=u5im

aCl-(x,t)

Ji=—Di—~

J; represents the flow.

Using equations (3), (4) and (5) within equation
(6) and by rearranging it, only the growth rate
constant k remains as the sole non determined
variable, as in equation (7):
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fl) =25+

The rest of the parameters of equation (7) are:
temperature T, treatment time t and activation
energy Q found in the boron diffusivity D in each
phase i and its concentration C. These parameters
can be determined.

2 i
S/FesB _ Fe B/y—Fe " 4Dpe B>
(C 2 2 ) /—DFez 2
erf(

+ (CgezB/y—Fe . C};_Fe/FezB) Dy—Fe

2 DFEZB) (7)

e For the Fe2B phase, an estimation of the
diffusivity of boron D in it has been attained
through the Arrhenius relation for the diffusion
process, equation (8):

u? = Dyt exp (— %) (8)

85T

N
w»
T

2 Ln(u) [um]

o
wn
T

-2.5e4 (1/T) + 28

¢ 1000 °C

0 950 °C
O 850 °C

i L L

5.5 . *
78 8 8.2

Reciprocal temperature (1/T) [1/K]

8.4 86 88 9
<1074

Figure 3. Reciprocal temperature dependence of the boride layer thickness formed after 2 h

Slika 3. Zavisnost debljine boridnog sloja formiranog nakon 2 h od vrednosti reciprocne temperature

By linearizing the equation (8) and plotting it
using 2 h of treatment time from experimental data
as of Figure 3, the activation energy Q was
deduced as 207.8 kj.

Thus, a diffusivity of boron in the Fe2B phase
was attained as:

207.8-103 -
RT [mes™]

Dge,p = 1.388-107* exp <—

100

e For the y-Fe phase, the diffusion coefficient
found in reference [30] was used.

91.51 - 10°
7) [m?s™]

Dy_p, =44-10"% exp (— o7

e As for the concentrations, they were taken from
references [31] and [32].

chePlvre = 883 wt. %

cyrelfeB — 35.10~* wt. %
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Incorporating  all  previously determined
parameters into equation (7) and through nonlinear
solving methods such as Newton-Raphson’s
numerical method by finding its root, in other terms,

solving f(k) = 0, a positive value of the growth rate
constant k can be determined. The calculated
growth rate constant k is given in Table 2.

Table 2. Evolution of the calculated growth rate constant according to temperature

Tabela 2. Zavisnost izracunate konstante brzine rasta od temperature

T [°C] 750 800 850

900

950

1000

1050

k[ums V2] 0.1481 0.2275

0.3365

0.4800

0.6672

0.9037

1.1960

After having the growth rate constant k values,
the approach of Mebarek et al. [28] proceeds to
overcome the last assumption made earlier about
the incubation time t, by exploiting a mathematical
term that simulates it (incubation time), equation
(9), using the difference between the simulated
boride layer thickness ug;,,, and the experimental
data uey,.

Table 3 gives the values gotten of that
simulated incubation time.

Table 3. The simulated incubation time values.

Tabela 3. Simulirane vrednosti vremena inkubacije.

] t [h]
rra 2 4 6
to [s] 850 217.39 | 320.19 | 389.96
950 65.56 | 14.07 | 6.35
1000 5.27 022 | 2567

After that, a unitless parameter was added to
predict the boride layer thickness [28]. This
parameter is identified as B(T) and helps in taking
the incubation time t, into consideration after
estimating it depending on the temperature T as

2
__ [Usim—Uexp
to(t, T) = ( k ) (%) illustrated in Figure 4. Its equation (10) is given as:
B(T) =1—./ty/t (10)
14| O 1om0°c B(T)=0.0012 T+02 -
O 950 °C : *
o)
0.95
- 09
@
0.85
0.8
840 860 880 900 920 940 960 980 1000
T[°C]
Figure 4. Evolution of parameter B in accordance with temperatures of 2 h
Slika 4. Zavisnost parametra B od temperature nakon 2 h
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In the end, the equation (11) was used in this
approach’s predictions:

up = kBt (11)

Linear model

The proposed linear model utilizes a multilinear
regression, also called multiple linear regression.
Regressions are statistical techniques that employ
numerous independent variables to forecast or
determine the value of a dependent variable. lts

general equation (12) is found in multiple
literatures, such as [33]:
Yy = Bo + Brx1 + Box; +"'+ﬁpxp t+e (12)

where

y the dependent or predicted variable
X1 X ... X, the independent variables
Bo B1 B2 ... B, regression coefficients
¢ the model’s error term (residual)

The multilinear regression is based on certain

assumptions [34, 35]:

e Dependent and independent variables must
have linear relationships.

¢ Non-collinearity; the independent variables are
not highly correlated with each other.

e The variance of the residuals is constant.

¢ Independence of observation.

e Multivariate normality.

In this studied case, there are two variables,
temperature and time. Thus, the equation (12)
becomes equation (13):

y=Po+ Prx1 +Brx, + ¢

These two variables have a nonlinear
relationship, which doesn’t satisfy the earlier
assumptions. Furthermore, advanced multilinear
regressions can overcome this issue by adding an
interaction term [35] to the equation (13) between
variables with nonlinear relationships. Resulting in
a model having independent variables and an

(13)

interaction term that adjusts the nonlinear
relationship as in equation (14):
Y = Bo+ Bixy + Baxz + Paxix; + € (14)

where
x,x, represent the interaction term

4. COMPUTATIONS

The first nonlinear approach’s calculations
were done in reference [28]. Hence, this section is
dedicated to the second one, the proposed linear
model, the advanced multilinear regression.

102

Equating the boride layer thickness

Utilizing the equation (14) of the multilinear
regression model, our approach’s equation (15)
becomes as follows:

wi(T;, ;) = Bo + BiTi + Bty + B3Tit;

where

i represents the data points

u is the predicted boride layer thickness

T and t are the independent variables of
temperature and time

Bo B1 B2 Bs are the regression coefficients

This equation (15) is applied to all nine

experimental data points given in Figure 1 gives
nine equations.

(15)

Forming the matrixial system

The nine equations obtained from equation (15)
are rewritten in a matrixial form, equation (16), for
computing purposes [36] in order to facilitate
calculations by using an automated computation
that calculates any data.

U=XPB (16)
where
U=[u]

X=[1T ¢ Tit;]

Bo
s
F=4,

8,

i =1 :n while n represents the number of data
points

U a vector column of the data boride layer
thicknesses u

X a (n x 4) matrix of the independent variables
and the interaction term

B a vector column of the regression coefficients

Resolving the system

The resolution of the matrixial system gives the
regression coefficients and can either be done via
a computing platform or mathematically [37] with
the formula below:

B=XX)tX'U (17)

After resolution, the obtained regression

coefficients are given in Table 4.
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Table 4. The obtained regression coefficients of the

linear model
Tabela 4. Dobijeni koeficijenti regresije za linearni
model
Coefficients Bo B1 B2 Bs
[1073] -199000 | 245.2381] -46875 | 60.7143

Establishing the linear model

In the end, through the multilinear regression,
the equation (18) of the linear approach is attained
and helps to determine the boride layer thickness u
depending upon any given temperature T in °C and
time t by hours.

u, (T, t) = Bo + BT + Bot + B3Tt (18)
where
u, represents the boride layer thickness

predicted using the regression

Assessing the errors

The comparison of the results was conducted
using residuals, the mean absolute error (MAE) as

of equation (19), the standard error of the estimate
(SEE), equation (20) and the minimal and maximal
errors.

1 —
MAE = ¥ | u; — @ | (19)
n . —37)2
SEE = =iz B (20)
n-—-2
where

u; denotes the predicted value
u the actual value
n the number of predictions

5. RESULTS AND DISCUSSIONS

Predicted boride layer thickness

The boride layer thickness’s predictions u,,,.
were done initially via the diffusion model u, then
via the equation (18) attained after using the
multilinear regression u,. The results are given in
Figure 5 and detailed in Table 5.
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Figure 5. Predicted Fe,B boride layer thickne
Slika 5. Predvidene debljine sloja Fe>B bo

Figure 5 elucidates that the accuracy of the
linear model before 2 h and after 6 h of treatment
time is questionable, especially at the beginning of
the experiment (0 h), where it is seen that they are
unreasonable, having a boride thickness without
even beginning the experiment.
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sses of each model (Diffusion and Linear)

rida za oba modela (difuzioni i linearni)

Due to such observations, the results of the
multilinear regression should not be considered if
outside the scope of the studied interval, which was
from 2 to 6 hours of treatment time.
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Table 5. Predicted Fe2B boride layer thicknesses values of each model (Diffusion and Linear)

Tabela 5. Predvidene vrednosti debljine sloja borida Fe,B za oba modela (difuzioni i linearni)

Upre T t[h] .
[”"m] rel B 7 e Residuals
850 23.41 33.11 40.55 3.41 3.1 2.55
up 950 53.22 75.26 92.17 3.22 -1.74 -3.83
1000 76.68 108.44 132.82 2.18 0.44 4.82
850 18.92 28.38 37.85 -1.08 -1.62 -0.15
u; 950 55.58 77.19 98.80 5.58 0.19 2.80
1000 73.92 101.60 129.27 -0.58 -6.40 1.27

Nonetheless, as detailed in Table 5, even
though the results of the multilinear regression
aren’t like those of the diffusion model, compared
to the experimental data, they were more accurate
in seven out of nine predictions. Subsequently, the
approach can be conceivable in predicting boride
layer thicknesses.

Comparing models

To better understand the accuracy of both
approaches, a comparison between both
predictions is made with what has been stated in
the assessing errors section. The error
comparisons were arranged in Table 6.

Ascertaining the results with known error
formulas makes it clearer to see the accuracy of
both models. Ending up with what's stated in Table
6, an insignificant difference of 0.04 between them
in the standard error of the estimate (SEE) and a
favorable mean absolute error (MAE) for the linear
model over the nonlinear one by 0.62. The other

differences concerning the minimal and maximal
errors differed insignificantly by 0.29 and 1.58,
respectively.

Table 6. Prediction errors of each model (Diffusion
and Linear)

Tabela 6. GreSke predvidanja za oba modela
(difuzioni i linearni)

up u
MAE 2.81 219
SEE 3.46 3.50

Min Err 0.44 0.15

Max Err 4.82 6.40

140
b ucxp
. v, MAE
120 1 o
-ULMAE

100

Uy (M)

t(h]

Figure 6. The mean absolute error (MAE) scope in each point for both models

Slika 6. Opseg srednje apsolutne greske (MAE) u svakoj tacki za oba modela
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To further see the meaning of the mean
absolute error (MAE), equation (19), in both
models, Figure 6 was established illustrating the
scope of error according to it for each model on all
nine predicted points, and it is observed that the
nonlinear model had five over nine predictions out
of the scope but nearing it, while the linear model

had only three with two being quite far of the scope
indicating that the nonlinear model is slightly more
accurate but considering that the linear one uses
lesser variables and doesn't consider the
incubation time t,, it can be said that it is still
relatively precise in its other predictions.

Residuals [um]
o

-uoeso*’c -uL 850°C
-uD 950°C -uL 950°C

u,1000°C u, 1000°C 4
B, . A

1 1 1

1 2 3

4 5 6 7

t [h]

Figure 7. Predictions’ residuals on both models

Slika 7. Odstupanja od predvidenih vrednosti za oba modela

Similar to Table 5, Figure 7 efficiently illustrates
the resulted residuals from each model's
predictions, where it is seen that; the linear model
did poorly on two predictions, 4 and 6 h of
treatment time at 850 and 950 °C respectively.
Nevertheless, it did predict all seven other
predictions greater than the nonlinear model
(diffusion model).

Additionally, having more negative residuals is
better than positive ones because predicting a
layer thickness less than its actual value is favored,
and that was seen with the linear model contrary to
the nonlinear one that had seven out of nine
positive residuals, which is detrimental in certain
boride layer thicknesses use cases.

With these insignificant differences and such
low residuals and errors obtained, it can be stated

ZASTITA MATERIJALA 65 (2024) broj 1

that both approaches were quite nearing
experimental data, making them both comparable
and valid models in determining the Fe2B boride
layer thickness.

Iso-thickness diagram

Equation (18), plotted three-dimensionally,
displays the obtained predictions of the boride layer
thickness u; as a function of temperature T and
time t as a surface plot graphic, Figure 8.

Figure 8 wunravels that the influence of
temperature is more significant than that of time in
the growth of the boride layer thickness.
Nevertheless, to better grasp and identify the given
predictions from that graphic, they are re-illustrated
in Figure 9 as a two-dimensional plot renowned as
the iso-thickness diagram.
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Figure 8. Three-dimensional predictions of the boride layer thickness by temperature and time

Slika 8. Trodimenzionalni prikaz predvidanja debljine boridnog sloja u zavisnosti od temperature i vriemena
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Figure 9. Iso-thickness diagram relating the boride layer thickness to the boriding parameters using the
linear model

Slika 9. Dijagram izo-debljine kod linearnog modela koji povezuje debljinu boridnog sloja sa parametrima
boronizacije

Table 7. Difference between graphical predictions
and calculated ones

Tabela 7. Razlike izmedu grafickih predvidanja i
izradunatih vrednosti

Temperature [°C] 850 850 1000
Time [h] 2 3 5
up [um] 23.41 28.68 121.24
Calculated u; [um] 18.92 | 23.65 115.43
Graphical u; [um] 19 24 115

106

Other predictions of the boride layer thickness
were estimated at 2, 3 and 5 h with a temperature
of 850, 850 and 1000 °C, respectively. The results
are encircled in the iso-thickness diagram within
Figure 8 and given in Table 7.

As seen in Table 7, the boride layer thickness
can be taken instantly graphically by means of the
iso-thickness diagram, with a prediction of near 24
um for a boriding done with 850 °C for 3 hours,
which is found if calculated using the linear
regression model's equation (18) as 23.65 um.
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Consequently, the iso-thickness diagram is a
valuable tool to instantly determine the temperature
T and the treatment time t needed for any desired
boride layer thickness u while considering the
reading errors.

Alternatively, the same point predicted using
the diffusion model, equation (11), gives a boride
layer thickness of 28.68 um, which is higher than
what is predicted by the linear model (23.65 um)
but may highly be a higher value than what the
actual one might be, and that is from the fact that
was discovered in advance (the diffusion model
has nearly all predictions over the actual
experimental values), so it can therefore be
assumed that the actual value may be close to one
of them or may be between the predicted values of
both models. Given the above, it can be supposed
that the two models, linear and nonlinear, are
relatively comparable.

6. CONCLUSION

With only two variables from experimental data
(temperature and time), a linear-based model has
been developed using an advanced multilinear
regression, which gave advantageous estimations,
making it, from an engineering point of view, a
viable approach for Fe2B boride layer thickness
predictions.

Interpolating the predictions of a linear
regression beyond the interval of the data sets may
lead to detrimental predictions as interpreted, but
conversely, exploiting them in the studied interval
gave us predictions as accurate as the diffusion
model, which was nonlinear and used more
variables.

Even though nonlinear models have their
advantages in the determination of other factors
since they depend on numerous variables,
sometimes simplifying things with a linear model
can be convenient when the expenses of the
research are limited, but keeping in mind that it is
more on the practical side than that of a scientifical
one.

One of the advantages of the linear model over
the nonlinear one is that it often gives predictions
that are nearer or inferior to the actual value, and
that’s favorable when it comes to predicting a layer
thickness since expecting less and getting more is
beneficial in the end, contrary to predicting a
certain thickness and ending up with less which
was more the case of the nonlinear model

An iso-thickness diagram is established to
instantly identify the temperature and the treatment

ZASTITA MATERIJALA 65 (2024) broj 1

time required or convenient for any desired Fe2B
boride layer thickness.

While the results are representative of this
specific experimental process mentioned and can’t
be extrapolated on other processes, it was
determined that the approach is valid and further
studies with it can be carried out on other
substrates. Moreover, its potential regarding the
kinetics of dual-phased boride layer (FeB and
Fe2B) is to be investigated.
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1ZVOD

POREDENJE LINEARNOG | NELINEARNOG PRISTUPA ZA PREDVIDANJE
DEBLJINA Fe.B BORIDNIH SLOJEVA

Kineticka ispitivanja boridnih slojeva su usmerena na poku$aje tacnog predvidanja debljine tih
slojeva primenom nekih promenljivih uz koris¢enje razlicitih pristupa. U ovom radu su primenjeni
pristupi koji se zasnivaju na multilinearnoj regresiji. Pri tome, temperatura T i vreme t su jedine
promenljive koje su koriS¢ene u predvidanju debljine sloja borida u, $to je zna¢ajno sa inZenjerske
tacke gledista. Navedeni pristupi koriste eksperimentalne podatke iz procesa boriranja koji je
izveden na uzorcima od Celika XC38. Uradeno je poredenje linearnog i nelinearnog modela da bi
se odredila valjanost rezultata predvidanja. Nelinearni pristup je poznat kao model difuzije i
zasnovan je na drugom Fikovom zakonu. Taj pristup koristi viSe promenljivih od linearnog pristupa
za procenu debljine boriranog sloja. Kao zakljuCak, izvrSeno poredenje je pokazalo da model
zasnovanog na linearnoj regresiji mozZe biti pouzdan inZenjerski alat za odredivanje debljine
boridnih slojeva, bez ekstrapolacije rezultata izvan proucavanog opsega.

Kljucne rijeci: Multilinearna regresija / Linearna regresija / boronizacija / Boridni sloj / Bor
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Electrochemical activities of Ni-Ti alloy in artificial blood plasma
with Trigonella foenum graecum seeds

ABSTRACT

An investigation of the electrochemical behaviour of Ni-Ti alloy when exposed to artificial blood
plasma (ABP) in the presence of 0.1 and 0.5 ppm of Trigonella foenum graecum (TFG) seeds for
1, 10, 20, and 30 days. Studies on AC impedance and polarisation have shown that a protective
coating forms on the metal surface while inhibiting corrosion. The protective film has formed on
the Ni-Ti implant alloy surface, the linear polarization resistance increased (LPR), and the
corrosion current value (l.or) decreased. The charge transfer resistant value (R«) and impedance
value increase and the double-layer capacitance value decrease.The protective layers
morphology and the elemental composition were analyzed by SEM/EDAX.The property of the
protective film on the Ni-Ti alloy has been examined by atomic force microscope. The X-ray

diffraction analysis has confirmed the nature of the apatite. The corrosion inhibition efficiency of
Ni-Ti alloy in ABP in the presence of TFG seeds at various concentrations for different times was

improved and protected.

Keywords:Nickel-titanium, AFM, protective film, Nyquist plots, Bode plots

1. INTRODUCTION

Nickel-Titanium alloy, known as nitinol, has
been wused in orthopedic and orthodontic
applications because of its attractiveness and
exceptional properties. It possesses super elasticity
and shape memory effect. Due to its excellent
biocompatibility, which is comparable with that of
Ti, along with shape memory and super elasticity
properties, Ni-Ti alloy draws more attention in
biomedical applications than other metallic
constituents [1]. The Ni-Ti SMAs are among the
most popular SMAs for biomedical applications,
including stents or medical and dental wires, due to
the relative ease of formability and improved
fracture and fatigue resistance compared with other
commercial shape memory alloys [2]. The Ni-Ti
alloys in the medical field provide significant
advantages and new treatment options in various
medical cases.

*Corresponding author: Annamalai Selvam

E-mail: selvamchemist@gmail.com

Paper received: 25. 09. 2023.

Paper accepted: 25. 10. 2023.

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

However, metallic ion release, particularly Ni
release, still requires a more profound under-
standing for improved safety and biocompatibility of
this class of alloys in the human body, especially
for long-term treatments. The Ni release occurs as
a result of the interaction of the alloy with tissue or
body fluids. It depends on the alloy type, tissue or
body fluid surrounding it, and the type and
morphology of the possible oxide layers forming on
the alloy. Each parameter affects how the alloy's
chemical, mechanical, and surface properties
change within the body, affecting the materials
biocompatibility. Among these parameters, passive
oxide layer formation is more critical in affecting the
Ni release. Compared to Ni, Ti is chemically a more
reactive metal and can easily segregate at the
surface and form an oxide layer when exposed to
atmospheric or aqueous conditions. Ti can form
various oxides, including TiO, Ti2O3, and TiO2
[3,4].The various metals and alloys have been
used as biomaterials whose corrosion resistance
has been investigated in artificial body fluids,
various metals, and alloys such as Co-Cr-Mo alloys
[5, 6], Cr-Ni stainless steel, Cr-Ni-Mo stainless
steel [7]. According to reports, fenugreek has
hypocholesterolemic, anti-diabetic, anti-cancer,

110 ZASTITA MATERIJALA 65 (2024) broj 1


https://doi.org/10.62638/ZasMat1004
mailto:E-mail:%20susairajendran@gmail.com
mailto:selvamchemist@gmail.com
http://www.idk.org.rs/journal

A. Selvam et al.

Electrochemical activities of Ni-Ti alloy in artificial blood plasma with ...

anti-microbial, and anti-parasitic properties [8]. The
production of therapeutic medicines is due to the
many compounds in fenugreek seeds and leaves.

In general, fenugreek contains three important
constituents with medicinal value: (i) 4-hydroxy
isoleucine, (ii) galactomannans, and (iii) steroidal
saponins. These constituents have placed
fenugreek among the most commonly recognized
'nutraceutical’ or health food products [9]. The TFG
seeds are helpful in heart disease and aphrodisiac
and as a galactagogue promoting lactation [10].
Being a natural health product, it can treat and cure
diseases, thus providing medical and health
benefits. It has therefore been regarded as a
possible nutraceutical [11]. This study was
designed to investigate the effect of Ni-Ti alloy in
artificial blood plasma in the presence of TFG
seeds. This study reveals that the intake of TFG
seeds containing  Fenugreekine increases
immunity. The various concentrations of seeds
were prepared, and their inhibition efficiency of
TFG in the artificial blood plasma for 1, 10, 20, and
30 days has been examined by Potentiodynamic
polarization, AC impedance spectroscopy, SEM
analysis, EDAX, AFM, and XRD techniques.

By directly giving some naturally occurring
phytoproducts to diabetic patients to assist in
controlling their blood sugar levels, it is possible to
measure the corrosion activity of metal alloys under
various environments. Trigonella foenum graecum
seeds were employed in this investigation as an
anti-diabetic.

2. MATERIALS AND METHODS

2.1. Materials

The metal specimen, Ni-Ti alloy composition
Ti = 50.1, Ni = 40.2, and C = 9.7 wt. %. The
chemical composition of artificial blood plasma was
prepared in the laboratory, according to PN-EN
ISO 10993-15 standard (g/l distilled water) was
NaCl=6.8, CaCl.=0.2, KCI=0.4, NaH2P04=0.026,
NaHCOs=2.2, Na:HPO4=0.126, MgS04=0.1 [12].
The pH of artificial blood plasma was 7.4, used as
an electrolyte in the electrochemical studies.

The Trigonella foenum graecum seeds were
bought in the local market. The seed powder was
weighed and dissolved in ethanol. Two different
extracts were obtained, namely aqueous and
ethanol extracts [13]. The different concentrations
of these extracts were used for the experiment to
characterize the nutrients which contain the hetero
atoms, and 11 electrons act as suitable inhibitors.

2.2. Methods

A CHI660A workstation model was used in the
electrochemical studies. The Tafel plot was
obtained from potentiodynamic polarization studies

as a potential versus log (i) plot. The corrosion
potential (Ecorr) and corrosion current (lcor) were
deduced from the Tafel plot.

The corrosion current is obtained using the
Stern-Geary equation 1 [14].

Ba xBc (1)

Icorr = 23Ry Baxpy e

where

P= and S are the Tafel slopes of the anodic and
cathodic part of Tafel plot and Rp is polarization
resistance.

A polarization study was utilised to calculate
the linear polarisation resistance (LPR), corrosion
potential (Ecorr), and corrosion current (lcorr) of ABP
in the presence and absence of TFG seeds.

AC impedance spectra were recorded in the
same instrument used for the polarization study,
using the same type of three-electrode cell
assembly.The charge transfer resistance (Rct)
values and double-layer capacitance (Ca) were
calculated. From the results, analyze the protective
film formation on the Ni-Ti alloy surface and know
the systematic aspects of corrosion resistance.
AC impedance was achieved using the
CHIB660A.The impedance were recorded with initial
E (v) = 0; low frequency (Hz) =10; high frequency
(Hz) =1x10°%; amplitude (V) = 0.005 and quit time
(s)=2[15].

2.3. Characterizations

Subsequently, the surface morphology of the
protective film after exposure to ABP in the
presence of TFG seeds of 0.5 ppm was
characterized using SEM spectroscopy.EDAX
spectra were used to accomplish the elemental
composition of the Ni-Ti alloy surface in the
presence and absence of TFG seeds.

However, more definite characterizations of
Ni-Ti alloy surface morphology in the presence of
TFG seeds in ABP solution will be performed with
the use of some new atomic force microscopy and
X-ray diffraction investigations.

3. RESULTS AND DISCUSSION

3.1. Trigonella foenum graecum seeds

TFG seeds were ground into powder and then
defatted by petroleum ether. The different
alkaloids, saponin, and flavonoids are to be found
in TFG, but saponin is to be found to be a high-
level concentration in the TFG [16]. Plant tissue
cultures from seeds grown under optimal
conditions have produced as much as 2%
diosgenin with fewer quantities of gitongenin and
trigogenin. The significant components of TFG
seeds are high carbohydrates, proteins, flavonoids,
alkaloids, saponin, free amino acids, glycosides,
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mucilage, minerals, and much more [17]. Further
investigations have shown its effectiveness in
diminishing blood glucose levels, treating gastric
abnormalities, on lowering cholesterol [18].

3.2. Potentiodynamic polarization study

A polarization study has been used to confirm
the formation of a protective film on the alloy
surface during the corrosion inhibition process. The

protective film is formed on the Ni-Ti alloy surface,
the linear polarization resistance increases (LPR),
and the corrosion current value (lcor) decreases.
Figure 1 to 4 shows the polarization curves of Ni-Ti
alloy exposed in ABP in the absence and presence
of TFG seeds at various concentrations for various
time intervals. (Table 1) embraces the corrosion

parameters, specifically lcorr, Ecorr, and LPR.

Table 1. Results of potentiodynamic polarization measurements for Ni-Ti alloy

Tabela 1. Rezultati merenja potenciodinamiCke polarizacije za Ni-Ti lequru

Davs Allo Svstem Ecorr BC Ba LPR lcorr
y y y mV vs. SCE | mV/decade | mV/decade (Q.cm?) (Alcm?)
ABP -513 137 376 1.8789x108 2.331x10°8
1 Day ABP /TFG 0.1ppm -693 131 386 1.9769x1086 2.230x10°8
ABP /TFG 0.5ppm -618 137 376 2.0478x10° 2.085x10°8
10 ABP -626 150 406 9.0947x10° 5.250%108
Days ABP /TFG 0.1ppm -579 150 270 1.3144x108 3.391x108
Ni-Ti ABP /TFG 0.5ppm -692 160 283 2.5225%10° 1.668x108
20 ABP -494 141 504 5.3967x10° 8.900x108
Days ABP /TFG 0.1ppm -570 148 304 1.4747x108 2.917x108
ABP /TFG 0.5ppm -585 151 284 2.0936x10° 2.073x108
30 ABP -509 149 443 5.0664x10° 9.620x108
Days ABP /TFG 0.1ppm -615 166 286 1.7446x108 2.621x108
ABP /TFG 0.5ppm -786 122 306 2.0997x10° 1.816x108
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Figure 1. Polarization curves of Ni-Ti alloy exposed
in ABP in the absence and presence of TFG seeds
for 1 Day

Slika 1. Polarizacione krive legure Ni-Ti izloZzene
u ABP u odsustvu i prisustvu semena TFG tokom
1 dana
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Figure 2. Polarization curves of Ni-Ti alloy exposed
in ABP in the absence and presence of TFG seeds
for 10 Days

Slika 2. Krive polarizacije legure Ni-Ti izloZene u
ABP u odsustvu i prisustvu TFG semena tokom
10 dana
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Figure 3. Polarization curves of Ni-Ti alloy exposed
in ABP in the absence and presence of TFG seeds
for 20 Days

Slika 3. Polarizacione krive legure Ni-Ti izloZene u
ABP u odsustvu i prisustvu TFG semena tokom

20 dana
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Figure 4. Polarization curves of Ni-Ti alloy exposed
in ABP in the absence and presence of TFG seeds
for 30 Days

Slika 4. Krive polarizacije legure Ni-Ti izloZzene u
ABP u odsustvu i prisustvu TFG semena tokom
30 dana

The Ni-Ti alloy is immersed in ABP in the
absence of TFG seeds for 1 day, the corrosion
potential is -513 mV vs SCE, as shown in
(Table 1). The LPR value is 1.8789%10% ohm.cm2,
and the corrosion current (lcorr) is 2.331%x10-8 A/cm?.
The Tafel slopes (bc =137 mV/decade, ba = 376
mV/decade). Similarly, when the Ni-Ti alloy is
immersed in ABP in the presence of 0.1 ppm and
0.5 ppm of TFG seeds for 1 day, the potential
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corrosion shifts from -513 mV vs. SCE to -693 mV
vs. SCE and -618 mV vs. SCE, as shown in
(Table 1). The LPR value increases from
1.8789%10% ohm.cm? to 1.9769%10% ohm.cm?2 and
2.0478x108 ohm.cm2.The corrosion current (lcorr)
value decreases from 2.331x10% A/cm? to
2.230%10® A/cm? and 2.085x10-% A/cm?. The Tafel
slopes from (b= 137 mV/decade, ba =
376 mV/decade) to (bc = 131 mV/decade, ba = 386
mV/decade) and (bc = 137 mV/decade, ba = 376
mV/decade) indicate that the rate of change of
corrosion current with potential is much higher
during anodic polarisation than during cathodic
polarisation.

The Ni-Ti alloy is immersed in ABP in the
absence of TFG seeds for 10 days, the corrosion
potential is -626 mV vs. SCE, as shown in
(Table 1). The LPR value is 9.094x10% ohm.cm?
and the corrosion current (lcorr) is 5.250x108 A/cm?2.
The Tafel slopes (bc =150 mV/decade, ba = 406
mV/decade).Similarly, when the Ni-Ti alloy is
immersed in ABP in the presence of 0.1 ppm and
0.5 ppm of TFG seeds for 10 days, the potential
corrosion shifts from -626 mV vs. SCE to -579 mV
vs. SCE and -692 mV vs. SCE, as shown in
(Table 1).The LPR value increases from
9.0947x10°5 ohm.cm? to 1.3144x10%® ohm.cm? and
2.5225%10% ohm.cm2.The corrosion current (lcor)
decreases from 5.250x10% A/cm? to 3.391x10°8
A/cm? and 1.668x108 A/cmZ2. The Tafel slopes from
(bc = 150 mV/decade, ba= 406 mV/decade) to
(bc=150 mV/decade, ba=270 mV/decade) and (bc
=160 mV/decade, ba =283 mV/decade) indicate
that the rate of change of corrosion current with
potential is much higher during anodic polarisation
than during cathodic polarisation. An oxide film is
formed on the Ni-Ti alloy surface during anodic
polarisation.

The Ni-Ti alloy is immersed in ABP in the
absence of TFG seeds for 20 days, the corrosion
potential is -494 mV vs. SCE, as shown in
(Table 1).The LPR value is 5.3967x105 ohm.cm2,
and the corrosion current (lcorr) is 8.900x108 A/cm?2.
The Tafel slopes (bc =141 mV/decade, ba =504
mV/decade).Similarly, when the Ni-Ti alloy is
immersed in ABP in the presence of 0.1 ppm and
0.5 ppm of TFG seeds for 20 days, the potential
corrosion shifts from -494 mV vs. SCE to -570 mV
vs. SCE and -585 mV vs. SCE, as shown in
(Table 1).The LPR value increases from
5.3967%x105 ohm.cm? to 1.4743x10% ohm.cm? and
2.0936%10% ohm.cm2. The corrosion current (lcorr)
decreases from 8.900 108 A/cm? to 2.917x108
A/lcm? and 2.073x108 A/cm?. The Tafel slopes from
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(bc =141 mV/decade, ba =504 mV/decade) to (bc
=148 mV/decade, ba =304 mV/decade) and (bc
=151 mV/decade, ba =284 mV/decade) indicate
that the rate of change of corrosion current with
potential is much higher during anodic polarisation
than during cathodic polarisation. An oxide film is
formed on the Ni-Ti alloy surface during anodic
polarisation.

The Ni-Ti alloy is immersed in ABP in the
absence of TFG seeds for 30 days, the corrosion
potential is -509 mV vs. SCE, as shown in
(Table 1). The LPR value is 5.0664x10% ohm.cm?,
and the corrosion current (lcorr) is 9.620%108 A/cm?2.
The Tafel slopes (bc =149 mV/decade, ba = 443
mV/decade). Similarly, when the Ni-Ti alloy is
immersed in ABP in the presence of 0.1 ppm and
0.5 ppm of TFG seeds for 30 days, the potential
corrosion shifts from -509 mV vs. SCE to -615 mV
vs. SCE and -786 mV vs. SCE, as shown in
(Table 1). The LPR value increases from
5.0664x105 ohm.cm? to 1.7446x10% ohm.cm?2 and
2.0997%x10% ohm.cm?. The corrosion current (lcor)
decreases from 9.620x108 A/cm? to 2.621x108
Alcm? and 1.816x108 A/cmZ2. The Tafel slopes from
(bc=149 mV/decade, ba = 443 mV/decade) to
(bc=166 mV/decade, ba =286 mV/decade) and
(bc=122 mV/decade, ba =306 mV/decade) indicate
that the rate of change of corrosion current with
potential is much higher during anodic polarisation
than during cathodic polarisation. An oxide film is
formed on the Ni-Ti alloy surface during anodic
polarisation.

The LPR rises, and the fall in corrosion current
(lcorr) shows that the formation of a protective layer
on the Ni-Ti implant alloy surface blocks the active
sites and inhibits the corrosion, and weakens the
rate of corrosion [19].

It is fascinating to note that the Ni-Ti in the
presence of TFG seeds at 0.1 ppm and 0.5 ppm
concentrations are immersed for 1, 10, 20 and 30
days, the rate of corrosion decreases, and the
corrosion current also decreases, thereby showing
in the LPR and lcorr values. This indicates that a
compelling protective film is formed more on the
alloy surface in the presence of TFG seeds for 30
days.

3.3. Analysis of Alternating Current impedance
spectra

The equivalent circuit diagram of being
immersed in ABP in the presence of 0.1 ppm and
0.5 ppm TFG seed concentrations for 1, 10, 20,
and 30 days have shown in Figure 5 [20, 21]. The
corrosion process is generally inhibited if the phase
angle is greater than 45°.
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Ret
Figure 5. Equivalent circuit diagram
Slika 5. Ekvivalentna $ema kola
Rct = charge transfer resistance,
Ca = double layer capacitance,

C. = capacitance of the coating

The same kind of three-electrode cell assembly
was utilised to record AC impedance spectra on
the identical apparatus that was used for the
polarisation investigation. At different frequencies,
the cell impedance's real part Z' and imaginary part
Z" were measured in ohms. Double layer
capacitance (Ca) and charge transfer resistance
(Rt) values were computed.

Ri=(Rs+R)-Rs ... (2)
where
R:= total resistance
Rs = solution resistance
cdl = S — 3
= om fmarRet e (3)
where

max = maximum frequency

The Ni-Ti alloy is immersed in ABP without
TFG seeds for 1 day, the charge transfer
resistance (Rct) is 90 ohm.cm2.The double layer
capacitance (Cq) is 1.766x108 F/cm? shown in
(Table 2).The impedance value is 3.80 log (Z/ohm),
as shown in (Figure 6(b)).The Bode phase graph
shows the phase angle at 84°. Hence, the
corrosion process is inhibited. When Ni-Ti alloy is
immersed in ABP containing 0.1 ppm and 0.5 ppm
of TFG seeds for 1 day, the Rt value increases
from 90 ohm.cm? to 180 ohm.cm? and 200
ohm.cm?2. The Cq value decreases from 1.766x108
F/cm? to 8.83x10-° F/cm? and 7.8x10° F/cm? shown
in (Table 2).(Nyquist plots). The impedance
increases from 3.80 log (Z/ohm) to 3.85 log
(Z/ohm) and 3.95 log (Z/ohm), as shown in (Figure
6(b)). (Bode plots). The Bode-phase is shown
between 82° and 83°. Hence corrosion is inhibited
(Figure 6(c)).
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Table 2. The fitted results of EIS using an equivalent circuit for the sample Ni-Ti alloy

Tabela 2. Prilagodeni rezultati EIS-a koriséenjem ekvivalentnog kola za uzorak Ni-Ti lequre

Nyquist plot Bode plot
Days | Alloy System Im
2 2 pedance Phase angle
Rei(Q.cm?) Ca(F/ cm?) log(Z/ohm) (degrees)
ABP 90 1.766x108 3.80 84
D;y ABP/TFG 0.1 ppm 180 8.83x10° 3.85 82
ABP /TFG 0.5 ppm 200 7.8x10°° 3.95 83
ABP 80 1.988x108 3.90 85
D;?/s ABP /TFG 0.1 ppm 190 8.37x10° 4.15 80
T ABP /TFG 0.5 ppm 340 4.68x10° 435 65
I-11
ABP 180 8.83x10° 3.95 81
D?a())/s ABP /TFG 0.1 ppm 360 4.42x10° 4.0 84
ABP /TFG 0.5 ppm 380 4.18x10° 4.05 86
ABP 150 1.06x108 3.95 80
D:;())/S ABP /TFG 0.1 ppm 180 8.83x10° 4.20 76
ABP /TFG 0.5 ppm 450 3.533x10° 4.40 84
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Figure 6(a). Nyquist plots of Ni-Ti alloy in ABP in
the absence and presence of 0.1ppm and 0.5 ppm
of TFG seeds for 1 day

Slika 6(a). Najkvistovi dijagrami lequre Ni-Ti u ABP

u odsustvu i prisustvu 0,1ppm i 0,5 ppm semena
TFG tokom 1 dana

Figure 6(b). Bode plots of Ni-Ti alloy in ABP in the
absence and presence of 0.1ppm and 0.5 ppm of
TFG seeds for 1 day

Slika 6(b). Bodeovi dijagrami legure Ni-Ti u ABP u
odsustvu i prisustvu 0,1 ppm i 0,5 ppm semena
TFG tokom 1 dana
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Figure 6(c). Bode plots of Ni-Ti alloy in ABP in the
absence and presence of 0.1ppm and 0.5 ppm of
TFG seeds for 1 day

Slika 6(c). Bodeovi grafikoni lequre Ni-Ti u ABP u
odsustvu i prisustvu 0,1 ppm i 0,5 ppm semena
TFG tokom 1 dana

The Ni-Ti alloy is immersed in ABP without
TFG seeds for 10 days, the charge transfer
resistance (Rc«t) is 80 ohm.cm2. Therefore, the
double layer capacitance (Cal) is 1.988x10® F/cm?
shown in (Table 2).The impedance value is 3.90
log (Z/ohm), as shown in (Figure 7(b)).The Bode
phase graph shows the phase angle at 85°. Hence,
the corrosion process is inhibited. When the Ni-Ti
alloy is immersed in ABP containing 0.1 ppm and
0.5 ppm of TFG seeds for 10 days, the Rt value
increases from 80 ohm.cm? to 190 ohm.cm? and
340 ohm.cm?.
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Figure 7(a). Nyquist plots of Ni-Ti alloy in ABP in
the absence and presence of 0.1ppm and 0.5 ppm
of TFG seeds for 10 days
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Figure 7(b). Bode plots of Ni-Ti alloy in ABP in the
absence and presence of 0.1 ppm and 0.5 ppm of
TFG seeds for 10 days

Slika 7(b). Bodeove grafike legure Ni-Ti u ABP u
odsustvu i prisustvu 0,1 ppm i 0,5 ppm semena
TFG tokom 10 dana

The Ca value decreases from 1.988x108 F/cm?
to 8.37x10° F/cm? and 4.68x10-° F/cm? shown in
(Table 2).(Nyquist plots). The impedance increases
from 3.90 log (Z/ohm) to 4.15 log (Z/ohm) and 4.35
log (Z/ohm), as shown in (Figure (b)). (Bode plots).
The Bode-phase is shown between 80° and 65°.
Hence corrosion is inhibited (Figure 7(c)).
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Figure 7(c). Bode plots of Ni-Ti alloy in ABP in the
absence and presence of 0.1 ppm and 0.5 ppm of
TFG seeds for 10 days
Slika 7(c). Bodeovi grafikoni legure Ni-Ti u ABP u
odsustvu i prisustvu 0,1 ppm i 0,5 ppm semena
TFG tokom 10 dana

The Ni-Ti alloy is immersed in ABP without

Slika 7 (a). Najkvistovi dijagrami legure Ni-Tiu ABP TFG seeds for 20 days, the charge transfer

u odsustvu i prisustvu 0,1ppm i 0,5 ppm semena
TFG tokom 10 dana
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resistance (Rct) is 180 ohm.cm?. The double layer
capacitance (Ca) is 8.83x10° F/cm?, shown in
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(Table 2).The impedance value is 3.95 log (Z/ohm),
as shown in (Figure 8(b)). The Bode phase graph
shows the phase angle at 81°. Hence, the
corrosion process is inhibited. When Ni-Ti alloy is
immersed in ABP containing 0.1 ppm and 0.5 ppm
of TFG seeds for 20 days, the Rct value increases
from 180 ohm.cm? to 360 ohm.cm? and 380
ohm.cm?. The Ca value decreases from 8.83x10-°
F/cm? to 4.42x10-° F/cm? and 4.18x10° F/cm?, as
shown in (Table 2).(Nyquist plots). The impedance
value increases from 3.95 log (Z/ohm) to 4.0 log
(Z/lohm) and 4.05 log (Z/ohm) shown in (Figure
8(b)). (Bode plots). The Bode-phase has shown the
phase angle between 84° and 86°. Hence
corrosion is inhibited (Figure 8(c)).
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Figure 8(a). Nyquist plots of Ni-Ti alloy in ABP in
the absence and presence of 0.1ppm and 0.5 ppm
of TFG seeds for 20 days
Slika 8 (a). Najkvistovi dijagrami legure Ni-Ti u ABP
u odsustvu i prisustvu 0,1 ppm i 0,56 ppm semena
TFG tokom 20 dana
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Figure 8(b). Bode plots of Ni-Ti alloy in ABP in the
absence and presence of 0.1ppm and 0.5 ppm of
TFG seeds for 20 days

Slika 8(b). Bodeove grafike lequre Ni-Ti u ABP u
odsustvu i prisustvu 0,1 ppm i 0,5 ppm semena
TFG tokom 20 dana
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Figure 8(c). Bode plots of Ni-Ti alloy in ABP in the
absence and presence of 0.1 ppm and 0.5 ppm of
TFG seeds for 20 days

Slika 8(c). Bodeovi grafikoni legure Ni-Ti u ABP u
odsustvu i prisustvu 0,1 ppm i 0,5 ppm semena
TFG tokom 20 dana

The Ni-Ti alloy is immersed in ABP without
TFG seeds for 30 days, the charge transfer
resistance (Rc) is 150 ohm.cm2. The double layer
capacitance (Cdl) is 1.06x10® F/cm2, shown in
(Table 2). The impedance value is 3.95 log
(Z/ohm), as shown in (Figure 9(b)). The Bode
phase graph shows the phase angle is 80°. So the
corrosion process is inhibited. When Ni-Ti alloy is
immersed in ABP containing 0.1 ppm and 0.5 ppm
of TFG seeds for 30 days, the Rct value increases
from 150 ohm.cm? to 180 ohm.cm? and 450
ohm.cm2.
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Figure 9(a). Nyquist plots of Ni-Ti alloy in ABP in
the absence and presence of 0.1ppm and 0.5 ppm
of TFG seeds for 30 days

Slika 9(a). Najkvistovi dijagrami legure Ni-Ti u ABP
u odsustvu i prisustvu 0,1 ppm i 0,5 ppm semena
TFG tokom 30 dana
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Figure 9(b). Bode plots of Ni-Ti alloy in ABP in the
absence and presence of 0.1ppm and 0.5 ppm of
TFG seeds for 30 days
Slika 9(b). Bodeove grafike lequre Ni-Ti u ABP u
odsustvu i prisustvu 0,1 ppm i 0,6 ppm semena
TFG tokom 30 dana
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Figure 9(c). Bode plots of Ni-Ti alloy in ABP in the
absence and presence of 0.1ppm and 0.5 ppm of
TFG seeds for 30 days
Slika 9(c). Bodeovi grafikoni lequre Ni-Ti u ABP u
odsustvu i prisustvu 0,1 ppm i 0,5 ppm semena
TFG tokom 30 dana

The Ca value decreases from 1.06x10% F/cm?
to 8.83x10° F/cm? and 3.533x10° F/cm?2, as
shown in Table 2.(Nyquist plots). The impedance
value increases from 3.95 log (Z/ohm) to 4.20 log
(Z/lohm) and 4.40 log (Z/ohm), as shown in (Figure
9(b)). (Bode plots). The Bode-phase is shown
between 76° and 84°. Hence, the corrosion is
inhibited (Figure 9(c)).

From the results, the charge transfer resistant
value (Rct) and impedance value increase while the
double-layer capacitance value decreases because
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double-layer capacitance is inversely related to
charge transfer resistance [19].

The semi-circle diameter was significantly
smaller in the absence of TFG seeds than in the
presence of 0.1 ppm and 0.5 ppm of TFG seeds,
as shown in Figure 6(a-d). The largest semi-circle
diameter indicates the lowest corrosion rate,
according to a comparison of the Nyquist diagrams
for the three scenarios.

It is fascinating to note that the Ni-Ti alloys in
the presence of TFG seeds at 0.1 ppm and 0.5
ppm concentrations are immersed for 1, 10, 20,
and 30 days, the rate of corrosion decreases and
the Ca decreases, thereby showing in the Rt
increase. This indicates that a compelling
protective film was formed more on the Ni-Ti alloy
surface in the presence of TFG seeds for 30 days.

3.4. Scanning Electron Microscope

SEM micrographs of the surface are examined
to understand the nature of the surface film in the
absence and presence of inhibitors and the extent
of the corrosion of Ni-Ti alloy [22, 23]. The SEM
images of different magnifications (X500, X3.50K,
and X2.00K) of Ni-Ti alloy specimens immersed in
ABP in the absence and presence of additive
systems are shown in Figure 10 a, b and ¢
respectively.

2 %

SAVEETHA DE

Figure 10 (a). SEM image of blank Ni-Ti alloy
Slika 10 (a). SEM slika polirane prazne legure Ni-Ti

The SEM proposes an illustrative
demonstration of the Ni-Ti alloy surface. The SEM
micrographs of the surface are examined. The
SEM metaphors of blank Ni-Ti alloy are shown in
Figure 10 (a) on the smooth surface of the alloy.
This indicates the absence of corrosion products
on the metal surface.The SEM metaphors of Ni-Ti
alloy exposed in ABP have shown in Figure 10(b),
designate the minor roughness of the alloy surface,
which indicates the corrosion of Ni-Ti alloy in ABP
(Figure 10(c)) shows that the presence of 0.5 ppm
of TFG seeds in ABP at 30 days.
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Figure 10 (b). SEM image of Ni-Ti alloy / ABP
Slika 10 (b). SEM slika legure Ni-Ti/ ABP

4

| 2

Figure 10 (c). SEM image of Ni-Ti alloy / ABP /
TFG seeds

Slika 10 (c). SEM slika legure Ni-Ti/ ABP / TFG
semena
The surface coverage improvement is due to
the formation of insoluble complexes on the alloy
surface, which efficiently controls the dissolution of
the Ni-Ti alloy.

3.5. Energy Dispersive Analysis of X-rays

The EDAX spectra were used to determine the
elements present on the alloy surface before and
after exposure to the inhibitor solution. The
objective of this section was to confirm the results
obtained from electrochemical measurements that
a protective surface film of inhibitor is formed on
the alloy surface. To achieve this, EDAX
examinations of the alloy surface were performed
in both the absence and presence of additive
systems [24-27].

The EDAX spectrum of blank Ni-Ti alloy has
shown in Figure 11(a) .The chemical compositions
have shown Ni = 50.1, Ti = 40.2, and C = 9.7,
respectively. The Ni-Ti alloy immersed in ABP
containing 0.5 ppm of TFG seeds has shown in
Figure 11(c). It shows the additional line
characteristics for Na = 2.5, Ca=7.8, P = 4.0, and
Cl = 1.4. In addition, the intensity of the N = 25.2
signal is enhanced. The appearance of the Na and
Ni signals and this enhancement in N and S are
due to inhibitors (TFG seeds). These data show
that the alloy surface is covered by P, N, Na, Cl,
and Ca atoms have shown in Figure 11(c)
demonstrates that, compared to those seen in ABP
Figure 11(b), the Ni peaks seen in the presence of
inhibitors are significantly decreased. The
suppression of the Ni peaks occurs because of the
overlying inhibitor film. This observation indicates
the existence of an adsorbed layer of inhibitor that
protects Ni-Ti alloy against corrosion. These results
suggest that the N, P, CI, Ca, and S atoms of TFG
seeds have coordinated with Ni-Ti alloy complex.
The anodic sites of the Ni-Ti alloy surface exhibit
TFG seed complexes, while the cathodic sites of
the alloy surface exhibit Ca atom precipitation in
the form of superhydrophobic coatings.
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Figure 11 (a). EDAX of polished Ni-Ti alloy
Slika 11 (a.) EDAX od polirane legure Ni-Ti
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Figure 11 (b). EDAX of polished Ni-Ti alloy / ABP
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Slika 11 (b). EDAKS od polirane legure Ni-Ti/ ABP

Figure 11 (c). EDAX of polished Ni-Ti alloy / ABP / TFG seeds
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Slika 11 (c). EDAKS od polirane legure Ni-Ti/ ABP / TFG semena

3.6. Atomic Force Microscope

Atomic force microscopy is a practical method
for obtaining surface roughness data.AFM is
becoming an accepted method of roughness
investigation [26, 28].

The atomic force microscopy images were
obtained with the help of AFM-Ntegra Prima,
NTMDT, and Ireland incorporation. AFM instrument
operating in contact mode in the air. The scan size
of all the AFM images is 10 ym x 10 ym areas at a

the frequency and scanning area of the sample.
AFM study is created for the best system of Ni-Ti
alloy in TFG used as an inhibitor.

The analysis of an atomic force micro-
scope (AFM) is a suitable method for collec-
ting roughness indicators from various surfa-
ces. The three-dimensional (3D) morphologies
are present in the polished Ni-Ti alloy surface,

. , S the Ni-Ti alloy treated to artificial blood
scan rate of 1 line/sec, and the scanning direction | d05 fTFG at 30 d
is horizontal. The varying scan rate depends upon plasma, and U.o ppm 0 a ays.
Table 3. AFM Analysis for Ni-Ti alloy exposed in the presence and absence of TFG seeds
Tabela 3. AFM analiza za Ni-Ti lequru izloZenu u prisustvu i odsustvu TFG semena
RMS, (Sq) Average, (Sa) Maximum Coefficient of Surface
Peak-to peak .
Samples Roughness Roughness Kurtosis Entropy Skewness
valley S S
(nm) (nm) Height, (nm) (Ska) (Ssk)
Refined, Ni-Ti 20.95 15.30 430.64 6.74 9.55 0.088
ABP /Ni-Ti 46.16 28.16 648.3 18.26 10.34 2.94
ABPINITI/TFG 54.26 39.87 860.86 9.48 10.11 1.30
0.5 ppm
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AFM analysis was performed to attain the
Average roughness (Sa), Root-mean-square
roughness (Sq), and the maximum peak-to-peak
valley (P-v) height values. These values for Ni-Ti
alloy exposed in the different environments are
summarized in Table 3.

Figure 12 (a) shows the surface topography of
the polished Ni-Ti alloy surface. The Sa, Sq, and
P-v height data for the refined Ni-Ti alloys are
15.30 nm, 2095 nm, and 430.64 nm,
correspondingly. These data designate the surface
of Ni-Ti alloy as identical. The slight roughness
discovered in the refined Ni-Ti alloy is due to
atmospheric corrosion Figure 12(b) shows the
pitting corrosion Ni-Ti alloy without Trigonella

nm
600

foenum-graecum engaged in ABP of Sa, Sq, and
P-v data get for the refined Ni-Ti alloys is 28.16 nm,
46.16 nm, and 648.3 nm, correspondingly. These
data designate the surface of Ni-Ti alloy with
superior roughness to the refined Ni-Ti alloy.The
Figure 12(c) shows the Ni-Ti alloy in ABP
comprising 0.5 ppm of Trigonella foenum-graecum
seeds. The data of Sa, Sq, and P-v height values
for the refined Ni-Ti alloys are 39.87 nm, 54.26 nm,
and 860.86 nm, correspondingly. These data
designate that the surface of Ni-Ti alloy values is
prominently high. These data also designate the
surface of Ni-Ti alloy as superior roughness to the
refined Ni-Ti alloy. These aspects authorize that
the surface is smooth, and a strong shielding layer
bounds the surface of the metal layer.

10 10
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Figure 12 (a). AFM image of Ni-Ti alloy
Slika 12 (a). AFM slika legure Ni-Ti
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Figure 12 (b). AFM image of Ni-Ti alloy / ABP
Slika 12 (b). AFM slika legure Ni-Ti/ ABP
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Figure 12 (c). AFM image of Ni-Ti alloy / ABP / TFG seeds
Slika 12 (c). AFM slika legure Ni-Ti/ ABP / TFG semena

The entropy values for polished Ni-Ti alloy in
ABP and Ni-Ti alloy in artificial blood plasma
comprising 0.5ppm of TFG seeds decline
progressively. It demonstrates that the Ni-Ti alloy
corrosion resistance increases. Surface skewness
(Ssk) is a statistical parameter to explain the
amplitude distribution function, which indicates the
probability that a profile of the surface has a certain
height at any position. A surface with low skewness
shows a porous surface with fairly deep valleys in a
smoother plateau for refined Ni-Ti alloy. The Ni-Ti
alloy exposed in ABP surfaces with high skewness
shows the raised surface has relatively high spikes
that bulge above a flatter average for Ni-Ti alloy
exposed with TFG seeds engaged in ABP.Kurtosis
is associated with the spikiness of the profile. The
polished Ni-Ti alloy, Ni-Ti alloy in ABP, and Ni-Ti

50

alloy in ABP comprising 0.5 ppm of TFG seeds,
Kurtosis distribution, has few high peaks and low
value comparatively flat surface. It is decided that
the Ni-Ti alloy in ABP comprising 0.5 ppm of TFG
seeds is more corrosion resistant than the polished
Ni-Ti alloy and Ni-Ti alloy in ABP.

3.7. X-ray diffraction analysis

XRD patterns of the Ni-Ti alloy and Ni-Ti alloy
in ABP in the presence of TFG seeds have shown
in Figure 13(a) and Figure 13(b).lt can be seen
from XRD patterns that blank Ni-Ti alloy shows two
prominent diffraction peaks between 20 and 80.
The prominent peaks at 42.3 (110) and 77.5 (211)
belong to the Ni-Ti phase [29].

40

(110)

30

20

Intensity a.u.

10

20 30 40

50 60 70 80

2 theta (degree)
Figure 13 (a). XRD pattern of Ni-Ti alloy
Slika 13 (a). KSRD uzorak legure Ni-Ti
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Figure 13 (b). XRD pattern of Ni-Ti alloy / ABP / TFG seeds
Slika 13 (b). KSRD uzorak legure Ni-Ti/ ABP / TFG semena

After being immersed in TFG seeds implan-
tation and anodization, a stable characteristic peak
of rutile TiO2 appears, as seen in their diffraction
patterns in Figure 13(b). These results show the
formation of a TiO:2 layer on the Ni-Ti Surface [30].
The HA on Ni-Ti alloy in ABP in the presence of
TFG seeds was identified using an XRD investi-
gation. As a result, the sample contains HA, as
shown by the XRD analysis results in Figure 13(b).

The first three more significant peaks of
intensity in the diffraction pattern of HA powder
shown by XRD examination, the first three more
significant peaks of intensity located between the
angular zone 30 < 208 < 50 were assigned
corresponded to the Miller indices of 211, 310, and
222. Although such indexes are associated with
HA, no isolated peaks with a lower intensity are
present, indicating that crystallinity is not very high
[31]. However, a comparison between the obtained
HA XRD patterns and the JCPDS 09-432 file
shows that HA powder obtained by the wet
precipitation method represents the typical HA
pattern [32].

4. CONCLUSION

It is fascinating to note that the Ni-Ti alloy in the
presence of TFG seeds at 0.1 ppm and 0.5 ppm
concentrations are immersed for 1, 10, 20 and 30
days, the rate of corrosion decreases, and the
corrosion current also decreases, thereby showing
in the LPR, lcor, Cai @and Ret values. This indicates
that a compelling protective film is formed on the
alloy surface in the presence of TFG seeds. Thus,
the polarisation study and AC impedance spectral

ZASTITA MATERIJALA 65 (2024) broj 1

study leads to the conclusion that the corrosion
resistance of Ni-Ti alloys in ABP in the presence of
TFG seeds of 0.1 ppm and 0.5 ppm for 1, 10, 20,
and 30 days is in the following order;

30 days > 20 days > 10 days > 1 day

According to the description above, the 30 days
of immersion operate as a more corrosion-resistant
phase than other times because LPR increases
while lecor decreases, the rate of corrosion
decreases and the Caq decreases, thereby showing
in the Rct increase. This indicates that a compelling
protective film was formed on the Ni-Ti alloy
surface in the presence of TFG seeds.

The SEM has validated the superhydrophobic
coatings surface morphology. EDAX has determi-
ned the elemental compositions of Ni-Ti alloys and
ABP in the presence of TFG seeds. Using AFM
and XRD, the topography and apatite formation
complexes of the Ni-Ti alloy are investigated.

The electrochemical behaviour of Ni-Ti alloys in
ABP was studied for 1, 10, 20, and 30 days, with
and without TFG seeds. As a result of the
discussions above, the anticorrosive coating layer
of the alloy is formed for an increasing number of
days. In addition, the alloys hydroxyapatite layer is
formed for an increased number of immersion
days. As a result of the preceding discussions, we
conclude that ingesting any of the Trigonella
foenum-graecum for a person with Ni-Ti alloy
implanted will strengthen their immune system and
create an anticorrosive layer. These Ni-Ti alloys
underwent the observed electrochemical
modifications.
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ELEKTROHEMIJSKE AKTIVNOSTI Ni-Ti LEGURE U VESTACKOJ KRVNOJ
PLAZMI SA SEMENOM TRIGONELLA Foenum graecum

IstraZivano je elektrohemijsko ponaSanje legure Ni-Ti kada je izloZena veStackoj krvnoj plazmi
(ABP) u prisustvu 0,1 i 0,5 ppm semena Trigonella foenum graecum (TFG) tokom 1, 10, 20 i 30
dana. Studije o impedansi i polarizaciji naizmenicne struje su pokazale da se za$titni premaz
formira na povrSini metala dok spreCava koroziju. Zastitni film je formiran na povrsini lequre Ni-Ti
implantata, povecéan je otpor linearne polarizacije (LPR), a vrednost struje korozije (Icorr) je
smanjena. Vrednost otpornosti na prenos naelektrisanja (Rct) i vrednost impedanse se
povecavaju, a vrednost kapacitivnosti dvoslojnog sloja se smanjuje. Morfologija zastitnih slojeva i
elementarni sastav analizirani su pomocu SEM/EDAX. Svojstvo za$titnog filma na leguri Ni-Ti
ispitano je atomskim mikroskopom. Analiza difrakcije rendgenskih zraka je potvrdila prirodu
apatita.Efikasnost inhibicije korozije legure Ni-Ti u ABP u prisustvu TFG semena u razli¢itim
koncentracijama za razli¢ito vreme je poboljsana i zasticena.

Kljuéne reci: Nikl-titanijum, AFM, zastitni film, Nyquist dijagrami, Bodeovi dijagrami
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A review on improved physical and thermal properties of oxide
nanoparticles reinforced epoxy composites

ABSTRACT

Epoxy resins are well-known because of their desirable thermal and mechanical characteristics in
a variety of fields, including the automotive, construction, and aerospace sectors. However, the
inherent brittle nature of highly cross-linked epoxy resins generally leads to weakness in resisting
the formation of cracks and their movement. The brittleness of the epoxy resins is one of the major
obstacles inhibiting its use at a wider scale. Therefore, many researchers focused on
reinforcement of epoxy resins by different types of nanostructures including carbon nanotubes
(CNTs), organic/inorganic nanofillers to provide higher strength, without diminishing other
essential thermo-physical characteristics of the nanocomposites. Most of the review articles
focused on the CNT-reinforced epoxy composites and very limited review articles are available
that focus on the oxide nanofiller reinforced epoxy composites. In this review article, epoxy
nanocomposites reinforced with alumina (Al20s), titania (TiO2), silica (SiOz), and zirconia (ZrO2)
nanoparticles have been investigated. The influence of the oxide nanoparticles in modifying the
physical and thermal properties of the epoxy nanocomposites has been presented, compared, and
critically analysed to optimize the performance of epoxy nanocomposites.

Keywords: Oxide nanofiller; glass transition temperature; physical properties; thermal properties;
thermal degradation

1. INTRODUCTION

Since the beginning of human civilization, it has
been desired to combine different types of inexpen-
sive materials to efficiently increase the performan-
ce of various types of commodity materials.
Beginning with the most primitive composite
material, which was composed of straw and mud,

With the commercialization of polymers,
numerous research interests have been drawn for
the expansion of polymer-based nanocomposite
because of the distinctive characteristics of these
composites. These properties include low cost,
good exterior, exceptional resistance to chemicals,
good manufacturability, material design flexibility,

and progressing all the way up to the most cutting-
edge composite materials, which are utilized in the
fabrication of body components for spacecraft,
several advancements in the form of the composite
material have been sought for and accomplished.
To make a material that has better qualities in
comparison to its component materials, composites
have the advantage of combining the advan-
tageous features of their constituent materials,
which is one of the benefits of using composites.
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large strength/weight, and balanced mechanical
performance[1-3]. By selecting combinations of
parts that are appropriate, it is even possible to
adapt and maximize the qualities of polymer
composite materials. The polymer nanocomposites
have better thermal, mechanical, and electrical
capabilities at low loading, and higher gas barrier
qualities while maintaining clarity, improved
dimensional stability, and many other desirable
characteristics [4,5]. Only the well-dispersed
nanofillers without significant clustering in a
polymer matrix can improve the physical and
mechanical properties of the resulting polymer
nanocomposite up to a great extent.

One of the most known thermosetting polymers
used as the base matrix to produce polymer
nanocomposites is epoxy adhesive. Epoxy resins
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are having huge industrial utilization in the
structural, aerospace, automotive, electronics and
sportswear. Additionally due to high cross-linking
capacity, epoxy composites are naturally brittle,
leading to poor resistance to crack initiation and
growth [6]. One of the key goals of researchers is
to develop an epoxy that has a greater level of
toughness, without compromising other essential
features like as its thermo-physical and mechanical
characteristics that are highly sought in a variety of
structural applications.

To develop structural nanocomposites, many
scientists investigate the reinforcement of inorganic
nanoparticles apart from organic nanoparticles in

the epoxy and other polymeric resins. To attain
isotropic physical, thermal, and mechanical
properties, nanoparticles are frequently used for
reinforcing epoxy nanocomposites due to their high
specific surface area and less hindrance to the
cross-linking density of the epoxy resin. The cost of
nanocomposites has always been a matter of great
concern for few years (Fig. 1). The expensive raw
materials and manufacturing processes made it
difficult to use them for each automotive and
aerospace application yet the mass production of
the components can help in reducing the cost [7—

9.
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Figure 1. Relative performance and cost profiles in nanocomposite manufacturing [7]

Slika 1. Relativne performanse i profili tro§kova u proizvodnji nanokompozita [7]

The presence of fillers with a high specific
surface area contributes to the formation of a

substantial interface  within the composite,
assuming that the modifiers are adequately
disseminated throughout the matrix. The

enhancement of toughness and strength in
structural ceramics and polymers has been the
subject of investigation, with findings indicating
considerable improvements when nanoparticles
are used as building blocks, as compared to
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microparticles[ 10,11]. Furthermore, the interaction
of nanoparticles and base matrix is contingent
upon the surface structure, geometry, and surface
chemistry of the particles, exerting a significant
impact on the creation of the interface.
Nanoparticles have a somewhat lower degree of
matrix deformation restriction in comparison to
microparticles due to their enhanced integration
into the polymer microstructure, which is facilitated
by their proximity to molecular dimensions. The
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potential impact of nanoparticles on the
deformation processes of polymers at the micro or
nanoscale may be anticipated based on their
strong interactions with the matrix.

Extensive research has been conducted on
integrating nanofillers with both low and high
aspect ratios. This integration has shown promise
in enhancing the toughness of polymers, as well as
improving key properties like wear-resistance and
electrical resistivity. Reports indicate that epoxy
reinforced with Ag nanoparticles helps stabilize
temperature, whereas carbon black mixed in epoxy
base generates reheating properties suitable for
applications involving higher voltages. Moreover,
the incorporation of organoclay into epoxy results
in remarkable dampness and air resistance
attributes, contingent upon the specific varity of
clay used [12,13]. Notably, the inclusion of
aluminium hydroxide particles has been observed
to enhance the flame-retardant characteristics of
polyvinyl chloride. Recent research highlights the
remarkable potential of hybrid fillers like
Mg(OH)2/lignin when added to poly(vinyl chloride)
matrices. This addition significantly enhances
thermal stability, demonstrating an approximate
threefold increase compared to unfilled polymers
[14].

In recent times, there has been a significant
focus on the use of rigid spherical oxide nano-
particles as fillers, as seen by the attention they
have garnered in several studies[15-25]. The
incorporation of stiff spherical oxide nanoparticles
into epoxy glue results in a comparatively lower
degree of impediment during the cross-linking
process. Multiple studies have previously shown
that the integration of oxide nandfiller into
thermosetting plastic matrices is an efficient
method for enhancing their thermo-mechanical
capabilities, while still maintaining other crucial
features such as Ty (glass transition temperature)
and stiffness. However, the most commonly used
four types of oxide nanoparticles such as Al2Os
[11,22,26-31], TiO2 [20,21,25,30-42], SiO2 [23, 31,
43-46] and ZrO: [15,17,47-49] are extensively
utilized for reinforcing epoxy matrix to attain
noteworthy alterations in its Tg, thermo-physical
properties. On different occasions, the mixing of
alumina nanoparticles in epoxy shows increment or
decrement or no change in the T4 of the resulting
nanocomposites. However, on the addition of silica
nanoparticles in epoxy resin, no significant effect
on Ty of the epoxy resin is reported, however,
Young's modulus, fracture toughness, and fracture
energy showed a noteworthy improvement [10].
This irregular pattern in Tq might be mostly due to a
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variety of reasons like nanoparticle size, amount,
and dispersion scenario in the polymer matrix.
Further, the reported studies lack a unified and
systematic approach to the development of
nanocomposites. Additional crucial variables like
tacticity, cross-linking density and molecular weight
of the nanocomposite may have a substantial
influence on enhancing the material characteristics.
Hence, it is important to investigate the thermo-
mechanical characteristics of the epoxy matrix
when supplemented with oxide nanoparticles,
considering their size, quantity, and dispersion
within the matrix, since these factors significantly
impact the diverse toughening methods.

The full use of the distinctive influence of oxide
nanofillers in enhancing the characteristics of the
nanocomposite may be achieved by effective
dispersion within a polymer matrix. The distribution
conditions and uniform microstructure of nanofiller
have a major impact on the mechanical
performance. The dispersion process used for
introducing nanoparticles into the polymer matrix is
a crucial step in attaining the required material
properties. In order to get a uniform dispersion, a
range of dispersion techniques, including shear
mixing [47], solution mixing [50], mechanical
stirring [51] and melt mixing [52] have been utilized
to incorporate nanofiller in the epoxy base. In
recent years, ultrasonic cavitation has gained
global recognition as a method for dispersing oxide
nanoparticles in epoxy adhesives. This technique is
favoured due to its convenient processing and its
effectiveness in dispersing individual nanoparticles
inside semi-viscous liquids[53]. The phenomenon
of ultrasonic cavitation does not provide a uniform
dispersion of ultrasonic energy throughout the
whole of the material. Furthermore, it has been
shown that the ultrasonic cavitation approach has
reduced efficacy in dispersing a large concentration
of nanoparticles, often above 3 wit% [33]. The
challenges need the refinement and enhancement
of the ultrasonic vibration procedure. Nevertheless,
a recently documented pioneering method known
as ultrasonic dual mixing (UDM), such as the
combination of ultrasonication and mechanical
mixing, presents a more favourable prospect for
ensuring comprehensive contact between the
entire material and the ultrasonic probe. This
technique allows for a gradual exposure to
ultrasonic energy, thereby maximizing its benefits
while minimizing any potential degradation of the
base material [22].

The primary emphasis of this article is to
examine the role of oxide nanoparticles in
improving the physical and thermal properties of
epoxy composites.
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2. POLYMER NANOCOMPOSITES

Polymer nanocomposite represent a significant
class of hybrid organic/inorganic nanofiller
reinforced materials containing inorganic nanofillers
in shape of nanotubes, nano sheets and
nanoparticles dispersed uniformly in a polymer-
based matrix [54]. The variation in different
physiognomies of a polymer, including crystalline
structure, entanglement, mobility of polymer chain
and density can considerably impact the
characteristics of polymer nanocomposites even at
low nanoparticle concentration compared to typical
micro particles [55]. The distinctive characteristics
of nanofillers are a result of their reduced size,
often ranging from 1-100 nm. This reduction in size
results in a substantial increase in surface area to
nanoparticle volume. The dispersion state and
microstructural homogeneity of nanofillers have a
considerable impact on the mechanical and
thermal characteristics of polymeric matrices that
are reinforced with them [46].

Polymer nanocomposites are typically develo-
ped using either thermosetting or thermoplastic
polymeric materials as the matrix [41,56,57]. Epoxy
adhesives are the most commonly utilized thermo-
setting polymer because of their versatility in diffe-
rent industries, including the automotive, aerospa-
ce, paint and coatings, and electrical instru-
mentation sectors[58-60]. Epoxy adhesives are
inexpensive, strong, and resistant to a wide range
of chemicals and conditions. In addition, epoxy
adhesives may be utilized to attach with various
materials including plastic, rubber, ceramic, wood
and glass, [61] etc. Epoxies have good sealing
characteristics and can quickly fill gaps [62]. While
epoxy adhesives do have several benefits, such as
those already discussed, their brittleness prevents
them from being used in complex constructions.
Water absorption studies were published to
evaluate the coefficient of diffusion, maximum
moisture absorption, and Ty of epoxy [63], but
these results do not yet provide a complete picture
of the combined degradable action of moisture and
temperature on epoxy. When it comes to fracture
propagation resistance and hardness, epoxy
adhesives fall short [30,64]. To find solutions,
scientists from all around the globe have
experimented with several nanofillers.

3. NANOFILLERS FOR POLYMER
NANOCOMPOSITES

Numerous studies have extensively investiga-
ted polymer nanocomposites using various matri-
ces such as polyamide-6 [65], polystyrene [66],
polyetherimide [67], epoxy [68,69] along with
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diverse nandfillers like montmorillonite clay CaCOs,
TiO2, Ag, AlOs, carbon nanotubes and SiO:
[39,46,70-73]. This study focuses on examining
epoxy adhesive as the chosen polymer matrix.

Rigid spherical oxide nanoparticles as fillers
have garnered huge attraction in recent studies
[29,45,74]. Due to their excellent mechanical
characteristics, chemical inactivity, sustainability at
high temperature, and economical [15,20,22,35,
73, 75]. Oxide nanoparticles (alumina, titania,
zirconia etc.) have been considered as prospective
nanofillers for the industrial applications.
Furthermore, because of their low aspect ratio ~1,
spherical oxide nanoparticles provide less
hindrance to the cross-linking of the polymer when
mixed into the epoxy. Furthermore, the spherical
oxide nanoparticles prevent premature failure and
keep the matrix transparent. But nanoparticles
attract each other due to their high surface area to
volume ratio and attractive electrostatic forces (van
der Waals force) resulting in agglomeration.
Because the van der Waals forces become one of
the strongest forces in the range of 1-10 nm. The
agglomeration of nandfillers in the matrix is highly
undesirable to obtain the enhancement in various
properties of the developed nanocomposites [45],
because, the agglomeration of nanoparticles
restricts their interaction with the matrix. One of the
most difficult parts of making nanoparticulate-epoxy
composites with enhanced characteristics due to
the challenge of homogeneous dispersion of
nanoparticles in the epoxy matrix.

4. PROPERTIES OF NANOPARTICULATE-
EPOXY COMPOSITES

The enhancement of properties of polymer
nanocomposites can be achieved using the
homogeneous dispersion of numerous types of
nanoparticles in a polymer matrix. According to
reports, a significant enhancement in the Tq4 of the
bulk epoxy matrix may be attained by using a
relatively small quantity of Al2Os, TiO2, and SiO2
nanoparticles [30,33,76]. However, it has been
shown that the epoxy matrix supplemented with
oxide nanoparticles exhibits varying behaviors in
terms of increased, decreased [77], or insignificant
changes in T4 [78]. Hence, it is important to acquire
the knowledge about precise variation of the Tg in
epoxy matrices supplemented with oxide
nanoparticles. The mechanical properties of the
material are also heavily influenced by the
dispersion state and microstructural uniformity of
the nanoparticles [46]. The integration of
nanoparticles into the polymer matrix by dispersion
is a crucial procedure to get the required material
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characteristics. The simultaneous integration of
oxide nanoparticles into the epoxy matrix results in
the reinforcement of epoxy matrix that can lead the
enhancement of physical and mechanical
properties of the matrix. The increased potential for
contact between nanoparticles and the epoxy
matrix is attributed to the large surface area to
volume ratio [79]. The introduction of nanoparticles
into the polymer matrix has the potential to impact

the morphological structure of the resulting
nanocomposite, hence affecting its thermo-
physical, mechanical, tribological, and fracture

properties [74].

Numerous parameters, including nanoparticle
type, concentration, size, surface chemistry,
dispersion scenario in the matrix, and immobilized
particle-matrix interface, contribute to the morpho-
logical architectural shift caused by the presence of
nanoparticles [79,80]. To enhance the thermo-
physical characteristics of nanocomposites, a
strongly immobilized particle-matrix boundary and
uniformly distributed nanofiller play a primary role
[81]. But a surge in nanofiller concentration in
polymeric base beyond a threshold value leads to a
decline in the thermo-physical characteristics due
to the dominance of particle-particle interaction and
thereby significant agglomeration.

4.1. Influence of Oxide Nanofiller on T

The oxide nanofiller such as Al203, TiO2, ZrO2
and SiOz nanoparticles are considered as prospe-
ctive candidates to increase the several important
characteristics of polymer nanocomposites. Many
studies are reported for TiO2 nanoparticles reinfor-
ced polymer composites to improve photocatalytic
activity, thermal, viscoelastic, and mechanical
properties [40,42,66,82—84]. The mixing of TiO:
nanoparticles in the epoxy resin can increase the
Ty of the resulting nanocomposite [33]. The
reported enhancement in T, for TiO2-epoxy
nanocomposites is different for a different size,
content, and surface characteristics of TiO2
nanoparticles as well as the difference in epoxy
matrix properties and preparation techniques used
to develop nanocomposites [30,33,38]. The
reported maximum improvement in Ty for TiO2-
epoxy nanocomposite containing 1 wt% of TiO:
nanoparticles (5 nm) is about 11 °C [33].

It is also verified that a significant enhancement
in Ty can be attained by mixing low content of Al203
nanoparticles [30]. However, it has been shown
that the Al203 nanoparticles reinforced epoxy
exhibits inconsistent behavior, with Tg either
increasing, decreasing [85], or not changing [86].
The maximum reported improvement in T4 for
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Al2Os-epoxy nanocomposite containing 5 wt% of
Al203 nanoparticles (10-30 nm) is about 12 °C [87].

The ZrO2 nanoparticles have a good capability
to enhance the various characteristics of the epoxy
matrix. But, the ZrO2 nanoparticles are extensively
studied for anticorrosion coatings [88-90] and wear-
resistant materials [48] because of their high
strength, high fracture toughness. Zirconia
nanofiller work as virtuous heat resister due to their
high resistivity against heat [90]. Only limited
literature is available on ZrO: nanoparticle
reinforcement. Numerous investigation have
revealed that the inclusion of ZrO2 nandfillers inside
the polymer base has the potential to enhance the
glass transition temperature (Tg) [47,91]. The
maximum reported improvement in Ty for ZrO:2-
epoxy nanocomposite containing a high content of
8 vol% of ZrOz nanoparticles (12 nm) is about 8 °C
[47].

The observed elevation in glass transition
temperature (Tg) is often ascribed to a reduction of
motion of polymer chain sections inside the epoxy
base, which may be related to the interaction
between the matrix and nanoparticles. Only well-
dispersed nanoparticles into the epoxy base can
restrict the polymer chain flexibility. This is possible
in two ways: (i) the generation of high interface
area due to nanoparticle-matrix interaction, which
can change the local dynamics of the matrix, and
(i) the very small nanoparticle surface-to-surface
distance, which can limit the polymer chain
segment movement. The possibility of restriction to
the polymer chain segment movement is
significantly increased if the nanoparticles are well
dispersed in the epoxy and have a robust adhesion
amongst the nanoparticles and surrounding
polymer base [30]. The local fragmented mobility of
matrix chain can be predicted by evaluating the
fragmented relaxation period or T4 of loaded and
unloaded nanocomposite. Adding oxide
nanoparticles can affect the T4 of nanocomposite in
three ways i.e., increase, decrease, or no change
(Fig. 2). This mainly depends on the filler matrix
interfacial interactions. Strong filler matrix bonding
(electrostatic, covalent, H-bond) of wetted particle
will leads to increase in Ty whereas large space
between filler and matrix at the interface of
unwetted particles is responsible for decrease in Tqg
[92]. Further Tg will remain unaffected due to shaky
interface formation. Bansal et al. [93] studied the
comparability between PNC (polymer
nanocomposite) and thin polymer films. They
suggested that polymer segment between two
particles is analogous to a thin film of an equivalent
thickness (equal to interparticle spacing).
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Figure 2. Schematic diagram showing mechanism of increasing, decrease and no alteration in glass
transition temperature (Tg)

Slika 2. Sematski dijagram koji pokazuje mehanizam povedanja, smanjenja i bez promene temperature
staklastog prelaza (Tg)

The incorporation of oxide nanoparticles in the
epoxy matrix may work as extra virtual nodes for
epoxy chain network, thereby resulting in the
enhanced Ty [33]. Furthermore, the nanofiller may
work as physical cross-linkers [30] leading to the
enhanced cross-linking density of the resulting
nanocomposite, and increased cross-linking
density results in the enhanced Tg. Another
possibility of an increase in Tg because of the
development of a huge share of the restrained
epoxy at the nanoparticle-matrix boundary. It is
anticipated that the rise in Tg would exhibit a direct
relationship with the surface area of the
nanoparticle. Specifically, as the particle size
decreases, the surface area increases, hence
intensifying the constriction effect on the epoxy
resin networks. Therefore, the restriction effect on
polymer chain segment movement increases with
the content along with decreasing particle size [30].
The reduction in Tg seen in systems with high
nanoparticle content may be attributed to two
primary factors. Firstly, the adhesion of polymer
resin on the exterior of the nanofillers can cause a
change in the non-stoichiometric mixture. The Tq of
the epoxy-amine system is reduced due to its non-
stoichiometric nature, resulting in a noticeable fall
in Tg [94,95]. One potential factor is the non-
uniform dispersion of nanoparticles inside the base
matrix, which may be attributed to the prevalence
of inter-nandfiller attraction forces [38]. This

occurrence leads to particle agglomeration,
resulting in a reduction in crosslinking density and
subsequently a fall in the Tg.

In recent reports, an enhancement in Tg values
is observed due to an increase in TiO2z nanoparticle
concentration (0.5 to 10 wt.%) in epoxy as depicted
by DSC. Though at high nanofiller concentration
(~20 wt%) descent in T4 values are found (Fig. 3a).
10 wt.% TiO2-epoxy nanocomposite showed a
maximum increment of ~ 27% in Tq [96]. The effect
of the SiO2 nanoparticle content on Tg is exhibited
in Fig. 3b. The increased Ty values seen in SiO2-
epoxy nanocomposites fabricated using the sol-gel
technique may be credited to the constrained
movement of epoxy chain segments [97]. Kumar et
al. [98] examined the consequence of mixing ZrOz
nanofiller on the thermomechanical characteristics
of epoxy nanocomposite. Authors revealed that
increasing ZrO2 content (up to 4 wt.%) enhances
the Tq (Fig. 3c). The phenomenon described is
attributed to the adhesion of epoxy atoms onto the
boundary of nanofillers, resulting in a low
movement of epoxy atoms. Dorigato et al. [91]
investigated the improvement in epoxy adhesives
with calcined zirconia nanoparticles and obtained
the trends of DSC and DMTA tests of Tq for various
zirconia epoxy nanocomposites. The values of Tg
obtained from the peak of tan & in dynamic
mechanical thermal analysis (DMTA) testing were
consistently greater compared to those obtained
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from differential scanning calorimetry (DSC) tests.
The graph illustrates a non-monotonic trend in Tq
as the zirconia concentration increases, with the
greatest rise seen at a filler level of 1 vol%. The
statement aligns well with the interpretations made
by Dean et al. [99]. Yazman et al. [100] examined
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Reduced epoxy chain segment movement,
high cross-linking density, and dense interphase
formation were the reported reasons for the same.
The observed drop in Tg with increasing filler
amounts may be attributed to the simultaneous
occurrence of two opposing processes. The
potential for an increase in the chain blocking effect
is anticipated with the rise in nanoparticle
concentration. In a recent study, Wang et al. [101]
conducted an investigation into the influence of
functionalized Titania nanoparticles on the physical
characteristics of the epoxy nanocomposite.
Functionalization of nanoparticles was performed
by adding a silane coupling agent. The authors
revealed that adding TiO2 will reduce the molecular
chain mobility results in an increment in the Tg. An
increment of 43% in Ty is reported at 5 wt%
nanofiller. Strong interface formation was found to
be a major cause of restricted molecular chain
movement. Li et. al.[102] considered the influence

132

of adding mesoporous TiOz in the epoxy composite
electrolyte on electrochemical and mechanical
performance. The authors presented that mixing
mesoporous TiO2 destroys the ordered molecular
chain of polymer and promotes cross-linking. This
happened due to the interaction of TiO2 with the
polar groups of the polymer chain resulting in a
decrement in the reorganization of the polymer
chain. The authors concluded that adding TiO:2
content up to 6 wt% will increase the compression
strength of the composite by 60%. In addition, the
use of TiO2 nanofiller served as a thermal barrier,
hence enhancing the heat insulation properties.
Marotta et. al. [103] conducted a study on the
curing behavior, mechanical characteristics, and
thermal properties of nanocomposites consisting of
epoxy and TiOz. According to the authors' findings,
the incorporation of nano TiOz2 results in a reduction
in the enthalpy of the curing process and induces a
shift of the reaction towards a higher temperature.
Furthermore, the literature provides an explanation
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for the dual impact of TiO2 incorporation, namely,
the reduction in the reaction volume of epoxy
anhydride and the formation of a novel interaction
between TiO2 and epoxy. These effects together
result in a decrease in the degree of crosslinking
within the polymer matrix. The literature has shown
that there is a reduction in the Tq and a little
increase in the mechanical characteristics of the
composite. The experimental and predictive
investigation conducted by Papanicolaou et al.
[104] examined the impact of TiO2 nanoparticles
and microparticles on the flexural strength of epoxy
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nanocomposites. Composites were prepared by
magnetic stirring. SEM images revealed that the
formation of micro aggregates is inevitable in the
mixing of micro TiO2. Nano TiO2 particles showed
better particle distribution in the matrix. The authors
revealed that adding nano TiO2 will decrease the
flexural modulus for all strain rates applied. This
happened due to the delayed cross-linking and
creation of filler matrix interface. Nano TiOz in
limited weight fraction (up to 1%) produces a
plasticization effect which produces the rubber-like
property in the composite.
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Figure 4. Graphical representation of deviation of T4 for Neat epoxy along with ZUDM40 and ZUDM55
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with wt.% of Al,O3 at variable UDM parameter; ZUDMA40: ZrO, / epoxy nanocomposite fabricated by
ultrasonication amplitude of 40%,; ZrO: zirconium dioxide; ZUDM55: ZrOs/epoxy hanocomposite
developed by ultrasonication amplitude of 55% [17]; 40UDM is UDM at vibration of 40% amplitude;
55UDM is UDM processed at 55% amplitude; 70UDM is UDM processed at 70% amplitude [22]

Slika 4. Graficki prikaz devijacije Tg za Neat epoksid zajedno sa nanokompozitom ZUDM40 i ZUDM55 sa
varijacijama (a) tezinskih % nanopunila i (b) srednje dimenzije aglomerata. (c) varijacija Tg sa teZ.%
AI203 pri promenljivom UDM parametru; ZUDM40: ZrO2/epoksidni nanokompozit proizveden
ultrazvuénom amplitudom od 40%; ZrO>: cirkonijum dioksid; ZUDMb5: ZrOJ/epoksidni nanokompozit
razvijen ultrazvuénom amplitudom od 55% [17]; 40UDM je UDM pri vibraciji od 40% amplitude; 55UDM je
UDM obraden na 55% amplitude; 70UDM je UDM obraden pri 70% amplitude [22]

In another study [17], a variation of Ty with
nanoparticle content and average cluster size for
ZrOz-epoxy nanocomposites is shown in Fig. 4a
and b respectively, developed by ultrasonication
amplitude at 40% (ZUDM40) and 55% (ZUDMS55).
The monotonically increasing Ty trend is found in
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ZUDM40 up to 5 wt%. Figure 4c demonstrates that
the inclusion of ZrO2 nanoparticles with a cluster
size ranging from 40-50 nm leads to a notable
increase in the Tyq of ZUDMS55. Conversely, a
marginal alteration in Tg was observed when
incorporating ZrO2 nanoparticles with a larger
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average cluster size in ZUDM40. This suggests
that higher levels of processing hinder the
reduction in Tg at higher particle concentrations.
The enhancement of Tq4 resulting from the addition
of 20-30 nm ZrO2 nanoparticles can be credited to
the robust adhesion amongst the nanofiller and the
epoxy, which restricts the molecular mobility of the
epoxy material under thermal conditions.

The study reveals that comparable patterns
may be seen in composites with Al2O3 particles
with a size of less than 25 nm, embedded in epoxy
resin using an advanced ultrasonic dual mixing
(UDM) technique. The present research examines
the disparity in Ty seen in nanocomposites
fabricated by two distinct methods: conventional
mixing (CM) and ultrasonic dispersion and mixing

(UDM). The investigation focuses on nanocom-
posites with varying amplitudes of 40%, 55%, and
70%. The UDM has shown optimal outcomes, such
as a 26% enhancement in Tg, when operated at an
amplitude of 55%, as seen in Figure 3(c). The
primary objective of incorporating particles into a
polymer matrix is to enhance the cross-linking
process by impeding the movement of the epoxy
atoms. Nevertheless, the amplification of amplitude
by 70% leads to the occurrence of excessive heat,
which subsequently results in the breaking of
polymer chains and therefore decreases the Ty
values [22].

Table 1 summerises the results of recent
publications about Ty of oxide nanoparticles
reinforced epoxy adhesive.

Table 1. Summary of T4 of oxide nanofiller-epoxy composites
Tabela 1. Rezime Tg kompozita oksidnih nanopunila i epoksida

Oxide nanofiller
- Tg of neat Tg of nano- Variation
Development process Tvoe Diameter | Concentration epoxy composite (%) Ref.
P (hm) | (wt.%) | (vol.%) | adhesive (°C) | (°C)
Mechanical stirring .
with heating TiO2 25 5 81 116 43 [101]
Ultrasonic cavitation TiO2 5 1 118 129 9 [33]
Bead-Mill TiO2 300 - 8 170 172 0.1 [30]
Shear Mixing & TiOs 50 3 49 52 6 [38]
ultrasonic cavitation
Optimized ultra- Tioo | ~48 10 - - . 27 | 196]
sonication process
Ultrasonicated dual TiO2 30 1 - 78 82 5 | [105]
mixing
Ultrasonicated dual TiO2
mixing (hybrid) 30 1 - 79 97 23 [106]
Mechanical Al20s 78 2 - 59 62 5 | po7]
mixing/ultrasonication
Ultrasonication Al203 20 1.25 - 60 70 17 [100]
Planetary centrifugal | .5, 30 1 ; 84 104 23 | [M08]
mixing
Mechanical mixing Al203 35 2.5 - 70 78 11 [109]
Mechanical stirring Al2O3 10-30 - 5 83 95 15 [87]
Bead-Mill Al2O3 13 - 5 170 185 9 [30]
Shear mixing Al2O3 45 20 - 112 112 0 [78]
Mechanical mixing and | = 5, 45 6 - 61 68 11 | (110
ultrasonication
Ultrasonic dual mixing ZrO2 30 4 - 181 204 13 [98]
Ultrasonication ZrO2 45 6 - 61 70 15 [111]
Ultrasonic dual mixing ZrO2 25 2 - 49 94 92 [17]
Mechanical stirring ZrO2 15 - 1 50 55 10 [91]
Torus Mill ZrO2 12 - 8 100.3 108 8 [47
Ultrasonication SiO2 30 4 - 152 164 8 [112]
Ultrasonication SiO2 14 4 - 82 112 36 [113]
Mechanical mixing SiO2 270 5 - 228 239 5 [114]
Ultrasonication SiO2 15 4 - 62 70 11 [971
Sonication SiO2 100 40 - ~125 ~87 -30 [81]
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4.2. Effect of Oxide Nanoparticles on Thermal
Stability

The use of thermal analysis techniques to
assess the thermal deterioration of materials has
significant importance in estimating their longevity
and durability. The primary weight reduction of
epoxy adhesives based on DEGBA typically takes
place within the temperature range of 370-420 °C,
mostly as a result of the breakdown of the
bisphenol-A [115,116]. The degradation event
encompasses a series of sequential steps,
including chain scission, char production or
carbonization, and char stabilization [117]. As the
thermal stability of oxide nanoparticles is very high
due to their ceramic nature, therefore in the case of
nanoparticulate-epoxy composites, the thermal
degradation also follows the same trend as
mentioned above for epoxy matrix. Thermal
stability of nanocomposites is usually evaluated
considering three factors: (1) decomposition
temperature (determined from weight loss % of the
material with respect to the increase in
temperature), (2) activation energy for degradation,
and (3) Integral procedural decomposition
temperature (IPDT). Several studies have shown
improvements in the thermal stability of epoxy
matrices with the inclusion of oxide nanoparticles
such as TiOz, Al20s3, SiOz, and ZrO2. [49,115,118].
A  significant increase in  decomposition
temperature, the activation energy of
decomposition, and IPDT has been reported for
TiOz-epoxy and Al20s-epoxy nanocomposites
[33,113]. However, a slight improvement in the
thermal immovability is reported for ZrO2z-epoxy
nanocomposites [49]. The better thermal
sustainability of nanoparticulate-epoxy
nanocomposites may be credited to the consistent
distribution of nanofillers inside the underlying

epoxy. The distribution of nanofillers throughout the
epoxy base and the presence of a well-defined
filler-epoxy boundary contribute to the formation of
a heat flow barrier. This barrier is primarily credited
to the thermal inertness of oxide nanofillers [115].
The retardant effects of the resultant
nanocomposites on heat flow are enhanced as the
nanoparticle concentration increases. The quantity
of particles has a positive correlation with the
concentration of nanoparticles. The augmentation
of particle content, coupled with notable clustering,
results in a reduction of the cross-linking density.
Thermosetting  polymers  often  exhibit a
comparatively high degree of cross-linking density,
resulting in elevated decomposition temperatures
[33]. The optimization of cross-linking density
occurs when the epoxy matrix is maintained at its
full stoichiometry. Once the stoichiometry of the
epoxy resin is disrupted by the introduction of
external TiO2, Al203, SiO2, and ZrO2 nanoparticles,
above a critical threshold [49,115,118,119]. the
crosslink density diminishes. Consequently, a
reduction in crosslink compactness results in
reduction in the decomposition temperature.

The observed rise in the activation energy for
the disintegration of the nanocomposites may be
attributed to the significant structural changes that
occur, particularly when the nanoparticles are
uniformly dispersed inside the epoxy matrix. In
instances when nanoparticles are effectively
disseminated inside a matrix, the phenomenon of
limitation to random chain scission is intensified
due to the greater number of impediments that
impede the transport of heat and oxygen through
the matrix. However, exceeding a critical threshold
of nanoparticle concentration has a negative
impact on the activation energy of breakdown.
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Figure 5. Wt.% v/s Temperature plot of epoxy nanocomposite [121]

Slika 5. Grafik tez. % u odnosu na temperaturu epoksidnog nanokompozita [121]
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The relationship between the change in IPDT
and the increase in nanoparticle content within the
epoxy matrix often differs from that seen for the
activation energy of these nanocomposites. The
disparity in the physical characteristics of activation
energy and the IPDT [120] may account for this
phenomenon. The concept of activation energy
pertains to the rapid breakdown procedure of the
epoxy atom chain, with the exclusion of the early
decomposition and char vyield creation. On the
other hand, the IPDT encompasses the whole
constancy of the samples, counting the beginning,
rapid decay, and closing char formation stages.

The observed trend of increasing IPDT in oxide
nanoparticulate-epoxy composites with more
nanofiller loading may be credited to this factor.
Thus, the inclusion of TiO2 nanofiller in the epoxy
matrix results in better thermal resistivity compared
to the neat epoxy adhesive. The introduction of the
Al203 and ZrO2 nanoparticles into the epoxy resin
also enhances thermal resistance because these
particles work as virtuous insulators to the heat
flow through the matrix [90]. The better thermal
resistance by the ZrO2z nanoparticle may further be
supported by their good attachment with the epoxy
matrix [30].
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Figure 6. Wt.% vs Temperature plot of epoxy nanocomposite and DTG (b) thermograms wt. loss % vs
temperature [121]

Slika 6. Grafik teZ.% u odnosu na temperaturu epoksidnog nanokompozita i DTG (b) termogram mas.
gubitak % u odnosu na temperaturu [121]
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The thermal breakdown curves of natural
graphite powder (NGP), graphene oxide (GO), and
graphene-SiOz hybrids (GOS) were investigated by
Bian et al. [121] as seen in Figure 5. The findings
indicate that the degradation of GOS exhibits
similarities to that of GO, but with a slower
degradation rate and a greater accumulation of
residual GOS characteristics. This may be
attributed to the incorporation of SiO2. The
incorporation of graphene oxide sheets (GOS) into
polymer nanocomposites contributes to the
enhancement of their thermal characteristics.
Figure 6 depicts the thermogravimetric analysis
(TGA) and derivative thermos-gravimetric (DTG)
curves of hybrid polypropylene/graphene oxide
silicon dioxide (PP/GOS) nanocomposites including
varying concentrations of graphene oxide SiO:2
(GOS) [121]. The maximum decomposition
temperature is found to increase from 454°C to
462.4°C for pure PP to GOS/PP (0.5 wt%)
nanocomposite respectively.

5. CONCLUSIONS

The performance of oxide nanoparticulate
reinforced epoxy nanocomposites is dependent on
a wide variety of parameters. These parameters
include the category of epoxy resin, size, the type,
concentration, and shape of oxide nanofillers, as
well as the interface between the nandfillers and
the base polymer matrix. The manifold
enhancement in the physical, thermal and
mechanical properties of polymer nanocomposites
can only be achieved if nanoparticles are uniformly
dispersed (up to a maximum cluster of 2 to 3
particles) without significant clustering in viscous
polymer matrix (epoxy matrix). Multiple processing
techniques were used in the past for dispersing
nanofillers in the epoxy like polymer matrix. Each
method of disagglomerating nanoparticles has its
own set of advantages and disadvantages,
however, the ultrasonic dual mode mixing
approach found out very promising for dispersing
nanofillers in polymer matrices even up to the size
of individual nanoparticles.

The research results that have been published
so far are still insufficient to exhibit a direct link
between the physical characteristics  of
nanoparticulate-epoxy  composites and their
thermal properties. Because in some cases, all
three trends observed using the same nanoparticle
with different dispersion scenario in polymer matrix.
Based on the dispersion scenario, the physical and
thermal properties may increase, decrease and
remain unchanged. This has happened because of
the way of physical adsorption of polymer layer on
the nanoparticle surface. From an industrial
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perspective, the creation of a more sophisticated
material also necessitates the existence of a direct
link between the process and the material. To get
the most possible advantage from the
nanoparticulate-epoxy composites, it is obligatory
to do more research in this direction.
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PREGLED POBOLJSANIH FIZICKIH | TERMICKIH SVOJSTAVA EPOKSIDNIH
KOMPOZITA OJACANIH NANOCESTICAMA OKSIDA

Epoksidne smole su dobro poznate zbog svojih poZeljnih termickih i mehanickih karakteristika u
raznim oblastima, ukljucujuci automobilsku, gradevinsku i avio-industriju. Medutim, inherentna
krhka priroda visoko umreZenih epoksidnih smola generalno dovodi do slabosti u otpornosti na
stvaranje pukotina i njihovo kretanje. Krhkost epoksidnih smola je jedna od glavnih prepreka koja
sprecava njihovu upotrebu u Sirem obimu. Zbog toga su se mnogi istrazivaci fokusirali na
ojaCavanje epoksidnih smola razli¢itim tipovima nanostruktura ukljucujuci ugljeniéne nanocevi
(CNT), organska/neorganska nanopunila da bi se obezbedila veca Cvrsto¢a, bez umanjivanja
drugih bitnih termo-fizickih karakteristika nanokompozita. Vecina Clanaka za pregled fokusiranih
na epoksidne kompozite ojacane CNT-om, a dostupni su vrlo ograni¢eni ¢lanci za pregled koji se
fokusiraju na epoksidne kompozite ojacane oksidnim nanopunilima. U ovom preglednom ¢lanku
istrazeni su epoksidni nanokompoziti ojadani nanolesticama glinice (Al20z3), titanija (TiO2),
silicijum dioksida (SiO2) i cirkonijum (ZrO2). Uticaj nanocestica oksida u modifikaciji fizickih i
termickih osobina epoksidnih nanokompozita je predstavijen, uporeden i kritiCki analiziran u cilju
optimizacije performansi epoksidnih nanokompozita.

Kljuéne reci: oksidni nanopunjac; temperatura prelaska stakla; fizicka svojstva; termi¢ka svojstva;

termicka degradacija
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Impact of annealing on structural and optical properties
of sol-gel derived samarium silica nanocomposites

ABSTRACT

The pursuit of finely tuned material properties has driven the exploration of annealing strategies in
the context of Samarium Silica Nanocomposites (Sm-SiO2 NCs) synthesized through the sol-gel
route. This study unveils novel insights into the influence of optimized annealing protocols on the
structural and functional evolution of these advanced nanocomposites. Through meticulous
experimentation, we establish that controlled temperature annealing plays a pivotal role in tailoring
the microstructure and properties of Sm-SiO2 NCs. The judicious manipulation of annealing
parameters, including temperature duration, and atmosphere, orchestrates distinct transformations
in the composite architecture. Field emission microscopy and structural analysis reveal that
precise annealing promotes the consolidation of nanoscale domains, leading to improved
crystallinity and enhanced connectivity between samarium species and the silica matrix.
Moreover, the annealing-induced modifications extend beyond structural aspects to influence
functional properties, an increase in crystallite size was observed from 15 nm to 43 nm as an
effect of annealing. Our findings illustrate a remarkable enhancement in luminescence intensity as
a consequence of optimized annealing, showcasing the potential for tailored photonic applications.
These revelations are supported by a comprehensive suite of analytical techniques, including X-
ray diffraction, Fourier transform infra red,\Field emission with Energy dispersive x-ray and
photoluminescence spectroscopy. The synthesis-annealing synergy not only advances our
fundamental understanding of nanocomposite evolution but also furnishes a pathway towards
designing multifunctional materials with precision-engineered attributes.

Keywords: Nanocomposites, Sol-Gel Route, annealing strategies, microstructural evolution,

functional enhancements

1. INTRODUCTION

In the pursuit of tailoring material properties at
the nanoscale, the synthesis and optimization of
multifunctional nanocomposites have gained sub-
stantial attention due to their potential applications
in a wide array of fields. Among these, the coupling
of rare earth elements with silica matrices has
emerged as a compelling avenue for engineering
advanced materials with tailored optical, magnetic,
and catalytic properties [1-3]. The integration of
Samarium Silica Nanocomposites (Sm-SiO2 NCs)
stands as a representative example, where the
deliberate incorporation of samarium species into a
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silica matrix has shown remarkable potential for
applications ranging from photonics to biomedicine.
The sol-gel technique has emerged as a versatile
and robust approach for fabricating nanocom-
posites with controlled compositions and morpho-
logies [4,5]. In this context, the role of post-
synthesis thermal treatments, particularly annea-
ling, has garnered attention as a strategic tool for
refining the properties of these nanocomposites.
Annealing involves subjecting the synthesized
materials to controlled elevated temperatures for a
specified duration, often in controlled atmospheres
[6,7]. Through this process, it is possible to induce
structural rearrangements, phase transitions, and
modifications in physicochemical properties that
can be harnessed to enhance the functionality of
the resulting nanocomposites [8-10].

This study delves into the realm of optimized
annealing strategies for Sm-SiO2 NCs prepared via
the sol-gel route. The motivation behind investi-
gating annealing stems from its potential to exert
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profound influence over the microstructure and
properties of these nanocomposites [11,12]. By
judiciously manipulating the annealing parameters,
such as temperature, duration, and gas
atmosphere, it becomes possible to drive controlled
transformations that impact the arrangement of
samarium species within the silica matrix.
Consequently, these controlled changes in
structure lead to corresponding enhancements in
properties, such as photoluminescence intensity
and magnetic behavior. The interplay between sol-
gel synthesis and annealing presents an intriguing
avenue for tailoring nanocomposite characteristics
with precision [13-15]. Through a systematic
exploration of annealing strategies, a deepened
understanding of the structure-property relation-
ships in Sm-SiO2 NCs can be achieved. This
investigation not only contributes to fundamental
knowledge about nanocomposite evolution but also
holds the potential to drive the development of
innovative applications that capitalize on the
synergistic effects of sol-gel synthesis and
optimized annealing.

The annealing procedure plays a pivotal role in
determining the final properties of the investigated
Samarium Silica Nanocomposites prepared by the
Sol-Gel method. In the subsequent sections of this
paper, we present our findings on the influence of
various annealing protocols on the structural and
functional attributes of Sm-SiO2 NCs. Through a
combination of advanced characterization techni-
ques, we unveil the intricate changes induced by
annealing and underscore the potential of this
approach for precise property engineering in
nanocomposites.The study demonstrates that
controlled temperature annealing is pivotal in
tailoring the microstructure and properties of Sm-
SiO2 NCs. Optimized annealing protocols, including
temperature, duration, and atmosphere, lead to
distinct transformations in the composite architec-
ture. This includes improved crystallinity, enhanced
connectivity between samarium species and the
silica matrix, and a remarkable enhancement in
luminescence intensity. The findings highlight the
significance of the annealing process in achieving
precise property engineering in nanocomposites,
advancing their potential applications in various
fields.

2. MATERIALS AND METHODS

2.1. Materials

The materials employed for the preparation of
Sm203-SiO2 nanocomposites consisted of Tet-
raethyl orthosilicate, hydrochloric acid (HCI), nitric
acid (HNOs), samarium oxide and ethanol, all of
which were acquired from Sigma Aldrich. Distilled
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water was utilized exclusively for all experiments
conducted.

2.2. Methods

Using the sol-gel methodology, a silica gel
doped with Sm was produced through refluxing
highly pure chemicals. A mixture of tetraethoxy-
silane, ethanol, and deionized water was combined
with hydrochloric acid, which acted as a catalyst.
For the gel preparation, the molar ratios of starting
solutions were adjusted as follows: 0.38:0.162:0.
0923:0.031 for H20:C2HsOH:HCI:TEOS. Notably,
all glass samples were doped with 6% Sm203. The
inclusion of samarium oxide in the early stages of
the process involved dissolving samarium oxide in
nitric acid under elevated temperatures, yielding a
clear white solution [16,17]. This resulting preci-
pitate was then incorporated into the previously
prepared solution. Following filtration, the solutions
were stirred for a duration of 2h at room
temperature, resulting in homogeneous solutions.
Subsequently, these solutions were poured into
various molds and placed in a drying oven set at
100°C. Gelation was evident approximately four
days later. The aging process ensued, contributing
to further contraction and solidification of the gel.
The doped samples exhibited a glassy yellow hue
due to the presence of samarium. To obtain
powdered forms of the doped samples, a pestle
and mortar were employed [18]. The resultant
powder samples were subjected to sintering in a
muffle furnace across temperature ranges of
780°C, 980°C, and 1180°C.

2.3. Characterizations

Characterizing the structural, morphological,
and functional changes induced by optimized
annealing strategies is pivotal to unravel the
intricate interplay between thermal treatment and
the properties of Samarium Silica Nanocomposites
(Sm-SiO2 NCs) synthesized via the sol-gel route.
The characterization efforts provide a compre-
hensive understanding of how controlled annealing
influences the evolution of these advanced
nanocomposites. The characteristic diffraction
peaks of samarium oxide and silica are meticu-
lously tracked using RIGAKU XRD diffractometer.
Energy-dispersive  X-ray spectroscopy (EDS)
coupled with FESEM allows for elemental mapping,
facilitating the visualization of elemental distribution
across the nanocomposite. Photoluminescence
spectroscopy (PL) serves as a probing tool for
assessing the impact of optimized annealing on the
luminescent properties of Sm-SiO2 NCs. FTIR has
been used in order to trace out the functional
groups attached herein with silica species.
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3. RESULTS AND DISCUSSION

3.1. Crystallographic structure

The X-ray diffraction (XRD) analysis was
conducted on samarium oxide-doped silica powder
that underwent calcination at various temperatures
(ranging from 780°C to 1180°C) for different
durations as depicted in Fig.1. Interestingly, the
XRD pattern of the powder subjected to calcination
at 780°C for 3 h did not exhibit distinct reflection
peaks, implying the material remained in an
amorphous state. This outcome suggests that even
after 3h of annealing well below the binary oxides'
melting point, there was no discernible effect on

temperature to 980°C and maintaining it for 3 h, a
pronounced transformation in the reflection pattern
became evident. Notably, two prominent reflections
emerged at angles 20 of 28.22° and 32.75°. The
broader peak centered around 26 of 19.86° could
be attributed to the (101) reflection of the
cristobalite structure, as per the JCPDS file no. 39-
1425. The presence of the cristobalite phase
suggests the persistence of water molecules within
the sample. Conversely, the sharp peak is plausibly
associated with the (222) reflection of the cubic
Sm203-SiO2 phase. Notably, the application of
heat treatment at 1180°C for 6 h led to a reduction
in the number of pores and their interconnectivity,

altering the amorphous phase of the Sm20s-SiO2  resulting in a substantial alteration of the
composite. Upon increasing the calcination  amorphous phase [1, 9].
Sm20,-Si0; (780°C) ( a) $m,0,-Si0, (980°C) (b)
5 -
« 3
= =
E £ W
|l . N | = MW\‘\UL’M
PR L | MM A
"’“’W Nﬂ‘“\"ﬁ.wwmm
10'2'0'3l0'430'5.ﬂ—ﬁlﬂ'7lo.80 10.2l0.3lﬂl4:0.5IDl6'I]'?b'80
20 20
Sm,0,-Si0; (1180°C) (c)
3
g
: ﬂnﬂﬁapumhnﬁhhhh

10 20 30 40

20

50 60 70 80

Figure 1. XRD pattern of annealed samples at (a) 780°C, (b) 980°C, (c) 1180°C
Slika 1. XRD grafik Zarenih uzoraka na (a) 780°C, (b) 980°C, (c) 1180°C

It's noteworthy to mention that previous
investigations did not reveal such significant
reflections in the high Sm20s3; loaded sample
annealed at 1000°C. However, annealing the
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sample at 780°C under vacuum conditions did yield
a faint reflection. The narrower diffraction pattern
around 28.22° was employed to calculate the mean
crystallite size using the Scherrer formula, yielding
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a size of 15 nm (with d=3.16 A and a=10.94 A).
These outcomes suggest that during prolonged
annealing for sintering, the crystallite size
increases to 43 nm due to nanoparticle
coalescence. These findings collectively indicate
that low-temperature heat treatment (780-1180°C)
combined with extended annealing duration
enhances both the crystallinity and the size of the
nanocomposites [6, 18]. These patterns not only
ascertain the crystalline phases present but also
reveal potential phase transitions triggered by
annealing. The shift in peak positions, intensities,
and widths unveils subtle changes in
crystallographic parameters, shedding light on the
arrangement of samarium species within the silica
matrix.

3.2. FTIR

The FTIR transmittance spectra, spanning a
range of 4000-500 cm, vividly illustrate the effects
of heat treatment on the doped samples. Notably,
when subjected to a temperature of 980°C,
distinctive bands emerge at 540, 800, 1629, and
1040 cm'. These bands find assignment in the
symmetrical stretching vibration of Si-O-Si bonds,
the vibrational mode of the ring structure of SiO:2
tetrahedra, the characteristic stretching mode Si—
OH inherent to the gel structure, the TO mode
originating from the asymmetric stretching vibration
of Si—O-Si bonds, and the bending modes linked
with water adsorbed onto the silica surface,
respectively as shown in Fig. 2 [19, 20].

780°C

—980°C

—1180°C

%T

T T v T T T v T T T T T T
4000 3500 3000 2500 2000 1500 1000 500

Cm™!

Figure 2. FTIR spectra of samarium silica
nanocomposites

Slika 2. FTIR spektar nanokompozita samarijuma
silicijum dioksida

In the lower frequency range of the FTIR
spectra, a robust band centered around 1629 cm-!
is attributed to the Sm—-OH bond. The intriguing
facet lies in the transformation brought about by
elevated temperature heat treatment, where the
extended sintering process converts Sm—-OH into
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the cubic Sm203 phase. Adding to this intrigue, the
TO mode of Si—O-Si experiences a subtle shift
towards higher wave numbers as the calcination
temperature climbs to 1180°C during a 6 h
treatment. The results obtained from FTIR analysis
synergistically reinforce the findings deduced from
X-ray diffraction (XRD) data [21]. The FTIR spectral
shifts and distinctive bands align with the structural
changes and transformations identified through
XRD, collectively providing a robust validation of
the dynamic alterations that transpire in the doped
samples under varying heat treatment conditions
[10].

3.3. Morphology of Sm,03—SiO» nanopatrticles

Field Emission Scanning Electron Microscopy
(FESEM) coupled with Energy-Dispersive X-ray
(EDX) analysis has unveiled profound insights into
the microstructural and compositional changes
exhibited by samarium-doped silica samples
subjected to annealing at varying temperatures —
780°C, 980°C, and 1180°C as shown in Fig. 3
[15,21]. These observations provide a comprehen-
sive picture of how heat treatment at different tem-
peratures influences the morphology and elemental
distribution within the composite material [2].

Annealing at 780°C: At this relatively lower
annealing temperature, FESEM images reveal a
predominantly agglomerated morphology of the
doped silica particles. These clusters appear
moderately porous, and the surface texture exhibits
a level of irregularity. The particle sizes appear
within the nanoscale range, with subtle variations
attributed to agglomeration tendencies. The relative
elemental composition reflects the intended
composition of the composite as shown in Fig. 4.

Annealing at 980°C: Upon elevating the
annealing temperature to 980°C, a noticeable
transformation in the microstructure becomes
evident. FESEM images portray a refined particle
arrangement, with reduced agglomeration and a
more uniform distribution. The surface texture
appears smoother, with indications of enhanced
particle connectivity.

Annealing at 1180°C: At the highest annealing
temperature of 1180°C, FESEM images exhibit a
further evolution in the microstructure. The particle
agglomerations are significantly mitigated, leading
to a more dispersed arrangement. The particle
surfaces appear smoother and more homogenous,
with indications of reduced porosity.

EDX analysis reaffirms the consistent presence
of samarium, silicon, and oxygen. Interestingly,
quantitative analysis of elemental proportions
reflects a marginal change, potentially indicating
subtle shifts in elemental diffusion due to the
elevated annealing temperature.
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Figure 3. FESEM images of samarium silica nanocomposites annealed at 780°C, 980°C and 1180°C
respectively; (a,b,c) at 200 nm scale and (d,e,f) at 2 um scale

Slika 3. FESEM slike nanokompozita samarijum silicijum dioksida Zarenih na 780 °C, 980°C i 1180°C
respektivno; (a,b,c) na skali od 200 nm i (d,e,f) na skali od 2 um
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Figure 4. EDX spectra of samarium silica nanocomposites
Slika 4. EDX spektri nanokompozita samarijuma silicijum dioksida
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Collectively, the FESEM images and EDX
analyses illustrate a compelling narrative of struc-
tural refinement and compositional stability as the
annealing temperature increases from 780°C to
1180°C [16]. The observed trends in morphology
and elemental distribution bear significant implica-
tions for tailoring the material properties, influe-
ncing applications in catalysis, photonics, and
beyond.

3.4. Photoluminiscence study

The presented Fig. 5 encapsulates the Photo-
luminescence (PL) spectra of typical powdered
Sm203-SiO2 samples, each undergoing distinct
annealing conditions in ambient air. The samples
are subjected to temperatures of 780°C (3 h),
980°C (3 h), and 1180°C (6 h). Notably, all spectra
showcase continuous and broad luminescent pat-
terns, characterized by a distinctive peak centered
around 618 nm. This luminescence is attributed to
the presence of samarium crystallites, despite the
influence of concentration quenching [22, 23].

Of particular interest is the intriguing interplay
between temperature and PL intensity. As the
temperature is elevated, there is a discernible
elevation in PL intensity. This phenomenon is
attributed to the augmentation of nonradiative
processes, which in turn diminish the efficacy of
radiative recombination [24-26]. This relationship
underscores the intricate balance between
temperature-induced  processes that either
enhance or hinder the luminescence efficiency
within the Sm203-SiO2 samples.

—1180°C
980°C
780°C

PL Intensity (a.u.)

! 5 L] v T Y T T
570 600 630 660 690
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Figure 5. FTIR spectra of samarium silica
nanocomposites

Slika 5. FTIR spektri nanokompozita samarijuma
silicijum dioksida
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4.CONCLUSIONS

The investigation has illuminated substantial
alterations in both structural and functional
attributes. Annealing-induced crystalline phase
transitions and enhanced ordering underscore the
pivotal role of temperature in shaping the material's
architecture. Concurrently, the significant modifi-
cations in photoluminescence behavior emphasize
the nuanced interplay between annealing and
functional properties. One limitation may be the
specific conditions chosen for annealing, as
variations in temperature and duration could yield
different results. Additionally, the research may
focus on a particular aspect of the material
properties, leaving room for exploration of other
potential characteristics. Furthermore, the applica-
bility of the findings in real-world scenarios or
industrial settings may need further investigation.
As for the future scope, expanding the research to
encompass a broader range of annealing
conditions and exploring diverse applications of
Samarium Silica Nanocomposites could enhance
the comprehensiveness of the study. Additionally,
investigating potential synergies with other mate-
rials or incorporating advanced characterization
techniques may open new avenues for under-
standing and optimizing the properties of these
nanocomposites.

This study underscores the potential of
annealing as a versatile tool for engineering
tailored material characteristics. The synergy
between sol-gel synthesis and annealing offers a
promising avenue for creating advanced nano-
materials with finely tuned properties. As nano-
science advances, the insights garnered here
contribute to the evolving landscape of material
design, fostering opportunities for innovative
applications across diverse technological domains.
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1ZVOD

UTICAJ ZARENJA NA STRUKTURNA | OPTICKA SVOJSTVA
NANOKOMPOZITA OD SAMARIJUM SILICIJUM DIOKSIDA DOBIJENIH
SOL-GELOM

Potraga za fino podeSenim svojstvima materijala dovela je do istraZivanja strategija Zarenja u
kontekstu nanokompozita samarijum silicijum dioksida (Sm-SiOz2 NCs) sintetizovanih putem sol-
gel puta. Ova studija otkriva nove vidike u uticaj optimizovanih protokola Zarenja na strukturnu i
funkcionalnu evoluciju ovih naprednih nanokompozita. Kroz pedantno eksperimentisanje,
ustanoviljeno je da Zarenje na kontrolisanoj temperaturi igra klju¢nu ulogu u prilagodavanju
mikrostrukture i svojstava Sm-SiO2 NCs. Razumna manipulacija parametrima Zarenja, ukljuéujuci
trajanje temperature i atmosferu, orkestrira razli¢ite transformacije u kompozitnoj arhitekturi.
Emisiona mikroskopija i strukturna analiza otkrivaju da precizno Zarenje promovise konsolidaciju
domena nanorazmera, Sto dovodi do poboljSane kristalnosti i poboljSane povezanosti izmedu
vrsta samarijuma i matriksa silicijum dioksida. Stavi$e, modifikacije izazvane Zarenjem se protezu
izvan strukturnih aspekata kako bi uticale na funkcionalna svojstva, uo¢eno je povecanje veliine
kristalita sa 15nm na 43nm kao efekat Zarenja. Na$i nalazi ilustruju znalajno poboljSanje
intenziteta luminiscencije kao posledicu optimizovanog Zarenja, pokazujuci potencijal za
prilagodene fotonske aplikacije. Ova otkrica su podrzana sveobuhvatnim paketom analitiCkih
tehnika, uklju¢ujuci difrakciju rendgenskih zraka, infracrvenu Furijeovu transformaciju, emisiju
polja sa energetski disperzivnom rendgenskom spektroskopijom i fotoluminiscentnom
spektroskopijom. Sinergija sinteze i Zarenja ne samo da unapreduje naSe fundamentalno
razumevanje evolucije nanokompozita, vec¢ takode pruza put ka dizajniranju multifunkcionalnih
materijala sa precizno projektovanim atributima.

Kljuéne reci: nanokompoziti, sol-gel ruta, strategije Zarenja, mikrostrukturna evolucija,
funkcionalna pobolj$anja
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Superior electrochemical performance of SnSe-PPy nanocomposites

for supercapacitor application

ABSTRACT

Recently, Metal chalcogenides have received considerable interest in the field of energy storage
devices. In this work, tin selenide-polypyrrole (SnSe-PPy) nanocomposite has been synthesized
by hydrothermal method and its supercapacitive behavior is investigated. The synthesized SnSe-
PPy nanocomposite is analysed by X-ray diffraction (XRD), Fourier transform infrared
spectroscopy (FTIR), Scanning electron microscopy (SEM) and electrochemical characterisation.
XRD confirms the existence of orthorhombic SnSe, and the FTIR result reveals the presence of
polypyrrole. The supercapacitive behavior of SnSe-PPy nanocomposite is studied by cyclic
voltammetry and galvanostatic charge-discharge studies. SnSe-PPy nanocomposite delivers the

specific capacitance of 223 F g’ at 10 mV sec

1. The addition of polypyrrole increases the

conductivity of the material and improves its supercapacitive behavior.
Keywords: Tin selenide, polypyrrole, supercapacitor, specific capacity, cycle life

1. INTRODUCTION

The global economy is severely affected by
energy crises and environmental degradation
problems. Energy production mainly depends on
the combustion of fossil fuels, which produce
greenhouse gas emissions and pollution.
Therefore, generating effective storage devices
that produce clean and sustainable energy is
essential. In this perspective, batteries, fuel cells,
and supercapacitors are effectively utilized as
electrochemical energy storage devices [1,2]. In
batteries, chemical energy is converted into
electrical energy through a process called a redox
reaction. Fuel cells work similar to batteries, but
chemical energy from fuel is converted into
electrical energy. In this context, a supercapacitor
(SC) is a promising energy storage device that fills
the gap between conventional capacitors and
batteries [3,4]. SCs provide higher power outputs
than batteries and store more energy than
capacitors.

Benefiting from the better characteristics of
supercapacitors such as high power density and
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E-mail: rveena@hindustanuniv.ac.in
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Paper accepted: 27. 11. 2023.

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

long-term stability, it is extensively used in electric
motors, wind turbines, MP3 players and Regene-
rative braking [5,6]. Mostly, Supercapacitors are
used alone or in conjunction with other energy
storage technology [7-9]. In supercapacitors, the
electrode stores charges by the non-faradic and
faradaic processes. Supercapacitors are classified
into four types: (i) electrolytic double layer (EDLC),
(ii) pseudo, (iii) hybrid and (iv) battery-type capaci-
tors [10]. Among all, the pseudo supercapacitors
have gained significant attention due to their exce-
ptional features like high power density and
enhanced cycle life.

Generally, using appropriate electrode mate-
rials with nanostructured architecture improves the
electrochemical performance and efficiency of SCs
[11,12]. The electrode material can be made from a
variety of materials [12]. Carbon-based materials
are used in EDLCs and transition metal oxides
(RUO2, TiO2, Zn0O, GeO2), metal chalcogenides
(SnS, MOS2, WSz, MoSe), conducting polymers
(polyaniline  (PANI), polypyrrole (PPy), poly
cetylene (PA), polythiophene (PTH)) are used in
Pseudo-capacitors [13-15].

In recent years, Metal chalcogenides have
drawn significant interest, and tin selenides (SnSe)
is gaining popularity due to their diverse application
like thermoelectric, sensors, solar cells, and energy
storage [16-18]. Manoj Kumar et al. reviewed the
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physical properties of tin-selenide material, such as
phases, defects, growth mechanisms, deposition
methods, and the various possible applications.
Due to their favourable bandgap and absorption
coefficient, these materials have gained significant
attention in photovoltaic and optoelectronic applica-
tions [19]. However, among other metal chalcoge-
nides, very few works have been published on the
supercapacitive behavior of SnSe. Zhang et al.
fabricated 2D, tin selenide nanodisks and nano-
sheets, and SnSe nanodisk delivered the specific
capacitances of 168 F g, and SnSe nanosheet
yielded 228 F g [20]. In general, the addition of
conducting polymers, especially Polypyrrole (PPy),
improves the electrochemical performance of metal
chalcogenides by the providing necessary surface
area, which improves the charge storage capacity.
Yang Huang et al. demonstrated various synthesis
procedures to fabricate PPy nanostructures [21].
Polypyrrole has promising properties such as high
conductivity, stability, large surface area, and low
equivalent series resistance, and these properties
are essential to fabricating efficient super-
capacitors.

Hence, in this study, to enhance the electro-
chemical performance of tin selenide, polypyrrole is
incorporated, and SnSe-PPy nanocomposites
have been prepared using a hydrothermal method.
The supercapacitive behavior of SnSe-PPy
nanocomposites is investigated.

2. MATERIALS AND METHODS

2.1. Materials

Tin (Il) chloride dihydrate (SnCl2-2H20) was
purchased from Merck Life Science Private Limited
Mumbai. Selenium, pyrrole, hydrogen hydrazine,

L

Teflon lined Autoclave

Reaction mixture

potassium hydroxide, Sodium hydroxide pellets,
and ethanol were purchased from Sigma Aldrich.

2.2. Synthesis of Polypyrrole (PPy)

The synthesis of polypyrrole (PPy) was carried
out using the chemical polymerization method. 3 g
of dodecyl benzene sulphonic acid (50 ml) was
added to the 0.1 M ferric chloride solution (50 ml).
Following this, 0.1 M of pyrrole was added
dropwise to the mixed solution at 5°C for 4 h. After
the polymerization process was complete, the
obtained polypyrrole was washed with distilled
water to remove residual reactants and by-
products. Finally, the washed PPy was dried at
60°C to get the final PPy material. This process
involves the formation of a polymer from a
monomer, where the monomer pyrrole underwent
oxidative polymerization in the presence of a
dopant, dodecyl benzene sulphonic acid, and an
oxidant, ferric chloride hexahydrate.

2.3. Synthesis of SnSe-PPy nanocomposite

The hydrothermal method was adopted to
synthesize SnSe-PPy nanocomposite materials. To
synthesize SnSe-PPy nanocomposites, 2.6 grams
of SnCl2.H20, 0.1 grams of selenium and 10 wi%
polypyrrole were added to 100 ml of distilled water
and stirred at room temperature for 2 h. Then, the
NaOH (0.01M) solution, followed by hydrogen
hydride solutions, was added to the precursor’s
solution and stirred for 6h. The solution was
transferred to an autoclave and heated at 100°C for
8 h. The resulting blackish-brown colour solution
was centrifuged at 3000 RPM. At last, the powder
was washed with distilled water and dried at 60°C
in the oven. Fig. 1 represents the synthesis of
SnSe-PPy  nanocomposite by  hydrothermal

method.
— ‘

Sn3e-PPy
nanocomposite

-le
.
L

|

I

Vacuum Oven

Figure 1. Synthesis of SnSe-PPy nanocomposite

Slika 1. Sinteza SnSe-PPi nanokompozita

2.4. Characterizations

The X-ray diffraction (XRD) characterization
was carried out using an X-ray diffractometer
(BRUKER USA D8 Advance, Davinci). Fourier
transform infrared spectroscopy (FTIR)
measurements were performed using Nicolet iS50
within the operating range of 400- 4000 cm-'. The
FTIR sample is prepared by adding 200 mg of
anhydrous potassium bromide with 2 mg of the

152

sample. Then the mixture was pelletized with a
pressure of 10 k Pa cm2. The morphology of the
material was analysed using a VEGA3 TESCAN
scanning electron microscope.

2.4.1. Electrochemical Characterization

The electrochemical characterizations were
carried out using a VersSTAT-3 electrochemical
workstation. The three-electrode configuration is
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used to perform the supercapacitive behavior of
SnSe-PPy nanocomposite. The working electrodes
were prepared by mixing an 80:10:10 ratio of active
material, carbon black and polyvinylidene difluoride
(PVDF) respectively. The slurry was then coated
onto a stainless steel current collector with a 1x1
cm? area and dried overnight at 90°C. The weight
of the electrode material coated on the SS
electrode was kept constant at approximately 1mg
for all electrochemical measurements. Pt foil and

a

Intensity (arb. unit)

Ag/AgCl were used as a counter and reference
electrode. 2M KOH solution was used as an
electrolyte.

3. RESULT AND DISCUSSIONS

X-ray diffraction pattern of pure PPy is shown
in Fig. 2a, and the result reveals a broad pattern in
the range 26 = 20° and 30°, which indicates the
formation of amorphous PPy [22].

11y
[=x

(201)

(210)

Intensity (arb. unit)

T
10 20 30 40 50 60 70 80
20 (degree)

20 30 40 50 60 70 80
20 (degree)

Figure 2. (a&b) XRD diffraction pattern of polypyrrole (PPy) and SnSe-PPy nanocomposite
Slika 2. (a&b) XRD difrakcioni uzorak polipirola (PPi) i nanokompozita SnSe-PPi

Transimttance (%)

526

v T T T T T T T T T T T T
4000 3500 3000 2500 2000 1500 1000 500

Wavenumber (cm'l)
Figure 3. FTIR spectrum of SnSe-PPy
nanocomposite
Slika 3. FTIR spektar SnSe-PPi nanokompozita

Fig. 2b reveals the XRD pattern of hydro-
thermal-derived SnSe-PPy materials. The X-ray
diffraction pattern exhibits two theta peaks at
23.41°, 30.12°, 41.54°, 51.67°, 65.38°, and 61.46°

ZASTITA MATERIJALA 65 (2024) broj 1

corresponding to the (201), (111), (102), (601),
(203), and (122) planes respectively. The XRD
results confirm the existence of the orthorhombic
phase of SnSe. The lattice parameter values ‘a’,
‘b’, and ‘c’ were calculated and are found to be a =
11.057 A, b= 4.164 A, c= 4.604 A which is well
matched with the JCPDS data (89-0236). No
predominant peak corresponding to polypyrrole
was observed.

The chemical structures of SnSe-PPy nano-
composite were studied by the FTIR technique.
FTIR Spectra of SnSe-PPy material are shown in
Fig. 3. The peak that appeared at 526 cm’
corresponds to SnSe vibration. The characteristic
peak of polypyrrole is observed at 1630 cm™, 939
cm, 1230 cm™ and 3219 cm™'. The peak at 1630
cm! attributes C=C vibration modes. The peaks at
939 and 1230 cm ascribe to C-H wagging and C-
N bonds, respectively. The occurrence of the broad
peak at 3219 cm™ is attributed to N-H stretching
vibrations in the pyrrole ring [23].

The electrochemical properties of electrode
materials are significantly influenced by their
surface morphology and specific surface area. The
size and shape of the SnSe- PPy material were
analyzed by scanning electron microscope.
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Figure 4. (a & b) SEM images of SnSe-PPy nanocomposite
Slika 4. (a i b) SEM slike SnSe-PPi nanokompozita

The morphology of SnSe-PPy nanoparticles was recorded using SEM, and the images are shown in
Fig. 4 (a & b). The magnified SEM image (Fig. 4b) illustrates the presence of agglomerated triangle and
spherical shape particles with an average size of 100 nm to 500 nm.
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Figure 5. a) Cyclic voltammogram and b) specific capacitance versus scan rate

Slika 5. a) Ciklicni voltamogram i b) specificna kapacitivnost u odnosu na brzinu skeniranja

The Cyclic Voltammetry (CV) technique is
utilized to investigate the redox properties and
reversibility of SnSe-PPy nanocomposites as
shown in Fig. 5a. The CV measurements were
performed at the scan rates of 10, 25, 50, 75, and
100 mV s and potential window of -0.4 V to 1 V.
The negative and positive current regions detected
in the CV curves indicate the cathodic reduction
and anodic oxidation processes. The CV result
confirms the existence of reversible reaction (Sn2*
< Sn*) in SnSe-PPy nanocomposites [20]. The
CV results exhibit the faradaic behavior of SnSe-
PPy material.
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The increase of integral current area shows the
enhancement of the capacitive behavior of SnSe-
PPy electrodes. When the scan rate increases, the
area under the CV curve also increases, indicating
that there is an outstanding capacitive behavior
[24].

The equations below were used to calculate
the special capacitance of SnSe-PPy electrodes.

_J1de

S md

where
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Cs is the specific capacitance of the SnSe-PPy
electrodes

m is the amount of active material,
I is the scan rate and | is the Integral current.

The calculated specific capacitance values are
223,187, 152, 110 and 98 F g at the scan rates of

a ——5mA
—1mA
——0.75mA
—0.50 mA
———0.25mA
—0.10mA
= 0.075 mA|
—0.05mA

o
®

Potential (Volts) Vs Ag/AgClI
(=]
Y

e
)

T T T T ¥ T T Y T T
0 50 100 150 200 250 300 350 400 450 500

Time (Sec)

10, 25, 50, 75 and 100 mV s respectively (Fig.
5b). At a scan rate of 10 mV s!, an exceptionally
high capacitance of 223 F g' was observed.
However, at faster scan rates, only the material's
outer surface can participate in the capacitive
process with the electrolyte ions, leading to less
utilization of the electroactive material.

300

b

'
250 ;
200 =

\

150{ =

100 - i
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134
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L

Current density (Alg)

Figure 6. a) Galvanostatic charge discharge measurements, b) Specific capacitance versus current densities

Slika 6. a) Merenja galvanostatskog praznjenja, b) Specificni kapacitet u odnosu na gustinu struje

Fig. 6a shows the galvanostatic charge-dis-
charge (GCD) curves for SnSe-PPy nano-
composite electrodes at different current densities.
The specific capacitance Cs is calculated from the
GCD curve using the following equation,

c IAt
§=—
mAV
The specific capacitance versus current

densities is shown in the Fig. 6b. The calculated
specific capacitance at different current densities of
0.05, 0.075, 0.10, 0.25, 0.50, 0.75, 1 and 5 mA are
273, 235, 200, 171, 152, 115, 87 and 55 F g
respectively.

At a current density of 0.05 mA, the electrode
exhibits a maximum specific capacitance of 273 F
g'. It is usual for supercapacitors to experience a
reduction in capacitance at relatively higher current
densities due to the faster discharge rate compared
to lower current densities [25]. The incorporation of
polypyrrole enhances the electrical conductivity
and improves the electrochemical performance of
SnSe-PPy nanocomposite.

Electrochemical impedance spectra of the
SnSe-PPy electrode are measured in the range of
100 kHz to 0.01 Hz and shown in Fig. 7. The
semicircle at a high frequency range indicates the
charge transfer process at the electrode -
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electrolyte interface. On the Nyquist plot, the point
where the semicircle intersects the real axis shows
the solution resistance (Rs) and charge transfer
resistance (Rct) [26,27].

600

500 Rs
R Zw
W-

400 —

£
£ -]
' 300 /
N o
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e/ ‘
100 g
-8~
ase®®
0 _jl T T T T T
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Figure 7. Nyquist plot of SnSe-PPy electrode
Slika 7. Nyquist-ov dijagram SnSe-PPi elektrode

The inset Fig. 7 displays the equivalent circuit
diagram (Randle circuit). The diagonal line in the
low-frequency range denotes Warburg impedance,
which is associated with the diffusion of ions from
the electrolyte to the surface of the electrode. The
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Nyquist plot shows a straight line in the low-
frequency area and a quasi-semicircle in the high-
frequency region. These patterns are related to the
mass transfer and charge transfer processes,
respectively.

The equivalent circuit comprises various
parameters, including the bulk resistance (Rs),
charge transfer resistance (Rc), Ca, which denotes
the pseudo capacitance, and Warburg parameter
(W). The solution resistance (Rs) is 21 Q, and the
charge transfer resistance (Rct) is 46.25 Q.

4. CONCLUSIONS

In this work, SnSe-PPy nanocomposites are
synthesized by the hydrothermal method and the
supercapacitive behavior of SnSe-PPy nanocom-
posites is investigated. XRD confirms the formation
of orthorhombic SnSe. The SEM image shows
agglomerated triangle-shaped particles. The SnSe-
PPy electrode delivers the specific capacitance of
273 Fg' at 0.05 mA. The incorporation of
polypyrrole enhances the electrical conduction and
improves the electrochemical performance of
SnSe-PPy nanocomposite. However, scalable
synthesis and optimization of polypyrrole quantity
has been required for commercial application.
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1ZVOD

SUPERIORNE ELEKTROHEMIJSKE PERFORMANSE SNSE-PPY
NANOKOMPOZITA ZA PRIMENU U SUPERKONDENZATORIMA

Nedavno su metalni halkogenidi dobili znac¢ajno interesovanje u oblasti uredaja za skladiStenje
energije. U ovom radu hidrotermalnom metodom je sintetizovan nanokompozit kalaj selenid-
polipirol (SnSe-PPi) i ispitano je njegovo superkapacitivno pona$anje. Sintetizovani SnSe-PPi
nanokompozit je analiziran rendgenskom difrakcijom (XRD), infracrvenom spektroskopijom
Furijeove transformacije (FTIR), skenirajuéom elektronskom mikroskopom (SEM) i
elektrohemijskom karakterizacijom. XRD potvrduje postojanje ortorombicnog SnSe, a FTIR
rezultat otkriva prisustvo polipirola. Superkapacitivno pona$anje SnSe-PPi nanokompozita je
proucavano ciklicnom voltametriiom | studijama galvanostatskog praznjenja. SnSe-PPi
nanokompozit isporuéuje specifican kapacitet od 223 F g pri 10 mV sec™’. Dodatak polipirola
povecava provodijivost materijala i poboljSava njegovo superkapacitivno ponasanje.

Kljucne reci: Kalaj selenid, polipirol, superkondenzator, specificni kapacitet, Zivotni vek.
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Tuning low frequency dielectric properties of flexible ternary polymer
blend film reinforced with bio- ionic liquid for the application in green
electronics

ABSTRACT

Biofriendly conducting polymeric blends and composites exhibiting high dielectric constant and
dielectric loss are promising for applications as sensors, actuators, microwave absorbing
materials, fuel cells and biomedical applications. A great deal of work is reported on using fillers
such as conductive nanomaterials, bio ceramics, carbon nanotubes, graphene etc in blends of
Polyvinylchloride, Polyvinyipyrrolidone, Polymethylmethacrylate, Polyvinyl alcohol with conducting
polymer Polypyrrole, Polyaniline for enhancing their conductivities, tailoring dielectric and
electrical, thermal and surface properties of such polymeric materials. However, appropriate
dispersion of such fillers in polymeric matrices remains technically challenging. In this regard, bio-
ionic liquids have emerged as a novel class of materials and their combination with specific
polymer blends opens the possibility to develop smart novel materials with different morphologies.
Present work aims to explore the low frequency dielectric properties exhibited by free standing,
flexible,  biofriendly/biodegradable ternary polymer blend film of Polyvinylchloride-
Polyvinylpyrrolidone-Polypyrrole reinforced with choline acetate. The detailed analysis of low
frequency dielectric properties authenticates that addition of choline acetate result in modifying the
dielectric properties of ternary polymer blend film.. The harmlessness of these films was confirmed
from disk diffusion test indicating their benign nature towards (Escherichia coli) (CFT073) and
(Bacillus subtilis). Therefore, the developed films can potentially be used for various scale
multifunctional dielectric and electrical applications working in close contact with living matter,
green electronics and various health monitoring systems.

Keywords: Bio ionic liquid, choline acetate, polyvinylchloride, polyvinylpyrrolidone, polypyrrol

1. INTRODUCTION The “soft’” nature of polymeric materials

The emergence of the green soft organic
electronics has directed to the search of methods
that combine the electrical properties of the
materials with flexibility, bio-friendliness and bio-
degradability [1-5]. Such soft biocompatible
polymeric materials (blends and composites) have
many advantageous properties and find a great
deal of application in food packaging, textile, tissue
engineering applications, sensors, actuators,
electromagnetic shielding, biomedical implants and
other biomedical and electronic applications [5-9].
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enables better mechanical compatibility with
human body than other traditional electronic
materials and opens up options to design them to
be used as mechanically flexible substrates often
required for thin film electronics and medical
implants. However, the hindrance is that polymeric
materials usually have very low conductivity
compared with inorganic counterparts. In this
regard, the use of conducting polymers in areas of
electronics and biomedical sciences is also of
immense interest. In addition, biofriendly polymeric
materials (blends and composites) exhibiting high
dielectric constant and dielectric loss are promising
for applications as sensors, actuators, microwave
absorbing materials and many more [10].
Researchers working in the field of polymers have
blended a variety of bio-compatible polymers such
as Polyvinylchloride (PVC), Polyvinylpyrrolidone
(PVP), Polymethylmethacrylate (PMMA), Polyvinyl
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alcohol (PVA) [11-15] and doped such blends with
conducting polymer (ppy, pani) for enhancing
conductivities, tailoring their dielectric, electrical,
optical, thermal and surface properties, [6,16,17].
In  addition filers such as  conductive
nanomaterials, bioceramics, carbon nanotubes,
graphene etc are incorporated in such blends of
insulating and conducting polymers for enhancing
their dielectric  properties, but appropriate
dispersion of such fillers in polymeric matrices
remains technically challenging [15,18-20].
Therefore, there is an unmet need for the
development of biofriendly, biodegradable polymer
materials with highly tunable dielectric, electrical
and physical properties. In this regard employment
of bio ionic liquids in the fabrication of polymer
composites is a favourable approach as they
exhibit enhanced biocompatibility and low toxicity
profiles [21,22]. Reinforcing bio- ionic liquid in
polymeric matrix serves as promising alternative in
the field of electronics due to their high thermal
stability, ionic conductivity and solubility and
miscibility with many compounds such as organic,
inorganic, and polymeric materials and can provide
an advantage because of their responsive chemical
structure, which has both large cations and anions
that are weakly coordinated. These ions can
interact with organic or inorganic fillers and
biocompatible polymers. The existence of
intermolecular interactions can have synergistic
effect on polymer, and consequently improve the
interfacial link between the filler and the polymer
matrix [10].The combination of bio-ionic liquids
with specific polymer blends opens the possibility
to develop novel materials with different
morphologies such as films, gels, membranes,
fibers, with tailored functionality [23].

Having known this, not much of work is
reported on preparing and studying bio-ionic liquid
reinforced polymer blend film. Present work aims
to bridge this gap and explore the properties
exhibited by free standing, flexible, bio-friendly/bio-
degradable bio-ionic liquid reinforced ternary
polymer blend film. In our previous work we have
reported optical and electrical properties of ternary
polymer blend film of PVC- PVP ( taken in ratio 1:1)
doped with  different  weight percentage
concentration(10%, 30%, and 50%) of conducting
polymer Polypyrrole (PPy). The results indicate that
PPy doped PVC-PVP blend films with tuneable
optical, electrical and dielectric properties can be
potential material for use in photonic biosensors,
solar cell and optoelectronics field [24]. Present
work aims at understanding and investigating the
effect of reinforcing choline acetate (two different
concentrations 0.5 gm and 1.5 gm) in PVC-PVP-
50%PPy on low frequency dielectric properties of
base matrix and how the dielectric properties can

ZASTITA MATERIJALA 65 (2024) broj 1

be tuned by such reinforcement. Despite all the
constituents of the prepared polymer films are
individually established as harmless materials but
when combined the whole film has to be tested for
biological effects as well. Therefore to confirm the
biofriendliness and harmlessness of the prepared
bio-ionic liquid reinforced ternary polymer blend
film, we exclusively carried out the disk diffusion
test [2,21,25].

Over all analysis of the studies carried out
shows that the presence of bio-ionic liquid choline
acetate resulted in enhancement of dielectric
constant and ac conductivity in low frequency
region. The disk diffusion test shows that the
polymer blend film of PVC-PVP-50%PPy exhibited
almost negligible development of inhibition ring
where as the blend film of PVC-PVP-50%PPy
reinforced with choline acetate showed no ring of
inhibition indicating their benign nature towards
Gram-negative  bacteria  (Escherichia  coli)
(CFTO73) and gram positive bacteria (Bacillus
subtilis). Therefore the developed flexible
biofriendly ternary polymer blend film of PVC-PVP-
50%PPy reinforced with appropriate amount of bio-
ionic liquid choline acetate with high dielectric
constant, low loss factor and high ac conductivity
can potentially be used for various scale
multifunctional dielectric and electrical applications
working in close contact with living matter, green
electronics and various health monitoring systems
in biomedical field.

2. MATERIALS AND METHODS

2.1. Materials

Conducting polymer, polypyrrole (PPy) has
numerous applications in a variety of different
fields [26-28]. Polyvinylpyrrolidone (PVP), a water-
soluble polar polymer, is known to have a growing
pharmaceutical and biomedical importance [29].
However, films made of PVP alone are not
practically so useful as they become quite brittle on
aging resulting into their poor processability. To
make PVP films amenable, here it is proposed to
blend it with Polyvinyl Chloride (PVC) which has
good resistance to weathering, offers good
biocompatibility and possess excellent mechanical
strength [17,30,31]. In present work, PVP supplied
by Loba Chemie having an average molecular
weight of 40,000 gm/mol was blended with PVC.

Polyvinyl Chloride (PVC) with average
molecular weight 62,000 gm/mol) supplied by
Sigma Aldrich was used as an insulating matrix.
Pyrrole monomer supplied by Spectrochem, India,
was used as received. Tetrahydrofuran purchased
from HPLC was used as solvent and anhydrous
ferric chloride purchased from Otto Chemicals, was
used as oxidant for polymerization of pyrrole
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monomer. Choline-based ionic liquids have gained
much interest due to their enhanced biocompa-
tibility [32,33]. Choline bio-ionic liquids have shown
a potential in applications where low environmental
and biological impact is critical [21]. It is also
important to note when considering the
biodegradability of materials, that choline based
ionic liquids can be decomposed by microorga-
nisms [2]. In present work, choline acetate with
molecular formula C7H17NO3s and molecular weight
of 163.21 procured from Sigma Aldrich was used.

2.2. Methods

Free standing films of ternary blend film was
prepared by solution cast technique. The solution
containing PVC-PVP in ratio 1:1 with 50% weight
concentration of pyrrole monomer and 0.5 gm of
choline acetate was carefully poured in petri dish
and allowed to dry for 48 hours in dark place under
normal temperature and pressure, so that the
solvent evaporates slowly. The films were then
gently pulled from the petri dish. The oxidative
polymerization of the Py monomer in matrix was
carried out by technique called mixing oxidative
polymerization [34,35]. Similarly, PVC-PVP-50%
PPy film with 1.5gm of choline acetate was prepa-
red. The films were kept in a desiccator until use.

2.3. Characterization

Polymer morphology is a microscale property
that is largely dictated by the amorphous or
crystalline portions of the polymer chains and their
influence on each other. The morphology of PVC-
PVP-50%PPy films reinforced with different weight
percentage concentrations of choline acetate were
examined using Scanning Electron Microscope

20 pm EHT = 5.00 kW

WD = 7.3 mm Mag =

Signal A = SE2

500 X

(SEM) (ZEISS) (Model: Merlin VP Compact)
supplied by Carl Zeiss. Low frequency dielectric
data were obtained using Agilent precision LCR
meter E4980A with solid test fixture (Model No:
16451B) having electrodes of 0.5cm in diameter
0.5cm. The parallel capacitance and parallel
resistance were measured in the frequency range
of 20Hz to 2MHz at room temperature. The
dielectric constant (¢') and dielectric loss (") and
ac conductivity were evaluated. In order to assess
the harmlessness of ternary polymer blend films of
PVC-PVP-50% PPy with and without choline
acetate, the disk diffusion method [2,21] was
carried out. The assessment was done towards an
uropathogenic strain of Gram-negative bacteria
(Escherichia coli) (CFT073) and gram-positive
bacteria (Bacillus subtilis). For this Lysogeny broth
agar served as the substrate for bacterial growth
and the bacterial suspension was smeared on its
surface. The films were cut into 5xX5mm  size and
were placed on the surface of the inoculated agar
with sterilized forceps. The plates were incubated
at 379C. The plates were observed after 48 hrs and
72 hrs and each time they were photographed to
assess the development of inhibition rings.

3. RESULTS AND DISCUSSION

3.1. Morphological analysis

The information on microstructural evolution of
PPy in PVC-PVP film and morphology of PVC-
PVP-50%PPy blend films was obtained from SEM
measurements. The micrograph for ternary poly-
mer blend film of PVC-PVP-50%PPy is shown in
Figure 1.

Date :24 Feb 2022
Time :15:06:16

Figure 1. SEM image of PVC-PVP-PPy ternary blend film with 50% weight concentration of PPy
(inset shows magnified view). (a)Photographic image of film

Slika 1. SEM slika PVC-PVP-PPi ternarnog meSanog filma sa koncentracijom od 50% tezine PPi
(umetak prikazuje uvecan prikaz). (a) Fotografska slika filma
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The micrograph (Fig. 1) displayed macro
granular structure formed by aggregation of small
globular structures which are typical cauliflower
type confirming the presence of PPy in ternary
blend film of PVC-PVP-50%PPy. The SEM image
blend film shows

EHT = 5.00 kV/
WD = 64 mm

20 pm

—

Mag =

By reinforcing the ternary polymer blend with
lower concentration (0.5gm) of choline acetate, the
microstructure of pristine ternary polymer blend
films shows a significant change. The SEM image
shows (Fig. 2) clear formation of micropores of
different sizes.. which serve as high energy sites
and as a consequence, the enhancement in

EHT = 5.00 kW
WD = 6.1 mm

20 m
Mag =

Signal A = SE2
500 X

Signal A = SE2
500 X

dense porous network structure. The presence of
this porous network indicated that if these ternary
polymer blend films are reinforced with some filler,
then it could result in enhancing a conducting
network thereby modifying its dielectric and
electrical properties.

Date :24 Feb 2022
Time :16:39:04

Figure 2. SEM image of Choline acetate (0.5gm) reinforced PVC-PVP-50%PPy Film

(inset shows the magnified view) (b)Photographic image of film

Slika 2. SEM slika holin acetatom (0,5 g) ojacanog PVC-PVP-50%PPi filma
(umetak prikazuje uvecani prikaz) (b) Fotografska slika filma

interconnecting network is formed leading to an
increase in conductivity. The micrograph also
shows expanded regions of globular morphology.
The photographic image of this film exhibited
smooth surface (Fig.2 (b)) as compared to that of
pristine ternary polymer blend film [36].

N
A

Date :24 Feb 2022
Time :16:49:18

ZEIXX

Figure 3. SEM image of Choline acetate (1.5gm) reinforced PVC-PVP-50%PPy Film
(inset shows the magnified view) (c)Photographic image of film

Slika 3. SEM slika holin acetatom (1,5 g) ojacanog PVC-PVP-50%PPi filma
(umetak prikazuje uvecani prikaz) (c) Fotografska slika filma
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However, in the case of reinforcing higher
concentration (1.5 gm) of choline acetate in ternary
polymer blend, the morphology of the hybrid
sample totally changed. The photographic image
(Fig. 3 (c¢)) and the SEM micrograph exhibited
rough surface.

Moreover, the surface cracks (encircled in SEM
image) and bumps were also observed in the SEM
image of ternary polymer blend film with higher
concentration of choline acetate. The microgranular
aggregations can be seen to be formed but they
were not uniformly distributed [37]. It was
noteworthy that ternary polymer blend film with
lower concentration (0.5 gm) of choline acetate
was more efficiently inserted in the film than
higher concentration (1.5 gm) and resulted in to a
film formation with  smooth surface, dominant
presence of amorphous content and enhanced
flexibility of the films, which may play an important
role in the electrical conductivity exhibited by this
film [38].

3.2. Dielectric analysis

In order to acquire information on the
characteristics of ionic and molecular interaction in
polymeric materials, dielectric analysis can be
used. In present work, the dielectric properties of
PVC-PVP-50%PPy ternary polymer blend film is
investigated in low frequency (100 Hz to 2 MHz)
region. In addition the effect of reinforcing PVC-
PVP-50%PPy ternary polymer blend film with two
various concentrations of bio-ionic liquid choline
acetate on its dielectric properties is also
investigated.

Complex Permittivity Spectra

Frequency dependent variation in dielectric
constant (¢'), for ternary polymer blend film of PVC-
PVP-50%PPy with different concentration (0.5 gm
and 1.5 gm) of Choline acetate is shown in Fig. 4.
The large change in €' of choline acetate reinforced
ternary polymer blend films as opposed to pristine
ternary polymer blend film is ascribed to the
presence of additional ions as charge carriers and
thus the polarizability of the films with choline
acetate reinforced shoot up [39]. The diminution in
€' values in the high frequency region is attributed
to the fact that if the rotational motion of the dipoles
is not sufficiently faster so as to attain equilibrium
with rapidly changing fields, then relaxation of
dipoles occur resulting in decrease in €' values. As
observed the &' values for choline acetate
reinforced PVC-PVP-50%PPy ternary blend film
were quite high in the low frequency region which
is owing to the dominant contribution of electrode
polarization effect over bulk material properties.
This effect is observed due to accumulation of ions
near electrode surfaces and contributes to the
formation of electric double layers when the
duration of reversal of applied alternating electric
field is slow [40].The appreciable increase in &'
values of these biofriendly choline acetate
reinforced ternary polymer blend film suggests that
they possible can be used as controllable dielectric
material in the design and fabrication of simple
functional circuits used in several biodegradable
electronic devices in biomedical field as
demonstrated in the literature [15]. Therefore, the
studied biofriendly films can be dielectrically tuned
as per required range for various electrical
applications by varying the frequency of exciting
field [14].

70 — —=—1L(0.5gm)
—=—1L{1.5gm)
—a— PVC-PVP-50%FPy
50
50
)
40
30
. _—"““\x\‘
T T T T
1E+02 1E+03 1E+04 1E+05 1E+06
Frequency(Hz)

Figure 4. Variation in &' with frequency for ternary blend films

Slika 4. Varijacija u &' sa frekvencijom za filmove sa ternarnom me3avinom
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Loss tangent

Dissipation factor or loss tangent (tan d) is the
measure of applied energy converted into heat and
gets dissipated from the material. Frequency
dependent variation of loss tangent (tand ) for all
the films is shown in Figure 5. It can be easily
observed that the loss factor of ternary polymer

blend film has increased after reinforcing choline
acetate in the films. The loss tangent spectra of
choline acetate reinforced ternary polymer blend
films exhibited well defined relaxation peaks which
are attributed to the higher flexibility of polymer
chains.

0.20 -

—=— IL(0.5gm)
—=— IL(1.5gm)
—a— PVC-PVP-50%FPy

0.15

=
s 0.10
0.05
0.00 - \_
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Figure 5. Variation in tand with frequency for Choline Acetate reinforced PVC-PVP-50%PPy film

Slika 5. Varijacija u tand sa frekvencijom za PVC-PVP-50%PPi film ojacan holin acetatom

The loss tangent spectra of choline acetate
reinforced ternary polymer blend film exhibited
peaks which is the consequence of dielectric
relaxation process associated with the presence of
heterogeneities in the samples [36]. Appearance of
relaxation peak in higher frequency region
observed for low concentration of choline acetate
reinforced film can be attributed to the fast
segmental motion coupled with mobile ions.
Relaxation peak appearing in the intermediate
frequency region for high concentration of choline
acetate reinforced film is the consequence of
dipolar and interfacial polarization effects [36].
Thus, the addition of an appropriate amount of bio-
ionic liquid, choline acetate may slacken the
segmental packing in the chains, thereby
increasing free volume for dipolar relaxation to
occur. Here, the tan & values for all the ternary
polymer blend films were reported to be less than
0.2, which is desirable for a material to avoid
energy loss due to power dissipation.

AC conductivity analysis

The electrical conductivity measurement is a
well rooted technique in analysing the properties of
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charge accumulation at the electrode-polymer
interface and ion transport in polymer films. The
dielectric conductivity sums overall dissipative
effects, which may represent the conductivity
caused by migrating charge carriers and related to
an energy loss associated with a frequency
dependence. For a dielectric, conductivity is a
complex quantity which is given as

ox=0 + ¢"

Where
o' is the real part of conductivity
¢" the imaginary part

The variation of real part of complex
conductivity also known as the AC conductivity (o)
of pristine and choline acetate reinforced PVC-
PVP-50%PPy ternary blend films with frequency
is shown in Fig. 6. For all the ternary polymer
blend films the ¢’ values increase by about four
orders of magnitude when the frequency changes
by four orders (i.e., from 102Hz to 108 Hz) as can
be noted from this figure.
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Figure 6. Variation in o' with frequency for ternary polymer blend film with and without choline acetate

Slika 6. Varijacija u o' sa frekvencijom za film meSavine ternarnog polimera sa i bez holin acetate

A close look at the ¢’ spectra for all the films
show two distinct regions (i) a low frequency
plateau region ie. frequency independent
behaviour (ii) dispersion in higher frequency region
i.e. frequency dependent behaviour. The transition
from frequency in-dependent ¢' values to the
frequency dependent values observed in these
films signals the onset of conductivity relaxation
phenomenon [41,42]. In low frequency region,
more and more charge accumulation occurs at the
electrode-polymer interfaces which lead to
decrease in number of mobile ions and eventually
result in low values of conductivity (Fig. 3- inset)
[43].The high frequency dispersive region points
towards a bulk relaxation phenomenon taking place
which provides information about the migration of
trapped ions related with AC conductivity [44].
Herein, the conductivity is high owing to the
increased mobility of charge carriers. Additionally,
these @' plots of the investigated bio-ionic liquid
reinforced ternary polymer blend films validate that
their o’ values at 100 Hz are of the order of 10-°
S/cm which is enhanced to 10¢ S/cm at 2MHz.
Bio-ionic liquid choline acetate produces a slight
plasticizing effect leading to chain motion and high
ion conductivity [45]. However, the enhancement is
much more pronounced for lower concentration
(0.5gm) of choline acetate in PVC-PVP-50%PPy in
the entire measured frequency window.

The ternary polymer blend film with higher
concentration (1.5 gm) of choline acetate exhibited
a' values less than that for low concentration in the
entire experimental frequency range which could
be due to the influence of ion pairs, ion triplets and
the ion aggregations formed which reduces the
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overall mobility and the number of effective charge
carriers [36,45].This variation makes it evident that
these biofriendly choline acetate reinforced ternary
polymer blend films are materials of appreciable
electrical conductivity over the four orders of
magnitude broad frequency window, and therefore,
they can serve as flexible-type biofriendly material
in developing the biofriendly electronic devices in
the biomedical and green electronics fields.

3.3. Assessment of harmlessness of bio-ionic liquid
reinforced film

For the prepared choline acetate reinforced
polymer films to be used as flexible biofriendly
harmless [21] polymeric material in the biomedical
and green electronics field, microorganisms are
excellent  candidates, because of  their
environmental and industrial impact, and the
robustness of the toxicity assays.

Ternary polymer blend film without choline
acetate did not exhibit any inhibition zone (Fig. 7).
However, the films with choline acetate reinforced
also did not exhibit any inhibition zone. What
draws our attention is that the ternary films
reinforced with choline acetate show a rapid growth
of bacteria (Fig. 7 (a) and (b)) on the film as
compared to pristine ternary polymer blend film.
The benign nature of choline acetate reinforced
polymer films towards E.coli bacteria have been
reported in literature [21] which supports our
observations. In present case, the ternary polymer
blend film with higher concentration (1.5 gm) of
choline acetate exhibited maximum bacterial
growth. To sum up, we can say that as such
ternary polymer blend film with and without choline
acetate are benign towards E. coli and Bacillus
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Subtilis, however ternary polymer blend film with
higher concentration of choline acetate is more
benign towards these bacteria which shows that
the films under study are harmless and can be
used as biofriendly polymer film in the field of green
electronics and biomedical industry [46].

(b)
Figure 7. Results for disk diffusion test of E. coli
and Bacillus Subtilis assay for ternary polymer
blend films. (a) observation after 22 hours and (b)
observation after 72 hours. Positions: 1-PVC-PVP-
PPy, 2- PVC-PVP-PPy-IL(0.5gm), 3- PVC-PVP-
PPy-IL(1.5gm)
Slika 7. Rezultati testa disk difuzije E. coli i Bacillus
Subtilis testa za ternarne filmove mesSavine polime-
ra. (a) posmatranje posle 22 sata i (b) posmatranje
posle 72 sata. Pozicije: 1-PVC-PVP-PPi, 2- PVC-
PVP-PPI-IL(0,5gm), 3- PVC-PVP-PPi-IL(1,5gm)

4. CONCLUSIONS

Morphological characterization, low frequency
dielectric properties, biological impact of ternary
polymer blend film of PVC-PVP-50%PPy reinforced
with two different (0.5gm and 1.5gm) concentra-
tions are thoroughly investigated and described
herein.The morphological study i.e. SEM images
show that, the microstructure of pristine ternary
polymer blend films shows a significant change on
reinforcing it with various concentrations of choline
acetate. Strong physical interactions and
networking between choline acetate and matrix of
ternary polymer blend resulted in enhancement in
flexibility of the blend film which is favorable feature
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for the flexible green electronics and biomedical
applications.

The dielectric study revealed that there is
significant improvement of ion-dipolar interaction
and ion-dipolar ordering in the film with addition of
bio-ionic liquid. The increase in &' values for choline
acetate (0.5gm) reinforced PVC-PVP-50% PPy
ternary blend film is about 16% at 100Hz and 4%
at 2MHz. Choline acetate reinforced ternary
polymer blend film with high values of & and low
values of loss factor suggest that they possibly can
be used as controllable dielectric material in the
design and fabrication of simple functional circuits
used in several biodegradable electronic devices
in the biomedical field. The study of biological
impact of ternary polymer blend film with and
without choline acetate reveal their benign nature
towards E. coli and Bacillus Subtilis, however
ternary polymer blend film with  higher
concentration of choline acetate is more benign
towards these bacteria.

To summarize, PVC-PVP-50%PPy ternary
polymer blend film reinforced with appropriate
amount of bio-ionic liquid choline acetate hold
much promising modifications in structural, mor-
phological, mechanical, and dielectric properties.
More importantly the benign nature exhibited by
these films towards E.coli and Bacillus Subtilis
suggest that they can potentially be used for vari-
ous scale multifunctional dielectric and electrical
applications working in close contact with living
matter, green electronics and various health
monitoring systems in biomedical field.
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1ZVOD

PODESAVANJE NISKOFREKVENTNIH DIELEKTRICNIH SVOJSTAVA
FLEKSIBILNOG TERNARNOG FILMA MESAVINE POLIMERA OJACANOG
BIOJONSKOM TECNOSCU ZA PRIMENU U ZELENOJ ELEKTRONICI

Bioprijateljske polimerne meSavine i kompoziti koji pokazuju visoku dielektricnu konstantu i
dielektricne gubitke obecCavaju za primene kao senzori, materijali koji apsorbuju mikrotalase,
gorivne celije i biomedicinske aplikacije. IzveStava se o koris¢enju punila kao $to su provodljivi
nanomaterijali, biokeramika, ugljenicne nanocevi, grafen itd. u meSavinama polivinilhlorida,
polivinilpirolidona, polimetilmetakrilata, polivinil alkohola sa provodljivim polimerom polipirol
polianilin za poboljSanje njihove tanilo-elektricne provodljivosti, dielektricne provodljivosti, i
svojstva povrsine takvih polimernih materijala. Medutim, odgovarajuca disperzija takvih punila u
polimernim matricama ostaje tehnic¢ki izazov. U tom smislu, bio-jonske tecnosti su se pojavile kao
nova klasa materijala i njihova kombinacija sa specificnim meSavinama polimera otvara
mogucnost za razvoj pametnih novih materijala sa razli¢itim morfologijama. Ovaj rad ima za cilj da
istraZi niskofrekventne dielektricne osobine koje pokazuje slobodno stojeci, fleksibilni,
bioprijateljski/biorazgradivi ternarni polimerni film meSavine polivinilhlorid-polivinilpirolidon-polipirol
oja¢an holin acetatom. Detaljina analiza niskofrekventnih dielektriénih svojstava potvrduje da
dodavanje holin acetata rezultira modifikacijom dielektricnih svojstava ternarnog filma me$avine
polimera. Bezopasnost ovih filmova potvrdena je testom difuzije diska koji ukazuje na njihovu
benignu prirodu prema (Escherichia coli) (CFT073) i (Bacillus subtilis). Stoga se razvijeni filmovi
potencijalno mogu koristiti za razlicite multifunkcionalne dielektricne i elektricne aplikacije koje
rade u bliskom kontaktu sa zivom materijom, zelenom elektronikom i raznim sistemima za
pracenje zdravlja.

Kljucne reci: Biojonska te¢nost, holin acetat, polivinilhlorid, polivinilpirolidon, polipirol
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Photocatalytic degradation of textile dye with titanium (IV) doped
tungsten oxide nanoparticles

1. INTRODUCTION

ABSTRACT

Water pollution from textile industries is a major concern with respect to the availability of clean
drinking water. The removal of textile (organic) dyes through photocatalytic degradation with pure
WO; and titanium (1V) doped tungsten oxide [Ti (IV)-WQOg3] nanospheres were studied under visible
light. The WO3 and Ti (IV)-WOs nanospheres were synthesized via microwave-assisted method at
microwave power of 160 W for the duration of 20 mins. The as synthesised WO3z and Ti (IV)-WOs
nanospheres were characterized for their structural, microstructural, and spectroscopic properties
by using powder X-ray diffraction (XRD), UV-Visible (UV-Vis) spectroscopy, Fourier-transform
infrared spectroscopy (FTIR), Scanning electron microscopy (SEM) and High-resolution
transmission electron microscopy (HR-TEM). The X-ray diffractograms confirmed the formation of
highly pure WO3 and Ti (IV)-WQO3 nanospheres. The average crystallite size of WOz and Ti (IV)-
WOg3 nanospheres were calculated as 53.37 nm and 35.24 nm respectively using Debye Scherrer
equation. The bandgap of Ti (IV)-WOs was found to be decreased to 2.5 eV from 3.2 eV (WOs3)
respectively. It can be deduced that Ti (IV)-WO;3;can be utilized as efficient visible light (A>420 nm)
driven photocatalyst as the bandgap was < 3 eV. The agglomerated spherical nanoparticles were
seen for WO3 and Ti (IV)-WOsin the HR-TEM images. The photocatalytic activity of textile dye was
analyzed by UV-Vis spectrophotometer under visible light. The photocatalytic organic dye
degradation was investigated. The enhanced photocatalytic activity of titanium (IV) doped
tungsten oxide (10 wt%) was observed to be ~100% in 100 mins. This makes titanium (IV) doped
tungsten oxide nanospheres, a potential nanomaterial for water purification.

Keywords: Photocatalytic degradation, organic dyes, microwave assisted method, photocatalytic
activity

The release of textile dyes (organic pollutants)
into the water bodies through textile industries

In contemporary world, water pollution has a
far-reaching negative consequence in the
ecosystem. The harmful effluents in water includes
broadly organic and inorganic wastes such as
dyes, pharmaceutical ingredients, pesticides,
fertilizers, heavy metal ions, metal oxides and
metal complexes etc. Several industries such as
the textiles, paper, chemicals, fertilizers, pesticides,
metal-plating, batteries, food processing, refineries
and pharma industries are the source of
uncontrolled water pollution [1].
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increase the biochemical and chemical oxygen
demand (BOD and COD), reduce the growth of the
plant, enter the food chain, and may further lead to
toxicity, mutagenicity, and carcinogenicity [2].
Hence, several methods have been adopted for the
purification of waste water.

The water purification through photocatalysis of
dye degradation is highly researched area by
several researchers [3,4]. Photocatalysis technique
involves, usage of a suitable photocatalyst which
degrades the harmful contaminants into simple
mineral acids, carbon dioxide and hydrogen in a
very short period in the presence of near UV /
Visible light [5,6]. Photocatalysts are the solids
which accelerate the reaction rate in the presence
of light without undergoing any permanent
chemical change throughout the reaction [7].
Among the photocatalysts, the visible-light-driven
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photocatalysts are extensively utilized for the
photochemical induced reactions. The
photocatalytic efficiency of photocatalysts under
visible light can be enhanced by direct and
effective method of band gap regulation. The
dopant (cations), into the lattice of the
semiconductors alters the band structure of the
semiconductors, resulting in the formation of
narrow bands which are localized above the
valence bands (VB) in the semiconductors which
ultimately extend the visible light absorption [8].

The tungsten oxide (WO3) finds a wide range of
applications in photocatalysis which makes it an
important semiconductor [9]. It is found that in
visible light region, the reduction potential of WO3
electrons is low as it possesses a low level of
conduction band (CB) which enables WOs3 to have
low photocatalytic efficiency [10]. The doping of
cations such as titanium (Ti*) ions into the WOs3
lattice will alter its band gap structure and resulting
in shift in absorption towards the visible light
region.

The particles size of atoms, molecules, or ions,
determines the formation of a substitutional solid
solution. It is known that the stability of the solid
solution depends upon the lesser difference in the
particle sizes, and so is the higher solubility of the
solution, which is determined by the crystal
structure stability [11]. Due to similarity between
W+ and Ti** ionic radii, W-O and Ti-O bond
lengths, and WOs and TiO:2 crystal structures, Ti**
replaces W*6 in the WOs3 lattice. Although W*¢ and
Ti** have different valences, when Ti (V) dopes in
WOs, the valence difference between the two
causes a finite solid solution to develop [12].

The current research work, describes the
synthesis of WOs and Ti (IV) doped WOs
nanospheres through a microwave assisted
method for the degradation of Rhodamine B (RhB)
dye. Dye degradation efficiency of synthesized
photocatalysts were investigated at different
concentrations of the dopant [Ti (IV) ions] in the
visible light region.

2. EXPERIMENTAL DETAILS

2.1. Materials

Sodium tungstate (Na:WO4.H20, 99%), tita-
nium dioxide (TiO2, 98%), rhodamine B dye
(C28H31CIN203, 96%), nitric acid (HNOs, 96%) are
purchased from Merck. Analytical grade chemicals
and reagents are used in purified form. Distilled
water (DI) water used, is filtered by a Millipore Milli-
Q Integral Water Purification System (Millipore
Corp.) throughout the complete experiment.
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2.2. Preparation of pure WQOs3

A dissolution of 6 g of Na2WO4.H20 in 70 ml of
distilled water was prepared and stirred for 15
mins. Addition of a specific concentration of HNOs3,
to maintain the pH~1 of the solution. HNO3 acts as
a precipitating agent. The solution turned light
yellow in color after the addition of HNOs, this
solution was transferred to a microwave oven
(Samsung 28L, MC28A5013AK/TL) and was
processed under 160 W for 20 mins. The
preparation of WOs3 is expressed in the equation 1
(Eq.1) [13]. A precipitate was obtained in the end of
the reaction. DI water was used for washing the
precipitate, after centrifugation. The product was
kept for drying at 80° C for 12 h in hot air-drying
oven. After calcination at 600° C for 5 h, the final
product was dried and stored.

2.3. Preparation of Ti (IV) doped WOs3

6 g of Na2WOQO4.H20 and different molar ratio (2,
5, 10 and 20 wt%) of TiO2 were dissolved in 70 ml
of DI water. Stirring of the solution for 15 mins with
addition of suitable amount of HNO3 to maintain the
pH~1 of the solution was performed. A light-yellow
color of the solution was obtained after the addition
of HNOs and was processed in microwave oven
under 160 W for 20 mins. The preparation of Ti (V)
doped WOs is expressed in the equation 2 (Eq.2).
DI water was used for washing the precipitate, after
centrifugation. The product was dried at 80° C for
12 h in hot air-drying oven. Further after calcination
at 600° C temperature for 5 h, the product was
stored.

Na,WO0, + 2HNO; - W05 + 2NaNO, (1)

Na,WO0, + 2HNO; + xTit* - xTi: W05 +
+2NaN 0, (2)

2.4. Characterization

The pure WOs and Ti (IV) doped WOs
nanoparticles were characterized for their structural
and morphological properties and  were
investigated for their photocatalytic activity. The X-
ray diffractograms of the samples were recorded
with X-ray diffractometer (XRD, D8 Advance,
Bruker, Germany) with Cu Ka X-ray radiation
source in 1.5456 A at 40 kV and 40 mA over the 20
range of 10-80° with a scan rate of 0.1 sec/step.
The morphological studies were performed with a
180 kV High resolution transmission electron
microscope (HR-TEM) (JEOL JEM-2100 TEM,
Tokyo, Japan). The TEM samples were prepared
on carbon-coated copper grids, followed by drying
in air. The optical properties were analyzed with
Fourier transform infrared spectrophotometer
(FTIR, Perkin Elmer Spectrum 65 series,
Massachusetts, United States) in the range of 400-
4000 cm™ and Ultraviolet-Visible spectrophoto-
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meter (UV, Shimadzu UV1800 ENG 240V) in the
spectral range of 300-800 nm.

2.5. The photodegradation of rhodamine B (RhB)

dye

The photocatalytic dye degradation efficiency
of both pure WOs3 nanospheres and Ti (IV)-WOs3
nanospheres were determined by using a 200 W
incandescent bulb as a visible light source for the
degradation of RhB in aqueous solution. The
photocatalyst (90 mg of photocatalyst [Ti (IV)-WOs3]
was added to RhB aqueous solution (1x10-5 M) in a
conical flask at 25° C. Stirring of solution was done
for 30 mins in dark condition for equilibrium
adsorption and desorption. The photocatalytic tests
were carried out at different intervals of time by
taking 3 ml of suspension each time followed by
centrifugation (6000 rpm, 5 mins). The degraded
RhB concentration was measured using obtained
photocatalyst and supernatant after centrifugation.
The concentrations of RhB were measured with the
UV-Visible spectrophotometer.

3. RESULTS AND DISCUSSIONS

3.1. XRD analysis

The X-ray diffractograms of WOs and Ti (IV)-
WO3 are shown in Fig.1.The XRD peaks in Fig.1(a)
at 23°, 23.5°, 24.3° correspond to the WO3 phase
with (002), (020) and (200) planes, respectively
(JCPDS File No. 01-072-1465) [14]. The Fig.1(a)
shows XRD pattern of pure WOs and the XRD

patterns of Ti (IV)-WOs3 with doping of Ti (IV) as 2,
5, 10, 20 wt% are shown in Fig.1(b), 1(c), 1(d) and
1(e), respectively. The average crystallite size of
WOs nanospheres is calculated as ~ 53.3 nm using
Debye Scherrer equation (Eq.3).

A
d _K[i’CosB

(3)

Where

d average crystallite size,

K shape constant (0.9),

A wavelength (1.54 A),

B full width at half maxima,

6 Bragg’s angle of respective peaks.

The doping of Ti (IV) is confirmed with the peak
values obtained at 25.2°, 37.7°, 48.1°, 55.1°, and
62.7. The obtained 26 values confirm the presence
of TiO2 anatase phase with characteristic peak at
25.2°, corresponding to the (101) plane in Fig.1(b,
c, d, e) (JCPDS File No. 75-1537) [15]. The
increment in the Ti (IV) concentration led to
increase in the intensity of the peak at 25.2°
gradually (marked in the Fig.1 with black ellipse).
The obtained XRD patterns explain that with the
increase in the dopant concentration of Ti (IV)
above 10 wt%, a separate phase of TiO2 appears,
which indicates that the Ti (IV) ions is doped in the
lattice of WOs3 crystal structure to form a finite solid
solution.

(101)

—

Intensity(a.u.)

(020)
(002)

200)

- 20 Wt %
A - Anatase 10wt %

e 5 W %
feme 2 W %o
A —WO0,
[

(e

(b)
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10 20 30 40

50 60 70 80

20(degrees)

Figure 1. X- ray diffractogram of (a) pure WOs, (b) 2 wt% Ti (IV)-WOs3, (c) 5 wt% Ti (IV)-WOs,
(d) 10 wt% Ti (IV)-WQOs, (e) 20 wt% Ti (IV)-WO3 nanoparticles

Slika 1. Rendgenski difraktogram (a) pure WQOs, (b) 2 wt% Ti (IV)-WOs3, (c) 5 wt% Ti (IV)-WOs,
(d) 10 wt% Ti (IV)-WQOs, (e) 20 wt% Ti (IV)-WO3 nanocestice
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3.2. HR-TEM analysis

The corresponding HR-TEM morphology of
pure WOs and Ti (IV)-WOs is shown in Fig.2.
Fig.2(a) corresponds to the morphology of pure
WOs which is nano-spherical in nature with
average size of nanoparticles ~5.29 nm. Fig.2(b)
represents the similar nano-spherical morphology

of Ti (IV)-WOs nanoparticles. The HR-TEM images
illustrate that WOs nanoparticles size is unaffected
by the doping of Ti (IV) cations into the lattice. A
reduction in the size of the nanoparticles (average
size~4.4 nm) is observed after doping of Ti (IV)
ions. In addition, doping of titanium may reduce
agglomeration of nanoparticles, Fig.2(b) [16].

Figure 2. HR-TEM images of (a) pure WO3 and (b) Ti (1V)-WQO3 nanopatrticles
Slika 2. HR-TEM slike (a) pure WO3s and (b) Ti (1V)-WO3 nanolestice

3.3. FTIR analysis

The FTIR analysis is performed for pure WO3
and Ti (IV)-WOs nanoparticles. Fig.3 represents the
FTIR spectrum of (a) pure WO3 (2.74x10-' M), (b) 2
wt%, (c) 5 wt%, (d) 10 wt%, (e) 20 wt % Ti (IV)-
WOs nanoparticles, respectively. The FTIR spectra
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of WO3 exhibits peaks at 620 cm' (W-O stretching)
and 831 cm' (W-O-W bending) as shown in
Fig.3(a). Fig.3(b), (c), (d) and (e) represents the
absorption peak at 528 cm' and a small shoulder
peak at 1401 cm™' corresponding to the Ti-O-Ti
bending and stretching modes, respectively.
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Figure 3. FTIR spectra of (a) pure WOs, (b) 2 wt% Ti (IV)-WOs, (c) 5 wt% Ti (IV)-WOs3, (d) 10 wt% Ti (IV)-
WOs3, (e) 20 wt% Ti (IV)-WO3 nanopatrticles

Slika 3. FTIR spektar (a) pure WOs, (b) 2 wt% Ti (IV)-WOs, (c) 5 wt% Ti (IV)-WOs3, (d) 10 wt% Ti (IV)-WOs3,
(e) 20 wt% Ti (IV)-WQO3s nanocestica

The presence of Ti (V) ions into the lattice of
WOs is confirmed. The peak broadening with
reduction in WOs3 peak intensities is observed with
the Ti (IV) ions doping into the lattice of WOs,
Fig.3(b). In Fig.3(e), the appearance of broad peak
~681cm distinctly (with the increase in
concentration of Ti (IV) ions) can be attributed to
the Ti—-O-Ti bonds formed in the TiO2 lattice [17].
This indicates that the Ti (IV) ions is doped in the
lattice of WOs3 crystal structure to form a finite solid
solution, supporting XRD results. Additionally, the
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peak observed at ~3423 cm™' is corresponding to
hydroxyl group of O-H stretching vibration [18].

3.4. Photocatalytic Degradation study

The photocatalytic performance is examined by
photo catalytically degradation of an aqueous
solution of RhB dye. The absorption spectra of RhB
aqueous solution (1x10°5 M, 150 ml) with
degradation by 90 mg of photocatalyst (Ti (IV)-
WOs) under the exposure of 200 W tungsten bulb
is shown in Fig.4(a).

—m— 7 wi%

1.0 = (h) —— 5 wi%
—b— 10 Wt%
—r— 10 wi%

0.8 -

0.6 -

0.4 -

0.2 -

0.0 T T T T Y

0 20 60 80 100 120
Time (min)

Figure 4.(a) Absorption spectrum of RhB solution with 10 wt% Ti (IV) -WOgs (b) Photodegradation of RhB
with 2 wt%,5 wt%,10 wt% and 20 wt% Ti(IV)-WO3 photocatalysts

Slika 4. (a) Spektar apsorpcije rastvora RhB sa 10 wt% Ti (IV) -WOg3 (b) Fotodegradacija RhB sa 2 tez%, 5
tez%, 10 tez% i 20 tez% Ti(IV)-WQj3 fotokatalizator
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The absorption peak at 550 nm was obtained,
corresponding to the absorption of RhB molecules
[19]. The rapid decrease in the intensity of the
absorption peak was observed with the continuous
exposure time and the disappearance in the peak
is observed after 100 mins. In the presence of
visible light, a series of comparative experiments
were performed, to investigate the influence of
concentration of Ti (IV) ions. It was observed from
Fig.4(a) that in the absence of any photocatalyst,
RhB is almost not degraded. It was observed that
the photocatalytic efficiency is almost 100% with
120 mins of visible light irradiation in 2 wt% Ti (1V)-
WOs.

The degradation efficiency reduced to ~86%
after 120 mins of visible light irradiation with 5 wt%
Ti (IV)-WOs. The doping of 10 wt% Ti (IV)-WOs
exhibits good photocatalytic activity and dye
degradation efficiency reaches almost 100% in 100
mins of visible light irradiation. However, an excess
amount of Ti (IV) ions in WOs results in decrease of
degradation efficiency of ~94% in 100 mins of light
irradiation. Thus, it can be inferred that 20 wt%
doped Ti (IV)-WOs nanoparticles exhibits a low
photocatalytic efficiency than its 10 wt% doped
counterpart within 100 mins. Therefore, excessive
doping of Ti (IV) ions is not preferable [20].

Hence, the above results reveal that the
photocatalytic activity of Ti (IV) doped WOs3
nanoparticles is improved in comparison to the
pure WOs photocatalyst. The optimized percentage
of Ti (IV) dopant is 10 wt%. Although, the amount
of Ti (IV) with 20 wt%, the photocatalytic activity of
the Ti (IV) doped WOs3 photocatalyst decreases.

4. CONCLUSION

In summary, we reported a facile method for
synthesis of pure WO3 nanospheres and Ti (IV)-
WOs nanospheres. The doping of Ti (IV) ions
reduced the band gap of WOs to form additional
impurity states in the band structure of WOs. The
presence of Ti (IV) ions into the lattice of WO3 was
confirmed with several characterizations
performed. The morphology of Ti (IV)-WOs3 as
nanospheres confirmed that doping had no effect
on the morphology of WOs nanoparticles. The
photocatalytic activity obtained of Ti (IV)-WOs
nanoparticles proved that the photocatalytic
efficiency improved with the doping of Ti (IV) ions.
This research suggests a suitable route for the
synthesis of photocatalysts in short time with
enhanced properties. The improved visible light
driven photocatalytic activity of Ti (IV)-WOs3
nanoparticles paves a way for its application in the
water purification.
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1ZVOD

FOTOKATALITICKA DEGRADACIJA TEKSTILNE BOJE SA NANOCESTICAMA
VOLFRAM OKSIDA DOPOVANIM TITANIJUMOM (IV)

Zagadenje vode iz tekstilne industrije predstavija veliku zabrinutost u pogledu dostupnosti Ciste
vode za pice. Uklanjanje tekstilnih (organskih) boja fotokataliti¢kom degradacijom sa Cistim VOs i
titanijumom (IV) dopiranim volfram oksidom [Ti (IV)-VOs] nanosferama je prou¢avano pod
vidljivom svetlo§¢u. Nanosfere VO3 i Ti (IV)-VOs su sintetizovane metodom uz pomoc¢ mikrotalasa
pri mikrotalasnoj snazi od 160V u trajanju od 20 minuta. Sintetizovane nanosfere VO3 i Ti (IV)-VO3
Su okarakterisane po svojim strukturnim, mikrostrukturnim | spektroskopskim osobinama
koris¢enjem difrakcije rendgenskih zraka na prahu (XRD), UV-Visible (UV-Vis) spektroskopije,
Fourier-transform infracrvene spektroskopije (FTIR), skenirajuéa elektronska mikroskopija (SEM) i
transmisiona elektronska mikroskopija visoke rezolucije (HR-TEM). Rendgenski difraktogrami
potvrdili su formiranje visoko Cistih nanosfera VO3 i Ti (IV)-VOs. Prosecna veliCina kristalita VO3 i
Ti (IV)-VOs nanosfera je izracunata kao 53,37 nm i 35,24 nm respektivno kori§éenjem formule
Debie Scherrer. Utvrdeno je da je pojasni razmak Ti (IV)-VO3 smanjen na 2,5 eV sa 3,2 eV (VOs)
respektivno. Moze se zakljuciti da se Ti (IV)-VO3 moZe koristiti kao efikasan fotokatalizator koji
pokrece vidljiva svetlost (I>420 nm), posto je pojas bio < 3eV. Aglomerirane sferiéne nanocestice
su videne za VO3 i Ti (IV)-VO3 na HR-TEM slikama. Fotokataliticka aktivnost tekstilne boje je
analizirana UV-Vis spektrofotometrom pod vidljivom svetlo§¢u. Istrazena je fotokataliticka
organska degradacija boje. UoCeno je da je povecana fotokatalitiCcka aktivnost volfram oksida
dopiranog titanijumom (IV) (10 tez.%) ~100% za 100 minuta. Ovo ¢ini nanosfere volfram oksida
dopirane titanijumom (1V), potencijalnim nanomaterijalom za precis¢avanje vode.

Kiljuéne reci: fotokataliticka degradacija, organske boje, mikrotalasna metoda, fotokataliticka
aktivnost
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UPUTSTVO ZA PRIPREMU RADA

Radovi u casopisu Zastita materijala se objavljuju samo na engleskom jeziku.

Radi ujednacavanja izgleda radova, koji se objavljuju u Casopisu Zastita materijala, autori se moraju
pridrzavati uputstva za pripremu radova. Rukopisi u kojima ova uputstva nisu poStovana bi¢e odbijeni bez
recenzije. Urednik zadrzava pravo da formatiranje rada uskladi sa standardima ¢asopisa. Tekst rukopisa
treba da bude u jednoj koloni, a formatiranje teksta §to jednostavnije, zato Sto ¢e se veéi deo formatiranja
prilikom obrade rukopisa ukloniti i zameniti. Treba, medutim, koristiti podebljana slova (bold), kurziv (italic),
superskripte, subskripte itd. Za obradu teksta treba koristiti program MS Word, format .doc, font Arial sa
proredom 1,5. Na stranicama formata A4 margine treba da budu: gornja i donja 3 cm, leva i desna 2,2 cm.
Treba numerisati sve redove i sve strane rukopisa.

Kompletan rukopis treba da sadrzi: naslov, izvod (apstrakt, na srpskom i engleskom jeziku), kljuéne reci
(na srpskom i engleskom jeziku), uvod, eksperimentalni deo, rezultate, diskusiju, zakljucak, reference,
tabele i slike. Pozicije slika i tabela treba obeleZiti u tekstu (slike i tabele ne treba inkorporirati u datoteku
koja sadrzi rukopis; oni se dostavljau kao posebne datoteke u odgovarajuéim formatima). Nazivi slika
ispisuju se ispod slika, a nazivi tabela iznad tabela. Na kraju rukopisa iza slika i tabela, na posebnoj strani
treba dati spisak naziva slika i tabela po redu navodena u manuskriptu. Nazivi slika i tabela daju se na
srpskom i engleskom jeziku.

Kako bi se izbegle nepotrebne gramaticke i pravopisne greSke, autorima radova napisanih na engleskom
jeziku savetujemo da prilikom pisanja koriste funkcije "spell-check™ i "grammar-check”.

Naslov treba da bude jasan sam po sebi i ne preterano dugacak (ne viSe od 15 reéi, Arial bold, velika
slova veli€ine 14). Puno ime autora (ime i prezime — Arial bold-italic, veli€ina slova 12) navodi se ispod
naslova. Afilijacija i kompletna poStanska adresa autora navode se odmah ispod punog imena autora
(Arial, italic, veli¢ina slova 11). Kada rad ima viSe od jednog autora, svako ime treba obeleziti arapskom
cifrom u superskriptu, a autora za korespondenciju treba obeleZiti zvezdicom (*) iznad imena. Takode,
puno ime i e-mail adresu autora za korespodenciju treba napisati u fusnoti na prvoj stranici rukopisa.
Izvod, ne bi trebalo da bude duzi od 250 recdi (10-15 redova; Arial, italic, veli€¢ina slova 11) i trebalo bi da
sadrzi kratak pregled metoda i najvaznije rezultate rada, tako da se moze koristiti prilikom indeksiranja u
referentnim periodi¢nim publikacijama i bazama podataka. U izvodu ne treba navoditi reference.

Kljuéne reci (pojmovi, geografske lokacije, rezultati; Arial, italic, veliina slova 11) se navode u posebnom
redu na kraju izvoda. Kljuéne rec¢i moraju biti relevantne za temu i sadrZaj rada. Dobar izbor klju€nih reci
preduslov je za ispravno indeksiranje rada u referentnim periodic¢nim publikacijama i bazama podataka.
NAPOMENA: Radovi se objavljuju samo na engleskom jeziku izuzev onih delova radova koji
moraju da budu prikazani na engleskom i srpskom jeziku.

Uvod (Arial, veli€ina slova 12) treba da sadrZi ciljeve rada i kratak pregled relevantnih prethodnih
istrazivanja, izbegavajuci pri tom detaljan pregled literature i rezultata.

Eksperimentalni deo (Arial, veli¢ina slova 12) trebalo bi da sadrZi dovoljno detalja da bi se obezbedila
reproducibilnost eksperimenata. Metode koje su opisane u vel objavljenim publikacijama ne treba
opisivati u radu, ve¢ samo treba navesti relevantne reference i opisati one elemente koji se razlikuje u
odnosu na objavljene metode i postupke.

Rezultati i diskusija (Arial, veliina slova 12) ne bi trebalo da sadrze ono $to se ve¢ nalazi u tabelama i
na slikama. Rezultati bi trebalo da budu jasni i koncizni. Diskusija treba da objasni znacaj rezultata
istrazivanja, a ne da ih ponavlja ili opisuje. Treba izbegavati detaljno navodenje objavljene literature i
raspravu o istoj.

Zakljucak (Arial, veli¢ina slova 12) treba da sadrzi samo pregled osnovnih naucnih doprinosa rada. Treba
predstaviti samo glavne zakljuCke do kojih se doSlo na osnovu rezultata. U zakljucku ne treba navoditi
reference.

Formule, simboli i skraéenice. Formule bi trebalo kucati kurzivom (preporu€ujemo Equation Editor of
Microsoft Office 2003) i trebalo bi da budu navedene i obelezene u samom rukopisu, osim ako ne
zahtevaju neko posebno formatiranje. Formule treba numerisati sa desne strane, izmedu zagrada:

a’=3M/4N (1)

Pozivanje na jednacinu/jednaline u tekstu: (jed. 1) ili jednagine (1-4) itd.

Slozenije hemijske formule trebalo bi prikazati kao slike.

Skracenice treba definisati prilikom prvog pominjanja u izvodu i u glavhom delu teksta; treba ih navoditi
dosledno, uvek na isti nacin, od pocetka do kraja teksta.

176 ZASTITA MATERIJALA 65 (2024) broj 1



Tabele i ilustracije treba sustinski da doprinesu boljem razumevanju i tumacenju rezultata rada. Slike,
crteZi i druge ilustracije treba da budu jasni i dobrog kvaliteta.

llustracije moraju biti u jednom od sledeéih formata:

*TIFF (ili JPEG): u boji ili sivim tonovima (polutonovima), od minimum 300 dpi.

*TIFF (ili JPEG): crno-beli linearni crtezi, od minimum 1000 dpi.

*TIFF (ili JPEG): kombinacije linearnih crteza i povrSina u boji, odnosno sivim tonovima (polutonovima), od
minimum 500 dpi.

Molimo vas ne cinite:

« uz rukopis dostavljati ilustracije optimizovane za koriS¢enje na ekranu (npr, GIF, BMP, Pict, WPG); one
obi¢no imaju nisku rezoluciju i mali raspon boja;

+ dostavljati ilustracije koje imaju rezolucije manje od gore navedenih;

« dostavljati ilustracije nesrazmerno velikih dimenzija u odnosu na format rukopisa.

Legende za tabele i slike treba dostaviti uz rukopis, ali ih ne treba inkorporirati u tekst. Slike treba oznaditi
kao "SI." (SI. 1) i numerisati arapskim brojevima prema redosledu kojim su navedene u tekstu. Mesta za
tabele i slike treba jasno naznaciti u rukopisu. Nazivi slika ispisuju se ispod slika, a tabela iznad tabela. Na
kraju rukopisa iza slika i tabela, na posebnoj strani treba dati spisak naziva slika i tabela po redu
navodena u manuskriptu, na oba jezika - srpskom i engleskom.

Zahvalnica/Acknowledgements treba da se nalazi u posebnom odeljku na kraju ¢lanka, a ispred spiska
referenci.

Reference. Spisak referenci, navedenih na jeziku na kom su objavljene, treba da sadrzi samo radove koji
su citirani u tekstu. Citirani radovi navode se u listi referenci po redosledu citiranja u tekstu. U tekstu se
broj reference navodi u uglastim zagradama, [ ]. Kod radova koji su prihvaceni za objavljivanje ali jo$ uvek
nisu dobili paginaciju treba staviti napomenu ,u Stampiili ,in press®.

Primeri navodenja referenci su dati u nastavku:

Navodenje radova: [1] L.lli¢, M.Soki¢, N.Vuckovi¢, V.Matkovi¢ (2005) Electrochemical process of
obtaining glucose, Tehnika, 56(3), 9-14.

Ostali ¢asopisi i novine: [1] S. Petrovi¢, Washington Post, 4 Okt. 2005, p. 6

Navodenije knjige: [1] M.Jai¢, R.Zivanovié¢-Trbojevié (2000) Wood finishing, Technical Press, Belgrade.
Citiranje knjiga na CD-ROM i DVD: [1] M.Petrovi¢ (2002) Op&ta hemija [CD-ROM]; Nolit, Beograd.

[2] G.Jaksi¢ (2002) Analiticka hemija [DVD]; Nolit, Beograd.

Capter u_knjizi: [1] M. Stojanovic, C.Laénjevac, Z.Lopigi¢ (2012) Corrosion and Corrosion Behavior of
depleted uranium, knjiga Corrosion and Protection of Materials, |zdava¢ ITNMS, Belgrade, pp 223-281.
Navodenje simpozijuma/skupa: [1] M.Petrovi¢, M.Stojanovi¢, M.Mihajlovi¢ (2013) 16. YUCORR, Tara,
Serbia, proceedings, p.235-242.

[2] M.Pavi¢, K.Stojanovi¢, M.Mihi¢ (2013) 16. CORR, Beograd, Serbija [CD-ROM];

Doktorske teze: [1] S. Petrovi¢, Modelovanje transporta zagadujuéih materija u aluvijalnim sedimentima
reke Dunav, doktorska teza, Univerzitet u Novom Sadu, jun 2011.

Patenti: [1] P.Wait (1989), Device for Elementary Analyses. USA Patent, No. 123456.

Tekst sa Web site: [1] M.Arslanagi¢, S.Kandic - Maglajli¢ (2011) Manual for the source of scientific
papers (http://www.efsa.unsa.ba/ef/docs/handbooks/ manual_economic_web.pdf, 01.12.2013.)

[2] Medunarodna unija za Cistu i primenjenu hemiju, http://www.iupac.org/dhtml_home.html (24 April
2005).

Proverite da li su sve reference navedene u tekstu navedene i u spisku referenci (i obrnuto).

NAPOMENA:

e Recenzija i objavljivanje radova su besplatni.

e Autorima ¢e PDF datoteka koja sadrzi njihov prihvaceni rad biti poslata besplatno,
elektronskom postom. Stampana verzija sveske u kojoj se nalazi prihvaéeni rad besplatno ¢e
biti dostavljena autoru za korespondenciju.

o Elektronska verzija rada bice dostupna na internet stranici ¢asopisa, www.idk.org.rs/casopis, i
moze se koristiti u skladu sa uslovima licence Creative Commons Attribution 4.0 International
license (https://creativecommons.org/licenses/by/4.0/)
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MANUSCRIPT PREPARATION

Authors must follow the instructions for authors strictly, failing which the manuscripts would be rejected
without review. Editor reserves the right to adjust the formatting style to conform to the standards of the
journal. The text layout should be in single-column format. Keep the layout of the text as simple as
possible. Most formatting codes will be removed and replaced on processing the manuscript. However, do
use bold face, italics, subscripts, superscripts etc. The manuscript should be written in Microsoft Word
format.doc, font Arial with 1.5 spacing. On the pages of the manuscript size A4 margins should be: top
and bottom 3 cm, left and right 2.2 cm. Add the line numbering and page numbers.

The complete manuscript should contain the title, abstract, keywords, introduction, experimental part,
results, discussion, conclusion, references, drawings, tables and pictures. Mark the position of figures and
tables in the text. Each figure must have a title below the figure and each table must have a title above the
table. Figure and table captions should be listed at the end of the manuscript.

To avoid unnecessary errors, it is strongly advised to use the "spell-check" and "grammar-check" functions
of your word processor.

Title should be clear, not too long but explanatory (no more than 15 words; Arial bold, all caps, 14 points).
The full name(s) of the author(s) (first name, then last name, in Arial bold 12 points) should be written
below the title. The affiliation(s) and complete postal address(es) of the author(s) should be provided
immediately after the full name of the authors and written with Arial 11 points. When the paper has more
than one author, their names should be followed by a mark (Arabic numeral) as superscript; for the
corresponding author, an asterisk symbol should be added using
Word_Insert_Reference_Footnote_Symbol sequence. Also, the full and e-mail addresses of the
corresponding author should be provided in the footer of the first page.

Abstract, not exceeding 250 words (10-15 lines), written in Arial, 11 points, italic, should contain a short
review of the method and the most important results of work, so that its original text can be used in
referential periodicals and databases. Do not include citations in the Abstract.

Keywords (concepts, locations, results) written with Arial 11 points, italic, are listed in a separate line at
the end of the abstract. Keywords should be relevant to the topic and content of the paper. An accurate list
of keywords will ensure correct indexing of the paper in referential periodicals and databases.

Introduction, written in Arial, 12 points, should include the objectives of the work and provide an
adequate background, avoiding a detailed literature survey or a summary of the results.
Experimental, written in Arial, 12 points — provide sufficient detail to allow the work to be reproduced.

Methods already published should be indicated by a reference: only relevant modifications should be
described.

Results and Discussion written in Arial, 12 points, should not contain what has been already explained
by tables and figures. Results should be clear and concise. Discussion should explore the significance of
the results of the work, not repeat them. Avoid extensive citations and discussion of published literature.

Conclusion written in Arial 12 points should contain only essential contributions made to science. The
main conclusions drawn from results should be presented. Do not include citations in this section.

Formulae, symbols and abbreviations. Formulae will be typeset in ltalics (preferably with the Equation
Editor of Microsoft Office 2003) and should be written or marked as such in the manuscript, unless they
require a different styling. The formulae should be numbered on the right side, between brackets:

a’=3M/4N (1)

Always refer in the text to the Equations as (Eq. 1), Egs. (1-4) etc. Complex Chemical Formulae should be
presented as Figures.

Abbreviations should be defined when first mentioned in the abstract and in the main body of the text and
ensure consistency of abbreviations throughout the article.

Tables and figures should essentially contribute to better understanding and interpretation of the results.
Photos, drawings and other illustrations should be clear and of good quality. The acceptable image
formats include:

e TIFF (or JPEG): Color or grayscale photographs (halftones), keep to a minimum of 300 dpi.
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e TIFF (or JPEG): Bitmapped (pure black & white pixels) line drawings, keep to a minimum of 1000
dpi.TIFF (or JPEG): Combinations bitmapped line/half-tone (color or grayscale), keep to a minimum of
500 dpi.

Please do not:

 Supply files that are optimized for screen use (e.g., GIF, BMP, PICT, WPG); these typically have a low
number of pixels and limited set of colors;

* Supply files that are too low in resolution;
» Submit graphics that are disproportionately large for the content.

Table and Figure titles, should accompany the manuscript and should not be inserted in the text.
lllustrations should be labeled “Fig.”, (Fig.1), and numbered consecutively in Arabic numerals in the
order in which they are referred to in the text.

Places for tables and figures should be clearly indicated in the manuscript.

Each figure must have a title below the figure and each table must have a title above the table. Figure and
table captions should be listed at the end of the manuscript.

Acknowledgements. Include acknowledgements in a separate section at the end of the article before the
references.

References. The list of References should only include works that are cited in the text. References are
listed in the order in which they appear in the text. Citation in the text is done by specifying the number of
references in square brackets, in the original language. Papers which have been accepted for publication
should be included in the list of references with the name of the journal and the specification "in press".

Examples of citations are given below:

Journal papers: [1] LIli¢, M.Soki¢, N.Vuckovi¢, V.Matkovi¢ (2005) Electrochemical process of obtaining
glucose, Tehnika, 56(3), 9-14.

Nonscientific Journals and Newspapers: [1] S. Petrovi¢, The Washington Post,Oct 4, 2005, p. 6
Books: [1] M.Jai¢, R.Zivanovié¢-Trbojevié (2000) Wood finishing, Technical Press, Belgrade.

Chapter in the Books: [1] M.Stojanovic, C.Lacnjevac, Z.Lopicic (2012) Corrosion and Corrosion Behavior
of depleted uranium, book Corrosion and Protection of Materials, ITNMS, Belgrade, pp 223-281.

Recommended formats for CD-ROM and DVD books:
[1] M.Petrovi¢ (2002) General Chemistry [CD-ROM]; Nolit, Belgrade.
[2] G.JakSi¢ (2002) Analitical Chemistry [DVD]; Nolit, Belgrade.

Symposium/Congress: [1] M.Petrovi¢, M.Stojanovi¢, M.Mihajlovi¢ (2013) 16. YUCORR, Tara, Serbia,
proceedings, p.235-242.

[2] M.Pavi¢, K.Stojanovi¢, M.Mihi¢ (2013) 16. CORR, Belgrade, Serbia [CD-ROM];
Patents: [1] P.Wait (1989), Device for Elementary Analyses. USA Patent, No. 123456.

Text from the Web site: [1] M.Arslanagi¢, S.Kandic - Maglajli¢ (2011) Manual for the source of scientific
papers (http://www.efsa.unsa.ba/ef/docs/handbooks /manual_economic_web.pdf, 01.12.2013.)

[2] International Union of Pure and Applied Chemistry, http://www.iupac.org/dhtml_home.html ( April 24,
2005).

Please ensure that every reference cited in the text is also present in the reference list (and vice
versa).

NOTE:
¢ Review and publications are free of charge.

e The authors will be provided with a .pdf file containing the paper, via e-mail, free of charge. A
hard copy of the journal issue is sent to the corresponding author for free.

e Copies of papers available on the website of the journal can be used in accordance with the Creative
Commons Attribution 4.0 Internationa license (https://creativecommons.org/licenses/by/4.0/)

EDITORIAL BOARD
MATERIAL PROTECTION
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