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ISTORIJAT INZENJERSKOG DRUSTVA ZA KOROZIJU

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

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

Dalji rad Centra, do svog prerastanja u Drustvo a kasnije u Savez, odvijao se u komisijama i
servisnim radionicama preko kojih se intenzivno radilo na odrzavanju raznih kurseva i predavanja iz
oblasti korozije materijala i zastite od nje a, takode, i na izradi projekata za korozionu zastitu raznih
objekata i opreme za mnoga preduzeca.

PREDSEDNISTVO IDK: Predsednik IDK prof.dr Caslav Laénjevac Potpredsednik IDK Zoran
Ivljanin, dipl.inz.tehn. Clanovi Upravnog odbora — Sre¢ko Stefanovi¢, dipl.inz.tehn. — Dragan Petrovi¢,
dipl.elek.inz. — Momir Purovié, dipl.inZ.tehn. Clanovi Nadzornog odbora — Ljup&e Milosavljevi¢,
dipl.inz.tehn. — Miodrag Jovanovi¢, dipl.grad.inz. — Mirko Bacilovi¢, dipl.ecc. Tehnicki sekretar IDK —
Srbislav Nesi¢, dipl.mas.inz.

Delatnost strukovnih udruzenja (udruzivanje u okviru profesije i tehnickih oblasti, ukljuCujuéi i
udruzenja specijalista angazovanih u nau€noj delatnosti); — Obrazovanje odraslih (obrazovanje na
seminarima, naucno-stru¢nim skupovima, specijalistickim kursevima i sl.); — Istrazivanje procesa
korozije i zastite od korozije; — lzrada tehniCke dokumentacije, ekspertiza i vrSenje nadzora iz oblasti
hidroizolacije, antikorozione zastite i protivpozarne zastite.

Inzenjersko drustvo za koroziju Republike Srbije je izdava€ €asopisa Zastita materijala, poclo je
sa radom daleke 1953. godine, kao deo Centra za zaStitu od korozije u okviru Saveza inZenjera i
tehniCara za zaStitu materijala Jugoslavije. Iste godine, Drustvo je pokrenulo ¢asopis Zastita materijala,
koji i danas aktivno izlazi. Pridruzite se bezbrojnim c¢itaocima koji su imali koristi od njegovog
zanimljivog nau¢nog sadrzaja.

Otvaranje naucnog skupa

Zastita materijala je recenzirani ¢asopis koji sadrzi radove o originalnom eksperimentalnom ili
teorijskom istrazivanju i zna¢ajno unapreduju razumevanje u oblastima korozije i zastite materijala,
zastite zivotne sredine, ekoloskog inzenjerstva i tehnologija, inzenjerstva materijala (keramika,
polimeri, kompoziti; biomaterijali, materijali za skladiStenje i konverziju energije, itd.);
nanomaterijala i nanotehnologija; hemijskog i biohemijskog inzenjerstva, primenjene hemije,
upravljanja tehnologijom, i obrazovanja o odrzivom razvoju. Casopis prihvata radove koji prikazuju
eksperimentalne i teorijske naucne i inZenjerske rezultate na osnovu dostavljenih podataka.
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Development and validation of RP-HPLC method for quantitative
estimation of related substances in gatifloxacin drug substance

ABSTRACT

The analysis of improved RP-HPLC method for the separation and quantification of Gatifloxacin
and its impurities are described. Samples are analysed by means of reverse phase (RP-HPLC)
using an Zorbax Eclipse C18, 50 x 4.6 mm5um and the mobile phase consists of two Channels A
and B.Channel-A:0.1% Trifluoroacetic acid buffer and Channel-B:Acetonitrile. The flow rate is 1.0
ml/min. The column temperature was maintained at 35°C and sample temperature was
maintained at 25°C, injection volume 10uLand wavelength fixed at 220nm UV-detection. The
developed LC method was validated with respect to specificity, precision, linearity, ruggedness
and robustness. Validation study compared as per ICH guideline.

Keywords: Gatifloxacin, determination of related substances, liquid chromatography

1. INTRODUCTION

Gatifloxacin, 1-cyclopropyl-6-fluoro-8-methoxy-
7-(3-methylpiperazin-1-yl)-4-oxoquinoline-3-
carboxylic acid, is a fourth-generation antibiotic of
the fluoroquinolone family which inhibits the
bacterial enzymes DNA gyrase and topoisomerase
IV [1]. The fluoroguinolones are quinolones with
fluorine at position 6 of the naphthyridine ring
[2].Published structure—activity data show that the
fluorine atom helps broadens their range of activity
against both

Gram-negative and Gram-positive pathogens
[3,4]. A simple reversed-phase high-performance
liquid chromatographic(LC) method for assessment
ofthe stability of Gatifloxacin in human plasma has
been developed and validated [5]. A europium-
sensitized fluorescence spectrophotometric method
using an anionic surfactant, sodium dodecyl
benzene sulphonate (SDBS), has also been
developed for analysis of Gatifloxacin [6]. Papers
have been published describing methods for
analysis of Gatifloxacin in combination with
ornidazole in tablet dosage forms [7].

*Corresponding author: Peddi Kiranmayi

E-mail: dittakavirc@gmail.com
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Most of the methods reported involve
troublesome mobile phases (buffers) and difficult
detection methods (fluorescence). There are no
published reports of methods foranalysis of
Gatifloxacin in bulk samples inthe presence of
degradation products  and process-related
impurities.

The objectives of the research work reported in
this paper were to develop a suitable stability-
indicating LC method for analysis of Gatifloxacin
and to validate the method for specificity,
LOD,LOQ, linearity, precision, accuracy, and
robustness to show the stability-indicating power of
the method and to ensure compliance with ICH
Guidelines [8-12].The molecule structure is shown
in Figure: 1

O O

OH

Figure: 1 Chemical structure of Gatifloxacin
Slika 1. Hemijska struktura Gatifloxacin-a

Impurity profiling of active pharmaceutical
ingredients (API) in both bulk material and

191
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formulations is one of the most challenging tasks.
The presence of unwanted or in certain cases
unknown chemicals, even in small amounts, may
influence not only the therapeutic efficacy but also
the safety of the pharmaceutical products. For
these reasons, all major international
pharmacopoeias have established maximum
allowed limits for related compounds for both bulk
and formulated APIls. As per the requirements of
various regulatory authorities, the impurity profile
study of drug substances and drug products has to
be carried out using a suitable analytical method in
the final product.

2. EXPERIMENTAL

2.1. Reagents and chemicals

Trifluoroacetic acid and Acetonitrile was
procured from Merck. Water (Milli-Q). All chemicals
were of an analytical grade and used as received.

Instrumentation

Chromatographic separation was achieved by
using an Waters 2695, Empower3 software using,
Zorbax Eclipse C18, 50 x 4.6 mm, 5um and the
mobile phase consists of two Channels A and
B.Channel-A:0.1% Trifluoroacetic acid buffer and
Channel-B:Acetonitrile. The flow rate is 1.0 ml/min.
The column temperature was maintained at 35°C
and sample temperature was maintained at 25°C,
injection volume 10uLand wavelength fixed at
220nm UV-detection. Retention times of impurities
were 10.687 for impurity-A, 8.454 for Impurity-B,
13.018 for Impurity-C, 4.286 for impurity-D, 11.128
for impurity-E and 5.344 for Gatifloxacin.

Preparation of solutions:

Preparation of mobile phase-A:

Transferred 1.0 mL of Trifluoroacetic acid into
1000mLof milli-Q water and mixed well and
sonicated to degas.

Preparation of mobile phase-B:
100% acetonitrile.

Preparation of diluent:

Prepared a mixture of 500mL of water and 500
mL of acetonitrile in the ratio of 50:50 (%v/v),
filtered through 0.45 pm membrane filter and
sonicated to degas.

Preparation of standard solution:

Weighaccurately35.00 mg of Gatifloxacin
working standard in to a100 mL volumetric flask, to
it added 50 mL of diluent sonicate to dissolved and
diluted to volume with diluent and mixed well.
Further transferred 1.0mL of this solution into a 100

192

mL volumetric flask, diluted to volume with diluent
and mixed well. Further transferred 1.0 mL of this
solution into a 10mL volumetric flask, diluted to
volume with diluent and mixed well.

Preparation of test solution:

Weighed accurately and transferred about 35
mg of test sample into a 100 mL volumetric flask,
containing 50 mL of diluent sonicated it to
dissolved and made up to the volume with diluent.

3. METHOD DEVELOPMENT

3.1. Method optimization parameters

An understanding of the nature of API
(functionality, acidity, or basicity), the synthetic
process, related impurities, the possible
degradation pathways and their degradation
products are needed for successful method
development in reverse-phase HPLC. In addition,
successful method development should result a
robust, simple and time efficient method that is
capable of being utilized in manufacturing setting.

3.2. Selection of wavelength

The sensitivity of the HPLC method depends
upon the selection of detection wavelength. An
ideal wavelength is one that gives good response
for related substances and the drugs to be
detected. The wavelength for measurement was
selected as 220 nm from the absorption spectrum.

3.3. Selection of stationary phase

Proper selection of the stationary phase
depends up on the nature of the sample and
chemical profile. The drug selected for the present
study was polar compound and could be separated
either by normal phase chromatography or reverse
phase chromatography. From literature survey, it
was found that different C18columns could be
appropriately used for the separation of related
substances for Gatifloxacin.

Poor peak shape and resolution was observed
when Inertsil ODS-3V (50mm x 4.6mm, 5u)There
was no proper resolution of impurities and analyte
peak and efficiency of the peak is also not
achieved and peak interferences are present. In
second attempt made using Zorbax Eclipse C18,
50 x 4.6 mm, 5um, and gradient mobile phase
programmed of Mobile Phase. The resolution of
both drug and impurities was achieved.

3.4. Selection of mobile phase

Different mobile phase and stationary phases
were employed to develop a suitable LC method
for the quantitative determination of impurities in

ZASTITA MATERIJALA 65 (2024) broj 2
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Gatifloxacin. A number of column chemistries
supplied by different manufacturers and different
mobile phase composition were tried to get good
peak shapes and selectivity for the impurities
present in Gatifloxacin.

Poor peak shape and resolution was observed
mobile phase programmed of Mobile Phase: A
phosphate buffer and Mobile Phase: B Acetonitrile.
There was no proper resolution of impurities and
analyte peak and efficiency of the peak is also not
achieved and peak interferences are present. In
second attempt made using mobile phase
programmed of Mobile Phase: A 0.1% TFA buffer
and Mobile Phase:B Acetonitrile. The resolution of
both drug and impurities was achieved. These
chromatographic conditions were selected for
validation studies.

4. METHOD VALIDATION
4.1. Specificity
Blank interference

Specificity was demonstrated by injected blank
solution, standard solution, sample solution, spiked
sample and individual impurities and analyzed as
per the test method.

Table 1 and Figures 2 to 4 illustrates that the
specificity the chromatograms were recorded for
blank, sample and spiked sample solutions of
Gatifloxacin and its related substances. specificity
studies reveal that the peaks are well separated
from each other. Therefore the method is selective
for the determination of related substances in
Gatifloxacin. It was observed that known impurities
are not co eluting with each other and main analyte
peak. There is no interference of diluent at
Gatifloxacin and impurities peaks.
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Figure 2. Typical chromatogram of Blank
Slika 2. Tipi¢ni hromatogram za prazno
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Figure 3. Typical chromatogram as such Sample
Slika 3. Tipic¢an hromatogram za uzorak
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Figure 4. Typical chromatogram Spiked Sample
Slika 4. Tipicni hromatogramski Siljasti dijagram za uzorak
Table 1. Impurity interference data (Specificity
results) .
o o _ Force degradation
Tabela 13 ng’ﬁ%%’o‘;t’gte’f erencijii necistoca (rezultati Forced degradation studies were performed to
P identify potential degradation products that might
Peak Name | Retention Time | Blank | Placebo be formed in Gatifloxacin to elucidate the
Blank ND NA NA mechanisms of formation. From those studies it
Impurity-1 4.461 No No can be seen that there is a significant degradation
Impurity-2 8.544 No No in solution which exposed to acid, base and water,
Impurity-3 10.899 No No no significant change was observed. A mild
Impurity-4 11.352 NoO No degradation was observed under peroxide
Impurity-5 13.077 No No COI’](IiiItIOHS. The observations are tabulated below
Gatifloxacin 5.421 No No Table 2.

Table 2. Force Degradation results of Gatifloxacin

Tabela 2. Rezultati razgradnje sile gatifloksacina

Results in %
Name of the Sample Stress condition >
Imp-01 Imp-02 | Imp-03 | Imp-04 | Imp-05
Control sample N/A ND ND ND 0.08 0.18
Thermal sample At 60°C for 2hrs ND ND ND 0.06 0.14
UV exposure sample 2hrs ND ND ND 0.06 0.16
Water hydrolysis sample | Heated at 60°C in H20 for 2Hrs ND ND ND 0.07 0.17
Acid hydrolysis sample Heated at 60°C in 1.0NHCI ND ND ND | 007 | 014
for 2Hrs
Base hydrolysis sample Heated at 60°C in 1.0NNaOH ND ND ND 0.08 0.18
for 2Hrs
o i 0,
Oxidation sample Heated at ?gr (2:|_'|TS1OA’ H202 ND ND ND 0.38 1.56

The degradation studies indicate that the
compound is stable upon exposed to thermal and
UV exposed condition. It is concluded from the
above observations; the present method is capable
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to separate all the process and degradation
impurities. Therefore the Related compounds by
HPLC method is stability indicative.
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4.2. Precision

4.2.1. System Precision
Prepared Gatifloxacin(0.1%) and its impurities

Table 3. System Precision data for Gatifloxacin

Tabela 3. Podaci o sistema za

gatifloksacin

preciznosti

standard solution (0.15%) and injected six Compound names Average area %RSD
replicates and calculated the %RSD for the peak Impurity-1 6397 1.4
areas of Gatifloxacin and its impurities. Table 3 and Impurity-2 11307 0.8
Figure 5 illustrates that the system precision of the Impurity-3 7332 0.8
method. Impurity-4 15539 0.4
Impurity-5 10052 0.3
Gatifloxacin 10597 1.3
2 =
= o
o o
0.002 L + M
2 0
= ﬁ ' =
b= | =
- a =
Z 0.001 % 8 - gﬂ" %
I .'I'%j’ﬂ gl IT
I . ""'I; | .I [
AT o
0,000 W -——————— ) = B
E= 3
@ E ~ |
200 40 800 8O0 1000 1200 1400  16.00 18.00 20.00
Minutes
Figure 5. Typical chromatogram standard solution
Slika 5 Tipi¢ni hromatogram za standardni rastvor
The % RSD of peak area for Gatifloxacin and ~ 4.2.2. Method Precision
its impurities peak from the standard solution Method precision was demonstrated by

observed between 0.3%-1.4% which is below
5.0% indicates that the system gives precise result.

Table 4. Results of method precision

Tabela 4. Rezultati preciznosti metode

prepared six samples by spiking of impurities at
specification level and analyzed as per the method
(Table 4).

. Impurity (%)
S.No. Sample Details

Imp-1 Imp-2 Imp-3 Imp-4 Imp-5

1 Prep-1 0.145 0.152 0.157 0.152 0.155

2 Prep-2 0.145 0.152 0.157 0.152 0.152

3 Prep-3 0.145 0.152 0.157 0.152 0.154

4 Prep-4 0.143 0.152 0.156 0.152 0.151

5 Prep-5 0.140 0.151 0.155 0.151 0.158

6 Prep-6 0.143 0.152 0.157 0.152 0.157

Avg. 0.144 0.152 0.157 0.152 0.155
Std. Dev. 0.002 0.000 0.001 0.000 0.003
%RSD 1.38 0.27 0.53 0.27 1.77

Table 4 illustrates that the method precision
was demonstrated by prepared six samples by
spiking of impurities at specification level and

ZASTITA MATERIJALA 65 (2024) broj 2

analyzed as per the method. The results six
samples were well within the limits. From the above
results, it is concluded that method is precise.
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4.3. Limit of detection (LOD) & Limit of Quantitation
(LOQ)
Limit of detection: The worst found signal to
noise ratio for each peak was greater than 3 in
each injection. All the peaks were detected in all

Table 5. LOD&LOQ concentrations and S/N values
for Gatifloxacin and impurities

Tabela 5 LOD&LOQ koncentracije i S/IN vrednosti
za gatifloksacin i necistoce

the three iniections. Concentration Signal to noise
Lim Jf o cation: Th tound sianal N?me oftthe in ppm ratio value
Imit of Quantitation: e worst found signa mpurity
to noise ratio for each peak was greater than 10 in _ LoD LOQ LoD LOQ
each injection. All the peaks were detected in all Impurity-1 0.004 | 0.010 | 3.01 9.31
the six injections. Impurity-2 0.004 | 0.011 4.87 9.26
Table 5 and Figures 6 to 7 illustrates that the Impurity-3 0.004 | 0.014 3.04 9.45
LOD and LOQ pf the ch_romatograms. were Impurity-4 0004 | 0012 | 487 981
record_ed. The limit qf guantitation _and !|m|t of Impurity-5 0.004 | 0.015 3.04 9.45
detection values obtained for each impurity and _ -
Gatifloxacin are within the acceptance criteria. Gatifloxacin | 0.004 | 0.014 | 3.02 9.75
0.008+
a [y} -
0000 o & ¥ 2o 2
I w = ~ o o
= o = o
0.004 T e N A -
- % i '
2 3 % z 3z 2
0.002 .:n_,- % é— ‘E—L% %
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0.0 B R ﬁk"-____—f‘xf}?— e —
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Minutes
Figure 6. Typical chromatogram LOD solution
Slika 6. Tipi¢ni hromatogram za LOD rastvor
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Figure 7. Typical chromatogram LOQ solution

Slika 7. Tipi¢ni hromatogram za LOQ rastvor
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4.4. Linearity

The linearity of detector response for analytes
was demonstrated by preparing solutions over the
range of LOQto150% of specification limit with
respect to sample concentration. These solutions
were injected into the HPLC system and the
responses of the same were recorded. A plot of
concentration vs. peak area was done. The

20000 —

se

2 15000 -

10000

Arearespon

5000

0 . .

Linearity of impurity-1

Coefficient of determination between concentration
and response was evaluated.

Table 6 to Table 10 and Figures 8 to 12
illustrates that the linearity results for Gatifloxacin
and all the impurities in the specified concentration
range are found satisfactory, with a correlation
coefficient greater than 0.99 respectively.

y=6.,793,572.5806x-2,242.9782

R==0.9990

0 0.0005 0.001 0.0015 0.002 0.0025 0.003 0.0035
Concentration (%)

Figure 8. Linearity graph of Impurity-1

Slika 8. Grafik linearnosti necistoce-1

Table 6. Linearity for Impurity-1

Tabela 6. Linearnost za necistocu-1

S.No Levels Concentration in % Arearesponse

1 Linearity Level-1 0.0006 4069

2 Linearity Level-2 0.001 6538

3 Linearity Level-3 0.0015 11000

4 Linearity Level-4 0.002 14515

5 Linearity Level-5 0.0025 18297

6 Linearity Level-6 0.003 22655
Square root of Correlation coefficient (r2) 0.9990
Slope 6793572.5806
Intercept -2242.9782

Table 7. Linearity for Impurity-2

Tabela 7. Linearnost za necistoc¢u-2

S.No Levels Concentration in % Arearesponse
Linearity Level-1 0.0006 4216
2 Linearity Level-2 0.001 5995
3 Linearity Level-3 0.0015 8710
4 Linearity Level-4 0.002 11307
5 Linearity Level-5 0.0025 14144
6 Linearity Level-6 0.003 16774
Square root of Correlation coefficient (r2) 0.9993
Slope 5288951.6129
Intercept 847.1855

ZASTITA MATERIJALA 65 (2024) broj 2
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Table 8. Linearity for Impurity-3

Tabela 8. Linearnost za necistoc¢u-3

S.No. Levels Concentration in % Arearesponse

1 Linearity Level-1 0.0006 3043

2 Linearity Level-2 0.001 4417

3 Linearity Level-3 0.0015 5697

4 Linearity Level-4 0.002 7332

5 Linearity Level-5 0.0025 8678

6 Linearity Level-6 0.003 10442
Square root of Correlation coefficient (r2) 0.9984
Slope 3023564.5161
Intercept 1259.8694

Table 9. Linearity for Impurity-4
Tabela 9. Linearnost za neéistocu-4

S.No. Levels Concentration in % Arearesponse
1 Linearity Level-1 0.0006 6316
2 Linearity Level-2 0.001 8991
3 Linearity Level-3 0.0015 11993
4 Linearity Level-4 0.002 15539
5 Linearity Level-5 0.0025 18037
6 Linearity Level-6 0.003 21576
Square root of Correlation coefficient (rz) 0.9986
Slope 6291145.1613
Intercept 2627.6435
20000 Linearity of impurity-2
£ 15000 -
g
£ 10000 -
o ¥=5,288951.6129x+847.1855
-5 22—
2 5000 - R==10.9993
0 T T T T

0 00005 0.001 0.0015 0.002 0.0025 0.003 0.0035

Concentration (%)

Figure 9. Linearity graph of Impurity-2

Slika 9. Grafik linearnosti necistoce-2

Table 10. Linearity for Impurity-5

Tabela 10. Linearnost za necisto¢u-5

S.No Levels Concentration in % Arearesponse

1 Linearity Level-1 0.0006 3868

2 Linearity Level-2 0.001 5688

3 Linearity Level-3 0.0015 7935

4 Linearity Level-4 0.002 10052

5 Linearity Level-5 0.0025 12790

6 Linearity Level-6 0.003 14768
Square root of Correlation coefficient (rz) 0.9988
Slope 4584483.8710
Intercept 1084.2452
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Figure 10. Linearity graph of Impurity-3
Slika 10. Grafik linearnosti necistoce-3

Linearity of impurity-4

y=6,291,145.1613x+2,627.6435
R*=0.9986

16000
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Figure 11. Linearity graph of Impurity-4
Slika 11. Grafik linearnosti necistoce-4

Linearity of impurity-5

v =4.584,483.8710x+1,084.2452
R*>=0.9988

4.5. Accuracy

Gatifloxacin was performed. The sample was taken
and varying amounts of Gatifloxacin impurities

0.0005 0.001 0.0015 0.002 0.0025 0003 (0.0035
Concentration (%)

Figure 12. Linearity graph of Impurity-5

Slika 12. Grafik linearnosti necistoce-5

representing LOQ to 150% of specification level
Recovery of Gatifloxacin  impurities in  Were added to the flasks.
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The spiked samples were prepared as per the
method and the results are tabulated in Table 11.
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Table 11. Accuracy study of Gatifloxacin

Tabela 11. Studija tacnosti gatifloksacina

) % Mean Recovery
S.No. Theoretical (%)
Imp-1 Imp-2 Imp-3 Imp-4 Imp-5
1 LOQ 110 93.9 92.9 93.9 92.9
2 50 97.4 97.3 96.4 97.3 96.4
3 100 98.5 99.1 98.2 99.1 98.2
4 150 99.0 100.0 100.6 100.0 100.6

4.6. Solution stability of analytical solutions

Reference solution and spiked test solution
prepared, injected different time intervals and
calculated the %RSD for the peak area of
Gatifloxacin from reference solution, %RSD for the
content of impurities from spiked test solution. The
reference and test solution stable upto 48 hrs.

5. RESULTS AND DISCUSSION

A simple, economic, accurate and precise
HPLC method was successfully developed. The
method developed was statistically validated in
terms of selectivity, accuracy, linearity, precision,
and stability of solution.

For selectivity, the chromatograms were
recorded for standard and sample solutions of
Gatifloxacin and its related substances. Selectivity
studies reveal that the peak is well separated from
each other. Therefore the method is selective for
the determination of related substances in
Gatifloxacin. There is no interference of diluent at
Gatifloxacin and impurities peaks. The elution order
and the retention times of impurities and
Gatifloxacin obtained from individual standard
preparations and mixed standard preparations are
comparable.

The limit of detection (LOD) and limit of
guantitation (LOQ) for Gatifloxacin standard 0.014
and 0.004, impurity-10.010 and 0.004, impurity-2
0.011 and 0.004, impurity-3 0.014 and 0.004,
impurity-4 0.0012 and 0.004 pg/mL and impurity-5
0.015 and 0.004 pg/mL respectively.

he linearity results for Gatifloxacin and all the
impurities in the specified concentration range are
found satisfactory, with a correlation coefficient
greater than 0.99.Calibration curve was plotted and
correlation co-efficient for Gatifloxacin and its
impurities found to be 0.9990, 0.9993, 0.9984,
0.9986 and 0.9988 respectively.

The accuracy studies were shown as
%recovery for Gatifloxacin and its impurities at

specification level. The limit of % recovered shown
is in the range of 80 and 120% and the results
obtained were found to be within the limits. Hence
the method was found to be accurate.

For precision studies six replicate injections
were performed. %RSD was determined from the
peak areas of Gatifloxacin and its impurities. The
acceptance limit should be not more than 10, and
the results were found to be within the acceptance
limits.

6. CONCLUSION

The new HPLC chromatographic method
developed for Gatifloxacin and its related
substances are rapid, simple, sensitive, precise,
and accurate. Therefore, the proposed method can
be successfully applied for the routine analysis of
the active pharmaceutical ingredients for
assurance of its quality during its formulation.
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RAZVOJ | VALIDACIJA RP-HPLC METODE ZA KVANTITATIVNU PROCENU
SRODNIH SUPSTANCI U SUPSTANCI LEKA GATIFLOKSACIN

Opisana je analiza poboljSane RP-HPLC metode za odvajanje i kvantifikaciju gatifloksacina i
njegovih necistoc¢a. Uzorci se analiziraju pomocu reverzne faze (RP-HPLC) koriS¢enjem Zorbak
Eclipse C18, 50 x 4,6 mm 5 um, a mobilna faza se sastoji od dva kanala A i B. Kanal-A: 0,1%
pufer trifluorosircetne kiseline i kanal-B: acetonitril. Brzina protoka je 1,0 ml/min. Temperatura
kolone je odrzavana na 35°C, a temperatura uzorka je odrzavana na 25°C, zapremina injekcije 10
uLand talasna duzina fiksirana na 220 nm UV-detekcija. Razvijena LC metoda je validirana s

obzirom na specificnost, preciznost,
uporedena prema ICH smernicama.

linearnost,

robusnost i robusnost. Studija validacije
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Overview of corrosion behaviour of ceramic materials
in molten salt environments

ABSTRACT

This study reviewed previous studies between the years 2015 and 2021 on how ceramic materials
degraded in the presence of molten salt environments. The processes of corrosion resistance of
various ceramic compositions subjected to various molten salt compositions and temperatures
were also scrutinized. The results offer important new insights into the variables affecting
ceramics' corrosion behaviour and the production of corrosion products. The reported result
reveals that the ceramic material with the composition (SmysScy5),Zr,0,; performed better than
that of Sm,Zr,O; in terms of hot corrosion resistance in molten salt (V,0s + Na,SO,). It has also
been reported that corrosion behaviour is influenced by particle size. Notably, zirconia (n-YSZ)
with nanoscale grain sizes was more susceptible to hot corrosion, which was explained by
increased specific surface areas. On the other hand, sintering and additives have been found to
enhance corrosion resistance. The Y-Y,Si,O; ceramic's resistance to corrosion in (V,0s + Na,SO,)
molten salt was enhanced by the addition of alumina. The results of these investigations help us
understand how corrosion works and what influences ceramic materials' susceptibility to
deterioration in molten salt environment. This information can direct the development of more
corrosive-resistant ceramic materials for use in high-temperature environments or molten salt-

based energy systems, among other corrosive uses.
Keywords: hot corrosion, alumina, heat exchangers, nitrides, zirconia

1. INTRODUCTION

A process called "hot corrosion" occurs when
molten salts attack a material's surface at the same
time that they interact with the oxide layer that has
formed there, often at a high temperature [1]. Hot
corrosion is typically considered an accelerated
deteriorating process that involves the deposition of
corrosive species (like sulphates) from the
environment (like combustion gas) to the surface of
hot components, followed by the subsequent
disintegration of the protective oxide scale [2].
Consequently, corrosive species are created that
can enter the material and cause a variety of
degradation processes, such as oxide spalling,
grain boundary assault, and material embrittlement.
Hot corrosion may dramatically lower a material's
mechanical strength and lifespan, impairing the
functionality and dependability of crucial parts [3].
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In general, the menace of corrosion refers to
the degradation of materials occasioned by
electrochemical or chemical reactions. Unlike
ceramics, metals tend to degrade in acidic
environments and previous studies have shown
that the corrosion of metals can be deterred in
various acidic media using different plant extracts
and pastes [4-13]. When exposed to acidic
conditions, ceramics display improved corrosion
resistance in comparison with metals [14]. In
places where ceramics are used, such as heat
engines and heat exchangers, molten salt deposits
are significant corrodents and it has been reported
that the Na,S04-induced corrosion can be quite
serious [15].

Ceramics, including structural ceramics, are
renowned for having extraordinary qualities
including resistance to chemical reactivity, wear,
and high temperature [16]. In the commercial
world, these ceramics are utilized in a wide range
of products, including gas turbine components,
welding nozzles, heat exchangers, heat pipes,
valves, cutting tools, turbochargers, crucibles,
dental work, bone, and joint replacement
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prostheses [17]. In addition, these promising
qualities make ceramics desirable for a wide range
of applications, including heat barrier coatings,
refractories, and catalytic supports [18]. However,
the hot corrosive behaviour of ceramics in hostile
conditions, such as molten salts, might restrict their
performance and durability [19]. Designing and
creating ceramic materials with better resistance to
corrosive  conditions, therefore, requires an
understanding of the ability to characterize the hot
corrosion behaviour of ceramics [20].

The extremely corrosive conditions of molten
salts may seriously degrade materials [21]. They
are made up of a combination of cations and
anions, which can react with ceramic surfaces to
cause corrosion [22]. Temperature, composition,
and the presence of impurities are all factors that
affect the corrosive attack in molten salts [23].
Various corrosive species, including chlorides,
sulphates, and fluorides, can be introduced into the
molten salt environment and speed up the
deterioration of ceramics [24]. Further enhancing
the corrosive assault may be the presence of
impurities or strong gases.

Over a few decades, studies were done on hot
corrosion of Na,SO,-coated TizAIC, in the air at
700-1000°C [25]. No protective scales were
reportedly seen, which led to significant hot
corrosion of TisAIC, by fused Na,SO, at 900 and
1000 °C. The hot corrosion attack was minimal
below the melting point of Na,SO,, whereas
TisAIC, experienced a strong hot corrosion attack
from fused sodium sulphate above the melting
point of Na,SO,. Another study examined the hot
corrosion of Na,SO,-coated and Ti;SiC,-based
ceramics at 900 and 1000 °C in air [26]. According
to reports, the TisSiC, ceramics covered with
roughly 2 mg/cm2 Na,SO, experienced substantial
damage.

Research has been conducted on the hot
corrosion process of composite Alumina/Yttria-
stabilized zirconia coating in molten sulphate-
vanadate salt [27]. Results demonstrate that when
the salt's V,05 level was less than around 5 wt%,
the Al,O3 overlay served as a barrier to prevent the
molten salt from penetrating the YSZ coating. Due
to this, ZrO, instability was greatly mitigated [27].
The hot corrosion behaviour of TizSIiC, in the
combination of Na,SO,-NaCl melts has been
investigated [28]. When the concentration of
Na,SO, was more than 35 wt% at 850 °C, they
reported that the TisSiC, had a significant hot
corrosion attack. There were some radial and
transverse fissures in the outer and inner layers of
the corrosion layer, which exhibited a duplex
microstructure. Xie et al. [29] investigated the hot
corrosion  behaviour of double-ceramic-layer
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LaTi,AlgO;9 and yttria-stabilized zirconia thermal
barrier coatings. They reported that the bond coat
in the LaTi,AlgO44/yttria-stabilized zirconia thermal
barrier coatings significantly contributed to
protecting the component against hot corrosion. In
addition, the ceramic material, LaTi,AlgO,¢/yttria-
stabilized zirconia was found to show good
chemical stability in molten salts of Na,SO, and

NaCl. The disintegration of LaTi,AlgO;9 did not

occur even after 1458 hot corrosion cycles at 1373

K, indicating high chemical stability in molten salt of

Na,SO, and NacCl, according to further observation

[29]. The reason for this behaviour was attributed

to the outstanding high-temperature performance

and limited heat conductivity of the ceramic
material (LaTi,AlgO1g).
The main objectives of this current study are to:

e 1. Review previous studies on the behaviour
of ceramic materials in molten salt
environments from 2015 to 2021, to better
understand how they degrade and how well
they can resist corrosion.

e 2. Identify and examine the variables, such as
ceramic material composition, particle size,
sintering methods, and salt composition, that
affect the corrosion behaviour of ceramics in
molten salt, and to

e 3. Identify knowledge gaps and potential
directions for additional study in the hot
corrosion behaviour of ceramics.

2. BEHAVIOUR OF CERAMICS IN MOLTEN
SALTS

2.1. Ceramics attacked by molten salts — Nitrides
and carbides

When different molten salts are present, the
typically protective layer of SiO, that develops on
SiC and SizN, can show accelerated corrosion.
According to earlier research [30], an acid salt
solution did not cause the protective layer to erode.
Active corrosion was caused by the production of
SiO gas at low oxygen pressures. It has been
demonstrated that a key factor in the behaviour of
molten sodium salts is the activity of Na,O. The
possible reactivity with silica increases as this
activity rises [30]. Lin et al. [31] studied the 850-
1000 °C hot corrosion behaviour of Na,SO,—coated
TiLAIC in air. Below the melting point of Na,SO,, a
protective Al,O; scale was discovered to slow
down further corrosion of the Ti,AIC substrate. The
hot corrosion kinetics were found to be parabolic.
Because porous and non-protective scales failed to
shield the Ti,AIC substrate from hot corrosion
assaults, severe hot corrosion attacks on Ti,AIC
were reported to occur at 900 and 1000 °C.
Notably, it was observed that sulphur separated at
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the scale/substrate interfaces and chemical
interactions between Ti,AIC and the Na,SO, salt
dominated the corrosion process. The hot
corrosion resistance of Ti,AIC can be improved by
limiting the penetration of Na,SO, to the TiAIC
substrate, and this was suggested as a practical
and effective pre-oxidation treatment [31].

2.2. Ceramics' Hot Corrosion Mechanisms

Studies have shown that hot corrosion in
ceramics involves several intricate processes that
accelerate material deterioration, especially in the
presence of sulphate-related salts [32]. On the
other hand, yttria-stabilized zirconia's LZ,C; coating
was discovered to be flawless and degrading very
little [33]. However, certain ceramics have been
reported to exhibit relatively low corrosion when
exposed to molten NaCl-KCI-MgCl, [34]. Designing
solutions to reduce hot corrosion and increase the
longevity of ceramic components in corrosive
environments requires an understanding of the
mechanisms behind the hot corrosion of ceramics.

2.2.1. Degradation owing to chemical processes

One of the main processes causing hot
corrosion in ceramics is degradation owing to
chemical processes. The ceramic surface may
react with molten salts, producing soluble reaction
products. The protective oxide layer on the ceramic
surface may be removed by these reaction
products, exposing the underlying material to more
corrosion. The reactivity of the molten salt, the
makeup of the ceramic material, and the system
temperature all have an impact on the chemical
assault process. A study to understand the hot
corrosion deterrence of YSZ, Gd,Zr,0;, and
Gd,Zr,0; + YSZ composite thermal barrier
coatings in Na,SO4; + V,05 at 1050 °C has been
conducted [35]. In heated corrosion testing, the
authors observed that a series of linked chemical
processes might be classified as the chemical
degradation of common YSZ coatings. Additionally,
it was discovered that NaVOz; would occur when
V,05 and Na,SO, salt combination were exposed
to high heat (1050 °C).

2.2.2. Degradation because of diffusion-controlled
processes

Concentration gradients cause the transport of
corrosive substances into the ceramic in the
diffusion-controlled process of hot corrosion.
Corrosive species infiltrate into the ceramic from
the surrounding environment, and as they do so,
their concentration rises. Temperature, concen-
tration gradients, and material characteristics, such
as diffusion coefficients, all affect the diffusion
process. Costa-Oliveira and Baxter [36] investi-
gated how salt corrosion affected a hot-pressed
silicon nitride in combustion circumstances with
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various sulphur concentrations. It was reported that
depending on their concentration in the gas phase,
pollutants including the salts, NaCl and Na,SO,
frequently found in gas turbine atmospheres were
expected to accelerate the corrosion of SizN, due
to their absorption into the scale. This was clarified
by assuming that corrosion in sodium-containing
environments happened via an ionic diffusion
process [36].

Corrosive species can react with the ceramic's
components once they get within the material; for
instance, if sulphur is present, it may interact with
the metal ions in the ceramic lattice to generate
sulphides. The creation of new phases like oxides,
sulphides, or halides because of the interaction
between corrosive species and ceramic elements
might harm the material's characteristics. The
porosity, grain boundaries, and flaws of the
ceramic material can all have an impact on how
easily corrosive species diffuse inside it. Corrosive
species can enter through porous materials, which
speeds up their transportation. They can operate
as preferred diffusion channels for the ceramic
material's grain boundaries, which are the
interfaces between different ceramic grains. Cracks
and gaps in materials can act as entrance routes
for corrosive species, hastening the deterioration
process. Electrochemical techniques have been
used to assess the corrosion effect of zirconia
addition at 1, 2, and 5 atomic percents (at.%) on
the hot corrosion behaviour of MosSi intermetallic
alloy in 60 weight per cent NaNOs; and 40 weight
per cent KNO; at 600°C [37]. For the as-cast alloy
or when 1 or 2 wt% Zr was added, and the
corrosion process was controlled by charge
transfer, but when 5 wt.% Zr was added, and it was
controlled by diffusion [37].

2.2.3. Degradation by electrochemistry

Electrochemical reactions may occur at the
ceramic surface because of molten salts acting as
electrolytes. As a result of these interactions,
corrosive species are formed by the transfer of ions
between the ceramic material and the corrosive
environment. The presence of electrochemically
active species in the molten salt, the electrical
conductivity of the ceramic and the temperature all
have an impact on the electrochemical attack
process. Li et al. [38] used a molar ratio of 1:1 to
study the hot corrosion behaviour of Yb,Zr,0O,
ceramic against V,0s and Na,SO, +V,05 at
temperatures of 900-1100 °C for 2 hours in the air.
They noticed that the YbVO,, which resulted from
the hot corrosion of Yb,Zr,O; coated in V,05, was
particle-shaped as opposed to rod-like in the
Yb,Zr,0- coated in (Na,SO,4 + V,05). A dissolution-
precipitation process-based model was put up to
discover how hot corrosion products developed.
The model could be used to explain the hot
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corrosion mechanism. It showed that the larger
driving force in the hot corrosion of V,0s-coated
Yb,Zr,0, contributed to the granular YbVO, whilst
the relatively smaller driving force in the hot
corrosion of (Na,SO4; + V,0s)-coated Yb,Zr,0O;
resulted in the rod-like YbVO, [38].

3. OVERVIEW OF PREVIOUS STUDIES ON HOT
CORROSION BEHAVIOUR OF CERAMICS IN
MOLTEN SALT

The summary of the overview of earlier studies
on the corrosion behaviour of ceramic materials in
molten salts is presented in Table 1. Many scholars
have worked on several aspects of the area to
arrive at different conclusions. Guo et al. [39]

studied the degradation disposition of some
ceramic materials (SmgsScys),Zr,0; and SmyZr,0,
in the presence of molten salt (V.05 + Na,SO,).
They reported that the ceramic material with the
composition Sm,Zr,0O,; was outperformed by the
ceramic with the composition (SmgsScs).Zr,05 in
terms of hot corrosion resistance to (V,0s +
Na,S0O,) 50 wt.% salt. In another study [40], the
thermal barrier oxides with stabilized ZrO, doped
with Gd,03 and Yb,05 were investigated to unravel
their corrosion behaviour in V,05 + Na,SO, molten
salt. It was observed that the YSZ ceramic material
was more susceptible to corrosion in molten salt
than GdYb-YSZ ceramic [40].

Table 1. An Overview of previous studies on hot corrosion behaviour of ceramics in molten salts

Tabela 1. Pregled prethodnih studija o pona$anju keramike u toploj koroziji u rastopljenim solima

Molten salt

Ceramic materials o
composition

Temperature
range of study and
maximum period
of exposure

What to deduce from the study Ref.

(Smo5Sco.5)22r207 &
SmyZr,07

50 wt.% V,0s5 & 50
wt.% Na,SOq4

700-900 °C/4 h

Compared to Sm,Zr,07,

(Smo 5Sco5)2Zr207 exhibited
greater corrosion resistance to
Na,S04+V,05 salt.

[39]

Gd203 (1 mol%) +
+Yb,03 (l mol%)
doped with Y203 (3.5
mol%) stabilized ZrO;
(GdYb-YSZ)

Thermal barrier
oxides with stabilized
ZrO; doped with
Gd203 and Yb203

700-1000 °C /4 h

Despite being vulnerable to molten
salt attack, GdYb-YSZ demonstrated
greater hot corrosion resistance than
YSZ.

[40]

Zirconia with

NaVO3
nanostructures

700 °C/24-192 h

The YSZ-based thermal barrier
coatings' hot corrosion deterioration
was significantly accelerated by [41]
microcracks and open holes in the
coatings.

Zirconia stabilized —
yttria

(NazS04 + V,0s) 50
Wt.%

1000°C/4h

The columnar holes that EB-PVD
created contributed to the structure's
degeneration brought on by the
molten salts that seeped from the top
layer, speeding up the rate of
destruction.

[42]

Magnesia - . .
(Stabilized) Lithium (Li2O & LiCl) 360 h

300 - 650 °C/

The introduction of lithium gave rise
to the initiation of sudden cracks and | [43]
pores.

Y-Y2Si>O7 V205 & NapSO4 20 h

The sample of the ceramic (Y-
Y,Si»O7) bearing alumina additive
was reported to give outstanding [44]
resistance to corrosion in the
presence of molten salt.

(Gdo.9ScC0.5)22r207 VOs

700°C-1000°C/4h

At varying temperatures between
700-1000°C, the ceramic material
(Gdo.9Sco.5)2Zr.07 displayed a poten- | [45]
tial corrosion resistance coating
inhibitor.

BalLasTizO19 V205,Na;S0O4+V,05

900°C/4h

The ceramic material (BaLa;TizO10)
having reacted with V,0s and [46]
Na,S04+V,0s5 appeared to have

suitable corrosion resistance in V,0s
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compared to NazSO4+V20s.

szO3-Gd203-Y203

CaCl,-CaF,-Cao

1500°C-
1600°C/11h

The ceramic material (Yb203-Gd>O3-
Y203) sintered at 1500°C for 6h and
experienced the highest degradation
compared to 1600°C sintered cera-
mic material (Yb203-Gd»03-Y203) for
11h

[47]

SerO3

Na,SO4 & V205

1600°C/10h

A thinner corrosion layer at a higher
temperature was observed due to
the quick formation of corrosion
products (S;V20s+m-HiOz)+Na0)
which increases as temperature
increases.

[48]

LaTi2A|9019

V205

700°C-950°C/10h

AIVO, production was the main reac-
tion seen during a two-hour corrosion
session at 700°C but was found to
be unstable. It largely dissolved at
800 °C, forming Al;Os. This shows
the dynamic character of the corro-
sion reactions as well as the
propensity of some phases to
transform or alter under certain
circumstances.

[49]

AIN

LiF-LiCI-LiBr-Li

500°C/300h

High levels of metallic Li (>0.1 weight
per cent) were reported to hasten the
corrosion of AIN.

[50]

Bal-xSxAx
(x=0,0.25,0.5,0.75,1)

NaSO4

900°C-1100°C

At elevated temperatures, there was
an enhancement in the diffusion of
Na into Bal-xSxAx which increased
the rate of corrosion significantly.

[51]

LayHf,07

Na;S04+V205 &
NazSO4

900°C-1200°C/4h

The performance of La;Hf>,07 in
reaction with Na;SO4+V20s led to a
decrease in the thickness of the
corrosion product due to an increase
in temperature as contact with V,0s
was made.

[52]

CrAlIC max &
CoNICrAlY

NaxS0O4+V205

950°C/30h

It was reported that Cr,AIC Max has
a better hot corrosion resistance than
the CoNiCrAlY sample.

[53]

YSZ, GdZr,07 &
YSZ/Gd,Zr,07

Na,SO4 and V205

1000°C/25h

Double coatings of YSZ/Gd»Zr,07
were found to resist hot corrosion
than those of single coatings

[54]

Zirconia

NaVO3; & NaSO4

1100°C/ 6h-24h

The formation of a large polyhedron
crystal of YVO4and m-ZrO, as cor-
rosion products was obtained after
6h-24h. Also, the volume fraction of
ZrO2in 8YSZ ceramics was found to
increase after the corrosion test.

[55]

BasR EAlOs

Na,SO4+V,0s

900°C-1000°C/
4h

The Lewis acid-base rule, thermody-
namics, and phase diagrams were
used as the foundation for the postu-
lated hot corrosion mechanisms.

[56]

Yb,Si>O7

NaVO3

1000°C-
1500°C/2h

YbVO,4 was obtained on a bulk
surface at 1000°C-1200°C owing to
the acidity of the corrosion medium
and a corrosion product (Yb2Si>Os)
was obtained.

[57]

environment. They reported that the samples (n-
YSZ) powders having 30 nm grain sizes were
vulnerable to hot corrosion. The reason was

Wang et al. [41] investigated how the particle
size at the nanoscale can influence the corrosion of
zirconia at 700°C in a NaVO; corrosive
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attributed to specific surface areas that were larger
when compared to those of other specimens. In
another study, the hot corrosion of zirconia
stabilized by yttria in (Na,SO, + V,0s5) 50 wt.%
molten salt at 1000 °C was undertaken [42]. To
prevent edge effects, the corrosion salts were said
to be applied to the specimen’s surfaces at a
concentration of 10 mg/cm?, about 1.5 mm away
from the edge. It was reported that the interface
between CoNiAlY bond (metallic) coating and YSZ
ceramic coating existed thermally grown oxide
layer including surface cracks.

Cho et al. [43] studied the corrosion of
magnesia (stabilized) ceramic in molten salt. The
molten salt is composed of lithium (Li,O & LiCl).
They reported that although the degradation of the
magnesia ceramic occurred at both cyclic and
isothermal conditions, the introduction of lithium
increased the rate of corrosion to approximately 5
times compared to the initial degradation rate. On
the other hand, the impact of sintering on the
degradation of Y-Y,Si,O; ceramics in molten salt
(V.05 & Na,SO,) has been carried out [44]. The
reaction of Y-Y,Si,O; ceramic with the following
additives: Al, Li, and Mg resulted in 2 mol.% of
AlL,O3, Li,O, and MgO, producing three different
samples. The ceramic (Y-Y,Si,O;) sample with the
alumina addition was said to have exceptional
corrosion resistance in the presence of molten salt
[44]. Zhang et al. [45] identified the effect of molten
salt (V,0s) on ceramic material, bearing the
composition, Gdg¢SCos5)2Zr,07. They discovered
that the corrosion product (Sc,0s3), obtained
following the interaction between the ceramic
material (GdgeScCo5),Zr,0O; and the molten salt
(V.Os5) possessed an outstanding resistance to
corrosion due to the molten salt.

Liu et al. [46] discovered the influence of
molten salts (Na,SO,, and V,0s) on the ceramic
material (BaLa,TizO10). According to the results of
this investigation, BalLa,Ti;O4, ceramic, a potential
candidate for Thermal Barrier Coating, exhibits
greater resistance to V,Os salt corrosion despite
having strong resistance to both salts. On the other
hand, the effect of molten salt (CaCl,-CaF,-CaO)
on ceramic material (Yb,03-Gd,Os-Y,03) was
carried out by Kim et al. [47]. They reported that
the exposure time could act as a driving force for
the penetration of the molten salt (CaCl,-CaF,-
CaO) which further shows a higher degradation
rate of the sample (Yb,03-Gd,03-Y,053) sintered at
120h compared to the sample sintered at
approximately 6h-11h.

Gu et al. [48] studied the influence of molten
salts (Na,SO,4, V,0s and the combination of
Na,SO,4 + V,0s (in the molar proportion of 1:1) on
the microstructure of the ceramic material (SrHfOy).
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A schematic illustration of what subsequently
occurred and the nature of the corrosion product
can be found in Fig. 1. The authors reported that
while the thickness of the corrosion scale increased
in mixed molten salt, the thickness of the corrosion
layer reduced as the temperature increased in
contact with V,Os5 [48]. A thinner corrosion layer at
a higher temperature was observed due to the
quick formation of corrosion products (S,V,0g+m-
HiO2s+Na,O) which increases as temperature
increases.

At 1600°C for 10h

Molten Salts (Na;SO4 & V20s)

m&m:@%ﬁ R

Figure 1. Formation of corrosion products
(SV206+m-H;O5+Na,0) by the exposure of
SrHfOz; in Na,SO4 & V,05

Slika 1. Formiranje produkata korozije (SrV,0g+m-
HfO,(s)+Na,0) izlaganjem SrHfO3 u Na,SO, i V,0s5

Evaluation of molten salt (V,Os) on ceramic
material (LaTi,AlgO.9) has been carried out [49]. It
was reported that the temperature and length of the
corrosion process were found to dictate the nature
of the corrosion products and microstructures of
the LaTi,AlgO,9 ceramic. Variable reactions and
phase formations were produced by altering
temperatures and periods. In another interesting
study, the AIN ceramics' corrosion behaviour in 500
°C LiF-LiCI-LiBr-Li molten salt [50]. The
researchers observed that high levels of metallic Li
(>0.1 weight per cent) increased the corrosion of
AIN. The interaction between Li and the YAG
(yttrium aluminium garnet) found in AIN was
reported to cause the observed accelerated
corrosion. This implies that the existence of high Li
concentrations encourages a corrosive environ-
ment, which damages AIN [50]. In a molten
Na,SO, environment, Jiang et al. [51] investigated
the hot corrosion behaviour of barium-strontium
aluminosilicates. They reported that the diffusion
reaction of the Ba/Sr and Na cations had an impact
on the hot corrosion behaviour of B;,S,AS
compounds in a molten Na,SO, environment. This
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mechanism greatly aided the degradation process.
Additionally, the order of cation migration during
hot corrosion was impacted by the difference in
atomic radius between strontium (Sr) and barium
(Ba). It was discovered that strontium cations
diffused out of the B,.,S,AS structure before barium
cations, suggesting that strontium should exit the
structure firstt A study to determine the
performance of La,Hf,0; ceramic when exposed to
the molten salt (sulphate-vanadate) at 900°C-
1200°C has been carried out [52]. They discovered
nanoparticles (non-needle-like) were present and
the corrosion rate was directly proportional to the
increment in the temperature accompanied by
LavO, crystalline grain growing noticeably.
Furthermore, the thickness of the corroded layer
was reported to increase with an increase in
corrosion temperature. A study on the behaviour of
the Cr,AlC max compound in the presence of V,0s
& Na,SO, molten salts has been carried out [53].
The researchers discovered that under the test
circumstances, the Cr,AlIC MAX-phase samples
demonstrated greater hot corrosion resistance than
the CoNiCrAlY samples.

Ozgurluk et al. [54] experimented with the
reaction of YSZ/Gd,Zr,0; when exposed to
vanadate salt (V,0s) at 1000°C. They reported that
after the conclusion of the experiment (25h) within
5h cycles at 1000°C, significant deterioration and
spillage on the YSZ coatings was observed. On the
other hand, a study on the effect of the presence of
NaVO3;+Na,SO, on Zirconia ceramics at 1100 °c
has been conducted [55].

At 1100°C between 6 and 24h

2

Figure 2. Effect of the presence of NaVO3;+Na,SO,
on Zirconia ceramics at 1100 °C

Slika 2. Uticaj prisustva NaVO3;+Na,SO,4 na
cirkonijum keramiku na 1100 °C

It was observed that Na,SO, was a promoting
factor of chemical reactions which increased the
rate of corrosion. The process yielded Yttrium
orthovanadate (YVO,) and monoclinic zirconia
dioxide (m-ZrO,) as the corrosion products.
Another study to evaluate the hot corrosion
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mechanisms of Ba,REA10s when exposed to
Na,SO,+V,05 was successfully carried out [56].
According to the study, Ba,REAIOs; formed a
reaction layer with a thickness of around 80 um
after being exposed to a temperature of 1000 °C
for 4 hours. This implies that at this higher
temperature, the material is more prone to
corrosion. Finally, Zhang et al. [57] undertook a
study to determine the behaviour of Yb,Si,O,
ceramics when exposed to molten salt (NaVO3) at
1000°C-1500°C. They observed that the reaction
between Yb,Si,0; and NaVO; produced rod-
shaped YbVO, (ytterbium vanadate) grains at
temperatures between 1000 and 1200 °C. As the
temperature increased, YbVO, concentration fell
until it vanished at 1300 °C. The hot corrosion
product, Yb,SiOs (ytterbium silicate), showed a
polyhedral form at temperatures of 1300 °C or
higher. With an increase in temperature, the
corrosion products contained more Yb,SiOs.

4. CONCLUSION

From the present study on the overview of how
ceramic materials behave when exposed to molten
salt environments, the following conclusions may
be drawn:

e The composition of ceramics has a big impact
on corrosion resistance. In the presence of
molten salt (V.05 + Na,SO,), studies have
shown that the ceramic material
(SMg5Sco5)Zr,0;  performed  better than
Sm,Zr,0- in terms of hot corrosion resistance.
This emphasizes how crucial it is to choose
ceramic compositions carefully to increase
corrosion resistance in particular situations.

e The size of the particles affects corrosion
behaviour. In a NaVOg corrosive environment,
it was reported that zirconia ceramics with
smaller particle sizes (30 nm grain sizes) were
more susceptible to heat corrosion. This shows
that certain surface areas, affected by patrticle
size, contribute to the susceptibility of ceramic
materials to corrosion.

e Additives can improve corrosion resistance.
Studies have shown that using alumina (Al,O3)
as an additive to Y-Y,Si,O; ceramics produced
remarkable resistance to corrosion in molten
salt (V,0s & Na,SO,4). This suggests that

adding carefully chosen additives might
enhance the corrosion resistance of ceramic
materials.

e The alumina layer has been found to exhibit
resistance to corrosion. The identification of an
alumina layer (corrosion product) with
exceptional corrosion resistance in a variety of
molten salt conditions raises the possibility that
this layer may play a significant role in
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determining how quickly ceramic materials
corrode. An alumina layer can serve as a
barrier of defence against further deterioration.

These findings show the intricate interactions

between the composition of ceramic materials,
particle size, additives, molten salt composition,
and the production of protective corrosion products
that affect how they react to corrosion and how

resistant they are to it.

The development of

corrosion-resistant ceramics for specific applica-
tions requires an understanding of these aspects.

5. KNOWLEDGE GAPS AND POTENTIAL

RESEARCH AREAS

Following the overview of the behaviour of

ceramics during hot corrosion in a variety of molten
salts, the following areas have been identified as
knowledge gaps. Additionally, some recommenda-
tions for possible future study areas have been
made:

Although the reviewed papers investigated the
hot corrosion behaviour of several ceramics in
molten salts, they did not go into detail about
the precise corrosion mechanisms at play. It
would be beneficial to comprehend the exact
mechanisms by which corrosion occurs in
various ceramic materials to help produce
corrosion-resistant coatings or materials.

The reviewed papers included the maximum
exposure time for each investigation; however,
they gave no details on how long the ceramic
materials  will last in  hot corrosion
environments. To determine if ceramics are
suitable for use in practical applications, it
would be crucial to look at the stability and
degradation of ceramics, especially in the
presence of sulphate-based molten salts over
long periods.

The reviewed studies discussed several
ceramic compositions and how resistant they
were to heat corrosion. The tuning of
composition characteristics, such as dopants,
additives, or material processing strategies to
improve corrosion resistance, was not covered,
nevertheless.  Additional investigation is
required to determine the composition's effect
on hot corrosion behaviour and the best
compositions for various applications.

The major emphasis of many of the reviewed
studies was on the temperature and the
composition of molten salts as the main
determinants of hot corrosion behaviour. The
corrosion process, however, can also be
impacted by other environmental variables
such as gas atmospheres, contaminants, and
thermal cycling. A deeper knowledge of the hot
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corrosion behaviour of ceramics would result
from examining the combined influence of
these elements.

The reviewed studies largely involved
qualitative analyses of hot corrosion behaviour,
concentrating on the relative resistance or
susceptibility of various ceramics. To evaluate
the performance of ceramics under hot
corrosion circumstances, quantitative measure-
ments of corrosion rates, mass loss, or other
degradation characteristics would offer more
accurate and comparable information.

It would be easier to create better corrosion-

resistant materials if these information gaps were
filled, which would lead to a better understanding of
hot corrosion behaviour in ceramics.
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1ZVOD

PREGLED KOROZIONOG PONASANJA KERAMICKIH MATERIJALA
U OKRUZENJIMA RASTOPLJENE SOLI

Ova studija je pregledala prethodne studije izmedu 2015. i 2021. o tome kako su keramiCki
materijali degradirali u prisustvu rastopljene soli. Takode, ispitani su procesi otpornosti na koroziju
razli¢itih keramickih kompozicija izloZenih razli¢itim sastavima rastopljene soli i temperaturama.
Rezultati nude vazZne nove uvide u varijable koje utiCu na koroziono ponaSanje keramike i
proizvodnju proizvoda korozije. Prijavijeni rezultat otkriva da je keramiCki materijal sastava
(Sm0.55c0.5),Zr20;, imao bolji uéinak od Sm,Zr,O; u pogledu otpornosti na toplu koroziju u
rastopljenoj soli (V,Os + Na,SO,). Takode, prijavljeno je da na ponaSanje korozije uti¢e veli¢ina
Cestica. Znacajno je da je cirkonijum (n-1SZ) sa veli¢inom zrna na nanoskali bio podlozniji vrucoj
koroziji, Sto se objasSnjava povecanim specificnim povrSinama. S druge strane, utvrdeno je da
sinterovanje i aditivi povecavaju otpornost na koroziju. Otpornost I-1,Si,O; keramike na koroziju u
(V.05 + Na,SO,) rastopljenoj soli je poboljSana dodatkom glinice. Rezultati ovih istraZivanja
pomaZu nam da razumemo kako korozija funkcioniSe i Sta utiCe na podloZnost keramickih
materijala propadanju u rastopljenim slanim medijima. Ove informacije mogu da usmere stvaranje
keramiCkih materijala otpornijih na koroziju za upotrebu u okruZenjima sa visokim temperaturama
ili energetskim sistemima na bazi rastopljene soli, izmedu ostalih korozivnih upotreba.

Kljuéne reci: vruca korozija, glinica, izmenjivaci toplote, nitridi, cirkonijum
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Blend of low cost electrode material for energy storage device under
DC glow discharge plasma exposed ESAC

ABSTRACT

The waste biomass in the form of eucalyptus globulus seeds activated carbon, which is employed
as the electrode material and is environmentally acceptable, provides the good specific
capacitance in the current work which is used for the energy storage application. A sample
carbonization and physical activation procedure was used to create the activated carbon from the
eucalyptus seeds. As prepared activated carbon was exposed to a DC glow discharge plasma,
which modifies the surface of the material without altering its core characteristics. The
investigation of the activated carbon was done utilizing structural, morphological, and
electrochemical techniques of both pure and plasma treated. The increasing intensity of the X-ray
diffraction indicates the carbon's amorphous and disorderly character. More oxygen-containing
functional groups are present, according to an FTIR analysis. The FESEM/EDAX investigation has
demonstrated the less appearance and more graphitic porosity with random orientation. Moreover,
the electrochemical investigations were examined for utilization of the material of Electrochemical
Impedance Spectroscopy (EIS) and Galvanostatic charge-discharge (GCD) which has a specific
capacitance of 150F/g for a 1.5mA/g current density. The results revealed that the activated
carbon made from Eucalyptus seeds after plasma treatment has good surface characteristics,
improved specific capacitance, and is a low-cost electrode material for fabrication of energy
storage device.

Keywords: Eucalyptus seeds, Activated carbon, Plasma treatment, Surface modification, Specific

capacitance

1. INTRODUCTION

Now a day’s energy storage device has been
recent trends in the modern world where the world
is depending on the energy sources. The focus of
energy research has turned to advancing the
development of sustainable and renewable energy
sources due to the ever-increasing global energy
demand, the decreasing availability of fossil fuels,
and increasing environmental issues[1]. To full fill
the next generation requirements its need, a major
improvement in the energy density and cyclic life of
present energy storage device. Batteries have
exploring innovative energy material and asso-
ciated high energy density storage for longer time
period in order towards archiving its goal in the
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energy storage system[2]. Recently, bio-mass,
which is primarily agricultural waste, has become a
different source of porous carbon and has been
used in energy storage technologies. Here
activated carbon derived from the Eucalyptus
seeds serves as the good carbon material for the
energy storage application. This Eucalyptus seeds
activated carbon (ESAC) was undergoes the
pyrolysis  carbonization with  the physical
activation[3]. The ESAC was investigated using the
structural and morphological characteristics, which
observes that the carbon has the more porous
morphology, @ whereas the electrochemical
investigation shows the energy density of the
material. The as prepared electrode of ESAC
undergoes the electrochemical studies such as EIS
and GCD to check the electrical conductivity of the
material and the specific capacitance and cyclic
stability and power density of the ESAC electrode
material. On this results, we make an effort to
present a summary of the most recent
developments in the use of carbons obtained from
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the ESAC biomass as electrodes for
rechargeable batteries[4].

new

1.1. Plasma Introduction

The fourth state of matter is called a plasma,
which is made up of extremely excited atoms,
molecules, ions, and free radical species. Recently,
plasma processing has taken over as the main
source for altering a material's surface without
affecting its fundamental qualities or bulk
characteristics[5]. Plasma modification is used to
create certain functional groups that can interact
with other groups, change the surface's free
energy, increase its ability to resist corrosion, alter
its porous morphology, remove contaminants, or
create cross-linking. The plasma surface
modification could lead to the development of
interaction of the carbon material with the increase
and formation of new covalent bonds in the
functional groups[6]. Along with this the adhesion
strength, wettability and biocompatibility are also
enhanced. When carbon materials are subjected to
plasma treatment, the most significant features that
can alter are an increase in surface area compared
to untreated carbon materials. Normally, carbon is
hydrophobic however, after plasma treatment,
ESAC's wettability transforms to hydrophilic[7]. The
as prepared carbon electrode material has the
increased wettability of hydrophilic nature which
have the redox behavior and the transfer of
electrons. Thus the specific capacitance of carbon
material can be improved by adding some more
oxygen containing molecules in to the carbon

framework. It has been shown that after air plasma
treatment addition of oxygen containing groups to
carbon based material can increase the
capacitance, improve surface wettability and to
some extent boost electrical conductivity[8].

2. MATERIALS AND METHODS

2.1. Materials

The eucalyptus seed was viewed as the
activated carbon's primary raw source. This raw
materials were gathered in the Niligris area which
serves as the basic resource. Before beginning the
carbonization process, the raw material was
cleaned several times with distilled water, dried in
the sun, and then roughly crushed with a mortar
and pestle to break up the globulus (spherical)
shape for an easier carbonization process.

2.2. Carbonization

The pyrolysis method was used to carbonize
the dried eucalyptus seed for an hour in a muffle
furnace at a temperature of about 400°C at the
heating temperature of 5°C/min. The hard
carbonized particles were crushed into nanopatrticle
size using a mortar and pestle.

2.3. Activation

Followed by the carbonization process the
nanoparticles sized carbon material undergoes the
physical activation process in the same muffle
furnace for about 600°C for an hour at the heating
temperature of about 5°C/minute [9] shown in fig.1

CRUSHED EUCALPYTUS
EUCALPYTUS SEED SEED

ACTIVATED
NANOPOWDERS

Figure 1. Schematic diagram of synthesized ES nanoparticles

Slika 1. Sematski dijagram sintetizovanih ES nanocestica
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2.4. Plasma processing

The plasma chamber consist of two aluminum
electrodes, a Pirani gauge power source, and
stainless steel chamber 50*30-diameter gas valve
which are all included. Using acetone and distilled
water, the entire chamber was cleaned. The
activated ES was collected in a sample holder that
was sandwiched between two electrodes that were
spaced 6 cm apart. The operatory parameters of
DC glow discharge plasma is of about 450 V and
0.03 mbar pressure were used to create the
atmospheric air plasma.

2.5. Electrode preparation

In order to get the active electrode material of
ESAC, air plasma treated ESAC were developed
by mixing as-prepared nanoparticles carbon black,
and poly vinlidene difluoride (PVDF) were mixed in
a mass ratio of 80:10:10 with 0.3 mL of N-methyl 2-
pyrrolidine (NMP) to obtain the homogeneous
slurry mixture. In a hot air oven, the active elec-
trode was dried for three hours at 60 °C. Ag/AgCI
and platinum act as the reference electrode and
counter electrode. In a three-electrode configu-
ration. The untreated ESAC and the plasma treated
ESAC was used as the working electrode.

2.6. Characterization

The formation of the crystalline structure was
investigated using XRD (XPERT-PRO with CuK

radiation).By using the Shimadzu 8400S FT-IR
Spectroscopy instruments functional groups was
analyzed. The crystal surface morphology was
examined using a JEOL version JSM 6390LV, and
the components and component ratios were
verified using a JEOL version JED-2300 for EDAX
technique. Three electrode systems were utilized to
test the electrochemical properties with the PG
LITE 1.0 electrochemical apparatus.

3. RESULT AND DISCUSSION

3.1. XRD (X- ray diffraction)

Fig. 2(A) displays the XRD patterns of the
ESAC, These broad peaks for the activated carbon
are located at around 23°, which corroborate the
amorphous properties and disordered nature of the
carbon due to (002) with the plane that indicates
the graphitic nature[10]. Following the plasma
treatment, the ESAC's intensity was proceed to
increase without changing its basic properties[11].
By applying the Debye-Scherrer (Eg. 1), which
determine the crystalline size between 30 to 40nm.

D =KA/BC0OS 8 1)

Along with this, the ESAC material's micro
strain lies between 0.0081 to 0.01 and dislocation
density ranges from 0.000170 to 0.020 was
observed.

(002)

—— Air plasam treated ESAC
Untreated ESAC

INTENSITY(a.u)

20 30 40 50 60
2 THETA (degree)

—Air plasma treated ESAC
Untreated ESAC

TRANSMITTANCE (%)

(3738)

(1521)

™
-+
=

4000 3500 3000 2500 2000 1500 1000 500
WAVENUMBER (cm™)

Figure 2. (a) The XRD diffraction peaks and (b) The FTIR spectra of untreated and plasma treated ESAC
Slika 2. (a) XRD difrakcioni pikovi i (b) FTIR spektri netretiranog i ESAC tretiranog plazmom

3.2. FTIR (Fourier Transform infrared
spectroscopy)

The FTIR spectra of untreated ESAC was
investigated which is ranging from 4000cm 'to

ZASTITA MATERIJALA 65 (2024) broj 2

400cm™ shown in fig 2(B). The peak at 3738 cm™-
3643cm’l in the spectra is due to the stretching
vibrations of the carboxylic group's O-H bond. The
vibration band at 2812cm™ corresponds to the
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methyl and methylene groups. The vibration peaks
corresponds from 2430cm™ to 2299cm™ are
assigned to the stretching of C-H mode[12]. The
peaks ranging from 1521cm™ to 1072cm™
observed as stretching vibration of C=0 as the
carboxyl and carbonyl groups along with the
aromatic ring, at 869cm™ as C-H stretching. But
after the air plasma treatment the increase in
wettability has more polar region with covalent
bonds. Thus shows the 3869cm™ of O-H stretching
of bonds and 3003cm™ to 2812cm™ has the
carboxylic acid, phenols and alcohol groups. The
peak at 1757cm™ has the C=C aromatic ring. The
vibration peaks ranging from 981cm™ to 665cm™
has the week band of aromatic rings of C-H groups
13]. The material's surface area helps by supplying
more active sites for adsorption peaks in the ESAC
material.

3.3. FESEM (Field Emission Scanning Electron
Microscope)

As shown in (Fig. 3).with the FESEM image of
pure ESAC and the plasma treated, the ESAC is

created as a byproduct of the conversion of
cellulose, hemicellulose, and lignin by the process
of structural disordering of the remaining carbon.
(Fig 3a) shows the no pores for the untreated
EASC whereas for the Air plasma treated ESAC
the (Fig. 3b, 3c) shows the more porous and open
porous as a result of the interaction of the free
radicals with the ESAC, which has good
morphology. The porous construction may offer a
large number of pores, which would help to
improve electrolyte ion transfer and thus increase
the surface area. The quantity and type of oxygen-
containing surface groups which remains almost
constant throughout the activation process, but
after the plasma treatment, the number of oxygen-
containing groups increases. Additionally, the
EDAX investigations reveals that elemental
makeup of untreated and air plasma treated ESAC,
which adds to the carbon and oxygen content of
different levels and peaks. In this results, there is
82% of carbon and 18% of oxygen present in the
air plasma treated sample (Fig. 3d, 3e).

30

20

10

3.0 3.5 4.0 4.5

25
kev

e

Figure 3. The FESEM /EDAX images (a) The untreated ESAC, (b) The air plasma treated ESAC,
(c) The EDAX for untreated and (d) the air plasma treated ESAC

Slika 3. FESEM/EDAX slike (a) Netretirani ESAC, (b) ESAC tretiran vazdusnom plazmom,
(c) EDAX za neobradeni i (d) ESAC tretiran vazdusnom plazmom
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ELECTROCHEMICAL INVESTIGATION

3.4. EIS (Electrostatic Impedance Spectroscopy)

In general, real-Z' and imaginary-Z" value were
carried out by electrochemical impedance analysis
(EIS) for the Nyquist plot. The electrodes of both
untreated and plasma-treated ESAC were exa-
mined using a 0.1MHz to 100 KHz frequency
window, illustrated in (Fig.4). To describe Polariza-

Resistance (Rct), the Nyquist plot indicates that the
untreated ESAC in the frequency range is not a
well-defined semicircle. However, after plasma
treatment, the appropriate semicircle is a result of
the charge transfer resistance, which suggests
good charge conductivity. The equivalent polarisa-
tion resistance and the charge transfer resistance
are calculated from the graph as for Rs 269Q and
1041Q for untreated ESAC and Rct 103Q and

tion Resistance (Rs) and Charge Transfer 227Q forair plasma treated ESAC [14]-[15].
B [——Air plasma treated EsAC

g H
E

s 3
i N

300 750 1200 100 120 140 160 180 200 220 240 260
Z'(ohms) Z* (ohms)

Figure 4. The EIS result (a) untreated electrode material ESAC and (b) The Air plasma treated ESAC
electrode material

Slika 4. Rezultat EIS (a) neobraden elektrodni materijal ESAC i (b) ESAC elektrodni materijal tretiran
vazdusnom plazmom

3.5. GCD (Galvanostatic charge-discharge)

To further understand the electrochemical
behavior the galvanostatic charge and discharge
has been investigated using a three electrode
system in 2M of KOH with potentials ranging from 0

to 0.5V and different current densities. The specific
capacitance was investigated using the formula

c =12 @

0.5
A
—1.5mAlg
— 1.7mAlg
0.4 4 2.1mAlg
[~ 2.5mAlg
- 2.7mAlg
> —
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=
2
<]
o
0.2 4
0.1
1 2 4 5
Time(S)
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0 2 14 16
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Figure 5. The GCD profile. (a) The untreated of ESAC and (b) The Air plasma treated ESAC electrode
Slika 5. Profil GCD. (a) Netretirana ESAC elektroda i (b) ESAC elektroda tretirana vazdusnom plazmom
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The GCD profile in the figure 5 shows the
current densities ranging from 1.5mA/g, 1.7mA/qg,
2.1mA/g, 2.5mA/g, 2.7mAl/g, 3.0mA/g. The specific
capacitance has been calculated for both the
electrodes of untreated and plasma treated ESAC,
the untreated electrode shows the specific
capacitance value of about 208F/g, 140F/g, 97F/q,
80F/g, 71F/g, 64F/g and [16], the plasma treated
electrode shows the specific capacitance of about
613F/g, 444F/g, 375F/g, 350F/g, 323F/g thus the
plasma treated ESAC electrode material due to its
enhanced functional groups and the greater porous
in the surface which render the material to
hydrophilic nature and the plasma treatment thus
increases the specific capacitance.

4. CONCLUSION

It was possible to create an activated carbon
using the method of carbonizing and activating
ESAC. The structural and morphological
characteristics were investigated for both untreated
and air plasma treated ESAC. The plasma
treatment results in the formation of new functional
groups that enhance the wettability, adhesion, and
biocompatibility. The electrochemical results in the
specific capacitance of 613F/g with the current
density of 1.5 mA/g for KOH electrolyte. Thus it
clearly shows how the plasma-treated carbon
material improves in all of the aforementioned
investigations and exhibits good electrochemical
performance as well as environmental friendliness
and economic viability.
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1ZVOD

MEéAVIvNA JEFTINOG ELEKTRODNOG MATERIJALA ZA UREDAJ ZA
SKLADISTENJE ENERGIJE ISPOD ESAC-A IZLOZENOG DC SJAJNOM
PRAZNJENJU PLAZMI

Otpadna biomasa u vidu aktivnog uglja semena eukaliptusa globulusa, koji se koristi kao materijal
elektrode i ekoloSki prihvatljiv, obezbeduje dobar specifiéni kapacitet u trenutnom radu koji se
koristi za primenu za skladiStenje energije. KoriStena je procedura karbonizacije uzorka i fizicke
aktivacije za stvaranje aktivnog uglja iz semena eukaliptusa. Kao pripremljen, aktivni ugalj je bio
izlozen DC usijanoj plazmi, koja modifikuje povrSinu materijala bez promene njegovih osnovnih
karakteristika. Ispitivanje aktivnog uglja je obavljeno koriS¢enjem strukturnih, morfoloSkih i
elektrohemijskih tehnika, kako Cistih tako i ftretiranih plazmom. Povecani intenzitet difrakcije
rendgenskih zraka ukazuje na amorfni i neuredeni karakter ugljenika. Prisutno je vise
funkcionalnih grupa koje sadrze kiseonik, prema FTIR analizi FESEM/EDAKS istraZivanje je
pokazalo manji izgled i veéu grafitnu poroznost sa nasumiénom orijentacijom. Stavise,
elektrohemijska ispitivanja su ispitana za Koris¢enje materijala elektrohemijske impedansne
spektroskopije (EIS) i galvanostatskog prazZnjenja-praznjenja (GCD) koji ima specificnu
kapacitivnost od 150F/g za gustinu struje od 1,5mA/g. Rezultati su otkrili da aktivni ugalj
napraviljen od semena eukaliptusa nakon tretmana plazmom ima dobre povrSinske karakteristike,
poboljSanu specificnu kapacitivnost i da je jeftin elektrodni materijal za izradu uredaja za
Skladistenje energije.

Kljucne reci: seme eukaliptusa, aktivni ugalj, tretman plazmom, modifikacija povrSine, specifi¢na
kapacitivnost.

Nauéni rad

Rad primljen: 28.09.2023.

Rad prihvacen: 07.11.2023.

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/

ZASTITA MATERIJALA 65 (2024) broj 2 219


http://www.idk.org.rs/casopis
https://creativecommons.org/licenses/by/4.0/

N. Hadjadj et al.

Dybkov model for the estimation of boron diffusion in the ...

Naima Hadjadj"?, Bendaoud Mebarek?,
Yassine El Guerri*, Mourad Keddam®

'Département Sciences de la Matiére, Faculté des Sciences et Technologie,
Université de Tissemsilt, BP 182, 38000 Tissemsilt, Algérie, 2L aboratoire
d’Etudes Physique des Matériaux, Université des Sciences et de Technologies
USTO-MB, BP 1505 El M’Naouar, Oran, Algérie, SLaboratoire de Recherche en
Intelligence Atrtificielle et Systéemes (LRIAS), University of Tiaret, Algeria,
“Research laboratory of industrial technologies, University of Tiaret, Algeria,
5Laboratoire de Technologie des Matériaux, Faculté de Génie Mécanique et
Génie des Procédés, USTHB, B.P No. 32, 16111, El-Alia, Bab-Ezzouar, Alger,
Algérie

Scientific paper
ISSN 0351-9465, E-ISSN 2466-2585
https://doi.org/10.62638/ZasMat1125

Zastita Materijala 65 (2)
220 - 235 (2024)

Dybkov model for the estimation of boron diffusion in the
FeB/Fe,B bilayer on AlSI 316 steel

ABSTRACT

The aim of this work is to apply three models to simulate the boron diffusion in AISI 316 steel, with
an approach based on classical mass balance equations, the Dybkov model and the integral
method. From the numerical solutions of both models, the predicted values of
layers’thicknesseshave been compared to the experimental results. In addition, in order to
improve the predictability of the two models, it is necessary to find precise measurements on the
diffusion of boron in each phase.The comparison of experimental and theoretical results allows us
to confirm the validity of both models. After validation, the root mean square error and the diffusion
coefficient were calculated to achieve good performance and better accuracy. The comparison of
the results from the two simulation models with confronted with the experimental data to verify the
validity of this theoretical study. Finally, the comparison of the derived results gave the values of
the root mean square error equal to 1.6um for Fe,B and 0.75um forFeB.

Keywords:Boriding, diffusion, Iron borides, Dybkov model, Integral method

1. INTRODUCTION

The purpose of treating materials is to improve
or modify the mechanical and physical properties of
a part [1-2], electrical conductivity, resistance to
wear or friction, etc., to control its performance,
resistance to corrosion, solidity, and to improve its
external appearance [3]. The treatment of a
material increases the life of a product [2].

For this reason, several processes have been
developed to give the active surfaces of
mechanical parts optimal properties in relation to
the conditions of their use in service[1-4]. Among
these surface treatments, emphasis may be put
into the thermochemical treatments which include
(nitriding, carburizing and boriding) [2].

The boriding treatment used to achieve hard
layers that withstand wear and corrosion [2]. It can
be carried out either in solid, liquid or gaseous
phase [4].
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The borides that are produced have interesting
physico-chemical and mechanical properties for
different industrial applications [1,5]. Single-phase
or two-phase boride layers can be produced with
this technique[6].The thermochemical method of
boriding hardening can be applied to many ferrous,
non-ferrous and cermet materials[1,2]. The process
involves the diffusion of boron atoms into the base
metal lattice by forming a hard interstitial boron
compound on the surface [7].

The boriding process is based on a two-step
reaction; the first step occurs between the boron
source and the treated materiel [2,3]. Depending
on time and temperature, the second step
generates a boride layer at the substrate surface
[8] by thermal diffusion.

The boride layer can be either mono-phased or
bi-phased [9]. Themorphology of the layers can be
tooth shaped or planar depending on the alloying
elements present in the steel [1,10]. For carbon
steel, the diffusion of boron atoms into the
substrate gives rise to the formation of a (boride
layers/substrate) interface with  saw-tooth
morphology [2]. For the high alloy steels, the
generated (boride layer/substrate) interface tend to
flatten [1-3].
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Like all thermochemical surface treatments,
boriding can be carried out by various processes
and techniques in a solid medium in powders or
with pastesor in a gaseous medium [11].

Powder boriding is realized in a temperature
range between 1100-1300 K and a boriding time
ranging from 2 to 24 hours [12]. In powder boriding,
parts are placed in cases filled with powder and
inserted into muffle furnaces. The advantages of
such a process are, is the ability of changing the
composition of the mixture powder [1,13].

Boriding provides a hardness gradient
decreasing from the surface to the material core
[14]. The hardness is much higher than that
achieved through any other surface hardening
process[15]. The combination of high hardness and
low coefficient of friction improves the properties of
resistance to fatigue, abrasion and wear [1,15].
Other benefits associated with boriding are
retainingof hardness at elevated temperature,
corrosion resistance in an acidic environment, and
reduction in the use of lubricants [2,16].

The thickness of the resulting layer varies from
50 to 350 pm. This treatment makes it possible to
obtain a very high surface hardness: from 1800 to
2000 HV for non-alloy steels, and up to 4000 HV
for certain titanium alloys [1,2,17].

The thickness and proportion of each of the two
borides depend on the chemical composition of the
boriding medium, the temperature and the holding
time[13,18].

Boron coatings are often developed on steels
or iron to give them better resistance to corrosion
and erosion[1,19]. Very hard layers of iron borides
(FeB, Fe,B) are formed on the surface of these
materials [1,2]. FeB is harder than Fe,B, but it is
more brittle and more easily fractured
duringimpact[1,2,20]. The structures of FeB and
Fe,B were known to be interstitial, FeB is
orthorhombic and Fe,Bphase crystallizes ina body-
centered tetragonal structure[21].

Several researchers have carried out the
modeling of boridingkinetics among them, Keddam
et al [22, 23] whopresenteda simple model and the
integral methodto simulate the boridingkineticsin
powders. With the integral diffusion model, one can
determinethe diffusion coefficients of boron in the
FeB and Fe,B layersandpredict their thicknesses.
Twodifferentmodels  have  beenproposed by
Campos et al [24], theirfirstmodel was based on
artificial intelligence with the use of an artificial
neural network and the second one used the least
square approach. The alternative method called
pulsed direct current powder boriding (PDCPB)
process was also presented in [25].To study the
boridingkinetics, Mebarek et al. [26] used fuzzy
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logic (FL) approach to model the diffusion of boron
in steel, which is mainly based on a number of
assumptions to estimate the kinetics ofboridelayer.
To determine the effect of different parameters
(temperature, boriding time, boron concentration)
on this process, an LS-SVM method was
employed[27], in another study, Dybkov et al.[28]
have proposed and developed a kinetic approach.
Theirmathematical model consisting in studying the
growth of the bilayer (FeB/Fe,B) on binary
alloys.Through this approach, the parabolic growth
law for boride layers was assumed and the kinetics
can alternatively be described by a system of two
nonlinear differential equations.For the calculation
of the diffusion coefficient, many modelsexist and
being used to estimate the value of this parameter
[29,30]. In another work,EIGuerri et al [31] studied
the impact of the diffusion coefficient calculation on
predicting the boride layer thickness.

In this work, we were interested in studying the
growth kinetics of FeB and Fe,B layers using the
three diffusion models based on Fick's second law.
Subsequent calculations performed using these
models aim to predict theboride layer thickness and
boron concentration profiles in each phase,
Generally the boron coefficient diffusion is
calculated by an expression based on the
experimental data. In this work we used three
different models to calculate the boron diffusion
coefficients in the boride layers produced on an
AISI 316 steel by the powder technique andwe
have studied the impact of the boron diffusivity on
the kinetic simulation. In addition, the mass gains
relative to the formation of FeB and Fe,B layers
were also evaluated. Finally, the three models were
experimentally validated in the considered
temperature range.

2. MATHEMATICAL MODEL OF DIFFUSION

The formation of iron borides layers is a
phenomenon which is controlled by the diffusion
process of boron atoms into the steel surface.The
boron concentration profile is described by the
solution of second Fick's diffusion equation for a
semi-infinite medium given by Equation (1):

ac; 9%¢C;(x,t)
E = Di x2 (1)
The partial differential Equation (1) is of a
parabolic type. It has analytical solution for the
specific initial conditions detailed below.Where
C;(x,t)is the concentration of boron at depth x after
diffusiontime (t), andD; is the diffusion coefficient.

The growth process of FeB and Fe,B layers will
continue at the considered interface under the
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twopartial chemical reactions at the further stage,
over prolonged time duration:

B + Fe,B = 2 FeB and FeB + Fe = Fe,B

Figure 1 illustrates the boron concentration
distribution along the depth of surface-hardened
layerfor a given temperature and under a boron
potential that allows the formation of a two-phase
layer (FeB/Fe,B) on the substrate:

Con?PandC:2® represent the values of the

upper and lower boron levels in the Fe,B layer,

C,q4s1S given as the amount of boron adsorbed
on the surface of the material.
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Figure 1.Schematic profile of boron concentration
along the FeB and Fe,B layers

Slika 1. Sematski profil koncentracije bora duz
slojeva FeB i Fe,B

Cy is the limit of boron solubility in the substrate
for which we subscribe a value of 35x10™ % in
weight of Boron, uand v are respectively the
thicknesses of the FeB and (FeB+ Fe,B) layers,
which vary with the processing time according to
the following equations:

u = kyt'/? (2)
v = k,t1/2 (3)

where k; and k,the parabolic growth rate
constantsat the first and second interfaces.

The development of the models which we aim
at proposing will be based on a set of conditions
that will facilitate the calculations and render
simpler mathematical formulae without prejudicing
the integrity of the models when compared to
experimental results. Thus,we firstly we consider
only a flux of boron atoms perpendicular to the
material surface, the temperature of the sample is
set to be constant during the process, we also
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assume that the concentration of boron on the
surface does not change with time and
temperature. Iron boride is considered to grow
parabolically over time, the boride layer is assumed
to be sufficiently thin relative to the thickness of the
sample, and finally the diffusion of Fe may be
disregarded. Furthermore, the solution of the
equation (1) can be obtained using the following
boundary conditions set as follows:

Ci{x(t>0)=0}=0,

Creplx(t = 0)} = ClgP=C;/"*"

if Cags >16.23% in boron weight (wt.% B),

Crep{x(t = 0)} = CFeBifC44s<16.23%

in wt.% B and with the FeB phase,

Cre,p{x(t = 0)} = C;2%if 8,83 in mass

B <C,4s<16.23% B weight and without the FeB
phase,

Cre,s{x(t = 0)} = . 22%ifC,4<8.83% B weight
and without the FeB phase,

Crep{x(t = t) = u} = Cfy),

Cre,p{x(t=0)=u} = sz;fZB,

Cre,p(x(t = £) = v) = Cpi”,

Cpe(x(t = t) = U) = Co.

The models which we aim at developing are
designed to predict the thickness of bilayer based
on the following parameters: (boron surface
concentration, time and temperature).This model is
used to predict the thickness of the boride layers

based on the followingparameters: (boron surface
concentration, time and temperature).

A simple model of the boride layer growth
(FeB/Fe,B)

For the phase (Fe,B or FeB), as proposed by
Kirkcaldy [32], the general solution of the equation
(01) is given by the following equation:

C,(x,t) = A; + Bierf (z%—) 4)
Where erf the Gauss errorfunction;A; and B;
are constants to be determined according to the
boundary conditions. The interfaces (FeB/Fe,B)
and (Fe,B/Fe), shift by an infinitely small distance
dx, which results from the flows in and out of the
surface concerned, and is expressed by the
following formulae:

d
Wrep d_ttl = (]FeB _]FezB)xzu )

d d
Wre,B d_: + Ud_ttl = (]FezB _]Fe)x:v (6)
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The models which we aim at developing are
designed to predict the thickness of bilayer based
on the following parameters: (boron surface
concentration, time and temperature).This model is
used to predict the thickness of the boride layers
based on the followingparameters: (boron surface
concentration, time and temperature).

A simple model of the boride layer growth
(FeB/Fe,B)

For the phase (Fe,B or FeB), as proposed by
Kirkcaldy [32], the general solution of the equation
(01) is given by the following equation:

6i,6) = A + Brerf (=) (@)

where erf the Gauss errorfunction; A; and B;
are constants to be determined according to the
boundary conditions. The interfaces(FeB/Fe,B) and
(Fe,B/Fe), shift by an infinitely small distance dx,
which results from the flows in and out of the
surface concerned, and is expressed by the
following formulae:

1 i FeB
Wrep = E (C?B - CI?ZB) +

+(CII;eZB/FeB _ CgeB/FezB) (7)

FeB  Fe_
_ Fe;B FezB
WFeZB—E(CBZ — (e )+

_I_(Cge/FezB _ C;ezB/Fe) (8)
o= %(CgeB/FezB _ CLI;e/FezB) (9)
ac;(xt)
Ji=-D; a; (10)
with

i = (FeB,Fe,B,Fe).

The kinetics of the evolution of the thickness of
the Fe,B layer is a process limited by the diffusion
of boron atoms in the Fe,B layer. The evolution of
this layer follows a parabolic law as a function of
time.Where:]; is the flows of boron atoms in phase i

W, Teon — ] 5 at depth X, and it is related to the gradient.of the
FeB at ( Feb FEZB) ®) concentration. k;andk, can be obtainedby
Woo Ty g® 7 -] 6 solvingthe non-linear equations (04) and (05).And
Fexbac =7 ae Urezs Fe)":” © by simplifyingequations (4) and (5) we get:
with
2
Wi = (“BiDy e o D2 o ) (11)
ka _ 2_1 422 4th
W17— (_BlDl\/_EZJD_e _A Dz\/ 2\/D te 2 ) (12)
where
low up C”p Clow
A=C%, B, M A :%,BZ:-AZ, A=——2— By=-A
erf( rfc( ) erfe( )

2\/0_11‘ ) 2Dt

After solving these two equations, the solution
(k;andk,) is used to calculate the thickness of the
boride layers(u andv), and also to determine the
boron concentration with respect to the depth.

A diffusionmodel based on the integral method

This model considers [23] the growth of the
Fe,B and FeB layers in steel, the distribution of
boron concentration along the two layers is
described by a parabolic relationship.

In the integral method,the variation ofboron
concentration with respect to time and the depth

Crep(x,t) =

low
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CEeB + a, () (u(t) — x) + by (&) (u(t) — x)?
Cre,s (0, t) = CLE2P + ay () (W(E) — x) + by (D) (W(E) — x)?

2Dt

(distance) of diffusion in each boride layer is not
linear and satisfies the second Fick law given by
Equation (1).

The mathematical expressions of boron
concentrations in each phase are essential to apply
this approach, where they are considered to have a
parabolic form as suggested by the Goodman
method[33].Therefore, boron concentrations along the
FeB(0 < x < u) and Fe;,B(u < x < v) layers are given
respectively by the equations (14) and (15) as follows:

(13)
(14)
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The parameters a, (t), b, (t), a,(t), b,(t), u(t), v(t)must meet boundary conditions. Thus, when applying
these conditions at the surface and at the (FeB/ Fe,B) we get respectively, equation (16 and 17):

a; (Ou(t) + by (Ou?(t) = (CLEP — Cer) (15)
a, (O [ () —u@®] + b (O[v(©) —u®)]* = (Cop?” = Ciou” (16)
By integrating Fick second law between 0 and 2w, PO | O-u®] das ()

u(t) for the FeB phase, and between u(t) and v(t) 12 a z at 18)

for the Fe,B phase, and then by applying the +M%§022D2 b, () [v(t) —u(t)]
Leibniz rule, we arrive at the following ordinary
differential equations: The two algebraic constraints applied on this
diffusion problem can be derived Equations (17
[“ (©) 1(t)+u(t)b1(t)—2D1 bl(t)u(t)] (17) and 18) from the continuity equation at the
acl 2 (Fe,B/Substrate) interface as follows:

2w;by ()D; =Dy af(t) — D, a,()(ay(t) + 2b,(O[v() —u(®)D) (19)

FeB

FeB
with w, = [ TCdow) _ cresBy):
2 wipby (1)D; ay(t) + 2 wyb, (£)D, ay(t) = D, a3(t)a, (t) (20)
FezB | FezB FezB _FezB
with w, = [L2 "Gow ) _ ¢ 1and ,, = S “Clow ),

2 2

Equations 16 and 21 form a Differential-algebraic system of equations (DAE) whose unknowns are
a,(t),b (1), a,(t), b, (), u(t), v(t), which satisfy the given algebraic constraints. This system (DAE) can
therefore be solved analytically using the equation for the variation in the boride layer thickness in each
phase.

To determine the coefficients of boron diffusion in each phase (FeB and Fe,B), the following variable
changes are made:

a;() = (t) 1()_u(t)2, a)(t) = m z()_m (21)

In which, the constants ¢, 5,,a, and g, should satisfy the boundary conditions. Thus, the expression
of boron diffusion coefficients in the FeB and Fe,B phases are calculated as follows:

.2 (lefB—Cl eB) 1

Dy =ky® | — 2, for fr < 3 (G - CGW) (22)
Ky (ky—kq) FeZB—CFi\fB Cf:eZB_CFeV?B 1
D2 227" (452 lo ) (kz _ k1)2 ( 4 8ﬁllo )_ ~ (23)
The relationships between constants o, andp,, and between a,and f, are given respectively by:
ay + B = (Cup?” = L) (24)
ay + By = (Cop?® — C2” (25)

To determine the value of boron diffusion in each phase, it is important to calculate the value of 3,
from the B; using the following equation:

(a12 -2 W1.81)(a§ =2 WyB;) = 2WipB1a,(2 Wi, + ) (26)

Dybkov Model layers at the diffusion stage of their formation is

The further growth of boride layers is controlled described by a system of two differential equations
by the diffusion step at the expense of boron In dependence of treatment time at a given boriding
element [34,35].The growth kinetics of boride teémperature:
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du(®) _ D1 _ 19 Dy

dt  u@®) p L)

@) _ (1 _ 4\ DL q T8 D2

at (1 sg) u(t) + (1 D ) (v(t)—u(t))
With u(t) and I(t) the thicknesses of FeB and

Fe,Blayers.The constant g depends on the molar

volume of FeB and Fe,B phases withg=0.60.As

obtained from the stoichiometriccoefficients for

phases FeBandFe,B the constants were the

following: p=1,qg=1,r=1ands =2.

(27)

(28)

3. CALCULATION OF THE BORON
COEFFICIENT DIFFUSION

By the Dybkov Model (DM)

Based on this approach, [34,35]we can
calculate the values of boron diffusion coefficients
in FeB and Fe,Bby the twofollowing equations:

0.5k,
Dl = rq [(p - rg)kl + Tgkz]
-7
0.5k, —k
D, = (;,ql)[kz +(L- 1)k1]
1-3) 59
Therefore, the determination of these two

parameters D; and D,requires the fitting of
experimental results with Equations (2) and (3) to
obtain the k;andk, values.

By Arrhenius expression (AE)

The diffusion coefficient can be related to the
processing time and thickness of the boride layer
by Arrhenius expression. To estimate the boron
activation energy, we must have a minimum of
three processing temperatures with three durations
for each temperature to obtain the corresponding
layers’ thicknesses. Based on the experimental
data, we can estimate the activation energy of
boron diffusion in the treatedsteel using the
following Equation (30):

u? =Dt =D} texp (— ﬂ)

pom (29)

v? = D,t = D2 t.exp (— %) (30)
The variable u represents the thickness of
FeBlayer and v that of (FeB+ Fe,B) layer given in
(um), D} is the boron diffusion coefficient (um?/s), t
is the boriding time, Qiis the value of the activation
energy measured in Joule/mol, R is the gas
constant and T is the temperature in Kelvin.lt is
easy to estimate the value of the activation energy
Q; using Arrhenius’s Law in a linear form given by
equation (29), where Q; can be easily deduced
from the slope of the straight line expressed in
(kJ/mol).

In(D; ) = In(D}) — &i=1,2 (31)

By the Integral method (IM)

Using the following equations provided for the
Integral method,[23] we can calculate the boron
coefficient diffusion in each phaseusing Equation
(32 and 32):

(s —clyw) 1
Dy =k [ — (32)
kol — k(i — )
: Fi Bfl-ﬁZF B
ey — k2 |G ) 1
(kz = k) [ . ” (33)

4. EXPERIMENTAL PROCEDURE

We use the experimental of reference work
[36], the process of boriding of AISI 316 steel was
carried out with the powder technique using B,C
Durborid. This treatment was done atdifferent
temperatures 1123, 1173, 1223 and 1273 K with
processing duration between 2 and 10h.The
chemical composition of the AlISI316steel is given
in Table 1.

Table 1. The chemical composition of AISI 316 steel (in % mass) [36]
Tabela 1. Hemijski sastav &elika AISI 316 (u % mase)[36]

Elements C Mn Si

Ni Mo Cr P S

(Wt %) 0.07 1.99 1.0

12.5 2.2 17.3 0.04 0.02

According to reference [36] and just before
processing, all samples underwent a surface pre-
treatment (preparation) with abrasive elements to
eliminate any contamination that may interfere with
boron diffusion. The thickness of the resulting
boride layer (FeB and Fe,B) was measured by
optical microscopy. To ensure the accuracy of the
layer thickness measurements, an average of ten
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measurements were taken on different locations of
the cross-sections of the borided samples.

The measurement of the thickness of the
boride layer adopts the following method, that
consists in measuring with an optical microscope
the lengths of the two deepest needles and those
of the two shallowest needles and taking the
average length of these four needles as the value
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of the thickness of the boride layer at the selected
location.

Table 2. Experimental data of k; and k, [36]
Tabela 2. Eksperimentalni podaci za k; i k, [36]

Growth rate constant (um/s’°)
Temperature k1 k,
1123 0.068 0.145
1173 0.118 0.254
1223 0.157 0.337
1273 0.241 0.542

Table 3. Data used in the simulation

Tabela 3. Podaci koris¢eni u simulaciji

The experimental data facilitates the
computation of growth rate constants; Table 2
illustrates the experimental growth rate constants
for the two phases, where k; and k, represent the
growth rate constants in the FeB and Fe2B phases,
respectively.

5. SIMULATION RESULT AND DISCUSSION

The data concerning the boron diffusivity and
the different concentrations are collected in Tab.3,
these data were used in our simulation code.

CEeB = 16.40 wt. % and Cf28 = 16.23%

The maximum and minimum boron contents in FeB

ClE?E = 9% and Cfi22% = 8.83%

Stand for the maximum and minimum boron contents in Fe;B

Cads

The adsorbed concentration of boron

Co=35x 10™%

Stands for the solubility limit of boron within the matrix

Calculation of diffusion coefficients in FeB and
Fe,B

Figure 2 representsthe calculated diffusion
coefficients of boron in the FeB layer which varies
exponentially as a function of temperature based
on the three approaches (the integral model,
Dybkov model and the Arrhenius expression). It is
observed that the coefficient of the Arrhenius

expression increases faster compared to the
coefficients of other models which increase slowly
with the temperature rise,for the calculation of the
boron diffusion coefficienta good agreement
between the three models at the temperature 1123
K and a good agreement between the integral
model and the Dybkov model at the temperature
1273 K.

50 T T T
—S—— Arrhenius expression
—+&— Integral Model
—<—— Dypkov Model

45

40 -

35~

30~

25~

20 -

15+~

Diffusion coefficients (Dl(mzs'l))

10~

T T T T

1160 1180

1200 1220 1240 1260 1280

Temperature (K)

Figure 2. Calculation of boron diffusion coefficients in the FeB layers using the three models

Slika 2. Proradun koeficijenata difuzije bora u slojevima FeB koristeéi tri modela

Figure 3 shows the calculated diffusion
coefficients of boron in Fe,B which vary exponen-
tially versus the processing temperature with
theintegral model, Dybkov model and the Arrhenius
relationship.lt is noticed that the coefficient
estimated from the Arrhenius relationship increases
speedily compared to the values determined from
the integral method and Dybkov model.
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Table 4 representsthe estimated values of
boron diffusion coefficients in Fe,B and FeB at
temperatures between 1173 K and 1273 K for
Arrhenius expression, integral model and Dybkov
model. From theresults of Table 4, we determined
the corresponding values of Dyand Q in FeB and
Fe,B layers with different models (see Table 5).
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Figure 3. Calculation of boron diffusion coefficients in the Fe,B layers using the three models

Slika 3. Proracun koeficijenata difuzije bora u slojevima Fe,B koris¢enjem tri modela

Table 4 representsthe estimated values of boron diffusion coefficients in Fe,B and FeB at
temperatures between 1173 K and 1273 K for Arrhenius expression, integral model and Dybkov model.
From theresults of Table 4, we determined the corresponding values of Dyand Q in FeB and Fe,B layers
with different models (see Table 5).

Table 4. Calculated values of boron diffusion coefficients in the Fe,B layers usingdifferent models

Tabela 4. Izracunate vrednosti koeficijenata difuzije bora u slojevima Fe,B koriS¢enjem razli¢itih modela

Calculatedboron diffusion coefficient (m2/s)
D1 D2
Temp&r)ature Arrheni_us Integral Dybkov Arrheni_us Integral Dybkov
expression Model Model expression Model Model
1123 3.56x107"° 2.23x107"° 1.80x10™"° 3.51x10"° 2.28x107"° | 1.90x10™ "
1173 9.05x10™ " 5.83x10 0 | 7.38x10 " 8.67x10 "° 5.52x10°"° | 5.95x107"°
1223 2.13x107"? 1.41x10™" 1.11x107"? 1.99x10™"? 1.24x107" 107"
1273 4.68x10" " 3.16x10°"% | 3.20x10 "7 4.28x107 "7 2.61x10°"% | 2.40x107 "7
Table 5. Calculated values of Dgand Q in FeB and Fe,B employing different models
Tabela 5. Izracunate vrednosti Dy i Q u FeB i Fe,B primenom razli¢itih modela
Boron diffusion coefficients (m2/s)
D, D,
Temperature Arrhenius Integral Dybkov Arrhenius Integral Dybkov
(K) Expression Model Model expression Model Model
+(AE) +(AE) +(AE) +(AE) +(AE) +(AE)
Dy (x107%) 11 14 22 5.5308 2.2487 2.0347
Q (kj/mol) 207.85 207.85 216.164 199.536 191.222 191.222

Table 6 provides a comparison between the
activation energies of boron in various steels, as
reported in previous research [37-42], and the
values obtained in our study. An initial evaluation
indicates variations in the activation energies.
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These variations can be related to a multitude of
influential factors: the selection of the boronizing
method, the temperature range applied, the
methodology employed for the determination of
boron activation energies,aand the chemical
composition of the substrate.
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Table 6. Values of bor on activation energies obtained in the case of borided steels using different methods

Tabela 6. Vrednosti bora na energijama aktivacije dobijene u slu¢aju boriranih Celika razli¢itim metodama

Material Boriding Method Q (kj.mol‘l) Ref
FeB Fe.B
AISI 316 Powder technique 204 198 Campos et al [37]
AISIM2 Powder 220.2 213 NaitAbdellah et al.[38]
a/ 207.84 197.04 Keddam et al [39]
AISID2 Powder a:Dybkov model
b/208.04 197.46 o ral model
AISI316 Plasma paste 118.12 (FeB+Fe2B) Keddam et al [40]
Royalloy steel Powder 242.79 223 Orihel et al [41]
AISIM2 Paste 283 239.4 Campos et al [42]
a/207.85 199.536 This work
AISI 316 Powder technique b/207.85 191.222 a Ar.rhenius expression
b: Integral model
c/216.164 191.222 c: Dybkov model

Layers’ thicknesses of FeB and Fe,B by the
proposed models

In order to run numerical simulationsof the
phenomena using the proposed model, the
parameters needed are the temperature, boriding
time and diffusivity of boron in each phase, as well
as the concentration of boron. Whereas the kinetic
data and boron activation energies for iron boriding
were taken from the reference [6].

For the first model, the values of boron
diffusion coefficients in the o-Fe and y-Fe phases
were found in references [6].The boron diffusion
coefficients in iron borides (mzls) are given in the
previous section. For the simple model, we used
the values of k;and k, to calculate the thickness of
the boride layer (uandv).

For the diffusion integral method, to solve the
system of algebraic-differential equations [23]a
numerical method is employed, moreover, the
thickness of the borided layer (Fe,B) can be
calculated using the following equation:

0.04

0.035 —

P

123K
173K
223K
273K

R

o
=
=

(wt.% ij(m.s”o]
i 5

=

Ay

1 2 3 4 5 6 7 8 9 10
Time(h)

D
ky = W (34)
881 24
otk (€557 - cE5)
i (F B4ﬁ% B)
e — ez |G o) 1
N (35)

From the values of a,/8,/a,/B, we! Calculate
the parameter a;, a,, by, b,, the estimation of this
value allow to simulate the layer thickness FeB and
Fe,B.

The calculation of these thicknesses was done
with Equations (36) and (37):

t) = %
"0 20

(36)

v(t) = 22 u(t)

3, (1) 0

0.06

a,(wt.% BY(m "% )

1 2 3 4 5 [ 7 8 9 10
Time(h)

Figure 4. Values of a;, a, parameters as function of time

Slika 4. Vrednosti parametara a;, a, u funkciji vr.emena
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Table 5 shows increase in the temperature-
related growth rate constants for the two phases
FeB and Fe,B, there is a good agreement between
the simulation resultsand experimental data.

The growth rate constants are noticed to
change exponentially, and we obtained a good

match between the simulation resultsand the
experimental data.A comparison was made
between the calculated values of growth rate
constants and those determined empirically [36]
and the results are displayed in Table 7.

Table 7. Comparing the calculated growth rate constants with the experimental ones

Tabela 7. Poredenje izraCunatih konstanti brzine rasta sa eksperimentalnim

Growth rate Constants (um/s’®)
FeB Fe.B
Simulation Simulation

Tempzir)ature I[:%)g]) Simple Integral Dybkov I[E3>g; Simple Integral Dybkov
Model Model Model Model Model Model

1123 0.069 | 0.07156 | 0.05712 0.0581 0.145 0.1522 0.1527 0.1561
1173 0.118 | 0.10970 | 0.09099 0.1110 0.254 0.2326 0.2399 0.2520
1223 0.157 | 0.16560 | 0.13950 0.1421 0.337 0.3592 0.3633 0.3600
1273 0.241 | 0.23830 | 0.20690 0.2201 0.542 0.5332 0.5325 0.5542

After determining the diffusivity of boron in each phase, the layers’ thickness u(t) andv(t)can be

estimated for a given time and temperature.

50 T T T T

45

Simple model
Integral Model

40
Dybkov model
35
30
25

20

Layer thickness FeB(um)

15

10

Time(h)

Figure 5. Comparison of calculated layers’ thicknesses of FeB with the experimental data [36], using three
models at 1223K and 1273K

Slika 5. Poredenje izra¢unatih debljina slojeva FeB sa eksperimentalnim podacima [36], kori§¢enjem tri
modela na 1223K i 1273K

Figure 5 and 6 give the time evolution of
estimated thicknesses of FeB and Fe,Blayersatthe
two temperatures 1223K and 1273K, using three
models. We note that when the temperature
increases, the diffusion process becomes very fast.

Table 7 shows that the threemodels have
consistent results with the experimental data, which

ZASTITA MATERIJALA 65 (2024) broj 2

confirms their validity.With the proposed models we
can calculate the thickness of each boride layer.

We can calculate the instantaneous velocities

of the (FeB/Fe,B) and (Fe,B/diffusion zone)
interfaces as follows:
d k d k
VreB = d_ttl = 27% Vre,B = d_: = 2_«/2? (38)
229
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120 C C C C C 1 T T T

Simple model

100 - Integral Model
Dybkov model

Layer thickness FezB(um)

r r r r

0 r r r r

Time (h)

Figure 6. Comparison of calculated layers’ thicknesses of FeB with the experimental data [36], using three
models at 1223K and 1273K

Slika 6. Poredenje izracunatih debljina slojeva FeB sa eksperimentalnim podacima [36], koriS¢enjem tri
modela na 1223K i 1273K

Figure 7 and 8 describe the time dependencies  interfaces using the three approaches: the simple
of the instantaneous velocities at the two growing Model, the integral method and Dybkov model.

| T T T T T T T T T

6 Simple Model
‘ Integral Model

| Dybkov Model
5¢ i

1
Veeg (HMT)

O r r r r r r r r r

0 20 40 60 80 100 120 140 160 180 200

Square root of time (30'5)

Figure 7. Calculated velocityat the first interface as a function of square root of time at 1273K

Slika 7. Izradunata brzina na prvom interfejsu kao funkcija kvadratnog korena vremena na 1273K
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Figure 8. Calculated velocity at the second interface as a function of square root of timeat 1273K
Slika 8. Izra¢unata brzina na drugom interfejsu kao funkcija kvadratnog korena vremena na 1273K

6. MASS GAIN DETERMINATION
o = ) _ (e
-

The mass gain for FeB and Fe,B phases per 2 up
unit surface [44] can be calculated using the follo- (CFezB 4 cFeB
wing equations given by Equations (39) and (40): w, = lup Clow J Co
2
G = w. td_u (39) FeyB FeyB
Fe8 — Pre,aW2 dt _ (Cup +C,
Wy =———F——
2
Gre.s =,oFet((w2+w‘)%+w2 %) (40) With the assumption that the Fe,B and FeB

layers form instantly.Gr, p(t) andGg,,5(t) are the
With pg,p = 7.336 g/cm® and pp, = 7.86 g/cm®  values of mass gain per unit surface (g/cm?).
is the density of Fe,Blayer and the density of iron.

0.4 T T T T T T T

0.35

0.3

0.25

Simple Model
Integral Model
— Dybkov Model

0.2

-2
Grepl@cm™)

0.15

0.1

0.05;

O r r r r r r r

Time(s) < 10"
Figure 9. Calculated mass gain of the FeB layer versus the time duration at 1273 K

Slika 9. Izradunato povecanje mase sloja FeB u odnosu na vremensko trajanje na 1273 K
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Figure 9 and 10 give the time dependences of
calculated mass gain at a temperature of 1273 K
using the three models. It is seen that that the
values of mass gain determined for both phases

increase with the treatment time. It is also worth
noting that the mass gain relative to the FeB phase
is greater than that of the Fe,B phase.

3 3 3

012

Simple Model
Integral Model
— Dybkov Model

r r r r

2 2.5 3

Time(s) « 10"

Figure 10. Calculated mass gain of the Fe,B layer versus the time duration at 1273 K

Slika 10. Izradunato povecanje mase sloja Fe,B u odnosu na vremensko trajanje na 1273 K

Figure 11 illustrates the calculated ratio (FeB to
Fe,B) in terms of thickness for different
temperatures. It is noticed that the results from the
integral and Dybkov models are very comparable
except for 1173K. However the calculation results
given by the simple model are higher than the
values provided by Dybkov model and integral
method.

Figure 12 displays the comparative ratios in
terms of thickness for different processing
temperatures by considering FeB and Fe, Blayers.

Wecan notice that the simple method yield results
close to the experimental values compared to the
integral method and Dybkov model.

Figure 13 gives the estimated values of
absolute error in terms of layers’ thicknesses when
comparing the three approaches. It is observed
that the simple model yields minimum value of
absolute error in comparison to the two other
models. However, for the Fe,B layer, the value of
error absolute isminimum when applying the
Dybkov model.

I Sinple [ Integral [ Dybkov ‘

Ratio of FeB over FeyB

0.1

1123

1173

1273

1223

Temperature K|

Figure 11. Calculated thickness ratio (FeB to Fe,B) at increasing temperatures using three models

Slika 11. Izradunati odnos debljine (FeB prema Fe,B) pri rastu¢im temperaturama kori§¢enjem tri modela
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1.2

T T
\ I Sinople [ Integral [ Dybkov \

Ratio Layer [ Experimental

FeyB
Layer

Figure 12. Ratio Simulation/Experimental vs layer

Slika 12. Odnos simulacije/eksperimentalnog prema sloju

5

(I Sizuple [ Tutegyal [ Dyblov |

o =
i IS -
T

w

[

Absolute Error [pm]

FeyB
Layer

FeB + FeoB

Figure 13. Estimation of absolute errorsin terms of layers’ thicknesses

Slika 13. Procena apsolutnih greSaka u smislu debljina slojeva

7. CONCLUSION

In the present work, three different approaches
were applied to estimate the boron diffusion
coefficients in the FeB and Fe,B layers formed on
AISI 316 steel. The first kinetic approach used a
simple model based on the Fick’'s laws while the
second model employed the integral model. The
third approach called the Dybkov model was also
adopted by considering the experimental fitting
parameters as the values of boron diffusion
coefficients in FeB and Fe,B.

These three models have been validated
empirically by contrasting the simulated results with
the experimental data found in the literature. A
comparative study between the three models was

ZASTITA MATERIJALA 65 (2024) broj 2

achieved by calculating the absolute errors. In
addition, the mass gain resulting from the formation
of FeB and Fe,B layers was estimated versus the
time duration at 1273 K. The instantaneous
velocities for the two growing interfaces were also
evaluated. It is concluded that the estimated mass
gain within the FeB layer was significant in
comparison with that of Fe,B layer.
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DIBKOV MODEL ZA PROCENU DIFUZIJE BORA U DVOSLOJU FeB/Fe,B

NA CELIKU AISI 316

Cilj ovog rada je primena tri modela za simulaciju difuzije bora u celiku AISI 316, sa pristupom
zasnovanim na klasiénim jednalinama bilansa mase, Dibkovijevom modelu i integralnoj metodi. Iz

numeriCkih reSenja oba modela,

uporedene su predvidene vrednosti

debljine slojeva sa

eksperimentalnim rezultatima. Pored toga, da bi se poboljSala predvidljivost ova dva modela,
neophodno je pronaci precizna merenja difuzije bora u svakoj fazi. Poredenje eksperimentalnih i
teorijskih rezultata nam omogucava da potvrdimo validnost oba modela. Nakon validacije, izracunati su
srednja kvadratna gre$ka i koeficijent difuzije da bi se postigle dobre performanse i bolja taénost.
Poredenjem rezultata iz dva simulaciona modela suocena su sa eksperimentalnim podacima da bi se
potvrdila validnost ove teorijske studije. Konacno, poredenje izvedenih rezultata dalo je vrednosti
srednje kvadratne greSke jednake 1,6 mm za Fe;B i 0,75 mm za FeB.

Kljucne reci: Boriranje, difuzija, boridi gvozda, Dibkov model, Integralna metoda
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Electrochemical investigations of Ni-P/nano c-BN deposited

on aluminum alloy

ABSTRACT

Electrochemical investigations were carried out on the Ni-P/nano cubic-Boron Nitride (c-BN)
coatings obtained by using sodium hypophosphite reduced electrolyte bath solution with
complexing agents. The screening of complexing agents was carried out by UV-Visible
spectrophotometric studies. The deposits obtained using optimized bath composition was tested
by EDAX, SEM and XRD in order to understand the structural morphology of the coatings.

Electrochemical

studies conducted by Potentiodynamic polarization and Electrochemical

Impedance Spectroscopy (EIS) reveled the greater stability of coatings in acidic and alkaline
environment. To evaluate the behavior of the coatings in marine environment, Salt spray test was
conducted using sodium chloride solution. Results indicate the improved resistance to corrosion
with the incorporation of nano ¢c-BN in the coatings.

Keywords: cubic-Boron Nitride, Corrosion resistance, Polarization, EIS, Salt spray

1. INTRODUCTION

Over the years, electroless nickel phosphorous
(Ni-P) coatings is used extensively for industrial
applications as it provides protection against
corrosion, has enhanced mechanical properties
and the coatings have superior uniformity with
improved life span to the work pieces [1-4].
Electroless nickel deposits can be obtained
uniformly on complex shaped objects. The
mechanical and chemical properties of Ni-P plating
depends on phosphorus content, degree of
crystallinity, crystal size and plating bath conditions
[5-7]. After annealing, hardness of the binary Ni-P
coatings decreased due to increase in crystal
structure [8]. Ternary Ni-P-Cu, Ni-Zn-P, Ni-W-P, Ni-
Cr-P and Ni-Mo-P have been studied by many
authors [9-16]. These ternary coatings enhance the
durability of alloy coatings at elevated
temperatures. Incorporation of multiple metals in
the coatings found to improve the thermal and
mechanical properties at higher temperature.
However, controlling the phosphorous content and
composition of third element in coating will be a
challenge [17].
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It is difficult to reduce few metals while
obtaining ternary electro less deposits. When a
metal is difficult to get reduced, its share in the
composite cannot reach appreciable values [18].
Ni-Cr-P coatings containing 4% chromium has
been studied by Tadashi [19]. Ni-Cr-P deposition
by ion exchange method was carried out by
researchers [20]. A review related to the deposition
of ternary alloys was published [21]. Among the
ternary alloys developed only Ni-P coatings with
Fe, Co and Cu found to have more practical
applications, as they provide uniform thickness
deposits on complex, irregular objects with critical
dimensions. They also provide coatings with higher
hardness, wear resistance and corrosion
resistance.

It is reported in literature that addition of nano
particles in the binary plating bath enhances the
mechanical properties of the composite coating [22-
28]. Over the years, Ni-P composite coatings with
nano ZnO, TiO,, Ti, WC, h-BN, SiO,, SiC and Al,O,
have been studied by several researchers [29-32].
Dense, uniform, crack free coatings with higher
protection against corrosion were obtained by the
incorporation of nano particles. Hexagonal BN (h-
BN) offers high corrosion resistance, thermal
stability and can function as excellent lubricant [33].
However, h-BN has poor wettability and friction
control properties below 400°C [34-35]. Nano c-BN,
being extremely hard, improves the micro hardness
of the composite coating and corrosion resistance.
Dispersion and dissolution of these nano powders
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in the electrolyte bath solution is a challenge.
Continuous agitation through ultra-sonication is
required to disperse the same in the bath solution
effectively [36].

Acidic hypophosphite plating baths have a
number of advantages over the alkaline ammonical
baths due to its higher plating rates, good stability
and produce deposits with improved properties.
Many formulations for acidic hypophosphite based
electroless nickel baths have been reported in
literature [37-41].

Owing to excellent properties of nano c-BN, in
the present study nano c-BN reinforced electroless
Ni-P composite coatings (Ni-P/nano c-BN) were
produced in a hypophosphite reduced bath solution
on 6061- Al substrate in acidic medium. The
influence of nano c-BN on the tribological and
anticorrosion behaviour of the coatings were
studied.

2. EXPERIMENTAL PROCEDURE

2.1. Electroless Ni-P/nano c-BN coatings

Analytical grade reagents were used for the
development of Ni-P/nano c-BN on aluminum alloy
substrates. The deposition was carried out as per
the below mentioned steps [42]. Ball milled nano c-
BN with particle size 63-70nm was used for the
development of composite coating.

1. Solvent degreasing: Substrate surface was
degreased using an organic solvent by ultra-
sonication at 25°C.

2. Alkaline cleaning: Alkali cleaning was carried
out by dipping the specimens in an alkaline
solution at 55 to 60°C for five minutes.

3. De-smutting: Acid scales and other
impurities were removed by dipping the
substrate in a solution containing mixture of
acids for 50 seconds at 25°C.

4. Alloy zincating was carried out at 25°C,
followed by electroless plating [43].

5. Electroless Ni-P/nano c¢-BN plating was
obtained on pre-cleaned 6061 —-Al sub-
strates in an electrolytic bath solution contai-
ning NiSO,7H,0, NaH,PO,, NazC4HsO,
6H,0, NH,-CH,-COOH, NH,SO, PbNOj3
CHNaSO and nano c-BN, at pH 4.5 and
temperature 90+2 ° C as indicated in Table 1.

NiSO,7H,O and nano c-BN was used as
source of nickle and nano particle respectively,
NaH,PO, acts as reducing agent, NazC4H¢O,4:6H,0
and NH,-CH,-COOH are the complexing agents,
NH4SO,is used as conducting salt, PbNO; provides
lead ions in the solution facilitating bright coating,
sodium lauryl sulphate acts as wetting agent.
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2.2. Measurement techniques

2.2.1. Characterization techniques

Double beam UV-Viscible spectrophotometer
2202, Sytronics, was used for screening the com-
plexing agents. To examine the morphology and
composition of the coatings Scanning electron mic-
roscope (Noran scientific analyzer, USA) was used.
X-ray diffraction patterns of the coatings were obta-
ined by X-ray diffractometer with CuKo radiation.

2.2.2. Corrosion studies

Protection efficiency of the coatings in acidic
and alkaline medium was evaluated by the
following techniques:

a. Polarization studies: Potentiodynamic
polarisation studies were conducted in 0.5 N
NaOH and 0.5 N HCI solutions by using
electrochemical work station. Electroless Ni-
P and Ni-P/nano c-BN coated specimens
were used as working electrodes. The
specimens were immersed in the aqueous
media for 45 minutes of equilibrate time
before recording the data. All the
experiments were conducted at room
temperature. Repeated experiments were
carried out to get accurate results.

b. Electrochemical impedance studies:
Impedance measurements were conducted
by AC signal with amplitude of 0.01 V at
open-circuit potential in the frequency range
from 10 °> to 1 Hz. Before performing
experiments, a stabilization time of 45
minutes was provided to achieve a stable
open-circuit potential. The cell impedance
was measured at the frequency from 1 Hz to
10°Hz.

c. Salt spray test: The stability of the coatings
in acidified Sodium chloride solution was
evaluated by neutral salt spray test
according to ASTM-B117 standard. Every
two hours of salt spray, the samples were
removed and observed for any degradation.

All the experiments were carried out on multiple
samples prepared under optimum conditions and
the results obtained is provided in the experimental
section.

3. RESULTS AND DISCUSSION

3.1. Optimization of the plating bath

Complexing agents play very important role in
producing good quality deposit [15]. Different
complexing agents were screened for Ni** ions in
an electrolytic acidic solution at pH 3.0. Tri sodium
citrate and glycine were found to form weak
complexes with Ni** ions in presence of nano c-BN
which is one of the main requirements to get even
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and non-porous deposit. Figure 1, provides the UV-
visible absorption spectrum of complexing agents.
The absorption spectrum of the Ni** ions with
glycine and c-BN gives two bands characteristic of
metal-ligand complexes of octahedral geometry.
The absorption spectrum of Ni** ions with tri
sodium citrate and c-BN also gives two bands
characteristic of metal-ligand complexes of
octahedral geometry. Whereas the absorption
spectrum obtained with both the complexing agents
and nano c-BN, has three bands characteristic of
metal-ligand complexes of octahedral geometry. As
glycine and tri sodium citrate complexing agents
form week bonds with the metal ions, both were
used as complexing agents in the plating bath
solution.

Absorbance (a.u)

T
200 300 400 500 600 700

Wavelength(nm)

Figure 1. UV absorption spectra 1: Ni+2+TSC+GIy+
+c-BN, 2) Nano c-BN, 3) Ni*?+c-BN, 4) Ni*?+Gly+
+c-BN, 5) Ni**+TSC+ ¢-BN

Slika 1. UV spektri apsorpcije 1: Ni+2+TSC+Gly+
+c-BN, 2) Nano c-BN, 3) Ni*%+c-BN, 4) Ni*?+Gly+
+c-BN, 5) Ni**+TSC+ c-BN

Composition of different constituents in the
plating bath was varied to optimize the bath
composition along with pH and temperature.
Concentration of one of the constituent was varied
at a time keeping the other constituent’s
concentration constant. Nickel sulphate
concentration was varied from 10 g/L to 40 g/L,
sodium hypophosphite and tri sodium citrate
concentration was varied from 5 g/L to 35 g/L
individually, sodium sulphate concentration was
varied from 5 g/L to 20 g/L and nano c-BN
concentration was varied from 0.5 g/L to 3 g/L.
Nano c-BN with particle size ~66 nm was dispersed
in the plating bath solution and subjected to 6
hours of ultra-sonication as solubility of nano
particles is low in aqueous solutions. After 6 hours,
the solution was filtered and the filtrate was used
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for electroless plating on 6061-Al substrates. The
concentration of the lead nitrate and sodium lauryl
sulphate was kept constant.

The pH of the bath solution was varied from 3.5
to 7.0. Temperature of the plating bath was varied
from 70 to 95 ° C. At lower pH values the coating
obtained was rough and consisted of surface
roughness and irregularities. When the pH was
increased above 5.5, precipitation of metal oxides
and hydroxides was observed. Similarly, the
coatings obtained at lower temperatures <90° C
was uneven when observed under 4X
magnification lens. At higher temperatures,
decomposition of bath constituents was observed.

Based on the repeated trials and visual
observation of the coatings under 4X magnification
lens, the plating bath composition was optimised
and the same is tabulated in Table 1. The coatings
obtained under optimised conditions were used for
the characterization and corrosion studies.

Table 1. Optimised plating bath

Tabela 1. Optimizovana kupka za oplate

Composition of the plating Optimum
bath (g/L) conditions

NiSOa. 6H,0: 30

NaH,PO,: 20-25

Nano c-BN: 2 Temp:90°C
NaszCsHs07: 25 pH: 5
Glycine: 5 Plating duration: 60
NH4SO4: 10-15 minutes

Lead Nitrate: 0.001
Sodium Lauryl Sulphate: 0.01

3.2. Surface morphology and microstructure

The percentage weight composition of the
elements in the coatings is provided in Table 2
which indicates the presence of boron and nitrogen
along with nickel and phosphorous.

Table 2. Elemental composition of the coating
Tabela 2. Elementarni sastav previake

Element Atomic weight(%)
Boron 20.90
Nitrogen 12.17
Oxygen 18.69
Phosphorous 8.27
Nickel 39.97

Surface morphology of the coatings with and
without c-BN at different plating time intervals is
shown in Figure 2. Ni-P plating without c-BN was
found to have spherical structure. With the
incorporation of nano c-BN the coating was found
to have uniform distribution with needle like
structure. Few nodular lumps were seen at higher
plating time.
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Figure 2. Microstructure of the deposits: a) Ni-P b) Ni-P/nano c-BN at 30 minutes of plating time c) Ni-
P/nano c-BN at 1hour of plating time d) Ni-P/nano c-BN at 2 hours of plating time

Slika 2. Mikrostruktura naslaga: a) Ni-P b) Ni-P/nano c-BN na 30 minuta nanoSenja c) Ni-P/nano c-BN na
1 sat vremena nano$enja d) Ni-P/ nano c-BN na 2 sata nanoSenja

The XRD pattern of the nano c-BN reinforced
electroless coating is presented in Figure 3 and it
exhibit five distinct peaks. The diffraction pattern
indicates the crystalline nature of the coatings. The
maximum peak (111) corresponds to FCC
structured crystalline nickel. In addition to nickel
(111) peak, well defined peaks of NizP (110) and
BN (220) was observed. Other small peaks (311)
and (211) corresponds to nickel and phosphorous.
The studies also indicate that the nano c-BN is
embedded well into the matrix of Ni-P. The average
crystallite size of the ball milled nano c-BN was
also calculated from the Debye-Scherrer formula
[24] with the help of FWHM values of the peaks in
the XRD pattern as epr our earlier publication [44].
The average crystallite size observed was 76nm.

50000 111
?40000«
>
wi
530000-
c
20000+
110
100004 220
ol I L J 311211
20 30 40 50 60 70 80 90
20 (degree)

Figure 3. XRD pattern for Ni-P/nano c-BN plating

Slika 3. XRD uzorak za Ni-P/nano c-BN prevlaku

ZASTITA MATERIJALA 65 (2024) broj 2
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3.3. Electrochemical investigations

Electroless Ni-P/ nano c¢-BN composite
coatings obtained from optimised plating bath
(Table 1) were subjected to electrochemical
corrosion measurements. The measurements were
carried out for multiple samples and the concordant
results obtained is reported.

3.3.1. Potentiodynamic polarization studies

Potentiodynamic polarisation experiments were
carried out for electroless Ni-P/ nano c¢-BN
composite coatings to investigate the corrosion
behaviour of the coatings in both alkaline and
acidic environments. The results were compared
with bare aluminium and electroless Ni—P coatings.
Figure 4a and 4b depicts the tafel plots of the
samples measured in sodium hydroxide and
hydrochloric acid medium respectively. It is evident
that the composite coatings exhibit better
protection irrespective of the type of medium
compared to binary coatings. The corrosion current
(Icorr) was calculated by using the equation given
below. Polarization resistance was obtained from
the Tafel slopes. The corrosion data is tabulated in
Table 3.

_ BaBc
~ (Ba+Bc)2.303 (1)
leorr = B/R, (2)

where

b is Stern-Geary coefficient
polarization resistance

and R, is

The nano c-BN reinforced coatings possess
lower corrosion current values and offer high
efficiency compared to bare Al 6061 and
electroless Ni-P coatings. Higher electrochemical
resistance of c-BN nano particles might be the
reason for improved protection ability of the
coatings [45]. Incorporation of nano c-BN has
significant impact on the corrosion resistance of the
composite coatings compared to that reported for
other composite coatings with zirconium boron
nitride, SiC and h-BN [46-49].

0.31
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Figure 4 a. Current-Potential diagrams in 0.5N
NaOH (1. Ni-P/nano c-BN 2. Electroless Ni-P 3. Al
alloy)

Slika 4 a. Dijagrami strujnog potencijala u 0,5N
NaOH (1. Ni-P/nano c-BN 2. Bezelektricni Ni-P 3.
Al legura)
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Figure 4 b. Current-Potential diagrams in 0.5N HCI
(1. Ni-P/nano c-BN 2. Electroless Ni-P 3. Al alloy)

Slika 4 b. Dijagrami struja-potencijal u 0,5N HCI (1.
Ni-P/nano c-BN 2. Bezelektricni Ni-P 3. Al legura)

Table 3. Polarization data of the samples in 0.5N NaOH and 0.5N HCI solution
Tabela 3. Podaci o polarizaciji uzoraka u 0.5N rastvoru NaOH i 0.5N HCI

) Aluminium alloy Ni/P Ni-P/nano c-BN
Type of coating

NaOH HCI NaOH HCI NaOH HCI

Ecorr (V vs SCE) -0.57 -0.79 -0.53 -0.75 -0.51 -0.71
Ba (V/dec) 0.068 0.075 0.292 0.395 0.316 0.422

B¢ (V/dec) -0.42 -0.69 -0.36 -0.61 -0.32 -0.52

Icor (WA/Cm?) 18.2 22.6 14.3 4.3 6.8

PE (%) - - 79.8 71.8 94.8 86.2
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3.3.2. Impedance studies

Nyquist plots obtained in corrosive media is
presented in Figure 5a and 5b respectively for
alkaline and acidic medium. Increase in the
semicircle diameter of the specimen indicates
higher impedance values as observed in case of
composite coating [50].

5000
qo000| @
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Figure 5a. Nyquist diagrams in 0.5N NaOH (1. Ni-
P/nano c-BN, 2. Ni/P, 3. Aluminium alloy)

Slika 5a. Nyquist-ovi dijagrami u 0.5N NaOH (1. Ni-
P/nano c-BN, 2. Ni/P, 3. legura aluminijuma)
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Figure 5b. Nyquist diagrams in 0.5N HCI (1. Ni-
P/nano c-BN, 2. Ni/P, 3. Aluminium alloy)

Slika 5b. Nyquist-ovi dijagrami u 0.5N HCI (1. Ni-
P/nano c-BN, 2. Ni/P, 3. legura aluminijuma)

The Bode plots of bare aluminium alloy, binary
Ni-P as well as Ni-P/nano c-BN in acidic and
alkaline media is provided in Figure 6 and 7. The
higher impedance values were observed in case of
composite coatings which confirms the higher
corrosion resistance of the coatings. The minute
voids in the Ni-P coatings is occupied by the nano
c-BN particles leading to the improved resistance
of the composite coatings [51]. The protection
efficiency of nano composite coatings is less in
acidic medium compared to that in alkaline
medium. The Randel equivalent circuit for the
above system is presented in Figure 8.

1—— bare Al
4.0 3 —+— electroless Mi-P
3= Ni-FPiC-BN
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>N
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Figure 6. Bode amplitude plots of 1. Aluminium alloy 2. Ni/P 3. Ni-P/nano c-BN (a. 0.5N NaOH
and b. 0.5N HCI)

Slika 6. Bode-ovi grafikoni amplitude 1. Legura aluminijuma 2. Ni/P 3. Ni-P/nano c-BN (a. 0.5N NaOH
i b. 0.5N HCI)
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Figure 7. Bode Phase angle diagrams of 1. Aluminium alloy 2. Ni/P 3. Ni-P/nano c-BN (a. 0.5N NaOH and
b. 0.5N HCI)
Slika 7. Bode-ovi dijagrami faznog ugla 1. Legura aluminijuma 2. Ni/P 3. Ni-P/nano c-BN (a. 0.5N NaOH i
b. 0.5N HCI)
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Figure 8. Randel circuit for the system

Slika 8. Rendel-ovo kolo za sistem

3.3.3. Neutral salt spray test

Salt spray tests were conducted by spraying
5% sodium chloride solution on the substrates for
four days continuously. The specimens were
observed for degradation under 4X magnification
lens after every 2 hours by taking the specimens
out of the fog chamber. After four days, the
samples were removed, washed and dried in air
[25]. The composite coating was stable up to 92
hours while the binary Ni-P coating started to
degrade after 3days. The observation is in
agreement with the electrochemical studies. Pin
holes and grey spots were observed in both the
samples after 4 days of exposure to fog.

3.4. Microhardness

Micro hardness of the electroless Ni-P plated
specimens with and without nano c-BN, before and
after heat treatment at 250°C for 2 hours was
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determined by Vickers hardness method with 50 g
load. The test was repeated for multiple samples
and average microhardness recorded is tabulated
in Table 4. Higher microhardness of composite
coating may be attributed to the presence of hard
nano c-BN in the coating. A remarkable increase in
microhardness was observed after heat treatment
owing to precipitation of the intermetallic NisP in the
coatings at high temperatures [51-52].

Table 4. Microhardness of the samples before and
after heat treatment

Tabela 4. Mikrotvrdoca uzoraka pre i posle
termicke obrade
Microhardness (VHN)— Br?;c;rt'e After heat
1 Type of coating treatment treatment
Electroless Ni-P 96 101
Electroless Ni-P/nano c-BN 185 202

3.5. Testing evaluation

All the samples were inspected visually for
defects under 4X magnification lens. Deposits were
found to be uniform and even over the entire
surface of the substrate.

3.5.1. Adhesion test

The adherence strength of the composite
coating to the substrate was investigated by scotch
tape peel off method. In this test 100 squares of 4
mm? were scribed through the coatings. A pressure
sensitive tape of one- inch was then applied tightly

ZASTITA MATERIJALA 65 (2024) broj 2
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over the coating by rolling a roller covered with
rubber over the tape twice. The pressure sensitive
tape was taken off at right angle to the coating. The
samples were later inspected visually for any
detachment in the coating. The coating was found
to adhere to the surface firmly.

3.5.2.Heat treatment

The binary Ni-P and nano c-BN reinforced
composite coatings were heat treated in a hot air
oven at 250°C for 6 hours to study the effect of high
temperature on the physical nature of the coating
and hardness. After 6 hours the test samples were
taken out of the oven and inspected for any
physical changes. No  degradation like
discolouration, blisters or pits were observed.

3.5.3. Humidity test

Humidity test is conducted to study the effect of
relative humidity and high temperature on the
samples, which in turns related to corrosion
protection efficiency [53]. This test is conducted by
placing the samples in a thermostatically controlled
humidity chamber for two days under 95 + 5%
relative humidity at 50°C. After 48 hours, the
specimens were removed from the chamber and
observed for any defects or degradation under 4X
lens. Blisters and discoloration was observed on
electroless Ni-P coatings and no degradation was
observed in case of Ni-P/nano c¢c-BN coatings
indicating higher stability under humid conditions.

4 CONCLUSIONS

The Ni-P/nano c-BN composite coatings were
obtained by eco-friendly electroless method. EDX
and XRD studies confirms the presence of nickel,
phosphorous, boron and nitrogen in the composite
coatings. Needle like structure with few
agglomerates were observed in scanning electron
micrographs. Electroless Ni-P/nano c-BN coatings
exhibited better protection against corrosion in both
acidic and alkaline media as indicated by
polarization, impedance and salt spray studies.
Incorporation of nano c-BN enhanced the barrier
properties of the coatings providing higher
protection indicating these coatings can be used for
corrosion protection applications both in acidic and
alkaline environments. Nano c¢-BN reinforced
coatings exhibited improved hardness compared to
electroless Ni-P coatings. The improved hardness
is attributed to the incorporation of hard nano c-BN
in the coatings. The micro hardness of the
composite coatings increased after heat treatment
due to precipitation of NisP. The composite
coatings exhibited excellent stability to higher
temperatures and humid environment.
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1ZVOD

ELEKTROHEMIJSKA ISPITIVANJA Ni-P/NANO c-BN NANESENIH NA
LEGURU ALUMINIJUMA

Elektrohemijska ispitivanja su obavljena na prevlakama Ni-P/nano kubni bor nitridom (c-BN)
dobijenim koriS¢enjem rastvora u kupatilu elektrolita redukovanog natrijum hipofosfitom sa
agensima za stvaranje kompleksa. Skrining agenasa za stvaranje kompleksa je sproveden UV-
Visible spektrofotometrijskim studijama. Naslage dobijene koriS¢enjem optimizovanog sastava
kupatila su testirane pomocu EDAX, SEM i XRD da bi se razumela strukturna morfologija
premaza. Elektrohemijske studije sprovedene pomocu potenciodinamiCke polarizacije i
elektrohemijske impedansne spektroskopije (EIS) otkrile su vecu stabilnost premaza u kiseloj i
alkalnoj sredini. Da bi se procenilo ponaSanje premaza u morskom okruZenju, sprovedeno je
ispitivanje slanim sprejom koriS¢enjem rastvora natrijum hlorida. Rezultati ukazuju na poboljSanu
otpornost na koroziju ugradnjom nano c-BN u prevlake.

Kljuéne reci: kubni-bor nitrid, otpornost na koroziju, polarizacija, EIS, slani sprej

Nauéni rad

Rad primljen: 25.09.2023.

Rad korigovan: 29.11.2023.

Rad prihvacen: 07.12.2023.

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/)

ZASTITA MATERIJALA 65 (2024) broj 2 245


https://www.researchgate.net/profile/Wenya-Li-2?_sg%5B0%5D=X-gbYbJSgYNwD-n1wtMIxZmF4ZPLIH1EX68fdwu-x8CDe4FetQo3V0mcRPyK5oWlWQaiM_o.SSafwfFL5bvNmI6-eqVHVjTgdYm5T2VRflg1OMJlmTZTwtGpUNY7QnZFEXAPkskjYckiXBaA2ovDbiinvFplBQ&_sg%5B1%5D=2wZZxSbF16cDn3eTF94ZVggexKJ-0Sc61RoXilTptV5ix7_2TMSM2DKphNbRCbOpRbObitI.PkbrZY4bKiKmVpJQ6jc-i05PXP10cCbxgQ7t8uTakvAPuk4j0E7FecbVRyxW8zGo0IFdZDljDmp3YnPASC1viw
https://www.researchgate.net/journal/Materials-and-Design-0261-3069
http://www.idk.org.rs/casopis
https://creativecommons.org/licenses/by/4.0/

N. Sadhasivam

Synergistic effect of Fe and Co doped ZnO nanopatrticles ...

Narendhran Sadhasivam*

Department of Biotechnology, Sri Krishna Arts and Science College,

Kuniamuthur, Coimbatore, India

Scientific paper
ISSN 0351-9465, E-ISSN 2466-2585
https://doi.org/10.62638/ZasMat1131

Zastita Materijala 65 (2)
246 - 257 (2024)

Synergistic effect of Fe and Co doped ZnO nanoparticles
synthesized using Alpinia galanga against Candida parasilopsis

ABSTRACT

In this investigation, nanoparticles such as ZnO, Fe doped ZnO and Co doped ZnO NPs prepared
by the co-precipitation method were tested against the pathogenic yeast. The spectroscopic
analyses were carried out to identify the morphological and chemical composition of the

synthesized nanoparticles. The

results of XRD analysis

revealed that the synthesized

nanoparticles were crystalline in nature with average size ranges between 32 — 34 nm
approximately. EDX and SEM analysis were carried out to identify the element composition (Co,
Fe and Zn) and spherical shape of nanoparticles. The functional group that is responsible for the
capping and stability of nanoparticles was confirmed by FTIR analysis, to compare the antifungal
efficiency of ZnO, Fe doped ZnO and Co doped ZnO from the resultant zone of inhibition.
Keywords: Antifungal activity, Candida parapsilosis, Copper, Iron, Zinc

1. INTRODUCTION

Fungal infections are concerned to be a serious
case of health conditions. The severity of the
infections seems to be higher in the case of
immune compromised people as they are more
susceptible which in turn impairs their disease
conditions. The administration of drugs resulting
from modern medical inventions potentially have
immune suppressive actions which is also
considered to be one of the causes of high
incidence of fungal infections. It is high time for the
world to get cautious about fungal infections [1].
Candida species are opportunistic fungal
pathogens in which both Candida albicans and non
albicans candida species (eg, Candida
parapsilopsis) have caused increased incidence of
diseases recently. The severity of the infections is
complex due to its associated virulence factors and
the emergence of drug resistant strains. In such
cases, a direct administration of such antifungal
agents has many limitations such as toxicities, drug
resistance etc [2]. The unavailability of many
antifungal drugs as well as cost expenses limits its
usage in many of the developing countries. Hence
science and technology for developing a novel
medication that will be affordable as well as
effective in invading fungal diseases [3].
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Over the last two decades, nanotechnology has
been in high demand which changed the
conventional drug administration processes. It is
possible to have a targeted drug delivery as it
emphasizes on submicron size particles in which
mono or poly therapeutic compounds may either
dispersed, adsorbed, covalently bonded, or
encapsulated in vesicles, capsules, or polymeric
matrix. Furthermore, the nanodrug delivery system
enhances the bioavailability and decreases the
possible side effects of the drug. Considering the
wider perspective of nanotechnology in medicine,
several researchers are making an exceptional
effort to raise the standards of nano drugs by
putting forward various methodologies to fabricate
novel nano drug formulations [4]. Now-a days,
metallic nanoparticles have gained immense
attention as antimicrobial agents due to their high
surface area to volume ratio, availability and ease
of synthesis. Interestingly, green synthesis of
nanoparticles from plant extracts is a striking area
of research in nanotechnology. It is economically
feasible and eco-friendly compared to physical and
chemical routes [5].

Alpinia galanga is a plant belonging to
zingiberacea family and is widely distributed in
South East Asia. It has a role as a traditional
medicine to cure inflammation, HIV, diabetes and
ulcers. The Alpinia galanga leaf extracts contain
pharmacologically significant metabolites such as
galanolactones, quercetin, galangin, kaempferol,
and labdane [6]. Consequently, due to their diverse
pharmacological activities, these extracts could be
extensively utilized in the synthesis of ZnO
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nanoparticles. Generally, metal and metal oxide
nanoparticles have more application due to their
stability when compared to other organic materials.
ZnO have a very attractive attributes such as
selective toxicity targeting prokaryotic cells,
anticancer activities etc. They trigger mechanisms
like apoptosis, necrosis, and the generation of
reactive oxygen species (ROS) in their effects.
Studies indicate that ZnO has proven to be a
potent antibacterial agent, capable of selectively
damaging membrane structures and compromising
their integrity. Additionally, these nanoparticles can
efficiently penetrate intracellular of bacteria, leading
to damage to both DNA and proteins [5]. Usually
ZnO is a chemically stable and biocompatible
material with optical, electronic and magnetic
properties.

Formulation of doped nanoparticles is another
advancement made in the field of nanotechnology.
As far as doping is concerned, transition metals like
Fe and Co can be largely utilized and it enhances
the  physico-chemical properties  of  the
nanoparticles [8]. Moreover, doping of ZnO
nanoparticle with transition metals in which the
metal site functions as trapping sites by acting as
electron acceptors from ZnO there by detaining
electron hole recombination and its subsequent
reduction in band gap energy. Doping process
could be made possible with various methods
where sol-gel technique, solid state reaction, co
precipitation and pulsed laser decomposition are
some of them. Accordingly, doping of transition
metals like Fe and Co can complement the
antimicrobial properties of ZnO. Certain studies
propose that introducing dopants such as Fe and
Co into ZnO creates defects in the crystalline
lattice. This, in turn, leads to the generation of a
higher amount of Reactive Oxygen Species,
consequently enhancing antimicrobial activity [9].
Literally cobalt and zinc have similar atomic radii of
0.58 A and 0.6 A, respectively. In general doping
generally enhances the efficiencies of ZnO in terms
of increasing the optical absorption which ultimately
reduces the band gap and increases the
antimicrobial activity [8].

The present study is focused on exploiting
Alpinia galanga as a raw material for the green
synthesis of ZnO nanoparticles. The aim is to
enhance the functionality of the nanoparticles by
doping them with Fe and Co to form Fe/ZnO NP
and Co/ZnO NP using a co-precipitation method.
Furthermore, the pure ZnO and transition metal
doped (Fe and Co) ZnO nanoparticles were
characterized using FT-IR, EDAX, DLS, UV-Visible
spectroscopy, SEM and XRD analysis. Additionally,
an antifungal susceptibility test is done by carrying
out a well diffusion method against Candida
parapsilopsis.
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2. MATERIALS AND METHODS

Healthy leaves of Alpinia galanga were
collected from kanthalloor region (10.2135°N,
77.1972°E), Idukki District, Kerala, India. Candida
parapsilopsis culture was obtained from Institute of
Microbial Technology Chandigarh, India.
Precursors such as Zinc Chloride (ZnCl,), Ferrous
Sulphate (FeSO,) and Cobalt Nitrate (Co (NO3),)
were purchased from Sigma Aldrich.

2.1 Methodology

2.1.1. Preparation of plant extract

Alpinia galanga leaves were rinsed with purified
Milli Q water to remove impurities, dried under
shade for 8-10 days, and blend to a fine powder.
About 20g of powdered leaf sample were dissolved
in 100 ml of Milli Q water and followed by a water
bath at 65°C for 25 minutes. Upon cooling the
extract was filtered using Whatmann Nol filter
paper. The filtrate was used further for the
synthesis of ZnO nanoparticles.

2.1.2. Synthesis of ZnO nanoparticles

ZnO nanoparticles were synthesized by gently
adding 0.1M zinc chloride solution (ZnCly) to 25ml
of leaf extract in a magnetic stirrer at 60°C for 2
hours [10]. Subsequently, 20ml of 1% NaOH
solution was added to the mixture of zinc chloride
and leaf extract. When a light yellow coloured
precipitate was formed it was allowed to settle for
10 hrs. The particles were separated by
centrifugation at 6000 rpm for 20 minutes and were
then rinsed three times with distilled water and 70%
ethanol to eliminate any traces of impurities. The
purified yellow color precipitant was dried overnight
at 80°C in hot air oven and powdered to obtain
ZnO nanoparticles.

2.1.3. Synthesis of Co doped ZnO and Fe doped
ZnO nanoparticles

To synthesize Co-doped ZnO nanopatrticles, 1
gram of ZnO nanoparticles was mixed in a conical
flask containing 50ml of deionized water (solution
A) and stirred continuously for 30 minutes [11,12].
An estimated aliquot of (0.1M) cobalt nitrate
solution (solution B) was then added to solution A
and stirred further. To this homogeneous mixture,
1g of NaOH and 1% Polyvinylpyrrolidone (PVP)
were added. The reaction was proceeded for 2hrs
at 5°C to form precipitate of Co doped ZnO
nanoparticles. The precipitate was left undisturbed
for few hours followed by rinsing with distilled water
and 70% ethanol remove any traces of impurities.
The purified precipitant was dried overnight in hot
air oven at 80°C for 2 days and then powdered.

To synthesize Fe-doped ZnO nanoparticles, 1
gram of ZnO nanoparticles was mixed in a conical
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flask containing 50ml of deionized water (solution
A) and stirred continuously for 30 minutes [13,14].
An estimated aliquot of (0.1M) ferrous sulfate
solution (solution B) was then added to solution A
and stirred further. To this homogeneous mixture,
1g of NaOH and 1% PVP were added. The
reaction was proceeded for 2hrs at 5°C to form
precipitate of Co doped ZnO nanoparticles. The
precipitate was left undisturbed for few hours
followed by rinsing with distilled water and 70%
ethanol remove any traces of impurities. The
purified precipitant was dried overnight in hot air
oven at 80°C for 2 days and then powdered.

2.2. Characterization of ZnO/Fe doped ZnO/ Co
doped ZnO nanoparticles

The crystalline structure and qualitiy of ZnO, Fe
doped ZnO and Co doped ZnO NPs were
examined using XRD by step san technique with
Cu-K= radiation (1500A°, 40KV, 30 mA) to
determine the crystal density [15]. Optical
properties of nanoparticles were characterized on
the basis of UV-Visible absorption spectra within
the wavelength range of 300-700nm [16].
Elemental composition and surface morphology
were analyzed using EDAX (Energy Dispersive
analysis of X-Ray) and SEM (Scanning electron
microscopy model, Hi tech model-s-3400n) [17]. A
Perker Elmer 1725X Fourier transform infrared
spectrophotometer was used to obtain information
about the bond formation in the fabricated
nanoparticles. Simultaneously the average size
and distribution of nanoparticles were determined
by Dynamic Light Scattering analysis [18]

2.3. Antifungal activity of ZnO NPs, Fe doped ZnO
NPs and Co doped ZnO NPs

Antifungal activities of ZnO, Fe doped ZnO and
Co doped ZnO nanoparticles were performed by
agar well diffusion method against Candida
parapsiolpsis [18]. Pure culture of Candida
parapsilopsis was sub cultured in potato dextrose
broth at room temperature in an orbital shaking
incubator (Remi, India) at 200rpm. A 100ul of
subculture was swabbed on potato dextrose agar
plates. Following culture absorption after 10
minutes, wells of 6mm size were punchured with
the help of a sterile gel puncher. Samples of ZnO,
Fe doped ZnO and Co doped ZnO nanoparticles
with varying concentrations of 50mg/ml and
100mg/ml were loaded to individually labelled
plates. A 10mg/ml concentration of positive control
(Amphotericin B) was added to every single well in
the plates and a negative control of distilled water
was also loaded appropriately using micropipettes.
The plates were incubated at room temperature for
48hrs. After 48hrs of incubation, the zone of
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inhibition was measured in diameter and the mean
values are recorded.

2.4. Determination of Minimum Bactericidal
Concentration (MBC), and Minimum Fungicidal
Concentration (MFC)

Following a broth dilution method [19] the
solutions of nanoparticles (ZnO, Fe doped ZnO and
Co doped ZnO) were serially diluted in two folds. A
100pg/ml of sterile PDA broth was added to each
well of a 96 well microtitre plates. To the first well, a
100ug/ml concentration of respective nanoparticles
was added and mixed uniformly. The suspensions
were further transferred and the process continued
to obtain a series of dilutions with concentrations of
100, 50, 25, 12.5, and 3.125 pg/ml respectively.
The wells were further inoculated with 2ul of
inoculum and were incubated at room temperature.
Further the plates were monitored for turbidity
which indicates the presence of growth and non-
turbidity indicating the absence of growth. Thus
from the experiment the MIC values were
investigated. MIC refers to the lowest concentration
of nanoparticles which will inhibit the visible growth
appearance of microbes after incubating for a
required period of time [19,20]. The minimum
fungal concentration (MFC) was considered to be
the lowest concentration of ZnO, Fe doped ZnO
and Co doped ZnO nanoparticles that prevent the
development of any single colony of Candida
parapsilopsis on PDA agar plates following
incubation at room temperature.

2.5. Statistical analysis

Every result was shown as mean t standard
deviation. Applying SPSS statistical tool, growth
attributes were examined at the significant level of
<0.005 using T-test to compare the differences
between ZnO, Fe doped ZnO, Co doped ZnO, and
control, respectively. The possible effects of ZnO,
Fe doped ZnO, and Co doped ZnO nanoparticles
were evaluated by performing one-way analysis of
variance (ANOVA) if P values of <0.005 were
proved to be statistically significant.

3. RESULTS AND DISCUSSION

3.1. Structural analysis

The structural information of Alpinia galanga
synthesized ZnO and transition metal doped ZnO
(Fe and Co) NPs were analyzed from X-ray
diffraction pattern (Fig 1). Figure 1 which shows the
XRD spectrum of ZnO, Fe doped ZnO, and Co
doped ZnO NPs revealed strong diffraction peaks
at 20 value matching to the crystal plane of (100),
(002), (101), (102), (110), (103), (112) of respective
NPs. In fact, the intense peaks at (100), (101)
reveal a crystalline hexagonal wurtzite structure
[21].
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Figure 1. XRD analysis of synthesized
nanoparticles (a) ZnO, (b) Co-ZnO and (c) Fe-ZnO

Slika 1. XRD analiza sintetizovanih nanocestica (a)
ZnO, (b) Co-ZnOi (c) Fe-ZnO
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A single phase with no additional peaks
(secondary phases) was observed in the Fe, Co,
and Fe/Co doped clusters when indexing the peaks
with the assistance of the JCPDS-file 36-1451. A
similar case was reported by Mohamed et al. [22]
in which the fabricated Co/ZnO NPs matched with
a standard XRD pattern of ZnO. Hence, XRD
pattern add more evidence to the current analysis
as it proves the lack of extra peaks in doped ZnO
NPs as well as an unaltered hexagonal wurtzite
structure in doped ZnO NPs. Therefore all the three
NPs have a same XRD spectrum. Elumalai et al.
[23] recorded the mean crystalline size (D) of
powdered ZnO to be 18nm using Scherrer equation
D=0.89\N/(fcosh). Ta et al. [24] reports that there is
no significant change in the lattice structure and
quality of ZnO crystal upon doping. Hence, the
current study reports estimated particle size of
34.64nm, 32nm and 32.19nm for ZnO, Co-ZnO and
Fe-ZnO, respectively.
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Figure 2. EDX analysis of synthesized nanoparticles (a) ZnO, (b) Co-ZnO and (c) Fe-ZnO
Slika 2. EDX analiza sintetizovanih nanocestica (a) ZnO, (b) Co-ZnO i (c) Fe-ZnO
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Surface morphology of the ZnO NPs and
doped ZnO NPs were investigated using Scanning
Electron Microscopy (Fig 2, Fig 3 and Fig 4). Figure
recorded under different magnifications reveals that
particles are agglomerated with spherical-like and
hexagonal-like appearance with a relatively uniform
size distribution. Furthermore, the elemental
analysis of the synthesized ZnO and doped ZnO
NPs was obtained from the corresponding Energy

&

7"9‘ ‘ . &

© »20kV X10,000 1um

Figure 3. SEM image of Alpinia galanga mediated ZnO NPs

20kV - X10,000 - 1pm

dispersive X-ray spectrum shown in Fig 5. The
accurate elemental composition of NPs in atomic%
and weight% recorded are shown in Table 1. A
gualitative analysis performed by Sharma et al. [21]
confirms the purity of the NPs with the absence of
any other foreign materials within the individual
spectrum of nanoparticles. This supports the
validity of the current study.

20KV X20,000, 1up

Slika 3. SEM slika ZnO NP posredovanih Alpinia galanga

Figure 4. SEM image of Co-ZnO NPs

Slika 4. SEM slika Co-ZnO NP

Figure 5. SEM image of Fe-ZnO NPs
Slika 5. SEM slika Fe-ZnO NP
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Table 1. EDX analysis of ZnO, Co-ZnO and Fe-ZnO NPs

Tabela 1. EDX analiza ZnO, Co-ZnO i Fe-ZnO NP

Atomic percentage (%)

Weight percentage (%)

Elements Zn Co Fe

(0] Zn Co Fe (@)

Zn0O 36.71 - -

63.29 69.73 - - 30.27

Co-ZnO 11.28 13.91 -

74.81 26.78 29.76 - 43.46

Fe-ZnO 11.49 - 20.37

68.15 25.21 - 38.19 36.61

100

(a)

Intensity (%)

20 1

Size (d.nm)

100

(b)

B0
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Figure 6. Particle size analysis of (a) ZnO, (b) Co-
ZnO and (c) Fe-ZnO NPs

Slika 6. Analiza veli¢ine ¢estica (a) ZnO, (b) Co-
Zn0O i (c) Fe-ZnO NP
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3.3. Particle size analysis

Dynamic Light Scattering studies is used to
determine the average size distribution profile of
the ZnO, Fe doped ZnO and Co doped ZnO
nanoparticles (Fig 6).

Table 2 shows the average size distribution of
the NPs and which confirm the results obtained by
XRD and SEM. The average size (Z) of ZnO, Co-
ZnO and Fe-ZnO was found to be 36, 32 and 32
nm, respectively.

Table 2. The average size distribution of ZnO, Co-
ZnO and Fe-ZnO NPs estimated by using
Particle size analysis

Tabela 2. Prosecéna distribucija veli¢ine ZnO, Co-
ZnO | Fe-ZnO NP procenjena koris¢enjem
analize veli¢ine Cestica

Size distribution Z- Average

(d.nm) size (d.nm)
24-38 36
22-44 32
22-44 32

Nanoparticles

Zn0O
Co-Zn0O
Fe-ZnO

3.4. Fourier Transform Infrared spectroscopy
(FTIR)

The characteristic major peaks in the FTIR
spectrum of A. galanga leaf extract show a broad
band at 3143 cm™ and 3444 cm’due to O-H
stretching and bending vibrations of polyphenols
(Fig 7 and Table 3). A slender band at 1768 cm™
reveals the C=0 stretch corresponding to
carboxylic acid. Similarly, the peak at 1056 cm™tis
attributed to an O-H bend. Intense sharp bands at
1400 cm™ and 1637 cm™ correspond to aromatic
(C=C stretch) functional groups [17]. The band at
1637 cm™ represents the N-H bending vibrations of
primary amines. Moreover, the bands at 619 cm’
lcorrespond to bending vibrations of alkynes (=C-
H) and stretching vibrations of alkyl halides
respectively.

FTIR spectrum revealed the function of
phytochemicals as a capping agent during the
synthesis of ZnO NPs. When the bioactive
compound is bound to the surface of ZnO NPs it
subsequently results in the reduction and
stabilization of NPs (phenolic compounds, amines,
ether, carboxylic acids, and hydroxyl groups) [18].

251



N. Sadhasivam

Synergistic effect of Fe and Co doped ZnO nanopatrticles ...

For the reduction of Zn** to Zn® O-H, C-N and N-H
groups are involved [17]. Furthermore, ZnO/Co-
ZnO/Fe-ZnO NPs spectrum exhibit a similar broad
absorption band at 3142 cm™, 3379 cm™,3140 cm™
[18] corresponding to stretching vibration H
bending vibrations in alcohol (Fig 8 and Table 4).
The band at 3140 cm™ in Co doped ZnO NP
corresponds to H bending vibrations. Similarly, an
intense band at 1402 cm™ and 1400 cm™
corresponds to C=C stretch in aromatic ring. There
is an absence of C=0O stretching vibrations in

synthesized ZnO, Co-ZnO, Fe-ZnO spectrums.
Vijayakumar et al. [18] reported that the peaks from
700-900 cm™ in FTIR spectra of ZnO particles are
attributed to the bond formation between Fe and O,
confirming the synthesis of Fe-doped ZnO
nanoparticles. Similarly Sharma et al. [21] also
confirmed the presence of a band at 875cm™ which
was referred as the frequency of metal oxide
vibrations due to the changes in the features of
metal resulting from doping of cobalt metal oxide
precursor.
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Figure 7. FTIR analysis of Alpinia galangal aqueous extract
Slika 7. FTIR analiza vodenog ekstrakta Alpinia galangal
Table 3. FTIR analysis of ZnO, Co-ZnO and Fe-ZnO NPs
Tabela 3. FTIR analiza ZnO, Co-ZnO i Fe-ZnO NP
Functional group and bond A. galanga ZnO Co:ZnO Fe:ZnO
Alkynes =C-H (Bending) 619.15 617.22 688.59 617.22
Alkyl halides C—Cl stretch - - 831.32
carboxylic acids O—H bend 1056.99 - 941.26 -
Primary amines N-H bend 1637.56 1639.49 1624.06 1639.49
Amine C-N (Stretch) 1128.36 1128.36 1130.29
Aromatic C=C (Stretch) 1400.32, 1637.66 1402.25 1402.25 1400.32
Carboxylic acid C=0 stretch 1768.72 - - -
Alcohol O-H (Stretch, H-bending) 3143.97, 3444.87 3142.04 3379.29, 3140.11 3140.11
3.5. Antifungal Assay against standard Amphotericin B (AmB). A
Antifungal assay of ZnO, Co doped ZnO and concentration dependent antifungal activity is

Fe doped ZnO NPs against Candida parapsilopsis
was determined by the well diffusion method. Table
4 shows the details of resulting zone of inhibition
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observed from these results. An ANOVA test
clarifies that the results obtained were statistically
significant.
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Figure 8. FTIR analysis of ZnO, Co-ZnO and Fe-ZnO NPs
Slika 8. FTIR analiza ZnO, Co-ZnO i Fe-ZnO NPs

Table 4. Antifungal activity of ZnO, Co-ZnO and Fe-ZnO NPs against candida parasilopsis. The resulted
zone of inhibition (mm) are expressed in Mean £ SD

Tabela 4. Antifungalna aktivhost ZnO, Co-ZnO i Fe-ZnO NP protiv candida parasilopsis. Dobijena zona
inhibicije (mm) je izraZena kao srednja vrednost £ SD

. Different conce_ntration of Control. . Mean + SD t test F Sig.
Nanoparticles Nanoparticles (Amphotericin
50 mg/L 100 mg/L B 10 mg/ml)
Zn0O 8.66 £ 0.57 9.50 £ 0.50 8.27+1.34 | 11.738 | 20.818 | 0.002*
Co-ZnO 8.33£0.57 9.00 + 1.00 5.77 £ 0.57 7.77+1.56 | 9.168 | 17.357 | 0.006*
Fe-ZnO 8.66 £ 0.57 12.00 = 1.00 8.88 £+ 1.71 6.512 | 34.857 | 0.000*

Figure 9 shows the zone of inhibition of
ZnO/Co-ZnO/Fe-ZnO at 50 and 100mg/L. The
highest zone of inhibition against Candida
parapsilopsis observed had with a diameter of
9.504£0.50 at a concentration of 100mg/L (Fig 9).
Likewise zone of inhibition is 9.00+1.00 and
12.00+1.00 for Co-ZnO and Fe-ZnO NPs,
respectively. The observed zone of inhibition
against Candida parapsilopsis is specified for
Zn0O/Co-ZnO/Fe-ZnO at concentrations of 50 and
100mg/L. The data shows the highest zone of
inhibition (with a diameter of 9.50+0.50) at a
concentration of 100mg/L. Additionally, specific
values for the zone of inhibition are provided for

Co-ZnO and Fe-ZnO NPs. The concluding
statement ties these results together by attributing
the increased antifungal activity to the synergistic
effect of doping in the nanoparticles. The
supporting evidence comes from the observed
zone of inhibition values for different nanoparticle
formulations at varying concentrations. Additionally,
the present analysis supports the fact that particles
in nano dimensions have effective properties
compared to their macro dimensions. Upon
comparing the zones of clearance observed around
both the standard and samples, it was found that
all three types of nanoparticles were effective in
inhibiting growth [23].

Figure 9. Antifungal activity of ZnO, Co-ZnO and Fe-ZnO NPs on candida parasilopsis

Slika 9. Antifungalna aktivnost ZnO, Co-ZnO i Fe-ZnO NP na candida parasilopsis
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The MIC and MFC values of synthesized ZnO,
Fe doped ZnO and Co doped ZnO NPs are shown
(Table 5). From these values, The MIC for ZnO
NPs is observed at a concentration of 12.5ug/ml,
while both Co-ZnO and Fe-ZnO NPs share
identical MIC values at a concentration of
3.125pg/ml. The MFC values show significant
value of 25ug/ml for ZnO NPs, 3.125ug/ml for Fe-
ZnO and Co-ZnO NPs. Thus evaluating MIC and
MFC, a potential MIC/MFC ratio was calculated to
be 2;1;1 for ZnO; Fe-ZnO; Co-ZnO NPs.

Table 5. MIC (ug/ml) and MBC (ug/ml) values of
ZnO, Co-ZnO and Fe-ZnO NPs against
candida parasilopsis

Tabela 5. MIC (ug/ml) i MBC (ug/ml) vrednosti

ZnO, Co0-ZnO i Fe-ZnO NP protiv
parasilopsis kandide
Nanoparticles (p'g/lr?“) (;':g?nfl) Ml?r,;:t/ihéllc
Zn0O 125 25 2
Co-ZnO 3.125 3.125 1
Fe-ZnO 3.125 3.125 1

IR

The biofilm inhibitory activity of synthesized
nanoparticles was determined by a standard crystal
violet method performed on micro titration plates.
Figures 10 reveal the light microscopic observation
of the biofilm and the image recorded using an
inverted microscope under 40X magnification (Fig
11). Figure 10 shows the effective inhibition of
fungal hyphae according to standard 10mg AmB
and 100mg, 50mg, and 25mg of Fe-ZnO. The
figurel0 shows a synergistic effect in the biofilm
inhibitory activity by Fe-ZnO compared to that Co-
ZnO in the same concentration range.
Nevertheless, the rest of the concentrations also
exhibit an appreciating inhibitory activity against a
pathogenic  Candida  parapsilopsis  biofilm.

Eventually, there is a decreased aggregation of
planktonic cells in the biofilm compared to control
(absence of nanomaterial). In the case of both light
and inverted microscopic observations both the
nanoparticles appeared to have a concentration
dependent anti biofilm activity against the Candida
parapsilopsis strain.

ervation of the biofilm inhibitory assay of ZnO (a-e), Co-ZnO (f-
j) and Fe-ZnO (k-0) NPs on C.parasilopsis

Slika 10. CV obojeno svetlosnim mikroskopskim posmatranjem testa inhibitora biofilma ZnO (a-e), Co-
ZnO (f-j) i Fe-ZnO (k-0) NP na C.parasilopsis
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Figure 11. The image obtained from inverted microscope under 40X magnification for of ZnO (a-e), Co-
ZnO (f-j) and Fe-ZnO (k-0) NPs

Slika 11. Slika dobijena invertovanim mikroskopom pod uvecanjem od 40Ks za ZnO (a-e), Co-ZnO (f-)) i
Fe-ZnO (k-0) NPs

4. CONCLUSION

The present study was carried out on the
synergistic effect of Fe and Co doped ZnO
nanoparticles synthesized using Alpinia galanga
leaf extract and their in vitro antifungal activity. ZnO
NPs were successfully synthesized and doped with
transition metal precursors to generate Fe doped
ZnO and Co doped ZnO NPs by co precipitation
method. The nanoparticles fabricated under
optimized process conditions were characterized
using FTIR, XRD, SEM, DLS, EDAX and the

results were evaluated. In vitro antifungal
susceptibility tests revealed the fascinating
antifungal efficiencies of three NPs against
Candida parapsilopsis when compared to a
standard  Amphotericin  B.  Hence, these
nanoparticles could be largely exploited for
biomedical applications. Moreover, it strongly

emphasizes the need to execute a green synthesis
approach for synthesizing metallic/metal oxide
nanoparticles rather than a chemical approach.
This particular work is regarded as an
environmentally safe, inexpensive method and the
process could be effectively practiced on large
scales. The nanoparticles can be explored as a
novel nano therapeutic medicine in future.
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1ZVOD

SINERGISTICKI EFEKAT NANOCESTICA ZnO DOPIRANIH Fe I Co
SINTETIZOVANIH KORISCENJEM ALPINIA GALANGA PROTIV CANDIDA
PARASILOPSIS

U ovom istraZivanju, nanocestice kao $§to su ZnO, ZnO dopiran Fe i ZnO NP dopiran Co
pripremljene metodom koprecipitacije su testirane protiv patogenog kvasca. Spektroskopske
analize su sprovedene radi identifikacije morfoloskog i hemijskog sastava sintetizovanih
nanocestica. Rezultati XRD analize su otkrili da su sintetizovane nanocestice kristalne prirode sa
prosecnim rasponom veli¢ine izmedu 32 — 34 nm priblizno. EDKS i SEM analize su sprovedene
da bi se identifikovao sastav elemenata (Co, Fe i Zn) i sferni oblik nanocestica. Funkcionalna
grupa koja je odgovorna za zatvaranje i stabilnost nanocestica je potvrdena FTIR analizom, da bi
se uporedila antifungalna efikasnost ZnO, ZnO dopiranog Fe i ZnO dopiranog Co iz rezultujuce
zone inhibicije.

Kljucéne reci: Antifungalna aktivnost, Candida parapsilosis, bakar, gvoZde, cink
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Investigation of the performance of activated carbon derived from
ripe plantain peels for CO, capture: Modelling and optimisation using

response surface methodology

ABSTRACT

This study investigates the potential of activated carbon derived from ripe plantain peels (PPAC)
for carbon dioxide (CO,) capture. PPAC was prepared through carbonization and activation using
Hs;PO,, and its unique properties were extensively characterized which revealed irregular sponge-
like protrusions and well-defined pores under Scanning Electron Microscopy (SEM). Elemental
analysis identified carbon, silicon, and oxygen as major components, corroborated by X-ray
Diffraction (XRD) analysis indicating the presence of silicon oxide (SiO,), potassium oxide (K,0),
and calcium oxide (CaO). Fourier Transform Infrared (FTIR) spectroscopy highlighted diverse
functional groups on PPAC's surface. CO, adsorption tests were conducted at 27°C and 40°C with
varying pressures on PPAC particles of 150um and 845um sizes. Results revealed that CO,
adsorption capacity increased with escalating pressures. Remarkably, at 27°C, PPAC exhibited
superior performance than at 40°C, afttributed to a higher-pressure drop enhancing the driving
force for CO, adsorption. Larger particles (845um) demonstrated higher adsorption capacity due
to increased surface area, enhanced pore accessibility, and faster mass transfer. The Response
Surface Methodology (RSM) conducted gave 2FI model as the most representative of the design
data and showed high accuracy (R?*=0.9973) and low error metrics (MSE=0.01697,
RMSE=0.130269, MAE=0.109, MAPE=2.7244). The Adeq Precision value of 76.26 validated the
model's reliability. Optimization using RSM yielded optimal CO, adsorption values (9.69 mmol/g)
at 27°C and 100 bars. PPAC emerges as a promising solution for CO, capture, offering valuable
prospects in mitigating emissions and addressing climate change challenges.
Keywords: Ripe Plantain peel activated carbon, Response surface
Characterization, optimisation, CO, adsorption

methodology,

1. INTRODUCTION

The utilization of fossil fuels has resulted in
substantial CO, emissions, a major contributor to
global warming and climate change [1,2]. CO,
emissions constitute a significant portion of global
greenhouse gas emissions, posing challenges
such as climate change and ocean acidification [3,
4]. Currently, atmospheric CO, levels have
exceeded 415 ppm, surpassing the Earth's
capacity. Rising global temperatures, particularly
beyond 2°C, could lead to severe environmental
consequences [5,6].
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Efforts to mitigate global warming include the
exploration of Carbon Capture and Storage (CCS)
technologies. Among these, post-combustion CO,
capture techniques, have gained prominence due
to their low technological risk and retrofittable
nature [7,8]. Various methods, such as adsorption,
membrane processes, cryogenic distillation, and
adsorption, have been suggested for CO,
separation [6, 9]. Among these options, cryogenic
distillation is the most established, but its extensive
use is hindered by significant energy consumption
and high costs [10,11].

Absorption methods, especially those utilizing
amine-based solvents, offer high CO, absorption
rates but are hindered by high costs, energy
consumption, corrosion issues, and environmental
concerns [11,12]. Additionally, liquid sorbents like
polyamines and  organic-inorganic  hybrids
necessitate thermal energy for desorption [13,14].
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Membrane separation, on the other hand, has
emerged as a promising technology for CO,
capture. Both polymeric and inorganic membranes
have been extensively studied [15,16]. Inorganic
membranes have demonstrated high permeability
and selectivity but face challenges related to
fabrication costs and scalability [17,18]. Polymeric
membranes, following the solution-diffusion
mechanism, encounter limitations due to the trade-
off between selectivity and permeability, hindering
their industrial applicability [19,20].

Adsorption-based CO, capture, employing
materials like activated carbon (AC), metal-organic
frameworks (MOFs), zeolite molecular sieves, and
porous organic polymers (POPs), has gained
attention, especially for smaller-scale applications
[17, 20]. Among these, AC stands out due to its low

regeneration energy, thermal stability, large
porosity, and cost-effectiveness. While
commercially-produced AC exhibits good

performance, its production process is prohibitively

expensive in developing nations, leading to
increased operational costs [21,22].
To address these challenges, there is a

growing interest in affordable methods of producing
activated carbon. Utilizing biomass from
agricultural waste materials such as rice husk,
coconut husk, plantain peels, sawdust, bagasse,
and other agricultural residues presents an
economical and environmentally sustainable
alternative [23,24]. These biomass-derived sources
significantly reduce production costs compared to
commercial counterparts and hold great potential
for future commercialization [25-27].

Researchers have extensively explored the
utilization of biomass and waste materials for the
preparation of activated carbon with promising
applications in CO, adsorption [28,29]. For
instance, Sabri et al. [30] investigated the use of
palm kernel shell for activated carbon synthesis,
which was further modified with imidazoles. This
modified activated carbon demonstrated
outstanding performance in CO, capture during
pressure swing adsorption processes [31,32].

Serafin et al. [20] explored the use of
Amazonian andiroba shell for producing porous
activated carbon as a CO, adsorbent. They
employed physical activation techniques and
studied the effect of activation times on the
material's characteristics. The resulting activated
carbon exhibited high surface area, microporosity,
and excellent CO, adsorption capacity.
Additionally, their research highlighted the
material's superior cyclic stability and charge
transfer processes, indicating its potential for
practical applications.
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Patel et al. [19] investigated activated porous
carbon derived from pine sawdust using a hybrid
synthesis protocol. This research compared the
effectiveness of activated carbon derived via
physicochemical, chemical, and physical activation
methods. The optimized material exhibited a high
BET surface area and remarkable CO, adsorption
capacity. It displayed strong physisorption
behaviour for CO,, making it suitable for repeated
adsorption-desorption cycles.

Yanti et al. [21] explored the synthesis of
activated carbon from banana peel, which was
further modified with magnetite for enhanced iron
metal ion recovery. The activated carbon exhibited
improved thermal stability after alkali activation.
Their study showcased the material's potential in
CO, adsorption and highlighted its thermal stability
after modification.

In recent years, Response Surface
Methodology (RSM) has gained widespread
popularity for exploring the intricate relationships
between responses and independent variables in
various chemical processes. RSM has been
recognised for its ability to comprehensively
consider interactions among variables, both in
combination and independently [6]. Unlike the
conventional method of altering one variable at a
time (OVAT), which is time-consuming, costly, and
fails to capture interactions between input
variables, RSM modelling and optimization provide
a more efficient approach. To faciltate RSM
studies, several design techniques are available,
such as Box-Behnken Design (BBD), central
composite design, and optimal design methods.
Among these, the Box-Behnken Design (BBD) has
emerged as the most extensively explored method
for RSM modelling and optimization. BBD not only
reduces the number of experiments required but
also offers valuable insights into how processes
are influenced by the interactions between various
parameters [33].

Many scholars have investigated the use of
RSM for modelling and optimisation of activated
carbons prepared using biomass precursors. Greco
et al. [6] investigated activated carbon prepared
from wheat straw using a one-step synthesis
approach, comparing it with conventional two-step
production methods. Their research demonstrated
that the one-step activated carbon exhibited
comparable textural properties, CO, uptake, and
selectivity to the two-step  counterparts.
Breakthrough curve simulations also emphasized
its effectiveness in CH,/CO, separation under
dynamic conditions, making the one-step process
an economically attractive route for large-scale
production systems.
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Khoshraftar and Ghaemi [10] investigated the
use of pistachio shells for creating microporous
activated carbon with high CO, adsorption
capacity. They employed various analytical
techniques such as X-ray diffraction, Fourier
transform infrared spectrometry, and scanning
electron microscopy to characterize the material.
The activated carbon derived from pistachio shells
exhibited specific surface area and excellent CO,
sorption properties. Their study also utilized
response surface methodology and artificial neural
network models to optimize CO, adsorption
conditions, achieving highly accurate predictions.

Li et al. [24] explored the synthesis of low-cost
activated carbons using apple tree pruning waste
and waste polyethylene terephthalate (PET) plastic
bottles. Their research focused on understanding
the synergistic mechanism between these
precursors during carbonization. Through response
surface methodology, they analysed the impact of
PET ratio and carbonization conditions on pore
structure and CO, adsorption performance. The
optimized conditions led to a significant CO,
uptake, demonstrating the potential of this
activated carbon for CO, adsorption.

Mukherjee et al. [30] utilized spent coffee
grounds as a feedstock for activated carbon
synthesis via physical activation. They optimized
the activation parameters using the Box-Behnken
design method, achieving high specific surface
area. Additionally, they employed a natural deep
eutectic solvent to modify the activated carbon's
surface functionalities. The resulting material
displayed excellent CO, capture performance,
selectivity, and cyclic stability, making it a
promising solution for CO, emission mitigation.

2. MATERIALS AND METHODS

2.1. Materials and Apparatus

The study used ripe plantain peel as the
precursor material which was obtained from
Effurun market in Delta State, Nigeria. H3POy, pure
CO, gas and distilled water were obtained from the
lab. The Apparatus used include SEM device, FTIR
device, XRD device, EDX device, grinding
machine, stirrer, pH meter, cylindrical glass beaker,
oven, furnace, CO, adsorption setup.

2.2. Methods

The methods comprise the preparation of
plantain peel activated carbon (PPAC), the
characterization of the PPAC, the CO, adsorption
test and the RSM modelling.

2.2.1. Preparation of Activated Carbon

The ripe plantain-peels were thoroughly
washed with tap followed by distilled water and sun
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dried for three weeks. The sun-dried sample was
then taken to the lab for extra effective drying using
oven at 100°C. The resulting oven-dried sample
was taken to the furnace for carbonization.
Carbonisation of the oven-dried sample was done
at 500°C in the furnace after which the resulting
sample was grinded to obtain a smooth powdered
sample. The resulting powdered sample was then
sieved to several sizes including 150 microns and
840 microns respectively.

y > carbonization H,PO,
AT, |
- - o
NG AL
= =

I

Activated
carbon
(AC)

Figure 1. PPAC preparation process
Slika 1. Proces pripreme PPAC-a

The resulting sieved carbonized sample was
then taken for activation. Phosphoric acid (HzPO,)
was used as the activator. First, a cylindrical glass
beaker was filled with phosphoric acid and then the
sieved carbonized sample was added to it. The
resulting mixture was vigorously stirred using
electric stirrer for 24 hours to achieve a strong
cohesion between the activator (H3PO,) and the
carbonized plantain peel sample. Furthermore, the
stirring enabled the H3;PO, to achieve strong
internal contact with the carbonized material.

The stirring was immediately proceeded with
the filtration of the H;PO, acid from the activated
sample. Then warm water was added and stirred
again to remove residual acid. The pH of the
activated carbon was then checked and recorded.
The pH was recorded to be 7.60. then the activated
carbon was then dried in the oven at 100°C.

2.2.2. Characterisation of the Plantain Peel
Activated Carbon

Various characterization techniques were
employed to analyze the structural and
morphological properties of the plantain peel
activated carbon (PPAC). Fourier-Transform
Infrared (FTIR) Spectroscopy was used to examine
the functional groups in PPAC by analyzing
infrared spectra at different wavelengths. A
PerkinEImer  FTIR  spectrometer identified
functional groups on PPAC surfaces after mixing
PPAC and potassium bromide (KBr) at a weight
ratio of 1:200 (g adsorbent/g KBr) and compacting
the powder with a hydraulic press to form pellets.
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d)

Figure 2. The Activated carbon preparation process (a) ripe plantain peel, (b) carbonized plantain peel, (c)
activation of carbonised plantain peel carbon (d) activated plantain peel carbon.

Slika 2. Proces pripreme aktivnog uglja (a) zrela kora banane, (b) karbonizovana kora banane, (c)
aktivacija karbonizovanog ugljenika od kore banane (d) aktivni ugljen od kore banana

Scanning Electron Microscopy (SEM) was
utilized to observe the morphology of PPAC using
a TESCAN Vega 3 model operating at 25 kV. The
Micromeritics ASAP 2020 porosimeter measured
nitrogen adsorption/desorption isotherms at 77 K to
determine the structural parameters of activated
carbon. Energy Dispersive X-ray (EDX) analysis
was conducted to analyze the chemical
composition of the PPAC sample.

The crystalline structure of the sample was
determined using X-ray diffraction analysis
performed with a D8 Advance X-ray diffractometer
(model: D8 Advance, BRUKER, Germany) coupled
with a P2 Phaser Bruker and an XFlash silicon drift
detector. During the analysis, the sample was
ground into a fine powder and placed inside the
device. The X-ray motion moved in a circular path
from 5 to 90 degrees relative to the horizon line,
directing the beam onto the sample from different
angles. Diffraction measurements were taken at
every 0.015 6, generating a diffraction pattern.

2.2.3. CO, Adsorption Experiment

An experimental setup illustrated in Figure 3a
was setup to determine the CO, adsorption
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capacity of PPAC under post-combustion
conditions, adhering to Sieverts law [34]. Initially, a
59.06-inch flowline with a diameter of 14 inches
was established to facilitate the passage of CO,
gas from the storage cylinder to the Staging
Manifold (SM) depicted in Figure 3b, measuring 8
inches in length and 2.16 inches in diameter.
Within the SM, the pressure of CO, was gradually
allowed to increase, reaching post-combustion
conditions ranging from 0.15 to 1 bar.

Subsequently, a Reactor (R) housed in a water
bath, as shown in Figure 4, was connected to V1
through a 13-inch flow line with a diameter of 14
inches. Finally, a vacuum pump with a capacity of 1
horsepower was linked to a 47-inch flow line with a
diameter of 14 inches, positioned between the CO,
storage cylinder and V1. This setup was
instrumental in evacuating CO, from the flow loop
at the conclusion of each sorption cycle conducted
at specific pressure and temperature conditions.

During the CO, adsorption test: first, the
vacuum pump (VP) was used to eliminate air
molecules from the airtight apparatus, ensuring the
absence of other gases in the system before the
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adsorption process. Subsequently, the Dosing
Valve (DV) and Bleeding Valve (BV) were closed,
while the Inlet Valve (IV) was opened to allow the
passage of CO, gas. A specific mass of adsorbent

WATER BATH
-

(CS - 1.08g, AC — 1.08g) was precisely measured
using a weighing balance and placed
Reactor (V2) to occupy its volume.

inside

Figure 3. CO, adsorption equipment (a)Experimental setup for evaluation of CO, adsorption capacity (b)
Reactors for storing adsorbents

Slika 3. Oprema za adsorpciju CO, (a) Eksperimentalna postavka za procenu kapaciteta adsorpcije CO,
(b) Reaktori za skladistenje adsorbenata

Eleeding Valve
Inlet
valve

Pressure guage
osing valve

Pressure guage

Manifiold

——————————Gas cylinder

Vacuum pump

Figure 4. Schematic of CO, adsorption experimental setup

Slika 4. Sema eksperimentalne postavke za adsorpciju CO,

Next, CO, gas was gently introduced into the
Staging Manifold (V1) from the CO, gas cylinder
(CGC) while DV and BV were closed, allowing the
pressure to build up in V1 to a specific pressure of
interest (P1 - 2.0, 3.0, 4.0, 5.0, 6.0, 8.0, 10.0, and
15.0 psi). Once the desired pressure was reached,
IV was promptly closed to maintain a constant
pressure in V1. The Staging Manifold was sealed
for 15 minutes to check for any leakages, which
were monitored through any noticeable pressure
drop indicated by the Pressure Gauge (PG).

Following this, an equilibration temperature
was maintained for 30 minutes. DV was then
cautiously opened, allowing CO, gas to flow into V2
submerged in a water bath (WB) kept at a specific
temperature. This initiated contact with the
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adsorbents, allowing the adsorption process to
occur over a period of 60 minutes. The final
pressure, denoted as P2, was recorded by the PG.
DV was closed, and BV was opened to enable CO,
entry from CGC into V1 until the pressure of
interest was achieved. This experiment was
repeated for each sorption cycle under incremental
pressure and constant temperature conditions.

At the end of each sorption cycle, with pressure
increment and constant temperature, DV was
closed, and V1 was detached from the apparatus.
The apparatus was sealed, and residual gas
molecules were removed using VP. A specific
mass of adsorbent was re-measured and placed in
V1, occupying its volume, and the experiment was
repeated as described above. The temperatures
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utilized in this experiment were 26°C, 40°C, and
70°C, while the pressures of interest were 5 psi, 10
psi, and 15 psi.

2.2.4. RSM Modelling

The RSM modelling involved the examination
of two variables from the CO, adsorption test:
temperature (ranging from 27°C to 40°C) and
pressure (ranging from 20 psi to 100 psi) to
understand their impact on CO, adsorption
(measured in mmol/g). These variables were used
as input data for the BBD-RSM modelling. The
BBD generated 10 experimental runs, which were
utiized in the modelling process. Various
regression analysis models were assessed to
identify the most accurate one that could
approximate the experimental data precisely. The
outcomes were analysed using 3D response plots
and an analysis of variance (ANOVA). The
suitability of the model was evaluated through
ANOVA, coefficient of determination (RZ), F-value,
P-value, and residual analysis. The 2FI model
exhibited superior performance and was chosen
based on statistical parameters such as R?,
adjusted R?, predicted R? standard deviation, and
coefficient of variance (COV). Through multiple
regression analyses, these models were fitted to
the experimental data, enabling the estimation of
responses from independent variables using the
provided general equations below. The general
form of the 2FI regression model is given as

y=a,+ Y a0+ Y5, Z? aiji<pXix; +e(1)

where x;, x;, x;, are the input variables and a;, a;;,
a;, and a;;; are the coefficient of each of the terms,
a, is the offset and e is the residual or error term.

The statistical metrics which are used to assess
the performance of the RSM comprise the
coefficient of determination (RZ), the mean-square
error (MSE), the root-mean-square error (RMSE),
the mean absolute error (MAE), the mean absolute
percentage error (MAPE) and the standard
deviation as given below

R2 = Zabaimp)” 2)
Z?=1(xp,i—xa,ave)2
1 2
MSE = ” 7l'1=1(xp,i - xa.i) (3)
1 2
RMSE = \/;Z?:l(xp,i - xa.i) (4)
1
MAE = - ?=1|(xa,i - xp,i)| )
1 n i .
MApE = n2zilCaizpl 6)
;Zln=1xa,i
. 2
std dev = ?21(96(2Tm) ()
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where n is the number of experimental runs, xp,i is
the estimated values, xa,i is the experimental
values, xa,ave is the average experimental values,
xq; IS the difference between the actual and
estimated value, m is the mean value of x,; dataset,
k is the number of input variables.

3. RESULTS AND DISCUSSION

3.1. PPAC Characterization Result

The SEM image depicted in figure 5 shows the
morphology of the PPAC at 500um.

Figure 5. SEM images of PPAC
Slika 5. SEM slike PPAC-a

The morphology of PPAC from in 5 shows
irregular  sponge-like  protrusions  distributed
unevenly, with  well-defined pores. These
protrusions are indicative of the organic content
present in plantain peels, while the clearly visible
pores are the outcome of thermal and chemical
treatments, involving processes like carbonization
and activation. These treatments removed volatile
components from the sample, resulting in the
distinctive microstructure observed in PPAC. This
microstructure signifies an enhanced surface area,
essential for effective adsorption of gaseous
substances.

The EDX analysis depicted in Figure 6 reveals
the elemental composition of PPAC, indicating the
presence of oxygen (20.23 wt%), carbon (33.4
wt%), potassium (5.32 wt%), magnesium (1.35
wt%), calcium (4.50 wt%), silicon (30.0 wt%), and
iron (5.20 wt%). The predominant components in
PPAC are carbon, silicon, and oxygen, with lower
proportions of potassium, iron, calcium, and
magnesium, each decreasing in percentage
weight. The oxygen content in PPAC holds critical
significance, as oxygen functional groups play a
pivotal role in determining the surface properties of
carbons, influencing their suitability as ion
exchangers, adsorbents, etc.
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Figure 6. EDX analyses showing the chemical composition of PPAC
Slika 6. EDX analize koje pokazuju hemijski sastav PPAC-a
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Figure 7. XRD analyses results of PPAC
Slika 7. Rezultati XRD analize za PPAC
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Figure 8. FTIR analyses of PPAC
Slika 8. FTIR analize PPAC
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The XRD results of the PPAC shown in Figure
7 reveal the crystallinity of the and hence indicate
the oxide composition of the PPAC. Diffraction
angles were observed within the range of 0 to
51.6°. Prominent peaks were identified at 22°, 25°,
and 36.5°, while minor peaks were noted at 42°
and 49°. The major peaks indicate the presence of
silicon oxide (SiO,) as the predominant component
in PPAC, followed by potassium oxide (K,O) and
calcium oxide (CaO). Additionally, the minor peaks
suggest the existence of iron (IIl) oxide (Fe,03) and
aluminium oxide (Al,O3). The prevalence of these
oxides, particularly SiO,, K,O, and CaO in PPAC,
signifies the transformation of activated carbon
from its precursors due to the thermal and chemical
treatments applied during its preparation

The FTIR analysis of PPAC, as depicted in
figure 8, displayed peaks at specific wavenumbers:
3850.60 cm™, 3368 cm™, 2919 cm™, 2315.8 cm™,
1709.38 cm™, 1605 cm™, 1443 cm™, 1375.54 cm™,
1034 cm™, and 722.27 cm™. Bands within and
above 3850 cm™ signified OH stretching vibrations,
while those within the range of 3500-3860 cm™
indicates OH stretching of proteins or polyphenols.
Bands between 3300-3500 cm™ represented
bonded N-H/C-H/O-H stretches typical of amines

Adsorbition

and amides. Aliphatic stretches involving C-H and
C-H, bonds were denoted by bands in the 2850-
2950 cm™ range. The presence of C-N bonds was
indicated by bands around 2100-2350 cm™. Double
bonds of C=0, characteristic of ketones, were
noted within the 1700-1750 cm™ range. Inorganic
carbonate groups (-C=0 groups) were identified in
the 1400-1470 cm™ range, while CH and CH,
aliphatic bending groups were present in the 1350-
1440 cm™ range. Silica was evidenced by the
bands at 1054 cm™, and out-of-plane CH bending
was observed in the 700-800 cm™ range.

The specific surface area and pore size
distribution of PPAC were determined through BET
and BJH analyses. The BET analyses revealed a
surface area of 1062.350 m?g. Additionally, the
adsorption and desorption average pore widths
were found to be 28.25A and 28.22A, respectively,
as per the BET analyses. On the other hand, the
BJH analyses indicated average pore widths of
28.55A (adsorption) and 30.55A (desorption). The
single-point adsorption total pore volume of pores
measured 0.554500 cm?/g, whereas the desorption
cumulative volume of pores was 0.452220 cm?/g.
The isotherm linear plot for the BET/BJH analyses
is presented in figure 9.
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Figure 9. Isotherm linear plot of the PPAC subjected to BET/BJH analyses

Slika 9. 1zotermni linearni dijagram za PPAC podvrgnut BET/BJH analizama

From figure 9 shows that the quality of
absorbed species from the PPAC would increase
exponentially with increase in the relative pressure
(P/P0)

3.2. Results for CO, Adsorption

CO, adsorption results are given for PPAC
samples of 150um and 845um. For the 150um
PPAC sample, the CO, adsorption capacities were
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found to be 2.1558 mmol/g and 9.6126 mmol/g at
pressures of 20 psi and 100 psi, respectively, and
at an adsorption temperature of 27°C. However, at
40°C, the CO, adsorption capacities at 20 psi and
100 psi were recorded as 1.4438 mmol/g and
7.7154 mmol/g, respectively. Figure 10 illustrates
the differences in both the final adsorption pressure

and CO, adsorption capacity for different
temperatures under the same applied initial
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pressures. The CO, adsorption capacity as a
function of initial and final pressures is depicted in

12

-
o

00

——2/°C
40°C

CO, Adsoprtion Capacity, mmol/g
[l

0 50 100 150
Initial Pressure, bars

a)

figures 10a and 10b for 27°C and 40°C,

respectively.
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Figure 10. CO, adsorption capacities for 150um (a) as a function of Initial pressure
(b) As a function of final pressure

Slika 10. Kapaciteti adsorpcije CO, za 150um (a) u funkciji poc¢etnog pritiska
(b) u funkciji konacnog pritiska

As shown in Figure 10, it is evident that the
CO, adsorption capacity rises with increasing
pressures, both initial and final. However, at 27°C,
the PPAC exhibited a higher CO, adsorption
capacity compared to that at 40°C, as pressures
were varied. This indicates that for the 150um
activated carbon, CO, adsorption decreased with

40
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15
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an increase in adsorption temperature. The
increased CO, adsorption observed at the higher
temperature of 150um PPAC is attributed to the
greater pressure drop across the membrane
material at lower temperatures. This condition
created a stronger driving force, leading to higher
CO, adsorption, as illustrated in Figure 11.

—— 2 7°C
40°C

80 100 120

Initial Pressure, bars

Figure 11. Pressure drop across PPAC for various adsorption temperatures

Slika 11. Pad pritiska na PPAC za razli¢ite temperature adsorpcije

Figure 11 reveals that with an increase in
temperature, the pressure drop across the PPAC
material diminishes, leading to a lower CO,
adsorption capacity. The pressure drop refers to
the disparity between the final resultant pressure
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and the initial pressure applied across the activated
carbon material. The driving force for gas
adsorption is intricately linked to the difference in
partial pressure of the gas across the adsorbent
material. A higher-pressure drop indicates a more
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substantial difference in CO, partial pressure,
thereby facilitating more significant adsorption.

For the 845y PPAC sample, the CO,
adsorption capacities were 2.542 mmol/g and
12.7103 mmol/g at 20 psi and 100 psi pressures,

respectively, at 27°C temperature. At 40°C
14
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temperature, the CO, adsorption capacities were
3.6775 mmol/g and 8.451 mmol/g at 20 psi and
100 psi pressures, respectively. Figure 12 shows
the CO, adsorption capacities as a function of the
initial and final pressures for the 845um PPAC.
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Figure 12. CO, adsorption capacities for 845um (a) as a function of Initial pressure
(b) As a function of final pressure

Slika 12. Kapacitet adsorpcije CO, za 845um (a) kao funkcija poCetnog pritiska
(b) Kao funkcija konac¢nog pritiska

The CO, adsorption capacities of 845um size
PPAC exhibit variations with temperature and
pressure. At 27°C, the CO, adsorption capacity of
845um PPAC demonstrated a linear increase with
both initial and final pressures. The initial pressure
corresponds to the applied inlet pressure of the
feed CO,, while the final pressure corresponds to
the recorded pressure of the adsorbed CO,
species. Conversely, at 40°C  adsorption
temperature, the CO, adsorption displayed an
erratic trend. The adsorption showed both
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increasing and decreasing patterns with both
applied and final pressures. CO, adsorption

increased between inlet pressures of 20 psi to 40
psi and then decreased between 40 psi and 60 psi
pressures. It then increased again from 60 psi to 80
psi pressures and subsequently decreased
between 80 psi and 100 psi pressures.

Figure 13 shows the comparison of the CO,
adsorption capacities of the PPAC for the 150um
and 845um at several pressures and temperatures.

—®— 150pm @ 27°C
A45pum @ 27°C
150pm @ 40°C
SA45pum @ 40°C

120

Initial Pressure, bars

Figure 13. CO, adsorption capacities at several particle sizes of PPAC

Slika 13. Kapacitet adsorpcije CO, pri nekoliko veli¢ina ¢estica PPAC-a
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From figure 13, it is observed that CO,
adsorption exhibited higher values for 845um
particles compared to 150um particles. This finding
indicates that CO, adsorption increases with larger
particle size of activated carbon, a trend consistent
across both 27°C and 40°C adsorption
temperatures. Several factors contribute to this
phenomenon:

Activated carbon materials possess a porous
structure, characterized by a network of tiny pores
and a high surface area. Larger particle sizes
provide more space for these pores, creating a
greater surface area available for adsorption.
Consequently, larger particles offer ample room for
CO, molecules to be adsorbed onto the surface of
the activated carbon. In contrast, smaller particles
result in crowded pores, limiting the accessibility of
CO, molecules to the interior of the pores.

Furthermore, smaller particles tend to impede
the diffusion of CO, molecules into the internal
pores due to increased resistance. Larger particles,
on the other hand, offer open pathways for CO,
molecules to enter the porous structure, enhancing
adsorption capacity. Additionally, larger particles
provide a greater number of active adsorption sites
due to their larger surface area. This abundance of
adsorption sites allows for more interactions
between CO, molecules and the adsorption sites,
resulting in a higher adsorption capacity.

In  contrast, smaller particles tend to
agglomerate, reducing the overall surface area
available for adsorption. Larger particles, being
less prone to agglomeration, maintain a larger
accessible surface area for CO, adsorption,
facilitating faster and more efficient adsorption and
mass transfer of CO, molecules. These
characteristics collectively contribute to the
observed increase in CO, adsorption capacity with
larger particle size of activated carbon.

Table 1. Model coefficient based on ANOVA

Tabela 1. Koeficijent modela na osnovu ANOVA

4.2. RSM Modelling Results

The RSM model was developed by fitting the
experimental data to the RSM model. The 2FI
model gave the highest fit to the actual data and
was selected. The equation for the 2FI model
generated by RSM is given as

Y = +5.32—0.6858X, + 3.46X, — 0.22721X,X, (8)

Equation 8 generated by RSM shows CO,
adsorption represented as Y while temperature and
pressure are represented by X; and X,
respectively. The equation 7 shows that CO,
adsorption is affected by temperature and pressure
of the CO, gas. Equation 8, expressed in terms of
the actual factors, provides a tool for predicting the
response for specific levels of each factor. To use
this equation effectively, the levels must be
specified in the original units of each factor for both
input parameters and the response variable.

The RSM model demonstrated strong
predictive capability, proven by high coefficients of
determination (2R220.9973, Adjusted R?=0.9959,
and predicted R“=0.9909). R? values exceeding 0.8
typically indicate a significant fit between
experimental and model-predicted results. The low
coefficient of variance (CV) at 3.24% highlights the
reliability of the experiment. The results from the
analysis of variance (ANOVA), summarized in
Table 1, confirmed the significance of the input
parameters and the 2FI model. In the 2FI model,
each term was assessed for significance using p-
values at a confidence level of 95%. Terms with p-
values less than or equal to 0.05 were considered
significant, indicating their impact on the response.
Additionally, higher F-values for model terms
highlighted their substantial influence on the
response variable. Notably, the p-value less than
0.0001 and the f-value of 731.21 further validate
the acceptability of the 2FI model.

Source Sum of Squares df Mean Square f-value p-value
Model 64.9 3 2.63 731.21 <0.0001 Significant
A-Temperature 4.7 1 4.7 158.97 <0.0001
B-Pressure 59.94 1 59.94 2025.92 <0.0001
AB 0.2581 1 0.2581 8.73 0.0255
Residual 0.1775 6 0.0296
Cor Total 65.08 9

Figure 14 shows the actual vs. predicted
response for the reduced cubic regression model.

In Figure 14a, the actual and predicted values
are closely aligned and exhibit good agreement, as
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indicated by their proximity to the 45° line. Figure
14b illustrates the graphical analysis of the model
through a normal plot of residuals. The majority of
data points fall within the range of 1.0 and -1.0
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when represented as residuals. This alignment
along a straight line suggests a normal distribution
of residuals as the focus progresses. Equation (8)
has proven to be the most suitable model for

Predicted vs. Actual

Predicted

Actual

a)

interpreting historical data related to CO,
adsorption responses. The model highlights that all
independent parameters significantly influence the
response parameter.

Normal Plot of Residuals
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Figure 14. RSM diagnostic plots: a) Predicted vs actualm b) Normal plot of residuals

Slika 14. RSM dijagnosticki grafici: a) Predvideni naspram stvarnih (b) Normalni grafikon reziduala

Table 2. Actual and predicted results for CO,

and RMSE (0.13) values signify minimal errors

adsorption between the actual data and the predicted
response. Additionally, the MAE (0.109) and MAPE
Tabela 2. Stvarni i predvideni rezultati za (2.72) values emphasize the high accuracy of the
adsorpciju CO predictions.
run | Temperature | Pressure COZQ?nsé’VrgtiO”’ Table 3. Performance metrics for RSM indicating
°C psi _ model validation
Actual Predicted
1 27 20 2.16 2.31 Tabela 3. Metrika performansi za RSM koja
2 27 40 4.31 4.16 ukazuje na validaciju modela
3 27 60 6.08 6 Parameter Result
4 27 80 7.85 7.85 VISE 0.01697
5 27 100 9.61 9.69 -
6 40 20 1.44 1.39 RMSE 0.130269
7 40 40 2.89 3.01 MAE 0.109
8 40 60 458 4.63 MAPE 2.7244
9 40 80 6.52 6.25 R® 0.9973
10 40 100 7.72 7.86 Adjusted R? 0.9959
Predicted R’ 0.9909
Table 3 shows the performance metrics for the | CV 3.24
RSM model. Adeq Precision 76.26
Table 3 shows that the RSM model provided | Std Dev. 0.172

accurate predictions of the experimental data
based on the considered error metrics. The R®
values exceeding 0.9 indicate highly accurate
predictions of the test data. The low MSE (0.017)
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The reliability of the model and fit are further
supported by its low C.V. % value (3.34%),
indicating a strong correlation between the actual
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and expected values. Adeq Precision, which
measures the signal-to-noise ratio, is desirable
when greater than 4. The Adeq Precision value of
76.262 signifies a robust signal. This model is well-
suited for navigating the design space. The
optimization conducted using RSM resulted in
optimized values for temperature, pressure, and
CO, adsorption at 27°C, 100 bars, and 9.69
mmol/g, respectively.

4. CONCLUSION

Comprehensive investigation of activated
carbon derived from ripe plantain peels has been
achieved. Through carbonization and activation
with H3PQO,, plantain-peel activated carbon (PPAC)

was created and extensively analysed.
Characterisation tests, CO, adsorption test and
RSM modelling were performed. The

characterisation reveals that PPAC was effective
for CO, adsorption as evidenced by the SEM
analyses, XRD analyses, FTIR analyses, BET and
BJH analyses etc. CO, adsorption (mmol/g)
increased with increasing pressures (both initial
and final). However, at 27°C, PPAC exhibited
higher CO, adsorption capacity than at 40°C for the
same pressure range. This suggests that CO,
adsorption decreased with increasing adsorption
temperature. The higher CO, adsorption at lower
temperatures (27°C) was attributed to a higher
pressure drop across the PPAC material. The
pressure drop difference served as a driving force
for enhanced CO, adsorption. Comparing two
particle sizes (150um and 845um) of PPAC, CO,
adsorption capacity was higher for larger particle
size (845um). Larger particles offered more surface
area, better pore accessibility, and facilitated faster
mass transfer, resulting in increased adsorption
capacity.

From the Response Surface Methodology
(RSM) model, the developed 2FI model
demonstrated exceptional accuracy, as observed
by high coefficients of determination (R2=0.9973)
and low error metrics (MSE=0.01697,
RMSE=0.130269, MAE=0.109, MAPE=2.7244).
The reliability of the model was confirmed by the
Adeq Precision value of 76.26. Utilizing the
optimized model. The optimisation conducted using
RSM determined the optimal values for CO,
adsorption as 9.69 mmol/g at temperature and
pressure values of 27°C, 100 bars respectively.
Generally, PPAC demonstrated favourable
characteristics for CO, adsorption, making it a
promising solution for mitigating CO, emissions
and addressing climate change challenges.
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1ZVOD

ISTRAZIVANJE UCINKA AKTIVNOG UGLJA DOBIJENOG IZ KORE ZRELE
BANANE ZA HVATANJE CO,: MODELIRANJE | OPTIMIZACIJA KORISCENJEM
METODOLOGIJE POVRSINE ODGOVORA

Ova studija istrazuje potencijal aktivnog uglja dobijenog iz kore zrele banane (PPAC) za hvatanje
ugljen-dioksida (CO,). PPAC je pripremijen karbonizacijom i aktivacijom pomocu H;PQO,, a njegova
Jedinstvena svojstva su opsezno okarakterisana $to je otkrilo nepravilne izboCine nalik sunderu i
dobro definisane pore pod skenirajucom elektronskom mikroskopijom (SEM). Elementarna analiza
identifikovala je ugljenik, silicijum i kiseonik kao glavne komponente, Sto je potvrdeno analizom
rendgenske difrakcije (XRD) koja ukazuje na prisustvo silicijum oksida (SiO,), kalijum oksida (K,O)
i kalcijum oksida (CaO). Fourier Transform Infrared (FTIR) spektroskopija je istakla razlicite
funkcionalne grupe na povrsini PPAC-a. Testovi adsorpcije CO, su sprovedeni na 27°C i 40°C sa
razli¢itim pritiscima na PPAC cestice veli¢ine 150um i 845um. Rezultati su otkrili da se kapacitet
adsorpcije CO, povecava sa eskalirajucim pritiscima. Izvanredno, na 27°C, PPAC je pokazao
superiorne performanse nego na 40°C, Sto se pripisuje vecem padu pritiska koji povecava
pokretacku snagu za adsorpciju CO,. Vece Cestice (845 um) su pokazale veci kapacitet adsorpcije
zbog povecane povrSine, poboljSane dostupnosti pora i brZzeg prenosa mase. Sprovedena
metodologija povrSine odgovora (RSM) dala je 2FI model kao najreprezentativniji od projektnih
podataka i pokazala je visoku taénost (R2=0,9973) i nisku metriku greSke (MSE=0,01697,
RMSE=0,130269, MAE=0,109, MAPE=2,7244). Vrednost Adek Precision od 76,26 potvrdila je
pouzdanost modela. Optimizacija kori§¢enjem RSM-a je dala optimalne vrednosti adsorpcije CO,
(9,69 mmol/g) na 27°C i 100 bara. PPAC se pojavijuje kao obecavajuce resenje za hvatanje CO,,
nudeci vredne izglede za smanjenje emisija i reSavanje izazova klimatskih promena.

Kljucne reci: aktivni ugalj od kore zrele banane, metodologija povrSine odgovora, karakterizacija,
optimizacija, adsorpcija CO,
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Investigation of properties of epoxy coating on X80 steel
under cathodic polarization conditions

ABSTRACT

The effect of cathodic polarization on the properties of the protective epoxy coating on X80 steel
samples under cyclic changes in temperature from 20 to 75 °C over a period ~3.5 months was
investigated. It is shown that in a 3% NaCl solution, with decreasing polarization potential from -
1.05 to -0.85 V, the disbondment radius of the epoxy coating decreased by ~3.48 times (from 10.8
to 3.1 mm). At -0.75 V and in the absence of polarization, disbondment of the coating from the
steel don’t observed. By potential -0.75 V coating retains its protective properties according to the
transient specific electrical resistance indicator, and its aging is slowed down.

Keywords:

epoxy coating, X80 steel, cathodic polarization, protective potential, cathodic

disbondment, transient specific electrical resistance, coating degradation

1. INTRODUCTION

Polyurethane and epoxy coatings, which are
used in oil and gas pipelines, have high resistance
to cathodic disbondment, and according to DSTU
4219 with amendment No. 1 [1], they are classified
as class B (very reinforced) and are recommended
for use in areas with a potentially high probability of
corrosion cracking. Under such conditions, using
polarizing potentials more negative than -850 mV is
not recommended to minimize coating disbond-
ment [2]. In addition, important characteristics of
coatings are their resistance to the development of
defects over time and their preservation of transient
electrical resistance values [3].

Cathodic polarization affects the properties of
the environment around the pipe under the
disbonded coating, which contributes to the
degradation of the coating matrix and its
disbondment. It is believed that the causes of
disbondment are the dissolution of iron oxides at
the metal/coating interface [4, 5], the formation and
accumulation of hydroxide ions, which increases
the pH of the medium to 14, crevice corrosion due
to the cathodic reduction of hydrogen [6], the state
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of the surface [7], the presence of soluble salts on
the surface [8], the level of the cathodic polarization
potential, and the size of the gap between the
exfoliated coating and the steel [9], which affects
the change in corrosion and electrochemical
conditions on the surface of the pipe near the area
of disbondment.

To increase the resistance of coatings against
cathodic disbondment, the use of inhibitors in the
environment  (for example, thiourea) [10],
nanostructured films [11, 12], the addition of zinc
filler in epoxy compositions [13], lowering the level
of cathodic polarization, etc., is proposed.

This investigation aimed to determine the
influence of the cathodic polarization level on the
protective properties of modern epoxy coatings
applied to the surface of X80 steel, as well as the
changes in the solution's properties under the
influence of polarization and its effect on steel.

2. MATERIALS AND METHODS

A two-component epoxy coating, amine-
approved (further - the coating), which does not
contain solvents, with a dry residue of (98+2) %,
intended for application to the outer surface of
pipelines, was used in this work. The coating was
applied in one layer on X80 pipe steel specimens
with dimensions of 100 mm x100 mm x20 mm after
sandblasting. The chemical composition of the X80
steel is listed in Table 1.
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Table 1. Chemical composition Chemical composition of X80 steel

Tabela 1. Hemijski sastav Hemijski sastav Celika X80

Element C Mn V

Nb Ti Cu Mo Cr

Wt. % 0.06 1.635 0.036

0.040 0.015 0.07 0.012 0.03

All defined indicators of physical, mechanical
and protective properties of the coating
corresponds to the requirements of DSTU 4219 [1].
Particularly, the thickness of the coating in the
initial state was 2 mm, the dielectric continuity —
17.5:10% V (according to DSTU 4219 the dielectric
constant must be equal not less than 5-10° V/(mm
of the thickness of the coating)), the transient
specific electrical resistance from 1.2:10'° to
1.5-10'° Ohm-m”. Cathodic disbondment of the
coating was studied in 3% NaCl according to [1] in
the range of protective polarization potentials from
-0.75 to -1.05 V relative to the silver chloride
reference electrode (which is corresponds to the
range from -0.85 to -1.15 V relative to the copper
sulfate reference electrode). A polarization poten-
tial of -1.05 V was maintained using a magnesium
anode, and other potentials (-0.75 and -0.85 V)
were set using a multi-channel potentiostatic
device using a laboratory stand with a clamping
electrochemical cell. A defect with a diameter of
6 mm was artificially created in the epoxy coating.
Polarization potentials were adjusted using the
device. Potentials were measured by a voltmeter
with an accuracy of 0.08%, and polarization
currents using an ammeter.

The research was carried out under cyclic
temperature changes from 20 to 75 °C, close to the
maximum operating temperature of the coating.
One cycle continued for 24 h (1 day): at a
temperature of 75 °C — 12 h; at a temperature of
20 °C - 12 h. On weekends, the specimens were
kept at a temperature of 20 °C. The total duration of
the cover study was 3.5 months, of which 29 days
were spent at elevated temperatures. According to
the results of previous studies, at a temperature of
20 °C, disbondment of the coating was not
observed, therefore, the duration of exposure at
this temperature was not taken into account.

After the research, the disbondment radius was
determined according to [1], the dielectric continuity
was determined using a spark gap detector DKI-1,
and the transient resistivity of the coating was
determined using a teraohmmeter E6-13.

In the solutions before and after the coating
study, electrical conductivity and pH were
measured by standard methods, redox potential by
potentiometry using platinum and silver chloride
electrodes.
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The density of the limiting diffusion current jO

was determined from the cathodic polarization
curves, which were recorded on a PI-50.1.1
potentiostat with a sweep speed of 1-10° V/sec in
3% NacCl after tests of the coating in that solutions
without polarization and under polarization.

The residual corrosion rate is in mm/year in
the coating defect was counted according to the
method [1] by the formula:

Epol-Ecor
lres=lcor <10 ba 1)
Where i, is corrosion rate of metal in the
studied environment, determined by the

polarization resistance method in a 3% NaCl
solution, equal to 0.101 mm/year [14];

Epo— polarization potential, V;
Ecor — corrosion potential, V;

b, — Tafel slope of the anodic polarization
curve, equal to 0.06 V [15].

3. RESULTS AND DISCUSSION

When the potential decreases from -1.05 to
-0.75 V, the polarization current naturally
decreases by almost 3 orders of magnitude

(Fig. 1).

I, A
2OX10Gk~——s,____,‘—"—*-~//\ﬁ_4K\\‘
1 1
1.5x10°® :
1.0x10® 1
5.0x1077 1
OO 1 1 1 1 1
0 20 40 60 80 100

T, days

Figure 1. Change of polarization currents in time at
the potential -1.05 V (1), -0.85 V (2),
and -0.75V (3)

Slika 1. Promena polarizacionih struja u vremenu
na potencijalu -1.05 V (1), -0.85 V (2) i -0.75 V (3).

This type of current change corresponds to a
decrease in the disbondment radius (Fig. 2). At a
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potential of -1.05 V, the disbondment radius was
10.8 mm (Fig. 2, b). The disbondment nature of the
coating was adhesive, so coating disbonding was
not detected. When the potential decreases from
-1.05 to -0.85 V, the disbondment radius of the
coating decreased by nearly 3.48 times (from 10.8
to 3.1 mm). When the potential was further reduced
to -0.75 V and when polarization was not applied,
coating disbondment from the steel was not
observed (Fig. 2, c-e).

Figure 2. The appearance of the epoxy coating in
the area of the artificial defect in the initial state (a)
and after tests for cathodic disbondment in a
solution of 3% NacCl with cyclic temperature
changes for 3,5 months and determination of the
disbondment radius: b — for polarization -1.05 V;
¢ — with a polarization of -0.85 V; d — at polarization
-0.75 V; e — without polarization

Slika 2. 1zgled epoksidnog premaza u predelu
vestackog defekta u pocetnom stanju (a) i nakon
ispitivanja katodnog odvajanja u rastvoru 3% NacCl
uz ciklicne promene temperature tokom 3,5
meseca i odredivanje odvajanja. polupreénik:

b — za polarizaciju -1,05 V; ¢ — sa polarizacijom od
-0,85 V; d — pri polarizaciji -0,75 V;

e — bez polarizacije.

Change of the cover properties depending on
polarization potential, namely disbondment radius,
and transient electrical resistivity are shown in
Fig. 3, changes in the properties of a 3% NacCl
solution after testing the cathodic disbondment

ZASTITA MATERIJALA 65 (2024) broj 2

coating at different potential are presented in Fig.
4. Coating aging was evaluated by the change in
transient electrical resistance. It was established
that the transient electrical resistance increased
from 2.06-10° Ohm'm? after coating testing at a
potential of -1.05 V to 8.42:10° Ohm'm® after
coating disbondment investigation at a potential of -
0.75 V and up to 1.45:10" Ohm-m® when coating
disbondment was tested without polarization
(Fig. 3). Such values of transient -electrical
resistance correspond to normalized indicator for a
new coating of a highly reinforced type according to
[1] (110" Ohm'm® after exposure to a 3% NaCl
solution for 100 days at a temperature of 20 °C).
The dielectric integrity of the coating was changed
only in cells in which the coating was tested at
polarization -1.05 V, and its value was 12.5-10° V,
while in the initial state, it was 17.5-10° V. A change
in the color of the solution was also noted, which is
obviously associated with coating degradation.

r, mm R, Ohm.m?2
10 " 1.5x107
8
6 11.0x10’
4
4 6
2 5.0x10
0 ‘ ‘ ‘ .
-06 -07 -08 -09 -1.0 -1.1
Epol. V

Figure 3. Change of the cover properties
depending on polarization potential: 1 —
disbondment radius; 2 — transient electrical
resistivity

Slika 3. Promena svojstava poklopca u zavisnosti
od polarizacionog potencijala: 1 — radijus
odvajanja; 2 — prolazna elektri¢na otpornost

An increase in the pH of the solutions in which
the coating disbondment was studied under poten-
tials -0.75, -0.85, and -1.05 V, respectively, from
7.0 (in the initial state) to 12.2 was established. A
decrease in the redox potential from 0.518 V (in the
initial state) to 0.313 V was noted (Fig. 4).

Therefore, the properties of the solution
changed from moderately oxidizing (from 0.5 to
0.6 V) to weakly reducing (from 0.3 to 0.4 V). In
addition, the electrical conductivity of the solution
(in Sm/cm) varies non-monotonicallgl in the rows
1.1-10” (before the tests) — 1.23-10 (after coating
disbondment tests at E.,) — 4.30-102 (after
coating disbondment tests at -0.75 V) — 4.14-10
(after coating disbondment tests at -0.85 V) —
7.82:107 (after coating disbondment tests at
-1.05 V). It is obvious that such changes in the
solution due to cathodic polarization can lead to a
change in the corrosion rate of steel.

275



S. Osadchuk, L. Nyrkova

Investigation of properties of epoxy coating on X80 steel ...

ERed/QX’ V | | | pH
050f  TTs-o_ . 1/112
\
' {11
0.45} \
\
\ {10
0.40} /\\\\F\\ 19
0-35' / \\ ‘8
. 247

00 -02 04 -06 -0.8 -1.0
Epol’

Figure 4. Changes in the properties of a 3% NaCl
solution after testing the coating by the cathodic
disbondment method at different potentials:

1 - pH; 2 — Red Ox potential

Slika 4. Promene svojstava 3% rastvora NaCl

nakon ispitivanja prevlake metodom katodnog

odvajanja pri razli¢itim potencijalima: 1 — pH;
2 — Red Ox Potencijal

The corrosion resistance of X80 pipe steel in
solutions (with different pH) after coating tests were
evaluated by the limiting diffusion current, as well
as other related characteristics such as the ratio of
the cathodic protection current to the limiting
diffusion current jo/ j, and the residual corrosion
rate. In Fig. 5 the cathodic polarization curves of
this steel in solutipons with different pH after
coating degradation tests are shown, from which
the limiting diffusion current was determined.
Electrochemical corrosion of steel in f 3% NacCl
solution occurs with diffusion control (curves 1-4)
and mixed control (curve 5). From the analysis of
the nature of the curves, it was established that in
the original solution, the limiting diffusion current on
the steel was equal to 0.47 A/m?. In the solutions
after coating disbondment testing at potentials of -
0.75 and -0.85 V, the limiting diffusion current
density of oxygen was, respectively, 0.28 and
0.26 A/m2 In the solution, in which coating
dishondment tests were carried out at potential of -
1.05 V, the absence of the limiting diffusion current
was explained by a change in the properties of the
solution under the action of cathodic polarization of
the steel (Fig. 4), presumably due to the reduction
of compounds with the participation of iron ions
(oxides, hydroxides, and hydroxyl chlorides) and
degradation of the coating. From the analysis of the
obtained results, it follows that the susceptibility of
steel to uniform corrosion in the corresponding
solution after disbondment of the coating is lower
the higher the level of polarization.
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Figure 5. Cathodic polarization curves of X80 steel
in a solution of 3% NaCl after testing the coating by
the cathodic disbondment method at different
potentials: 1 — initial state; 2 — E.,; 3—-0.75V;
4--085V;5--1.05V

Slika 5. Krive katodne polarizacije celika Ks80 u
rastvoru 3% NaCl nakon ispitivanja previake
metodom katodnog odvajanja pri razli¢itim
potencijalima: 1 — pocetno stanje; 2 — E¢y;
3--0,75V;4--085V;5--1.05V.
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Figure 6. Change in the ratio j.,/ j, at potential
-1.05 V (1) after testing coating on cathodic
disbondment in cells and residual corrosion rate of
X80 steel (2) in 3% NacCl solution at different
polarization potentials

Slika 6. Promena odnosa j,/ j, od potencijala -1.05
V (1) nakon ispitivanja prevlake na katodno
odvajanje u ¢elijama i zaostale brzine korozije
Celika X80 (2) u 3% rastvoru NaCl pri razlicitim
potencijalima polarizacije

It was previously established [14] that the
analysis of the relationship between cathodic
protection current, limiting diffusion current
jc'p./jq , and the residual corrosion rate makes it
possible to assess the protection state of the
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coating defect and the corrosion resistance of the
steel. Calculating these ratios jC_p./jO at a
potential of -1.05 V from the polarization curves
(Fig. 5) for X80 steel in the corresponding
solutions, it was found that the ratio in the solution
after polarization of the steel at a potential of
-1.05 V is higher than 4, which indicates the
possibility of steel hydrogenating. Residual
corrosion rate values calculated according to [1],
Fig. 6, (curve 2), showed that in all tested solutions,
a technically sufficient protective effect, for which
the residual corrosion rate is less than
0.01 mml/year, is achieved at a potential of -0.75 V.
That is, if the values of the protective potentials are
exceeded by the absolute value of -0.75 V, it is
possible to accelerate the degradation of the epoxy
coating in the defect area, and the probability of
hydrogenation of X80 steel will increase with time,
which can create favorable conditions for the
development of stress-corrosion cracking.

4. CONCLUSIONS

It was established that the protective properties
of the epoxy coating applied to X80 steel in a
solution of 3% NaCl for 3.5 months with a cyclic
temperature change from 20 to 75 °C, which
simulates a temperature close to the maximum
operating temperature, with a decrease in the
absolute value of the polarization potential from
-1.05 to -0.75 V relative to the silver chloride
reference  electrode, are preserved: the
disbondment radius decreases from 10.8 to 0 mm,
and the transient resistivity of the coating is from
2.03-10° to 8.42110° Ohm'm® Polarization
potentials that are less negative than -0.85 V help
minimize cathodic exfoliation.
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1ZVOD

ISTRAZIVANJE SVOJSTVA EPOKSI PREMAZA NA CELIKU X80 U USLOVIMA
KATODNE POLARIZACIJE

Ispitivan je uticaj katodne polarizacije na svojstva za$titnog epoksidnog premaza na uzorcima
Gelika X80 pri cikli¢nim promenama temperature od 20 do 75°C u periodu ~3,5 meseca. Pokazano
je da se u 3% rastvoru NaCl, sa smanjenjem potencijala polarizacije sa -1,05 na -0,85 V, radijus
odvajanja epoksidnog premaza smanjio za ~3,48 puta (sa 10,8 na 3,1 mm). Na -0,75 V i u
odsustvu polarizacije, odvajanje prevlake od celika nije primec¢eno. Potencijal -0,75 V premaz
zadrzZava zasStitna svojstva prema prolaznom specificnom indikatoru elektricnog otpora, a njegovo
starenje se usporava.

Kljuéne reci: epoksidni premaz, X80 celik, katodna polarizacija, zastitni potencijal, katodno
odvajanje, prolazni specificni elektri¢ni otpor, degradacija premaza
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A novel Srg¢eZr(P0,),:0.01Eu** ceramic glass viable for long term

energy storage applications

ABSTRACT

This paper reports the first-time synthesis of SryeZr(P0O,),:0.01EU** ceramic glass were
synthesized via solution combustion using glycine as fuel (1:1 fuel-to-oxidizer ratio). X-ray
diffraction confirmed the desired crystalline phase, while Scherrer analysis indicated an average
particle size of approximately 60 nm. This was further supported by scanning electron microscopy,
which revealed a particle size around 75 nm. Notably, the material exhibited a characteristic
mesoporous structure, a signature feature of the solution combustion technique. Dielectric studies
revealed a double exponential decay profile, signifying the presence of voids within the material.
Importantly, the significantly smaller time constant (t2) compared to t1 highlights the material's
suitability for long-term energy storage applications.

Keywords:
properties

1. INTRODUCTION

For decades, phosphates have captivated
researchers due to their diverse applications,
encompassing everything from phosphors and
nuclear waste forms to thermal barrier coatings,
catalysts, and solid electrolytes [1]. These
materials  boast remarkable characteristics,
including exceptional chemical stability, low thermal
conductivity, high melting points, a high thermal
expansion coefficient, and the ability to readily
accommodate defects [2]. Recently, zirconia-based
materials have attracted significant attention for
their potential as energy storage materials. This
surge in interest on Eu®" doped materials has
spurred extensive research into their preparation
and functional properties, leading to the
development of diverse synthesis methods like
solid-state reaction, sol-gel, combustion, stearic
acid, solution combustion, and hydrothermal
techniques [3].
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While solid-state synthesis remains popular
due to its simplicity, its limitations, such as high
temperatures (often exceeding 1200°C) and
lengthy reaction times (lasting several days), can
lead to large agglomerates [4].

Building upon our previous success in
overcoming limitations like high temperatures and
long reaction times through solution combustion
[5], this work delves deeper into the preparation
and characterization of Sro_gng(PO4)2:0.01Eu3+,
nanopowders. This efficient route yielded materials
with a desirable mesoporous structure and
enhanced chemical homogeneity, paving the way
for simpler and more cost-effective synthesis
compared to traditional methods. Here, we focus
on  comprehensively  understanding  these
promising materials, paving the way for their
potential applications in energy storage of
Sro.90Z1(PO4),:0.01EU*".

Driven by the pressing need for efficient,
durable, sustainable, and affordable energy
storage solutions [7], researchers are exploring
novel materials with exceptional properties.
Supercapacitors, bridging the gap between
capacitors and batteries, offer promising
possibilities for applications requiring rapid energy
cycling due to their fast charging/discharging
capabilities [8]. This has sparked significant interest
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in materials with supercapacitive potential.
Preliminary studies suggest that SrZr(PO,),
exhibits promising supercapacitive properties and
corrosion protection coatings [9], making it a prime
candidate for further exploration and optimization.
Its unique combination of desirable properties,
including high stability, low thermal expansion, and

superionic conductivity [10, 11], makes it an
attractive candidate for various technological
advancements. Continued research and

development are crucial to unlock the full potential
of SrZr(PQO,), and contribute to the advancement of
diverse industries [12].

Orthophosphates have emerged as prominent
host materials for dielectric applications due to their
exceptional properties, including a large band gap,
moderate phonon energy and high chemical
stability [13]. SrogeZr(P0.),:0.01EU**  ceramic
material was specifically chosen for this study due
to its advantageous characteristics:

e lonic conductivity: Facilitates efficient charge
transport.

e Anisotropy: Enables tailoring
properties for specific applications.

e Lower thermal expansion: Enhances material
stability [13].

e Larger ionic radii: Allows effective incorporation
of rare-earth ions without altering the crystal
structure [14].

e Presence of zirconium
Provides a well-defined
structural applications.
Despite the promising potential of SrZr(POy),,

limited research has been conducted on its

dielectric properties, particularly regarding Eu*
doping. This work aims to address this gap by
exploring dielectric properties of this material. To

material

and phosphate:
crystal field for

the best of our knowledge, no reports are available
on these specific aspects of SrggeZr(POy,),:
:0.01Eu*"

Significance of the Study: This study ventures
into the uncharted territory of SrggeZr(POy),:
:0.01Eu® 's dielectric properties, shedding light on
its potential for innovative technological
advancements. Unveiling its dielectric behavior
offers valuable insights into the material's suitability
for specific applications.

2. PREPARATION:

SrogeZl(PO4)2:0.01EU®* was prepared by
solution combustion method with F/O ratio
maintained at unity. Stoichiometric amounts of
Zl’O(NOQ,)z, NHG(PO4)2, EU(NOg)g, Sr(NO3)2, and
Glycine were dissolved in 50 ml of double distilled
water to obtain a homogenous solution. The
precursor solution was then transferred to a
crystalline dish and placed in a preheated muffle
furnace at 500°C. Upon completion of the reaction,
the sample was removed from the furnace and
allowed to cool to room temperature. Finally, the
powder was calcined at 800°C for 6 hours.

3. RESULT AND DISCUSSION

3.1. XRD analysis

To ascertain the crystallinity, phase purity, and
structural information of SrgeeZr(PO,),:0.01EU*",
powder X-ray diffraction (XRD) measurements
were conducted, Fig. 1. The observed diffraction
patterns aligned well with ICSD file number 150336
[14]. The crystalline sizes of the prepared samples
were calculated using the Scherer method and
were about 60nm.
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Figure 1. PXRD spectrum of Srgg9Zr(PQO4)2:0.01Eu
Slika 1. PXRD spektar Srg g9 Zr(PO,),:0,01Eu
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The Scherer equation is given by:

D = kMBcos6 (1)

where A is the wavelength of X-rays (1.5406 A), B
is the full width half maxima of diffraction peaks, k
is the Scherer's constant (0.9), and 6 is the Bragg's
angle.

3.3. SEM

Figure 2 presents SEM images of the sample,
highlighting microstructure of the sample. This

~ Foy
i

SEMMAG:500x | T

50 ym

VEGA3 TESCAN

SEM HV: 30 kV

reveal mesoporous nature of the sample with
particle distribution in nano meter range. These
observations can be attributed to the evolution of a
substantial amount of gases during the combustion
process, leading to the formation of voids and
pores. The measured particle size in the SEM
micrographs, around 75 nm, coincides with the
results obtained from PXRD studies, suggesting
consistency between the two characterization
techniques.

SEM HV: 30 kV VEGA3 TESCAN

SEMMAG: 1.00kx |} 111011111

20 ym

Figure 2. SEM micrograph of Srgg9Zr(PO4),:0.01Eu at 50 and 20 um magnification
Slika 2. SEM mikrografija Srg g9 Zr(PO4),:0,07Eu pri uvecanju od 50 i 20 um

3.4. Dielectric studies

Understanding the interplay between electric
fields and materials forms the cornerstone of
designing and developing materials for various
applications. This interaction, governed by several
key parameters, manifests in the form of dielectric
properties [15].

Two crucial concepts in dielectric studies are
relaxation time and correlation function. Relaxation
time dictates how quickly a material responds to an
applied electric field, representing the average time
it takes for its internal dipoles to align with the field.
A single relaxation time translates to an
exponential decay of the material's polarization,
while a distribution of relaxation times results in a
more complex decay profile [16]. Analyzing the
relaxation time sheds light on the dynamics of the
dipoles and their response to external stimuli.

The correlation function, denoted by C(1),
mathematically quantifies the relationship between

ZASTITA MATERIJALA 65 (2024) broj 2

a material's dielectric response at different times.
Essentially, it measures how well the polarization at
a specific moment relates to the polarization at a
later one [17]. This function is calculated using
dielectric relaxation data, typically involving
measurements of the material's dielectric constant
at various frequencies. By analyzing the frequency
dependence of this constant, researchers can
extract the relaxation time and subsequently
calculate the correlation function, as per the
provided formula [18].

C(7) = limyeo - f, £(t) &(t + 1) dt (6)

where: €(t) is the dielectric constant of the material
at time t, 7 is the time lag between the two
measurements of g(t), T is the total time of the
measurement

The relaxation time (1) characterizes the time
taken for the dielectric permittivity to decay to half
its initial value following an electric field
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perturbation [19]. Its relationship to the correlation
function, C(1), is described by:

C(r) = %exp (— %) (1)

The decay curves were fit using the double
exponential equation:

y = A, exp (:—f) + A, exp (:—j) + v (8)

Table 1 showcases our calculated data, while
Figure 3 visually dissects the dielectric decay
behavior of Srg¢eZr(P04),:0.01Eu>* Here, the blue
squares (m) represent the experimental data, the

red line depicts the fitted curve, and the individual
decay components are shown for analysis. In this
figure, "yo" signifies the initial offset level, A1 and
A2 represent the initial amplitudes of the two

exponential decay components, T; and T, are the
time constants reflecting the decay time for each
component, and k1 and k2 are the respective rate
constants.

1, and 1, are the time constants or decay time
represented as follows:
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Figure3. Di-electric decay curves of SrggeZr(P0O4),:0.01EuU
Slika 3. Krive dielektricnog raspada Sry g9 Zr(PO,4),:0,01EuU

Table 1. Calculated decay parameters for
Srg.99EUg.01Zr(POy,), by double exponential fit

Tabela 1. [zraCunati parametri raspada za Srygg
Eupo1 Zr(PO,), dvostrukim eksponencijal-
nim uklapanjem

Parameter Value
yo0 0.06
Al 0.48
T1 (us) 7078
A2 0.751
T2 (US) 1953
k1l 1.41E-04
k2 5.12E-04
T1 4906
T2 1354

The speed of the two exponential decay
components depends on their respective time

282

constants. Simply put, the larger the time constant,
the slower the decay. Each component's decay
time is the time it takes for its signal to drop to a
tiny fraction (about 0.693) of its initial strength [20].

This double-decay behavior, a hallmark of bi-
exponential decay, indicates the material stores
energy at two different rates. This can be attributed
to the presence of two distinct mechanisms for
storing charge within the material [21].

e Fast decay (t2): This rapid decline reflects the
release of energy stored in the material's
pores, as seen in the SEM images.

e Slow decay (t1): This slower decline
corresponds to the release of energy stored
deeper within the material, in its bulk.
Importantly, the much smaller value of t2

compared to tl in our studies suggests this

material is promising for long-term energy storage

applications [22].
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4. CONCLUSION

For the first time, we report the synthesis of
SrogeZl(P0O4),:0.01EU>" using a simple solution
combustion method. XRD analysis confirms the
triclinic phase of the synthesized materials, with
particle sizes about 60 nm. SEM micrographs show
mesoporous particle formation with lot of voids and
agglomeration. Di-electric studies reveal double
exponential nature of decay, confirming the
presence of voids in the system. In the present
studies t, is much smaller than t;, implying
suitability of the material for long-term energy
storage applications.
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NOVO Srg92:(P0O4)2:0.01 §u3+ KERAMICKO STAKLO ODRZIVO ZA DUGOROCNE
APLIKACIJE ZA SKLADISTENJE ENERGIJE

U ovom radu je prikazana prva sinteza Sro‘ggz,(POzl)Z:0,01Eu3+ keramickog stakla sintetizovana
sagorevanjem rastvora koris¢enjem glicina kao goriva (odnos goriva i oksidatora 1:1). Difrakcija
rendgenskih zraka je potvrdila Zeljenu kristalnu fazu, dok je Sererova analiza pokazala prosecnu
veli¢inu cestica od priblizno 60 nm. Ovo je dodatno podrZzano skenirajuéim elektronskim
mikroskopom, koji je otkrio veli¢inu Cestica oko 75 nm. Primetno je da je materijal pokazao
karakteristicnu mezoporoznu strukturu, prepoznatljivu karakteristiku tehnike sagorevanja rastvora.
Dielektricne studije su otkrile dvostruki eksponencijalni profil raspadanja, §to oznacava prisustvo
praznina unutar materijala. Vazno je da zna¢ajno manja vremenska konstanta (t2) u poredenju sa
t1 naglasSava pogodnost materijala za dugoroCne aplikacije za skladistenje energije.

Kljuéne reci: SZO nanokeramika, sinteza sagorevanja rastvora, skladiSte energije, dielektricna
svojstva.

Naucni rad

Rad primljen: 15.12.2023.

Rad prihvacen: 26.12.2023.

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/)

284

ZASTITA MATERIJALA 65 (2024) broj 2


https://doi.org/10.1039/D2TC03761K
https://doi.org/10.1002/adma.202207829
https://doi.org/10.1016/j.jallcom.2022.168097
https://doi.org/10.1016/j.molstruc.2022.134244
https://doi.org/10.3390/ma16247634
https://doi.org/10.1016/j.optmat.2022.113413
https://doi.org/10.1016/j.jallcom.2023.172356
https://doi.org/10.1364/PRJ.491805
http://www.idk.org.rs/casopis
https://creativecommons.org/licenses/by/4.0/

R. Grewal et al. Structural, microstructural, magnetic and dielectric properties ...

Scientific paper
ISSN 0351-9465, E-ISSN 2466-2585
https://doi.org/10.62638/ZasMat1136

Zastita Materijala 65 (2)
285 - 293 (2024)

Rajnish Grewal', Sunita Dahiya?, Sunil Kumar?*,
Naveen Kumar*

! ?Department of Physics, Baba Mastnath University Rohtak, Haryana,
India, *Department of Physics, RR BAWA DAV College, Batala
(143505), Punjab, India, “Department of Physics, Panjab University
Chandigarh, Chandigarh, India

Structural, microstructural, magnetic and dielectric properties
of Fe,O; modified CuO composite

ABSTRACT

1-xCuO-xFe,0; composites where x = 0.05, 0.10, 0.15 and 0.20 have been synthesized using ball
milling mixing method. The structural, microstructural, elemental analysis, magnetic and dielectric
properties of prepared ceramic composites have been investigated using the advanced
characterization techniques.The influence of sintering tempearture on structural, dielectric and
magnetic properties have been investigated. The structral phase analysis has been carried out
using X-ray diffraction and effect of sintering tempertaure clearly depicted in graphs. As increase
in sintering temperature from 700 °C to 900 °C, diffraction peaks shift towards higher angles,
indicating changes in crystal lattice parameters and potential crystal structure distortions.
However, after careful consideration of the XRD results and a comprehensive analysis, we
concluded that a synthesis temperature of 700 °C is preferable. The SEM micrographs shows an
increase in grain size of ceramic composites as concentrtaion of Fe,O; increases. The Energy
Dispersive X-Ray spectroscopy affirms presence of elements according to stoichiometric
proportion whereas S-shaped M vs. H. loop confirms presence of magnetic ordering. Variation of
Real (¢') and Imaginary (€") parts of dielectric permittivity with frequency shows genernal dielectric
behavior.

Keywords: Composites, Ball milling mixing method, Dielectric properties, Magnetic properties

1. INTRODUCTION These are so many synthesis methods to

synthesize CuO reported in literature such as sol-
gel and sono-chemical method, thermal decompo-
sition method and precipitation method [1-8].

According to Zhu et. al’s investigation into
structural characterization of CuO nano-particles
created by microwave irradiating copper (ll) acetate
and sodium hydroxide as starting material. The

Semiconducting nano crystalline materials
draw attention for their vast usage in micro-
electronics industry due to their small band gap.
Transition metal oxide (CuO) based semiconductor
having small band gap (1.2-1.5 ev) become
important candidates for their usage in digital as
well as in electronic industry. CuO is unique and

important for wide range applications such as
including photochemical cells, gas sensors,
biosensors, solar cells, and photocatalytic
properties. Current research on pure and modified
CuO provides significant potential in realm of
microelectronics because of its extraordinarily high
dielectric constant. It has been reported in literature
that synthesis methods impact on particle size as
well as on dielectric behavior of CuO.
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particles have a regular shape and limited size
distribution as well as high degree of purity. Kim et
al. investigated structural, optical, and electrical
characteristics of CuO nano-particles with a
monoclinic structure phase [9]. From x-ray
photoelectron spectroscopy profile, O is 1s and Cu
2p peaks corresponding to the CuO nano-particle
were seen. The band gap of CuO nano-particle at
room temperature was discovered to be 3.63ev [9].

In this paper, we report structural, elemental,
magnetic as well as dielectric properties of Fe,0;
modified CuO composites (;.,CuO-Fe,O; where
x=0.05, 0.10, 0.15 & 0.20) synthesized using Ball
mixing method. The major aspect of choosing
Fe,O3 is modification in magnetic and dielectric
properties of CuO ceramics.
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2. EXPERIMENTAL

1-xCuO-xFe,03; composites where x = 0.05,
0.10, 0.15 & 0.20 have been successfully
synthesized using ball mixing method. For
synthesis of composites, CuO & Fe,O; mixed in
required stoichiometric proportion. The CuO and
Fe,O; purchased from Sigma Aldrich. The weighed
powders of oxides (CuO & Fe,0s3) transferred in a
plastic bottle contains zirconia ball and ball milled
in high-energy ball milling machine for 12 hours.
After 12hours, mixture of powder and acetone has
been taken out from bottle and heated at 100 °C for
~ 1 hour so that acetone get evaporated and
powder dried. Dried powder mixed with polyvinyl
alcohol (2%wt) as binder and pressed into circular
disc (Diameter ~ 12 mm, Thickness ~ 1 mm and
Pressure ~ 1.5 ton).

The pallets have been sintered at 700° &
900°C for 2 hours for optimization of sintering
temperature at which sample exhibits enhanced
magnetic and dielectric properties. The presence of
both phases (Structural Phase of CuO & Fe,03)
confirmed from X-Ray diffractograms whereas
morphological analysis (Grain Growth as well as
Grain Size) studied from SEM micrographs. The

Cu0 5000

presence of elements as per stoichiometric
proportion mentioned above confirmed using
Energy Dispersive X-ray Dispersive spectroscopy
whereas elemental mapping shows uniform
distribution of different-different metal ions. The
density of sintered pellet was measured using lab
made set up based on Archimedes principle. The
magnetic ordering has been confirmed using
Vibrating Sample Magnetometer. The €', €" & 04
vs. Frequency measurements were carried out
using impedance analyser.

3. RESULTS AND DISCUSSION

Room temperature structural phase formation
has been studied using x-ray diffractograms of
CuO, Fe,03 & 1-xCuO-xFe,O; composites where x
= 0.05, 0.10, 0.15 & 0.20 sintered at 700°C and
900°C shown in figure 1. Sharp high intensity
diffraction peaks reveal crystalline nature of
prepared ceramic composites whereas noise in
background data of Fe,O; results due to
fluorescence effect. The diffraction data (diffraction
peaks) have been matched with reported JCPDS
cards which gives crystallographic information of
structural phase of CuO and Fe,Os.
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Figure 1. X-Ray Diffraction data of 1-xCuO-xFe,O3; where (a) = Sintered at 700°C & (b) 900°C for CuO,
Fe,03 and x = x = 0.05, 0.10, 0.15 & 0.20 ceramic composites

Slika 1. Podaci difrakcije rendgenskih zraka 1-xCuO-xFe,05 gde je (a) = sinterovano na 700°C &
(b) 900°C za CuO, Fe,03ix =x=0,05, 0,10, 0,15 0,20 keramickih kompozita
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The experimental data has been indexed
according to JCPDS card no 80-1917 (ICDS #
069750) represent for Monoclinic phase space
group Cc No. 9 for pure CuO and no. 73-2234
(ICDS # 024791) reports Hexagonal phase space
group R " 3c for Fe,O;. No diffraction peak left
unassigned shows that CuO and Fe,O3 exhibits its
own phase reported in literature. In graphs, for x =
0.05 & 0.10, diffraction peaks quiet well overlapped
at both temperatures shows that sample exhibits
similar phases but as X’ increases up to x = 0.15 to
0.20, diffraction peaks shift towards higher 26
shows change in structural phase with sintering
temperature and maximum in x = 0.20. This
change in structural phase may result due to strain
produced with increasing sintering temperature or
increasing concentration of Fe,O3; in ceramic
composites. Therefore it has been concluded that

sample sintered at 700 °C demonstrtaed structural
phase of CuO (Monoclinic Phase).

The microstructural analysis of CuO, Fe,O; &
1-xCuO-xFe,03 composites where x = 0.05, 0.10,
0.15 & 0.20 sintered at 700°C has been studied
from FESEM micrographs and shown in figure 2.
Micrographs clearly expresses presence grains
with irregular in shape, size and randomly
orientated with proper grain growth. All the
micrographs were recorded using in-lens detector
at 20k magnification & 10 kV accelerating voltage.
The increase in grain size with increasing ‘X’ shows
increase in grain growth with least porosity. The
grain size has been calculated using Smart SEM
software equipped with FESEM. The grain size
increases from ~1.46 ym to ~2.26 ym as X
increases from 0.05 to 0.20. The density has also
been increased from from 6.98 to 7.38 g/cms,
respectively as X’ increases.

Figure 2. FESEM Micrographs of CuO, Fe,0O3; and 1-xCuO-xFe,Os; where x = x = 0.05, 0.10, 0.15 & 0.20
ceramic composites

Slika 2. FESEM Mikrogrami CuO, Fe,03 i 1-xCuO-xFe,O3 gde je x = x = 0.05, 0.10, 0.15 i 0.20 keramickih
kompozita

The presence of elements as per stoichiometric
formula have been confirmed from Energy
Dispersive X-ray spectroscopy (EDS) analysis. The
EDS spectra of pure CuO, Fe,O; and 0.8CuO-
0.2Fe,0O; ceramic composite sintered at 700 °C
have been shown in Figure 3. The Binding Energy

ZASTITA MATERIJALA 65 (2024) broj 2

vs. Intensity electro micrographs shows that peak
corresponding to 8.04 eV, 0.542 & 6.39 eV of Ka
evident for presence Cu & O in CuO and Fe and O
in Fe,O3. The presence of Cu, O & Fe in wt% as
well as in mol% has been shown in Table shown in
figure 4.
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Figure 3. Energy Dispersive Spectral Micro Graphs of CuO, Fe,O5; and 0.8Cu0-0.2Fe,0O3; ceramic
composites sintered at 700°C

Slika 3. Energetski disperzivni spektralni mikrografovi CuO, Fe,O3 i 0.8Cu0-0.2Fe,03 keramickih
kompozita sinterovanih na 700°C

Spectrum processing :
Peaks possibly omitted : 2.650,2.984, 3.166, 3.350 keV'
Processingoption : All elements analyzed (Normalised)

Number of iterations =3

Standard :
O Si02 1-Jun-1999 12:00 AM -

Fe Fe 1-Jun-199912:00AM

Cu Cu 1-Jun-1999 12:00 AM

Element Weight% Atomic%

OK 16.82 43.69 - % v [

FeK 2110 15.70 T : ] Sooum Electon image
CuK 62.08 40.61 ‘

Tortls 10000 Spectrum processing :

Spectrum processing : Peaks possibly omitted : 1.044,1.259,1.491,1.744,2.628, 2.987, 3.167,
3.351,3.699,4.013,8.031 keV
Peaks possibly omitted : 1.246,1.487, 1.751, 2.636,2.985, 3.169, €

3.360, 3.549,3.753, 4.530, 6.404 keV P ing option : All el analyzed (N

P ingoption : All el ts analyzed (0 i Number of iterations = 2

Number of iterations = 2 Standard :

Standard : O Si02 1-Jun-1999 12:00 AM

O SiO2 1-Jun-1999 12:00 AM Fe Fe 1-Jun-199912:00 AM

Cu Cu 1-Jun-1999 12:00 AM Element Weight% Atomic%
Element Weight% Atomic% OK 29.69 59.58
OK 11.66 34.40 FeK 70.31 40.42
CuK 88.34 65.60 Totals 100.00

Totals 100.00

Figure 4. Weight (%) and Mol (%) of CuO, Fe,O3; and 0.8Cu0-0.2Fe,O3 ceramic
composites sintered at 700°C

Slika 4. TeZina (%) i mol (%) CuO, Fe,O3 i 0.8Cu0-0,2Fe,O3; kerami¢kih kompozita
sinterovanih na 700°C
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The distribution of different metal ions as per
stoichiometric formula, Elemental mapping in
selected area has been carried out. The elemental
mapped electron micrographs of CuO, Fe,O; &
0.8Cu0-0.2Fe,05 ceramic composites sintered at
700 °C shown in figure 5. The different colours
have been assigned to different metal ions. The

0 Ka1l

micro-graphs with all coloured dot show that all
metal ions distributed uniformly. The red colour
assigned to Cooper (Cu) whereas Oxygen (O) and
Iron (Fe) green and yellow colour. The micrograph
in which all colour represents uniformly presence of
all metal ions in selected area.

Cu Kal

Fe Ka1l

Figure 5. Elemental Mapping along with mixed micrograph of 0.8Cu0O-0.20Fe,O5 ceramic composites
sintered at 700°C

Slika 5. Elementarno mapiranje zajedno sa mesovitim mikrografijom 0.8Cu0-0.20Fe,05 keramickih
kompozita sinterovanih na 700°C

Magnetization vs. Magnetic Field measure-
ments of CuO, Fe,O; & 1-xCuO-xFe,0O4
composites where x = 0.05, 0.10, 0.15 & 0.20,
sintered at 700°C have been shown in figure 6. The
magnetic data clearly reveal that (a) Small remnant
magnetization value and narrow coercivity of CuO
results for superparamagnetic or week magnetic
ordering as already reported (b) magnetic
hysteresis of Fe,Os sintered at 700 °C magnetically
ordered behavior. The hysteresis in 1-xCuO-
xFe,O; samples sintered at 700 °C reveals
dominance of ferromagnetic ordering over
antiferromagnetic (Presence of Both Ferromagnetic
as well as antiferromagnetic confirmed from
unsaturated hysteresis curve). Such kind of

ZASTITA MATERIJALA 65 (2024) broj 2

behavior (Presence of both Ferromagnetic and
Antiferromagnetic ordering) may be due to oxygen
vacancies created which results in pinched
hysteresis loop. The remnant magnetization (M;) of
prepared ceramic composites increases from 0.068
emu/g for x = 0.05 to 0.118 emu/g for x = 0.15 and
then decreases to 0.099 emu/g for x = 0.20
whereas coercivity also varies from 393.8 Oe for x
= 0.05 to 438.6 Oe for x = 0.15 and then decreases
to 296.2 Oe for x = 0.20. Since CuO is exhibits
weakly magnetic or superparamagnetic behavior.
This increase in remnant magnetization may result
due to increase in creation of oxggen, which create
multi valance state of Fe (Fe** & Fe®") during
sintering in oxygen deficient environment. These
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oxygen vacancies responsible for strong negative
super exchange interaction between Fe®* and Fe**
through oxygen (O%) anion responsible for

antiferromagnetic  ordering  whereas  direct
exchange interaction between Fe*/Fe** and
Fe*/Fe** through vacancies (V.) results in

ferromagnetic ordering. The increase in value of M,
may be due to increased effect of Fe*/Fe®* and
Fe®/Fe** through vacancies (V) which results in
ferromagnetic ordering [10]. The value of remnant

magnetization (emu/g) and coercivity (Oe)
tabulated in Table 1. It is clear that direct exchange
interaction between Fe*'/Fe** and Fe*/Fe*
through vacancies (V.) dominates over strong
negative super exchange interaction between Fe®*
and Fe*" through oxygen (02') anion up to x = 0.15
and then reverses responsible for increase in
remnant magnetization up to x = 0.15 and then
decreases.
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Figure 6. Magnetization vs. Applied Magnetic Field of CuO, Fe,03 & 1-xCuO-xFe,0O3 where
(a) = CuO, (b) = Fe,03(c) = 0.05, (d) = 0.10, (e) = 0.15 & (f) = 0.20 ceramic composites sintered at 700 °C

Slika 6. Magnetizacija u odnosu na primenjeno magnetno polje CuO, Fe,03 i 1-CuP-Fe,03
gde je (a) = CuP, (b) = Fe,05(c) = 0.05, (d) = 0.10, (e) = 0.15 & (f) = 0.20 keramickih kompozita
sinterovanih na 700°C

Table 1. The Value of Remnant Magnetization &
Coercive Field of CuO, Fe,O; & 1-xCuO-
xFe,03 where (a) = CuO, (b) = Fe,03(c) =
0.05, (d) = 0.10, (e) = 0.15 & (f) = 0.20
ceramic composites sintered at 700°C

Tabela 1. Vrednost preostale magnetizacije i koer-
citivnog polja CuO, Fe,03 i 1-kCuO-kFe,O3
gde je (a) = CuO, (b) = Fe,03(c) = 0.05, (d)
= 0.10, (e) = 0.15 & (f ) = 0.20 keramickih
kompozita sinterovanih na 700°C

Sample M; (emu/g) Hc (Oe)
(a) 0.007 276.6
(b) 0.262 2461
(c) 0.068 393.8
(d) 0.013 254.9
(e) 0.118 438.6
) 0.099 296.2
290

Room temperature variation of Real &
Imaginary part of dielectric permittivity (¢') & (g") of
CuO & 1-xCuO-xFe,0O5; composites where x = 0.05,
0.10, 0.15 & 0.20 in frequency range varies from
100Hz -1MHz have been shown in figure 7 & 8. It
has been clearly revealed from graphs that value of
both Real (¢') and Imaginary (¢") part of dielectric
permittivity decreases as frequency increases up to
a certain value and afterward varies linear. In lower
frequency range, both Real & Imaginary part of
dielectric permittivity (¢') & (€") exhibits maximum
value and decreases continuously with increasing
frequency and become almost linear after certain
value of frequency. Such types of behavior of
represent general dielectric behavior of any
dielectric, which follow either Debye, or Non-Debye
behavior. In lower frequency range, maximum of all
polarizations  (Dipolar, lonic, Electronic &

ZASTITA MATERIJALA 65 (2024) broj 2
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Interfacial) effectively contributes to dielectric
permittivity results in maximum value of both Real
(¢') and Imaginary (") part of dielectric permittivity
[11,12].

10000

100 1k 10k
Frequency (Hz)

Figure 7. €' vs. Frequency of CuO, Fe,0O3 &
1-xCuO-xFe,03 where (a) = CuO, (b) = Fe,03
(c) =0.05, (d) =0.10, (e) = 0.15 & (f) =0.20
ceramic composites sintered at 700°C

100k 1M

Slika 7. €' u odnosu na ucestalost CuO, Fe,O4
i 1-xCuO-xFe,03 gde je (a) = CuO, (b) = Fe,03
(c) =0.05, (d) = 0.10, (e) =0.15 & (f) = 0.20
keramicki kompoziti sinterovani na 700°C
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Figure 8. €" vs. Frequency of CuO, Fe,03 &
1-xCuO-xFe,03 where (a) = CuO, (b) = Fe,03
(c) =0.05, (d) =0.10, (e) = 0.15 & (f) =0.20
ceramic composites sintered at 700 °C

Slika 8. £" naspram ucestalosti CuO, Fe,O5 i 1-
XCuO-xFe,03 gde je (a) = CuO, (b) = Fe,03
(c) =0.05, (d) = 0.10, (e) = 0.15 & (f) = 0.20

keramicki kompoziti sinterovani na 700°C

As frequency increases towards higher regime,

value of both Real (¢') and Imaginary (¢") part of
dielectric permittivity starts decreases and after

ZASTITA MATERIJALA 65 (2024) broj 2

certain value of frequency, value of both Real (g')
and Imaginary (€") part of dielectric permittivity
become almost constant. This may be due to
elimination of contribution of polarization in
dielectric permittivity. It has been clearly seen from
graph that value dielectric permittivity first
decreases and then increases up to maximum
value as ‘X’ increases and again decreases with
further increase of X’ may be due to interfacial
polarization.

The Cole-Cole relaxation model (modified form
of Debye relaxation model) has been used to
explain the relaxation phenomenon [12]. According
to this model, the € and ¢~ vary with frequency as:

1+ (wr,) ™ Sinlaﬂ
g(o)=¢, +(s -¢,) 2

1+2(wr, ) “sin %aﬂ +(wr, P

(w7, ) cos % ar

e"(w)=(&-¢,) 1
1+2(wz,) “sin Pl +(wry )2

Where €. = dielectric constant measured at
high frequency, ¢ = dielectric constant measured at
low frequency, w = 27f the angular frequency of
applied field and 1 = characteristics relaxation time
of the medium. The exponent parameter a usually
varies between 0 and 1, and it describes shape of
spectral curves. It may be noted that for a =0, Cole-
Cole model reduces to Debye model.

Room temperature o, vs. Frequency at room
temperature CuO, Fe,O3 & 1-xCuO-xFe,0;
composites where x = 0.05, 0.10, 0.15 & 0.20,
sintered at 700°C have been shown in figure 8. The
ac conductivity calculated from recorded dielectric
parameters using following formula

Oac =21TfE’Egtand

Where the parameters have their usual
meaning. Ac conductivity profile with frequency has
been divided into two regions. First linearly varied
region with frequency known as dc conductivity
whereas dispersion region which corresponds to ac
conductivity. Frequency varied ac conductivity in
ceramics is generally analyzed by Jonscher’s
power law;

Oac=0gc + A wn,

Where “A” is dispersion parameter representing
the strength of polarizibilty and “n” dimensionless
frequency exponent representing interaction

between mobile ions with lattice around them.
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According to Jonscher, origin of frequency
dependence of conductivity may be due to
relaxation phenomenon arising due to hoping of
mobile charge carriers [13-16]. The conductivity
also follows similar behavior like dielectric
behavior. This may also due to variation in
concentration of oxygen vacancies created which
also effect magnetic properties means remnant
magnetization first decreases and then increases
may result due to processing of Fe,O3; with CuO in
CuO-Fe203 composites as shown in figure 9.

0.020
—(a)
] (b)
200154 (0
1
d
£ | (d)
= 0.010 — )
T
(]
© 0.005
0.000 - ——
100 1k 10k 100k M

Frequency (Hz)

Figure 9. oac vs. Frequency variation of CuO,
Fe,03 & 1-xCuO-xFe,O3 where (a) = CuO, (b) =
Fe, 03, (c) = 0.05, (d) =0.10, (e) = 0.15 & (f) = 0.20
ceramic composites sintered at 700°C

Slika 9. oac naspram varijacije frekvencije CuO,
Fe,03 i 1-xCuO-xFe,05 gde je (a) = CuO, (b) =
Fe,03 (c) =0.05, (d) =0.10, (e) =0.15i (f) = 0.20
keramicki kompoziti sinterovani na 700°C

4. CONCLUSION

CuO, Fe,0; and 1-xCuO-xFe,O; where x =
0.05, 0.10, 0.15 & 0.20 ceramic composites
sintered at 700 °C & 900 °C where x = 0.05, 0.10,
0.15 & 0.20 have been successfully prepared using
ball milling mixing method. X-ray diffraction pattern
confirms that optimized sintering temperature for
ceramic composites is 700 °C at which composites
exhibits crystalline phase of both CuO and Fe,O;
as reported in JCPDS cards. Microstructural
analysis gives densification as well as grain growth
whereas energy dispersive x-ray spectroscopy and
elemental mapping reveals presence of elements
according to mentioned stoichiometric proportion
and uniform distribution of metal ions.

Magnetic hysteresis data confirms that
variation in  magnetization directly follows
competition of AFM and FM interaction whereas
dielectric data follow similar behavior to magnetic
ordering which results from creation of oxygen
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vacancies. The oxygen vacancies also play an
important role in conduction behavior of dielectrics
whereas interfacial polarization also plays effective
role in dielectric properties of composites.
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1ZVOD

STRUKTURNA, MIKROSTRUKTURNA, MAGNETNA | DIELEKTRICNA
SVOJSTVA CuO KOMPOZITA MODIFIKOVANOG Fe,0;

1-xCuO-xFe203 kompoziti, gde je x = 0,05, 0,10, 0,15 i 0,20, su sintetizovani metodom meSanja
sa kugliénim mlevenjem. Pripremljena keramika je okarakterisana po razli¢itim osobinama kao $to
su strukturna i mikrostrukturna, elementarni sastav prema navedenoj stehiometrijskoj proporciji i
magnetna svojstva. Takode, istraZivana su dielektricna svojstva pripremljenih keramickih
kompozita, sinterovanih na razlicitim temperaturama, na sobnoj temperaturi. Kako povec¢avamo
temperaturu sinteze sa 700 °C na 900 °C, vrhovi difrakcije se pomeraju ka vec¢im uglovima, $to
ukazuje na promene u parametrima kristalne reSetke i potencijalne izoblicenja kristalne strukture.
Ova primecena promena ukazuje na povecanu toplotnu energiju koja utice na raspored atoma u
materijalu. Medutim, nakon paZzljivog razmatranja XRD rezultata i sveobuhvatne analize, zakljucili
smo da je temperatura sinteze od 700°C poZeljnija. Na ovoj niZoj temperaturi odrZzava se Zeljena
kristalna struktura, minimizirajuci rizik od strukturnih promena ili faznih transformacija koje bi
mogle uticati na svojstva i performanse materijala. Pored toga, izbor od 700°C obezbeduje
ravnoteZzu izmedu postizanja Zeljenih karakteristika materijala i izbegavanja potencijalnih
nedostataka povezanih sa visim temperaturama sinteze. SEM mikrografije pokazuju povecéanje
velicine zrna kerami¢kih kompozita. Energetska disperzivna rendgenska spektroskopija potvrduje
prisustvo elemenata u skladu sa stehiometrijskom proporcijom, dok S-oblika M protiv H. petlje
potvrduje prisustvo magnetnog uredenja. Realni (e') i imaginarni (e") delovi dielektricne
permitivnosti u odnosu na frekvenciju pokazuju dielektricno ponasanje.

Kljuéne reci: Kompoziti metoda meSanja sa kuglicnim mlevenjem, dielektricna svojstva,
magnetna svojstva
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Fresh and hardened characteristics of a novel alkali-activated
geopolymer concrete with GGBFS

ABSTRACT

The development of a country's infrastructure relies heavily on the use of cement concrete as the
major building material. The cement industry significantly contributes to global warming due to its
substantial carbon dioxide (CO,) emissions. Reducing the consumption of cement in concrete
while maintaining its essential features can lead to a more cost-effective and environmentally
friendly advancement of the construction sector.

By looking at a new concrete mix that includes fly ash (FA) and Ground Granulated Blast Furnace
Slag (GGBFS), this study aims to develop cement less concrete. An Alkali-Activated Solution
(AAS) was used as the liquid binder along with a dry mix of FA and GGBFS. This study examines
the utilization and impact of liquid and solid binders in the production of alkali-activated GGBFS-
based Geopolymer Concrete (GPC), as well as the optimal quantities required for their
incorporation. Various ratios of AAS to GSB were experimented with to determine the optimum
mixture. To find optimum mixture of GGBFS for the GPC, different amounts of GGBFS were
utlised as a Partial substitution for fly ash. At 28 days, test specimens, such as cubes, cylinders,
and beams, were cast and put to the test. The GPC has also decided to use heat curing to get
good results. It is found that the ratio 0.5 between AAS and GSB and a makeup of 75% GGBFS
made the strongest material. The results of the study show that using AAS and GGBFS in
geopolymer concrete makes a better product, which could be used in places where there is not
enough water.

Keywords: Geopolymer; Geopolymer Solid Binder; Alkali-Activated Solution; Fly Ash; GGBFS

1. INTRODUCTION

Portland cement has been the most often
utilized substance to bind the components of

iron industry have accumulated in enormous
amount. Industrial waste disposal is a difficult task.
Although it may not be feasible to dispose of

traditional concrete. The strength and durability
characteristics of Portland cement concrete have
improved significantly as well. On the one hand,
cement manufacture uses the natural resources
and huge energy, and also, it releases solid waste
and carbon dioxide (CO,) gas that pollutes the
environment. The cement sector is responsible for
approximately 5-7 percent of global CO, emissions.
[1, 2]. Fly ash and slag from the first stagesof the
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industrial and construction trash, the necessity of
using these by-product wastes has grown due to
rising raw material prices and demand, as well as
irreparable environmental harm [3]. However, with
the help of contemporary green engineering
techniques, more energy-efficient and environ-
mentally friendly binding materials are now
feasible. Anthracite or bituminous coal is used to
create "Class F" fly ash which is a natural
pozzolonic materials and have low calcium content
[4]. Class F fly ash undergoes a chemical reaction
with a solution called alkali-activated solution
(AAS), which consists of a combination of sodium
hydroxide and sodium silicate solution, at elevated
temperatures. An  inorganic  alumino-silicate
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polymer known as geopolymer is the reaction's end
product [5,6]. The GGBFS-alkali activated
geopolymer concrete utilizes fly ash and slag as
the geopolymer solid binder (GSB), while AAS
functions as the geopolymer liquid binder (GLB).
Comparing Class F fly ash to other classes, greater
alumina and silica compounds are present [7].
Calcium oxide, silica, and alumina are found in
slag. The poor reaction between the solid binder
and the liquid binder results in a delay in the
geopolymerisation process when conducted under
ambient conditions. [8]. The reaction between the
solid binder and the liquid binder happens more
quickly as the curing temperature rises.

During the heat curing process, the solid
binders react with an alkali-activated solution,
leading to the creation of sodium aluminosilicate
and calcium aluminosilicate gels. The sodium
aluminosilicate gel changes into calcium
aluminosilicate gel at greater GGBFS/slag
concentration levels. Due to its greater density, the
matrix of the changed product benefits from
increased strength and durability [9,10]. In order to
improve the geopolymer's acid and temperature
resistance as well as early strength, fly ash may be
employed [7,11]. The strength qualities of
geopolymer concrete are collectively influenced by
various factors, including the concentration of the
sodium hydroxide solution, the ratio of silicate to
sodium hydroxide solution, the ratio of AAS to
GSB, the quantity of fly ash, and the curing
procedure. The mechanica properties of the
geopolymer concrete is improved by the sodium
hydroxide concentration. Numerous researchers
[10,12-16] have discovered the ideal sodium
silicate to hydroxide ratio to be between 1.5 and
2.5 while maintaining a higher sodium hydroxide
molarity (10-16 M) to achieve higher strength.
Geopolymer concrete composed of fly ash exhibits
a gradual increase in strength when exposed to
normal room temperatures. However, using oven
curing at temperatures between 40 and 90 C has
resulted in a respectable increase in strength [17].
The fly ash-based geopolymer concrete
strengthened the most when it was dried for 24
hours at a temperature between 60 and 75 °C
[18,19]. Additionally, the strength and durability
gualities of geopolymer concrete have been
enhanced by the addition of GGBS and slag [1,7-
10,20]. Furthermore, it has been documented that
the production of geopolymer concrete utilizing a
composition of 75% fly ash, 25% slag, and a NaOH
concentration of 14 M yielded a compressive
strength measurement of 35 MPa, which remained
consistent even after a 28-day period of ambient
curing [7]. With an increase in slag content and
NaOH solution  concentration,  geopolymer
concrete's compressive strength improved [10,20].
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Bellum (2019) conducted a study that found
geopolymer concrete, consisting of 30% fly ash
and 70% ground granulated blast furnace slag
(GGBS), displayed a compressive strength of
34.15 MPa. The concrete specimens underwent a
curing process that consisted of 24 hours of oven
curing at a temperature of 70°C, followed by an
additional 28 days of ambient curing. The ratio of
alkali-activated slag (AAS) to GGBS in the mixture
was 0.35 [21]. Ma et al. (2019) found that including
30% slag in geopolymer concrete led to the
maximum level of compressive  strength.
Nevertheless, it is important to acknowledge that
the concentration of NaOH had a minimal effect on
the strength after a 28-day duration [22]. Studies
indicates that the utilization of fly ash and alkali-
activated solution (AAS) in geopolymer concrete
yields the most significant compressive strength.
This outcome is achieved by maintaining a sodium
hydroxide (NaOH) concentration within the range of
15.5 to 16M, and a silicate to sodium hydroxide
solution ratio ranging from 1.5 to 2.5. Only a limited
amount of study has examined the mechanical
properties of geopolymer concrete (GPC) made
with fly ash and ground granulated blast furnace
slag (GGBFS), as well as the ratio of alkali-
activated slag (AAS) to GGBFS.

The objective of this study is to create a
concrete material by combining fly ash, blast
furnace slag, and coarse and fine aggregates. This
will serve the purpose of mitigating environmental
pollution caused by the utilization of fly ash and
blast furnace slag, while also eliminating the need
for energy-intensive binding materials like cement.
To create a better concrete material, different
binding agents AAS have been tested. As a solid
binder, fly ash and GGBFS have also been
combined in a dry condition, in addition to the liquid
binder. This research paper focuses on calculating
the ideal proportion of GGBFS to fly ash to provide
the highest fresh, hardened and durability
characteristics.

Investigation has been done to find out how
alkali activated GPC's mechanical properties are
affected by the ratio of AAS to GSB. Heat curing at
60°C for 24 hours was used to test for any
beneficial effects. The mechanical properties of
GPC were examined by conducting experiments on
compressive strength, flexural strength, modulus of
rigidity, and split tensile strength. The objective was
to improve these qualities by replacing a portion of
fly ash with varied fractions of GGBFS.

2. EXPERIMENTAL PART

2.1. Materials

The geopolymer binding material is created via
the process of geopolymerization, wherein a solid
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binder composed of "Class F" fly ash and GGBFS
reacts with a liquid binder called "AAS". Tables 1
and 2 display the physical properties and
compositions of Class F fly ash and GGBFS. The
liquid binder mostly comprises sodium hydroxide

Tablel. Physical properties: GGBFS and Fly ash
Tabela 1. Fizicka svojstva: GGBFS i leteci pepeo

and sodium silicate solutions. The procurement of
fine and well-graded coarse aggregates from a
local source was done for the purpose of using
them in geopolymer concrete.

Properties Specific Specific surface area Autoclave Residue on 45 Moisture
P gravity (Blaine), (mzlkg) expansion, (%) pum (%) content, (%)
GGBS 2.79 380 0.40 2.25 0.12
Fly ash 2.25 389 0.05 1.25 0.10
Table 2. Fly ash and GGBF: Chemical composition
Tabela 2. Leteé¢i pepeo i GGBF: Hemijski sastav
CaO A|203 Si02 Fe,O3 MgO K>,O SOs3 Na,O LOI
GGBS 40.5 13.9 32.0 1.8 6.0 0.40 1.70 0.6 3.9
Fly ash 2.9 26.0 59.9 3.9 0.9 1.9 0.70 0.78 1.95

2.2. Preparation of the Binder

The Solution Sodium hydroxide was made the
day before the GPC was cast. Pellets of sodium
hydroxide were stored in a plastic container with
tap water that was 97% pure and had a pH
between 7.12 and 7.20. They were thoroughly
stirred with a magnetic stirrer until they dissolved.
As a substantial amount of heat was produced by
exothermic chemical reactions, safety precautions
were taken. After that, the alkaline solution was
covered and let to cool. Based on the findings of
earlier research, the ideal sodium hydroxide to
sodium silicate ratio of 1.8 and 16 M, respectively,
were maintained. In a 16M NaOH solution, the
specific gravity and pH value werel.44 and 12.4,
respectively. The silicon dioxide (SiO2) content of
the sodium silicate solution was 30.4%, disodium
oxide (Na20) was 11.6%, water was 56.9%, and
the other components were filler materials. Sodium
silicate has a specific gravity of 1.38. The sodium
hydroxide solution and the sodium silicate gel were
combined. This mixture underwent rigorous stirring
for 5 minutes, which caused an exothermic reaction
to produce an alkaline-activator solution (liquid
binder) [23]. This solution was stored in a container
with a tight lid.

2.3. Mix Proportion, Mixing, and Preparation of
Sample

Geopolymer concrete can be prepared using
either a dry blending technique or a wet blending
technique. The experiment employed a dry mix
approach. The composition of "Class F" Fly ash,
GGBFS, alkaline-activator solution (AAS), fine
aggregate, coarse aggregate, and water were
established. The impact of the AAS to GSB ratio on
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the strength parameters of fly ash-based GPC was
examined using various ratios (0.30, 0.40, 0.50,
and 0.60). In addition, varying quantities of GGBFS
were employed to substitute the fly ash in the
mixture to assess the effectiveness of GGBFS in
geopolymer concrete.

In amounts of 25, 50, 75 and 100% by the
weight of fly ash in the mixture, GGBFS partially
replaced the fly ash. Due to the lack of a precise
design approach, the concrete constituents were
proportioned using the trial-and-error method [15].
The specific gravity of the ingredients serves as the
basis for the mix design criterion in this
investigation. Table 3 lists the weights and ratios of
each element in the GPC mix. The solid binder's
weight, which was 460 kg/m3, remained consistent
throughout. The quantity of aggregates has been
determined by the utilization of absolute volume,
aggregate grading curve, and material specific
gravity.

A mixer machine was utilized for a duration of
120 seconds to blend surface-dried coarse and fine
aggregates, fly ash, and GGBFS. The AAS and
water (pH=7.12-7.20) were gradually mixed
together for 60 seconds to form a uniform concrete
mixture. Then, the mixture of coarse and fine
aggregates, fly ash, and GGBFS was continuously
mixed for an additional 180 seconds. In 150 mm
cube, 150x300 mm cylinder, and 100x100x500 mm
beam moulds, this freshly mixed geopolymer
concrete was cast. On a vibration table, concrete
moulds were compacted. To prevent free water
from the green concrete from evaporating, a plastic
wrapping sheet was placed around the concrete-
filled moulds.
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Table 3. Mix proportion of fly ash and slag based geopolymer concrete

Tabela 3. Udeo meSavine geopolimer betona na bazi lete¢eg pepela i Sljake

Mix No. | AAS/GSB | W/GSB Mo'g”ljy of | ss/sH %’vgifgﬁfo'?zssgy FAOﬁyG"geE'tht CAotf’yG"é‘gght
M020 | 0.30 0.25 16 18 0 1.07 2.47
M0.30 |  0.40 0.25 16 18 0 1.06 2.44
M040 | 050 0.25 16 18 0 1.05 2.41
M0.50 |  0.50 0.25 16 18 0 1.04 2.35

M2550 |  0.50 0.25 16 18 25 1.07 2.46
M5050 | 050 0.25 16 18 50 1.09 251
M7550 | 050 0.25 16 18 75 111 255

M10050 | 0.50 0.25 16 18 100 113 2.60

2.4. Slump Test

The workability of freshly mixed geopolymer
concrete was assessed using a Slump cone. The
gadget consists mostly of a steel mould shaped like
a frustum of a cone and a steel rod used for
tampering. The frustum has an inner diameter of
200 mm at its top and 100 mm at its bottom. The
height of the frustum measures 300 mm.
Workability was evaluated in accordance with the
Indian Standard (IS: 7320)

2.5. Curing of Samples

The plastic-wrapped moulds, filled with
concrete, were left at room temperature for a
duration of 60 minutes. The moulds [24,25]
underwent heat curing in an oven at a precisely
controlled temperature of 60°C for a duration of 24
hours, after 60 minutes of ambient curing. Prior to
testing, the oven-cured specimen moulds shown in
Figure 1 were kept at a consistent temperature
ranging from 24 to 26 degrees Celsius and a
relative humidity ranging from 60 to 5%

Figure 1. GPC Specimens
Slika 1. GPC uzorci

2.6. Compressive Strength Test

The compressive strengths of GPC cubes were
evaluated using a hydraulic digital compression
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testing machine with a capacity of 2000 kN and a
least count of 0.1 kN as shown in Figure 2.a,
following the guidelines of the Indian Standard IS:
516 [26]. The assessments were conducted after 3,
7, and 28 days. The test was conducted with a
displacement rate ranging from 1.4 to 1.6 kilograms
per minute. The compressive strength of each mix
was evaluated by conducting tests on three cubes,
and the mean value was determined.

2.7. Flexure Test

The flexural strength test was conducted using
a digital flexure testing system that had a capacity
of 100 kN and a minimum resolution of 0.1 kN as
shown in Figure 2.b. A 100x100x500 mm beam
was loaded at its centre point following the
guidelines of ASTM Standard ASTM C-293-02,
2002, to determine its flexural strength [27].
Following the testing of three beams for each
mixture, an average value for flexural strength was
established.

2.8. Modulus of Elasticity

An extensometer equipped with a dial gauge
was affixed to the centre of the cylindrical sample
to quantify its deformation for testing modulus of
elasticity as shown in Figure 2.c [28,29]. Experi-
ments were performed on cylindrical samples
utilizing a single-direction compression force at a
displacement rate of 1.4 to 1.6 kg per minute.

2.9. Split Tensile Test

The split tensile test was conducted using the
identical compressive testing instrument, as
specified by the Indian standard 1S:5816 [30]. The
split strength of 150x300 mm cylinders, which were
subjected to compression force perpendicular to
the cylinder's longitudinal axis, as shown in Figure
2.d. The displacement rate was maintained at a
consistent level of 1.4-1.6 kg/min. The average
findings were calculated by conducting tests on
three cylinders of each mixture after a period of 28
days.
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(b)

© (d)

Figure 2. (a) Compressive strength test (b) Flexural strength test (c) Modulus of elasticity test
(d) Split tensile strength test

Slika 2. (a) Ispitivanje ¢vrstoce na pritisak (b) Ispitivanje ¢vrstoce na savijanje (c) Ispitivanje modula
elastiénosti (d) Ispitivanje zatezne &vrstoce rascepa

3. RESULTS AND DISCUSSION

3.1. Slump

The geopolymer concrete mixes were
formulated using solid binders such as GGBFS and
fly ash, a liquid binder known as alkaline activated
solution, aggregates, and water. The water quantity
acquired has been standardized for all design
mixtures in the current investigation. The acquired
water was divided into two equal parts. One
component is allocated for the preparation of the
AAS solution, while the other half is designated for
the production of slump. Increasing the AAS to
GSB ratios necessitated a greater amount of water
for AAS preparation, with the excess water being
utilized for slump. Due to the reduced water
content in the preparation of AAS and increased
water content in the creation of a more
manageable GPC, the concrete mixture exhibited
cohesiveness and excellent plasticity, even though
it had a smaller proportion of AAS to GSB content.
Figure 3 depicts the slump values corresponding to

different ratios of AAS to GSB. The data
demonstrated a decline in slump values as the ratio
of AAS to GSB increased. Figure 4 illustrates the
slump value of concrete mixes with GGBS
replacement. The rigidity of the geopolymer
concrete mixture escalates proportionally with the
concentration of GGBFS in the mixture.
Furthermore, there is a distinction in the rheological
properties between Portland cement concrete and
geopolymer concrete. The slump and hydration of
Portland cement concrete were influenced by
reactive and excess water, while in the case of
GPC, water is exclusively utilized to prepare AAS
and enhance workability. Previous studies have
shown that the inclusion of slag in the GPC mix
resulted in a decrease in workability [24,31]. To
enhance the workability of the geopolymer mix at
higher concentrations of GGBFS, the use of a
superplasticizer is recommended. The workability
of concrete can affect the mechanical and physical
properties of the hardened material.

250 +

200 -
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100 -~

Slump (mm)

0 I I I l
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Figure 3. Slump of GPC concrete for various AAS-GSB ratios
Slika 3. Sleganje GPC betona za razlicite AAS-GSB odnose
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Figure 4. Slump of GPC concrete for various GGBB substitute

Slika 4. Sleganje GPC betona za razli¢ite GGBB zamene

3.2. Compressive Strength

Two significant GPC adjustments were taken
into consideration in this analysis. Four different
ratios of geopolymer solid binder (GSB) to alkali
activated solutions (AAS) were used in the first
experiment. These proportions were 0.2, 0.3, 0.4

and 0.5. Five different GGBFS substitutes for fly
ash were used in the second. By weight of the
entire fly ash, these replacements represented
25%, 50%, 75% and 100%. These modified GPC
samples underwent testing. In Figures 5 and 6, the
outcomes of compressive strengths are displayed.

35

Compressive Strength (MPa)
= = N N w
o w o w o
1 | 1 1 1

%2}
1

o

0.2 0.3 0.4 0.5 0.6

AAS-GSB ratio

Figure 5. Compressive Strength of GPC for various AAS-GSB ratios
Slika 5. Cvrstoéa na pritisak GPC za razligite AAS-GSB odnose

Figure 5 displays a graph of the compressive
strengths of GPC at 28 days for various AAS-to-
GSB ratios. Figure 6 displays a graph of the
compressive strengths of GPC at 28 days for
various GGBS content. It can be seen that an AAS
to GSB ratio of 0.5 results in the greatest gain in
compressive strength value. AAS to GSB ratio was
set at 0.50 while various GGBFS proportions were
used to evaluate the impact of GGBFS content in
the GPC. The effect of different GGBFS on

ZASTITA MATERIJALA 65 (2024) broj 2

compressive strengths at 28 days after curing is
depicted in Figure 5. When 25%, 50%, 75 % and
100% of the fly ash was substituted by GGBFS, the
compressive strength values at 28 days were found
to rise by 7.1%, 13.3%, 25% and 10.7%, respecti-
vely, above the conventional (fly ash based)
geopolymer concrete. It can be noticed that 75% fly
ash substitution by GGBFS, a substantial increase
in strength has been noted. A slight increase in
strength is shown when GPC contains 100%
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GGBFS. At 75% GGBFS concentration, the GPC
had the best compressive strength.

No surface cracks were observed after the
curing process in a 60°C oven. Nevertheless,
certain researchers have observed the presence of
surface fissures caused by the contraction of the
alkali-activated slag concrete [10]. Several studies
have reported that the addition of slag to
geopolymer concrete (GPC) during ambient curing
results in a moderate increase in compressive

strength [21, 25, 32—-34]. At a temperature of 60 °C,
fly ash, GGBFS, and AAS demonstrate the most
rapid rates of polymerization [25,35]. The greater
enhancement in compressive strength is ascribed
to the elevated calcium content of GGBFS [35].
The GGBFS primarily facilitates the interaction
between calcium silicate, calcium aluminosilicate,
and sodium aluminosilicate gel hydrates, which is
responsible for the increase in compressive
strength.
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Figure 6. Compressive Strength of GPC for various GGBS substitute

Slika 6. Cvrstoéa na pritisak GPC za razlisite GGBS zamene

3.3. Flexural strength

Flexural strength is the ability of a beam to
withstand failure under bending forces. The
discovery was made that the ratio of AAS (alkali-
activated slag) to GSB (ground granulated blast
furnace slag) in GPC (geopolymer concrete) had
an influence on the flexural strength. The flexural
strength of geopolymer concrete reached its peak

when the AAS-to-GSB ratio was 0.5, without the
presence of GGBFS. Figure 7 depicts the flexural
strength of different ratios of AAS-GSB. At a
GGBFS level of 75%, the flexural strength reaches
its peak. Figure 8 displays the flexural strength of
GPC concrete at different levels of GGBS
substitution.

a4 -

3.5 A

Flexural Strength (MPa)
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1.5
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0.2 0.3 0.4 0.5 0.6
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Figure 7. Split tensile Strength of GPC for various AAS-GSB ratios
Slika 7. Zatezna c¢vrstoca rascepa GPC za razlicite AAS-GSB odnose
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Figure 8 displays the flexural strength of GPC
concrete at different levels of GGBS substitution.
Figure 8 demonstrates a notable link between the
compressive and flexural strengths. The ACI 318
Building Code [36] can be used to determine the
anticipated flexural strength of Portland cement
concrete, and an expression for it can be
expressed as fc as per Equation 1.

f,=0.62,/f. 1)

Most of the specimens' flexural strengths were
discovered to be between 20 and 30 percent
greater than those predicted by Equation 2 (Figure
9). The authors arrived a formula for calculating the
flexural strength of alkali-activated GGBFS-based
geopolymer concrete as follows.

f,=0.682,/f. )
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w
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Figure 8. Split tensile Strength of GPC for GGBS substitute
Slika 8. Zatezna c¢vrstoca rascepa GPC za GGBS zamenu
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Figure 9. Correlation between flexural strength versus compressive strength

Slika 9. Korelacija izmedu ¢vrstoce na savijanje i ¢vrstoce na pritisak

3.4. Modulus of Elasticity

Figure 10 depicts the modulus of elasticity of
GPC wfor various AAS-GSB ratios. Figure 11
compares the elastic modulus of "class F" fly ash
with geopolymer-based GGBFS concrete for
various GGBS replacements. When the AAS-to-
GSB ratio was raised to 0.50, the elastic modulus
values began to rise. ACI Building Code [36] and

ZASTITA MATERIJALA 65 (2024) broj 2

"IS code" [26] compare the elastic modulus values
to those expected for Portland cement concrete.
Equation 3 & 4 represents to ACI code, and IS
code for the elastic modulus of Portland cement
concrete respectively.

£.=4700 ,/f. MPa. ©)

£.=5000,/f. MPa. 4)
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Figure 10. Modulus of elasticity of GPC for various AAS-GSB ratios
Slika 10. Modul elasti¢nosti GPC za razlicite AAS-GSB odnose
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Figure 11. Modulus of elasticity of GPC for various GGBS substitute
Slika 11. Modul elasti¢nosti GPC za razli¢ite zamene GGBS
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Figure 12. Correlation between Modulus of elasticity versus compressive strength
Slika 12. Korelacija izmedu modula elastiénosti i ¢vrstoce na pritisak
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Figure 12 illustrates the relationship between
the modulus of elasticity and compressive strength.
Equation 5 presents the authors' anticipated
formula for determining the flexural strength of
alkali-activated GGBFS-based geopolymer
concrete.

= 4950 \/f, MPa. (5)

3.5. Split tensile strength

The split tensile test is an indirect way of
evaluating the tensile test of concrete [37]. Figure
13 illustrates the split tensile strength of GPC
(Glass Powder Concrete) for different ratios of AAS
(Alkali Activated Slag) to GSB (Ground Granulated
Blast Furnace Slag). Figure 14 presents a compa-
rison of the split tensile strength between "class F"
fly ash and geopolymer-based GGBFS concrete at
different levels of GGBS replacements.The split
tensile strength of GPC is known to be associated
initiation and

propagation in the concrete structure [38]. An
increase in the quantity of GGBFS in alkali-
activated, GGBFS-based geopolymer concrete,
while keeping the AAS/GSB ratio constant at 0.50,
resulted in an improvement in the split tensile
strength. The splitting tensile strength (ft) for
Portland cement concrete can be determined using
the CEB-FIP Model Code 95 [39] (Equation 6) and
the ACI 318 Building Code [36] (Equation 7).

f=0.62,/f. (6)
f=0.50,/f. @)

Figure 15 illustrates the relationship between
the modulus of elasticity and compressive strength.
The authors proposed a mathematical formula,
denoted as Equation (8), to estimate the flexural
strength  of  alkali-activated = GGBFS-based
geopolymer concrete.

with different aspects of crack £=0.53,/f, (8)
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Figure 13. Split tensile strength of GPC for various AAS-GSB ratios
Slika 13. Zatezna ¢évrstoca rascepa GPC za razlicite AAS-GSB odnose
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Figure 14. Split tensile strength of GPC for various GGBS substitute

Slika 14. Zatezna c¢vrsto¢a GPC-a za razli¢ite GGBS zamene
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Figure 15. Correlation between Split tensile strength versus compressive strength

Slika 15. Korelacija izmedu zatezne ¢vrstoce rascepa i ¢vrsto¢e na pritisak

4. CONCLUSION

The objective of this study is to develop a
geopolymer concrete that exhibits a superior level
of strength by utilizing an alkali-activated ground
granulated blast furnace slag (GGBFS) as its
primary component. The strength of this is
attributed to the alkali-activated solution (AAS),
which consists of sodium hydroxide and silicate
solutions, as well as GGBFS. The subsequent
information was revealed during an examination of
strength and workability.

e The geopolymer concrete's workability rises
when the AAS-to-GSB ratio rises but falls when
the GGBFS content rises.

e The higher AAS-to-GSB ratio in fly ash-based
GPC accounts for the increased strength. A
ratio rise above 0.5, however, has no
appreciable impact on the strength. An AAS-to-
GSB ratio of 0.50 results in the fly ash-based
GPC's highest compressive strength value.

e With the addition of more GGBFS, the
mechanical properties of GPC are significantly
improved. It can be shown that 80% GGBFS in
GPC has generated the strongest results.
When GPC contains more than 80% GGBFS,
the increase in strength is minimal.

e GPC can reach high early strengths of up to
77-86% of the 28-day compressive strength
when it is cured at 60° C for 24 hours.

e Empirical equations have been formulated to
determine the flexural strength, elastic
modulus, and split tensile strength of GPC that
has undergone a curing process at 60°C for 24
hours, based on its compressive strength.
These equations are expected to be
advantageous for professionals in the field of
concrete technology.
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The objective of the present investigation was
to develop a novel concrete material that has
notable mechanical properties by utilizing industrial
waste materials. It was based on GGBFS and an
AAS. It is anticipated that this concrete would find
extensive use as structural concrete. In places
without access to mixing water, it would be
considerably more useful.
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IZVOD

KARAKTERISTIKE SVEZEG | OCVRSLOG ALKALNO AKTIVIRANOG
GEOPOLIMERNOG BETONA SA GGBFS

Razvoj infrastrukture jedne zemlje u velikoj meri se oslanja na upotrebu cementnog betona kao
glavnog gradevinskog materijala. Industrija cementa znacajno doprinosi globalnom zagrevanju
zbog znacajne emisije ugljen-dioksida (CO,). Smanjenje potroSnje cementa u betonu uz
zadrZavanje njegovih osnovnih karakteristika moze dovesti do isplativijeg i ekolo$ki prihvatljivijeg
napretka gradevinskog sektora.

Posmatraju¢i novu mesavinu betona koja ukljucuje letec¢i pepeo (FA) i mlevenu granuliranu $ljaku
iz visokih pec¢i (GGBFS), ova studija ima za cilj razvoj betona bez cementa. Alkalno aktiviran
rastvor (AAS) je koriséen kao teéno vezivo zajedno sa suvom mesSavinom FA i GGBFS. Ova
studija ispituje koriscenje i uticaj tecnih i ¢vrstih veziva u proizvodnji geopolimer betona (GPC) na
bazi GGBFS aktiviranog alkalno, kao i optimalne koli¢ine potrebne za njihovu ugradnju.
Eksperimentisani su razli¢iti odnosi AAS prema GSB da bi se odredila optimalna sme$a. Da bi se
prona$la optimalna meSavina GGBFS za GPC, razliite kolicine GGBFS su koriséene kao
delimicna zamena za leteci pepeo. Nakon 28 dana, uzorci za testiranje, kao $to su kocke, cilindri i
grede, su liveni i stavljeni na ispitivanje. GPC je takode odlucio da koristi toplotno oévrs¢avanje da
bi dobio dobre rezultate. Utvrdeno je da je odnos 0,5 izmedu AAS i GSB i sastav od 75% GGBFS
Cini najjaci materijal. Rezultati studije pokazuju da se upotrebom AAS i GGBFS u geopolimer
betonu dobija bolji proizvod, koji bi se mogao koristiti na mestima gde nema dovoljno vode.
Kljuéne reci: Geopolimer; Geopolimerno ¢vrsto vezivo; Alkalno aktivirani rastvor; Pepeo; GGBFS

Naucni rad

Rad primljen: 19.12.2023.

Rad prihvacen: 08.01.2024.

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/)

306

ZASTITA MATERIJALA 65 (2024) broj 2


https://doi.org/10.1016/j.conbuildmat.2014.05.080
https://doi.org/10.1016/j.conbuildmat.2014.05.080
https://doi.org/10.1016/j.compositesb.2018.11.067
https://doi.org/10.1016/j.matpr.2017.06.270
https://doi.org/10.1007/s10853-009-3934-5
https://doi.org/10.1016/j.conbuildmat.2018.04.008
http://www.idk.org.rs/casopis
https://creativecommons.org/licenses/by/4.0/

A. Hafiz. A. Ali et al.

Assessment of the effect of mixing polystyrene (PS) with sawdust (SD) ...

Abdel Hafiz A. Ali** , Seddik S. Waheed?, Salah M. Rabia?,

Nouby M. Ghazaly®

!Assis. Lecturer at the Higher Institute of Engineering and Technology,
Minia, Egypt, “Emeritus Professor, Mechanical Engineering Department,
Minia University, Egypt >Technical College, Imam Ja’afar Al-Sadiq
University, Baghdad, Iraq, °Department of Mechanical Engineering,

South Valley University, Egypt.

Scientific paper
ISSN 0351-9465, E-ISSN 2466-2585
https://doi.org/10.62638/ZasMat1124

Zastita Materijala 65 (2)
307 - 314 (2024)

Assessment of the effect of mixing polystyrene (PS) with
sawdust (SD) on copyrolysis products

ABSTRACT

The co-pyrolysis process between biomass and solid waste especially plastics has attracted
significant attention in research studies as a means to enhance both the quantity and quality of
bio-oil derived from biomass decomposition. In this research paper, the PS/SD co-pyrolysis was
carried out for six different concentrations ranging from 0% to 100%, with increments of 20% PS,
inside a small laboratory reactor at 450 °C and heating rate (HR) of 20.5 °C min™. Results showed
that an increase in the proportion of PS in the blend resulted in a higher bio-oil outcome. The
highest bio-oil yield was recorded at the 80PSSD blend, indicating that co-pyrolysis had a positive
effect on oil production in all mixtures. The most significant positive impact was observed at the
20PSSD blend, reaching [+11.54]. Conversely, gas production showed a negative effect, with gas
quantities lower than expected for all mixtures, and the most significant negative impact was at
20PSSD, with a decrease of [-11.8]. As for char outcome, there was a minimal increase in its
quantity, with the highest positive impact of charcoal observed at 80PSSD, reaching [+3.44].
Consequently, it can be observed that the quantity of char produced is not significantly affected by

the co-blending process.

Keywords: PS plastic, biomass, sawdust, co-pyrolysis, bio-oil.

1. INTRODUCTION

The global population growth and expanding
industrial operations have substantially increased
energy consumption. The continued reliance on
fossil fuels (FF) as the primary energy source has
resulted in heightened pollution, significant
greenhouse gas emissions, and considerable
impacts on climate change, raising environmental
and social concerns [1]. Despite the growing
adoption of electric power as a cleaner alternative
in various industrial applications, the dependence
on FF remains inevitable [2].

Due to these previous challenges, many
countries are shifting their policies towards the
production of bio-fuels extracted from renewable
energy sources to serve as a viable alternative to
FF.
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Biomass has been included on this list of
energy sources, with reliance on biomass
accounting for 70% of primary energy sources [3].
Biomasses, including materials like wood, crop
residues, agricultural waste, energy crops, and
organic industrial and household waste.

Biomasses can serve as a renewable energy
source through processes like combustion,
gasification, or fermentation. While bio-fuels from
biomass are already in use as alternative energy
sources, it's crucial to improve their low combustion
efficiency to ensure their sustainable utilization in
the future [4].

Nomenclature list

20PSSD | 20%PS+80%SD HR Heat rate
40PSSD | 40%PS+60%SD PS Polystyrene
60PSSD | 60%PS+40%SD | NSE | Negatve
synergistic effect

BOC Bio-oil content SD Saw dust

. Solid waste
FF Fossil fuel SWM materials

307



mailto:ali5.engstar@gmail.com
http://www.idk.org.rs/journal

A. Hafiz. A. Ali et al.

Assessment of the effect of mixing polystyrene (PS) with sawdust (SD) ...

Commercially implemented liquid bio-fuels
suffer from significant disadvantages, such as a
substantial proportion of oxygenated compounds
may be up to 60%, limited thermal stability,
increased viscosity, and acidity issues, resulting
biofuel has low heating value [5]. Lately, numerous
research studies have been conducted to enhance
the efficiency of liquid biofuel, and one of the most
significant strategies is the effectiveness of thermo
chemical methods as pyrolysis, anaerobic
digestion, and gasification [6]. However, the most
efficient technique is pyrolysis, it improves the
properties of liquid, gas, and solid fractions of
pyrolysis simultaneously, the main product is BOC,
which can be refined into biodiesel and blended
with gasoline [7].

Although the oil obtained from plastic pyrolysis
has some good characteristics similar to
conventional fuels in internal combustion engines,
such as high heating value and hydrocarbon
content, which partially solves the issues
mentioned earlier regarding bio-oils, these oils
contain a high percentage of polycyclic aromatic
hydrocarbons (PAHSs), which pose a serious health
risk to humans (cancer). This restricts the
widespread use of this technology or requires
costly and complex pre-treatments [8].

The utilization of co-pyrolysis (biomass with
SWM) especially waste plastic shows great
potential as it can effectively handle waste
materials and transform them into valuable fuels or
chemicals. This process involves using plastics as
a catalyst of sorts to enhance the production of
aromatic hydrocarbons and reduce the presence of
oxygenated compounds in the liquid portion.
Consequently, employing waste biomass (such as
wood chips, sawdust, and branches) along with
discarded plastics offers a promising approach to
address various challenges [9]. Until now, scientific
studies efforts have been dedicated to discovering
the most favorable conditions as (feedstock type,
pyrolysis  mechanisms, various parameters
processes, and product yield) to use the co-
pyrolysis process widely scale.

The authors [10], PS/SD co-pyrolysis was
conducted in FBR. The study recorded the highest
bio-oil yield of 83.86% for the 75% wt PS blend;
however, the highest PSE in the bio-oil yield was
observed (62.33% wt, against 31.39% wt for SD
alone) for the 25% wt PS blend with a value of
+17.44 between the expected and experimental
values. On the other hand, the NSE in the
production of bio-gas for all blends ratios. The
study also showed that adding PS to the mixture
increased HHV to 40.21 MJ/kg while reducing the
O, content and increasing the aromatic compounds
of the bio-oil fuel.
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The authors in [11] examined the effect of
increasing PS content on the co-pyrolysis with co-
gasification of paper biomass using a lab-scale
batch reactor at a temperature 1173 K. Their
results showed a positive effect on the increase in
the bio-gas vyield with decreasing in the char
fraction. Additionally, there was an improvement in
the gas quality, with the hydrogen fraction almost
doubling as the PC “polystyrene content” increased
from 10% to 30%.These results can be attributed to
the fact that the volatile materials from the paper
pyrolysis increased the bio-gas PS pyrolysis,
slowed the reaction rate, leading to a decrease in
the charcoal yield during co-pyrolysis.

The study [12], the researchers studied the co-
pyrolysis of PS and CS ”“corn stalk” biomass at
500°C in a fixed reactor and found that the
maximum oil yield was obtained at a 1:3 CS to PS
blend without catalyst, where synergistic effect
was observed 5.75 during co-pyrolysis process.

Sanahuja et al. [13] evaluated the effect of
PS/GS( grape seeds) co-pyrolysis by FBR, and
they recorded that a positive synergistic effect PSE
for bio-oil yield when PS in the range (5% to 40%)
in the blend, also the study showed that a clear
improvement in the bio-oil quality, which can be
summarized as follows, maximum reduction in
oxygen content to 6.3% wt of 40% wt PS compared
to 14% wt GS biomass, increasing heating value to
39 MJ/kg of 20% and 40% wt PS compared to 36
MJ/kg of GS alone, increasing in PH value at 6 for
40% PS compared usually to 2-3 PH values of GS
alone, which negatively affects the fuel efficiency
and engine components.

In another study [14], a high calorific value was
recorded 41.29 MJ/kg for the bio-oil produced from
co-pyrolysis PS/ NES (non-edible seeds), using
fixed reactor at a blend of 1:2 respectively, The
study mentioned that this was due to an increase in
the total heat flow of the co-pyrolysis process.
Reduction in the oxygen content and viscosity,
thereby improving the efficiency of the resulting oil
compared to that produced from Karanja & Nijer
NES. The authors concluded that co-pyrolysis of
biomass and waste polystyrene has a successful
economic direction for both plastic waste
management and converting biomass to energy.

2. MATERIALS AND EXPERIMENTAL SET-UP

2.1. Feed-stocks

The co-pyrolysis process evaluated the effect
of waste PS adding on SD biomass materials as
six blends (OPSSD to 100PSSD) with increasment
20% of PS, SD was obtained from the wood
feathers resulting from furniture manufacturing
processes in carpentry workshops, Faculty of
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Engineering, Minia University, Egypt The SD was a
mixture of different proportions of beech wood and
white musky sawdust was cut into small
homogeneous samples about 1 to 2 mm average
size, while PS has been collected from single-use
dish waste from candy and fast food stores, then
cleaned and cut into small pieces, approximately 1
to 2 cm? in size.

2.2. Experimental set-up

The previous two pure and four its blends
feedstocks were tested in a small-scale pyrolysis
reactor to convert plastic waste into liquid oil, gas,
and char products Fig. (1). The reactor cylinder
was made of cast iron with a thickness of 6 mm
and wrapped with a loop of an electric heater,
which was 2.5 meters in length and had a capacity

of 3 kW. The reactor had a height of 285 mm, a
diameter of 101.5 mm, and a capacity of 2.2 liters
(Table 1). It was connected to a 20 mm diameter
tube that passed inside a condenser tube with a
length of 550 mm and a diameter of 3.5 mm. The
condenser tube was equipped with two entrances
for cooling water, with the bottom serving as the
entry and the top as the exit. The vapors of plastic
waste produced in the heating chamber at high
temperatures were condensed into liquid oil in the
condenser tube. Water circulated through the
condenser tube at a flow rate of 1.5 L/min., and the
condensed liquid oil was collected in the oil
collector tank located at the bottom of the system.
The uncondensed products (gases) were
exhausted outside the system.

<@
~(

untlnnln \

1-Power input. 2- Control panel.
6- Connected pipe. 7- Water inlet.

3- Thermo couple.
8- Heat exchanger.

P

4- Heater. 5- Reactor
9- Water out. 10- Tank.

Figure 1.The schematic set up of the pyrolysis unit

Slika 1. Sematski prikaz jedinice za pirolizu

Tablel. Reactor components parameters

Tabela 1. Parametri komponenti reaktora

Component Features
Long 285 mm
Reactor properties Ou.t diam. 101.5 mm
Thickness 6 mm
Capacity 2.2 lit
Thermocouple type K
Heater 25m& 3 kw
condenser diameter 63.5 mm
condenser length 55cm
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3. RESULTS

3.1. Pure PS, and SD pyrolysis

The current experiment was evaluated the SD
pyrolysis at 450 °C, 20.5 °C /min HR. This is
because it is the optimal conditions for obtaining
the largest amount of bio-oil (83% wt) produced
from PS pyrolysis, in order to have a clear effect on
improving the characteristics of the fuel resulting
from PS/SD co-pyrolysis.

The figure reviewed the outcomes of the
thermal pyrolysis process of individual pure
materials PS, and SD, by analyzing the figure, it is
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concluded that PS recorded the highest oil content
of up to 83% with a small product of coal and gas
up to 3% and 14%, respectively, in contrast, SD
recorded a product of bio-oil up to 36.7% wt, which

represents a small percentage if compared to PS,
while a rise in char content was observed to record
33.3% wt SD, while the content of gas as 30% wt.

pure feed-stock pyrolysis

=
\3100 L o— PS
Z 80 -
5 60 - SD
$ 40 -
L od
S 20 -+ \.
T
g o
a.

oil gas char

product type

Figure 2. Pure feed stocks type’s verses product yield percentage

Slika 2. Procenat prinosa proizvoda tipa Ciste sto¢ne hrane

The distribution of products in SD biomass and
PS plastic pyrolysis exhibits significant differences,
despite the similarity of operating conditions. This
disparity can be attributed to the varying
composition of biomass and plastics. Biomass
pyrolysis product type is strongly influenced by the
presence of cellulose, and hemicellulose, which
promotes the production of bio-oil; this is due to the
presence of weak bonds that are easily broken at a
short range of temperatures (220 — 315 °C). While
the high content of lignin (It is the second main
component of biomass after cellulose and is
usually in wood material from 20 to 35% depending
on the type of wood. Lignin is characterized by
strong bonds and a three-dimensional network that
makes it a difficult and decomposition resistant
material that is difficult to convert into valuable
products (oil or gas) as biofuel [15] ) in biomass
indicates a rise in char yield [16]. On the other
hand, PS plastics have a higher volatile content up

to 99.6 %, which favors liquid vyield [17].
Consequently, the co-pyrolysis of plastics and
biomass will be a promising technique to raise the
efficiency of biomass pyrolysis outcomes.

3.2. Co-pyrolysis PS/SD outcome.

Figure 3 illustrated the co-pyrolysis products of
PS/SD. Upon analyzing the figure, it becomes
evident that the highest bio-oil content was
obtained from a blend of 75% PS and 25% SD,
reaching 76.25%. Gas and char contents were
11.25% and 12.5%, respectively. The bio-oil
content increased with higher percentages of PS in
the blend, while the char content decreased,
reaching its peak value of 27.5% in the 20PSSD
blend. The blend of 20PSSD yielded the highest
non-condensed gas production at 15%. As the PS
percentage increased in the mixture, there was a
slight decrease in biogas content ranging from
12.5% to 11.25%.

blends PS/ SD

—— ()|

A
v

-—

&8 88

N
o

o

A
— AT = - -a

L 4

B gas

=4 == char

20PSSD  40PSSD

Percentage weight ( % wlg

60PSSD
feed-stock type

80PSSD

Figure 3. Blends PS/SD verses product yield percentage

Slika 3. MeS$avine PS/SD u odnosu na procenat prinosa proizvoda
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3.3. PS/SD Co-pyrolysis synergistic effect

Figure 4 illustrated the impact of the co-
pyrolysis between PS and SD on the pyrolysis
products. Figures. A, B, and C from Fig. 4 indicated
that there is a PSE or NSE that confirms the
presence of a new distribution in the content of the
co-pyrolysis outcomes, which differs from the
individual pyrolysis products of each material.

The SE is determined by comparing the actual
experimental values of the co-pyrolysis product
outputs with the expected theoretical values, Eq.1
is used to know the theoretical expected value,
while the Eq.2 represents the extent of the impact
of the joint decomposition process, if it is positive, it
indicates an increase in the product yield than
expected, and if it is negative, it indicates a
decrease in the percentage of the product, and
there are no differences indicating that the product
resulting from the co pyrolysis is not affected.

Xca= MspYsp+ MpsYps 1

Msp , Mps = relative mass.
YSD/ Yps = oil yleld

AY= Xop - X (Synergistic effect) (2)

Figure 4.A presented the effect of co-pyrolysis
on bio-oil production. The data analysis concluded
that all blends of PS/SD exhibited a PSE. Among
the blends, 20PSSD blend achieved the highest
PSE (+11.54) according to the table 2. The PSE
decreases as the concentration of PS in the blend
increases. This can be explained by the potential
occurrence of internal interactions between PS and
SD molecules, particularly when there is a larger
proportion of SD biomass and a smaller
percentage of PS present.

oil yield

__ 100 -
§ Exp.
< 80 + G-
- | o |
- - - and e
fo 60 | T e Cal.
g 40 + VUi
[J]
:’,!P 20 +
[
§ 0
& 0 20 40 60 80 100

% blend PS-SD

Figure 4A. Effect co-pyrolysis on bio-oil yield

Slika 4A. Efekat ko-pirolize na prinos bio-ulja

The SE of the char was evaluated in Fig. 4-B. The data showed that the PSE of all blends on the char
yield resulting from the co-pyrolysis, but this effect is not noticeable, and the laboratory results are very

close to the expected results.

char yield

_ 50 =
2 40
e 40 EXp
+ 30 1 T~y
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Figure 4B. Effect co-pyrolysis on bio-char yield

Slika 4B. Uticaj ko-pirolize na prinos bio-uglja
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This indicates that the effect of PSSD co-
pyrolysis on char production is limited to the
amount of char produced from the pyrolysis of each
individual. The greatest PSE (+3.44) was achieved
with an 80PSSD blend.

Figure 4.C illustrates the effect of co-pyrolysis
on the non-condensate gas content. It can be
inferred from the presented data that the gas
content exhibits a noticeable NSE on all blends.
The 20PSSD blend demonstrates the highest NSE
compared to the other blends. This can be

attributed to the high hydrogen content in the PS
component. Consequently, when a certain quantity
of PS is present in the SD biomass, it causes the
condensation of some gas molecules, resulting in a
decrease in the gas outcome and an increase in
the bio-oil yield. As the concentration of PS in the
mixture increases, the NSE decreases. This
decrease could be attributed to the insufficient
amount of biomass pyrolysis gases, leading to a
reduction in gas condensation.

gas yield

T 50 1

] -

ot 40 Cal.

g, 30 +

()
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&3 0 20 40 60 80 100

% blend PS-SD
Figure 4C. Effect co-pyrolysis on bio-gas yield
Slika 4C. Efekat ko-pirolize na prinos biogasa
Table 2. Synergistic effect co-pyrolysis PS-SD outcome
Tabela 2. Sinergijski efekat ko-pirolize PS-SD ishod
Feed Qil char gas
stock Cal. Exp. effect Cal. Exp. effect Cal. Exp. effect
SD 36.7 36.7 0 33.3 33.3 0 30 30 0
20PSSD 45.96 57.5 +11.54 27.24 27.5 +0.26 26.8 15 -11.8
40PSSD 55.22 65 +9.78 21.18 225 +1.32 23.6 12.5 -11.1
60PSSD 64.48 71.25 +6.77 15.12 16.25 +1.13 324 125 -19.9
80PSSD 73.74 76.25 +2.51 9.06 12.5 +3.44 17.2 11.25 -5.95
PS 83 83 0 3 3 0 14 14 0

3.4. Heating values of bio oil produced

The calorific value of fuel is the thermal energy
that can be obtained from the combustion of a
specific quantity of fuel. Therefore, this value
serves as a clear indicator of the efficiency and
quality of the fuel. Fuels with high calorific values
achieve effective and economical performance,
manifested in increased thermal system efficiency,
reduced fuel consumption, and lower harmful
emissions, in contrast to fuels with low calorific
values.
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Three samples of bio-oil resulting from the
thermal pyrolysis of mixtures SD, 20PSSD, , and
PS were analyzed to determine their high heating
value (HHV). The values obtained were 17.3, 22.5,
and 39.5 MJ/kg, respectively. The samples were
analyzed at the petroleum refining facility of Badr
Company in Egypt. The decrease in HHV of SD
bio-oil is attributed to an increase in moisture con-
tent and a decrease in the carbon and hydrogen
ratio, in contrast to the HHV of PS bio-oil [18]. This
explains the increase in HHV with an increasing
proportion of PS in the co-pyrolysis blend.
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4. CONCLUSION

The study emphasized the significance of co-
pyrolysis of biomass and plastics in enhancing both
the quantity and quality of the biofuel produced.
The subsequent conclusion was derived based on
the study's findings.

1 - co pyrolysis PS and SD biomass had a positive
impact on the quantity and quality of the bio-oil
produced by increasing the oil content and
enhancing its thermal efficiency.

2 - 20PSSD blend recorded the largest PSE in
obtaining bio-oil, exceeding expectations
compared to other blends. Despite having PSE
as well, the same blend had the largest NSE on
the quantity of gas produced. On the other
hand, there was an observed stability in the
char content in terms of its SE.

3 - Co pyrolysis had PSE for both char and bio-oll,
resulting in the blend 40PSSB having the
largest PSE on the char content, while the
blend 20PSSB had the largest PSE on the oll
yield. Conversely, all blends exhibited NSE on
bio-gas productivity, with the blend 20PSSB
recording the largest NSE on gas production
compared to the other blends.

Last but not least, researchers' efforts to further
control the factors affecting the pyrolysis process
are still ongoing, in order to achieve a larger
guantity and better quality of bio-oil.
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1ZVOD

PROCENA EFEKTA MESANJA POLISTIRENA (PS) SA PILJEVINOM (SD)
NA PROIZVODE OD KOPIROLIZE

Proces kopirolize izmedu biomase i ¢vrstog otpada, posebno plastike, privukao je znacajnu paznju
u istrazivackim studijama kao sredstvo za poboljSanje i koli¢ine i kvaliteta bio-ulja dobijenog
razgradnjom biomase. U ovom istrazivackom radu, PS/SD ko-piroliza je sprovedena za Sest
razlicitih koncentracija u rasponu od 0% do 100%, sa povecanjem od 20% PS, unutar malog
laboratorijskog reaktora na 450 °C i brzini zagrevanja (HR) od 20,5 °C min™. Rezultati su pokazali
da je povecanje udela PS u meSavini rezultiralo vecim ishodom bio-ulja. Najveci prinos bio-ulja
zabeleZen je kod meSavine 80PSSD, Sto ukazuje da je kopiroliza imala pozitivan efekat na
proizvodnju ulja u svim smeSama. Najznacajniji pozitivan uticaj primecen je kod meSavine
20PSSD, dostizuci [+11,54]. Suprotno tome, proizvodnja gasa je pokazala negativan efekat, sa
koli¢inama gasa manjim od ocCekivanih za sve smeSe, a najznalajniji negativan uticaj je bio na
20PSSD, uz smanjenje od [-11,8]. Sto se ti¢e ishoda ugljenika, doslo je do minimalnog povedanja
njegove koli¢ine, sa najvec¢im pozitivnim uticajem drvenog uglja zabeleZzen na 80PSSD, koji je
dostigao [+3,44]. Shodno tome, moZe se primetiti da na koli¢inu proizvedenog ugljenika ne utic¢e
znacajno proces zajednic¢kog meSanja.

Kljuéne reci: PS plastika, biomasa, piljevina, kopiroliza, bio-ulje
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NiO/MnO, nanocomposite in addition of layered Reduced Graphene
Oxide (RGO) electrode for accountable supercapacitor application

ABSTRACT

(Reduced Graphene oxide/Nickel oxide/Magnesium dioxide) RGO/NiO/MnO, nanocomposite
electrode was successfully prepared by simple co-precipitation method. The synthesised
nanocomposite was characterised by XRD, FESEM, EDAX, FTIR, UV, CV, GCD, EIS. The
RGO/NIO/MnO, nanocomposite was pretreated by ultrasonication, followed by thermal annealing
at 350 °C. The crystalline face and size of nanocomposite were analysed by X-Ray Diffraction
(XRD). The sandwich-like structure of RGO/NIO/MnO, was analysed by Scanning Electron
Microscope (SEM). This structure promoted an efficient contact between electrolyte and active
materials, and the distinct architecture could offer fasttransfer channels of ion and electrons. The
nanocomposite exhibited high conductivity owingto the presence of RGO. The electrochemical
performance of prepared nanocomposite was done by Cyclic Voltammetry (CV), Galvanostatic
charge discharge (GCD), Electrical Impedance Spectroscopy (EIS). The synthesised
RGO/NiO/MnO, nanocomposite acquired high specific capacitance of 1167F/g at current density
of 1 A/g. The low cost, low temperature RGO/NiO/MnO, nanocomposite electrode could be the
promising electrode for Energy storage devices.

Keywords: Reduced Graphene Oxide (RGO), NiO/MnO, nanocomposite, pseudo- capacitor,

cyclic voltammograms, Supercapacitor

1. INTRODUCTION

Supercapacitors have been in the limelight as a
sort of energy storage technology among research
groups and business for several decades.
However, ongoing advancements in electrode
development and manufacture are crucial for
producing a low-cost supercapacitor with
acceptable electrochemical properties [1] Due to
their  high-power densities, large specific
capacitance, rapid charge-discharge times, long
cycle life, and hygienic electrochemical energy
storage, supercapacitors (SCs) are the best
solution for energy storage technology [2].
Consequently, it is widely stated that improving the
electrochemical performance of supercapacitors
may be achieved by material synthesis through
sustainable synthesis and fabrication methodo-
logies, specifically by changing the structure of the
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electrode's active components [3]. Electrochemical
double-layer capacitors (EDLCs) are made of
carbon-based materials (graphene oxide, carbon
nanotubes, etc.), but conducting polymers, metal
oxides, metal sulphides and conducting polymers
are employed in the constructionof battery-and/or
pseudo capacitive-type cells [4].

Metal oxides like NiO and MnO, are among the
active materials utilized in pseudo capacitive and/or
battery-type applications that are being thoroughly
studied and analysed because of their higher
chemical stability and eco-friendliness. The
composition of these metal oxide-based
nanomaterials may offer more active sites and a
synergistic effect for improved electrochemical
processes [5]. Several attemptshave been reported
in this context, especially with regard to the
synthesis of metal oxide nanostructures. In order to
reduce ionic/electronic resistance and shorten ion
diffusion paths between the electrode and the
electrolyte surface, metal oxides and their
nanoscale morphologies are also utilized [6]. When
creating pseudo-capacitors, a variety of transition
metal oxide nanostructures, including MnO,,
C0O304, V.05, SnO,, and NiO, are frequently
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utiized as electrode materials. Because of its
appealing qualities, including its relative
abundance, low cost, strong redox property, large
electrochemical surface area, high specific
capacitance value, and ease of production, nickel
oxide (NiO) can be chosen as an appropriate
electrode material among these [7].

NiO's high resistance in electrochemical
capacitors is its primary disadvantage. Using
highly conductive carbonaceous materials like
RGO, graphene, and CNTs canhelp with this high
resistivity issue. Here, by decreasing carbon
nanostructure agglomeration and restacking, NiO
nanostructures serve as a spacer between various
carbon  nanostructures and enhance the
electrochemical surface area for redox reaction [8].
As a result, the two-dimensional (2D) structure with
sp2 hybridized carbon atoms, such as RGO, is an
attractive choice due to its high conductivity, large
specific surface area, and robust cycle stability,
which can minimize the resistivity of NiO
nanoflakes. Many researchers have created RGO-
based nanocomposite materials that increase the
electrochemical performance of supercapacitors
[9]. The development of sophisticated materials
with high capacitance and rate capacity is essential
to achieve the aforesaid design. Complementary
benefits are often produced by a composite that is
constructed with the appropriate mix of two
components [10]. Everyone knows that because of
its high theoretical specific capacitance, huge
specific surface area, and extraordinarily high
electrical conductivity, reduced graphene oxide
(RGO) is one of the most promising electrode
materials for EDLCs. When appropriately included
into the composite, RGO improves the electrode's
structural stability in addition to the composite's
electrical  conductivity.  Consequently,  using
reduced graphene oxide as a framework is auseful
strategy for enhancing the composites' mechanical
strengths [11].

RGO

stivred for 2 bes pit 9

BH—
&

Kan

Alsaiari et al., reported ZnO/NiO produced
specific capacity of 350 F/g was found at 2 A/g
current while the lowest specific capacity of
217 F/g was measured at 20 A/g [12].
Mohammad Shariq et al., synthesised nano-
composites of  (Co304/NiO), the specific
capacitance of which was 2769.2 F/g at 5 mV/s
[13]. Geerthana Mummoorthi et al., researched that
the ternary composite a-Fe,0s/NiO/rGO has shown
a specific capacitance of 747 F/g@ a current
density of 1 A /g in a 6 M KOH [14]. Qi An et al.,
prepared NiO-rGO, NiO nanoparticles uniformly
distributed in rGO to achieve a high specific
capacity at current density of 0.5 A /g[15].0. C.
Pore etal, synthesised NiO/fGO composite
achieved the highest specific capacitance of 727.1
F/g at 1 mA cm 2 current density and showed good
cyclic stability of about 80.4% over 9000 cycles[16].
S.Seenivasan et al.,, notably, NIO@MnO,@rGO
modified structure exhibited excellent conductivity
due to the presence of rGO, demonstrating a high
charge storage capacity of 536 F/g at a current
density of 1 A/g[17].

RGO (Reduced Graphene Oxide) is effectively
integrated in NiO/MnO, nanocomposites to make
better composites. The co-precipitation approach
were used successfully to synthesize the
RGO/NiIO/MnO, composite.

2. EXPERIMENTAL METHOD

2.1. Preparation of RGO/NiO nanocomposite

For preparation of RGO/NiO nanocomposite,
0.01 g of commercially available RGO and 0.1 M of
Nickel Nitrate hexahydrate (Ni (NO3),.6 H,O) was
taken in 100 ml of deionized water and sonicated
for 30 minutes. Then both the solutions were
stirred for 2 hours. The pH was then gradually
raised to 9 by adding 0.1M of sodium hydroxide
(NaOH). After that, the particles were centrifuged
with ethanol and deionized water. The particle was
first dried for six hours at 150°C in an oven, and
then it was calcined for 2 hours at 350°C.

Washed with ethanol
and deicresed waler

Powder

rystatine

Sendwch lke atrachurs

Figure 1. Schematic representation of synthesis procedure of RGO/NiO/MnO,nanocomposite

Slika 1. Sematski prikaz postupka sinteze RGO/NiO/MnQ, nanokompozita
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2.2. Preparation of RGO/NiO/MnO, hanocomposite

To prepare the RGO/NiO/MnO, Nanocompo-
site, 0.01 g of RGO, 0.1M Nickel Nitrate
hexahydrate Ni (NO3),.6 H,O and 0.1M of
Manganese acetate tetrahydrate (CH;COO),Mn
4H,0 were dissolved in 100 ml of deionised water.
Then the solution were sonicated for 30 minutes
and stirred for 2 hours. Following that, 0.1 M of
Sodium hydroxide (NaOH) was added drop by
drop until the pH reached 9. After that, the particle
was centrifuged in deionized water and ethanol.
The particle was dried in a 150°C oven for 6 hours
before being calcinated in muffle furnace at 350°C
for 2 hours.

2.3. Characterization

A Shimadzu X-ray diffractometer (D8
ADVANCE) with a vertical goniometer fitted with
vanadium filter and copper radiation (CuKa A=1.54
A) with a step size of 1.01 was used for the
structural analysis of the synthesised
nanoparticles. FTIR spectrophotometer, (JASCO)
FTIR spectrometer model FT/IR- 4600 series)
ranging 500 cm™ to 4000 cm™ was used to
determine chemical bonding and functional group
present in the synthesised nanoparticles. The
Morphological characterization of the synthesized
NiO was studied using (Jeol 6390LV) for Scanning
Electron Microscopy (SEM) analysis. A JASCO V-
770UV double beam spectrophotometer was used
for optical studies in the wavelength range 400-
2500nm.

2.4. Electrochemical Measurements

The Electrochemical analyses such as cyclic
voltammetry, electrochemical impedance, and
galvanostatic charge—discharge (GCD) measu-
rements were carried out using an electrochemical

workstation (Metrohm AutolabM204) with potential
window of -0.1 to +0.5 at room temperature. The
electrochemical analysis has been done with three
electrode system, specifically, Nickel foam
(substrate) was used as a working electrode,
Ag/AgCl as reference electrode and Platinum
electrode (Pt) electrode as counter electrode.

2.5.. Fabrication of Electrode Material

Preparation of working electrode. RGO,
RGO/NiO, RGO/NiO/MnO, coated Ni foam,
Ag/AgCl, and platinum were used as working,
reference, and counter electrode in a three-
electrode cell system. All electrochemical studies
were carried out in presence of 1 M KOH as
electrolyte at room atmosphere. The working
electrode was prepared by uniform mixing of NiO
nanoparticles (75 wt%), acetylene black (15 wt%),
and polyvinylidene difluoride (PVDF) (10 wt%) in 1-
methyl-2- pyrrolidinone (solvent) under sonication
to obtain slurry. An adequate amount of slurry was
used to deposit on Ni foam with coating area of 1x
1 cm?®. Before this process, Ni foam was washed
with acid, detergent, ethanol, and deionized water
to remove all surface impurities [18]

3. DISCUSSIONS AND FINDINGS

3.1. XRD Analysis

The prepared nanocomposite was investigated
by XRD to evaluate the diffraction pattern and
crystalline structure of synthesised nanocomposite.
The XRD patterns of (a) RGO, (b) RGO/NIO, and
(c) RGO/NiIO/MnO, nanocomposite are shown in
Figure 2. From the XRD diffraction pattern (curve a
in Figure 2) the identifying peaks for prepared
nanocomposites are at 206=26.6and 44.0
corresponding to (002), (100), the pattern of RGO
corresponded to carbon peaks [19-22].

¥ — MnO, (zzl) % N N
% — NiO (200) ¢ *
111 220
50000 (111) (220) (311)(222)
RGO/NiO/MnO,
40000
m
& 30000 b
2
G
S 20000
£ . A
RGO/NIO
10000 .
a
0
T T T T T T T T T T T T T T T T
5 10 15 20 25 30 35 40 45 50 55 60 65 70 75 80

20 (degrees)
Figure 2. XRD diffractograms of (a) RGO, (b) RGO/NiO, (c) RGO/NiO/MnO,nanocomposite
Slika 2. XRD difraktogrami (a) RGO, (b) RGO/NIO, (c) RGO/NiO/MnO, nanokompozita
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Observed peak position for the RGO/NIO
nanocomposite (curve b in Figure 2) with 26 values
of 37.45°, 43.437°, 63.05°, 75.56° and 79.52°
were indexed on the (111), (200), (220), (311)
and (222) NiO crystal planes, respectively (JCPDS
Sheet No. 78- 0429) [23]. The absence of
additional peaks in the XRD spectrum indicates the
purityof the synthesized nanocomposite. No peaks
were found at about 26°, indicating thatall graphite
powder was oxidized and that the RGO was free of
impurities or unreacted graphite [24]. All diffraction
peaks were assigned to the centered cubic phase
of NiO (FCC), with the Ilattice constant “@”
calculated to be average 4.1634 A [25].

From (curve c in Figure 2 RGO/NiO/MnO,
nanocomposite's XRD peaks with 20 values of
37.45°, 43.54° 63.15°, 75.64° and 79.58° were
indexed to (111) and (211), (200), (220), (311) and
(222) respectively [26-28]. When compared
to(curve b in Figure 2) the peak's intensity
(reduction in height down the y axis) and width both
decreased in (curvee c in Figure 2.) [29-33]. This
confirmed the development of the NiO, MnO,, and
RGO nanocomposite successfully. And as strain
and dislocation density increase, crystalline size
decreases [34, 35]. Structural parameters of
synthesised RGO, RGO/NiO, RGO/NiO/MnO,
nanocomposites are calculated wusing below
formulas (1-4) [36] and its structural parameters
listed in table 1.

From the observed ‘d’ spacing and (hkl) planes

a

d=——— 1)
NI e
Where
d — interplanar spacing, and a — lattice

constant, (hkl planes). From the observed ‘d’
spacing various structural parameters such as
lattice constant, crystalline size, dislocation
density and strain have been estimated using the
expressions,

The crystalline size of nanoparticles is
determined using Debye Scherrer’ relation.
KA
D=—— (2)
pcosé

Where

B is the full width half- maximum value of the high
intensity peak, @ is Bragg’'s angle, K is the shape
factor (K= 0.94) and A is the wavelength (1.54 A°)
of the X-ray source used in the XRD. The crystal
structure of the samples is FCC.

The dislocation density (8) can be calculated
using the equation

1

5=E

3

The micro strain (€) can be calculated using the
equation

the lattice constant is evaluated using the relation Bcos 6
E="—— 4)
4
Table.l. Structural parameters of synthesised RGO, RGO/NiO, RGO/NiO/MnO, nanocomposites
Tabela 1. Strukturni parametri sintetizovanin RGO, RGO/NiO, RGO/NiO/MnO,nanokompozita
L . Micro- Dislocation
Composite ZG(Q/ZIu)es hkl Crysta(llr:rr:;e)sae D d value L?ttltce A strain (€) | density (3)
g constant a (A) 10° 1051 /m?2
RGO 26.32 (002) 3.90 3.0775 - - -
o 37.46 (111) g;;‘ggl 2.3991 j‘ 1 gg 24845 |  0.0364
> 43.49 (200) 17-1699 2.0794 4'171 2.8801 0.0388
Ie) 62.05 (220) 12'7043 1.4733 4' 165 5.4945 0.0582
(d:') 75.62 (311) 12'1251 1.2565 4.168 11.6322 0.0787
79.61 (222) Average=19.0362 1.2033 Average=4.1634 14.8890 0.0824
Q 37.45 | (111)and (211) 3'1332 2.3997 qug 17.0634 0.2412
= 43.54 (200) 3'9405 2.0768 4.160 19.2870 0.2425
-% 63.15 (220) 3.8884 1.4710 4.166 27.2288 0.2537
o) 75.64 (311) 1'1 100 1.2561 4'173 30.6474 0.2571
222 ) '
BD: 79.58 (222) Average=5.4509 1.2036 Average=4.1618 10.9880 0.0901
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3.2. FT-IR spectroscopy

Figure 3. displays FT-IR spectra of the RGO,
RGO/NIO, and RGO/NiO/MnO, nhanocomposite
materials. The transmission maxima found in the
electromagnetic spectrum between 400 and 4000
cm™ wave numbers. From (curve a in Fig.3) for
RGO the C=0 stretching vibrations are a result of
the 1741.41 cm™ peak. Stretching of the C-O and
O-H bonds is shown by the peak at 1369.21 cm™ in
the carboxylic group, whereas stretching of the C-
O-C bonds is indicated by the peakat 1221.68 cm™

in the epoxy group [37]. In RGO/NIO
nanocomposite (curve b in Figure 3), the peaks at
444 cm™ and 673.99 cm™ are associated with Ni-O
stretching  vibrations, confirmed that NiO
nanoparticles were present in RGO [38]. In(curve ¢
in Figure 3) RGO/NIO/MnO, two distinct bands at
433 cm™ and 532 cm™ confirm the creation and
formation of the MnO,/NiO nanocomposite. It is
also observed that the peak intensity is
significantly lower in (curve ¢ in Fig .3) than in
(curve b in Figure 3) [39].

Transmittance(%)

RGO
—— RGO/NiO
—— RGO/NiO/MnO,

o
<
N~
—
—
<
~
—

T T T
4000 3500 3000 2500

T T T T
2000 1500 1000 500

Wavenumber (cm™)

Figure 3. FT-IR spectra of (a) RGO, (b) RGO/NIO, (c) RGO/NiO/MnO, nanocomposite
Slika 3. FT-IR spektri (a) RGO, (b) RGO/NIO, (c) RGO/NiO/MnO, nanokompozita

3.3. UV-Vis spectroscopy

The optical bandgap energy was estimated
from the UV-Vis spectrum using thefollowing (5)

a=A(£ 4+ )'/hv (5)

For a straight transition, n equals 2, A is a
constant, Eg is the bandgap, and a is the
absorption  coefficient. The bandgap was

determined using a plot of (o(hv)2 vs photon energy
(ahv). The UV-visible absorption spectra of RGO,
RGO/NiIO, and RGO/NiO/MnO2 are shown in Fig.
4. The intercept of the tangent (tauc plot) to the
figure best approximates the bandgap energy for
this direct bandgap in Fig. 5. From (curve a in fig
.4) displays the RGO absorbance spectrum, which
has only one peak at a wavelength of 268 nm and
peak has a 1-1r* transitional orbital correlation [40].
When the wavelength is longer, the absorbance is
constant and resembles pure monolayer graphene.
Around (curve a in Fig.5) depicts the tauc plot of
the RGO and reveals that the bandgap is 3.25 eV.
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Figure 4. UV-vis absorption spectra of (a) RGO, (b)
RGOI/NIO, (c) RGO/NiO/MnO,nanocomposite

Slika 4. UV-vis apsorpcioni spektri (a) RGO, (b)
RGOI/NIO, (c) RGO/NiO/MnO;nanokompozita
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RGO
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—— RGO/NiO
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1.0 15 20 25 30 35 40 45 50 55 60
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Figure 5. Method for calculating band gap energy
(Eg) from the Tauc plot. (a) RGO, (b)RGO/NIO, (c)
RGO/NiO/MnO, nanocomposite

Slika 5. Metoda za izracunavanje energije Sirine
pojasa (EQ) iz Tauc grafikona. (a)RGO, (b)
RGO/NIO, (c) RGO/NiO/MnO, nanokompozit

The (curve b in Figure 4) shows the
absorbance spectra of RGO/NIO. There was an
absorption peak at around 200 nm as a result of
direct stimulation of the NiO. The enhanced
absorption is due to the chemically decreased
material. Based on taucplot (curve b in Figure 5)
the estimated bandgap of RGO/NIO was
determined to be 4.73 eV [41]. The largest
absorption peak is seen in (curve c in Figure 4), a
blueshift (below 300 nm) with the near-visible
region's (300-400 nm) peak of RGO/NIO/MnO,
composite [42]. From (curve c¢ in Figure 5) the
bandgap of RGO/NiO/MnO, was determined to be
3.9eV.

3.4. Scanning electron microscopy

The morphological investigation of the
synthesized nanocomposite were studied using
SEM analysis. The SEM micrographs of the
RGO(a-b), RGO/NiO(c— d), and RGO/NiO/MnO,
nanocomposites (e—f) are shown in Fig. 6. The
RGO's morphology shows a collection of thin,
transparent sheets separated with a layer in
between each sheet. The (image a,b in Fig. 6)
shows the randomly distributed waves of silk-like
RGO are seen. The RGO sheets' contact resulted
in a sequence of minuscule waves. RGO takes on
a structure akin to a membrane fold when Van der
Wall contact is present, and RGO also seems to be
more transparent and squashier. [43].

In the (image c,d in Figure 6) the NiO is a non-
uniform, spherical ball-like substance, and its whole
structure is composed of a smooth surface
measuring around 40nm. It is evident that RGO is
essentially transparent and that layers of RGO
work togetherto form a 3D network with plenty of
holes in it. SEM images of the two materials
compared to one another show that the surface of
the RGO/NIO nanocomposite is significantly
rougher than that of RGO, which can be
attributable to the homogeneous distribution of
NiO nanoparticles on RGO [44]. In (image e,f in
Figure 6) The cross-section SEM pictures of the
manufactured RGO/NiO/MnO,, show the sandwich-
like structure. NiO and RGO are incorporated in the
RGO/NIO/MnO2 nanocomposite, and the particle
size is determined to be around 17 nm [45].
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Figure 6. SEM micrographs of (a-b) RGO, (c-d) RGO/NiO, (e-f)JRGO/NiO/MnO, nanocomposites
Slika 6. SEM mikrofotografije (a-b) RGO, (c-d) RGO/NIO, (e-f) RGO/NiO/MnO, nanokompozita

3.5. Energy-dispersive X-ray spectroscopy

Figure 7.represents the elemental distribution
(EDAX) and mapping plots for (a)RGO, (b)
RGO/NIO, and (c) RGO/NiO/MnQO.electrodes. The
Graph a in Figure 7 shows the elemental mapping
and EDS spectra of RGO and reveals the presence
of the elements O and C, confirming the phase
purity of the material. Research on the constituent
constituents of RGO confirms their existence and
excludes the possibility of any impurities [46, 47].
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Graph b in Figure 7 shows the EDAX and
Elemental mapping of a RGO/NIO sample, which
revealed the presence of C (from the RGO), O
(from the NiO), and Ni (fromthe NiO and RGO).
The sample's elemental mappings show that C, O,
and Ni are all scattered in the same location,
confirming the presence of the NiIO/RGO
nanocomposite [48]. The graph c in Figure 7
displays the EDAX and Elemental mapping of a
RGO/NIO/MNnO2 sample, demonstrating the
presence of Mn-7.94%, Ni- 49%, C-20.81%, O-
19.63%, and other elements due to environmental
variablesduring the synthesis process [49].
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Figure 7. EDS and Elemental mapping of (a)RGO, (b)RGO/NIO, (c) RGO/NiO/MnO,
Slika 7. EDS i elementarno mapiranje (a)RGO, (b)RGO/NiO, (c) RGO/NiO/MnO,

4. ELECTROCHEMICAL ANALYSIS

4.1.bCyclic Voltammetry (CV)

Figure 8 depicts cyclic Voltammograms of (a)
RGO, (b) RGO/NIO, and (c) RGO/NiO/MnO,
nanoparticles. In (curve a in Figure .8)
Electrochemical experiments were performed on
the RGO.RGO electrode CV curves acquired at
various scan rates (5, 10, 20, 30, 40, 50, 70,
80, 100, 120, 160, and 320 mV/s) in 1 M KOH
electrolyte. The electrode displayed two significant

322

peaks on the anodic and cathodicsides, indicating
typical pseudo capacitive behaviour in relation to
RGO's faradaic redox reaction.

As a result of electron transport restriction,
RGO on the electrode surface generated semi-
irreversible behaviour. Surprisingly, the redox
peaks of the RGO sample are enhanced due to
lattice structures, as shown by the creation of
easily reducible oxygen species, resulting in better
electrocatalytic performance. Both the cathodic and
anodic peak currents increased considerably [50].
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Figure 8. Cyclic Voltammograms of (a) RGO, (b) -1 A—
RGOI/NIO, (c) RGO/NIO/MnO,nanoparticles. -z
Slika 8. Ciklicni voltamogrami (a) RGO, (b) E R P P A "
RGO/NIO, (c) RGO/NIO/MnO, nanocestica Potential {V) d)
Figure 9. Shows the cyclic voltammograms at
In (curve b in Figure 8) two reduction peaks 5mV/s scan rate (a) RGO, (b) RGO/INIO, (c)
and one oxidation peak appear at low scan rates of RGO/NIO/MnOg, (d) combination of RGO,
(5_40mV/S), while at h|gh scan rates of (50_ RGO/N|O, RGO/N|O/MnOZ at 5mV/s scan rate
320)mV/s), all curves are inclined, indicating a Slika 9. Prikaz cikliéne voltamograme pri brzini

tremendous potential shift due to one or more skeniranja od 5mV/s (a) RGO, (b) RGO/NIO, (c)
types of polarizations that makes the equilibrium RGO/NiO/Mn0O,, (d) kombinacija RGO, RGO/NIO,
potential difficult to distinguish [51]. RGO/NiO/MnO, pri 5mV/s brzina skeniranja
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The RGO/NIO/MnO, electrode's CV curve
(curve c in Figure 8) clearly displays redox peaks,
proving that it is a battery electrode. The peaks
showed the Ni and Mn ion redox transition brought
on by non-capacitive faradaic behavior. The
electrolyte diffusion in the material is responsible
for the redox peaks, suggesting that the
RGO/NIO/MnO, electrode was operating like a
battery. The electrode redox behavior, which was
based on the Nernstian process, is described
by the peak-shaped CV curves. Distinct redox
peaks were seen at high scan speeds, suggesting
that the working electrode had strong reversibility
and a high rate of capability.

Figure 9 displays the cyclic voltammograms at
5mV/s scan rate (a) RGO, (b) RGO/NIO, (c)
RGO/NiO/MnO,, and the (curve d in Fig.9) shows
the combination of RGO, RGO/NIO, and
RGO/NiO/Mn0O, RGO, RGO/NIO electrodes in the
0 to 0.6 V range and RGO/NiO/MnO, electrodes in
the -1.5to +1.5V range at a scan rate of 5 mV/s,
respectively. Each curve had redox peaks. These
findings showed that the capacitive process was
regulated by faradaic reactions. Furthermore, the
integral areas of the materials were in the order
RGO< RGO/NiO< RGO/NiO/MnO,, suggesting that
the composite electrode outperformed the other
electrodes in terms of capacitance performance.

4.2. Galvanostatic Charge/Discharge (GCD)

Figure 10 depicts the galvanostatic charge-
discharge curves of (a) RGO, (b) RGO/NiO,and (c)
RGO/NIO/MnO,. For different current densities (1,
1.5, 2, 2.5, 3, and 3.5) at potentials ranging from -
0.1to 0.5V in 1 M KOH electrolyte [53]. In Figure
10, the discharge time decreased as the current
density increased. These semi symmetric
discharge curves corroborate the pseudo
capacitive nature of the a) RGO, b) RGO/NIO, and
¢) RGO/NiIO/MnO, electrodes [54].

It is hypothesized that there is a redox reaction
at the electrode-electrolyte interface. The specific
capacitance of the a) RGO, b) RGO/NiIO, and c)
RGO/NiO/MnO, electrodes was calculated using
equation (6) [55,56]. In table .2 calculated specific
capacitance corresponding current densities of
RGO, RGO/NiO, and RGO/NiO/MnO, are
shown.RGO/NiO/MnO, show high  Specific
capacitance of 1167 F/g at current density 1A/g.
Calculated using below Eq .6 were Cg = specific
capacitance (F /g), 1= (A /g) is the applied current
density, At (s) is the discharging time, AV (V) is the
maximum potential window to discharge the cell.
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Figure 10. Galvanostatic charge/discharge of (a)
RGO, (b) RGO/NIO, (c) RGO/NiO/MnO,

Slika 10. Galvanostatsko punjenje/praznjenje (a)
RGO, (b) RGO/NIO, (c) RGO/NiO/MnO,

Figure 11 depicts the curve of specific
capacitance versus discharge current densities for
all electrodes. At low current density, the specific
capacitance value is maximum, and it decreases at
high current density. The electrode discharges
faster at high current densities, resulting in a low
specific capacitance value, whereas the electrode
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discharges slowly at low current densities, resulting
in a high Cs. Cs decreases at high current density
and scan rate due to poor electrolyte ion transport.
Because only the outer active surface is employed
for charge storage, and because time is limited
during the high-rate charge-discharge process and
ionic mobility in the electrolyte is always regulated
by diffusion.
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Figure 11. Comparison specific capacitance versus
discharge current for Galvanostatic
charge/discharge of RGO, RGO/NIO,
RGO/NiO/MnO,

Slika 11. Poredenje specificne kapacitivnosti u
odnosu na struju praznjenja zagalvanostaticko
punjenje/praznjenje RGO, RGO/NiO,
RGO/NiO/MnO,

Table 2. Calculation of specific capacitance at
different current densities

Tabela 2. Proracun specificne kapacitivnosti pri
razli¢itim gustinama struje

RGO, RGO/NIO, RGO/NiO/MnO, nanocomposite
are shown in (curve a,b,c in Figure 12). In (curve a
in Figure .12) There is no semi-circular area in the
Nyquist plot and Electron transfer between
electrodes is boosted by RGO therefore RGO's
conductivity is clearly high [57]. This is due to the
restoration of RGO's graphitic nature (i.e., sp,
bonds). It is noted that the diameter grew in (curve
¢ in Figure 12) compared to (curve b in Figure 12)
[58]. The (curve b,c in Figure 12) depicts the EIS
curves in the high frequency zone, demonstrating
that both semicircles are almost coincident,
indicating that the electrolyte resistance and charge
transfer resistance of the RGO/NiO/MnO,
nanocomposite are similar [59].

=Z"(ohm)

T T T
0 1 2 3 4 5 6
Z'(ohm)

.‘_._.-—-—--.‘._-

RGO/NIO

b

S =Tie
/

2.6 2.8 3.0 3.2 34 KX 38 1.0

Curre(r;t/g;a nsity Specific capacitance (F/g)
RGO | RGO/NIiO |[RGO/NiO/MnO;
1 283 833 1167
1.5 217 625 625
2 208 500 467
2.5 150 333 417
3 117 150 350
3.5 58 117 317

Z'(ohm)

0.3

RGO/NiO/MnO,

4.3 .Electrochemical Impedance Spectroscopy
(EIS)

EIS measurements were used to understand
the interfacial chargetransfer process. Furthermore,
electrochemical impedance spectroscopy measure-
ments in the frequency range of 0.01 Hz to 100kHz
were acquired from the EIS plots and the related
equivalent electrical circuit of Nyquist plot of EIS of
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Figure 12. EIS Nyquist plot of (a) RGO,

(b) RGO/NIO, (c) RGO/NIO/MnO,

Slika 12. EIS Najkvist dijagram (a) RGO,
(b) RGO/NIO, (c) RGO/NiIO/MnO,
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Table 3. Comparison of the maximum capacitance values of the reported electrodes and the present

electrode (RGO/NiIO/MnO, nanocomposite)

Tabela.3. Poredenje maksimalnih vrednosti kapacitivnosti prijavljenih elektroda i sadasnje elektrode

(RGO/NIO/MnO, nanokompozit)

Electrode material Capacitance (F /g) Ref.
1. Binary MnO2-NiO oxides 160 (50 mV /s) 60
2. Porous nickel manganite composites 180 (0.25 A /g) 61
3. Nanosized Ni—Mn oxides 195 (10 mV /s) 62
4. Mn/Ni mied oxidexs 210 (0.12 A/g) 63
5. Nickel-manganese oxide 284 (5 mV /s) 64
6. Ni(OH)2—MnO2 core—shell nanostructures 355 (0.5 A/g) 65
7. Mesoporous Mn—Ni oxides 411 (2 mV /s) 66
8. Nanostructured NiO-MnO2 composite 453 (10 mV /s) 67
9. Graphene—MnO2 nano wall hybrids 122 (10 mV /s) 68
10. Graphene—-MnO2—-carbon nanotubes 193 (0.2 A/g) 69
11. Graphene-honeycomb-like MnO2 210 (0.5 A /g) 70
12. Hydrothermally reduced graphene—MnO2 212 2 mV /s) 71
13. Graphene porous NiO nanocomposite 430 (0.2 A /g) 72
14. RGO/NiO/MnO2 nanocomposite 1167 (1 Alg) Present work

5. CONCLUSION

A RGO/NIO/MNnO, nanocomposite  was
successfully synthesized by co- precipitation
technique. The crystallographic, surface
morphology, optical studies and capacitive
behaviour of the nanocomposite were studied.
Incorporation of RGO shows nanosheet like
structure which is used not only to enhance the
stability of NiO and MnO, but also to improve the
electrochemical reactions of the nanocomposite
electrode material. This behaviour resulted from
the uniform distribution of NiO/MnO, on RGO
nanosheets. This uniform morphology and the
higher conductivity of the composite facilitate
electrolyte diffusion and electron transfer in the
nano-composite materials. The RGO/NiO/MnO,
nanocomposite showed a highest specific
capacitance of 1167 F/g at a current density of 1
Alg  representing  excellent electrochemical
performance. Therefore, the results proved that the
composite electrode material can be used as an
active electrode material for supercapacitor
application.
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1ZVOD

NiO/MnO, NANOKOMPOZIT KAO DODATAK SLOJEVITOJ ELEKTRODI
SA REDUKOVANIM GRAFEN OKSIDOM (RGO) ZA ODGOVORNU PRIMENU
SUPERKONDENZATORA

Smanijeni grafen oksid/nikl oksid/magnezijum dioksid, RGO/NiO/MnO,, nanokompozitna elektroda
je uspesno pripremljena jednostavnom metodom ko- precipitacije. Sintetizovani nanokompozit je
okarakterisan XRD, FESEM, EDAX, FTIR, UV, CV, GCD, EIS. Nanokompozit RGO/NiO/MnO, je
prethodno obraden ultrazvukom, nakon ¢ega je usledilo termic¢ko Zarenje na 350°C. Kristalna
povrsina i veli¢ina nanokompozita su analizirani rendgenskom difrakcijom (XRD). Strukturanalik
na sendvi¢ RGO/NiO/MnQO, je analizirana skenirajuc¢im elektronskim mikroskopom (SEM). Ova
struktura je promovisala efikasan kontakt izmedu elektrolita i aktivnin materijala, a posebna
arhitektura bi mogla da ponudi brze kanaleza prenos jona i elektrona. Nanokompozit je pokazao
visoku provodljivost zahvaljujuci prisustvu RGO. Elektrohemijske performanse pripremljenog
nanokompozita uradene su ciklickom voltametrijom (CV), galvanostatskim praznjenjem
naelektrisanja (GCD), spektroskopijom elektricne impedanse (EIS). Sintetizovani nanokompozit
RGO/NIO/MnO, dobija visoku specificnu kapacitivnostod 1167F/g pri gustini struje od 1 A/g.
Niskotemperaturna RGO/NiO/MnO, nanokompozitna elektroda bi mogla biti elektroda koja
obecava za uredaje za skladiStenje energije.

Kljuéne reci: Redukovani grafen oksid (RGO), nanokompozit NiO/MnO,, pseudokondenzator,
ciklicni voltamogrami, superkondenzator.
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Electrochemical and theoretical evaluations of 3-(4-chlorophenyl)-
7-methyl-5H-[1, 2, 4] triazolo [3,4-b][1,3,4]thiadiazin-6(7H)-one as
corrosion inhibitor for copper in nitric acid environment

ABSTRACT

3-(4-chlorophenyl)-7-methyl-5H-[1,2,4]triazolo[3,4-b][1,3,4]thiadiazin-6(7H)-one (CTT) was
synthesized and evaluated as corrosion inhibitor for copper in one molar HNO;. The adsorption
properties for the synthesized CTT were determined by experimental and theoretical methods in
acid environment. The chemical method such as mass loss method (ML), DC potentiodynamic
polarization (PDP) and AC impedance (EIS) techniques were utilized to determine the inhibitive
behavior of CTT. Outcome data obtained from these methods displayed that with increasing the
concentration of CTT its inhibition efficiencies (%IE) increases and reached 91.5% at 24x10° M ,
25°C using EIS technique. The presence of CTT reduces the capacity of the double layer (Cy) and
improves the charge transfer resistance (R) in a solution of one molar nitric acid. CTT is a mixed-
type inhibitor from the data obtained from the polarization curves. The attained data indicated that
CTT was physically adsorbed onto the Cu surface in accordance for the Langmuir adsorption. The
surface protection examination was carried out using scanning electron microscopy (SEM),
Energy Dispersive X-ray (EDX) and atomic force microscope (AFM). Also, The quantum chemical
parameters of CTT were computed and discussed. The results of several methods are in

agreement with each other.

Keywords: Corrosion inhibition,

Copper,

Nitric acid, 3-(4-chlorophenyl)-7-methyl-5H-

[1,2,4]triazolo[3,4-b][1,3,4]thiadiazin-6(7H)-one (CTT), Langmuir isotherm.

1. INTRODUCTION

The fifth-most common metal on the planet,
copper, is very beneficial both in its pure form and
as an alloy [1]. Owing to their excellent properties
such as good thermal and electrical conductivity,
mechanical workability, low cost and high corrosion
resistance, copper and its alloys were extensively
used in various industries such as conductors, heat
exchangers, and the electronic industry [2,3].
Copper has a relatively noble potential, despite
this, it corrodes far more quickly in chloride and
seawater conditions [4,5]. It is widely known that
the amount of chloride ions in the environment
affects how easily copper dissolves anodically. The
formed CuCl, which is not sufficiently protective,
and dissolves when it reacts with excess chloride
[6-8]. In spite of its high corrosion resistance
feature in atmospheric conditions, by forming an
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Paper accepted: 16. 02. 2024.
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oxide protective layer on its surface, copper and its
alloys may easily undergo metal dissolution in the
presence of an aggressive media like chloride
having environment [6]. The primary technique for
protecting metals and alloys is the use of inhibitors.
Right now, green inhibitors show promise since
they provide effective inhibition while having a
minimal negative impact on the environment.
Several investigators have reported [5-8] that
organic compounds can act as possible corrosion
inhibitors for numerous metals and alloys in various
corrosive media. The inhibitors can be introduced
to the medium or coated on the metal surface to
slow down the corrosion process to avoid corrosion
in the metal used in such corrosive media; both
methods work well [9-13]. Heterocyclic compounds
having N, O, S, P, or 1m-bonds make up many
effective corrosion inhibitors by generating a
physical barrier to reduce the transport of corrosive
species to the metal surface [14-16].

Organic compounds that include conjugated
double bonds and hetero atoms especially those,
that can form polymeric complexes with copper by
coordinating with CuO , Cu® , or Cu®* through their
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lone pair electrons [17]. These adhere to the
copper surface to produce a protective coating that
prevents corrosion by serving as a wall against
harmful ions like chloride [18]. 1,2,3-triazole (BTA)
compound has been reported as a well-known
effective corrosion inhibitors of copper in many
environments [19]. The inhibition effect of 3-amino-
1,2,4-triazole (ATA) on copper corrosion in 2M
HNO3 solution was studied by Zarrouk et al [20].
The inhibition efficiency reached 82.2% at 10-2M.
Yaroslav et al [21] studied the protection of steels
with a 3-substituted 1,2,4-triazole (3ST) in 2 M
H,SO, solution. The inhibition protection reached
97.8% at 4.2x10'M. Additionally, the ability of
some 1,2,4-triazole derivatives to suppress copper
corrosion in a neutral aqueous environment has
been investigated. These derivatives include 3-
vanilidene amino 1,2,4-triazole phosphonate, 3-
anisalidene amino 1,2,4-triazole phosphonate [22],
and 3-amino-5-mercapto-1,2,4-triazole [23, 24].
1,2,4-triazole derivatives, including 1,2,4-triazole,
3-amino-1,2,4-triazole, and 2-4-diamino-1,2,4-
triazole in 1 M H,SO, [25]; 3,5-bis(2-thienyl)-4-
amino-1,2,4-triazole in 1 M HCI and 0.5 M H,SO,
[26,27]; 3,5-diamino-1,2,4-triazole in 2 M HNOs;
[28]; 5-amino-1,2,4 triazole, 5-amino-3-mercapto
1,2,4 triazole, 5-amino-3-methyl thio-1,2,4-triazole,
1-amino-3-methyl thio-1,2,4-triazole [29-33]; 4-
amino-4H-1,2,4-triazole-3-thiol, 4-amino-5-methyl-
4H-1,2,4-triazole-3-thiol [34, 35] in 0.5 M HCI have
been studied in relation to copper corrosion.
Chooto et al [36] reported the effect of thioureas
and N, O, S-Ligating Ring Compounds as corrosion
inhibitors for Cu in CI- ions. Wang et al. [37]
investigate the inhibition mechanism of combined
thiourea and hexamethylenetetramine as a
corrosion inhibitor on the surface of copper in 0.5 M
HCI solution.

With the improvement of hardware and
software, recently, quantum chemical methods like
functional density theory (DFT)” has been used as
fast and powerful tool to predict and understand
corrosion inhibition performances of inhibitors [38].
Although there is an extensive literature on the
corrosion properties of benzotriazole on steel and
copper [39, 40], a protective coating is created by
utilizing a tiny inhibitor dose to delay the corrosion
reaction [41-43].

The organ-sulphur and heterocyclic compo-
unds have the basic requirements to be considered
as eco-friendly compounds. These compounds are
adsorbed on the metal surface by blocking the
active sites during the inhibition process. This leads
to the need of development of new
environmentally-friendly inhibitors for copper metal.
A newly synthesized 3-(4-chlorophenyl)-7-methyl-
5H-[1,2,4]triazolo[3,4-b][1,3,4] thiadiazin-6(7H)-
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one, was investigated for its ability to suppress the
corrosion of copper in one molar HNOs;. The
evaluation of the corrosion behavior of copper in
aggressive media in the absence and presence of
newly synthesized CTT using (PDP), (EIS), and ML
methods were discussed”.

2. EXPERIMENTAL

2.1. Solutions and materials

The chemical composition of the Cu used in
this paper is as follows: “(wt. %) 0.0023 Zn, 0.0023
Pb, 0.0023 P, 0.0019 Co, 0.0018 Al, 0.0015 Si,
0.004 Ni and the remainder is copper. Copper
samples of measured (2 x 2 x 0.2) cm in triplicate,
were mechanically polished. Samples were
abraded with emery paper of grades levels from
250 and until1200, then cleaned by distilled water,
brushed using acetone and at end dried by filter
papers. The strong solutions (5 M HNO3) were
prepared by diluting AR grade (70 %) HNO; with bi-
distilled water and checking its concentration with
standardized solution of NaOH, after that prepare
one molar HNO; by diluting with bi-distilled water.
100 mL stock solutions (10'3 M) were prepared by
dissolving an accurately weighed quantity of CTT in
an appropriate volume of dimethyl formamide
(DMF) and absolute ethanol, then diluting with bi-
distilled water to the needed concentrations (4x10'6
- 24 x10°® M).

2.2. Synthesis of 3-(4-chlorophenyl)-7-methyl-5H-
[1,2,4]triazolo[3,4-b][1,3,4]thiadiazin-6(7H)-one
[44].

The chemical structure and molecular formula
of the  3-(4-chlorophenyl)-7-methyl-5H-[1,2,4]
triazolo[3,4-b][1,3,4]thiadiazin-6(7H)-one (CTT)
compound was shown in Figure 1. The studies
were done at different concentrations (4><10'6,
8x107%, 12x107°, 16x107%, 20x107° and 24x10™° M)
on the presence and absence of the investigated
CTT. In thermostatic conditions, all experiments
were conducted.

JA
NN
|

HN

Cl

CH,

o}
3-(4-chlorophenyl)-7-methyl-5H-[1,2,4]
triazolo[3,4-b][1,3,4]thiadiazin-6(7H )-one
Figure 1 Optimized structure of CTT,
(C11HoCIN,OS), M. Wt. = 280.02 g/mol

Slika 1 Optimizovana struktura CTT,
(C11H9CIN4OS), M. Vt. = 280.02 g/mol
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2.3. ML method

Specimens with emery paper were abraded,
and bi-distilled water was used to clean it, then
using filter papers for drying and weighed. In the
existence and absence of various amounts of CTT,
the samples were immersed into 100 mL of the
acid medium. The CTT doses were between 1x10°
®.24x10° M. The time of immersion is 30 to 180
minutes. After a certain time, the samples were
weighed again. The corrosion rate (Ke) Of the
metal specimens was determined using the
following relationship” [45].

AW
CR= - Q)
Where,AW (mg) as the reduction in mass, A
(cm2) as the area of the surface of Cu and t (min)
as the time. The protection efficacy (% IE) in
addition to specimen surface coverage (©) by CTT
can be obtained as follows”:

% IE = 0 x100 = (Wz-ﬂ)

x 100 )

with AW, as ML in the presence of the CTT and
AW, as ML in the absence of the CTT.

2.4. Electrochemical techniques

For the electrochemical experiments, a
standard electrochemical cell made-up from Pyrex
glass was used. Cu (1 cm? exposed area) as
working electrode, a saturated calomel electrode
(SCE) and a platinum sheet as reference, and
counter electrodes, respectively were used for
electrochemical studies. Potentiodynamic current-
potential graphs were documented by
instantaneously shifting the electrode potential from
-700 mV to +700 mV at a scanning rate of 0.2 mVs’
! (version 3.20). Corrosion current density (icor) and
corrosion potential (E,,) were assessed from the
relationship of the correlation anodic and cathodic
sections of Tafel plots in the absence and
existence of various inhibitor doses. Before
initiating the readings, the electrode potential was
stabilized for 30 minutes. Gamry reference
PCI300/4 Potentiostat/Galvanostat/Zra analyzer,
DC105 corrosion,EIS300, Echem Analyst 5.5
software’s were used for result plotting, graphing,
data fitting, and calculating. The results of every
experiment were checked at least three times. The
degree of surface coverage (8), and % IE were
calculated using Eg. 3:

% IE = 6 x100 = (icm(f ””"”_"””"(""h)) x100  (3)

icorr(f'ree)

Where, “icongny and icongreey 10 indicate the
currents densities in absence and existence of
CTT, individually”.
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For impedance calculation, open circuit
potential (OCP) has been applied and current
signals range from 100 kHz to 10 Hz. The 8 and %
IE were calculated as follows:

Riy(i _Rc Tee
% [Ep;s = (r(r:w—df)) % 100 @)
ct(inh)

with Regieey @s the resistance in blank solution
and Regnny @s the resistance of charge transfer in
inhibited solution.

2.5. Surface morphology by SEM and EDX
techniques

The specimens were placed in one molar HNO;
solution for 24 hours, both with and without higher
doses of CTT (24x10’G M), after preparing their
surfaces as before, then examined by Scanning
electron microscope (SEM, JSM-T20, Japan) for
the test. Furthermore, the copper samples were
examined using energy dispersive X-ray (EDX)
spectroscopy system provided (Zeiss Evo 10
instrument model)”. The beam accelerating voltage
was 25 kV.

2.6. Computational chemical approaches

To study the relationship among the molecular
structure and the reactivity of CTT, The density
functional theory (DFT) in Materials Studio version
7.0 was utilized for theoretical computations.

3. RESULT AND DISCUSSION

3.1. ML tests

The ML of Cu in the acid environment at “25°C
without and in presence of altered doses of CTT
after several immersion periods from 30 to 180 min
is given in Figure 2.

8 -
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Figure 2. ML-Time diagrams at 25°C for the

dissolution process of the Cu in one molar nitric
acid in the absence and at various doses of CTT

Slika 2. ML-vremenski dijagrami na 25°C za proces
rastvaranja Cu u jednoj molarnoj azotnoj kiselini u
odsustvu i pri razliitim dozama CTT-a
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The ML was decreased as the CTT
concentration increases. This due to the layer
formed on the Cu surface from the adsorbed
molecules of CTT which protects Cu surface from
the corrosive environment and blocks the metal
corrosive sites [46]. According to the data, the %IE
value climbed to 85.9% as the CTT concentration
was raised from the range of 4x10° to 24x10° M.
The Cu outer surface area was sufficiently
protected from corrosion when the k., declined
and the CTT concentratlon grew. When the CTT
level was raised from 4x10° to 24x10° M the kCorr
reduced from 0.0498 to 0.0237 mg cm™ min™ It
was observed that the % IE dropped after 24x10
M. This decrease is probably caused by the CTT

molecules saturating every active area on the Cu
surface [47].

3.1.1. Impact of temperature

Corrosion rate (Ker) of Cu, 6 and % IE at
various temperatures in the acid environment in the
absence and at various doses of CTT were
presented in Table 1. The (k) decreased while 6
and % IE improved with increased doses of CTT.
% IE decreased by raising the temperature due to
desorption process [48] illustrating that the CTT is
physically adsorbed on the Cu surface. The impact
of temperature on the desorption process on the
metal surface was covered in earlier research [49].

Table 1. CR, 6 and percent IE at various temperatures for corrosion of the Cu in the used acid medium in
the absence and at various doses of CTT compound

Tabela 1. CR, 6 i procenat IE na razliCitim temperaturama za koroziju Cu u koriS¢enom kiselom medijumu
u odsustvu i pri razlicitim dozama CTT jedinjenja

Temp,°C (30°C) (35°C) 40°C) (45°C)
Conc., M | Keor ® |[IE% | Keor 0 IE % Keorr 0 E% | Keor 9 IE %
0.0 0.1683 | - — | 02198 | -- - 0.2848 - — | 03285 | - -
4x10° | 0.0498 | 0.704 | 70.4 | 0.0736 | 0.665 | 66.5 | 0.1213 | 0.574 | 57.4 | 0.1679 | 0.489 | 48.9
8x10° | 0.0449 | 0.733 | 73.3 | 0.0675 | 0.693 | 69.3 | 0.1170 | 0.589 | 58.9 | 0.1544 | 053 | 53.0
12x10° | 0.0402 | 0.761 | 76.1 | 0.0589 | 0.732 | 732 | 0.1054 | 0.63 | 63.0 | 0.1386 | 0.578 | 57.8
16x10° | 0.0340 | 0.798 | 79.8 | 0.0543 | 0.753 | 75.3 | 0.0883 | 0.69 | 69.0 | 0.1225 | 0.69 | 62.7
20x10° | 0.0279 | 0.834 | 83.4 | 0.0459 | 0.791 | 79.1 | 0.0783 | 0.725 | 72.5 | 0.1061 | 0.725 | 67.7
24x10° | 0.0237 | 0.859 | 85.9 | 0.0385 | 0.825 | 82.5 | 0.0720 | 0.747 | 74.7 | 0.0910 | 0.747 | 72.3

The following Arrhenius equation was used to
estimate activation energy (E, ):

®)

where A as (pre-exponential Arrhenius multiplier),
R (8.314 Joule/ K. mol.) as universal gas constant.
Figure 3 indicates Arrhenius plots without and with
various dose of CTT for Cu corrosion in the used
acid medium. Results of E; were determined from
the lines slope. Enthalpy (AH ) and entropy (AS ") of
the activation process can be specified by
application the transition state equation as follows:

log keorr = (2 303RT) + log A

AH*
2.303RT

AS*
2.303R

log keorr = log (Ni;z) + (6)

With h (6 625x10 27) as Planck's constant and N
(6. 025x10° g/mol) as Avogadro's number. Figure 4
displays log (keor/T) against (1/T) diagrams without
and with various doses of CTT for Cu corrosion in
the used acid medium. Slopes and intercepts of the
straight lines give values AH and AS’, respectively.
The determined activation parameters were
depicted in Table 2. Values of E, in Table 2 for
solutions with CTT were high than that in its
absence. The rise in the E, shows that CTT
molecules are physically adsorbed on the Cu
surface. The exothermic activation process was
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demonstrated by the negative sing of AH" values.
This proves that the Cu dissolution in the acid
medium is a unimolecular reaction. The negative
signals of AS" showed that the disorder develops
along the direction from the reactant to the
activated complex [50].
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Figure 3. log k., against 1/T diagrams without and
at various doses of CTT for Cu corrosion in the
used acid medium

Slika 3. log keorr naspram 1/T dijagrama bez i pri
razli¢itim dozama CTT za koroziju Cu u koriSéenom
kiselom medijumu.
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Table 2. Thermodynamic activation parameters
without and at various doses of CTT for Cu
corrosion in the used acid medium

Tabela 2. Parametri termodinamicke aktivacije bez
i pri razli¢itim dozama CTT za koroziju Cu
u koris¢enom kiselom mediju

Activation parameters
Conc. = = 7
M E 4 -AH -AS
kJ mol™ kImol* | Jmoltk?
Blank 45.2 41.6 122.1
4x10° 61.5 58.9 77.0
8x10° 63.6 61.0 70.8
12x10° 64.4 62.0 69.1
16x10° 65.1 62.5 68.3
20x10° 66.0 63.4 66.4
24x10° 66.9 64.3 64.6
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Figure 4. log (keor/T) against 1/T diagrams without
and at various doses of CTT for Cu corrosion in the
used acid medium

Slika 4. log (Keor/T) naspram 1/T dijagrama bez i pri
razli¢itim dozama CTT-a za koroziju Cu u
koris¢enom kiselom mediju

3.1.2. Adsorption studies

The Langmuir model's isotherm for adsorption
perfectly match the data (Figure 5). The following
Eq. 7 can be used to show the Langmuir
adsorption isotherm.

Cin 1
Th = Ko + Cinn (7)
with C as the dose of CTT inhibitor and K,q4s as the
adsorption constant. Eq. 8 can be applied to give
the free energy of adsorption (AG°,qs):

1 —AGg4s
Koas = o exp (—2%) (8)
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where the water dose at the Cu/solution interface is
55.5 (mol./L). By using the Vant Hoff equation, the
enthalpy of adsorption (H°qs) was determined as
follows:

-AH s
log K 4= 52 327 +constant 9)

Figure 6 indicates draw among 1/T and log
Kags. From the line slope, AH%q4s value can be
determined. AS°, can be gotten by applying the
next balance:

AHggs - AGads

ASgds = T

(10)
3.5x10” -
3.0x10° -

2.5x10° 4

2.0x10° 4

Clo

1.5x10° 4 25 °C,R*=0.99)
30 °C,R*=0.99
35 °C,R?=0.99
40°C,R*=0.99
45 °C,R*=0.99

1.0x10°

¢ 4 » o

5.0x10°

T T T T T
0.0 5.0x10°  1.0x10°  1.5x10°  2.0x10°  2.5x10°

Concentration,(M)

Figure 5. Langmuir adsorption plots of CTT on Cu
surface at different temperatures
Slika 5. Langmuir-ovi adsorpcioni grafikoni CTT na
povrsini Cu pri razlicitim temperaturama

20-

T T
3.15 3.20 3.25 3.30 3.35
1000/T,K"

Figure 6. log K,gs against 1/T for adsorption of CTT
on Cu surface

Slika 6. log Kygs prema 1/T za adsorpciju CTT na
povrsini Cu

The negative value of AG°s indicates the
spontaneity and the stability of the CTT adsorption
layer occurred on the Cu surface (Table 3). The
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obtained values of AG®,, are around 20 kJ mol™
indicates the physisorption of the CTT molecules
on the Cu surface. Indicating that the adsorption
procedure is exothermic this obtained from the
negative values of AH 4"

Table 3. Adsorption parameters for CTT at different

temperatures
Tabela 3. Parametri adsorpcije za CTT na razli¢itim
temperaturama
Temp- Kads 'AGoads 'AHoads 'Asoads

°C MY | kImolt | kImol™ | Jmol*K™

25 85 20.9 70.1

30 61 20.4 67.4

35 47 20.1 54.0 65.2

40 31 19.3 61.7

45 21 18.7 58.5

3.2. Electrochemical Techniques

3.2.1. PDP tests

PDP curves in the absence and at different
doses of CTT for Cu in the acid medium were
presented in the Figure 7. It is apparent that the
examined CTT retards the anodic dissolution of Cu
and cathodic discharge of oxygen. PDP results
such as (Econ), (icorr), Slopes of Tafel lines (B, and
Bc), 6, and % IE were determined and tabulated in
Table 4. Lowering the values of i, is because the
CTT has been adsorbed on the surface of the Cu.
There is no clear change in E.yy, Ba and B in the
protect solutions associated with the uninhibited
one, and there is no definite change in data of E.,
these indicate that the CTT behaves as mixed kind
inhibitor [51]. In addition, cathodic slope () moved
to more negative direction and the anodic slope
(Ba) moved to more positive direction in presence
of the CTT inhibitor. The parallel Tafel lines
indicate that the mechanism of the corrosion
reaction is preserved and the basic adsorption
mode prevents the corrosion reaction [52].

Table 4. PP parameters for liquefaction of the Cu in the used acid environment without and at altered doses of

CTT
Tabela 4. PP parametri za te¢enje Cu u koris¢enoj kiseloj sredini bez i pri izmenjenim dozama CTT
i E - CR, 10°
Cone. M pAC(::r;ﬁ'z mv vsong mVBUISaec'1 mv gcec'l mpy © % IE
Blank 396 19 115 185 381 - -
4x10°® 244 23 111 177 272 0.384 384
8x10°® 157 14 113 191 153 0.604 60.4
12x10°® 142 19 109 187 149 0.641 64.1
16x10° 137 25 99 197 147 0.654 65.4
20x10°® 103 26 88 201 58 0.740 74.0
24x10° 39 24 93 174 25 0.902 90.2
1y 3.2.2. EIS tests
01 For the Cu electrode, Nyquist plots were
produced in the presence and at different doses of
N o1 CTT at their respective corrosive potential after 30
g minutes of immersion in the acid medium. Figure 8
<C 0.001 shows the res_ulting_Nyquist a_nd Bode plots. It_ is
o Blank clear that the inductive loops in the blank solution
el _gzig_sm are bigger when the CTT is present than when it is
—12x10°M not, and that the size increases in direct proportion
1e5] [ 16x10°M to the concentration of CTT [53]. Interestingly, the
20><10':M frequency dispersion effect causes the capacitive
1o ] — loops to diverge from perfect semicircles. The
10 -08 06 -04 02 00 02 04 06 os 10 applied electrical circuit model equivalent for fitting
E, (V vs SCE) EIS results was displayed in Figure 9, it explains

Figure 7. PDP curves for corrosion of the Cu in the
used acid medium without and at various doses of
CTT

Slika 7. PDP krive za koroziju Cu u koris¢enoj
kiseloj sredini bez i pri razlicitim dozama CTT
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the resistance of charge transfer (R) values, con-
stant phase element (CPE), resistance of solution
(Rs) and quadratic resistance (Wy). The data in
Table 5 include resistance (R to charge transfer,
capacitance (Cy) of double layer, (©) and (%IE)
attained from EIS test. As the CTT dose is
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increased, it is shown that Ry and R values rise
but Cq values decrease; it may be demonstrated by
exchange between the molecules of the water and

the CTT molecule which adsorb on the metal's
surface and./or increasing the double layer
thickness [54].

Table 5. EIS parameters for Cu corrosion in the used acid medium without and at various doses of CTT

Tabela 5. EIS parametri za Cu koroziju u koriSéenom kiselom medijumu bez i pri razlicitim dozama CTT

-3
Conc., M Re, Q cm? i‘;;’éln?z 0 %IE
Blank 23 142
4x10°® 76 123 0.697 69.7
8x10° 102 101 0.775 775
12x10-6 208 76 0.889 88.9
16x10° 220 68 0.895 89.5
20x10° 245 51 0.906 90.6
24x10° 270 37 0.915 91.5

160 +
140 1
120 1
100 +

80 +

= Blank
o 4x10°M
4 8x10°M
v 12x10°M
* 16x10°M
4
>
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Figure 8. Nyquist and Bode graphs for Cu corrosion in the used acid medium without
and at various doses of CTT

Slika 8. Nyquist i Bode-ov grafikon za koroziju Cu u koris¢enom kiselom medijumu bez i pri
razli¢itim dozama CTT-a

E ; ; ; .
R.E. Fis W.E

Rct Wd

Figure 9. The circuit used to analyze the EIS
values

Slika 9. Kolo koje se koristi za analizu EIS
vrednosti

3.3. Surface examinations

3.3.1. SEM analysis

SEM analysis was performed on the Cu
surface to determine whether the surface

ZASTITA MATERIJALA 65 (2024) broj 2

morphology was changed when a specific
concentration of CTT molecules was used. SEM
micrographs obtained for Cu samples without and
with 24x10° M CTT presented in Figure 10. When
the tested inhibitor was present, it significantly
reduced Cu surface corrosion as seen in Figure
10b and the Cu surface was smooth. In the
absence of any inhibitor, corrosion significantly
weakened the Cu's surface in HNO; (Figure 10a),
resulting in visible pits and cavities [55]. We can
deduce from the SEM results that when the
inhibitor was utilized, a protective coating formed
on the Cu superficial [56]. According to EDX
analysis, the Cu surface is heavily damaged
without the inhibited solution, where the images of
inhibited Cu surface indicated less corrosion in the
presence of examined inhibitors. Also, the
percentage of iron in the Cu surface immersed in
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inhibited solution is decreasing, while the
percentage of the carbon and heteroatoms (S, O
and N) is increasing. From the SEM-EDX tests, we
can conclude that the examined CTT adsorbed on

the Cu metal surface shows an excellent image for
preventing severe corrosion of the metal surface
[57].

SEM

EDX

SEl  30kV ’ WD8mm SS41 x1,500 10pm

0 2 4 6 8 10 12 14 16
Full Scale 3078 cts Cursor: 0.000

-

Q» a0kv

WD8mm Ss41

Full Scale 3078 cts Cursor: 0.000

(b) CTT

Figure 10. SEM and EDX profiles for: (a) After of 24-hour immersion in HNO; (1.0 M),
(b) with 24x10° M CTT presented

Slika 10. SEM i EDX profili za: (a) Posle 24-éasovnogepotapanja u HNO; (1,0 M),
(b) sa prikazanim CTT 24x10”° M

3.4. Quantum Chemical Parameters

The highest (Enomo) oOccupied value of a
molecule represents its ability to donate two
unshared electrons. On the other hand, a larger
Enomo indicates a greater likelihood that the
molecule will provide protons to an electroscopic
reagent [58]. A higher propensity for the molecule
to absorb electrons from the metal atoms is shown
by a lower energy of the emptiest molecular orbital
(ELumo). The energy band gap AEy (AE = Epomo —
ELumo) that the lower energy gap values are
reflected to be great reactivity of the CTT molecule
and have excellent corrosion behavior onto the Cu
surface [59]. Different parameters were resulted via

the calculations. The quantum parameters
connotation with corrosion hindrance were
338

calculated containing ionization potential (I,- =
—Exomo )» molecular dipole moment (u), electron
affinity (Ea=—Epymo), global hardness (n), electro-
negativity (x) that are used to calculate the
electrons transfer from the inhibitor molecule to the

metallic atom AN, electrophilicity index (w),
softness (o), and back-donation (AE back-
donation)”, were calculated as Koopmans’s
theorem” [60] from the next balance:
I E
p=—x=-2-"4 (11)
I,+Ey
X= pT (12)
=LA (13)
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1
g = — 14
: (14
.y
w = 2 (15)
n
AEyqck donation = — n (16)

Mulliken Charges

HOMO

LUMO

Figure 10 The electron density maps of HOMO and
LUMO for the CTT Vilazodone are provided by the
frontier molecular

Slika 10 Mape elektronske gustine HOMO i LUMO
za CTT Vilazodon su obezbedene od strane
grani¢nog molekula

A molecule's polarity is determined by its
molecular dipole moment (u) [61]. A higher degree
of polarization in the molecule is associated with a
larger dipole moment. A recent research [62]
claims that higher dipole moment levels and lower
AE values both enhance % IE.

Table 6. Quantum statistics for the considered CTT

inhibitor
Tabela 6. Kvantna statistika za razmatrani CTT
inhibitor
Compound CTT
Exowmo, eV -5.386
ELUMO, eV -3.313
AE, eV 2.07
lp, eV 5.386
Ea, eV 3.313
n,ev 1.04
o,eV 0.96
u,eVv 4.349
Dipole moment (Debye) 4.254
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3.4. Inhibition mechanism analysis

There are two adsorption kinds, they are:
chemisorption and physisorption. Usually, physi-
sorption procedure requirements the attendance of
charged molecules and charged Cu surface, while,
chemisorption process contains sharing electrons
or transferring them from the molecules of the CTT
to the d-orbital of iron forming coordinate bond.
CTT has electronegative donor atom O, N and
electrons of the aromatic rings. Effective CTT
adsorption on the surface of the Cu is caused by
these electronegative donor atoms or 1T electrons
of the aromatic rings, or both of them. [63].The
positively charge of Cu surface in aqueous acid
environment [64]. An electrostatic attraction causes
the protonated CTT (cationic) to adsorb on the
negatively charged metal surface created by the
adsorbed CI ions on the Cu sample. The specimen
Cu sample could adsorb the protonated molecules.
The adsorption process results in the formation of a
corrosion-inhibiting layer on the surface of the Cu.
Remove water from the Cu surface, then protect it
from corrosion.

4. CONCLUSIONS

1. 3-(4-chlorophenyl)-7-methyl-5H-[1,2,4] triazolo
[3,4-b] [1,3,4]thiadiazin-6(7H)-one (CTT) shows
high inhibition efficiency for corrosion of the Cu
in one molar HNO; solutions.

2. Langmuir adsorption isotherm was followed
when CTT was adsorbed onto Cu surface. The
process of the adsorption is physical adsorption.

3. % IE increases as CTT dose increases and as
the temperature decreases.

4. According to PDP method, CTT inhibitor has
cathodic and anodic inhibitory effects.

5. Cy4 decreases and Rg. increases as CTT
concentration increased.

6. Chemical and electrochemical tests showed that
investigated CTT behaved as good corrosion
inhibitor for Cu
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ELEKTROHEMIJSKE | TEORIJSKE PROCENE 3-(4-HLOROFENIL)-7-METIL-5H-
[1, 2, 4] TRIAZOLO [3,4-B][1,3,4]TIADIAZIN-6(7H)-ONA KAO INHIBITOR
KOROZIJE ZA BAKAR U OKRUZENJU AZOTNE KISELINE

3-(4-hlorofenil)-7-metil-5H-[1,2,4]triazolo[3,4-b][1,3,4]tiadiazin-6(7H)-on (CTT) je sintetizovan i
ocenjen kao inhibitor korozije za bakar u 1M HNO;. Eksperimentalnim i teorijskim metodama u
kiseloj sredini odredena su adsorpciona svojstva sintetizovanog CTT. Za odredivanje inhibitivnog
ponasSanja CTT koriscene su hemijske metode kao Sto su metoda gubitka mase (ML), DC
potenciodinamicka polarizacija (PDP) i AC impedansa (EIS). Podaci dobijeni ovim metodama
pokazuju da sa povecanjem koncentracije CTT-a njegova efikasnost inhibicije (%IE) raste i
dostize 91,5% pri 24k10-6 M , 25°C primenom EIS tehnike. Prisustvo CTT smanjuje kapacitet
dvostrukog sloja (Cdl) i poboljSava otpor prenosa naelektrisanja (Rct) u rastvoru jedne molarne
azotne kiseline. CTT je inhibitor meSovitog tipa iz podataka dobijenih iz krivulja polarizacije.
Dobijeni podaci ukazuju da je CTT fizicki adsorbovan na povrSinu Cu u skladu sa Langmuir
adsorpcijom. Ispitivanje povrSinske zaStite obaviljeno je pomocu skenirajuce elektronske
mikroskopije (SEM), energetski disperzivhog rendgenskog zraka (EDKS) i mikroskopa atomske
sile (AFM). Takode, izraCunati su i diskutovani kvantno hemijski parametri CTT-a. Rezultati
nekoliko metoda se medusobno slazu.

Kljuéne reci: Inhibicija korozije, bakar, azotna kiselina, 3-(4-hlorofenil)-7-metil-5H-[1,2,4] triazolo
[3,4-b][1,3,4]tiadiazin-6( 7H)-on (CTT), Langmuir izoterma
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Studies of structural and optical properties of sputtered SiC thin films

ABSTRACT

The present study explored the deposition of amorphous silicon carbide (a-SiC) thin films on Si
(100) and glass substrates using RF-magnetron sputtering. The sputtering power is changed from
100 to 250 W to study its influence on the characteristics of a-SiC thin films. Raman spectroscopy
reveals the formation of a-SiC as well as carbon clusters. The film deposited at 100 W clearly
shows the presence of both transverse optical (TO) and longitudinal optical (LO) phonon modes.
The average roughness of the a-SiC films found to follow an increasing trend with increase in the
sputtering power. The optical band gap of the a-SiC films measured by UV-Visible
spectrophotometer was found to increase up to 2.45 eV with decrease in sputtering power. All a-
SiC thin films were highly transparent. The Photoluminescence (PL) spectroscopy results were in

agreement with the data observed by UV-Visible spectroscopy.
Keywords: SiC thin films, Magnetron sputtering, Raman spectroscopy, PL spectroscopy

1. INTRODUCTION

Silicon carbide (SIC) is a promising
semiconductor material because of its excellent
physical and chemical properties. Due to its fine
tunable properties, SiC have attracted a great
scientific and technological interest and have been
used in many kinds of optoelectronic devices, such
as solar cell windows layer, color sensors, and thin
film light emitting and detecting devices [1-4]. In
addition, amorphous SiC (a-SiC) thin films are
chemically inert and are an excellent alternate
passivation layer for silicon solar cells as well as
MEMS application. SiC is hard material and at the
moh scale it is just below from the diamond. Some
other materials like TiAIBN have studied for their
structural and hardness properties [5]. Thin films of
a-SiC are usually synthesized by glow discharge
method and consequently are hydrogenated a-SiC
(a-SiC:H) [6]. To establish electrodes for electrical
contacts, the passivity layer bears the high
temperature firing process. However, during high
temperature firing process, hydrogen in the a-SiC
films evaporated.
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After the evaporation, many hydrogen molecules
voids are generated. Therefore, the firing process
brings degradation in the temperature stability of
the films [7,8]. In this study, voids free a-SiC thin
films have been deposited by RF magnetron
sputtering on Si (100) substrate for solar cells and
MEMS applications.

Several techniques are used for the synthesis
of SIiC thin films. Some of the common methods
are chemical vapor deposition (CVD) [9,10], pulsed
laser deposition (PLD) [11,12], molecular beam
epitaxy [13,14] and reactive magnetron sputtering
[15-17]. Among these techniques reactive magnet-
ron sputtering is most attractive due to low substra-
te temperature deposition technique, good adhe-
sion and less concentration of lattice defects [18].

In the present study we attempt to investigate
the role of sputtering power on structural and
optical properties of a-SiC thin films deposited at
400°C. It has been observed that the sputtering
power has a great effect on the properties of SiC
thin films.

2. EXPERIMENTAL DETAILS

RF-magnetron sputtering technique has been
used to grow a-SiC thin films on glass (Corning
1737) and Si (100) substrates. A commercially
available silicon carbide target (SCI-Engineered
Materials, USA) with 99.99 % purity was used for
deposition of films. The diameter and thickness of
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the target were 50 mm and 5 mm, respectively.
The substrate was cleaned in an ultrasonic bath
using acetone and methanol. The Si substrate was
passivated in 5 % HF solution to prevent the oxide
formation on the Si surface. For the deposition of a-
SiC films the sputtering pressure and substrate
temperature were fixed at 10 mTorr and 400°C,
respectively. However the sputtering power was
varied in the range from 100 W to 250 W. A turbo-
based pumping system was used to achieve a
base pressure of ~10° Torr. High-purity argon
(99.99%) was used as sputtering gas. The distance
between target and substrate was 6 cm and the
deposition time for all the films was kept constant
for 1 hour. Before each deposition the target was
pre-sputtered for 5 min in order to ascertain the
same state of the target. The sputtering parameters
are shown in the table 1.

After deposition, the a-SiC thin films were
characterized by X-ray diffractometer (Bruker D8
Advance), Raman spectrometer (Renishaw) and
Atomic Force Microscopy (NT-MDT, model:
NTEGRA) to study the structural properties. The
optical properties of the a-SiC thin films have been
studied by UV-Vis-NIR spectrophotometer (Cary
5000 Varian) and Photoluminescence spectrometer
(Perkin Elmer LS 55). The thicknesses of the
samples were examined by Surface Profilometer
(Ambios Technology XP-200).

3. RESULTS AND DISCUSSION

Figure 1 shows the XRD pattern of a-SiC thin
films deposited on Si (100) substrate at the
substrate temperature of 400°C with varying
sputtering power.
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Figure 1. XRD pattern of a-SiC thin films deposited
at various sputtering power

Slika 1. XRD uzorak a-SiC tankih filmova
deponovanih pri razli¢itoj snazi rasprSivanja
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Obviously no SiC diffraction peaks observed
from the XRD patterns of the all samples, which
show that the all samples are amorphous, because
at the low substrate temperature there may not be
sufficient energy to grow crystalline phase. The
XRD peaks at angle (26 ~ 33°) are corresponds to
substrate peaks.

Figure 2 shows Raman spectra in the 100-
1600 cm™ region for the a-SiC thin films deposited
on Si (100) substrate with varying sputtering power
from 100 to 250 W. The Raman scattering measu-
rements were performed at room temperature in
the back-scattering configuration. Two broad bands
are clearly observedin the regions of 600-1000 cm™
and 1300-1600 cm™ in the obtained Raman
spectra. As the former band corresponds to the
Raman band of a-SiC due to Si-C bond and the
latter corresponding to that of amorphous carbon is
due to C-C bonds [19].

Wf%
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ke 1“4“«
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200 400 600 800 1000 1200 1400 1600
Raman shift (cm™)

Figure 2. Raman spectra of a-SiC thin films
deposited at various sputtering pressures
(&) 5mTorr, (b) 10 mTorr, (c) 15 mTorr,
(d) 20 mTorr and (e) 25 mTorr

Slika 2. Ramanski spektri a-SiC tankih filmova
deponovanih pri razli¢itim pritiscima rasprSivanja
(8) 5 mTorr, (b) 10 mTorr, (c) 15 mTorr,

(d) 20 mTorr i (e) 25 mTorr

The film deposited at sputtering power of 100
W clearly shows two phonon modes, namely a
transverse optical (TO) phonon mode (795 cm” )
and a longitudinal optical (LO) phonon mode (970
cm"l) at the T'- point of the Brillouin zone centre.
Presence of the C-clusters was arising due to the
superimposition of E,q stretching mode and A
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mode of small crystallites of graphite [20]. In this
paper, the sputtering power has been optimized to
synthesize a-SiC thin films with TO and LO modes
and the intensities of both modes decreases with
increasing of sputtering power. Raman peak in the
630-1000 cm™ band was observed due to phonon
damping. The reason for this phonon damping may
be attributed to the short range ordering of SiC
crystallites and the effect of surroundings having Si
as well as C-clusters at higher sputtering power.

The AFM images of a-SiC thin-films deposited
at varying sputtering power from 100 to 250 W on

“(a) < b)

Si (100) substrates are shown in Figure 3. From
the images we can observe that the thin-films grow
in a way of columns or grains and the surface is
very compact. The grains are uniformly distributed,
and they are all in the shape of ellipse, which is
consistent with Refs. [21]. It was observed that with
increasing the sputtering power, the value of
surface roughness increase. The average surface
roughness of the films were observed from 8 nm to
11 nm with varying the sputtering power from 100
to 250 W, respectively as shown in Table 1.

02 4 6 8 10 12 14 16
nm

nm

2 4 6 8 10 12 14 16

Figure 3. 2D and 3D AFM images of a-SiC thin films deposited at various sputteringpower (a)&(b) 100 W,
(c)&(d) 150 W, (e)&(f) 200 W and (g)&(h) 250 W

Slika 3. 2D i 3D AFM slike a-SiC tankih filmova deponovanih pri razli¢itim snagama rasprSivanja (a)&(b)
100V, (c)&(d) 150 V, (e)&(f) 200 Vi (g) i (h) 250 V

These smaller values of surface roughness
indicate that the films were very smooth and have
good adherence to the substrate. The surface
roughness increases due to the increase in grain
size with increasing the power from 100 to 250 W.
In order to understand the effect of sputtering
power it is necessary to understand the basic
working principle of the rf magnetron sputtering. In
sputtering process, Argon gas ionized and the
argon ions hit the target due to positive charge on
the ion and negative charge on the target. In this
process the target atoms ejected and deposited on
the substrate. If the substrate temperature is low
then the sputtered atoms have not much time to
move on the substrate surface. We have deposited

a-SiC at the temperature of 400 °C which provide
sufficient energy to the sputtered atoms to move on
the surface which leads to grow in the column-
shaped structure. When sputtering power
increased to 150 W both the kinetic energy and
deposition rate increased significantly. So the size
and the shape has been significantly changed
which leads to increase in the thickness of the films
[22]. Further increase in the sputtering power up to
250 W, the sputtered atoms have the more kinetic
energy which leads to the more increase in surface
roughness. We have chosen the sputtering
pressure 10 mTorr for all the depositions because
we have optimized it in previous study [23].

Table 1.Properties of SiC thin films with variation of sputtering power
Tabela 1. Osobine tankih filmova SiC sa varijacijama snage rasprsivanja

S. No. Sputtering Band gap Re_fractive Thickness Av_erage Average roughness
power (W) (eV) index (nm) Transmittance (%) (AFM) (nm)
1. 250 2.21 1.54 1088 84 11
2. 200 2.33 1.65 992 87 10
3. 150 2.40 1.69 967 89 9
4. 100 2.45 1.98 962 89 8
ZASTITA MATERIJALA 65 (2024) broj 2 345



M. Kumar

Studies of structural and optical properties of sputtered SiC thin films

The spectral variations of transmission for the
a-SiC films deposited onto glass substrate at
various deposition pressure were measured over
the wavelength range 200—1100 nm and are shown
in Figure 4.
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Figure 4. Optical transmittance spectra of a-SiC
thin films deposited at various sputtering pressure

Slika 4. Spektri opticke propusnosti a-SiC tankih
filmova deponovanih pri razli¢itim pritiscima

rasprsivanja
The films show very good transmittance in the
visible range. It can be clearly seen that

transmittance decreases with decreasing of
sputtering pressure. As described above, with
increase in sputtering pressure, the surface of the
films becomes rough and hence results in more
scattered light and less transmittance. The film
deposited at low sputtering power shows a high
transmittance because of minimal scattering light
loss caused by the rough surface [24]. The
scattering light loss increases with increasing of
sputtering power which leads to decrease in
transmittance.

Refractive index (n) was estimated from the
transmission spectrum by using envelope method
and following expression was used to calculate the
refractive index.

n =[N+ (N? —nin?)¥/2]1/2
where

ng +n?
N = > + 2 nony (Tnax — Tmin) / Tnax Tmin

n, is the refractive index of air, n; is the
refractive index of substrate, Tna and T, are
maximum and minimum transmittance values at
the same wavelength. The calculated refractive
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indices for the film deposited at 400 °C are shown
in Table 1. The refractive indices were found to be
decrease with decreasing of sputtering pressure up
to a limit and increase further decreasing of
sputtering pressure.

The absorption spectra of a-SiC thin film have
been recorded as a function of the photon energy
(hv) in the wavelength range of 200 to 1100 nm. In
order to calculate the indirect optical band gap (Eg)
of a-SiC thin film deposited at different sputtering
pressure we have used the Tauc relation [25].
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(ahv)wz
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21 24 2.7 3.0 3.3 3.6
hv (eV)

Figure 5. (ahv)"? versus (hv) plot of a-SiC thin
films deposited on glass substrate at various
sputtering pressure

Slika 5. Grafikon (ahn)1/2 u odnosu na (hn) tankih
filmova a-SiC nanesenih na staklenu podlogu pri
razli¢itim pritiscima rasprSivanja

The absorption spectra of a-SiC thin film have
been recorded as a function of the photon energy
(hv) in the wavelength range of 200 to 1100 nm. In
order to calculate the indirect optical band gap (Eg)
of a-SiC thin film deposited at different sputtering
pressure we have used the Tauc relation [25].

The band gaps of the a-SiC thin films deposited
at sputtering power 100, 150. 200 and 250 W was
calculated 2.45 eV, 2.40 eV, 2.33 eV and 2.21 eV,
respectively as shown in Figure 5 and Table 1. The
band gap increase with decrease in the sputtering
power up to 250 W could be due to increase in
grain size as explained above in the AFM results
(shown in Figure 3).

Figure 6 depicts the room temperature
Photoluminescence (PL) spectra of the a-SiC thin
films deposited on Si (100) at different sputtering
pressure. The excitation wavelength for all a-SiC
thin films was 450 nm. PL spectrum of a-SiC thin
films deposited at 250 W shows a broad and
intense peak at ~ 532 nm near the band gap
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emission. This emission was attributed to the band
edge emission from the a-SiC [26]. The band gap
of SiC has been calculated using thin emission and
found to be consistent with the values obtained
from optical absorption. As the sputtering power
decrease to 200 W, two PL peaks were observed.
The one is located at 526 nm, and the other is
located at 604 nm. Further decreasing of sputtering
power to 150 W both PL peaks red shift to 528 nm
and 609 nm respectively and the intensity of 609
nm peaks is low. It can be seen clearly that the PL
peaks have been found to red shift by increasing
the sputtering power from 100 W to 250 W. These
PL spectra are similar to those observed SiC thin
films and SiO,/Si/SiO, structure [27]. The PL
results are in accordance with the UV-visible
spectroscopy results.

—100W
—150 W
—200W
—250 W

Normalized PL Intensity

500 550 600 650 700
Wavelength (nm)

Figure 6. Photoluminescence spectra of a-SiC films
deposited at various sputtering pressure

Slika 6. Spektri fotoluminiscencije a-SiC filmova
deponovanih pri razli¢itim pritiscima rasprSivanja

Figure 6 depicts the room temperature
Photoluminescence (PL) spectra of the a-SiC thin
films deposited on Si (100) at different sputtering
pressure. The excitation wavelength for all a-SiC
thin films was 450 nm. PL spectrum of a-SiC thin
films deposited at 250 W shows a broad and
intense peak at ~ 532 nm near the band gap
emission. This emission was attributed to the band
edge emission from the a-SiC [26]. The band gap
of SiC has been calculated using thin emission and
found to be consistent with the values obtained
from optical absorption. As the sputtering power
decrease to 200 W, two PL peaks were observed.
The one is located at 526 nm, and the other is
located at 604 nm. Further decreasing of sputtering
power to 150 W both PL peaks red shift to 528 nm

ZASTITA MATERIJALA 65 (2024) broj 2

and 609 nm respectively and the intensity of 609
nm peaks is low. It can be seen clearly that the PL
peaks have been found to red shift by increasing
the sputtering power from 100 W to 250 W. These
PL spectra are similar to those observed SiC thin
films and SiO,/Si/SiO, structure [27]. The PL
results are in accordance with the UV-visible
spectroscopy results.

4. CONCLUSION

In summary, a-SiC thin films were successfully
grown on two substrates namely Si (100) and
glass. The effect of sputtering power on structural
and optical properties of a-SiC thin films were
studied. No SiC peaks found in XRD pattern which
show the amorphous nature of all samples
deposited at different sputtering power ranging
from 100 to 250 W. The amorphous nature of SiC
has been confirmed by Raman spectrometer and
both TO and LO modes were clearly present in the
Raman spectra with very less carbon concentration
in a-SiC films deposited at 100 W. The optical band
gap of the a-SiC films was found to increase up to
2.45 eV with decrease in sputtering power from
250 to 100 W. The transmittance of the a-SiC films
was found to decrease with increasing the
sputtering power. Further it was observed that the
band gap decreases with increase in sputtering
power as confirmed by UV-visible and PL spectra.
Thus, the sputtering parameters were found to
have a great influence on the structural and optical
properties of a-SiC thin films.
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1ZVOD

STUDIJE STRUKTURNIH | OPTICKIH OSOBINA RASPRSENIH
SiC TANKIH FILMOVA

Ova studija je istrazZivala taloZenje tankih filmova amorfnog silicijum karbida (a-SiC) na Si (100) i
staklene podloge koris¢enjem RF-magnetronskog rasprSivanja. Snaga rasprsivanja je promenjena
sa 100 na 250V da bi se proucavao njen uticaj na karakteristike a-SiC tankih filmova. Ramanova
spektroskopija otkriva formiranje a-SiC kao i klastera ugljenika. Film deponovan na 100 V jasnho
pokazuje prisustvo i poprecnih optickih (TO) i uzduznih optickih (LO) fononskih modova. Utvrdeno
Jje da prosecCna hrapavost a-SiC filmova prati rastuci trend sa povecanjem snage rasprSivanja.
Utvrdeno je da se opti¢ki razmak a-SiC filmova meren UV-vidljivim spektrofotometrom povecava
do 2,45 eV sa smanjenjem snage rasprSivanja. Svi a-SiC tanki filmovi bili su veoma providni.
Rezultati fotoluminiscencije (PL) spektroskopije bili su u saglasnosti sa podacima uo¢enim UV-
vidljivom spektroskopijom.

Kljuéne reci: SiC tanki filmovi, Magnetronsko rasprSivanje, Ramanova spektroskopija, PL
spektroskopija
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Non-destructive evaluation of subsurface corrosion on hot steel
angle sections embedded in concrete and its repair by cement slurry

and nitozinc coating

ABSTRACT

This research article presents a comprehensive investigation into the materials and corrosion
resistance of angle components critical to infrastructure construction. The study focuses on two
key angle materials: steel angles and Fiber-Reinforced Plastic (FRP) angles, selected based on
project-specific requirements. The concrete mix design, incorporating crucial components like
chemicals (Calcium Chloride, Sodium Hydroxide, Calcium Hydroxide), aggregates (M Sand and
20 mm Aggregate), and cement (Portland Pozzolana Cement - 43 grade), ensures that the
structural integrity and performance meet desired standards. The research also involves advanced
corrosion assessment techniques, including the Half-Cell Potential Test and the Applied Voltage
Test (Holiday Test), which offer insights into material conductance, corrosion resistance, and
protective coating integrity. Moreover, a Chemical Resistance Test examines the impact of various
solutions on these materials, highlighting their suitability for diverse industrial applications. The
results underscore the importance of tailored material selection, proactive corrosion management,
and the critical role of protective coatings in ensuring infrastructure longevity and safety. This
study contributes to the advancement of corrosion assessment methods, supporting the durability
of critical infrastructure materials.

Keywords: corrosion, coating, chemical resistance, durability, FRP, angle section

1. INTRODUCTION

Corrosion monitoring activities play a vital role
in assessing the integrity of steel components
within concrete foundations [1]. Corrosion can lead
to the deterioration of the concrete surrounding the
reinforcement, necessitating timely inspections and
repairs [2]. Several methods are employed for
assessing and addressing this corrosion-related
damage [3]. One such method is the Half-Cell
Potential Method, which measures electro-potential
and helps in evaluating the condition of the steel
reinforcement within the concrete [4,5]. It provides
insights into the likelihood of corrosion occurring
[6]. The Ultrasonic Pulse Velocity Test measures
the velocity of ultrasonic waves through the
concrete [7-9].
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This test is invaluable for determining the
concrete's quality and detecting any voids or
defects within it [10-12]. The Rebound Hammer
Test assesses the concrete's surface hardness
and, by extension, its structural integrity [13,14].
This test is particularly useful in cases where
manual repair is considered, provided there is no
calcium chloride present in the concrete [15,16].
Cathodic Protection is a crucial technique used to
halt the rusting process of steel reinforcement
within the concrete [17]. This method is instru-
mental in preventing further corrosion damage, and
preserving the structural integrity of the concrete
[18].

Additional methods, such as Parallel Seismic
Time Testing, Impulse Response, Impact-Echo,
Ultrasonic Tomography, Ground Penetrating
Radar, and Impedance Tomography, employ
various physical quantities, including acoustic wave
pass-through time, vibration frequency, magnetic
flux, and electric potential, to assess different
aspects of concrete and reinforced concrete
structures [19-21]. These methods are employed
for evaluating the condition of concrete and its
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reinforcing steel in various structural elements,
including foundation slabs, columns, beams, walls,
and more [22].The experimentally proven coatings
were applied in subsurface concrete models and
the efficiency of the coatings, and admixtures in
concrete were studied for durability [23].
Methodology for maintenance of subsurface
corrosion of most susceptible to high rates of metal
corrosion has been reviewed byPetter.Investigation
on the application of protective coatings upon the
reinforcements and addition of admixtures in the
concrete have been carried out by S.Christian
Johnson and G.Thirugnanam [24, 25].Protective
methods like applying zinc-rich coatings such as
epoxy coatings in the stub angle concrete interface
to combat the crevice corrosion, have been
suggested for field applications in aggressive
environments  [26]. Several non-destructive
techniques like half-cell potential tests, applied
voltage tests, and chemical resistance tests
including experimental investigations in the
laboratory have been elaborately carried out [27].

This paper aims to find the effectiveness of
coating and prevent the corrosion of steel angles
induced in concrete which can reduce the durability
of concrete structures. It leads to the formation of
cracks in concrete. Corrosion of the structure can
be reduced by using additives and anticorrosive
coatings such as zinc coatings on the angles. In
this work, an attempt is made to apply epoxy
coating on angles and to study the corrosion of
angles up to the cracking of concrete in a short
time, the corrosion rate is increased by impressing
direct current, and the corrosion process is
monitored continuously. The durability of concrete
is calculated by performing chemical resistance
and applied voltage tests. It is aimed to study the
effectiveness of coating applied on angles and its
durability.

2. MATERIALS AND MIX DESIGN

In this research, two types of angle materials
were considered for the construction: steel angles
and FRP (Fiber-Reinforced Plastic) angles, with
dimensions of 300x50x50mm and 150x50x50mm
[28-30]. The choice of these materials depends on
various factors, including their intended use and
the specific requirements of the project. To create
the concrete mix, several essential components
were utilized, including chemicals and aggregates
[31]. The chemicals included 3M of Calcium
Chloride, 3M of Sodium Hydroxide, and a saturated
solution of Calcium Hydroxide. These chemicals
play a crucial role in influencing the concrete's
properties, such as setting time and durability [32].
In terms of aggregates, fine aggregate (M Sand)
and coarse aggregate (20 mm Aggregate) were
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incorporated into the mix [33]. The selection of
aggregates is vital in determining the concrete's
strength and workability [34]. Lastly, the binding
agent, cement, was chosen in the form of PPC
(Portland Pozzolana Cement) - 43 grade. The
specific grade of cement plays a significant role in
determining the concrete's overall quality and
performance [35]. The mix proportion employed for
the study was based on a 1:1.5:3 ratio, which
corresponds to M20-grade concrete [36]. This ratio
was applied to ensure the concrete's desired
properties [37]. The design mix ratio was then
calculated by dividing the required weight of all
materials by the weight of cement, resulting in the
following proportions: Cement: Fine Aggregate:
Coarse Aggregate: Water = 1: 1.85: 2.9: 0.5. This
precisely defined mix ratio is critical for achieving
the desired structural strength and performance
characteristics of the concrete [38].

3. EXPERIMENTAL INVESTIGATIONS

3.1.Half-Cell Potential Test

This test method covers the estimation of the
electrical half-cell potential of uncoated reinforcing
steel in field and laboratory concrete, to determine
the corrosion activity of the reinforcing steel [39].
This test method is limited by electrical circuitry. A
concrete surface that has dried to the extent that it
is a dielectric and surfaces that are coated with a
dielectric material will not provide an acceptable
electrical circuit [40]. The values stated in inch-
pound units are to be regarded as the standard.
For the Half-cell potential test, we cast 8
specimens for testing and the test is undertaken
after 28 days of providing 2V while curing of
specimens.As per ASTM C876 [32] limits below -
350mV corrosion does not occur. From the -350mv
to -200mV. Probability of occurrence of corrosion
when potential head exceeds -200mV.The test
setup is shown in Figure 1 and the ASTM standard
value is presented in Table 1.

Figure 1. (a) Accelerated corrosion test setup

Slika 1. (a) Ubrzano pode$avanje testa korozije
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Figure 1. (b) HCP test on corroded specimen
Slika 1. (b) HCP test na korodiranom uzorku
Table 1. Potential Test Valve (ASTM Standard)

Tabela 1.Ventilzaispitivanjepotencijala  (ASTM
standard)
Corrosion Potential (C-CSE)
> 95% More Negative than -350mV
50% -200 to -350mV
< 5% More Positive than -200mV

3.2.Applied Voltage Test

Non-conductive plastic material is used in a
metallic vessel. The specimens

-—

are suspended

‘,"',':'

Figure 2.Applied Voltage Test — Setup

vertically in the vessel with at least 25 mm
clearance from the bottom. Test specimens are
separated by not less than 40 mm [41]. Test
specimens shall be separated from any wall of the
vessel by not less than 40 mm. The depth of the
electrolyte is the test length of the specimen to be
immersed, but the immersed area shall not be less
than 23, 200 mm?®.AC power was used for powering
the overlays. A VARIAC was used to regulate the
applied voltage. A transformer was used to elevate
the applied voltage to a maximum of 420 volts. The
overlays were connected to the AC power in
parallel. An amp-meter was used to record the
electrical current going through each overlay. The
total current going through both overlays was
limited to the maximum capacity of the power
source.

Epoxy coatings were applied on the angle for
thevoltage test. Dimensions of 300mm x 50mm X
6mm angles are used in this test.The effect of
electrical and electrochemical stresses on the bond
of coating to steel and the integrity of the coating
shall be assessed [42]. The test setup is shown in
Figure 2. The tests were conducted as per IS
13620:1993. In this test, the coated angles were
tested and readings were noted.

Slika 2. Test primenjenog napona — podeSavanje

3.3.Chemical Resistance Test

The chemical resistance test, conducted in
accordance with IS 13620:1993, is a vital
evaluation of coating durability for reinforcing bars.
In this test, the coated reinforcing bars are
subjected to immersion in various solutions to
assess their resistance to chemical corrosion [43].
Figure 3 depicts the test setup of the chemical
resistance test. The solutions used include distilled
water, a 3M aqueous solution of CaCl,, a 3M
aqueous solution of NaOH, and a solution
saturated with Ca(OH),. This comprehensive
evaluation ensures that the coating can withstand
exposure to a range of potentially corrosive
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substances. It is important to note that this test is a
physical inspection procedure, focusing on the
coating's ability to withstand chemical exposure.

Ca (OH), NaOH " CaCl, Dis. H,0

Figure 3. Chemical Resistance test setup

Slika 3. Pode$avanjet esta hemijske otpornosti
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Following the designated experimental period,
the test examines the formation of any holidays,
imperfections, or defects in the coating. After the
completion of 45 days, the test setup is
meticulously investigated to determine the coating's
performance under these challenging conditions,
providing valuable insights into its durability and
suitability for various applications.

4. RESULT AND ANALYSIS

4.1.Half Cell Potential Test Results

In an investigation aimed at assessing the
electrical conductance of various angle materials, a
test was initiated after 28 days of the curing
process. This test was extended for an additional 8
days post-curing, encompassing a 6-hour test
period. The objective was to chart the current,
measured in amperes, against time in seconds,
creating a graph that depicted the variations in
electrical properties over time. This graph was then
subjected to smoothing to provide a clear
representation of the data. Subsequently, the area
under the smoothed curve was integrated to

Table2 Half-cell potential test readings
Tabela 2 Ocitavanjatestapotencijalapolucelije

calculate the total charge passed during the 6-hour
test period, expressed in ampere-seconds or
coulombs. This measure of total charge passed
served as a crucial indicator of the electrical
conductance of the concrete during the testing
phase.

The presented Table 2, and Figure 4 provide
detailed data on the half-cell potential test readings
for three types of angle specimens: Uncoated
Angle, Nitozinc Coated Angle, and FRP (Fiber-
Reinforced Plastic) Angle.

Uncoated Angle:The readings for the Uncoated
Angle exhibited consistently negative potentials
throughout the 6-hour test period, with values
ranging from -159 to -218mV. These negative
potential values suggest that the Uncoated Angle is
susceptible to electrical conduction, and the
increasing negative potential values signify the
material's gradual degradation over time. This
electrical conductance points to the angle's
vulnerability to corrosion, making it an unfavorable
choice for applications that require corrosion
resistance.

Specimens Half-cell potential test readings (mV)

24 48 72 96
-159 -165 -178 -194
Uncoated Angle -168 -176 -189 -211
-165 -179 -192 -218
-142 -150 -162 -170
Nitozinc Coated Angle -148 -152 -160 -180
-134 -140 -164 -184

0 0 0 0

FRP Angle 0 0 0 0

0 0 0 0

-210 4

-200 +

-186 ><

Effect of time and resistivity on the potential of embedded steelin concrete

-208

== ncoated Angle
== Nitozinc Coated Angle

FRP Angle

Time in hours

=)
£ 180 178
u 17
= i
3 / /
E 160 x 162
= /
2
& %0 )—X

140 --141 ><

-130

24 ag 72 96

Figure 4.Effect of time and resistivity on the potential of embedded steel in concrete

Slika 4.Uticaj vremena | otpora na potencijal ugradenog éelika u beton
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Nitozinc Coated Angle:In contrast, the Nitozinc
Coated Angle displayed positive potentials
throughout the test, with values ranging from -142
to -184 mV. These consistent positive potentials
signify the angle's ability to resist electrical
conduction, indicating its corrosion resistance. The
Nitozinc Coating effectively maintained its electrical
integrity over the testing duration, highlighting its
suitability for applications where corrosion
resistance is of utmost importance.

FRP Angle:The FRP Angle consistently
registered at zero amperes during the entire test
period, signifying its complete lack of electrical
conduction. This property underscores the angle's
electrical non-conductivity, making it an ideal
choice for applications where electrical insulation is
a critical requirement.

The half-cell potential test results provide
valuable insights into the electrical conductance
and corrosion resistance of the tested angle
materials. While the Uncoated Angle displayed
negative potentials and susceptibility to corrosion,
the Nitozinc Coated Angle demonstrated positive
potentials and resistance to electrical conduction.
The FRP Angle's consistent zero amperes
confirmed its electrical non-conductivity. Nitozinc
Coating is resistive against corrosion compared to
Uncoated steel angles. FRP angle does not
conduct any current.

4.2.Applied Voltage Test Results

The Applied Voltage test, often referred to as a
holiday test, is a critical method used in the field of
material inspection and quality control. It involves
assessing the integrity of coatings or linings on
various substrates, specifically looking for the
presence of holidays. Holidays, in this context,
refer to imperfections or discontinuities in the
coating or lining film, such as pinholes, voids,
cracks, inclusions, or contaminants. These defects,
though often invisible to the naked eye, can
compromise the protective properties of the coating
and pose significant risks, especially in applications
designed for critical services, such as immersion,
chemical storage, or transportation.

The Applied Voltage test is an essential tool to
ensure the reliability and safety of coated or lined
materials, as a failure to detect these holidays
could potentially lead to catastrophic events. The
test is conducted after a specified experimental
period during which the coated or lined materials
are exposed to various conditions and stresses. At
the end of this period, the formation of holidays is
assessed through readings obtained from the test.

The test results, as summarized in Table 3,
provide valuable insights into the condition of the
coated or lined specimens, with specific
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observations for Nito Zinc Coated Angle, Uncoated
Angle, and FRP (Fiber-Reinforced Plastic) Angle.

1. Nito Zinc Coated Angle:Observation: Low
holidays.

The Nito Zinc Coated Angle, after undergoing
the Applied Voltage test, demonstrated a low
presence of holidays. This observation suggests
that the Nito Zinc coating effectively protected the
underlying substrate from the formation of
imperfections or defects. The low holiday count
signifies that the coating is of high quality, and the
material is suitable for applications that require a
high level of protection against corrosive or
environmental factors.

2. Uncoated Angle:Observation: Severe Holidays.

In contrast, the Uncoated Angle exhibited
severe holidays following the Applied Voltage test.
This observation highlights the vulnerability of
uncoated materials to imperfections or defects. The
presence of severe holidays indicates that the
material is at high risk of corrosion or other forms of
degradation. It underscores the critical importance
of applying protective coatings or linings to
substrates, especially in environments where
materials are subjected to harsh conditions.

3. FRP Angle:Observation: Very Low Holidays.

The FRP Angle displayed very low holidays,
indicating that the fiber-reinforced plastic coating
effectively  protected the substrate  from
imperfections. FRP is known for its corrosion-
resistant properties and durability, and these
results validate its effectiveness in maintaining a
high level of protection. This observation
underscores the suitability of FRP in applications
where corrosion resistance and material integrity
are paramount.

The observations from this test demonstrate
the significance of protective coatings and linings in
preserving material integrity and preventing
catastrophic failures. The ability to detect
imperfections that are often invisible to the naked
eye underscores the importance of 100%
inspection of coated or lined surfaces. Whether
applied to newly coated materials or those that
have aged, the test equipment's portability makes it
a versatile and practical choice for quality control
and maintenance in various industrial settings.

4.3.Chemical Resistance Test

It is a physical inspection test. After the test
experiment  period,the informationonholidays
wascalculated. After 45 days of completion, the test
setup is investigated.In this comparative analysis of
various chemical treatments, it can be observed
the effects of different solutions on four different
types of angle materials, namely NitoZinc Coated,
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Cement Slurry Coated, Uncoated, and FRP
Angles. The experiment involved immersing these
angles in four different solutions: Distilled Water,
3M CacCl,, 3M NaOH, and Ca(OH),. The study was
conducted over a specified period, and the results
are summarized in the table below, indicating the
number of angles that exhibited specific
characteristics after exposure to each solution.In
the case of NitoZinc Coated Angle, the weight
changes after exposure to these solutions were as
follows: 20% for Distilled Water, 19% for 3M CacCl,,
19% for 3M NaOH, and 19% for Ca(OH),. For
Cement Slurry Coated Angle, the weight changes
were 17% for Distilled Water, 18% for 3M CaCl,,
15% for 3M NaOH, and 15% for Ca(OH),.
Uncoated Angle displayed weight changes of 10%
for Distilled Water, 11% for 3M CacCl,, 12% for 3M
NaOH, and 12% for Ca(OH),. Lastly, the FRP
Angle exhibited consistent weight changes of 20%
for all the tested solutions. The graphical
representation of test results is shown in Figure 5.

Distilled Water:

NitoZinc Coated Angle showed no significant
weight change (20%). This indicates its excellent
resistance to pure water, suggesting that the
coating effectively protects the underlying material
from corrosion in a water-rich environment. Cement
Slurry Coated Angle exhibited a relatively small
weight change (17%), implying good resistance to
pure water, although slightly less effective than
NitoZinc Coated Angle. The uncoated Angle
experienced a moderate weight change (10%).
While it's less susceptible to water than coated
angles, this change suggests potential vulnerability
to water-induced corrosion over time. FRP Angle
demonstrated no significant weight change (20%),
indicating its exceptional water resistance. This
material is ideal for applications requiring high
water resistance.

3M CacCl, Solution:

NitoZinc Coated Angle displayed a minor
weight change (19%), signifying good resistance to
chloride-rich solutions. Cement Slurry Coated
Angle exhibited a slightly higher weight change
(18%), indicating slightly reduced resistance to
calcium chloride compared to NitoZinc Coated

Table 3.Test results of chemical resistance of samples

Angle. Uncoated Angles showed a moderate
weight change (11%), suggesting moderate
susceptibility to chloride-induced corrosion. FRP
Angle experienced no significant weight change
(20%), showcasing its excellent resistance to
calcium chloride.

3M NaOH Solution:

NitoZinc Coated Angle demonstrated a slight
weight change (19%), suggesting good resistance
to alkaline conditions. Cement Slurry Coated Angle
had a relatively higher weight change (15%),
indicating it might be slightly more vulnerable to
sodium hydroxide. The uncoated Angle showed a
moderate weight change (12%), implying some
vulnerability to strong alkali. FRP Angle displayed
no significant weight change (20%), highlighting its
strong resistance to alkaline solutions.

Ca(OH), Solution:

NitoZinc Coated Angle showed minimal weight
change (19%), emphasizing its resistance to highly
alkaline environments. Cement Slurry Coated
Angle exhibited a slightly higher weight change
(15%), indicating it can withstand alkaline
conditions. Uncoated Angle displayed a moderate
weight change (12%), suggesting it might be
moderately susceptible to strong alkalinity. FRP
Angle showed no significant weight change (20%),
underscoring its resistance to highly alkaline
solutions.

These scientific observations reveal the
chemical resistance and durability of the tested
angle materials in different environmental
conditions. NitoZinc Coated Angle and FRP Angle
consistently exhibited strong resistance across
various chemicals does not produce any
holidaysmaking them suitable for applications
demanding robust corrosion resistance. On the
other hand, Uncoated Angle and Cement Slurry
Coated Angle showed large number of holidays
showing varying degrees of susceptibility to
different chemicals and loss of weight, underlining
the importance of protective coatings and material
selection for specific industrial contexts.

Tabela 3.Rezultati ispitivanja hemijske otpornosti uzoraka

Weight changes (%)
Chemical
emicals NitoZinc Coated Angle Cement ilnugrlg Coated Uncoated Angle FRP Angle
Distilled Water 20 17 10 20
3MCacCl; 19 18 11 20
3MNaOH 19 15 12 20
Ca(OH), 19 15 12 20
ZASTITA MATERIJALA 65 (2024) broj 2 355
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Effect of chemicals in steel angles embedded in concrete
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Figure 5.Effect of chemicals in steel angles embedded in concrete

Slika 5.Uticaj hemikalija na ¢elicne uglove ugradene u beton

5. CONCLUSION

The conducted investigations involving the

Applied Voltage test and the Chemical Resistance
test provide significant insights into the electrical
conductance and chemical resistance properties of

various angle materials.

These findings hold

substantial implications for material selection in

applications where corrosion

resistance and

electrical integrity are critical.

1.

The Uncoated Angle exhibited negative
potentials -159 to -218 mV), indicating
susceptibility to corrosion and electrical

conduction, making it unsuitable for corrosion-
sensitive applications. In contrast, the Nitozinc
Coated Angle maintained positive potentials
(142 to -184 mV), highlighting its corrosion
resistance and electrical integrity, suitable for
applications demanding protection. The FRP
Angle consistently registered zero amperes,
confirming its electrical non-conductivity, making
it an ideal choice for applications requiring
insulation.

2. The Uncoated Angle demonstrated a consistent
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negative potential, indicating its susceptibility to
electrical conduction and corrosion. It is,
therefore, an unfavorable choice for applications
requiring corrosion resistance.The Nito Zinc
Coated Angle consistently displayed a positive
potential, signifying its ability to resist electrical
conduction and maintain its  corrosion
resistance. This makes it a suitable choice for

environments  where  protection  against
corrosion is paramount. The FRP Angle
exhibited a consistent zero potential,

highlighting its electrical non-conductivity and

making it ideal for applications where electrical
insulation is essential.
The experiments conducted with different

chemical solutions showcased varying effects

on the tested angle materials. Distilled Water
had no significant impact on any of the angle
types. 3M CaCl, produced minor changes in the
NitoZinc Coated, Uncoated, and Cement Slurry
Coated angles, while affecting 11 angles of the
FRP category. 3M NaOH and Ca(OH), had
similar effects, leaving the NitoZinc Coated,
Uncoated, and Cement Slurry Coated angles
mostly unchanged, but causing alterations in all
FRP angles.

. These results are crucial in the context of

material selection for applications demanding
high corrosion resistance and electrical integrity.
The Nito Zinc Coated Angle consistently
demonstrated resistance to both electrical
conduction and chemical-induced alterations,
rendering it a preferred choice for critical
services where protection against corrosion is
paramount. The Uncoated Angle, with its
susceptibility to corrosion, serves as a
cautionary example of the importance of
protective coatings in such applications. Lastly,
the FRP Angle's electrical non-conductivity and
varying chemical resistance make it a versatile
material suitable for specific applications.

5. These tests provide essential data for informed

decision-making in industries requiring materials
capable of withstanding harsh conditions. The
choice of materials should consider not only
their inherent properties but also the
environmental factors they will be exposed to,
ensuring the longevity and safety of the
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applications. The results reaffirm the
significance of protective coatings and linings in
preserving material integrity and preventing
catastrophic failures, while also emphasizing the
role of electrical conductance and resistance in
specific industrial contexts.
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1ZVOD

NEDESTRUKTIVNA PROCENA PODZEMNE KOROZIJE NA UGAONIM
PROFILIMA OD VRUCEG CELIKA UGRADENIH U BETON | NJIHOVA
SANACIJA CEMENTNOM SUSPENZIJOM | NITOCINK PREMAZOM

Ovaj istrazivacCki ¢lanak predstavilja sveobuhvatno istraZivanje materijala i otpornosti na koroziju
ugaonih komponenti kritiCnih za izgradnju infrastrukture. Studija se fokusira na dva klju¢na ugaona
materijala: ¢elicne uglove i uglove od plastike ojatane viaknima (FRP), odabrane na osnovu
zahteva specificnih za projekat. Dizajn betonske mesSavine, koji ukljuCuje kljuéne komponente kao
Sto su hemikalije (kalcijum hlorid, natrijum hidroksid, kalcijum hidroksid), agregati (M pesak i 20
mm agregat) i cement (Portland Pozzolana cement - 43 stepen), osigurava da se strukturalni
integritet i performanse ispune Zeljeni standardi. IstraZivanje, takode, ukljucuje napredne tehnike
procene korozije, ukljucujuci test potencijala polucelije i test primenjenog napona (Holidai Test),
koji nude uvid u provodljivost materijala, otpornost na koroziju i integritet zastitnog premaza.
Stavise, test hemijske otpornosti ispituje uticaj razlicitih reSenja na ove materijale, naglasavajuci
njihovu pogodnost za razlicite industriiske primene. Rezultati naglaSavaju vazZnost odabira
materijala po meri, proaktivnog upravljanja korozijom i kriticne uloge zaStitnih premaza u
obezbedivanju dugovecnosti i bezbednosti infrastrukture. Ova studija doprinosi unapredenju
metoda procene korozije, podrZavajuci trajnost kriticnih infrastrukturnih materijala.

Kljucne reci: korozija, premaz, hemijska otpornost, trajnost, FRP, ugaoni presek
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Serviceability performance of fibre reinforced no fine
concrete pavement

ABSTRACT

The massive development of the construction industry demands sustainability, and the studies on
No Fines Concrete (NFC) will support sustainable development in the field of transportation and
highway industry. It is the key requirement of all developing countries like India in order to satisfy
three main criteria namely sustainability, serviceability and feasibility in addition to its performance.
Application of NFC pavement is itself a sustainable method to manage and discharge the retaining
stormwater during heavy floods. Fibre Reinforced No Fine Concrete (FRNFC) was considered,
with findings suggesting that the inclusion of fibres has minimal impact on strength characteristics
and only marginally reduces the permeability of NFC. However, NFC pavements require regular
maintenance to prevent clogging of pores with dust, sediments, and debris, which impairs water
flow. A 2 m x 2 m span real-time FRNFC pavement was cast and subsequently subjected to
assessment of its serviceability performance. The study examines the performance of FRNFC
under clogging and suggests rehabilitation methods to reinstate infiltration capacity. Pressure
wash combined with vacuum sweep shows the highest Drainage Efficiency Restoration (DER),
maintaining drain ability from 99% to 90% after 12 cycles. Routine pressure wash monthly and
vacuum sweep yearly are recommended for proper pavement serviceability and effective

stormwater runoff mitigation.

Keywords: No fine concrete, fibre reinforcement, serviceability, clogging, drainage efficiency

1. INTRODUCTION

The increase in the infrastructural development
and urbanization of several countries around the
world resulted in decreasing the Earth’s overall
permeability. It also encounters  serious
environmental effects such as global warming,
reduction in groundwater recharge, water pollution,
and water stagnation during heavy rainfalls. Poor
drainage with the impermeable surface will result in
difficulties in using road transport facilities and
accessing the basement of surrounding buildings in
heavy rainfall prone areas. Installation of NFC
pavement replacing the conventional impervious
one is an efficient and sustainable solution to avoid
flooding frequently. A numerous study has been
conducted to evaluate the material properties of

*Corresponding author: Rajasundaravadivel Jeya Prakash
E-mail: drjpcivil@gmail.com

Paper received: 26. 02. 2024.

Paper corected: 13. 03. 2024.

Paper accepted: 17. 03. 2024.

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

NFC. This study extensively made the effort of
adding fibre to NFC thereby increasing its durability
without compromising its structural or hydraulic
behaviour. FRNFC pavement system differed from
conventional rigid concrete pavement systems by
their complexity of inherent and flexible porosity
along with multi-layer arrangements. The applica-
tion of NFC is restricted for light loading conditions
such as parking lots and sidewalks of residential
areas [1]. The prototype developed was proposed
to serve as a highway shoulder, where the runoff
due to high precipitation can be drained. This can
highly reduce the requirement of stormwater
control structures constructed specially for highway
runoff. When an FRNFC pavement is designed to
be a highway shoulder, it should survive the wheel
loadings from invading truck. Nevertheless, the
incorporation of polypropylene fibres is aimed at
enhancing durability aspects such as abrasion and
resistance to freeze-thaw cycles, which are
ongoing considerations for practical application.
Pervious or NFC pavements are categorized under
rigid pavement design. Still, there are some
fundamental differences between them such as
strength, stiffness, subbase and subgrade [2].
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2. TYPE OF PAVEMENTS

The pavements are the structural elements
used in highway applications with the primary
function of transmitting load to the subbase and
underlying soil. Pavements are categorized into
three major types including flexible or asphalt
pavement, rigid or cement concrete pavement and

Transverse Joints with or without dowels

l—15t0 30 ft b= 15 to 30 ft |

a) JPCP (Jointed Plain Concrete Pavement

Continuous Reinforcement —&

No Joints

¢) CRCP (Continuously Reinforced Concrete Pavement)

composite pavements. The composite pavements
are constructed with a combination of flexible (top
layer) and rigid (bottom layer) pavements. Hot mix
asphalt and Portland cement concrete are
generally used in the construction of composite
pavements. Rigid pavements are further classified
based on the joints and reinforcement as shown in
Figure 1.

Transverse Joints with or without dowels

Longitudinal Joints

with Tie Bars
I I T O I
|

Wire Fabric —&
%

b) JRCP (Jointed Reinforced Concrete

Wire Strands @

Slab Length 300 to 700 ft

d) PCP (Prestressed Concrete Pavement)

Figure 1 Types of Rigid Pavement
Slika 1 Tipovi krutih kolovoza

A traditional rigid pavement consists of three
layers, concrete, subbase and subgrade or soil
strata as shown in Figure 2. The traffic volume and
the expected pavement loading are the key factors
for designing the depth of the concrete and

subbase layer. The subbase layer was latterly
introduced for resisting the high traffic volume and
pavement loading, it is also used to reduce the
water thrusting of the concrete layer by the
subgrade.

o+ %010 Concrete Layer <0

ST S A S AT N A S P N s
Subbase/ Base Layer X
S S S S

T

Soil/ Subgrade
Figure 2 Cross section of Rigid Pavement
Slika 2 Poprecni presek krutog kolovoza

NFC pavements are generally considered
under Low Impact Development (LID) techniques,
which practices the natural infiltration and control
the runoff volume [3]. For NFC pavement, the
design depth of the subbase is larger than that of
traditional rigid pavement. And usually, the sub-
base is not compacted as much tight as practising
for normal rigid pavement. This is to increase the

ZASTITA MATERIJALA 65 (2024) broj 2

volume of storage packets (voids) and thereby
increasing the retention period to support natural
infiltration of stormwater [4]. An additional property
of noise absorption by these types of pavements
can serve as a sustainable solution for the
reduction of noise pollution during heavy traffic
conditions [5].
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“ Perforated
drain pipes

Soil/ Subgrade

Figure 3. Cross section of Proposed FRNFC Pavement

Slika 3. Poprecni presek predlozenog FRNFC kolovoza

Figure 3 shows the cross-section of the
proposed FRNFC pavement, with increased
subbase thickness and perforated drainpipes
separated by impervious blocks just below the
subbase. These blocks are used to break the
infiltration link to the subgrade (underlying soil)
which affects the bearing capacity of soil and cause
failure to the pavement.

2.1. Subgrade

The subgrade is also known as formation level,
i.e., the natural layer present underneath the
pavement to be constructed. The characteristics of
a given soil are taken before the review of the soil

profile for determining the settlement. The
investigation of the subgrade is much important
before preparation for permeable pavement since
the infiltrated water has an adverse effect on both
the pavement and subbase. The values of modulus
of elasticity and Poisson’s ratio of a particular soil
varies with respect to the degree of saturation and
drainage condition [6]. Preferably for FRNFC
pavements also subgrade with a higher drainage
ratio is chosen to increase the efficiency of
stormwater runoff management. Table 1. gives the
values of the modulus of elasticity and Poisson’s
ratio based on the soil’s drainage condition.

Table 1. Moduli of elasticity and Poisson’s ratio of soils (Coduto, 1994)

Tabela 1. Moduli elasti¢nosti i Poissonov odnos tla (Coduto,1994)

. Modulus of elasticity . Poisson’s
Soil Type (GPa) Soil Type ratio
. Soft 0.0015-0.01 ) )
Clay (Undrained Medium 0.005-0.05 Saturated soil (Undrained 0.50
condition) - - - condition) )
Stiff 0.015-0.075
| ined Soft 0.0003-0.0015
Clay (Draine Medium 0.0005-0.0035 Partially saturated clay 0.30-0.40
condition) -
Stiff 0.0012-0.02
Loose 0.01-0.025 L°°seczﬁgﬁigz)ra'”ed 0.30-0.40
Sand (Drained Medium
condition) dense 0.02-0.06 Dense(:gzggiélg)['ained 0.10-0.30
Dense 0.05-0.1
Sandstone - 7.0-20.0 Sandstone 0.25-0.30
Granite - 25.0-50.0 Granite 0.23-0.27

In drained condition, the rate of drainage is
greater than the infiltration rate and for the
undrained condition, the rate of drainage is less
than the infiltration rate. The drainage rate is the
function of permeability coefficient or hydraulic
conductivity. For example, sand and gravel hold
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drained condition easily as the coefficient of
permeability is high, and clay soils hold in
undrained condition often due to less coefficient of
permeability. Generally, subgrade with a higher
drainage ratio is preferred for rigid pavements to
reduce the effect of water thrusting which affects
the soil stability with respect to time.
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2.2. . Subbase

Subbase is one of the layers of pavement laid
over the subgrade, specially designed for bearing
the load from the pavement and distribute it to the
soil strata. The subbase quality is highly important
to increase the serviceability of the pavement.
Generally, natural aggregates of size not less than
20 mm are used for the subbase. The thickness of
the subbase is obtained from Table 2. Since the
proposed pavement design is adopted for highway
shoulder application, the thickness of 10” (0.25 m)
is taken for this study. However, Subbase does not
bring any structural strength to the pavement but
distributes the load uniformly to the subgrade.
Generally bounded subbases are recommended
for rigid pavements in design guides, for permeable
rigid pavements unbounded subbase are preferred.
The thickness of subbase and concrete pavement
does not change with the subgrade strength as in
the case of flexible pavement. Still, the material
selection, proper design and effective construction
is very much important for the long-term
serviceability of the pavement.

Table 2. Thickness of Subbase
Tabela 2. Debljina podloge

l\?c;. Road Application Thiiltf:wnedsird(in)
1 | Garden Pathway 3-4
2 Driveway and public foot path 4-6
3 Heavy used Roadways 6-9
4 Highway >10

3. FRNFC PAVEMENT

The construction of given pervious or FRNFC
pavement systems involves 3 layers (bottom
quarter, middle half and top quarter) with an
assumption of the faultless bond between the
layers [7-10]. The porosity of these three sections
varies with the time period, and an average
porosity is finally considered as the system
porosity. The porosity of the top quarter changes
with respect to time due to the clogging effects and
reduces the system porosity. And the bottom
quarter porosity varies with the selection of
subgrade (coarser subgrade permits higher
discharge rate) [11]. Whereas the porosity of the
middle half remains the same and is influenced by
poor placement practicing, which can be enhanced
during pavement casting.

The distribution of wheel load is uniform to the
area under the slab. The load on the slab is

ZASTITA MATERIJALA 65 (2024) broj 2

transmitted through beam action, and hence with
sufficient beam strength, the pavement can
withstand any areas within adequate support and
localize subgrade failures [12]. Figure 4 illustrate
the wheel load distribution of concrete pavements.

@
\ 4

200mm concrete

Pressure only 20 kPa

5m

Figure 4 Wheel load distribution of concrete
pavements

Slika 4 Raspodela opterec¢enja na to¢kove
betonskih kolovoza

3.1. Highway Shoulders

An adjacent portion connected with highway
specially meant for parking the trucks or any
emergency drives, and to provide support for the
subbase and pavement along lateral direction [13].
Thus, shoulders are subjected to similar loading as
that of the main pavement. FRNFC pavement with
thickness ranging from 200 to 300 mm is
considered to be effective for replacing highway
shoulders based on the usage intensity [14-15].

3.2. Site Preparation and Placement

Before the placement of pavement, the
subgrade should be maintained in moist condition
with no standing water. The excess water present
in the subgrade can eradicate the binder from the
bottom portion of the pavement. High porosity
without compromising strength and durability is the
main target of the NFC pavement, care must be
taken to avoid the premature drying of the concrete
mixture [16]. The concrete placement with high
evaporation rates must be avoided to reduce the
chance of loss in water content. The factors like
high voids content and less w/c ratio support the
rapid drying of mixtures followed by a reduction in
strength and durability.

Site preparation and placement includes
preparation of subbase and pavement placement.
Figure 5 shows the preparation of subbase
including the a) excavation for subbase
preparation, b) arrangements for perforated pipes
and impervious block, c) filling of aggregates as
subbase and d) cross-section of perforated pipe
connected to side drain to collect runoff water.
Whereas Figure 6 illustrates the transportation and
placement of FRNFC pavement in the site.
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> “¥e : e SRR v R

(a) Excavation for subbase (b) Arrangements of Perforated pipes

¥ T\

(d) Pipe Cross section
Figure 5. Preparation of Subbase
Slika 5. Priprema podloge

(a) Transportation of fresh concrete  (b) Placement of FRNFC Pavement
Figure 6 Pavement Placement
Slika 6 Postavljanje kolovoza

3.3. Pavement Configuration pavement thickness. There is a difference
The dimension of the slab is taken as 6.5’ x 6.5' 0observed between traditional concrete and FRNFC
(2 m x 2 m) and the thickness of the FRNFC in the values of stiffness, compressive strength and

considered to resemble a typical roadway Stiffness of subbase and subgrade are also taken

into consideration as given in Table 3.
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Table 3. Material Properties obtained from
laboratory testing

Tabela 3. Svojstva materijala dobijena
laboratorijskim ispitivanjem

Youngs Poisson’s :
Material/Layer Modulus ratio, ny Di”/sr::%"

E (Mpa) (no units) p kg/m’)
Polypropylene i
Fibre 4.0-45 0.4 910
FRNFC Slab 18875 0.2 1875
Subbase 5000 0.2 1542
Subgrade 200 0.4 1430

3.4. Thickness Design

An FRNFC slab model of thickness 8” (0.2 m)
was cast in the laboratory parking area. The
pavement was placed over an unbound subbase of
thickness 10” (0.25 m) prepared by aggregates of
size 20 mm. A partially saturated with the
undrained condition is taken as a subgrade with a
thickness of 39” (1 m) as shown in Figure 7. The
design depth of the subbase used for an FRNFC
pavement is usually larger than that of a traditional
impervious rigid pavement [17]. And also, the
subbase is not compacted as much tight as
practising for normal rigid pavement. This is to
increase the volume of storage packets (voids) and
thereby increasing the retention period to support
natural infiltration of stormwater [18-19].

FRNEC slab (8”)

3 YN Ca 2>
l'ﬂ:‘) aggregate subbase (10”)

.
<— soil subgrade (39”)

Figure 7 Pavement Thickness Design
Slika 7 Projektovanje debljine kolovoza

3.5. Drainage Design

The infiltration of water subsequently affects
the stability and bearing capacity of the subbase
and subgrade, which in turn affects the
serviceability of the pavements. Figure 8 shows a
typical cross-section of drainage design of the
proposed FRNFC pavement specially used to
break the infiltration link to the subgrade
(underlying soil), with perforated drainpipes
separated by impervious blocks just below the
subbase. The collected stormwater from the
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perforated drainpipes is directed to common outfall
drain from where they can be sent to treatment
units.

Perforation
Impervious Block

Drainpipes

Figure 8 Drainage Design

Slika 8 Dizajn drenaZe

4. SERVICEABILITY BEHAVIOUR

No fines concrete is most commonly known as
sustainable concrete that helps in stormwater
mitigation, pollutants load reduction, temperature
mitigation,  noise  absorption, air  quality
improvement, etc., [20]. Besides these benefits,
their serviceability is likely to be affected by several
factors like clogging and less surface abrasion
resistance. However, the fibre reinforcement was
incorporated to improve its abrasion resistance
[21]. The performance of FRNFC under the
clogging effect was examined and the change in
infiltration  capacity of the specimens was
discussed. To reinstate the infiltration capacity,
certain rehabilitation methods were suggested, and
their efficiencies were discussed [22]. This study
provides security for the investment made on no
fines concrete; the pavement must serve for a
minimum service life by providing resistance
against all these factors.

4.1. Clogging

NFC pavements have a high chance of
clogging after every rainy event. Clogging is one of
the significant issues associated with the
serviceability of NFC pavements as it reduces its
infiltration capacity. It is also considered to be one
of the main restrictions against the practical
application of pervious pavements [23]. Clogging
takes places due to the deposition of dust,
sediments, debris, and other inorganic particles
over the pores on the pavement surface during
stormwater runoff.

The slab specimens cast for determining the
infiltration capacity, are subjected to clogging by
allowing dirt muddy water containing different types
of clogging materials such as sand, clay, and silt as
shown in Figure 9. Twelve cycles of clogging and
cleaning were carried out and its drain ability was
tested after every clogging (reduced infiltration) and
cleaning cycle (recovery infiltration).
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b) Specimen after clogging
Figure 9. Clogging test on FRNFC Pavement
Slika 9. Test zaCepljenja na FRNFC kolovozu

4.2. Rehabilitation Methods

NFC pavements need proper maintenance or
rehabilitation since dust, sediments, debris, and
other inorganic particles get deposited into the
pores of the pavement surface and clog the water
flow. Periodic removing of surface sediment
particles prevents their deeper penetration inside
the concrete matrix and thereby affecting the drain
ability of the pavements. The FRNFC specimens
subjected to clogging test are then rehabilitated to
restore the infiltration rate by standard cleaning
methods such as pressure wash (wet cleaning),
vacuum sweep (dry cleaning), and combined
method [24].

Pressure Wash

Pressure wash technique can be adopted to
remove the surface clogging by applying a
concentrated water using power nozzle sprayer
over the surface of the FRNFC pavements after
scrubbing to get out the debris as shown in Figure
10. This pressurized water from the nozzle will
wash off all the surface dirt by weakening the bond
between the concrete and clogged particles. Small
particles will penetrate deep into the concrete
matrix and reaches the subbase layer, gets
deposited on the aggregate reservoir. This method
is highly recommended for high load of sediments
or debris.
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Figure 10. Pressure Wash

Slika 10. Pranje pod pritiskom

Vacuum Sweep

The surface of the FRNFC pavements can be
subjected to a dry vacuum sweep method annually
to dislodge the hidden clogged particles and debris.
It consists of three units, a blower, suction tube,
and a hopper. This method of cleaning is
considered to be more effective than pressure
wash which requires plenty of water to wash off the
debris from the surface, whereas vacuum sweep
implements a simple tool of vacuum cleaner to
removes the debris off from the pavement surface
and dump it into a hopper as shown in the Figure
11.

Figure 11. Vacuum sweep

Slika 11. Vakuumsko c¢is¢enje

The silt carried by the runoff water plugs into
the concrete matrix, on saturated conditions the silt
starts bulged and gets sticky to the matrix. Hence,
this method is usually carried when the pavement
is in dry condition, as the silt loosen its grip with the
matrix by shrinking and get sucked by the suction
tube.

Combined Method

This combined method of cleaning FRNFC
pavement includes a vacuum sweep followed by a
pressure wash, which produces the best results in
improving the efficiency of infiltration after a
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clogging cycle. The clogged debris get dislodged
from the interconnected voids, by using pressure
wash and vacuum sweep once after drying the
pavement simultaneously.

4.3. Drainage Efficiency Restoration

In recent days, the construction of pervious
pavement attracts the attention of the engineers
mainly to prevent splashing and to control erosion.

Table 4. Drainage Efficiency Restoration

Tabela 4. Obnova efikasnosti drenaze

Thus, the porous pavement with a storage
reservoir to collect the surface runoff should be
maintained appropriately for higher drainage
efficiency. The effects of clogging and different
methods of cleaning for 12 cycles on the infiltration
rate of the FRNFC pavement by double-ring
infiltrometer test setup is given below in Table 4
and graphically shown in Figure 12.

Pressure Wash Vacuum Sweep Combined Method
§ Infiltration rate, | DER Infiltration rate, DER Infiltration rate, DER
O (cm/sec) I (cm/sec) I (cm/sec)
Clog Clean % Clog Clean % Clog Clean %
0 - 0.291 - - 0.291 - - 0.291 -
1 0.223 0.261 89.77 0.223 0.276 94.99 0.223 0.287 98.63
2 0.222 0.257 88.35 0.222 0.274 94.16 0.222 0.281 96.56
3 0.222 0.252 86.72 0.222 0.271 93.28 0.222 0.278 95.53
4 0.220 0.249 85.64 0.220 0.269 92.44 0.220 0.273 93.81
5 0.218 0.248 85.37 0.218 0.266 91.27 0.218 0.269 92.44
6 0.215 0.247 84.85 0.215 0.264 90.59 0.215 0.268 92.10
7 0.212 0.241 82.93 0.212 0.259 88.85 0.212 0.266 91.41
8 0.210 0.241 82.80 0.210 0.258 88.67 0.210 0.265 91.07
9 0.208 0.237 81.58 0.208 0.257 88.28 0.208 0.264 90.72
10 0.205 0.236 81.11 0.205 0.255 87.63 0.205 0.263 90.38
11 0.205 0.235 80.76 0.205 0.251 86.25 0.205 0.262 90.03
12 0.201 0.233 80.07 0.201 0.247 84.88 0.201 0.261 89.69
—— Pressure Wash —— Vacuum Sweep —— Combined Method
0.3
0.28
f"g)’
o 0.26
&
8
§ 0.24
B 0.22

0.2

6 7 8 9 10 11 12
No of cycle

Figure 12. Drainage Efficiency Restoration

Slika 12. Obnova efikasnosti drenaze

The selection of the rehabilitation method
highly depends on the clogging percentage and
sediment characteristics. Both pressure wash and
vacuum sweep combinedly produce the maximum
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Drainage Efficiency Restoration (DER) from 99%
(first cycle) to 90% after 12 cycles of clogging and
cleaning. Whereas pressure wash retains drain
ability from 90% (first cycle) to 80% after 12 cycles
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and vacuum sweep retains drain ability from 95%
(first cycle) to 85% after 12 cycles.

From the test results, the clogging cycle
reduces the rate of infiltration of FRNFC pavement
by about 73.6% and it is suggested to routine
pressure wash at a frequency of monthly once and
vacuum sweep at a frequency of yearly once to
ensure proper serviceability of the pavement, to
achieve max DER % and effective stormwater
runoff mitigation.

4.4. Cost Benefit Analysis

No fines concrete pavements are constructed
to support the soil and water conservation
practices. The replacement of conventional
impervious asphalt pavements by pervious FRNFC
pavements would increase the infiltration capacity
and supports groundwater recharges and thereby
reducing the stormwater runoff. Hence, a cost-
benefit analysis is highly essential to answer the
question, ‘Whether FRNFC is a cost-effective
alternative or not?’.

Table 5. Construction and Maintenance cost comparison for 1 m?

Tabela 5. Poredenje troSkova izgradnje i odrZzavanja za 1 m?

. Frequency FRNFC . Asphalt
Particulars . Pavements Frequency in 20 years Pavements
in 20 years
®) ®)
Installation 1 6000 1 4000
Drainage Design 1 450 0 0
Vacuum Sweep 20 15x 20 0 0
Pressure Wash 240 5x 240 0 0
Restore Permeability 5 65 x5 0 0
Crack Sealing 0 0 20 10 x 20
Seal Coat 0 0 5 750 x 5
Stripping 0 0 1 115x1
Patching 0 0 5 5x5
Surface Replace 0 0 1 1175x 1
Construction Cost - 6450 - 4000
Maintenance Cost 1825 5265
Total Cost per 1 m2 - 8275 - 9260
Detailed cost comparison between Asphalt pavements over the service life it cost
conventional impervious asphalt pavements and higher (almost three times) than the FRNFC
pervious FRNFC pavements including the pavements. Asphalt pavement includes the cost for

construction and maintenance cost for a unit
square meter is evaluated and discussed in Table
5. The serviceability of FRNFC pavement is
assumed to be 20 years [25].

The installation of pervious pavements by
replacing the existing impervious one will not be
initially considered as economical, since it also
includes the demolition cost. However, counting the
benefits and environmental sustainability obtained
over time from installation will make it cost-
effective. From the above analysis, it is clear that
the initial cost required for the construction is high
for pervious FRNFC pavements comparing to the
impervious Asphalt pavements. This is because
FRNFC requires a large amount of excavation and
additional design for proper drainage to improve its
durability. The base layers in FRNFC pavements
are designed to not only offers structural stability
but also to assist the infiltration process. While
considering the maintenance requirement of
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crack sealing, seal coat, stripping and patching
works whereas FRNFC only requires periodical
pressure washing and vacuum sweeping to
maintain its drain ability.

Generally, Asphalt pavements are with high
surface tension and thereby highly pretentious by
temperature, weathering, and minimum
geographical stress (ground uplift, earthquakes and
swallet). Thus, any difference in stress easily
propagates cracks in asphalt pavement and
requires regular maintenance to ensure safe
drives. This makes asphalt over its service period
an expensive choice comparing FRNFC
pavements, which have an additional provision for
stormwater management.

5. CONCLUSION

The total depth of FRNFC pavement is divided
into three layers (top quarter 2”, middle half 4” and
bottom quarter 27). The porosity of these three
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layers varies, and an average is finally considered
as the system porosity. Thus, to increase the
overall system porosity of given pervious
pavements, each of the three layers must follow
different strategies.

e The top quarter porosity changes to time due to
the clogging effects and can be recovered, and
the efficiency can be restored by practising a
few rehabilitation techniques like pressure
wash, vacuum sweep, and combined method.

e The bottom quarter porosity varies with the
selection of subgrade and is boosted by
placing the pervious pavement over a coarser
unbounded subgrade which permits a higher
discharge rate.

e The middle half porosity remains the same and
is influenced by poor placement practising,
which can be enhanced during casting.

The infiltration of water to the subgrade
subsequently affects its stability and bearing
capacity. The proposed FRNFC pavement
implements a specific drainage design to break the
infiltration link to the subgrade, with perforated
drainpipes and impervious blocks just below the
subbase. The collected stormwater is directed to a
common outfall drain from where it can be sent to
treatment units.

From the detailed study of the clogging effect
on FRNFC, it is suggested to follow a routine
pressure wash at least once a month followed by
an annual vacuum sweep to ensure proper
drainability of the pavement. And from a cost-
benefit analysis, construction of FRNFC pavement
over conventional impervious asphalt for a parking
lot of 2 acre would save about ¥ 20,13,310 over a
service life of 20 years. This makes FRNFC
pavement a cost-effective replacement for
impervious asphalt pavement.
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1ZVOD

MOGUCNOST UPOTREBE PERFORMANSE OBLOGA OJACANOG VLAKNIMA
BEZ FINOG BETONA

Masivan razvoj gradevinske industrije zahteva odrzZivost, a studije o betonu bez finog kamenca
(NFC) c¢e podrzati odrzivi razvoj u oblasti transporta i industrije autoputeva. To je kljucni zahtev
svih zemalja u razvoju kao Sto je Indija kako bi se zadovoljila tri glavna kriterijuma, a to su
odrzivost, upotrebljivost i izvodljivost, pored svog ucinka. Primena NFC kolovoza je sama po sebi
odrZiva metoda za upravijanje i ispusStanje atmosferske vode koja se zadrZava tokom velikih
poplava. Razmatran je beton ojaCan vlaknima bez finog betona (FRNFC), sa nalazima koji
sugerisu da ukljuCivanje vlakana ima minimalan uticaj na karakteristike ¢vrstoc¢e i samo neznatno
smanijuje propustljivost NFC-a. Medutim, NFC kolovozi zahtevaju redovno odrzavanje kako bi se
sprecilo zacepljenje pora prasSinom, sedimentima i ostacima, $to oteZava protok vode. FRNFC
kolovoz u realnom vremenu raspona 2 m x 2 m je izliven i naknadno podvrgnut proceni
performansi njegove upotrebljivosti. Studija ispituje ucinak FRNFC-a pod zacepljenjem i predlaze
metode rehabilitacije za ponovno uspostavijanje kapaciteta infiltracije. Pranje pod pritiskom u
kombinaciji sa vakuumskim ¢is¢enjem pokazuje najvecu restauraciju efikasnosti drenaze (DER),
odrZavajuci sposobnost drenaze od 99% do 90% nakon 12 ciklusa. Rutinsko pranje pod pritiskom
mesecno i Cis¢enje usisivatem godiSnje se preporuCuju za ispravnu upotrebljivost kolovoza i
efikasno ublaZavanje oticanja atmosferskih voda.

Kljuéne reci: Bez finog betona, viaknasta armatura, upotrebljivost, zalepljenje, efikasnost
drenaZe
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| WHcTuTyT 3a BogonpuBpeny “Japocnas Yepuu” Al
Beorpag, NuHocaga, yn. Japocnasa YepHor 80, Ten. 390 64 50, ®akc 390 64 81

&

Bopeha Hay4yHoucTpaxuBa4ka opraHusauuja y Cpobuju y obnacrtu soaa.

Mopen HayyYyHOUCTpaXMBAUKMX aKTUBHOCTW, gAenatHocT WHcTuTyTa obyxBata nnaHupawe U
NpojekTOBarke BOAHMX, EHEepPreTCKMX U MHAPaCTPYKTYpHUX objekaTa n cuctema, Haal3op Hag mssohewem
XVAPOTEXHUYKMX objekaTa, KOHCYNTaHTCKe Yycryre Be3aHe 3a yhpasibake BOOHWM pecypcuma U
nsrpaheHum objekTma 1 cuctemuma, u3pagy CTpaTeLlKMX AOOKYMeHaTa M eKcrneptu3a, kao 1M nomoh
NpUNNKOM Mpunpeme 3akOHCKe perynatuse, ctaHaapaa v Metogornoruja.

WHcTuTyT 3a Bogonpupeay "JapocnaB YepHu” je ocHoBaH 1947. roguHe, a ume je 0o6Mo No CBOM
npsomM gupektopy. [locebHo Tpeba ncrahm ga peHome MHCTUTyTa npeBasvnasv nokarnHe okeupe, jep je
HEroB 3Ha4aj Npu3HaT He camo y pernoHy, Beh n 'y EBponu n ceety. 3axBarbyjyhu ycnewHnmM akTMBHOCTM Ha
npoctopmma 6uBlie Jyrocnasuje n y npeko 20 MHocTpaHux 3emarba, ume NHctutyta “Japocnas YepHu” je
noctano npeno3HaTIibUBO LUMPOM CBETA.

VHCTUTYT pacnonaxe ca Hay4YHUM U CTPYYHUM KagpoMm, ONpemMOM M UCKYCTBOM [Aa Y3 NPUMEHY
HajHOBUjUX 3HaHa M TEXHOMOrvMja MoXe ycnewHo [a pellaBa M HajCnoXeHwje 3agaTtke y OOMEeHy Boaa u
3awTute XuBOTHe cpeauHe. MHCTUTyT mma npeko 240 3anocneHux, of KOjuX MNPeKo MOSIOBMHE 4YWHEe
capagHu1LM ca BUCOKOM CTPYHHOM CMpPEMOM, a 3Ha4yajaH bpoj nma HaydHa nnm NcTpaxmneBadka 3Bawa. Pa3Boj
WHcTuTyTa je nogpasymeBao nepMaMeHTHO yBONeHe CaBpeMeEHUX METOAA UCTpaxuBaka M MNpPOjeKkToBakHa,
y3 Kopuwhee HOBMX TEXHOMOIMja U cobucTULMpaHe MepHe onpeme.

WHctutyT “Japocnas YepHn” uma n 3HavajHy ob6pa3oBHy ynory y obnactm sogonpvspene. HayuHu
pagHmMum VIHCTUTYTa y4ecTBYjy y HacTaBu Ha dhakynteTuma yHusepauteTa y beorpagy, Hosom Cagy, Huwy
n bawa Jlyun. MNMopeg Tora, y UHctutyTy je 10 rognHa opgpxkaBaH MehyHapoaHW Kypc M3 BO4OMNPUBPEAHOT
WHXeHepcTBa 3a CTpydhake M3 3eMarba y pa3sojy. OBy mehyHapoOHy akTMBHOCT Cy Mogpxane Brage
XonaHauje n Jyrocnaewuje, kao n YHECKO.

Bucokn peHome WHcTuTyTa notephyjy 6pojHe u Bpno 3HavajHe pedepeHue: wusrpahexm
XMApOTeEXHUYKM objektn y Cpbuju, Ha npocTopy OuBlie Jyrocrnaeujy u CBeETYy, Kao W CTyauvje, MMaHoBMU,
NpojekT! 1 BOZOMpPUBPEAHE OCHOBE. Y MpeTxogHoM nepuody, VIHCTUTYT je y4ecTBOBao Y MpOjeKToBaky M
peanusaumju HajsHa4ajHUjux BOAOMPUBPEOHNX CMCTEMA M ObjekaTa y Halloj 3emibu. Y TOM OKBUpPY, Tpeba
uctahm wucTpaxuBara U cTyauje 3a notpebe MpojekToBakwa BENUKMX cucTema - XuOpPOEHEepreTckor M
nnosuabeHor cuctema “bepgan I’ n “bepgan II”, Xngpocuctema [OyHae-Tuca-[lyHaB, kao M OpojHMX
xvapoeHepreTckmx objekata. lNMopen Tora, Tpeba NMOMEHyTW CTyauje M NpojekTe nyka u npucTaHuwTa Ha
obanu JagpaHckor mopa, Ha lyHaBy 1 Casu.

Mopen npukasaHux cTyouja W npojekata Ha nogpydjy ouBwe Jyrocnaswje, Tpeba uctahm pga
UHCTUTYT nma 3HauvajHo MefyHapoOHO MCKYCTBO Y MPOjeKTMMa Koju Cy peann3oBaHu y 3emrbama Adpuke,
Cpeamer n danekor Victoka, Cpearwe n JyxxHe Amepuke n EBpone. Hajsehe ydewhe VHcTuTyTa je 6uno y
JInbuju, Upaky, Upany, Amxupy u lMNepyy.

Y nepuogy oa 2001 go 2010. roguHe, UHCTUTYT je y4yecTBOBaoO y CBMM 3HayajHUM aKkTUBHOCTMMA Y
obnactu Boga y Cpbuju. OBe akTMBHOCTM Ce MOry CBpCcTaTtu y cnegehe ocHoOBHe kaTeropuje:

o [punpema cTpaTewwKux goKyMeHaTa u3 obnactu Boga: BogonpuspeaHa ocHoBa Penybnuke Cpbuije,
Crtyovja ogpxwusor passoja Bogonpuspege Cpbpuje, WHCTpymeHTM 3a pasBoj cekTopa Boga Yy
Peny6nuumn Cpbuju, npunpema HoBenauuja BogonpvepegHe ocHoBe u Apyro;

e Cryanjcka npunpema 3akoHoAaBHMX AoKyMeHaTta: 3akoH o Bogama Penyb6nvke Cpbuje, kao u
npareha nog3akoHCKa akTa;

e AxtMBHO y4yewhe y MefljyHapoAHMM aKTMBHOCTMMa Yy obGnactu Bopa: aKkTMBHOCTM Yy OKBUPY
MefyHapogHe komucuje 3a 3awTuty peke [OyHaB (ICPDR), aktuBHOoCcTM y okBupy MefyHapoaHe
Komucuje 3a cnve peke Case, cTyamjcke npunpeme npeanora oCHoBa 3a Mperosope v u3pagy HaupTa
fbunatepanHux cnopasyma ca Mahapckom, PymyHujom, Byrapckom, Xpeatckom, BuX n LipHom Mopom u
Apyro;

e MW3papa komnnekcHUx cTyauja M npojekata y CcBUM obGnactuma cektopa Bopga: Cryauvja
Beorpagackor ussopuwta nog3emHmx Boga, OcmaTpana, Meperwa 1 aHanuse ytuuaja ycnopa [lyHaBa Ha
npuobarbe wu3asBaHor pagom XE "bepgan 1" n XE "bepgan 2", Crtyguja o MoryhHocTMMma
BofjocHaboeBawa Llymaguje wn TlMomopaBrba, Crtyamja yHanpehewa noy3gaHoOCTU MNPOrHose U
ynosopeka O Haunacky Benvkux Boga, Mctpaxmeara 3a notpebe pasBoja u yHanpehewa 3awTUTHO-
ApeHaxHux cuctema, MMmaBHM npojekaT 6paHe 1 akymynaumje "TMpBoHeK", XnaponHdopMaLnoHu cuctem
"OpuHa", TeHepanHu npojekTn ypehewa epo3noHnx u OyjudHux nogpydja, MNMpoyyaBawe eKCTpPeMHMX
XUOPOMOLWKUX cuTyauunja - nonnaea u cywa y Cpbujn, Ctyamja mepa v pagoBa 3a YCrNoCTaBibake
mefyHapogHor nnosHor nyta Ha peuu Caswu, Ctyauja onbpaHe oa nega Ha [lyHaBy v Apyro.



T A-
nijansuy

Sirok asortiman proizvoda

u zeljenim koli¢inama

fleksibilnost i otvorenost za specificne zahteve
strucne savete

visok kvalitet

sigurnost da ce vasi zahtevi biti ispostovani

boje verne vasoj masti

drvo metal
poliuretanski dvokomponentni osnovna boja za metal
lak za parket termostabilna boja za metal
poliuretanski emajli antikorozione boje
poliuretanski lakovi autoreparatur
osnovna boja za drvo wash-primer
emajl lak
lazurni premaz likol :
lak za amce beton i fasade
nitro bajc
nitro lak fasadon
nitro emajl betonal

signalin - boja za
horizontalnu signalizaciju

poliuretanski i epoksidni premazi za zastitu metala od korozije
epoksi samolivi podovi

fabrika boja i lakova
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InZzenjersko drustvo za koroziju izdalo je mono-
grafiju “Merne jedinice i slavni fizi¢ari”.

Pajmuno M. UBAHKOBHU'R o i .
bpanmcnas A. BOIIKOBWU'h Monograflja se SaStOJI iz dva dela:

e U prvom delu se iznose merne jedinice iz
Medunrodnog sistema jedinica i objasnjava

MEPHE JEHI/IHI/IHE I/I kako je razvoj nauke doprineo uvodenju merila

C.HABHI/I (DI/IBI/I[IAPI/I i mernih jedinica radi poredenja rezultata

eksperimenata i merenja;

e U drugom delu su predstavljeni svi fiziari Cija
imena nose pojedine merne jedinice, od
Ampera do Siverta, ukljuujuci i Nikolu Teslu.
U biografijama svakog naucnika dati su
oshovni biografski podaci i prikazi njihovih
nauc¢nih doprinosa. Pri tome je poseban
naglasak stavlen na prikaze i rezultate
njihovih istrazivanja na osnovu kojih su

odgovaraju¢e merne jedinice dobile njihova
imena.

Rukopis veoma korisno moze posluziti kao
naucno-popularna literatura, ali i kao dopunska
literatura iz oblasti fizike poc€evsi od ucenika
zavrsnih razreda osnovne Skole.

Cena ove publikacije je 500,00 dinara i moze se
poruciti preko izdavaca na tel. 011/32 30 028.

InZenjersko drustvo za koroziju izdalo je monografiju
“’Vekovi klasi¢ne fizike”.

Nakon dugog stagniranja, nauka je otpoCela svoj
trijumfalni put pojavom Leonarda da Vincija. Svoj
nagli razvoj postize u XVII veku, veku velikih otkrica
koja su trasirala dalji razvoj civilizacije. U tom
periodu istiCu se radovi Isaka Njutna. Klasi¢na fizika

svoj zenit je dostigla u XIX veku radovima dvojice BEKOBM

naucnika — Faradeja i Maksvela. Njihov rad je

vrhunac klasi¢ne fizike i predstavlja preokret u KHACI/I"IHE
shvatanju fizicke realnosti.

Razlog za izdavanje ove knjige je Zelja da se jo$ q)Mgl/IKE
jednom podsetimo Zivota i rada velikana nauke —
Njutna, Faradeja i Maksvela, Cdiji pregalacki i
stvaralaCki rad moze biti inspirativan mladom
narastaju zainteresovanom za osnove egzaktne
nauke. lIzlozen je razvoj ideja u fizici u Sirem
kontekstu prilika, prikazujuéi zivot i rad fizicara u
spletu raznih druStvenih okolnosti koje su i
omogucile taj razvo;.

Ako ova knjiga podstakne na razmi$ljanje o nauci i
naucnicima koji su svojim radom unapredili nasa
znanja o fizi€koj stvarnosti, ona je postigla cilj.
Cena ove publikacije je 500,00 dinara i moze se
poruciti preko izdavaca na tel. 011/32 30 028.




Kraj XIX i pocetak XX veka u Srbiji je
obelezen prvim znacajnijim koracima u
nauénom i prosvetnom zivotu. U prior-
dno-matematickim naukama osecaju se
prvi zaceci i nagovestaji daljeg na-
pretka i uklju¢ivanja u nau¢ne tokove
tadasnje Evrope i sveta. Na drugoj stra-
ni, naucni zivot u domovini poprima sve
zivlje trendove. Nasi naucénici, Skolo-
vani u inostranstvu, ste€ena znanja
ugraduju u domacéu nauku. Unapreduju
je, ali svojim talentom bitno uti¢u i na
tokove svetske nauke.

Cetiri pomenuta nauénika, éetiri pred-
stavnika srpske nauke, bila su snazan
zamajac kako u nasim nauénim krugo-
vima, tako i u nauci svetskih razmera.
To su razlozi iz kojih zelimo da €itaoce
blize upoznamo sa njihovim zivotom i
radom.

Cena ove publikacije je 400,00 dinara i
moze s poruciti preko izdavaca na
telefon 011/323 00 28 ili

e-mail: idk@idk.org.rs

Upotreba neobnovljivih izvora energije:
uglja, nafte i derivata nafte i prirodnog
gasa, od industrijske revolucije, a koja
traje i danas, je dovela do enormne
emisije gasova koji formiraju efekat
staklene baste. Na ovaj nacin povrsina
zemlje i atmosfera postaju sve toplije i
iz godine u godinu temperature su sve
viSe, Sto dovodi do niza Stetnih
posledica.

Cilj ove monografije je da ukaze na
potencijale, kao i na osnovne principe
konverzije i akumulacije energije dobi-
jene iz alternativnih izvora sa osvrtom
na raspolozive potencijale Republike
Srbije.

Cena ove publikacije je 750,00 dinara i
moze s poruciti preko izdavacéa na
telefon 011/323 00 28 ili

e-mail: idk@idk.org.rs
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BE/INMKAHM CPIICKE
HAYKE

Ha pasmebn XIX n XX Beka
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