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Foreword

The Plastics and Rubber Institute of Singapore (PRIS) is a national academic organization
established for members who are in businesses related to plastic and rubbers. The members are
from manufacturing industries, trading companies, service business, education and research
institutes and students from polytechnics and universities. PRIS publishes journals periodically
aiming to meet the interest of and promote information exchange in the local industries and
within researchers pertaining to plastics, rubbers and additives as well as relate interesting high-
tech areas.

The committee of PRIS is publishing its 16" issue of Plastic and Rubber Singapore Journal.
This issue includes methods for characterization of rubber products and investigation of
copolymerization; nano-materials and polymer composites for energy applications, functional
films and inhibitors for corrosion control etc. |1 would like to take this opportunity to thank our
members, corporate members and all related persons and companies for their strong support. |
would like to thank all the authors for their dedicated contribution for this journal.

| am grateful to Dr. Zhao Jianhong and Dr. Ludger Paul Stubbs for reviewing the papers. |
am also grateful to Ms Jane Koh for her help and coordinate for the publication of the hard
copies soon. The support from Mr. Nee Pai How, Mr. Sanjeev Kumar, Dr. Gu Haiwen and Mr.

Ong Kian Soo is also appreciated.

Thank you.
Hong Han
Editor
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A Message from the President of PRIS

The Plastics and Rubber Institute of Singapore (PRIS) is very proud to present you this issue of Plastics
and Rubber Singapore — an official technical journal of the Institute.

Plastics and rubbers are nowadays widely used in all walks of our life playing irreplaceable roles. Though
some of the manufacturing related processes have moved out of Singapore, polymeric material
applications, the science and technologies are getting more and more important for our future
development. As the national professional society for the plastic and rubber industry, PRIS has
consistently devoted over the past 36 years since its establishment to the cause of developing,
promoting, and introducing new and advanced polymer science and technologies to the Singapore
plastics and rubber industry.

PRIS acts as the centre for promoting the interests of its members through a variety of technical
activities such as regular workshop, seminars, conferences, training courses, and visits to manufacturing
plants and industrial sites. We also organize various networking and entertaining events for members to
communicate and exchange view in friendly and relaxed environment. Publication of the Journal has
served as a means for technical communications, exchange of views, and promotion of new
technologies. This issue of the Journal has included a few selected papers that were presented at our
meeting and seminars in the past year for the benefit of our members and readers; it is also glad to see
that a few papers are authored by teachers and students from Singapore Polytechnic.

| would like to take this opportunity to thank all PRIS members for their support rendered to the
Management Committee over the past years. | would also like to congratulate Dr. Hong Han, the Editor
of the Journal, and the Journal sub-Committee members Dr. Ludger Stubs, Dr. Pan Yongzheng, Mr. Ong
Kian Soo, and Ms Jane Koh, for the excellent job done throughout the process of the publication.

Finally, on behalf of the Institute, | would like to thank our corporate members for their supports in the
publication of the journal.

Dr. Zhao Jianhong
President

The Plastics and Rubber Institute of Singapore



A Practical Combination Test Method for Effectively Evaluation of the
Rubber Materials for Fenders

Kousik Kumar Mishra
4 Jalan Pesawat Singapore 619362

Abstract A reliable, viable analytical method to assess the composition of recently procured fenders prior to
delivery has been developed, using a simple sampling procedure from the surface of the fender. This new
technique will help to ensure that fenders supplied use the correct quality of rubber compound required to
adhere to the specification. The recommended tests to evaluate the quality of fenders, based on a sample of
only 20-50grams which can be easily gathered by obtaining scrapings from the final product prior to
installation, without affecting the fenders performance during application.

Keywords: fender; quality; recycled rubber; test.

1. Introduction

1.1 Fender system:

Fendering systems are mission critical equipment for marine environments globally. Long gone are the days of
wooden or rope fenders, and the use of rubber has become standard best practice. Although rubber fenders have a
long lifecycle, ultimately it is still limited. Depending on the environment and quality of the fender itself, the
expected average lifespan will be approximately 15 to 20 years. Designing a fender system requires engineers to
determine the berthing energy of a vessel or range of vessels that are likely to be docked against the system, then
determining what capacity the fender needs to have to absorb that kinetic energy. Finally, engineers must find a way
to avoid creating too much force and damaging either the wharf structure or vessel.

It’s accepted that high quality fenders can add value to port operations as sourcing quality materials and fully
tested compounds allows ports to drive cost efficiencies, minimise maintenance requirements and reducing the risk
of incidents. High quality fenders also have a longer service life and, due to reduced maintenance requirements, also
lead to fewer “lost” days for ports, and their shipping operators. In addition to these commercial concerns, fendering
systems are a port’s first line of defence when a vessel comes into dock and play a key role in protecting the safety
of port personnel, vessel crew, cargo and infrastructure.

However, there has been a worrying trend becoming more pronounced across the industry in recent years, of
putting up front costs higher on the agenda than whole life costs. Although this enables immediate cost savings for
procurement managers it means that, over the course of the fender’s lifecycle, costs will be higher. Some
unscrupulous fender suppliers are taking the opportunity to undercut reputable fender manufacturers by supplying
lower cost, but lower quality fenders. They are able to elicit cost savings to pass on to their customers (in the
immediate term) in two ways:

e By using a higher percentage of recycled rubber within the fenders, instead of virgin rubber
e Replacing carbon black fillers with non-reinforcing fillers
A simplified comparison chart representing the whole life cost differences between the two can be found
below:

Purchase price of a CONE 1000 fender $8,000 $10000
Installation $4000 $4000
Replacement after five years $9200 n/a
Re-installation $6000 n/a
Maintenance $9000 $4000
Maintenance installation $12000 $4800
Total 10 year whole life cost $48200 $22800




These manufacturers also ‘copy’ correction factors from reputable manufacturers without understanding these
factors are derived based on both rubber compound used as well as fender geometry. They do not make any
investment in PIANC Type approved fenders.

1.2 Setting the Standards

“Although PIANC is not in a position where it may “regulate the industry” or deliver any certification, PIANC
is very careful to promote best practice. We also stress that in the long term, through life cycle approaches, it is
recommended to use the most adapted, strong and resistant fender protection to quays” mentioned by Geoffrey
Caude, PIANC President, 2011. There are a number of different standards used worldwide to design fender systems
but the most commonly used is PIANC’s “Guidelines for the design of fender systems, 2002”, which was updated
from its predecessor of 1984. Although PIANC set out these guidelines, they do not regulate the industry, or indeed,
enforce the guidelines in practical terms. This has led to some fender suppliers misusing PIANC “certification” by
applying it to fenders that use higher percentages of filler and recycled rubber than is appropriate. PIANC’s
guidelines specify that robust material testing is a necessity, and the fact that this is not routinely performed by all
suppliers as part of their quality assurance process is a serious concern. Laboratory and full scale testing are
fundamental to the design and production of mission critical equipment and the industry needs the reassurance that
both sets of testing have been performed. Some suppliers are able to cut costs though replacing natural rubber with
reclaimed rubber, and using large amounts of non-reinforcing fillers, which is a poor substitute for the carbon black
reinforcing filler used in high quality fenders. These lower cost fenders, therefore, do not meet the required
specifications, won’t perform adequately whilst they’re in use and, as such, won’t have the product lifecycle they are
claimed to have. Additionally, port owners, contractors and consultants have no simple method available to test the
quality of the fender’s material once it is purchased and installed.

A new analytical test has been developed to help buyers understand and substantiate what is in a fender and
ensure that port owners, operators and contractors can ensure the highest quality of fenders going forward. Both
chemical and physical testing are required to verify the rubber quality of the fender and ensure that it remains stable
and suitable for the use it was intended for, throughout its lifecycle, to ensure maximum protection of the port
infrastructure and the vessels that come to berth there.

2. Methods

To demonstrate and quantify the difference in performance characteristics of a high quality and low quality
fender, the following tests were carried out in an independent third party laboratory:
e Comparison of the physical properties of the rubber samples. The samples were cut from two commercial
sized fenders: one a typical high quality fender, and one a typical low cost fender
e Comparison of the chemical properties of the fenders. The samples were taken from the fender surface of
two commercial sized fenders: one a typical high quality fender, and one a typical low cost fender.
The following tests were conducted:

Physical analysis:

Density Weighing balance 1SO 2781
Hardness Shore A hardness tester ASTM D2240
Tensile strength Universal test machine ASTM D412
Elongation at break Universal test machine ASTM D412

Chemical analysis:

Polymer (virgin plus recycled rubber) % TGA/FTIR ASTM D6370/D297
Carbon black % TGA /FTIR ASTM D6370/D297
Ash % TGA ASTM D297
Calcium Carbonate (white filler %) Chemical method ASTM D297

1. For further information on TGA and FTIR equipment, please see footnote [2].



3. Results and discussion

Physical analysis:

Density (g/cc) ISO 2781 1.15 1.29 Not specified
Hardness (shore A) ASTM D2240 67 71 Max. 78

Tensile Strength (Mpa) ASTM D2240 15.4 9.3 15.2 - 13.6 (Note)
Elongation @ Break (%) ASTM D2240 364 278 297 - 333 (Note)

2. For more detailed information on results, see footnote [3].
Chemical analysis:
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NB: Carbon Black is the high quality, reinforcing filler. Ash contains CaCO;, the non-reinforcing white filler.

The cost of a fender is often reduced by using a higher percentage of recycled rubber, and low cost non-

reinforcing white calcium carbonate (CaCO3) fillers in the formulation. We found that fenders with recycled rubber
and filler are heavier (and denser) than virgin rubber fenders. This significant weight difference enables a user to
evaluate whether a fender uses low cost recycled materials, or is the genuine article, made with high performance
rubber compound, with the benefits of long life and superior resilience. Chemical and physical analyses revealed
some further interesting insights into the materials used for manufacturing the fenders, and the properties these

materials have:
e Values of tensile strength and elongation at break for the low cost fender were lower than the high quality

fender and not in compliance with the user specification.

o Rubber to filler ratio (Polymer %: Carbon Black % + Ash %) for the high quality fender was 1.23. This
simply means 1 kg of filler was blended with 1.23 kg of rubber. The rubber to filler ratio for low cost
fender was only 0.88, which means 1 kg of filler was blended with just 0.88 kg of rubber.

e The low cost fender contained 28.45% less rubber than high quality fenders. The presence of more rubber
in high quality fenders explains the reason behind better physical properties of these fenders, and also
justifies the higher cost. For perspective, the cost of rubber is usually three times higher than fillers like

carbon black.



e Most of the raw rubbers are weak when vulcanized and need reinforcing filler to increase mechanical
properties of the final product. Ash analysis of the high quality fender indicated that it contains 100%
carbon black filler which is high quality reinforcing filler.

e On the other hand, the ash analysis result of the low cost fender showed presence of only 55% carbon black
and 45% CaCQ3. The price of CaCO3 is approximately a fifth cheaper than carbon black. CaCO3 is
considered as white, non-reinforcing filler which is usually used to reduce the cost of the rubber compound
but does not help in improving the properties.

e The density of low cost fender is 12% higher than the high quality fender. The reason behind the higher
density of the lost cost fender could be attributed to the following two factors:

— The presence of high density CaCO3 in the formula at 15.54%, as determined by ash analysis. Note that
density of CaCO3 is 2.7 g/cc while that of Carbon black is 1.8g/cc.

— The presence of a high percentage of recycled rubber in the formulation is the other contributing factor.
The density of recycled rubber is 1.15 to 1.20 g/cc while that of virgin rubber is 0.92 g/cc.

Recycling of rubber is a hard line, energy intensive process in which rubber powder is cooked with aggressive
chemicals. This process breaks long rubber molecules into shorter ones and thereby reduces the physical properties.
Usually tensile strength of recycled rubber is one-third of virgin Natural rubber (NR). Chemical analysis showed
that the low cost fender contained 60% NR. However, the low tensile strength, elongation at break and high density
of the fender pointed towards the presence of high percentage of recycled rubber instead of virgin rubber.

4. conclusion

These newly developed physical and chemical tests provide a reliable, viable analytical method which can now
be made available for buyers to be able to assess the composition of recently procured fenders prior to delivery,
using a simple sampling procedure from the surface of the fender. This new technique will help to ensure that
fenders supplied use the correct quality of rubber compound required to adhere to the specification. The
recommended tests to evaluate the quality of fenders, based on a sample of only 20-50grams are listed in the table
below. These samples can be easily gathered by obtaining scrapings from the final product prior to installation,
without affecting the fenders performance during application.

Density ISO 2781 Max 1.20 g/cc
Polymer % ASTM D6370 Min. 45%
Carbon Black % ASTM D6370 Min 30%

Ash % ASTM D297 Max 5%

Chemical testing is not enough the guarantee fender performance and full scale testing should also be
performed in the factory to guarantee the lifecycle and performance of fenders meet the specification they are
intended for. As demonstrated, manufacturers with in house design and engineering capabilities are able to test their
compounds in the laboratory and provide full scale testing on prototypes and finished products. It’s therefore
imperative that port owners and specifies understand the importance of not making procurement decisions purely
based on up-front costs.

The equipment will need to be replaced earlier, and in the long term, require heavier investment, not to
mention the higher risks of failure during service life. Decision makers should be aware of these key differences and
the varying quality on offer when buying on the basis of short term cost savings. There is a need for the whole
industry to come together to discuss changes to a culture that is causing unprecedented levels of downtime and
putting ports at risk.

5. Reference and footnotes

[1]. Analytical equipment like TGA/FTIR are not usually used in testing for the fender industry for quality control checks, but
were applicable in this case to enable chemical analysis of the rubber compounds.
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TGA: Thermogravimetric Analysis measures the amount and rate of change in the weight of a material as a function of
temperature or time in a controlled environment. Measurements are used primarily to determine the composition and predict
thermal stability at temperatures up to 1000°C. The technique can characterize substances that exhibit weight loss or gain
due to decomposition, oxidation or dehydration.
FTIR: Fourier Transform Infrared Spectroscopy is most useful for identifying chemicals that are either organic or inorganic
in nature. It can be utilized to quantify some components of an unknown mixture. It can be applied to the analysis of solids,
liquids and gases. The term Fourier Transform Infrared Spectroscopy refers to a fairly recent development of the manner in
which the data is collected and converted from an interference pattern to a spectrum. Today’s FTIR instruments are
computerized which makes them faster and more sensitive and accurate for composition analysis.
NB: TGA/FTIR are unable to differentiate between virgin and recycled rubber generated from natural rubber.

[2]. It is assumed that tensile strength and elongation at break of samples prepared from cured product will be 5-15% lower than
samples prepared in the laboratory by moulding of uncured rubber

[3]. Specification: Tensile Strength Min 16Mpa, Elongation at break 350% min. (Ref: Physical Testing of Rubber by Roger
Brown, Chapter 3, page 47). The values reported were median of five reading. Tensile strength 16mpa min, E@B 350% min
when tested in the compound. These values are lower when tested in the sample taken from final produce (fender). 20192

Mr Kousik Kumar Mishra is currently working with Trelleborg, a Sweden based company and market leader in non-
tyre industrial products, since 2001. Mishra was responsible for the Technical development of Marine fenders,
Mining products and general purpose & special purpose industrial goods for Trelleborg Singapore, China &
Australia manufacturing units. Currently He is working as Global Technical and Market Support Manager for
Trelleborg Marine Systems and supporting technical and sales team globally in fender business.

With more than 15 years of experience in the rubber industry, Mishra has presented technical papers in various
international conferences. Mishra holds a B.Tech in Rubber Technology from University of Calcutta, M.Sc (Tech)
from UDCT, Mumbai University and an Executive MBA from the Chicago Booth School of Science.
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Copolymerizations Studied with MALDI ToF MS

Alex van Herk

Institute of Chemical and Engineering Sciences
1 Pesek Road, Jurong Island Singapore, 627833
Email: alexander herk@ices.a-star.edu.sg

Abstract A reliable method based on a single MALDI-ToF-MS spectrum of the copolymers was applied to
determine reactivity ratios. Since MALDI-ToF-MS gives information on individual polymer chains, access to
homo-propagation and cross-propagation probabilities becomes available. These probabilities provide the
reactivity ratios by simulation of a first order Markov chain by using the Monte Carlo method. The
experimental results of random copolymers of P(styrene-co-butylacrylate) was reported. The reactivity ratio
of styrene and butylacrylate was calculated as 0.79 and 0.21 respectively.

Keywords: Copolymers; MALDI-ToF-MS spectrum; reactivity ratio.

1. Introduction

One of the ultimate challenges in polymer chemistry is the ability to control the physical properties of a
copolymer by tailoring its microstructure. Knowing the reactivity ratio of the comonomers allows predicting and
tuning of the copolymer’s microstructure, both with respect to composition and topology. The classical method to
ascertain reactivity ratios is by determining the comonomer composition of a range of polymers prepared with
different feed compositions. A fast and reliable method that can prevent this tedious and time-consuming laboratory
work is therefore highly desired. Various methods to determine reactivity ratios have been reported which deal with
either the differential or the integral form of the Mayo-Lewis equation [1]. Nevertheless, most methods have the
disadvantage that still quite some reactions have to be performed with different feed compositions. Moreover,
comparison of ratios obtained by diverse methods often shows a relatively big variety due to a statistical error by for
example linearization of the equations and absence of weighing the individual data. Choosing the right statistical
method is therefore crucial for the reliability of the outcome [2].

Since a copolymer is a statistical mixture of individual molecules, a copolymer sample obtained from a single
experiment in principle contains all the information required to retrieve the reactivity ratios. Still, examples of
methods that only require a single experiment are limited. Jaacks introduced a method in which the ratios are
determined from a single experiment when one of the two monomers is in large excess [3]. This method is limited to
systems in which the reactivity ratios do not have an extreme difference in values [4]. Rudin reported on the use of a
single NMR spectrum by using the sequence distribution as determined from the measured diads or triads [5].
However, to obtain a highly resolved spectrum, long measuring times are required and assigning the peaks is not
straightforward. In ICES we recently acquired a MALDI-ToF MS and have implemented a new method to obtain
information about copolymerizations. Matrix assisted laser desorption/ionization time-of-flight mass spectrometry
(MALDI-ToF-MS) is a fast and accurate technique to determine copolymer compositions and in principle should be
suitable to rapidly determine reactivity ratios of comonomers. The principle of MALDI ToF MS is that polymer
chains are brought into flight in a mass spectrometer by using a matrix material for the sample that easily evaporates
when illuminated by a laser beam and with it, it brings the polymer chains into flight. A salt is added to bring the
polymer a charge.

Recently, we have reported on the use of MALDI-ToF-MS to determine polymer topologies and to study
mechanistic aspects of various copolymerization systems [6,7]. The first to apply MALDI-ToF-MS to determine
reactivity ratios of comonomers were Suddaby and Willemse but they still required data from different reactions
[8,9].
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In this study we are going to apply a reliable method to determine reactivity ratios based on a single MALDI-
ToF-MS spectrum of the copolymers. Since MALDI-ToF-MS gives information on individual polymer chains,
access to homo-propagation and cross-propagation probabilities becomes available [10]. These probabilities provide
the reactivity ratios by simulation of a first order Markov chain by using the Monte Carlo method. The reactivity
ratios have been determined with this new method successfully for three different types of copolymerizations i.e.
free radical polymerization, ring-opening polymerization of cyclic esters and of oxiranes and anhydrides [11].

2. Methodology and Results

MALDI-ToF-MS spectra give highly accurate molar masses of all the polymer chains in the sample which not
only enables elucidation of individual chain lengths, but provides full characterization including the copolymer’s
chemical composition and to some extend the copolymer topology (random, gradient, block, alternating). MALDI-
ToF-MS spectra can be deconvoluted by employing the equation:

My =NMw, +m,Mw, +E, +E, +M"* (1)
where E, and Ej, represent the molar masses of the end groups at opposite sides of the chain, n;Mw; and m,Mw,
represent the number and molar mass of the repeating units of monomer M, and M, respectively, and M™ the mass
of the cation (a salt is usually added for charging the polymer chains in order for them to be accelerated in the mass
spectrometer). With this equation, a complete matrix with ny; rows and m,; columns can be constructed for a given
end group combination. (see Figure 1). The peaks in the spectrum are assigned to a certain position in the matrix
employing the inequality:

A
2
<2 ()

m m

exp ' lcal

In which mg,, represents the experimental mass, mg, the calculated mass and Am the accuracy (1-2 g-mol™). By
calculating the natural abundance isotope distributions for each position in the matrix and rescaling it to the
corresponding highest-intensity mass-peak, a full spectrum can be simulated as well as the corresponding contour
plot, which provides information about the polymer composition (see Figure 2).
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Figure 1. Schematic representation of the matrix of the copolymer.
The chemical composition distributions for the chain lengths covered by the total chain length distribution can

be obtained by diagonally walking through the matrix from (0,My,) to (M,,,,0) after normalization using the sum of
intensities within this chain length. The distribution of monomer repeating units along an individual chain can be
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described by a first order Markov chain by means of the Mayo-Lewis (terminal) model [11]. In this study we use the
terminal model for copolymers in which we can distinguish the following four probabilities:

. . __nMi1/MM. D)
~M; +M, 5>~ MM, P =M, 1 M, 1)+ 1
) . 1

~M; +M, 5>~ MM, P‘sz
VS _ M -
M; +M, -~ M,M, PZZ*[MJ]I[MZ]HZ
MM, o MM o IML1MM]
[M,]/IM,]+r,

The reactivity ratios are then given by ri= P11/P1, [M,]/[M1] and r,= P2,/Py; [M1]/[M2].
The reactivity ratios can be obtained from the MALDI-ToF MS spectrum at one chain length at a time (see slice in

Figure 2), also allowing to look for chain length dependent effects, still from one single experiment.
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Figure 2: Copolymer matrix for a styrene-butylacrylate copolymer represented in a contour plot and one chemical
composition distribution (CCD) at chain length 20 monomer units (right) also showing the fitted CCD resulting
in the reactivity ratios for this copolymerization system.
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Abstract Manganese oxide nanoparticles, a pseudocapacitor material, can be synthesised through
hydrothermal synthesis to control and produce nanoparticles of desired morphologies. The addition of carbon
nanotubes, a good electric conductor, into this synthesis process allows these nanoparticles to be form on
these nanotubes and be embedded within them. This overcomes the poor electrical conductivity limitation of
manganese oxide, thus allowing its excellent pseudocapacitance properties to be harnessed. In hope to
optimise the pseudocapacitance of this nanocomposite, the nanoparticle crystal structure, morphology and the
effects of nanoparticle’s morphology on specific capacitance under varying parameters of synthesis time,
temperature as well as the volume of potassium permanganate were respectively characterised and studied
using X-ray diffraction, scanning electron microscopy and cyclic voltammetry. Post studies shows the
synthesis of nanoparticles with flower, hexagonal plates and nanorods morphologies where flowers possess
birnessite crystal structure while hexagonal plates and nanorods possess nsutite crystal structure. Optimal
specific capacitance was shown to be achieved at 160°C, 120 minutes and using 2mL of 0.25M potassium
permanganate where the highest specific capacitance obtained was 335F/g.

Keywords: Manganese oxide nanoparticles; carbon nanotubes; pseudocapacitance; morphology; specific
capacitance.

1. Introduction

Environmental issues and depleting fossil fuels have sparked interest in the research and development of
alternative energy storage/conversion devices in recent years. Supercapacitors, or electrochemical capacitors, have
received enormous attention owing to their potential applications ranging from mobile devices to electric vehicles.
Supercapacitors are broadly classified into double-layer capacitors and pseudocapacitors with each having different
mechanisms of energy storage. Double-layer capacitors store energy via non-Faradic accumulation of charges at the
electrolyte-electrode interface while pseudocapacitors store charges by undergoing Faradic reactions which involve
the transfer of electrons [4]. Pseudocapacitors display higher specific capacitance over double-layer capacitors and
thus, various transition metal oxides have been investigated as potential pseudocapacitor materials [3].

Out of the various oxides investigated, hydrated ruthenium oxide (RuO,.nH,0) was reported to have specific
capacitances of up to 700F/g [4]. However, the use of ruthenium oxide is limited by its high cost, toxicity, and the
required use of highly acidic electrolytes to obtain peak performance. On the other hand, manganese oxide (MnO,)
nanoparticles (NPs) which have the advantages of low synthesis cost, abundance, non-toxicity and ability to perform
well in neutral electrolyte systems, has recently garnered attention as a promising pseudocapacitor material.
Although hydrated MnO, has a theoretical specific capacitance value of 1370 F/g, it has been experimentally
reported to exhibit specific capacitances within 100 — 200 F/g which is far from the theoretical value of 1370 F/g
owing to its poor electrical conductivity [6].

MnO, can be synthesised using different techniques, such as simple reduction, sol-gel, co-precipitation and in
particular, hydrothermal synthesis. Hydrothermal synthesis was found to be a good technique in the preparation of
nanomaterials with different morphologies such as wires, rods, urchins and belts. The main advantages of
hydrothermal synthesis over the other synthesis routes are its ability to have good control over the morphologies of
the nanoparticles formed as well as environmental benign since water is used as the solvent. Each nanostructure has
its own advantages when used in potential applications. In the synthesis of MnO, NPs, it was observed that the NPs
could take up 3 different morphologies which are highly relevant to the discussion of this study [6]. The NPs would
initially aggregate to form spherical flower agglomerates which with prolonged durations and specific conditions of
ageing, would gradually transform into nanorods. This transformation was due to the fact that the high specific
surface areas of nanospheres/nanoflowers led to high surface energies, and thus they would aggregate further to
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form structures such as nanorods as they are more stable and have lower surface energies. This transformation is
consistent with the Ostwald Ripening process which stated that larger particles with lesser surface energy form at the
expense of smaller particles with greater surface energy. The third morphology observed was hexagonal plates
morphology and this morphology was regarded as an intermediate of the transformation from nanoflowers to
nanorods. Hexagonal plates appeared due to insufficient time and temperature for the transformation to occur
completely. Thus, it could be deduced that nanoflowers have the highest surface energies, followed by the hexagonal
plates, and then nanorods. Generally, nanoflowers are desired as it has higher surface area available for surface
faradic reaction than hexagonal plates and nanorods morphology which therefore allow higher pseudocapacitance to
be obtained.

There has been an increasing use of carbon additives, such as carbon nanofoams, graphenes and CNTSs, during
the synthesis of MnO, NPs to overcome its poor electrical conductivity and improve its performance as a
supercapacitor. Due to their high electrical conductivity, such carbon additives are added to facilitate electron
transport to the MnO, NPs during Faradic reactions.

This study aims to deduce the optimum synthesis of MnO,-CNT composite with the highest specific
capacitance. MnO, was synthesised onto functionalised multi-wall CNTs through hydrothermal synthesis with
different reaction conditions, namely synthesis time, synthesis temperature, and the volume of potassium
permanganate (KMnQ,) used for the synthesis. The effects of the reaction parameters on the morphology, the crystal
structure of the morphology produced and morphology on specific capacitance of the MnO,-CNT composite are
studied and discussed.

2. Experimental

2.1 Preparation of Hydrothermal Synthesis

1) 50mg FCNT

2) 33mL ultra-pure water

3) 5mL Manganese (I1) Nitrate Tetrahydrate
4) Potassium Permanaanate

Repeat twice

A 4

Autocla || Oven Centrifug || Removal of

vin ~ ~rinAarnatant

A 4

Figure 2.1.1: Hydrothermal synthesis procedure

Table 2.1.2: Samples and their respective parameters

Parameter 3: Time (Min)
45 120 180
Parameter 2: 120 Al A2 A3
0.4 | Temperature 160 A4 A5 A6
Parameter (°C) 200 A7 A8 A9
1: Volume Parameter 2: 120 Bl B2 B3
of 0.25M 1 Temperature 160 B4 B5 B6
KMnO4 (4] 200 B7 B8 B9
(mL) Parameter 2: 120 Cc1 C2 C3
2 Temperature 160 C4 C5 C6
(°C) 200 C7 C8 C9

50mg of FCNT and 5mL of 1% w/v ageous manganese (l1) nitrate tetrahydrate were added into an autoclave's
Teflon capsule. After which the desired volume of the variable 0.25M KMnO, were added before adding ultra pure
water till the solution reaches 50ml in total. The resulting solution is then sonicated for 5mins. The autoclave with its
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Teflon capsule inside was subsequently placed and heated in an oven at the desired temperature and duration. Next,
the synthesised mixture was transferred into a centrifuge tube and subjected to centrifugation. After the first cycle
ends, the supernatant was removed and the centrifuge tube was topped up with ultra pure water till the solution
reaches 50ml before the next centrifugation. Another 2 cycles of centrifugation, refilling of ultra-pure water and
removal of supernatant were carried out in order to remove reactants from the sample. This procedure as illustrated
in figure 2.1.1 is repeated for the all the 36 samples with their respectively parameter as listed below in table 2.1.2.

2.2 Scanning Electron Microscope (SEM) analysis

The centrifuge tube containing our sample was topped up with ultra-pure water before ultra-sonicating the
solution. A micropipette was used to draw small amount of sample from the test tube and dropped on the shiny
surface of silicon wafer. The silicon wafer was dried in an oven at 70°C before inserting into JEOL JSM-7600F FE-
SEM for viewing of the sample's NPs' morphology. This procedure was repeated for each sample.

2.3 Cyclic Voltammetry (CV) test

A mortar was used to grind 12mg of sample and 1.5mg of carbon black for 10 minutes. A slurry was obtained
by adding 3 drops of NMP and 25mg of 5% w/w PVDF in NMP solution into the grinded sample. A dry 1cm X 1cm
carbon paper was weighed and the slurry was applied evenly on the surface of the weighed carbon paper and dried
under vacuum in a vacuum oven at 40°C overnight to remove the NMP solvent and trapped air. The dried carbon
paper was weighed to obtain the mass of sample applied onto it. It was then set up as a working electrode, along
with a platinum wire counter electrode, and a silver chloride reference electrode. CV was then conducted using
Solartron Analytical Model 1470E with the following scan rates: 5, 10, 20, 40, 80, 100, 200, 500 and 1000mV.s™
and potential window of -0.5 to 1.5V. From the obtained voltammogram, the area within the graph is calculated
using software and the specific capacitance is calculated with the equation shown in figure 2.3.1. This procedure
was repeated for each sample.

Area within the voltammogram graph

= Specific capacitance
Mass of sample X scan rate

Figure 2.3.1: Equation for calculating specific capacitance

2.4 X-ray Diffraction (XRD) test

Some amount of a sample was powdered with a mortar and transferred onto the centre of a specimen holder
and was subsequently pressed down using a glass slide to flatten the sample. The specimen holder was then
transferred into the specimen stage of Shimadzu LabX XRD-6000 X-ray Diffractometer and the test was carried out
using a pre-set programme.

3. Results and discussions

3.1 Morphology

When the samples were viewed under SEM, we observed various morphologies which are recorded in table
3.1.1. In total, 3 morphologies of manganese oxide NPs were obtained and they are flower, hexagonal plate and
nanorods which can be illustrated in figure 3.1.2.

3.2.1 Time effect

From the morphologies obtained in our sample, it was observed that as synthesis time increases, the favoured
morphology shifts from flower to hexagonal plates followed by nanorods. Based on the observations recorded in
table 3.1.1, part of this trend can be observed from sample B1 to B6 and C1 to C6. Flower and hexagonal plate NPs
were observed at 45mins synthesis with flower morphology being most prominent. However as synthesis time
increases, only hexagonal plate morphologies were observed. Another part of this trend can be observed in samples
from C7 to C9 where both flower and hexagonal plates NPs were observed in 45mins synthesis time but at higher
synthesis time, flower morphology were no longer observed while nanorods morphologies were observed instead.

However, this trend could not be observed from samples ranging Al to A9 which was synthesised using 0.4ml
of 0.25M KMnQO, and from samples from B7 to B9 which have common parameters of 200°C and 1ml of 0.25M
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KMnQ,. This could be due to the smaller amount of 0.25M KMnO, used and the applied synthesis temperature
parameter having a more dominant effect over the time parameter thus preventing this trend from expressing.

Table 3.1.1: Morphologies of NPs observed in samples with varying synthesis time, temperature and volume of
0.25M KMnO,

Parameter 1: Time (Min)
45 120 180
E ° Sample Al; Sample A2: Sample A3:
" ™ | Hexagonalplate morphology. Mo visible NPs. Hexagonal plate
2 maoarphology.
E Sample Ad: Sample AS5: Sample Ab:
; : E E Hexagonal plate morphology. Hexagonal plate Hexagonal plate
S morphology. morphology.
— E o Sample A7: Sample A8: Sample A9:
E & 2 | Novisible NPs. Mo wisible NPs. Hexagonal plate
2 = morphology.
E E - Sample B1: Sample B2: Sample B3:
= Il ™ | Mixed presence of flowerand Hexagonal plate Hexagonal plate
E 2 hexagonal plate morphology. morphology. morphology.
g E ~| o Sample B4: Sample B5: Sample Bb:
s - & _o_":'_ ¥ | Mixed presence of flowerand Hexagonal plate Hexagonal plate
E 5 hexagonal plate morphology. morphology. morphology.
% 'E o Sample B7: Sample B8: Sample B9:
= ® 2 | Hexagonal plate morphology. Hexagonal plate Hexagonal plate
l"‘_'_; = morphology. morphology.
43 @ o Sample C1; Sample C2: Sample C3:
E % ™ | Flowermorphology. Hexagonal plate Hexagonal plate
E E_ morphology. morphology.
£ - Sample C4; Sample C5: Sample Céb:
~ ,.;"j 5} ® | Flowermorphology with minor | Hexagonalplate Hexagonal plate
I presence of hexagonal plate. morphology. morphology.
E Sample C7: Sample C8: Sample C9:
E o | Mixed presence of flowerand Mixed presence of Mixed presence of
o =
s ™ | hexagonal plate morphology. hexagonal plate & hexagonal plate &
a- nanorods morphology. nanorods morphology.

3.1.2 Temperature effect

It was observed that an increasing synthesis temperature results in a similar trend where the favoured type of
morphology shifts from flower to hexagonal plates followed by nanorods. This could be observed from sample B1,
B4, B7, C1, C4 and C7. Flower morphology were prominent at lower synthesis temperatures but as synthesis
temperature increases towards 200°C, hexagonal plates morphology was observed to have higher prominence than
flower. From sample C2, C5, C8, C3, C6 and C9, it was observed that at lower synthesis temperatures of 120°C and
160°C, only hexagonal plate morphology were found. However at 200°C, nanorods were observed also. This trend
was not observed in other samples. This may also probably due to the other parameters having a more dominant
effect over the temperature parameter which as a result prevented this trend from expressing.

3.1.3 Effect of volume of 0.25M KMnQO,

The volume of KMnO, used was observed to affect the morphology of NPs as well. An increase in the volume
of KMnO, used was observed to lead to flower and nanorods morphologies. This can be observed in samples Al, B1,
Cl, A4, B4, C4, A7, B7 and C7 where the morphology of the greatest prominence shifts from hexagonal plates to
flower morphology with increasing volume of KMnO,4.Samples A8, B8, C8, A9, B9 and C9 on the other hand shows
that with increasing volume of KMnQO, the morphology of the greatest prominence shifts from hexagonal plates to
nanorods morphology. Similarly as previously discussed parameters, the possibility of a dominant effect of other
parameters could have prevented other samples from expressing these trends. It has been noted that only at 0.4ml of
0.25M of KMnQ,, some samples were observed to be absent of NPs. As KMnOQ; is the precursor to MnO,, the low
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amount of KMnQO,4 used may have result in low yield of MnO, which could be too low for significant precipitation
of MnO; to form NPs.

c) !

Figure 3.1.2: a) Flower morphology MnO; NP b) Hexagonal plate morphology MnO4NP ¢) Nanorods
Morphology MnO, Nanoparticle NP

3.1.4 Discussion:

Comparing to other literature such as one by Suh et al., they reported that an elevated temperature and longer
synthesis time favoured the growth of nanorods morphologies over the flower morphologies [5]. In another study
conducted by Subramanian et al. it was also found that with increasing synthesis time the flower NPs forms into
hexagonal plate NPs first before subsequently forming nanorods NPs [4]. These findings are consistent with our
results however the difference in our results is the additional presences of hexagonal plates morphology which
suggest that the morphological transformations of our NPs in most of our sample were incomplete since hexagonal
plate morphologies were found to be intermediates of the transformation from flower to nanorods morphologies. For
how morphologies are affected by concentration of reactants used, we are at the moment unable to find any similar
studies for comparison as our project may be one of the first to conduct morphology studies using this parameter.

It is known that pseudocapacitance is proportional to the surface area of NPs and surface area of flower
morphology is the highest followed by hexagonal plate morphology and subsequently nanorods. It thus can be
deduced that decreasing temperature and time could lead to pseudocapacitors with higher specific capacitance as
flower morphology is favoured with these parameters.

3.2 Cyclic voltammetry test
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Each sample was tested with different scan rate: 5, 10, 20, 40, 80, 100, 200, 500 and 1000mV.s™. The specific
capacitance results obtained for each sample are shown in table 3.2.1. For this discussion, results obtained from
40mV.s™ scan rate have been selected for discussion and comparison.

Using statistics, we identified the range in which the specific capacitance results are not considered an outlier.

Median of data: 171.25

1% Quartile: 129.44; 2™ Quartile: 219.75

Interquartile range: 219.75 — 129.44 = 90.31

219.75+90.31 X 1.5 = 355.215; and 129.44 — 90.31 X 1.5 = -6.025

Table 3.2.1: Sample’s specific capacitance (F/g)

Parameter 1: Parameter 2: Parameter 3: Time (Min)
Volume of
0.25M Temperature
KMnO4 (mL) (°C) 45 120 180
Al A2 A3
120 162.20 128.32 277.07
0.4 Ad A5 A6
' 160 207.36 219.75 169.57
A7 A8 A9
200 468.36 114.56 151.51
B1 B2 B3
120 212.31 129.44 140.01
1 B4 B5 B6
160 159.34 174.17 171.25
B7 B8 B9
200 121.94 209.97 114.16
C1 Cc2 C3
120 187.97 99.23 80.45
2 C4 C5 C6
160 244.39 334.60 275.36
c7 C8 C9
200 170.21 323.17 184.57

Thus the range of specific capacitance in which the result is acceptable is 0 to 355.215F/g. Therefore sample
AT with 468.36 F/g is an outlier data and will be discussed separately from other samples. Based on the CV results
obtained, outlier sample A7 produced the highest specific capacitance of 468.36 F/g. However, the SEM images of
this sample as shown in figure 3.2.2 did not show any presence of NP.

This observation of achieving very high specific capacitance despite absence of NPs in SEM images may be a
result of non-uniform distribution of NPs throughout the sample as shown by the two red circles in figure 3.2.3
where one circle has NP present while the other have none. Thus for that sample, the specimen sent for CV test may
have a large amount of NPs present while the specimen sent for SEM analysis may have extremely low amount NPs
found on it. Therefore more tests have to be carried out in future to investigate this anomaly.

From table 3.2.1 there are no observable trends as to how different parameters affect the specific capacitance of
the produced pseudocapacitor material. However from the results it was observed that samples with higher specific
capacitance are most frequently produced when using 120 mins synthesis time or 160°C synthesis temperature or
2ml of 0.25M of KMnQ,. This could help in understanding the optimum conditions to synthesise manganese oxide
NPs with optimum specific capacitance.
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Based on the results in table 3.2.4, there is no observable trend which suggests that the NP’s morphology plays
a part in the specific capacitance. The lowest and highest specific capacitances were obtained by samples with
hexagonal plate morphology. Furthermore, samples with nanorods morphology managed to exhibit higher specific
capacitance than samples with flower morphologies. This is unexpected as it is theoretically expected that flower
morphologies with higher surface area would exhibit higher specific capacitance. Furthermore, many journals during
literature review also indicated that flower morphologies would exhibit higher specific capacitance.

. g
%
g

o e
A

5 A
: } h
— 1pm JEOL 10/6/2012 _—

100nm JEOL 10/6/2012
X 13,000 5.0kV SEI SEM WD 5.0mm 3:56:11 X 65,000 5.0kV SEI

SEM WD 5.0mm 3:59:14

ipm  JEOL 10/6/2012
X 22,000 5.0kV SEI SEM WD 5.0mm 4:25:09

Figure 3.2.3 SEM image showing non uniform distribution

Table 3.2.4: Range of specific capacitance achieved by various morphologies

Morphology Range of specific capacitance (F/g)
Flower 170.21-212.31
Hexagonal plates 80.45 — 334.60
Nanorods 184.57 — 323.17

A possibility as to why hexagonal plates and nanorods morphology achieved better specific capacitance than
flower morphology despite theory and journals supporting flower as the morphology that would achieve superior
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specific capacitance; may be due to the fact that embedment and amount of NPs produced playing a significant role
in determining the resulting specific capacitance.

3.3 X-ray diffraction test
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Figure 3.3.1: a) XRD graph of the various morphologies in our samples b) XRD graphs of birnessite MnO5. c)
XRD graphs of nsutite MnO,

By comparing the flower morphology XRD data with the birnessite crystal structure XRD data recorded by
Zhu et al. in figure 3.3.1, it is found that MnO, in NPs with flower morphology are arranged in birnessite crystal
structure as they have common peaks at 25°, 37° and 66° [7]. On the other hand, by comparing the hexagonal plates
and nanorods morphology XRD data with the nsutite crystal structure XRD data recorded by Julien and Massot in
figure 3.3.1, it is found that MnO, in NPs with the hexagonal plates and nanorods morphology are arranged in
birnessite crystal structure as they have common peaks at ~25°, 37°, 43° and 56° [2].

Birnessite, in theory and from various literature exhibits superior capacitance over nsutite crystal structure as
the crystal structure of birnessite has better ion-exchange, adsorption, intercalation and higher surface area available
on the crystal. But as discussed in cyclic voltammetry section under effects of NP’s morphology on specific
capacitance, it was found that flower morphology achieved the lowest specific capacitance compared to nanorods
and hexagonal plate morphologies. This may be due to other possible factors such as amount of NP present and
degree of embedment which may have a significant or dominant effect over that of crystal structure.
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4. Conclusions

In our search of optimising the specific capacitance of MnO,-CNT nanocomposite, success was made in
producing MnO, nanoparticles with flower, hexagonal plates and nanorods morphologies for our studies. Through
XRD, flower morphology was found to possess birnessite crystal structure while hexagonal plates and nanorods
morphologies were found to possess nsutite crystal structure. By comparing results between the different parameters
used and the morphologies observed, it was observed that as synthesis temperature and time increases the favoured
morphology shifts from flower to hexagonal plates to nanorods while with increasing volume of KMnO, used, it
was observed to lead to flower and nanorods morphologies. It was expected that samples with flower morphology
NPs would achieve higher specific capacitance as it possess a higher surface area and a birnessite crystal structure
but results from CV tests show otherwise.

It was therefore hypothesised that there may be other factors such as degree of NPs embedment and amount of
NPs synthesised that may have a more dominant influence on the specific capacitance of the MnO,-CNT
nanocomposite and thus further investigation into other possible factors should be carried it out. Last but not least a
discovery that may potentially make progress in our goal to optimise the specific capacitance of MnO,-CNT
nanocomposite, it was observed that higher specific capacitance was frequently shown to be achieved at 160°C or
120 minutes or using 2mL of 0.25M potassium permanganate where the highest specific capacitance obtained was
335F/g.
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Abstract Iron (I1l) oxide nanoparticles are prospective alternative anode materials for lithium ion batteries
owing to their higher theoretical capacity, excellent corrosion resistance and eco-friendly nature.
Hydrothermal synthesis using solution-based reactions will be applied to produce well-controlled size,
morphology and composition iron oxide nanoparticles. In order to discover the optimum conditions in which
the best electrochemical performance can be obtained, the nanoparticle morphology, size, crystal structure,
and corrosion rate under varying parameters of synthesis time, temperature as well as the concentration of
iron source were analysed and studied respectively using scanning electron microscopy, X-ray diffraction,
cyclic voltammetry and electrochemical impedance spectroscopy. According to the experimental results, it
was found that the sample with optimum parameter was synthesised at 120°C for 4 hours using 1 mmol of
iron (111) chloride.

Keywords: Iron (111) oxide nanoparticles; theoretical capacity; corrosion rate; scanning electron microscopy.

1. Introduction

So far, the vast need for long-lasting high capacity batteries still could not be satisfied by current energy
storage technology. Studies on nano-structured materials with different morphologies are of great interest in the field
of lithium ion batteries because of their higher lithium-ion diffusion coefficients and larger contact area between the
electrode and electrolyte [1]. Among all possible anode materials, iron (I11) oxide, Fe,Os stands up as one of the
safer, abundant, less expensive and higher capacity alternatives. The Fe,0s crystal lattice can store six Li ions per
formula unit and its theoretical capacity is as high as 1005 mAh/g, versus 370 mAh/g of the conventional graphite
anode [3]. The reversible electrochemical reaction of Fe,Os:

Fe, 05+ 6Li =3 leo + 2Fe

In this experiment, iron (111) chloride hexahydrate, FeCls.6H,0 reacts with water and oxygen to form iron (I11)
oxide nanoparticles through hydrothermal synthesis. In the presence of strong acidic solution, hydrochloric acid
(HCI), the iron precursors are being hydrolysed and oxidised its oxide derivatives. Due to the hydrated nature of iron
(111) chloride, the iron (111) oxide formed is hydrated as well [2].

4Fe+30,+2H,0— 2 a-Fe,03.H,0 /4 (X-FeO(OH)

Hydrated iron (111) oxide or iron (I11) oxyhydroxide is also written as a-FeO(OH). The water content within in
the crystal structure of iron (111) oxyhydroxide can be eliminated through dehydration. The most common way is to
perform thermal processing called annealing. The temperature required for dehydration to take place above 200°C
and it is indicated that a-FeO(OH) precursors can be completely transformed into hematite at 300°C [3].

2 (X'FCO(OH) — Fezog + Hzo

When iron (111) ions, Fe*" first reacts with water molecules in solution, six-line ferrihydrite (FesHOg.4H,0)
nanodots are formed. After that, ferrihydrite (FesHOg.4H,0) nanodots are converted to goethite, a-FeO(OH)
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nanodots through the hydrolysis process as the hydrothermal reaction goes on. Goethite nanodots aggregated and
grew into nanorods through “Ostwald ripening” mechanism [4]. Through annealing, goethite nanorods were sintered
at 300°C for 2 hours in air and transformed to mesoporous hematite a-Fe,Oz nanorods. The formation of mesopores
is due to removal of hydroxide, OH groups when FeO(OH) was transformed to a-Fe,O3 These a-Fe,O; hanorods are
further transformed into nanospheres which are more stable via “Ostwald ripening” process [4].

2.  Experimental

2.1 Preparation of Anode Material via Hydrothermal Synthesis

5)0.56g Sodium Nitrate
6)30mL Distilled Water
7)80 pL Hydrochloric Acid
8) Iron (111) Chloride

9) Carbon Felt

Autoclav

~

A 4

Oven

A 4

Cooling
down

Cleaning and drying
of carbon felt

Figure 1: Procedure of Hydrothermal Synthesis

Table 1: Samples and their respective parameters
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Desired concentration of variable iron (I11) chloride and 0.56g (1 mmole) of sodium nitrate were dissolved in
30 mL of distilled water inside an autoclave’s Teflon capsule followed by addition of 80uL of hydrochloric acid.
After several minutes of ultrasonic dispersing, a carbon felt, which acts as current collector was fully dipped into the
solution. The autoclave with its Teflon capsule inside was then subsequently placed and heated in an oven at the
desired temperature and time. After cooling down for 2 hours, the carbon felt was taken out from the solution,
washed carefully with distilled water, and eventually dried at 70°C overnight in the oven. This procedure as
illustrated in Figure 1 is repeated for all the 28 samples with their corresponding parameter.

2.2 Annealing
The as-prepared sample was calcined in a quartz tube at 400°C for 2 hours with a heating rate of 10°C min™ in
Ar atmosphere.

2.3 Sample Characterizations

JOEL JSM-7600F scanning electron microscope was employed to examine the morphology of the sample.
The crystal structure phases of the samples were characterised by Shimadzu X-ray diffraction (Cu-Ka, A = 1.5406 A)
from 5° to 80° at a step size of 0.02 s™.

2.3 Electrochemical Measurements

To test the anode performance of synthesised materials, CR 2025 coin cells were made using Celgard 2400 as
the separator and the electrolyte was 1 M LIPFgin 1:1 mixture of ethylene carbonate and diethyl carbonate. The coin
cells were assembled inside an argon-filled glove box with oxygen and water contents below 1 and 0.1 ppm,
respectively. Li-metal was used as the counter and reference electrode. The working electrode was fabricated by the
active material (iron oxide) on the carbon felt. Galvanostatic charging and discharging tests were conducted using a
battery tester (1470E Eight Channel Potentiostat/Galvanostat) at different current densities at room temperature.
Cyclic voltammetry was performed using an electrochemical workstation (CHI 660C) from 1 mV to 3 V at a
scanning rate of 0.2 mV s™. Electrochemical impedance spectroscopy was carried out at the scan mode of 10 mV s,

3. Results and Discussions
3.1 Scanning Electron Microscopy
L ’d G W i e

Figure 2: (a) *Nanodots morphology NPs (b) Nanorods morphology NPs; (c) Nanospheres morphology NPs
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Table 2: Morphologies of NPs observed in samples with varying synthesis time, temperature and

concentration of iron (111) chloride

NPs’ Morphology

Samples
100-111-1-4 Nanorods & Nanodots
100-111-1-5 Nanospheres
100-111-1-6 Nanospheres
100-111-1-12 Nanospheres
120-111-0.5-3 Nanorods & Nanodots
120-111-0.5-4 Nanorods & Nanodots
120-111-0.5-5 Nanospheres
120-111-0.5-6 Nanospheres
120-111-0.5-12 Nanospheres
120-111-1-3 Nanorods & Nanodots
120-111-1-4 Nanorods
120-111-1-5 Nanorods, Nanodots & Nanospheres
120-111-1-6 Nanospheres
120-111-1-12 Nanospheres
120-111-1.5-3 Nanorods & Nanodots
120-111-1.5-4 Nanorods
120-111-1.5-5 Nanorods, Nanodots & Nanospheres
120-111-1.5-6 Nanorods &Nanospheres
120-111-1.5-12 Nanospheres
150-111-0.5-4 Nanorods & Nanodots
150-111-0.5-5 Nanospheres
150-111-0.5-6 Nanospheres
150-111-0.5-12 Nanospheres
150-111-1-3 Nanorods & Nanodots
150-111-1-4 Nanorods & Nanodots
150-111-1-5 Nanorods, Nanodots & Nanospheres
150-111-1-6 Nanorods &Nanospheres
150-111-1-12 Nanospheres

*For simplicity purpose, we classified them as “nanodots”. To be more precise, they should be termed as
nanorods with shorter length, or nanorods with lower aspect ratio.

3.1.1 Morphology
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Through SEM analysis, iron oxide nanoparticles (NPs) of three morphologies were being produced. These
morphologies include *nanodots, nanorods and nanospheres which are illustrated in Figure 2 and summarised in

Table 2.

3.1.2 Size/Dimension

_Table 3: Dimension range of NPs observed in samples with varying synthesis time, temperature and
concentration of iron (I11) chloride

Samples NPs’ Dimension Range (nm)
100-111-1-4 Small & Medium-sized NPs
100-111-1-5 Small & Medium-sized NPs
100-111-1-6 Medium-sized & Large NPs
100-111-1-12 Medium-sized & Large NPs
120-111-0.5-3 Small NPs
120-111-0.5-4 Small NPs
120-111-0.5-5 Small NPs
120-111-0.5-6 Small & Medium-sized NPs

120-111-0.5-12 Medium-sized NPs
120-111-1-3 Small NPs
120-111-1-4 Small NPs
120-111-1-5 Small & Medium-sized NPs
120-111-1-6 Medium-sized & Large NPs
120-111-1-12 Medium-sized & Large NPs
120-111-1.5-3 Small NPs
120-111-1.5-4 Small & Medium-sized NPs
120-111-1.5-5 Medium-sized NPs
120-111-1.5-6 Medium-sized & Large NPs
120-111-1.5-12 Large NPs
150-111-0.5-4 Small NPs
150-111-0.5-5 Small & Medium-sized NPs
150-111-0.5-6 Medium-sized & Large NPs
150-111-0.5-12 Large NPs
150-111-1-3 Small NPs
Samples NPs’ Dimension Range (nm)
150-111-1-4 Small & Medium-sized NPs
150-111-1-5 Medium-sized & Large NPs
150-111-1-6 Medium-sized & Large NPs
150-111-1-12 Large NPs

28



The size of iron oxide NPs formed was categorized into three ranges: small NPs (<200nm), medium-sized NPs
(200-400nm) and large NPs (>400nm). The estimated size range of NPs was determined by measuring the largest as
well as the smallest NPs in an SEM image in the aids of dimension scale shown at the bottom of image. For
nanorods, the length was taken into account. On the other hand, nanodots and nanospheres were measured in the
aspect of diameter. Refer to Table 3 below.

In conclusion, the iron oxide NPs with nanorod morphology and within a size range of 200nm or less are
preferable in terms of electrochemical performance. These NPs possess the largest possible surface area for
simultaneous lithium ion insertion provided the volume of NPs is the same. Large surface area of NPs permits:

i A high contact area with the electrolyte and hence a high lithium-ion flux across the interface.

ii. Shorter distance for lithium-ion transport within the particles.
Due to these reasons, anode with smaller NPs tends to conduct a higher capacity when compared to NPs
with NPs of larger dimension.

3.1.3. Parameters’ Effects on NPs

3.1.3.1 Synthesis Time

From the SEM images, it was observed that a shorter synthesis time results in the formation of rod-like and
polygonal NPs. As the synthesis time increases, NPs formed are typically found in spherical structure. The trend
where a shorter synthesis time led to nanorods and polygonal NPs can be observed from the samples which were
produced at a synthesis time of 4 hours or less. The presence of nanorods and irregular NPs was clearly visible in
SEM images of these 10 samples while spherical NPs were not noticeable.

Spherical NPs started to appear on the samples when the synthesis time increased to 5 hours. In contrast,
polygonal NPs were hardly found or totally vanished in these samples. As the synthesis time increased from this
point to 6 hours, the amount of spherical NPs increased and nanorods were getting lesser. When the synthesis time
was raised to 12 hours, all of the samples were entirely composed of spherical NPs. It can be seen that a short
synthesis time led to the formation of favourable nanorod morphology.

Generally, the dimension of NPs formed increased proportionally with the increase in synthesis time. This
trend can be well observed from parameters set: 150-111-1-3, 150-111-1-4, 150-111-1-5, 150-111-1-6 and 150-111-1-12.
At constant temperature, types and concentration of iron chloride, the NPs were growing larger when the synthesis
time increased. On the sample 150-111-1-3, NPs were formed in a range of 50-150 nm. In contrast, the NPs on the
sample 150-111-1-12 were oversized in terms of nanoscale, whereby the range was 500-1300 nm. It can be seen that
decreased synthesis time caused smaller NPs of desirable scale to be formed.

3.1.3.2 Synthesis Temperature

According to SEM images, there was no observable trend stating at different temperature, NPs of different
morphologies were synthesized. An increasing temperature led to a higher retention of nanorods and polygonal NPs
after longer synthesis time. This was deduced by comparing the sample products of 1mmol iron chloride at different
temperatures. After processing at temperature of 100°C, nanorods can only be found on the sample experiencing 4
hours synthesis time. The rest was merely consisted of spherical NPs. When the processing temperature increased to
120°C, nanorods were observed on 4-hour and 5-hour samples. This structure of NPs existed on 4-hour, 5hour and
6-hour sample when the temperature further rose to 150°C. it was found that an increase in temperature resulted in
higher nanorods formation possibility.

It was inferred that the dimension growth of NPs was accelerated when the temperature rose. This trend can be
observed from the change in NPs size of 0.5mmol iron chloride samples. At 120°C, the NPs formed on the anode
samples were either considered small or medium-sized, with dimension up to 400nm. Only small NPs were
observed on 3-hour, 4-hour and 5-hour samples and no large NPs exceeding 400nm was found on 12-hour sample.
On the other hand, medium-sized NPs were observed from 5-hour sample when it went through a processing
temperature of 150°C. Furthermore, large NPs which have size of 400nm and above started to be formed on 6-hour
sample. However, this trend was not observed when other parameters were used. This may due to more dominating
effect of synthesis time and iron chloride concentration over the temperature parameter which as a result prevented
this trend from being significantly observed. It was found that dimension of NPs decreased at lower synthesis
temperature.

3.1.4  Concentration of Iron (111) Chloride
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3.1.4.1 Concentration effect on Morphology

There was no trend showing NPs of different morphologies were produced when concentration of iron chloride
varied. According to the SEM images, it was discovered that at higher FeCl; concentration, the nanorod NPs stood a
greater chance to be fabricated. This was clearly showed by comparing the morphology of NPs formed on the basis
of varying FeCl; concentration. When 0.5mmol of FeCl; was used, nanorod NPs were only presented on the 3 hours
and 4 hours samples. In contrast, upon the addition of 1.5mmol of FeCl;, nanorod NPs were found on the samples
with synthesis time of 3 to 6 hours. It can be seen that nanorod NPs were more likely to be produced at a higher iron
(1) chloride concentration.

3.1.4.2 Concentration effect on Dimension
Similarly, iron chloride concentration did not alter the size of NPs drastically. Nevertheless, it was observed
that NPs enlarged faster when iron chloride concentration increased. When 0.5mmol of iron chloride was added to
undergo 3 and 4 hours synthesis process, the NPs formed on the anode possessed dimension of lower than 200nm.
On the other hand, medium-sized NPs where the dimension range is 200-400nm started to be formed on 4-hour-
samples when iron chloride concentration was 1.0mmol and 1.5mmol. It was found that NPs were growing smaller
at a faster rate when iron (111) chloride concentration decreased.

Table 4: Variables requirement to obtain NPs of desirable morphology and size

Variables Desirable Morphology Desirable Size
(Nanorods) (Small: <200nm)
Synthesis Time Short Short
Synthesis .
Temperature High Low
Iron (111) Chloride .
Concentration High Low

From Table 4 as shown above, it can be discovered that a short synthesis time of 4 hours or less is desirable. 4
hours synthesis time was chosen over 3 hours as the optimum condition because the previous “trial” synthesis by
using iron (I1) chloride at 3 hours produced samples which exhibited an undesirable NPs morphology.

On the other hand, the other two variables: synthesis temperature and iron (I1) chloride concentration yielded
contradict results on morphology and dimension. After further discussion with supervisor, we decided to select
“mid-range” of each of these variables as optimum conditions to strike a balance between morphology and
dimension. Hence, a synthesis temperature of 120°C (instead of 100°C and 150°C) and an iron (lIl) chloride
concentration of 1mmol (instead of 0.5mmol and 1.5mmol) were chosen as optimum. With these optimum
formulations chosen, desired nanorods with dimension of within 200nm are able to be produced.

3.1.5 Annealing

Sample synthesised at optimum formulation was annealing under a condition of 400°C for 2 hours and the
outcome was then examined via SEM. For the SEM images (Figure 3), it was ascertained that the size of NPs on the
annealed sample were slightly reduced to 50-200nm while the morphology of NPs still retained. It was found that
annealing enhances the dimension of NPs without changing their morphology.

As shown In Figure 4(b), all the diffraction peaks of sample 120-I11-1-4 can be indexed to the orthorhombic
iron oxide hydrate (Fe,Os*H,0). In addition, the distinct broad peak at ~26° indicated the carbon material. Studies
revealed that water content tends to react with lithium and thus, affecting the capacity of the battery. So, we decided
to anneal the sample as to remove the water content in crystal lattice completely. After annealing, it can be observed
that the characteristic peaks became sharper (smaller full width of half maximum (FWHM) than the Fe,O3°H,0),
indicating that the crystallinity of the annealed sample was enhanced significantly (Figure 5). Diffraction peaks
emerged at 33.1°, 35.6°, 40.8°, 49.5°, 54.1°, 57.6°, 62.4° and 64.0° can be indexed to the (104), (110), (113), (024),
(116), (018), (214) and (300) crystal planes of commercial rhombohedral hematite (a-Fe203), demonstrating the
probability of transforming the hydrated form of Fe,O; to its pure phase. Again, the distinct peak at ~26° is
indicative of the carbon material.
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3.2 X-ray Diffraction (XRD) Analysis

Figure 4: (a) XRD pattern of sample 120-111-1-4 (b) “Matching” with XRD analysis software
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Figure 6: (a) Cyclic voltammogram curves of sample 120-111-1-4 (b) Cyclic voltammogram curves of
sample 120-111-1-4 after annealing
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Figure 6(a) shows the CV curves of sample 120-11I-1-4 in the first three cycles in the voltage range from 3 to
0.001 V at a scan rate of 0.2 mV s™. From the CV curves, cathodic peaks located at 2.1 V and 1.58 V could be
attributed to the intercalation of lithium before the reduction of iron oxide NPs. These two peaks disappeared in the
subsequently cycles, indicating their irreversibility in nature. In addition, a peak located at 0.83 V represent the
conversion of Fe** to Fe?* and continue reduction of Fe?* to Fe’. In the anodic scan, the oxidation peaks at 1.1 and
1.58 V correspond to the oxidation of Fe” to Fe** and Fe?* to Fe,Oj, respectively. The presented peaks match the
theory of reduction and oxidation peaks of the iron oxide versus lithium reported in the literature. However, in the
following second and third cycles, the cathodic peak and anodic peaks with reduced peaks intensity become
indistinguishable. The reason is the certain irreversibility of the redox reactions during charging and discharging.
Figure 6(b) demonstrates the CV curves of the annealed sample 120-11l-1-4. It shows similar voltage locations of
cathodic and anodic peaks with sample 120-111-1-4 because the annealing process only removes the crystalline water
from the iron-oxide NPs but does not change its phase. Hence, the cathodic and anodic peaks are remaining at the
same voltage point.
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Figure 7: (a) Cycling performance chart of sample 120-111-1-4 (b) Cycling performance chart of sample
120-111-1-4 after annealing

The cycling performance chart 7(a) is obtained from the sample of 120-11l-1-4 at 1 C. The sample show initial
discharge specific capacities of 869, 813 and 805 mAh/g, and decreases to 754mAh/g at the 55" cycle at a low
current density of 1 C. After 55 cycles, the capacity of the coin cell is still able to maintain 87% of its original
capacity. It is considered as good and stable performance.

Capacity.
% of retained capacity after 55th cyveles = —— x 100%
Capacity,

=t 0w
~ 869 °

= 87%

Under low current density charging and discharging, the cyclic performances show a good stability up to 60
cycles which maintain the specific capacity around 800mAh/g. The SEM results revealed that the nanorods structure
of the iron oxide NPs was the main reason that caused the excellent stability of the coin cell. The underlying reason
is because of the high surface area of the active materials for lithium ions intercalation. On the other hand, long
reaction time tends to cause the hydrothermal synthesis form bigger particles in sphere structure which can be
observed from SEM results. The formations of large sphere particles greatly affect the capacity and stability
performance of the coin cell.

When the current rate is increased from 1 C to 5 C with 1 C interval value, there is a decreasing value of
discharge-charge specific capacities as show in the figures above. There were 11 charging-discharging cycles at
each different current density for the coin cell testing. Hence, there are a total of at least 55 cycles for the sample.
The higher current density used for measurement will decrease the specific capacity of the cell because the rate of
conversion reaction (iron oxide NPs) occurs at the electrode is not able to keep pace with the charge/discharge rate.
In this scenario, the capacity contributed from the redox reaction of the active materials becomes the determining
factor that limits the specific capacity of a coin cell.

The sample exhibits excellent cycling stability because of nano-dimension of hydrated Fe,Os; nanorods that
give rises to specific surface area. In order to obtain better rate performance, annealing process was conducted to
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remove all the water molecules within the crystal lattice without sacrificing their uniformity and initial morphology.
Figure 7(b) shows 55 cycles cycling performance chart of annealed 120-IlI-1-4 sample. After annealing, the sample
was carried out CV test with the same parameters and conditions. The discharge specific capacities of the samples in
the first 3 cycles are 1183, 1111, and 1093 mAh/g. At the 55™ cycle, the annealed sample gives a discharge specific
capacity of 1010 mAh/g which retains 85% of its original specific capacity.

Capacity.
% of retained capacity after 55th cyveles = —— x 100%
Capacity,

1010

1183
= B5%

x 10004

From the preliminary results and analyses, the annealed product gives an improved performance in term of
higher specific capacity and good charging-discharging coin cell stability.

3.4 Electrochemical Impedance Spectroscopy (EIS)

Figure 8: (a) EIS result of sample 120-111-1-4 (b) EIS result of conventional coin cell

Due to time constraint, we only managed to investigate the corrosion rate of battery produced from the
optimum formulation (120-I1I-1-4). The annealed sample is still undergoing CV test which required longer testing
time. However, we believed that annealed sample should be able to give greater corrosion resistance as the water
molecules in the crystal lattice can be removed completely by means of annealing. Conventional graphite anode
material plays the role of reference during this EIS test for comparison purpose. Based on the EIS results, the
optimised battery has an average corrosion rate of 7 mm/yr and conventional lithium ion battery shows a higher
average corrosion rate of 10 mm/yr. These corrosion rate results may seem high because we are simulating the
worst case scenario whereby the whole battery is completely immersed in tap water

a - icorr
Corrosion Rate= K+ ———
n-D
a : atomic weight
i coor : corrosion current density, uA/mm2
n : number of electrons lost (valency change)
D : density, g/cm®
K : a constant depending on the unit of corrosion rate
Unit of Corrosion Rate K Value
mpy 0.129
pm/yr 3.27
Mm/yr 0.00327

The values of parameters are as below:
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K= 0.00327 mm/yr D= 2.7 g/cm® n=3
a= 27 g/mol Area of coin cell= 314.16 mm?

Figure 9: Equation for calculating corrosion rate

Current density of samples, pA:

1 2
Hydrated Fe,O3 NPs 200 pA 180 pA
Graphite 300 pA 250 pA
icorr OF samples:
1 2
Hydrated Fe,03; NPs 0.637 pA/mm” 0.573 pA/mm®
Graphite 0.955 pA/mm® 0.796 pA/mm”
Corrosion rate:
1 2 Average
Hydrated Fe,O3 NPs 6.94 mm/yr 6.25 mm/yr 7 mm/yr
Graphite 10.41 mml/yr 8.68 mm/yr 10 mm/yr

The main reason of hydrated Fe,O; NPs has a lower corrosion rate is due to the formation of protective
passivation layer. The layer protects the anode from reacting with the surrounding oxygen. On the other hand,
graphite anode is reactive and it tends to form a weak, unstable porous layer, known as solid electrolyte interphase
(SEI). During charging and discharging, the SEI will partially dissolve into the electrolyte which causes the
corrosion of anode and reduction of insertion places for electron ions. Hence, the corrosion rate of LIB using
graphite anode is greater.

4. Conclusion

In our approach to synthesise a ‘greener’ anode material for battery, it was observed that the optimised sample
was made by using 120°C, Fe (111) as iron source, 1 mmol of iron source, and 4 hours. The optimised anode sample
demonstrated the following properties:

i.  The sample, 120-l11I-1-4 has a hydrated hematite crystal structure, (Fe,O3°H,0).

ii.  The formation of hydrated hematite crystal structure, (Fe,Os°H,0) is arranged in nanorods morphology
which can perform excellent cycle and rate performance as the long nanorods could ensure many fast and
convenience electron transport pathway, thus enhancing the electronic conductivity leading to improved
electrochemical performance of higher specific capacity and good charging-discharging stability. The in-
situ growth of Fe,03*H,O on carbon felt could ensure fast electron transport pathway between the active
materials and the current collector, leading to improved electrochemical performance.

iili.  The corrosion rate of Fe,O3 NPs is lower as compared to graphite anode material used in conventional LIB.

Furthermore, it was found that the water content in the crystal lattice can be removed completely by means of
annealing at 400 C for 2 hours under argon atmosphere. This demonstrates the probability of transforming the
hydrated form of Fe,O; to its pure phase. The annealed sample improves crystallinity of iron oxide nanoparticles
which leads to enhance the overall electrochemical performance of battery in term of rate performance and capacity.
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Abstract: Tin-lead alloy (Sn-Pb) featured with a wide melting range was used to prepare polymeric
composites. Sn-Pb/polypropylene (PP) composites and Sn-Pb/conductive carbon/PP (Sn-Pb/Carbon/PP)
composites were fabricated through melt mixing. Sn-Pb (20/80) and Sn-Pb (40/60) were used to study the
impact of Sn-Pb component and processing temperature on electrical conductivity of Sn-Pb/PP composites. It
was found that both of them had significant effect on the achievement of high electrical conductivity. Based
on the results of the effect of molding temperature on electrical conductivity, it was proved that the viscosity
of Sn-Pb particles at the mixing temperature was the key issue to form long-range conducting paths. This
approach was applied in preparation of Sn-Pb (20/80)/Carbon/PP composites with high electrical
conductivity. Two conductive carbons used were carbon black (CCB) and carbon nanotubes (CNTSs). Those
ternary composites were high electrically conductive and injection moldable. The conductivity of Sn-
Pb/CNT/PP achieved 10 S-cm™ with 14 vol.-% of Sn-Pb and it was 25 vol.-% for Sn-Pb/CCB/PP composites.
The current FreedomCAR target for bipolar plates of 100 S-cm™ was met with 28 and 29 vol.-% of Sn-Pb for
Sn-Pb/CNT/PP and Sn-Pb/CCB/PP, respectively.

Keywords: High electrical conductivity; Tin-lead polymeric composites; Injection molding; Melting range.

1. Introduction

When an electrically conducting material is dispersed in sufficient quantity in a insulated polymeric matrix, an
electrically conductive composite will be formed.[1] Since the first experimental result was published decades ago,
unique properties of such polymeric composites have made them adapted to a variety of applications, including
electrostatic dissipation, electromagnetic interference shielding, conductive adhesives and circuit elements,
according to their electrical conductivity and temperature coefficient of resistance. Polymeric composites with high
electrical conductivity (>10 S-cm™) are applicable as bipolar plates of polymer electrolyte membrane (PEM) fuel
cells.[2] PEM fuel cell is an electrochemical device that produces electricity by separating the fuel via a catalyst.
The protons flow through a membrane and combine with oxygen to regenerate water with the help of the catalyst
used while the electrons flow from the anode to the cathode to create electricity.[3] Since the fuel reacts
electrochemically instead of combustion, PEM fuel cell is found to be potentially more efficient than the
conventional power plants and may offer one of the most lucrative and clean possibilities for future power
sources.[4] As one of the key components of PEM fuel cell, the majority of fuel cell bipolar plates have been
fabricated by stainless steel or graphite.[5] However, the cost of these plates is quite high, principally due to the
costly gas channel machining step.

Many high electrically conductive (HEC) composites based on thermoplastics have been developed for PEM
fuel cell bipolar plates, because of their potential advantages in lower cost, lower weight and greater ease of
manufacture than the traditional plates. Graphite/polypropylene(PP), graphite/carbon black (CB)/polyaniline/PP,
S316L stainless steel alloy fibers/nylon 6, ternary-layered metalliclic carbide/polyvinylidene fluoride(PVDF),
CB/flake graphite (GR)/silver coated glass particles/carbon nanotubes (CNTSs)/low-viscosity polyethylene
terephthalate (PET), CB/GR/carbon fibers/polyphenylene sulfide (PPS)/PP, CNT/PET/PVDF, GR/PPS and CNT
coated 304 stainless steel/PP [3-16] have been reported and all of them showed high electrical conductivities in the
range from 10 to 100 S-cm™. In order to achieve high conductivity, the filler concentration in those composites had
to be high (usually 50~70 vol.-%) and greatly exceeded percolation threshold. [17] Due to the high loading and the
resulting poor flow properties, compression molding rather than injection molding has been used for those
composites [3, 9, 12, 13, 16]. As compared with compression molding, injection molding is more promising, cost
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effective and suitable for industrial scale production. [18] Our present work was hence focused on HEC polymeric
composites that can be injection-molded.

Injection molding requires the processed composites with low melt viscosity. To reduce the high melt viscosity
caused by high filler loading, one essential kind of fillers is needed, which is has low melt viscosity at the mixing
temperature and exist as solid with high electrical conductivity at the working temperature. Low-melting-point
(LMP) metallic alloys, such as In-Bi, Sn-Pb, Bi-Sn and Sn-Cu, are one kind of important candidates for this material.
However, Sn-Pb (60/40) alloy (60 wt.-% Sn and 40 wt.-% Pb)/polymer composites has been reported in the
literatures and their electrical conductivity was not high. Sn-Pb/polystyrene composites just attained an electrical
conductivity of 0.01 S-cm™ with 35 vol.-% of Sn-Pb (60/40). [19] The electrical conductivity of Sn-Pb/high density
polyethylene composites was 0.5 S-cm™ with 45 vol.-% of Sn-Pb (60/40). [20] It was because that those Sn-Pb
(60/40) particles were discretely dispersed in the polymeric matrices and could not efficiently form a long-range
conductive network. The conductivity of the composites was limited by the high resistance of polymers between
neighbor alloy particles.

To increase electrical conductivity of LMP metallic alloy/polymer composites to 10 S-cm™ and above for
potential applications in the field of PEM fuel cells, a metallic alloy composite system have been developed. In this
system, the metallic alloy have such a wide melting range that it is practicable for itself to form a stable solid-liquid
mixture when being mixed with other materials and the liquid phase will serve as a solder to connect neighbor alloy
particles to form long-range high conductive channels. In the present study, we verified this approach through the
successful preparation of HEC Sn-Pb/polypropylene (Sn-Pb/PP) composites using Sn-Pb (40/60) and Sn-Pb (20/80)
as the conducting fillers, which have melting ranges from 183 to 240 °C and from 183 to 265 °C, respectively.
Hence, we applied this approach in preparation of Sn-Pb (20/80)/conductive carbon/PP composites for PEM fuel
cell bipolar plates. It turned out that those ternary composites were high electrically conductive and injection
moldable. In addition, the effect of Sn-Pb loading on the mechanical properties and the corrosion resistance of Sn-
Pb(20/80)/Carbon/PP composites were also tested.

2. Experimental

2.1. Materials

Polypropylene (PP, MB3020-01) was purchased from Aldrich with a melt index of 4.0 g/10 min
(230°C/2.16kg). Tin-lead alloy (Sn-Pb) solder wires (20/80) were purchased from Sellery Tools Pte Ltd and Sn-Pb
solder wires (40/60) were purchased from RS Components Pte Ltd. Both of them were cut into small pieces and
purified by washing using acetone to remove the rosin core. Conductive carbon black/polypropylene composite
(CCBPP) was purchased from Iljin Nano Tech (Korea) with a weight ratio of 70/30(volume ratio 83.9/16.1). Carbon
nanotube/polypropylene composite (CNTPP, MB3020-01) was purchased from Hyperion Catalysis (USA) with a
weight ratio of 80/20(volume ratio 83.9/16.1).

2.2. Preparation of Sn-Pb/PP composites

The detailed formulas for preparing electrically conductive Sn-Pb/PP composites are shown in Table 1. The
Sn-Pb (20/80)/PP composites were prepared by melt mixing at 220°C in a HAAKE MiniLab (Thermo Scientific) at
a screw speed of 80 rpm. The Sn-Pb (40/60)/PP composites were prepared at 190 °C at the same screw speed.
Injection molding was performed on a HAAKE mini-Jet (Thermo Scientific) and the injection molding conditions
are shown in Table 1.

Table 1. Injection Molding Condition.
Sn-Pb/PP Sn-Ph(20/80)/Carbon/PP

Melt Temperature/°C 250 250
Mold Temperature/°C 70 100
Injection Pressure/MPa 850 850
Injection Duration/Sec 10 10
Post Pressure/MPa 300 500
Post Duration/Sec 10 10

2.3. Preparation of Sn-Pb(20/80)/Carbon/PP composites
The detailed formulations for preparing electrical conductive composites of Sn-Pb(20/80)/Carbon/PP were
shown in Table 2. Sn-Pb(20/80)/Carbon/PP composites were fabricated by melt mixing at 220°C in the HAAKE
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MiniLab at a screw speed of 60 rpm. Injection molding was performed on the HAAKE mini-jet and the injection
molding conditions are shown in Table 1.

2.3. Characterization Techniques.

The densities of PP, alloys and composites were measured on a Precisa 180A electronic balance (Precisa
Balances) using the buoyancy method with ethanol as the vehicle at 25 °C. The fractured surfaces of composites
were coated with a thin layer of gold and observed by a JSM-5600LV scanning electron microscopy (SEM, JEOL).
The volume electrical conductivity was acquired using a Fluke 110 digital multimeter (Fluke). The size of rectangle
samples was 35.0 mmx5.0 mmx1.7mm with both ends coated with the silver conductive adhesive. The thermal
behaviors of the samples were measured using a DSC7 differential scanning calorimeter (DSC, PerkinElmer). The
samples were heated rapidly from room temperature to 300°C at a rate of 50 °C/min and held for 1 min to eliminate
the thermal history. Subsequently, the samples were cooled to -30 °C at a rate of 10°C/min and then were heated to
300°C at the same rate. The crystallization temperature (T,) and the melting temperature (T,,) were obtained from
the cooling thermogram and the second-heating thermogram, respectively. The crystallization and melting
enthalpies (AH. and AH,) of PP were determined from the enthalpies of composites obtained from DSC, which were
divided by the weight percent of PP in the composites. Mechanical tests were carried out on an INSTRON 5569
universal testing machine (Instron) at room temperature. The test speeds were 50 mm/min and 1 mm/min for tensile
and flexural tests (three-point flexure fixture with a support span of 32 mm), respectively. The size of dumb-bell
shaped specimens was designed according to ASTM D638 test method and the rectangle specimen for flexural test
had a size of 35.0 mmx5.0 mmx1.7mm. Corrosion rate studies of composites were conducted in 0.1M H,SO, (pH
~3) electrolyte to simulate the fuel cell acidic environment [27].

3. Results and discussion
3.1. Sn-Pb/PP composites
Table 2. Physical properties of Sn-Pb/PP composites.

PP/Sn-Pb Density  Tensile Flexural Electrical Conductivity
Samples Weight  Volume (@ cm®)  Strength  Strength (S-em™)

Ratio Ratio /MPa /MPa
PP - - 0.9 35.6 52.3 10[21]
Sn-Ph(20/80) - - 10.2 - - 1.0x10°
PP20-1 50/50 92/8 1.7 317 45.3 <7.5x107
PP20-2 31/69 84/16 2.3 27.9 33.2 7.4x10°
PP20-3 16/84 68/32 3.8 23.3 32.5 53
Sn-Pb(40/60) - - 9.3 - - 1.0x10°
PP40-1 53/47 92/8 15 35.3 43.1 <7.5x107
PP40-2 36/64 85/15 2.2 315 425 <7.5x107
PP40-3 19/81 70/30 3.3 29 41.7 4.2

3.1.1. Electrical conductivity of Sn-Pb/PP composites

The electrical conductivity of Sn-Pb/PP composites molded at 250 °C is shown in Table 2. The conductivity
of neat PP was at the level of 10 S-cm™ [21] and the conductivity of PP20-1 was lower than the measurable range
of our ohmmeter (7.5x107 S-cm™). With increasing the loading of Sn-Pb (20/80), the conductivity increased
dramatically. For PP20-2, the conductivity was 7.4x10° S-cm™. With increasing Sn-Pb (20/80) loading to 32 vol.-%,
the conductivity exceeded 10 S-cm™and reached 53 S-cm™, which was an increase by 18 orders of magnitude from
that of neat PP. Similar dramatic improvement was also observed for Sn-Pb (40/60)/PP composites. The
conductivity of PP40-3 achieved 4.2 S-cm™. The conducting mechanism of composites involves the mutual contact
of conductive fillers in the matrix and the formation of long-range conductive channels. Figure 1 shows the phase
structures of Sn-Pb/PP composites with various loadings of Sn-Pb. The bright areas in SEM images state for the Sn-
Pb particles. From Figure 1(a-c), it can be seen that the average size of Sn-Pb particles maintained around 50 um,
while the density of Sn-Pb particles gradually increased with increasing the loading of Sn-Pb (20/80). Apparently,
with the density of Sn-Pb particles increased, Sn-Pb phase occupied more space in the composites and form a
continuous conductive network, which resulted in the significant increase in electrical conductivity. For Sn-Pb
(40/60)/PP composites, as shown in Figure 1 (d-f), the average size of Sn-Pb particles increased with increasing the
loading of Sn-Pb (40/60). Small Sn-Pb particles merged into discrete big ones instead of forming a long-range

37



conductive network. Therefore, the electrical conductivity of PP40-3 molded at 250 °C was much lower than that of
PP20-3.

Figurel. SEM images of Sn-Pb/PP composites molded at 250 °C: a) PP20-1, b) PP20-2, c) PP20-3, d) PP40-1,
e) PP40-2, and f) PP40-3

3.1.2. Mechanical properties of Sn-Pb/PP composites

The values of tensile and flexural strengths of Sn-Pb/PP composites are shown in Table 2. It can be seen that
the tensile and flexural strengths of neat PP were 36 MPa and 50MPa, respectively. With increasing the loading of
Sn-Pb (20/80), tensile and flexural strengths of Sn-Pb/PP composites decreased gradually and reached 23 MPa and
33 MPa at 32 vol.-% of Sn-Pb (20/80), dropping by 34.5% and 37.9%, respectively. The same trend was observed
for Sn-Pb (40/60)/PP composites. At the loading of 30 vol.-%, tensile and flexural strengths dropped by 18.5% and
20.2%, respectively. The decrease in mechanical properties was due to the poor compatibility between PP and Sn-Pb
alloys. From Figure 1, it can be observed that there was almost no adherence between two phases, which impaired
the tensile and flexural strengths of materials.

3.1.3. Effect of molding temperature on electrical conductivity

Figure 2 shows the electrical conductivity of PP40-3 molded at three different temperatures: 190, 210 and 250
°C. The other injection molding conditions were same. It can be seen that PP40-3 molded at 210 °C had the highest
conductivity of 90 S-cm™ among those three samples, which was even higher that of PP20-3 molded at 250 °C (53
S-cm™). It is well known that the formation of long-range conductive paths is the determinant for achieving high
conductivity of HEC polymeric composites. From SEM images of PP40-3 as prepared by melting mixed and PP40-3
molded at three different temperatures (Figure 3), it can be seen that the structure changed significantly after
injection molding. Sn-Pb particles of PP40-3 molded at 190 °C and 250 °C remained discretely dispersed in the
matrix and there still was no apparent formation of long-range conductive paths. For PP40-3 molded at 210 °C, the
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particles of Sn-Pb formed a continuous network, which contributed to the increase of electrical conductivity. This
indicated that the molding temperature has a significant effect on the phase structures of composites. A scheme was
suggested in Figure 4 to explain the formation of different phase structures induced by the temperature. From the
phase diagram of Sn-Pb alloy, it can be known that the fraction of liquid phase for Sn-Pb (40/60) increase from 50%
to 65.5% with increasing the temperature from 190 to 210 °C and the alloy becomes completely liquid at 250 °C.

The viscosity of Sn-Pb particles would decrease with increasing the fraction of liquid phase and there was a
gradual change from very high visocisty (solid) to very low viscosity (liquid) in a temperature window, which was
the melting range. Two particles would retain separated or be stuck together when they collided. The shape of the
resultant particles depended on the viscosity of each particle. With increasing the temperature, they would be
discrete particles (as illustrated in Figure 3(b)), chains formed from stuck particles soldered by liquid phase (as
illustrated in Figure 3(c)), or even big discrete particles formed by small droplets’ merging (as illustrated in Figure
3(d)). The resistance between neighbor discrete conductive particles was very large. This explains why high
electrical conductivity could hardly be achieved by adding conductive solid powders (an example of extremely high
viscosity) even with a high loading in the literatures. [19,20,22,23] Therefore, in order to prepare polymeric
composites with high electrical conductivity, the conductive fillers must have a melting range and be able to form a
stable solid-liquid mixture when mixed with polymers.
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Figure 2. Electrical conductivity of PP40-3 obtained at three molding temperature.

Figure 3. SEM images of PP40-3 as melting mixed (a) and PP40-3 molded at 190 °C (b), 210 °C (c) and 250 °C (d).
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Figure 4. Formation of a conducting network of Sn-Pb particles soldered by liquid phase.

3.2. Sn-Pb(20/80)/Carbon/PP composites
Table 3. Physical properties of Sn-Pb(20/80)/Carbon/PP composites.

CarbonPP/Sn-Pb Bulk Density Tensile Strength Flexural Strength
Samples Weight Ratio Volume Ratio Ig cm® /MPa IMPa
CCBPP - - 1.0 27.8 43.8
CCBPP1 1/2 83.3/16.7 2.5 22.1 38.6
CCBPP2 1/3 76.9/23.1 3.3 20.8 36.7
CCBPP3 1/4 71.4/28.6 3.8 19.9 29.4
CCBPP4 1/5 66.7/33.3 4.4 16.7 25.5
CNTPP - - 1.0 39.7 64.1
CNTPP1 1/0.53 95/5 1.6 38.0 55.0
CNTPP2 1/1.1 90/10 2.1 34.6 54.9
CNTPP3 1/2.5 80/20 3.1 29.1 40.9
CNTPP4 1/4.3 70/30 3.9 22.3 37.4

Polymeric composites prepared by this kind of conductive fillers could be easily injection-molded and
possessed a high electrical conductivity. These properties offered a potential application in PEM fuel cell bipolar
plates. To increase the conductivity of matrices, conductive carbon PP master batches were used to mix with Sn-
Pb(20/80) and the potential of the composites for PEM fuel cell application was examined.

3.2.1. Electrical conductivity of Sn-Pb(20/80)/Carbon/PP composites

The electrical conductivity of Sn-Pb(20/80)/Carbon/PP composites is shown in Figure5. It can be seen that the
conductivity of CCBPP and CNTPP was 0.3 and 2.5 S-cm™, respectively. With increasing the Sn-Pb loading from 5
to 30 vol.-%, the conductivity of Sn-Pb/CNT/PP increased gradually from 2.9 to 190 S-cm™, and the conductivity of
Sn-Pb/CCB/PP increased gradually from 0.55 to 550 S-cm™ with increasing the Sn-Pb loading from 18.2 to 33.3
vol.-%. With 14 vol.-% of Sn-Pb, the conductivity of Sn-Pb/CNT/PP achieved 10 S-cm™, the lowest electrical
requirement for PEMFC bipolar plates, [2] For Sn-Pb/CCB/PP composites, it needed 25 vol.-% of Sn-Pb to reach
the same value. The current FreedomCAR target for bipolar plates was 100 S-cm™, [5] and it was met with 28 and
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29 vol.-% of Sn-Pb for Sn-Pb/CNT/PP and Sn-Pb/CCB/PP, respectively. In comparison with Sn-Pb/CCB/PP, Sn-
Pb/CNT/PP had a much higher conductivity and could meet the electrical requirement with less Sn-Pb. Figure 6
shows phase structures of Sn-Pb(20/80)/Carbon/PP composites with various loadings of Sn-Pb. The bright phase in
SEM images is the Sn-Pb phase. It can be seen from Figure 6(a-d) that the average size of Sn-Pb particles was
around 40 pm and the density of Sn-Pb particles increased with increasing the loading of Sn-Ph. Apparently, with
the density of Sn-Pb particles increased, Sn-Pb particles were able to contact with each other and form a conductive
network, which resulted in the dramatic increasing of the conductivity. For Sn-Pb/CNT/PP, as shown in Figure 6(e-
h), the average size of Sn-Pb particles was also around 40 pum. Likewise, with increasing the loading of Sn-Pb, Sn-
Pb particles contacted with each other and formed a long-range conductive channels soldered by liquid phase in
them.
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Figure 5. Electrical conductivity of Sn-Pb/CCB/PP and Sn-Pb/CNT/PP composites.

Figure 6. SEM images of Sn-Pb(20/80)/Carbon/PP composites: a) CCBPP1, b) CCBPP2, ¢) CCBPP3, d) CCBPP4
and e) CNTPPL, f) CNTPP2, g) CNTPP3 and h) CNTPP4.
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3.2.2. Mechanical properties of Sn-Pb(20/80)/Carbon/PP composites

The values of tensile strength, elongation at break and flexural strength of Sn-Pb(20/80)/Carbon/PP composites
are summarized in Table 3. The tensile and flexural strengths of CCBPP were 27.8 MPa and 43.8MPa, respectively,
and they were 39.7 MPa and 64.1 MPa for CNTPP. It can be seen that with increasing the Sn-Pb loading, tensile
strength and flexural strength of Sn-Pb(20/80)/Carbon/PP decreased gradually. The tensile and flexural strengths of
Sn-Pb/CCB/PP with 33.3 vol.-% of Sn-Pb were 16.7 MPa and 25.5 MPa, respectively. For Sn-Pb/CNT/PP with 30
vol.-% of Sn-Pb, their values were 22.3 MPa and 37.4 MPa, respectively. , Because of the better mechanical
properties of raw CNTPP, Sn-Pb/CNT/PP exhibited better mechanical properties than Sn-Pb/CCB/PP Due to the
poor mechanical properties of raw CNTPP and CCBPP, the tensile strength and flexural strength of Sn-
Pb(20/80)/Carbon/PP composites did not meet the rigorous mechanical targets of current FreedomCAR target for
bipolar plates (flexural strength >59 MPa and tensile strength >41 MPa) [5]. However, these conductive composites
were strong enough and should not break under normal cell assembling and operating conditions of PEM fuel cell.
The mechanical properties can be improved by choosing better carbon filled PP composites.

4. Conclusion

Tin-lead alloy (Sn-Pb) featured with a wide melting range was used to prepare highly conductive polymeric
composites. Sn-Pb/polypropylene (PP) composites and Sn-Pb/conductive carbon/PP (Sn-Pb/Carbon/PP) composites
were obtained through melt mixing. Sn-Pb (20/80) and Sn-Pb (40/60) were used to study the impact of Sn-Pb
component and processing temperature on electrical conductivity of Sn-Pb/PP composites. It was found that both of
them had significant effect on the achievement of high electrical conductivity. With increasing the loading of Sn-Pb,
the electrical conductivity increased dramatically. Based on the results of the effect of molding temperature on
electrical conductivity, it was proved that the viscosity of Sn-Pb particles at the mixing temperature was the key
issue to form long-range conducting paths soldered by liquid phase in Sn-Pb particles. Therefore, in order to prepare
polymeric composites with high electrical conductivity, the conductive fillers must have a melting range and be able
to form a stable solid-liquid mixture when mixed with other materials. This approach was applied in preparation of
Sn-Pb (20/80)/Carbon/PP composites for PEM fuel cell bipolar plates. Two conductive carbons used were condutive
carbon black (CCB) and carbon nanotubes (CNTSs). Those ternary composites were high electrically conductive and
injection moldable. The conductivity of Sn-Pb/CNT/PP and Sn-Pb/CCB/PP composites achieved 10 S-cm™ with 14
vol.-% 25 vol.-%, respectively. The current FreedomCAR target for bipolar plates of 100 S-cm™ was met with 28
and 29 vol.-% of Sn-Pb for Sn-Pb/CNT/PP and Sn-Pb/CCB/PP, respectively. With increasing the loading of Sn-Pb,
tensile and flexural strengths of Sn-Pb/Carbon/PP composites decreased gradually due to the poor compatibility
between PP and Sn-Pb. Corrosion resistance of Sn-Pb(20/80)/Carbon/PP composites were tested and corrosion
process of Sn-Pb was depressed in CCBPP and CNTPP in comparison with bulk Sn-Pb.
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Abstract: Radical Polymerisation of 3 monomers, Poly(methyl methacrylate) (PMMA), Poly(acrylic acid)
(PAA) and Poly (acrylonitrile) (PAN) was carried out using freeze-pump-thaw method to produce co
polymer with enhanced mechanical property for blocking Mid Infrared (MIR) radiation. For blocking Far
Infrared (FIR), pyrolysis of ammonia-trifluoroborane, HsNBsF was successfully carried out under high
vacuum condition to produce polymeric aminodifluoroborane, (H,NB,F),. The polymers were made into film
and the IR spectrometry was analysed by FTIR, and the effectiveness of polymer in real life situations was
analysed by measuring temperature change of polymer coated test tubes, under exposure of sunlight, over
period of 4 days with successful results. This functional polymer which absorbs IR while maintaining optical
transparency can be applied to many applications.

Keywords: Radical Polymerisation; Infrared (MIR) radiation; film; sunlight.

1. Introduction

The solar radiation spectrum which reaches the earth is mainly the non ionising radiation because the highly
ionising radiations are cancelled out by the earth’s atmosphere. MIR (4000 cm™to 400 cm™) is where the thermal
waves begin to produce heat and humans can feel the heat [8]. (For the definition of FIR and MIR, International
Organization for Standardization (ISO) 20473 scheme was followed). Developing a film of novel functional
polymer which absorbs infrared radiation (IR) range and maintain its optical transparency will have many
applications. For an example, an elevated infrared absorption can filter heat radiation through window coated with
films and keep a room cool in summer [1-4].

One of the most popular used window materials is glass. When The glass is mainly made up of silicate
(MO,/SiO,) which has Infrared Spectra from 600 cm™to 400 cm™ [5-7]. To effectively block the FIR (400 cm™to
10 cm™), which can penetrate several mm and is used for houses and premises heating, we synthesized and
investigated inorganic polymer (H,NB,F),, which has high dipole moment. It was found to block IR range of 480
cm™to 10 cm™ after running the polymer under Fourier Transform Infrared spectroscopy (FTIR). Co polymer was
made to efficiently block the MIR by combining polymers which blocks different range of MIR and has suitable
property to be made into film. The functional polymer coating for absorbing IR was evaluated in ‘outdoor’ condition
in which it was exposed to sunlight. The graph of change in temperature over time showed lower temperature
change initially compared to the control.

Meanwhile, Smart glass generally refers to glasses which can control the light transmission by switching its
transparency electrically. (H,NB,F), has phase behaviour and change in phases was observed at temperature around
130°C, in which the film made from Poly (vinylidene fluoride) (PVDF) and the polymer turned from white to
transparent. Even though further analysis on this property was not carried out due to time constraint, we predict that
this can be further developed by lowering the temperature of the phase change to near room temperature.

2. Experimental

2.1. Synthesis of polymers

2.1.1. Radical Polymerisation

Commercially available monomers, PMMA, PAA, PAN, Poly(acrylic acid—co-methyl methacrylate—co—
acrylonitrile) (Poly(AA-co-MMA-co-AN) was synthesised using air-free technique, the freeze-pump-thaw method.
Azobis(cyclihexanecarbonitrile) (ABCN) was used as initiator and dimethylformamide (DMF) was used as solvent.
Inhibitor which comes with monomers to prevent undesired polymerisation was removed using Aluminium Oxide
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(Al,05) and syringe filters. Compared to applying 3 separate layers of film, creating co-polymer has increased
mechanical property and is more feasible for application.

Figure 1. Free radical polymrization preparation

2.1.2. Synthesis of polymeric aminodifluoroborane

A) Preparation of precursor
NH,CI (s) + NaOH (s) — NaCl + H,O (I) + NHsz| (9)
BF3Et,0 (I) + NH; (g) — BFsNH3|(s)

Trifluoroboronetherate (BFsEt,O) which is water sensitive was completely sealed in two neck round bottom
flask with toluene and was cooled to 0°C by surrounding the flask with ice with salt. NHz; was produced by reacting
Ammonium Chloride (NH4CI) with Sodium Hydroxide (NaOH). Balloons were attached to each of the flasks to
assuage the increased pressure due to the reactions. The two set ups were connected such that NH; had to go through
NaOH (s), which absorbs moisture, before reacting with BF3;Et,O. Afterwards, BFsNH; which was mixed with
toluene was dried using filter paper and vacuum.

Figure 2. Device of the precursor preparation.
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B) Polymerisation via pyrolysis

Figure 3. device of the polymerization.
Polymerisation of the precursor BFsNH; was carried out via pyrolysis under high vacuum.
BF3NH3 (S) and [FzB:NHz] + HF (g) and (BFzNHz) n

BF;NH; was placed in a flask and was covered by fine sand to prevent sublimation. Then, it was heated at
around 185°C which decomposed the bond and formed double bond between B and N, forming F,B=NH, in
transition state. The set up was kept at 2.0 x 10 t to remove gaseous hydrogen fluoride (HF) to make the process
irreversible and shift the equilibrium to the right. Afterwards, it was cooled at -196 °C using liquid nitrogen to form
-196 °C.

2.2. Film Making

2.2.1. General film making methodology

Slides were washed with acetone and dried to ensure easier spreading of hydrophobic solutions across the
surface. A drop of solution was dropped onto cover slide for films which are not waterproof and onto microscopic
slide for films which are waterproof. Then, by using the flat side of the pipette, the solution was spread out evenly
across the surface and heated on hot plate at average of 50°C for faster process of formation of film. After the films
were formed, waterproof films were taken off the slide using water or other medium to become free standing films.

2.2.2. Aminodifluoroborane + PVDF film making

Homogeneous solutions were prepared dissolving Poly(vinylidene fluoride-co-hexafluoropropylene) (PVDF)
polymer pallets in Dimethylformamide (DMA ) at room temperature by magnetic stirring for about 24h, in 10% and
15% concentration. The polymeric aminodifluoroborane that we have synthesized previously was then added to
each solution in 1:1 ratio. All of the procedures were carried out in a glove bag, which was sealed and purged with
Nitrogen gas in order to vacate most moisture. After the solutions were prepared, a drop of each solution in
respective concentrations was dropped onto a glass slide, and was spread evenly with the side of a glass pipette.
Each glass slide coated with the polymer solution was then heated at 50°C for 5 minutes with a petri dish covering it
on a hot plate, until the film turned milky white. Subsequently, the temperature was raised to 120°C~150°C
(depending on thickness of the coating) and the glass slides was heated until the coating appeared clear.

2.3. Outdoor Simulation

300ml of polymer solution (Refer to above step for detailed preparation methods) was prepared in 10% and
15% concentrations. With a synthetic paintbrush, the 10% polymer solution was evenly coated onto the outer
surface of a clean test tube previously rinsed with acetone. The cylinder was then left to dry in room temperature for
30 minutes for it to completely dry. Subsequently, the test tube, then coated with thin milky white film, was reheated
with a heat gun first in medium heat (70~90°C) for 3 minutes and then in high heat (100~120°C) until the film turns
transparent and to make sure that the film was completely dried. These processes were repeated with the 15%
solution and pure PVDF solution. 3 of each coated test tubes were produced respectively and each of them was
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capped with a rubber septa. The 9 test tubes mentioned above and 3 clean test tubes were arranged on a test tube
rack as shown Fig.3.3.1 with a temperature probe connected to each of them. The rack was then exposed to sunlight
under the light chimney for three days and the change in the temperature of the atmosphere within each test tube was

measured and recorded every 5 minutes for period of 2 days by the data logger connected to 3 laptops as shown in
the picture below.

Figure 4. Device for evaluation of the IR filtering performance.

3. Results and Discussion

3.1. The IR Spectrometry

The infrared absorption behaviors of attained polymers were characterized using FTIR scanning
spectrometry equipment. Other physical properties were listed in table 1.

Table 1. Summary of the physical properties of the attained polymers.

Solution Transparency (film) Viscosity of | Waterproof IR Spectroscopy

(film) solution

PMMA Transparent, smooth film Ideal Yes see Appendix Fig.2a

PAA Turns white then turns High No see appendix Fig.2b
Transparent

PBA Rough surfaces No see appendix Fig.2c

PtBA white Ideal Yes

—Seriesl
—Seriesl
Series3
T T T T T T T T 0
800 700 600 500 400 300 200 100 0
Wavenumber

Figure 5. Series 1: PVDF, Series 2: PVDF + Polymer 10%, Series 3: PVDF + Polymer 15%
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The IR Spectrometry of polymer BF;NH; with PVDF was measured and was normalised according to the
thickness of the films to compare the data of different recipes as shown in figure 5. The original graph which are not
normalised can be found in Appendix Fig.1. It can be seen that the IR absorption increased with the content of
BF3;NH; in PVDF.

3.2. Performance of IR filtration

The performance of IR filtering by the composite films was investigated carefully. The temperature inside the
coated glass tube was recorded under the light radiation using a indoor light chamber. The spectra of the radiation
light were designed to obtain very close simulation of the sunlight. The recorded curves of Temperature (°C )
against Time (minutes) were shown in figure 6.
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3.2 Discussion

3.2.1. IR absorption comparison

PAA contains C=0 bond, C=C bond and OH bond. It has many absorption frequencies from both stretching
and bending vibrations and has a broad range of absorption spectra with a sharp peak at wavenumber of 2400 cm™
as shown in Fig.1.4. PMMA contains C=0 bond and C=C bond and OCHjs bond. It has many sharp peaks between
the range of 2000 cm™ to 1000 cm™ and another one at 3000 cm™ as shown in Appendix Fig.2. PAN has C=N bond
which has sharp absorption spectra from 2240 cm™ to 2260 cm™. Creating co polymer which has combined
absorption spectra will be effective and more feasible than coating a film of monomers three times. As shown in
Appendix Fig.1., The polymer (H,NB5F), displays IR absorption range at 450 cm™ to 20 cm™. By making the film
thicker, we will be able to efficiently block out the FIR of the sunlight which contributes in heating considerably.
Previously, (H,NB;F), has been made before [1] but the results were not as pure as the polymer we have attained.

3.2.2. Composite films

PVDF was added to the (H,NB,F), because of its durability and stability that is compatible with (H,NB,F),
and will allow the resulting film to withstand extreme weather conditions. Also, it has 96% transmittance of visible
spectra. Upon making the 10% and 15% solutions in DMF, it was observed that the optimal concentration of
(H.NB,F),, was 10%, as the 15% solution lacked the viscosity that allowed even coating of the solution in order to
produce a homogeneous film. (H,NB,F), is also known to only dissolve partially in DMF, which may have
contributed to such observation [2]. The film, when first casted on a glass surface, appeared milky white, and upon
heating to about 120~150°C, turns transparent. This phenomenon is a result of our polymer solution’s phase
behavior. When a certain temperature is applied, it undergoes a phase change due to the change in energy that leads
to a smaller particle size.

3.3. IR filtering performance

As observed from figure 6, the temperature change in the test tube coated with the 10% changed the least
followed by 15%, PVDF and the control. This shows that the Aminodifluoroborane film had absorbed some of the
infrared radiation as predicted. The film containing a higher concentration of Aminodifluoroborane absorbed
infrared radiation less effectively; this is mostly probably due to the uneven application of the solution in the process
of coating the test tubes, leaving loop holes. The low viscosity weakens the surface tension and encourages the
liquid to form smaller bubbles onto the surface, instead of a uniform surface all around the tube. Thus, when dried,
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the resulting film will not cover some patches of the test tube surface, from which the infrared radiation will
penetrate and heighten the temperature of the atmosphere within.

4. Conclusion

By applying a thin layer film containing polymeric aminodifluoroborane on glass windows domestically or
industrially, we can reduce the amount of IR passing through the windows, while allowing most visible light to
penetrate. These results in less energy spent in cooling and lighting the interior. Also, when casted upon a solar cell
and, the infrared radiation absorbing property of the film can prevent solar cells from heating up excessively and
increasing its efficiency at the same time.

Although the temperature that causes phase change in the film that we have developed is high (120~150°C),
further research may be carried out to lower the temperature, which will allow the opacity of the film to be
controlled according to the temperature of the environment. Furthermore, the solubility of polymeric
aminodifluoroborane in DMF can also be improved upon further research. It will allow production of polymeric
aminodifluoroborane solution in higher concentrations and therefore, a more efficient film can be developed.
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Appendix: IR Spectroscopy of Absorption Units against Wavenumber (cm™)
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Volatile Corrosion Inhibitor (VAPPRO 872)
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Abstract: The main objective of this collaborative project was to obtain an optimum formulation from the
base formulation of VAPPRO 872, a commercial volatile corrosion inhibitor (VCI) product from Magna
International Pte Ltd. Percentages of the corrosion inhibitor (CI) and calcium sulphonate (CS), type of
kerosene and type of calcium sulphonate were varied, and the various formulated products were tested for its
flammability and viscosity. The different formulations were each coated onto a metal test piece to further test
for its corrosion rate using the Electrochemical Impedance Spectroscopy. The results showed that the
optimum formulation with the best efficiency was 0.5% CI, 3% “old” CS, 19% mineral oil and 77.5% pure
kerosene, with an efficiency of 89.14%. This was chosen because of its relatively high efficiency and reduced
costs.

Keywords: volatile corrosion inhibitor; flammability; viscosity.

1. Introduction

Corrosion occurs when a material, usually metal, starts to weaken and its properties become less desirable.
This is due to irreversible chemical reactions with the surroundings. Corrosion is a very common problem in many
industries, where metals are used in their daily operations and when these machines fail, it costs a large sum of
money to replace them. Hence, we are working on Vappro 872 (VCI) with the assistance from Magna International
Pte Ltd.

Magna International specializes in corrosion preventive technology and cleaning surfactants, and they have
developed an advanced and environmentally safe VCI known as Vappro, which stands for Vapor — Phase —
Protection. This range is commonly used in the electronics and automotive industry, as well as in the military.

Vappro 872 is a VCI aerosol that is used in the disassembly and assembly of machines, pipes, valves, bolts
and nuts etc. It works by penetrating into the metal to reduce corrosion or formation of rust, as well as allowing the
moving parts to be lubricated continuously [1]

2.  Experimental Section

2.1. Materials

Corrosion inhibitor (Cl), both old and new calcium sulphonate (CS), odourless kerosene and mineral oil (MO)
were Kindly provided by Magna International Pte Ltd. Pure kerosene was purchased from the company, Sigma
Aldrich.

2.2. Equipment
The equipment used to characterize the formulations were the Grabner MiniFlash Touch, to measure flash point,
Brookfield DV-E Viscometer Model no. RVDVE230, to measure viscosity, and Zahner Zennium Electrochemical
Impedance Spectroscopy (EIS) to measure corrosion rate of the metal test pieces.

2.3. Methods

2.3.1. Preparation of Formulations and Test Pieces

During formulation, different amounts of corrosion inhibitor, mineral oil, calcium sulphonate (old/new) and
kerosene (odorless/pure) were weighed (in grams) and mixed uniformly with a magnetic stirrer. The formulations
were decanted for at least 24 hours before testing or coating. The test pieces used are made of mild steel, measuring
10cm x 2.5cm. They were polished with abrasive paper to remove surface rust, washed with deionised water and
wiped dry. It was fully immersed in 20 ml of the desired formulation, and left to dry at room temperature in the
fume hood for 24 hours before undergoing EIS testing.
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Figure 1: Overview of Experiments Conducted
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2.3.2. Flash Point

After transferring 1 ml of the desired formulation into the cleaned sample holder of the machine, Grabner
MiniFlash Touch. With reference to ASTM D 56 Standard Test Method for flash point [2], the following parameters
were used while conducting the test:

e Ignition Interval: 1°C per

Ignition Time: 15ms
Air Ventilation: 0.6s
Heating Rate: 5.5°C per minute
Starting Temperature: 30°C

2.3.3. Rheological Properties

After undergoing a viscosity test using Brookfield Viscometer, with reference to ASTM D2243-95 Standard
Test Method for Freeze-Thaw Resistance of Water-borne Coating [3], the formulations were stored in a freezer for
17 hours at -30°C, then 7 hours at room temperature. This cycle was repeated 3 times before running a viscosity test
again.

2.3.4. Electrochemical Impedance Spectroscopy (EIS)

The EIS was set up with the corresponding electrodes:
e Auxiliary/counter electrode (CE) — Platinum Electrode
o Reference electrode (RE) - Calomel Electrode
e Working electrode (WE) — Test Piece
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The coated test piece was submerged into tap water and the test carried out with the following parameters:
o Potential Voltage: 4V and -4V

Current range: -2A and 2A

Scan Rate: 10V/s

Potentiostat: OFF

Check Cell Connection: 3 electrodes

Reference Electrode Potential: Calomel/sat.KClI

From the interception on the graphs produced, the corrosion current density was used obtained to calculate the
corrosion rate, in mm/year, of the metal pieces using the following formula:
a X icorr

nxD

Corrosion Rate = K

Where a : atomic weight, i, : corrosion current density, pA/cm?
n : number of electrons lost (valence change) , D : density, g/ cm®K: a constant depending on the unit of corrosion
rate

3.  Results & Discussion

In order to study what effect each component has on the corrosion rate by varying the percentage of Cl,
percentage and type of CS and type of kerosene. In addition, the physical properties such as viscosity, flash point,
and freeze thaw stability will be presented. Finally from all the above variations, an optimum formulation is deduced.

3.1. Our formulations
Refer to Table 1 for base formulation and Tables 2 and 3 for the varied formulation.
Table 1: Base Formulation
Mineral Oil Cl “Old” Calcium Suphonate (OCS) Odorless Kerosene
19% 1% 3% 7%

Firstly, the only concentration of Cl (CI1 — CI5) was varied. Following that pure kerosene replaced odorless
kerosene and different concentration of Cl (C16 — C110) was used.

Table 2: Different Cl Concentration Used With Odorless Kerosene Base and Pure Kerosene Base
cil ClI2 CI3 Cl4 CI5 Cl6 CI7 ClI8 CI9 Cl10

% of CI used 0.1 0.25 0.5 0.75 1.0 0.1 0.25 0.5 0.75 1.0

Table 3 illustrates the different variation of OCS and “new” Calcium Sulphonate (NCS) used.

Table 3: Different Percentages of OCS and NCS Used
0oCs1 0Cs2 0Cs3 NCS1 NCS2 NCS3

% of OCS used 1 3 9 1 3 9

3.1.1. Effect of Cl Concentration (%) on Corrosion Rate Using Odorless Kerosene and Pure Kerosene

All corrosion rates were determined by means of EIS, and expressed as mm/year. However, it can be
expressed as percentage efficiency (% efficiency) for a more accurate representation of the product’s effectiveness,
which is given by:
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Figure 2: Comparison of Average % Efficiency and CI Concentration in terms of percentage with odorless kerosene
and pure kerosene

From the Figure 4-1 above, it shows that 1% and 0.5% corrosion inhibitor yield the lowest corrosion rate (i.e.,
highest % efficiency) for odorless and pure kerosene respectively. Overall, pure kerosene shows more significant
results in preventing corrosion as compared to odorless kerosene. Theoretically kerosene contains various
compounds that give it its pungent and toxic smell. These compounds are olefins, H,S, mercaptan, odourless or
thiophenic sulphur compounds or nitrogenous compounds that vaporize easily at room temperature. Hence
processing it via hydrodesulphurization or other methods of hydrotreatment allows certain amounts of the olefins,
sulphurous and nitrogenous compounds to be removed, producing odourless kerosene. This could be the reason for
the lower efficiency of odourless kerosene as certain compounds which are crucial for penetrating the metal piece, to
prevent it from corroding, has been processed off and led to the higher average % efficiency of pure kerosene.

cin Cl2 Ci3 Cl4 CI5 Cl10 ClI8

(Worst) (Best)

Figure 3: Increasing Average % Efficiency with Different Concentrations of Cl Using Odorless and Pure Kerosene
However, due to different concentration of certain compounds contained inside pure kerosene, it shows that
0.5% Cl result in the best average % efficiency for pure kerosene instead of following the trend (as the concentration
of CI increases, the rate of corrosion decreases) which was reflected in odorless kerosene . Hence, the CI8
formulation is the best while CI1 is the worst (refer to the following Figure 3).

3.1.2. Effect of Type of CS and Its Concentration (%) on Corrosion Rate

Two batches of CS (OCS and NCS) were used. The new batch of CS (NCS) was observed to be finer and has
a darker colour as compared to the old batch of CS (OCS). The quantity of new and old CS added to the pure
kerosene formulation varies at 1%, 3% and 9% concentration level.
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Figure 4: Comparison of Concentration of CS and Effectiveness between OCS and NCS in Reducing Corrosion Rate

The amount of CS was increased three fold in OCS3 and NCS3 while decreased three fold in OCS1 and
NCSL1 so as to compare the corrosion rate with the base formulation OCS2 and NCS2. The bar chart above displays
the effectiveness of CS in reducing corrosion rate of the sample. By increasing % concentration of CS results in
increasing average % efficiency of the sample. This is because of the better penetration ability of the ClI and good
wetting and adhesion to the metal’s surface. No conclusion is drawn on which “type” of CS is better since at specific
concentration (e.g. 1%), NCS shows better results in the average % efficiency but say otherwise when the
concentration is 3%. Thus, the “ranking” chart based on CS’s effect on the corrosion rate is shown below:

‘ 0cCs1 ‘ NCS1 NCS2 0CSs2 ‘ NCS3
(Worst) (Best)

Figure 5: Increasing Average % Efficiency with Different Concentrations of Old and New CS Using Pure Kerosene

3.2. Optimum Formulation
3.2.1. Kerosene as Base Solvent

Figure 6 below is used to display the steps taken to deduce the optimum formulation. Firstly, the
concentration of Cl affecting the average % efficiency was studied using odourless and pure kerosene. The resulting
formulation which gives the best average % efficiency was derived using pure kerosene. Using pure kerosene, a
series of testing using different concentrations of OCS and NCS affecting the corrosion rate was conducted.

3.2.2. Biodiesel as Base Solvent

Since kerosene is classified as a flammable and volatile liquid, it poses direct and indirect threat to the human
and the environment. It has varying toxicity depending on the method and duration of exposure besides potential fire
hazards. Its volatile organic compound has an indirect impact contributing to ozone depletion and global warming
due to the chlorofluorocarbons such as CFsCl and CCl, which has a very long shelf life in the atmosphere. Thus, the
use of less volatile solvents may be seen as an alternative in improving the environment. However, it is difficult to
replace a solvent as there are many aspects to be considered such as the hazardous process, compatibility with
current raw materials and its by-products [4].

In recent years, biodiesel has gained popularity due to its availability, non-toxicity, and its biodegradability
[5]. With this, it was taken into consideration to replace kerosene with biodiesel as the base solvent for Vappro 872
for its renewability and low vapour pressure. A detailed study has been carried out by another group of APLT
(Advanced Diploma in Polymer Technology) students and it has been found that biodiesel can be used as a
substitute base solvent for Vappro 872 and their optimum formulation has been used to compare with our optimum
formulation. The metal pieces were both immersed in respective base formulations for one day before running EIS
on them.
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Table 8 shows the optimized formulation that has been deduced from this project.

Mineral Oil

Cl

0Cs

Pure Kerosene

19%

0.5%

3%

77.5%

Table 9: Comparison between Raw Materials Used in Two Optimum Formulations Using Pure Kerosene and

Biodiesel as Base Solvent

Mineral Oil Cl CS Base Solvent ( Pure
Kerosene/Biodiesel)
Optimum formulation (Pure 19% 3% 1% 1%
Kerosene)
Optimum formulation 19% 10% 9% 62%
(Biodiesel)
4 .. . ™
Pure Kerosene-based Optimised Formulation vs
Biodiesel-Based Optimised Formulation
>
2 W Pure kerosene
Q
S M Biodiesel
E
w
S
Base Solvent
S

.
Figure 7: Comparison of the Effectiveness between Pure Kerosene and Biodiesel in Reducing Corrosion Rate
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Based on the Figure 7 above, it shows that biodiesel has better average % efficiency than that of pure
kerosene. However, biodiesel-based formulation does not comprise of the same concentration of other raw materials.
For example, our group used 1% CI and the APLT group uses 10% CI to achieve above average % efficiency. Since
the difference between the average % efficiency achieved by the APLT students and our group is not as significant
(a difference of 4%) and considering the amount of Cl used was tenfold for biodiesel based formulation, it can be
concluded that pure kerosene-based optimum formulation could be better than biodiesel-based formulation.

3.3. Physical Properties
Three physical properties, viscosity, flash point and freeze-thaw of our formulated product were tested. The
purpose of performing these tests was to check for any significant variation in physical properties if we alter the base
formulation. For each formulation, three readings are taken for each set and the average readings were recorded. For
all the tests, decanting technique was carried out so that the supernatant layer was used.

3.3.1. Viscosity
It is crucial to measure the viscosity for our product as it predicts the pumpability and pourability
performance in a dipping or coating operation, or the ease with which it may be handled, processed or used.
Viscosity is often the most susceptible way in finding out the changes in colour, density, stability, solid content and
molecular weight.

Table 10: Viscosity for All Formulations

Formulations | CI1 ClI2 CI3 Cl4 CI5 Cl6 Cl7 | CI8 | CI9 | CI10
Viscosity(cP) | 123 | 13.0 |121 |127 |135 | 153 |19.1)|19.1|19.0| 189

Formulations | OCS1 | OCS2 | OCS3 | NCS1 | NCS2 | NCS3
Viscosity(cP) | 16.8 | 189 |178 | 16.0 |189 | 17.6

Table 11: Viscosity after Freeze-thaw for All Formulations

Formulations | CI1 Cl2 CI3 Cl4 CI5 Clé Cl7 | CI8 | CI9 | Cl10

Viscosity(cP) | 15.7 12.1 12.9 17.1 19.1 20.8 20.8 | 18.3 | 19.0 | 15.3
Freeze-Thaw

Formulations | OCS1 | OCS2 | OCS3 | NCS1 | NCS2 | NCS3

Viscosity(cP) | 12.8 15.3 24.3 16.3 15.3 23.8
Freeze-Thaw

As shown in the Table 10 above, results range from 12.1cP to 19.1cP. Also, it is observed that there is an
increase in viscosity for pure kerosene-based formulations as compared to odourless kerosene-based. This range is
still acceptable when compared to Magna’s original formulation of VAPPRO 872, and implies that the variations
formulation are able to be made into an aerosol spray which can be easily applied and ejected from the spray nozzle
without clogging or causing any blockages. However, the variation in the viscosity is not great and thus this factor
will not have a significant effect on the performance of our product.

The deviations of the results of the viscosity test after freeze-thaw were not that significant, with a range of
12.3 cP -19.1cP before freeze-thaw (difference of 6.8cP) (refer to Table 10) to 12.1cP — 24.3 cP after freeze-thaw
(difference of 12.2cP) (refer to Table 11). Nevertheless, one possible reason for the slight difference in viscosity
after freeze-thaw could be due to the agglomeration of CS that was settled to the bottom. Despite vigorous shaking
of the bottle, minute agglomerates of CS where still present. Still, the viscosity readings after freeze thaw are
considered acceptable as the product is still flowable by (visual observation).
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3.2.2. Flash Point

Table 12: Flash Point for All Formulations

Formulations | CI1 ClI2 CI3 Cl4 CI5 Cl6 Cl7 | CI8 | CI9 | CI10

Flash Point 49 50 50 50 50 80 81 |80 |80 |80
/°C

Formulations | OCS1 | OCS2 | OCS3 | NCS1 | NCS2 | NCS3

Flash Point 80 79 80 80 80 80
/°C

With reference to the Table 12 above, odourless kerosene-based formulations shows flash points ranging
from 49°C to 50°C which is categorised under high to moderate hazard. However, pure kerosene based formulations
result in a range of 79°C to 81°C for flash point which is a much safer alternative solvent to be used as compared to
odourless kerosene since it has a lower potential for fire hazards, easier handling and storage.

3. Conclusion

From this project, the following can be concluded when comparing the various formulations:
e Changing the base solvent from odourless to pure kerosene had the most impact on the performance on
VVAPPRO 872.

e Type of CS has an insignificant effect on the performance of the VAPPRO 872.
It can also be concluded that the optimum formulation was CI8. This was due to:
e A decrease in Cl without any changes in percentage of OCS as compared to the base formulation
(VAPPRO 872), hence making the product more cost effective.
e High % efficiency of 88.3% and excellent corrosion resistance.
e  Aviscosity of 19.1cP, where it is flowable and easily applied.
e Flash point was 80°C, and is rated as a moderately low hazard product.
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Abstract: Volatile corrosion inhibitor (VCI) provides excellent protection for metal surfaces. VCI molecules
attach themselves to metal surfaces to form an invisible thin film (only a few molecules thick), thus keeping
moisture at bay. Through this project, the characteristics and effectiveness of a commercially available water-
based VCI (Vapour-Phase-Protection, VAPPRO 837C) will be evaluated. The main scope of the project is to
characterise the rheological and corrosion reduction properties of the VAPPRO 837C with varying
formulations and processing parameters (coating and drying times). Applying the VCI on the metal
specimens is done by dip-coating. In addition, the corrosion reduction efficiency of the VCI is evaluated
through the use of Electrochemical Impedance Spectroscopy to determine the corrosion rate of the uncoated
and coated samples. The most effective VCI film was obtained from a 20% VAPPRO formulation using a
coating time of 30min and a drying time of 24hr.

Keywords: corrosion inhibitor; Vapour-Phase-Protection; dip-coating.

1. Introduction

Corrosion refers to the degradation or deterioration of materials at the surface. It has always been problematic
to metal constructs and tools as degradation or rusting of metals can lead to a weakening of mechanical properties,
thereby weakening them. Replacing them outright is expensive and, with resources on Earth becoming more limited,
problematic in the long run [2]. Thus, protecting metallic constructs from corrosion is desirable as it is cheaper than
replacing the part entirely and prolongs the working life of the product in the field, with many methods to do so
currently available such as galvanization and sacrificial metals. One of the most common methods is using volatile
corrosion inhibitors (VCIs), which is what this study is about. They are a class of corrosion inhibiting compounds
with a finite vapour pressure where the inhibitors are transported to the target metal through space to condense on
the metal surface to form a protective film, lowering the corrosion rate of the metal itself. Factors that determine the
efficiency of VCls are the concentration of VCI compounds, the period of exposure and vapour pressure [3]. The
main advantages are that it is easy to use and apply VCI onto the metal product and it is able to reach crevices, blind
holes and other ‘difficult to reach’ areas. Limitations include being temporary films as they can be removed easily,
are used at fairly low concentrations and a higher concentration is needed for the self-healing effect which could
increase the cost of using it and corrosion protection may not be the only requirement, with others such as color
limitation and film hardness needed. It is due to these factors that they are largely ignored in industrial maintenance
coatings [7]. However, alongside corrosion-resistant materials and corrosion protection coatings, corrosion
inhibitors are still researched and developed to further lower corrosion rates and to reduce the costs of corrosion [9].

Ammonia was used as a VCI compound to protect immersed and exposed parts of steam boiler circuits at the
beginning of the 20th century. By the 1940s, less odorous, safer and more effective substances were used for
protection. With more than 1000 types of VCI compounds known today, only a few are used as these are acceptably
efficient, cost effective and environmentally friendly [3]. One type of inhibitor used in VCls is salts of
dicyclohexylamine such as dicyclohexyl ammonium nitrite (DCHN) and cyclohexylamine carbonate (CHC) [1]. The
V/CI provided by Magna International uses amine carboxylate as the inhibitor. It is a salt synthesized by neutralizing
carboxylic acid with a blend of amines, with the number of carbon atoms ranging from 1 to 26, with corrosion
inhibition increasing with the number of carbon. Other than corrosion inhibition, it is also used for boundary
lubrication, emulsification and detergency [8].
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Recently, there has been a shift in using water-based VCls, which are less hazardous to human health and are
environmentally friendly, as opposed to oil-based VCls. By substituting the organic solvent with water as the
transport medium, it would lower the levels of volatile organic compounds (VOCs) emitted by VVCls [4]. This study
aims to deduce the concentration of the VCI provided by Magna International, Vappro 837C, that can offer the best
corrosion protection and under what conditions can this be achieved. The effects of the concentration of inhibitors,
coating time, drying time and temperature on its performance are studied and discussed.

Testing the effectiveness of corrosion protection in a laboratory include salt spray test, electrochemical
impedance spectroscopy (EIS) and immersion testing. The EIS method was used in the study as it has the advantage
of very short test times (about 20 minutes), although interpretation of the results takes some experience [6]. Using
the DC polarization method and a three electrode arrangement, the corroding electrode (metal sample) potential and
impedance can be measured with respect to the reference electrode, regardless of the counter electrode’s nature. [5]
However, EIS is limited when it comes to the high frequency regions, and the development of microelectrodes via
photolithography can reach higher frequencies [6]. New robust and accurate reference electrodes to extend active
corrosion protection to areas such as high-temperature systems are also being researched [9].

Viscosity tests were carried out in order to determine the rheological properties of the formulation.
Rheological properties are important to understand how the formulated product with behave during storage and
application.

2. Experimental_Section

2.1. Preparation of metal samples

The metal samples were manually de-rusted by hand using 1200 grit abrasive paper. The samples were then
washed under deionised water to remove debris from the de-rusting procedure. The dimensions of the metal
samples were measured for purposes of calculating their surface area.

2.2. Determination of corrosion rate of uncoated metal samples

The Zahner Zennium Electrochemical Impedance Spectroscopy (EIS) was set up as follows:
o Blue/Black Working Electrode: Sample

o Green Black Reference Electrode: Calomel

o Red Counter Electrode: Platinum

The set-up of the EIS can be seen in Figure 2.2.1 shown below.

Figure 2.2.1: Set up of EIS with electrodes

60



The EIS programme was started and the IE/CV option was selected. The following parameters were then
entered into the programme:
¢ Potential Voltage: 4V and -4V
Current Range: -2A and 2A
Scan Rate: 10mV/s
Potentiostat: OFF
Check Cell Connections: 3 Electrodes
Reference Electrode Potential: Calomel/sat. KCL

The EIS glass jug was filled with tap water and the uncoated metal samples were attached to the crocodile
clips on the blue and black working electrode. The test was then commenced by pressing the “start recording” button.
After the test was completed, the tafel plot was then printed and the uncoated metal samples were then de-rusted
again.

A pair of tangents was then drawn on the tafel plot as shown in Figure 2.2.2 and the current corresponding to
the intersection of the tangents was used to obtain the corrosion current density.

Figure 2.2.2: Tafel plot
The corrosion rate of the sample was then calculated using the following formula:
Corrosion Rate = k [(a x icorr) / (n x D)]

Where ‘D’ is density of metal specimen, ‘a’ is atomic weight, ‘icorr’ is corrosion current density, ‘n’ is the
number of electrons lost and ‘k’ is the constant, which depends on unit of corrosion rate, as listed below. For this
project, the ‘k’ value applied was 0.00327mm/pA-cm-year.

2.3. Formulation of VAPPRO 837C
A clean blue cap bottle is first placed on an analytical balance and the reading was tare. The required mass of
CORPPRO (inhibitor in concentrated form) was added to the bottle using a disposable dropper. After which the
required volume of deionised water was added to the bottle. The contents of the bottle were then mixed at about
200rpm using a magnetic stir bar until the mixture had a uniform appearance. The bottles are then labelled and then
left to stand for one day before being used for tests.

2.4, Coating of metal samples
Using a disposable dropper, 20ml of formulated VAPPRO 837C VCI were added to a watch glass. The de-
rusted metal samples that have been tested with the EIS were then immersed in the watch glass for a specified period.
The metal samples were then removed using tweezers and clipped onto a string held taut between two retort stands.
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The metal samples were left to dry for a specified period. Immediately after drying, the metal samples were tested
using EIS and their corrosion rates were calculated.

2.5. Determination of Corrosion Reduction Efficiency
Based on the corrosion rates of the metal sample before and after coating, the corrosion reduction efficiency is
calculated based on the formula below:

Reduction Efficiency (%) = (CR uninhibited — CR inhibited)/ CR uninhibited x 100
Where:
CR uninhibited = Corrosion rate of uninhibited sample
CR inhibited = Corrosion rate of inhibited sample

2.6. Elevated temperature drying
The set-up shown below in Figure 2.6.1 was used for the elevated drying temperature test. The light bulb was
first switched on to heat up the interior of the box. When the temperature inside the box stops fluctuating, metal
samples that have just completed coating were clipped onto the string for drying over a specified period. After
drying, the samples were immediately tested using the EIS to determine their corrosion rates.

Light Bulb Thermocouple
]

Freshly Coated | |
Metal Sample

Figure 2.6.1: Elevated temperature drying set-up

2.7. Viscosity test

The Brookfield DV-E Viscometer was set up with spindle 1 and a speed of 100rpm. A 500ml beaker was
filled to approximately two-thirds with the formulation to be tested. The spindle was then lowered into the
formulation until the marking on the spindle was submerged. The rotor was then switched on and left to run. Once
the viscosity range have stabilised, the upper viscosity limit was recorded.

2.8. Freeze-thaw test

The freeze thaw test was conducted following the ASTM D2243-95(2008) standard. The formulations to be
tested were first tested for their initial viscosity (before freezing). The formulations were then stored at -18°C in a
freezer for 17 hours. After 17 hours, the formulations were removed and thawed at room temperature for 7 hours.
After thawing, the formulations were placed back in the freezer at -18°C and one more cycle of freeze-thaw was
carried out. After the final thawing step was completed, the formulations were tested for their viscosity. The
viscosity before and after freeze-thawing were compared to determine the freeze-thaw stability of the formulations.

2.9. Contact angle test

The metal sample to be tested was placed on the stage of the goniometer. A droplet of deionised water was
then released from the syringe attached to the goniometer. Once the droplet’s shape has stabilised, the computer
software was used to measure the contact angle. The test was repeated on separate areas of the metal samples and
the average contact angle was calculated.

2.10. pH tests

The pH test was conducted using a Eutech pH/lon 510 bench top meter on the formulations. A beaker was
first partially filled with the desired formulation. The pH probe was then immersed in the formulation. When the pH
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reading has stabilised, the pH reading was recorded. The test was repeated to obtain additional readings and the
average pH reading was then calculated.

2.11. Functional group analysis using FTIR

The FTIR test was conducted on a sample of the 20% CORPPRO formulation using the Attenuated Total
Reflectance (ATR) method. A background scan was first carried out. After which, 2-3 drops of the formulation was
added onto the diamond surface using a disposable dropper. The formulation was then scanned, and the resulting
spectrum was analysed.

3. Results and discussions

3.1. Effects of varying concentration of CORPPRO on Corrosion Reduction Efficiency

Varying the concentration of CORPPRO, it was observed that 20% CORPPRO obtained the highest corrosion
reduction efficiency compared to 10% and 30% CORPPRO. The 20% CORPPRO formulation obtained a corrosion
reduction efficiency of 81%, 75% and 76% for 30min, 8hr and 24hr coating times respectively, as shown in Figure
3.1.1 below.

100
=
=]
£ 80
3 >
2 2 60 - —
e o M 30min coating
52 40 - -
2 o m 8hr coating
= 20 —
S 24hrcoating

0 1 T T 1
10% 20% 30%
Concentration

Figure 3.1.1: Effects of varying concentration on corrosion reduction efficiency for different coating times

3.2. Effects of varying concentration of CORPPRO on Corrosion Reduction Efficiency

Corrosion Reduction Efficiency (%)
cCoOnIc?eF;lFt)gfi)on %) s(jkc))sptpr)gtre Aluminum substrate Mild steel substrate
10 34 31.5 57
20 45,5 66.5 76
30 37 59 63.5

Table 3.2.1: Effect of varying concentrations of CORPPRO on corrosion inhibition efficiency of different
metal substrates (24hr coating, 24hr drying)

Through varying the concentration of CORPPRO, it was observed that the 20% CORPPRO formulation
obtained the highest corrosion reduction efficiency for all three substrates. This can be seen from the 20%
CORPPRO formulation obtaining 45.5%, 66.5%, and 76% for copper, aluminium and mild steel substrates, as
shown in Figure 3.2.2 below.

By coating the different metal substrates, it was observed that the mild steel substrates obtained the highest
corrosion reduction efficiency. This can be seen from the mild steel samples obtaining a corrosion reduction
efficiency of 57%, 76% and 63.5% for 10%, 20% and 30% CORPPRO formulations, as shown in Figure 4-3 below.
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The copper substrates obtained lower corrosion reduction efficiency of 35%, 45.5% and 37& for 10%, 20% and
30% CORPPRO formulations. This suggests that CORPPRO is able to provide excellent corrosion protection for
ferrous metals, but is only able to provide moderate corrosion protection to copper. This does not fully agree with
information obtained from Mulcco Singapore Pte Ltd’s which states that VAPPRO 837C is able to provide excellent
corrosion resistance to copper and iron substrates.

10% 20% 30%

Concentration
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60 —
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K= 40 —— — W Copper
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2 > 20 -
o .
c o Mild steel
L2 g 0 -
&
o
o

Figure 3.2.2: Effect of varying concentration of CORPPRO on corrosion reduction efficiency of different
substrates

3.3. Optimum concentration of CORPPRO

From the results shown in Figure 3.1.1, it can be seen that 20% CORPPRO has the highest corrosion
reduction efficiency when compared to 10% and 30% for 30min, 8hr and 24hr coating times. This supports the
optimum concentration of 20% suggested to our group by Magna International.

From Figure 3.2.2, it can be seen that the corrosion reduction efficiency for 20% CORPPRO is the highest
compared to the 10% and 30% CORPPRO formulations when used on all the different substrates (copper,
aluminium and mild steel).

Therefore, 20% CORPPRO would be the optimum concentration to be used because it is able to achieve the
highest corrosion reduction efficiency for all three types of metal substrates.

3.4. Effects of varying coating time on corrosion reduction efficiency

Through varying the coating time of CORPPRO, it was observed that the corrosion reduction efficiency of the
formulations remained high (75% and above) after 30min of coating time. This can be seen from 20% CORPPRO
formulations which obtained a corrosion reduction efficiency of 48%, 33%, 81%, 75% and 76% for 10min, 20min,
30min, 8hr and 24hr coating times respectively, as shown in Figure 3.4.1 below. This suggests that increasing the
coating time beyond 30min has no significant effect on the corrosion reduction efficiency compared to a coating
time of 30min.
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Figure 3.4.1: Effect of varying coating time on corrosion reduction efficiency for 24hr drying on mild steel
substrate
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This could be because at 30min the surface of the metal substrate is fully saturated with inhibitor molecules
and the metal surface-inhibitor interactions have stabilised. Therefore any further coating time would not cause a
decrease in corrosion, while a lower coating time would result in the substrate’s surface not being saturated with
inhibitor molecules which correlates to a higher corrosion rate.

Considering the cost of time for a corporation, using a coating time of 30min would be optimum as this would

allow a fast processing time without any loss in corrosion inhibition.

3.5. Effects of varying drying time on Corrosion Reduction Efficiency

When using the drying time of CORPPRO as a variable, it was observed that drying times from 1hr to Shr
obtained low corrosion reduction efficiencies while a drying time of 24hr obtained higher corrosion reduction
efficiency. This can be seen from 20% CORPPRO formulation obtaining 53.5%, 38%, 22% and 81% for 1hr, 2hr,
5hr and 24hr drying respectively, as shown in Figure 3.5.1 below. However, from visual observation of the metal
samples, the coating appeared to be dry after 20min of drying

This could be because while the coating appears to be dry visually after 20min of drying, there could still be
some water content present in the film which promotes corrosion. It is also possible that the protective film of
inhibitor molecules have not been properly formed for drying times before 24hr. This suggests that the optimum
drying time should be around 24hr.

This optimum drying time of 24hr is also conducive for practical consideration of working hours in the
industry. It would be easy to keep track of the end of the drying time and ensure that it ends within working hours so
that the metals can be stored immediately after drying.

Efficiency
I
Q

30
20
: -
0 T T
1hr 2hr Shr

Drying time
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Figure 3.5.1: Effect of varying drying time on corrosion reduction efficiency for 20% CORPPRO, 30min
coating time on mild steel substrate

3.6. Effects of drying at elevated temperatures

Corrosion Reduction Efficiency (%)
Temperature 20% CORPPRO 30 min coating 2hr room
(°C) temperature drying
20 38
33 58.6

Table 3.6.1: Effect of temperature during drying on corrosion reduction efficiency of 20% CORPPRO for
30min coating time

Through varying the temperature of drying, it was observed that drying at an elevated temperature of about
30°C obtains higher corrosion reduction efficiency. This can be seen from the 30°C drying obtaining a corrosion
reduction efficiency of 58.6% while the 20°C drying obtained a corrosion reduction efficiency of 38%, as shown in
Table 3.6.1 above.
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This could be because at elevated temperatures, the inhibitor molecules have more kinetic energy and are
more mobile and thus more likely to orient themselves such that the polar functional groups faces the metal surface
to preferentially form a protective film over the surface of the metal substrate, therefore resulting in an increase in
corrosion reduction efficiency for the metal sample that was dried at elevated temperatures.

After 2hrs drying at elevated temperatures, the surface of the metal sample still appeared wet on visual
inspection. This is likely because the box used to contain the samples at elevated temperatures also limited the
ventilation to a small area. This would reduce the rate of evaporation of the wet coating layer. Therefore for future
testing of drying at elevated temperatures, it would be suggested to carry out the drying in a well-ventilated area.

Compared to samples that were dried at room temperature and not contained in a box but left in a well-
ventilated area and had a dry surface on visual inspection, the samples dried at elevated temperatures showed higher
corrosion reduction efficiency. This suggests that the corrosion reduction efficiency is not directly related to the
water content present in the coated film, but rather on the complete formation of the protective film of inhibitor
molecules.

3.7. Viscosity stability tests

Viscosity (cP)

Date C10% C20% C30% Duration
11/1/2013 17.2 27.1 50.3 Initial
11/8/2013 17.5 30.1 50.1 1 Week

11/22/2013 16.8 31.1 50.9 3 Week
11/29/2013 17.6 28.8 51 4 Week
12/6/2013 16.3 30.5 50.7 5 Week

Table 3.7.1: Effects of storage time on viscosity of formulations with 10%, 20% and 30% CORPPRO
concentrations over 5 weeks

By varying the concentration of CORPPRO, it was observed that the viscosity of the formulation increased
with increasing CORPPRO concentration. This can be seen from the 10%, 20% and 30% formulations having
viscosities around 17cP, 29cP and 50cP respectively, as shown in Table 3.7.1 above. Therefore, viscosity tests could
be done as a quality check during manufacturing to ensure that the formulations are of the specified concentrations.

The storage time for 10%, 20% and 30% CORPPRO concentrations were varied and the following
observations were made. The viscosity of the formulations remained consistent over a 5-week period, as shown in
Figure 3.7.2 below. This would suggest that there is no change in the condition of the formulation throughout the 5
week period. However, further testing is required to determine if viscosity remains constant over time for periods
longer than 5 weeks.

60 -
40
o 0 cl10%
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0 1 i 3 4 5 c30%
Weeks

Figure 3.7.2: Effects of storage time on viscosity of formulations with 10%, 20% and 30% CORPPRO
concentrations over 5 weeks
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3.8. Freeze-thaw tests

Viscosity (cP)
Before freeze After freeze Freeze

c20% Freeze Thaw 1 with 1%

antifreeze 28.2 30.9 Yes
c20% Freeze Thaw 2 with 1%

antifreeze 29.3 28.3 Yes
c20% Freeze Thaw 1 w/o antifreeze 31.2 30.0 Yes
c20% Freeze Thaw 2 w/o antifreeze 28.0 30.6 Yes

Table 3.8.1: Effects of freeze-thawing on the viscosity of 20% CORPPRO formulations with and without 1%

anti-freeze

By varying the concentration of anti-freeze in the formulations, it was observed that all the formulations froze
at -18°C. It was also observed that the viscosities of all the formulations remained around 29cP after undergoing the
freeze-thaw test, as shown in Table 3.8.1 above. For all the formulations, there was no significant change in the
viscosity after two cycles of freeze-thawing. Further testing is required in order to determine if the viscosity of the
formulations will remain consistent after going through more freeze-thaw cycles.

The 20% CORPPRO formulations froze even after the addition of 1% ethylene glycol anti-freeze agent. To
prevent the freezing of the formulations at -18 °C, a higher concentration of anti-freeze agent would have to be used.
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Figure 3.8.2: Effects of freeze-thawing on the viscosity of 20% CORPPRO formulations with and without 1%

anti-freeze

3.9. pH test for varying concentration of CORPPRO

CORPPRO Concentration (%)

Average pH

10

9.06

20

8.92

30

8.82

Table 3.9.1: Effect of concentration of CORPPRO pH of formulations with different concentrations
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Through varying the concentration of CORPPRO, it was observed that the pH remained around pH 9 for all
concentrations, as shown in Table 3.9.1 above. The MSDS of CORPPRO states that it has a pH of 9, therefore it can
be seen that diluting CORPPRO with distilled water does not affect its pH. For all formulations, the pH is below 11
and thus, they will not cause skin irritation.

Since the pH of the formulations does not vary much as the concentration of CORPPRO varies, it would not
be viable to use pH as a measure to determine the concentration of CORPPRO formulations during manufacturing.

It would be advised to use viscosity instead of pH to determine the concentration of formulations produced during
manufacturing.

3.10.  Functional group determination by FTIR

Figure 3.10.1: 20% CORPPRO FTIR spectrum

Wavenumber (cm™) Functional group Transition

~3300 H,O -O-H stretch

3000-2850 Alkanes C-H stretch

1640-1550 Primary and secondary N-H bend
amines

Table 3.10.2: Correlated functional groups of significant peaks in 20% CORPPRO FTIR spectrum

Figure 3.10.1 below shows the FTIR spectrum of 20% CORPPRO. The significant peaks were identified and
their correlated functional groups peaks are shown in Table 3.10.2. The spectrum shown in Figure 3.10.1 has a very
prominent peak at around 3300 cm-1, this could be due to alkyne C-H stretching. However it is more likely to be
due to water -O-H stretching since the formulation contained 80% water. The peaks at 2925 cm-1 and 2850 cm-1
could be due to carboxylate O-H stretching or alkane C-H stretching. The peak at 1638 cm-1 is likely due to alkene
C=C stretch or primary/secondary amine N-H bending. The peak at 1406 cm-1 is probably due to alkane C-H3
stretching. The peak at 1028 cm-1 could be due to amine C-N stretch or carboxylate C-O stretching.

Based on the absorption peaks present in the spectrum, it is likely CORPPRO contains an organic compound
with amine and carboxyl functional groups on a hydrocarbon backbone that contains unsaturated alkene groups.
This matches the description of CORPPRO in its MSDS which states that CORPPRO contains “amine carboxylate”.

3.11. CORPPRO interaction with copper substrates
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As seen in Figure 4-9, a blue-green stain forms on the surface of the copper substrates. This is probably due to
some kind of interaction between the inhibitor molecules and the copper substrate which forms a complex which
contains copper (I) ions. The interaction that results in the stain could have caused the copper samples to obtain
lower corrosion reduction efficiency compared to mild steel as shown in section 3.2.

Figure 3.11.1: Copper samples drying

3.11.Contact angle test

Concentration of CORPPRO - L s

used for coating Liquid Contact angle before coating (°) Contact angle after coating (°)
10% Water 85.8 Too small to detect
20% Water 85.6 Too small to detect

Table 3.12.1: Contact angle test result

As seen in Table 4-9, the contact angle of water with the surface of mild steel substrates is about 86°. When a
droplet of water is released onto the coated mild steel surface, the contact angle of the droplet to the surface rapidly
decreases as the droplet spreads across the coated mild steel surface. When the droplet has stabilised (stopped
spreading), the contact angle of the droplet to the coated metal surface is too small for the computer software to
detect. This implies that the coating deposited on the mild steel substrate is quite hydrophilic. Therefore it is advised
to store coated metals in dry conditions, as the hydrophilic coating could absorb moisture from the air.

4, Conclusions

The optimum concentration for CORPPRO formulations to achieve the highest corrosion reduction efficiency
is 20% CORPPRO, as seen in section 3.3. The optimum processing parameters to achieve a short processing time
without sacrificing corrosion reduction efficiency for coating mild steel samples are 30min coating and 24hr drying,
as seen in section 3.4 and 3.5. The formulations were found to have stable viscosity over a 5 week period. The
viscosities were also stable after freeze thawing for two cycles. This would suggest that there is no degradation of
the VCI over the 5 week period and from freezing. But further testing is required to determine the amount of anti-
freeze required to prevent freezing since the formulations with 1% antifreeze still froze at -18 °C. This can be seen
from sections 3.7 and 3.8. We believe this information will be helpful to Magna International when it is assisting its
clients.
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LOOKING FORZwick / Roell MACHINES?

Whether for static materials testing or the various forms of fatigue
testing - we have the RIGHT SOLUTION FOR YOU!

——

¢ Universal Testing Machines
e Extrusion Plastometers
¢ Pendulum Impact Tester

e Hardness Testers

¢ Advance Creep Testing Machines
¢ Fatigue Testing Machines

e Drop Weight Testers

e Specimen Preparation Devices

e Ambient, Climate & High Temperature Furnaces

Reliable Test Results - Accurate, Repeatable, Reproducible & Traceable

We deliver premium customer value.

| of QUANTUIV CALLUS TO ENQUIRE

==’ TECHNOLOGIES GLOBAL & +65 6778 3655

Email sales-sg@quantumsg.com ¢ Log in to website www.zwick.com.sg
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THE PLASTICS AND RUBBER INSTITUTE OF SINGAPORE
Tangin Post Office Box 354 Singapore 972472

MEMBERSHIP/MEMBERSHIP UPGRADING APPLICATION FORM
Please fill and print out the form below and post back to:

The Membership Secretary

Plastics and Rubber Institute of Singapore
Tanglin Post Office Box 354

Singapore 912412

Name of Applicant:
Address (Home):

Telephone: (Home) (Handphone)
Name & Address of Office:

Office Telephone/Fax:
Email Address:
Job Title / Responsibilities:

Date of Birth:

Course / Instituttion: Year Graduated:

Other Qualifications:

Employment History:
(Please provide details of Job Title/Company/Years of Service)

For upgrading, please indicate: Current PRIS membership grade:

Grade applying for:

Date of Application: Signature:
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