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Abstract 
In this thesis, we investigated the intrinsic self-healing property and electrical response of a 

thermoset nanocomposite containing both covalent, although thermally-reversible, and physical 

linkages. Previous research into this topic has shown that a similar system based on a polyketone 

containing both thermally-reversible crosslinks and physical linkages are able to undergo self-healing 

that is triggered by heat and electricity (via resistive heating). However, this published work did not 

study further the effect of composition (i.e. the ratio between these two kinds of modified 

polyketones) on the electrical response and self-healing efficiency.  

Thus, the main goal of this thesis was to investigate the influence of different crosslinking density on 

the self-healing property and electrical response. The influence of different crosslink density was 

investigated by two means: by changing the degree of functionalization of the polymer backbone 

and by changing the ratio between polymers containing thermally reversible crosslinks and polymers 

containing physical links. First, polyketone functionalized with furan (the precursor of thermally 

reversible linkages via the Diels Alder mechanism) at several predetermined conversion degree was 

prepared using Paal-Knorr reaction. The materials were then characterized to confirm that the 

functionalization has reached the desired level. 

The functionalization was followed by the nanocomposite preparation, where both types of 

polyketones were mixed at different ratio and had multi-walled carbon nanotubes (MWCNT) added 

as reinforcement and electrical conductor. The resulting materials were then tested for its self-

healing capability and electrical response at different degree of conversion. 

The results from the research confirm what the previous findings: a mixture between polyketone 

functionalized with furan (precursors for the thermally reversible covalent bonds) and polyketone 

functionalized with aminopropanol (able to interact via hydrogen bonding, i.e. physical linkages) are 

able to exhibit self-healing behaviour when exposed to sufficiently high temperature. The presence 

of MWCNT also allowed the heat to come from electrical source via Joule / resistive heating. 

Additionally, it was discovered that increasing the amount of polyketones functionalized with furan 

in a given system results in a composite that has lower electrical resistance, most likely due to the 

crosslinks that can form between polyketones and MWCNT, allowing better dispersion and reducing 

the chance for MWCNT to form aggregates. 
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1. Introduction 
This thesis aims to systematically investigate the intrinsic self-healing property of a thermoset 

nanocomposite which contains two different types of polyketones: one functionalized with 

thermally reversible linkage, and the other functionalized with a moiety that can display physical 

linkages in terms of hydrogen bonding. Additionally, multi-walled carbon nanotubes (MWCNT) were 

added to act as reinforcement to the polymers and allow for electrical conduction. In turn, the 

presence of MWCNT allows for the intrinsic self-healing to be triggered by resistive heating once the 

composite is connected to an electrical source. 

The introduction will cover different topics related to the development of the material. A short 

explanation about polymers and their classification will be addressed and followed with a more 

detailed information regarding the chosen material: polyketones. Explanation about the chosen 

materials will be followed by discourses on three important subjects which directly correlate with 

this thesis: composite materials, interpenetrating polymer network, and self-healing polymers. 

1.1 Polymers 
Although they are present in almost all lifeforms and have been utilized by various human 

civilizations since ancient times, the story of modern polymeric materials can be argued to begin 

when Henri Braconnot and his team developed a derivative of the natural polymer cellulose to 

produce celluloid in the early 1800s 1. This was followed by the first notable polymer modification 

process, which can be traced to Thomas Hancock and Charles Goodyear in 1844 which used sulphur 

to toughen natural rubber in a process known as vulcanization 2.  

Since then, knowledge on the subject of polymers and their industrial application has increased 

further, with the first fully-synthetic polymer dubbed ‘Bakelite’ synthesized in 1907 by Leo 

Baekeland 3. This invention led to further discoveries of synthetic polymers such as cellulose acetate, 

polyethylene, and polystyrene 4. Further interest in synthetic polymers was fuelled by the Second 

World War, where rationing systems and uncertainties of war limited access to natural polymers for 

industrial and civilian uses 5. This led to the development of synthetic polymers with specific 

properties rather than materials to mimic natural polymers. The new direction resulted in the 

development of new polymers such as Neoprene (polychloroprene) and Kevlar (poly-paraphenylene 

terephthalamide) 6,7. Today, synthetic polymers can be found in almost every modern industrial 

product and in all sorts of applications.  

Polymers can be divided into different classes and multiple categories: according to their thermal 

processing behaviour, mechanism of polymerization, polymer structure 8, source, and monomer 

types 9. Regarding the thermal processing behaviour, polymers can be divided into thermoplastics 

and thermosets. Thermoplastics are materials that undergo physical changes and become softer and 

pliable when exposed to temperatures above their glass transition 10. On the other hand, thermosets 

are polymers that irreversibly change from soft solid or viscous state into infusible and insoluble 

polymer networks after curing 11. The previously-mentioned vulcanization, for example, is a process 

which turns a thermoplastic biopolymer (e.g. natural rubber) into a thermoset. 

1.2 Polyketones 
As previously mentioned, this thesis will deal primarily with polyketones, a polymer first synthetized 

by Farbenfabriken Bayer in 1941, where ethylene and carbon monoxide were polymerized by free 

radical polymerization under 400 bar pressure at 250 °C, resulting in a randomly-distributed polymer 
12. The process was further improved by the production of low-melting polyketone oligomers by 
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Reppe and Magin utilizing K2Ni(CN)4 as catalyst in the late 1940s (Figure 1) 13; development of 

palladium(II) catalyst by A. Gough from the now-defunct Imperial Chemical Industries, Ltd in 1967; 

and finally improvement of the palladium catalyst by Shell in 1983 which was followed by the 

commercial release of Carilon® polyketone in 1996 14. 

 
Figure 1. Alternating ethylene-carbon monoxide polyketone. The reaction is based on the work published by 

Reppe & Magin 15 

The primary advantage of modern polyketones is the ease of manufacture: the introduction of 

palladium bidentate catalyst from Shell allows the production of polyketones under relatively mild 

conditions of pressure (50-60 bar) using temperatures ranged from 70-135 °C 16. Aside from that, 

polyketone has gained a lot of attraction due to: availability of base materials, relatively cheap cost 

of production, and interesting engineering plastic properties15. 

Academic research into polyketone and its derivatives have been revitalized within the last 10 years 
17. Polyketone has been modified to produce polymeric amines 17, self-healing polymeric materials 18, 

wood adhesive 19, biocompatible polymer 20, and even shape-memory elastomers 21.  

Previous research showed that functionalization of perfectly alternating polyketone can be easily 

carried out due to the presence of highly reactive 1,4 di-carbonyl groups 17. The simplest 

modification of this chemical group can be done by Paal-Knorr reaction (Figure 2), commonly used to 

carry out the chemical modification of polyketone with amine compound 21-23.  

 
Figure 2. Paal-Knorr reaction of alternating aliphatic polyketone with furfurylamine 24 

This reaction pathway is advantageous because it can be carried out under relatively mild conditions 

(100 °C) and fast reaction kinetics (typically 4 hours) without requiring any catalyst while still 

providing high yield, typically 100% for the amine and up to 80%, for statistical reasons for the 

carbonyl. Notably, the reaction only produces water as by-product 17. This process became the basis 

of other researches involving the functionalization of polyketone in the University of Groningen 17-

19,24,26-33 and indeed, this project itself uses similar process to carry out polyketone functionalization, 

which will be described later. 

The attempt for the chemical modification of polyketone with furan amino-subtituted compounds 

was originally done to prepare thermoset polymer networks which are able to undergo reversible 

reactions via Diels-Alder (DA)/retro-DA reactions 18 (Figure 3).   
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The furan groups grafted on the polyketone chain allows the formation of three-dimensional 

network structures after cross-linked with bismaleimide. Further research also discovered that the 

properties of the resulting material can be tuned by changing the crosslink density 24. 

 

Figure 3. Schematic representation of Diels-Alder and reverse Diels-Alder reaction on furan and maleimide 
moiety 25. 

The Diels-Alder reaction can form adducts with two different conformation: the endo and exo type 

(Figure 4). Endo conformation is a kinetic product from the reaction and is less stable compared to 

exo conformation, which is the desired result from the reaction. A special feature of the exo 

conformation is its ability to undergo reverse reaction upon heating, which in this case is commonly 

referred to as reverse/retro Diels-Alder reaction.  

 

Figure 4. Schematic representation of Diels-Alder cycloaddition between cyclopentadiene and maleic 
anhydride showing the two possible conformations of the result 26. 

Changing the crosslinking density in thermoset systems allows for fine-tuning of the system thermo-

mechanical properties. Systems with high crosslink density typically display high hardness and 

modulus, while being remarkably resistant to solvents. Those properties come at the cost of poor 

elongation, low impact strength, low toughness and high brittleness 24. On the other hand, a low 

cross-linked polymer system behaves as a flexible material 26. The challenge in fine-tuning the 

crosslink density lies in finding a middle point where all the desired mechanical properties are at the 

acceptable level for a given application (Figure 5). 
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Figure 5. Loss (Δ) and storage (□) modulus behaviour in DMTA cycles for Polyketone with 50% furan 

functionalization (A) at different crosslink densities: (a) 1:1, (b) 1:0.5 and (c) 1:0.25 molar ratios between furan 
and bismaleimide. The softening point, taken as tan (δ) of the respective samples is displayed in (B) 24. 

1.3 Composite Material 
Composite material refers to materials which contain more than one component, each with different 

properties, but still visibly separate in the resulting material 34. Composite materials can be 

manmade or natural formed materials. Wood is a common example of composite materials: it is 

formed of long fibres of cellulose which are held together by lignin 35. On their own, lignin and 

cellulose have no significant structural strength but when combined, they form a much stronger 

material. One of the first utilization of composite by humans reflects that effect very clearly: early 

artificial composites are prized for their strength and durability, such as a combination of mud and 

straw, plywood, rammed earth, and concrete 36. Straw bricks have been used as building material 

since the ancient times, and it currently remains in use when cheap, easily-manufactured building 

materials are desired (Figure 6). 

 
Figure 6. Straw brick production in recent time near the Danube Delta 37. 

In general, composite materials require having at least two components: the matrix and 

reinforcement. Based on the different type of matrices, modern manmade composites can be 

classified into four major categories: polymer matrix composite (PMC) (Figure 7), metal matrix 

composite (MMC), ceramic matrix composite (CMC) and carbon matrix composite or carbon-carbon 

composites 38. The advantage of PMC compared to metal or ceramic-based composites is that the 

processability occurs at much lower temperatures. Like its matrix counterpart, PMC can be divided 

into two more classes: thermoset and thermoplastic composites. Thermoset resins are generally 

stronger due to the presence of crosslinks between the polymer chains, a feature that allows for 

applications at high temperature at the cost of being more brittle when compared to thermoplastics 
39. 
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Figure 7. Microscopic image of carbon fibre-reinforced Baxxodur® epoxy resin system 40 

Knowledge about composite materials can lead to the development of materials that can be tailored 

for very specific purpose by using appropriate matrix/reinforcement combination and processing 

methods. Currently, composite materials are used in a wide variety of applications aside from the 

aforementioned structural applications: energy storage 41, membranous material 42,43, environmental 

clean-up 44, biomedical materials 45,46, optoelectronics 47, chemical catalysis 48, among other variety 

of fields and applications.  

Another factor that affects the nature of composites is the interface interaction between matrix and 

reinforcement: a composite strength does not only depend on the choice of materials, but also how 

well the components bond to each other. In the case of polymer composite with fibre 

reinforcement, there are several possibilities of the interaction: selective adsorption of matrix 

components, conformational effects, penetration of polymer molecules into the fibre surface, 

diffusion of low molecular weight components from the fibre, and catalytic effects of the fibre 

surface on resin curing 49,50. 

With respect to self-healing materials, polymer composites that are capable of autonomous self-

healing have been described back in 1993, where healing was accomplished by incorporating hollow 

repair fibres filled with healing agent which releases their content as soon as microscopic cracks 

appear next to the fibre. As the crack ruptures embedded fibres, healing agents are released into the 

crack which is followed by rebonding of the damaged interfaces, closing the crack 51. Further 

improvement on this concept was explored in 2001, where the fibres were replaced with 

microcapsules impregnated with a healing agent which forms a new polymer when coming into 

contact with a catalyst dispersed throughout the polymer matrix 52. This approach allowed the 

material to reach 80% toughness recovery when the healing takes place at 80 °C 53. 

1.3.1 Nanocomposite 

It can be argued that the Ancient Mesoamerican culture was the first to utilize nanocomposites:  the 

pigment known as Maya Blue was a mixture between dyes derived from Indigofera suffruticosa 

leaves mixed with palygorskite clay and other mineral additives 54. Maya Blue pigment is able to 

withstand hundreds of years’ worth of hot and humid condition which would have damaged other 

type of pigments. This is explained by a model where indigo dye fills the grooves present at the 

surface of palygorskite clay, forming a hydrogen-bonded organic/inorganic complex 54.  

Since the 1980s, the industrial application of nanocomposites have been intensely investigated due 

to the available technology having reached the ceiling of traditional micrometer-scale composites 

when it comes to properties optimization, since the achievement of one of the required property 

involves the loss of another 55.The most significant benefit of lowering the scale of reinforcement 

components is that it allows more exact control over the orientation and interaction with the matrix, 
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allowing an even greater extent of control over the composite properties 38,56. Thermoset 

nanocomposites have been the subject of many researches throughout the years since their 

advantage over conventional fibre composites are tremendous: the addition of up a single-digit 

percentage of reinforcing material is enough to increase the composite toughness by a factor of a 

thousand compared to the unadulterated matrix 38. On the other hand, conventional composites 

require between 10%, up to 50% reinforcement to impart the desired mechanical and thermal 

properties 57. A natural example of nanocomposite can be found as nacre (Figure 8), a material 

which is found as lustrous layer inside the shell of certain species of molluscs 58. 

 
Figure 8. (A) Electron microscopy image of a fractured surface of nacre 59 and (B) Schematic of the microscopic 

structure of nacre layers 60. Nacre is made from aragonite (CaCO3) chips forming the matrix with biopolymer 
reinforcements sandwiched between them. 

Nanocomposite can be classified into several classes based on its matrix component: ceramic-matrix 

nanocomposites typically utilize metal as their reinforcement, while metal-matrix nanocomposites 

have seen increasing number of carbon nanotube application as the reinforcement 61. Finally, 

polymer-matrix nanocomposites (often shortened as polymer nanocomposites) utilize quite a varied 

types of material as filler and owing to their adaptable nature, have been used in a wide variety of 

application ranging from bone tissues engineering 62, flame retardants 63, drug delivery system 30, to 

‘standard’ mechanical properties improvements 64, and many more 65. 

1.4 Interpenetrating Polymer Network 

By definition, interpenetrating polymer network (IPN) is a polymer comprising two or more 

networks. The polymer chains are at least partially interlaced at molecular level but not covalently 

bonded to each other (Figure 9) so that they cannot be separated unless the physical bonds are 

broken. In addition, and by definition, the components cannot be a mix of two preformed polymers 
66. A parallel between block copolymers and IPNs can be drawn based on how the length of their 

block or cross-link level affects the domain of each type of polymer 67. The network may appear 

continuous at macroscopic scale, but are actually formed of two separate phases. Ideally, both 

polymers should be present as co-continuous, interlocking networks – which are also known as 

catenanes 67.  

 
Figure 9. Interpenetrating polymer network: notice how the two polymer networks are not bonded to one 

another 68. 
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Due to its ability to retain large amounts of water and other biological fluids, IPNs have been a 

subject of researches for biomedical applications 69. Common materials for IPN hydrogels are 

polysaccharides (e.g. alginate, starch, etc.) and proteins. Biomedical applications for IPN hydrogels 

have been widely explored and discussed elsewhere, however they will not be a part of this thesis. 

IPN preparation can be divided into 3 general methods: 1) by mixing two monomers followed by 

crosslinking and polymerization (which can occur separately or simultaneously on both monomers); 

2) dissolving a monomer in a polymer network followed by polymerization of the monomer; or 3) by 

blending two thermodynamically miscible polymers followed by crosslinking 68.  

There are several types of IPN classification based on how the polymers bond to one another. Full 

IPNs refer to the state where both components are present as cross-linked networks, although there 

is negligible bonding between the two polymers 67. Semi IPNs on the other hand, only have a single 

polymer network present in the system, enhancing its miscibility compared to full IPNs due to the 

relative freedom of movement of the non-crosslinked polymer 70.  

The introduction of additional network to a polymer has been observed to improve the mechanical 

properties of the resulting mixture 68,70, but the effect is generally limited to a certain limit after the 

mechanical properties are observed to be worse than the original material (Figure 10). In this way, 

IPN is quite analogous to composite material, in which similar effect is encountered. 

 
Figure 10. Strength properties of IPNs based on networks of nitrile rubber and a fluoropolymer 71. 

Semi IPNs’ morphology has attracted researches into developing it for mechanical actuators, as the 

actuation strength and breakdown strength is improved compared to the neat polymers 72. Another 

application of semi IPNs that are of interest to this project is the application for self-healing 

polymers. The healing, in semi IPNs systems, occurs when cracks are bridged by the diffusion of non-

cross-linked chains, with the cross linked component providing structural integrity. 70. 

1.5 Self-healing Polymeric Materials 

Self-healing materials are materials that are able to undergo partial or complete repair of recovery 

of their mechanical properties in a damage event 73. Self-healing polymers are expected to have 

intrinsic capability to recover their load transferring ability after a damage that has been caused by 

external forces applied to the material. Such recovery can occur autonomously or be activated by an 

external stimulus (e.g. radiation), which is the case of non-autonomous self-healing 74. The concept 

of self-healing polymeric materials has been put forth from as early as the 1980s, during the 

investigation of the welding and self-healing capability of poly(methyl methacrylate) (PMMA) and 

styrene-acrylonitrile (SAN) resin 75. The research discovered that thermal healing in those two types 

of polymers can be achieved by subjecting the materials to temperature above their Tg, where 

physical links between molecular coils were established across the broken interfaces by 

interdiffusion 75. The same research also found that vacuum drying of the sample and the reduction 

of the damaged surface area (by polishing) seem to reduce the speed of interdiffusion 75. 
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The strategy for self-healing material can be split into two general categories: extrinsic and intrinsic 

approach. Extrinsic approach refers to the use of foreign material (such as embedded healing 

agents) to achieve the material healing, while the intrinsic approach utilizes the material inherent 

properties stemming from specific chemical groups grafted to the polymer 26. Both approaches have 

their own advantages and disadvantages: the main strength of extrinsic approachi s that the repair 

can take place in a completely autonomous fashion 52, while the disadvantage is directly related to 

its advantage: the external healing agent will start to deplete after each healing event, reducing the 

healing efficiency over time. On the other hand, the intrinsic self-healing approach tends to require 

external stimuli in form of mechanical, thermal, electrical, optical, or other form of stimuli such as 

pH changes or the presence of redox agents while theoretically able to carry out self-healing 

throughout the materials’ lifetime 76.  

Ideally, self-healing polymers are expected to be able to continuously repair and restore both their 

structural and mechanical properties over the duration of use 74. Due to the huge number of 

properties that can be restored by self-healing materials, Wool and O’Connor developed a non-

specific equation that can be used to describe the healing efficiency of different self-healing material 

systems 77: 

As mentioned in the Composite Material subchapter, the feasibility of developing a smart polymer 

matrix composite with the ability to repair cracks caused by thermal and mechanical loading has 

been investigated by impregnating hollow fibres with sealing chemicals and coating the surface of 

said fibres with polymers 50. The resulting composite materials were found to have the ability to seal 

microcracks and repair damaged interfaces. The hollow fiber concept was further refined by 

dispersing catalyst and microcapsules containing a healing agent within the polymer matrix. In this 

system, healing is accomplished when crack ruptures the embedded microcapsules, releasing 

healing agent into the crack plane through capillary action (Figure 11). Polymerization of the healing 

agent is triggered by contact with the embedded catalyst, bonding the crack faces together 51. 

 
Figure 11. Video sequence showing the rupture and self-healing process using a microcapsule impregnated 

with healing agent. Red dye was added for visualization. The elapsed time from the left to right image is 1/15 
second. Scale bar, 0.25 mm 52. 

While both thermoplastic and thermoset materials are able to exhibit self-healing capability with 

proper treatment and composition, thermoset may be a slight disadvantage in terms of self-healing 

due to the rigidity and thermal stability: they have minimum chain mobility, the material property 

that is widely utilized for self-repair in thermoplastics 73. However, this apparent disadvantage can 

be circumvented simply by changing the approach to self-healing in thermosets. 

The previously-mentioned papers utilized two of the more suitable method of self-healing for 

thermosets: hollow-fiber impregnated with healing agent and microencapsulation 50,51. Another 

approach that can be applied to self-healing thermoset materials is by using polymers with 

thermally-reversible cross-linkages 18,25,28,30-32,73. In principle, using thermally-reversible cross-linkages 

could create self-healing materials that can be repaired infinite times, albeit with the trade-off of 
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requiring an external stimulus to initiate the healing process. Plaisted et al. 77, incorporated copper 

wire and coils into a polymer matrix, allowing the self-healing process to be triggered electrically. 

This approach shows that electrical self-healing can be applied using relatively simple manufacturing 

process. 

For thermally-reversible and healable thermosets, one of the more widely-investigated crosslink 

strategy is the achieved through Diels-Alder (DA) reaction, which is capable of undergoing a reverse 

(rDA) reaction at sufficient temperature 18. The reaction has been applied to the patent of cross-

linked thermally reversible polymers in 1969, which claimed that the material was suitable for plastic 

replacement and adhesives 78. Araya-Hermosilla et al. 31, reported successful self-healing capability of 

a polymer containing both reversible covalent (DA/rDA) and hydrogen bonding by modifying 

alternating aliphatic polyketone (PK) into new polymers containing furan and/or amine groups by 

using the Paal-Knorr reaction. The same research also suggested the possibility of using -OH 

containing moieties as hydrogen donors to avoid any unwanted side reaction occurring between 

amine groups and any unreacted carbonyl groups. 

 
Figure 12. (A) Photograph of the polyketone-furan/bismaleimide/MWCNTs composite sample connected to 

the electrical circuit and its thermal images, (B) before and (C) during application of a voltage of 35 V 31. 

The DA/rDA sequence has also been proven to work in a thermoset system that utilizes electricity as 

the stimulus for self-healing. In a similar vein with the work done by Plaisted and his group, Araya-

Hermosilla, et al., introduced multiwalled carbon nanotubes (MWCNT) to act as both reinforcement 

and electricity-conducting network in a matrix composed of alternating aliphatic polyketone grafted 

with furan groups via Paal-Knorr reaction and cross-linked with bismaleimide 30. The composite was 

prepared by a one-pot solvent-mix containing equimolar amount of polyketone functionalized with 

furan and bismaleimide (ratio 1:1 between furan and maleimide groups) and 5 wt. % of MWCNTs, 

resulting in an intrinsically self-healing thermoset/MWCNT nanocomposite capable of recovering 

structural damage by means of thermally reversible Diels-Alder links activated by electrical current. 

Thermal imaging in the referred work clearly indicates the conductivity of the sample, which in turn 

produces heat in form of resistive heating. The so-called Joule effect triggers the reconnection of 

decoupled DA adducts to recover the mechanical properties of the sample (Figure 12) 30. 

Another approach that has been investigated for intrinsic self-healing is the use of interpenetrating 

polymer network (IPN), where the linear polymer was hypothesized to be able to assist with the self-

healing process by diffusing into the microcracks 69. The hypothesis was investigated with the 

conclusion that while the healing efficiency remains similar or slightly worse than polymer without 

added IPN, the addition of IPN in the polymer system increased the efficiency of subsequent healing 

processes compared to non-IPN 69. 
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1.6 Objective 
Previous research on intrinsically self-healing polymer utilizing polyketone modified with furan and 

aminopropanol moiety has discovered that it is indeed possible to create a thermally reversible 

polymeric material that activates the self-healing mechanism through resistive heating, although 

said research did not systematically investigate the effect of different composition of the chemical 

moieties or crosslink density. Thus, this thesis will delve deeper into the characteristics of 

composites with different crosslink densities and ratios between polyketones containing furan or 

aminopropanol moieties. 

The thesis aims to investigate the effect of utilizing a combination of reversible Diels-Alder and 

hydrogen bonds to create a non-autonomous self-healing polymeric material. Polyketone 

functionalized with furan groups will be reacted with bismaleimide to allow for Diels-Alder reaction 

to form crosslink networks. The formed Diels-Alder adducts allow for reversible opening/closing 

reaction and has been proven to facilitate the preparation of thermally reversible polymers. 

The material will be reinforced with carbon nanotubes to improve the mechanical properties and 

allows the self-healing process to be triggered by electricity.  

The thesis will be divided into two major parts; in the first part, functionalization of polyketone with 

furan will be carried out to create the material which will be used as matrix. The second part will 

deal with the characterization of the composite made by different compositions of polyketone-

furan, polyketone-aminopropanol, bismaleimide and carbon nanotubes. Further investigation on the 

self-healing effect as a function of composition and electrical properties will be carried out.  
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2. Experimental Methods 

2.1 Materials 

The alternating aliphatic polyketone used has a total olefin content of 30 % of ethylene and 70 % of 

propylene (PK30, MW 2670 Da) 17,19,25,27. Furfurylamine (Aldrich, ≥ 99 %) was distilled before used. 3-

amino-1-propanol (Acros), multi-walled carbon nanotubes (Sigma-Aldrich, O.D. 10-15 nm; I.D. 2-6 

nm; length 0.1-10 µm, >90% carbon)), (1,1-(methylenedi-4,1-phenylene) bis-maleimide (Sigma-

Aldrich, 95 %), tetrahydrofuran (Boom B.V., analytical grade), chloroform (CHCl3, Laboratory-Scan, 

99.5 %), deuterated chloroform (Sigma-Aldrich 99.8 atom % D), toluene, and polyketone 

functionalized with 3-amino-1-propanol at 80% conversion (PK30AP80) were used as received.  

2.2 Methods 

2.2.1 Paal-Knorr Functionalization of Polyketone 

Polyketone was prepared according to a previous research 14 and functionalized with furfurylamine 

via the Paal-Knorr reaction to act as the matrix for the composite 17. All the resulting polyketones 

were given coded names according to the following convention: PK30 FU (from furfurylamine) ##, 

where ## refers to the percentage of moiety converted from the original polyketone group (Table 1). 

Table 1. Composition of polyketones functionalized with furfurylamine group. 

No. Material Conversion (%) PK30 mass (g) FU mass (g) 

1 PK30FU20 20 20 2.9519 

2 PK30FU40 40 20 5.9039 

3 PK30FU60 60 20 8.8559 

4 PK30FU80 80 20 11.8079 

 

The polyketone functionalization process is based on the procedure that has been previously 

developed 17.  20 g of polyketone was prepared in a 250 ml glass reactor  equipped with an U type 

impeller and heated using an oil bath at 110 °C to allow the polyketone to liquefy. Once the 

temperature was reached, the stirrer was activated at 600 rpm. Furfurylamine were added dropwise 

in the first 20 minutes of the stirring, and the reaction was left to take place for 4 hours. The 

resulting products were then allowed to cool to room temperature before being doused with liquid 

nitrogen and pulverized with a mortar and pestle, producing a functionalized polyketone powder 

except for PK30FU20, which remained as a very viscous liquid. The ground polymer powder were 

then washed using Milli-Q water by stirring it for 15 minutes, repeated 3 times in order to remove 

any leftover amine compounds.  

After filtering, the materials were freeze-dried for 72 hours, resulting in a powder in different shades 

of orange-brown color, which depended on the degree of conversion and material used. 

2.2.2 Diels-Alder reaction and Interpenetrating Polymer Network preparation 

Polymers grafted with furan groups were reacted with bismaleimide at an equimolar amount with 

the furan groups and mixed with different amounts of PK30AP80 using chloroform as solvent (with 

the polymer mixture’s weight set to be 10% of the amount of solvent used). Additionally, multi-

walled carbon nanotubes were added at 5% of the polymer mixture’s weight to improve the 

material’s mechanical modulus and facilitate electrical conduction 31. 
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All components were mixed inside a round-bottom flask and dissolved in chloroform which 

comprised of roughly 90% of the mixture’s total mass (Table 2) and sonicated for 30 minutes. After 

sonication, the mixtures were then stirred for 24 h at 350 RPM in an oil bath set at 50 °C.  

Table 2. Composition of various samples used in the experiment. 

No. Code 
PK30 

FU## % 

PK30 

AP80 % 

PK30 FU## 

Mass (g) 

PK30 AP80 

Mass (g) 

BMa 

Mass (g) 

CNT 

Mass (g) 

1 PK30FU80AP80 – A1 90 10 1.6 0.1778 1.2714 0.1516 

2 PK30FU80AP80 – A2 50 50 1.1 1.1 0.8741 0.1537 

3 PK30FU60AP80 – B1 90 10 1.7 0.1889 1.0120 0.1451 

4 PK30FU60AP80 – B2 50 50 1.1 1.1 0.6548 0.1427 

5 PK30FU40AP80 – C1 90 10 2.0 0.2222 0.7946 0.1508 

6 PK30FU40AP80 – C2 50 50 1.25 1.25 0.4967 0.1498 

7 PK30FU20AP80 – D1 90 10 2.3 0.2556 0.4569 0.1506 

8 PK30FU20AP80 – D2 50 50 1.35 1.35 0.2682 0.1484 

 

Afterwards, the resulting mixtures were dried in a vacuum oven at 50 °C for 24 hours. The resulting 

products were doused with liquid nitrogen to induce brittleness and ground with mortar and pestle.  

2.2.3 Bar preparation 

500 mg of the powder acquired from the Diels-Alder reaction were weighed and poured into a 

stainless steel mold lined with Teflon paper. The powders were then pressed using Schwabentan 

Polystat 100T with its operating condition set to 150 °C, 40 bar pressure for 30 minutes to form 

rectangular bars with rounded ends, with dimensions of 54 mm x 6 mm x 1 mm. The bars were 

allowed to cool down to room temperature and stored for further testing. 

2.2.4 Characterization 

The elemental analysis of the polymer samples was done using Euro EA elemental analyzer. 1H NMR 

analysis was carried out using Varian Mercury 400 MHz Spectrometer with deuterated chloroform as 

solvent. ATR-FTIR spectra were recorded using Nicolet iS10 FT-IR spectrometer and analyzed with 

the Thermo Fisher OMNIC software. GPC measurements were done by dissolving the sample in THF 

spiked with toluene at a concentration of 1 mg/ml. The prepared samples were then analyzed using 

Hewlett Packard Series 1100 with elution rate of 1 ml/min at 40 °C. Polystyrene was used as 

standard and the software used to analyze the data was PSS WinGPC UniChrom. TGA analysis was 

done using Mettler Toledo TGA/SDT851 with nitrogen as inert gas, at temperature range of 20 to 

700 °C, with heating rate of 10 °C/minute. TGA data analysis was done using STARe Evaluation 

Software. DSC analysis was done using Perkin Elmer DSC 7 with nitrogen as inert gas. Around 10-15 

mg of the polymer samples were weighed and sealed inside aluminum pan. The samples were then 

subjected to temperature cycles where they were heated from 20 to 180 °C at a heating rate of 

10 °C/minute before being cooled back to 20 °C for 3 times: first cycle was carried out to erase the 

material’s thermal history, and the data used was from the second and third cycle. Electrical 

resistance test was carried out by clamping one piece of the bar between two copper electrodes and 

measuring the resistivity on the samples. 

2.2.5 Healing Test 

The healing process was done by thermal and electrical method. The thermal healing experiment 

involves reattaching broken bars by matching the broken pieces with each other, inserting them into 

the mold used in the original bar preparation method followed by pressing under the same 
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conditions: 150 °C, 40 bar pressure for 30 minutes of pressing. Similar attempts to re-attach broken 

bars were also carried out with the bars held by copper clamps on an aluminum rail, ensuring good 

contact between the broken pieces. The second thermal healing tests performed, involves scratching 

the surface of the bar pieces with a scalpel followed by heating using oven set to 150 °C and 

electrical current to start the rDA reaction. Afterwards, the scratched pieces were observed under 

microscope and checked for the presence of the original scratch.  

2.2.6 Reworkability Test 

Some of the bars that has been tested were broken, doused with liquid nitrogen, and ground into 

powder. From this powder, similar procedures to the bar preparation and characterization were 

performed to analyze the effect of the processes had on the chemical composition of the material. 
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3. Results and Discussion 
3.1 Paal-Knorr Functionalization of Polyketone 

The Paal-Knorr reaction between polyketone and amine compounds was carried out according to 

the reported procedure 17,31 at different molar ratios between the polyketone and furfurylamine 

with the maximum conversion target of 80% for the carbonyl groups as reported in literature 18. The 

result of polyketone functionalization is listed in Table 3. 

Table 3. Results of polyketone modification with furfurylamine. Expected C%, N% and XCOThe were based on 
reported literatures 26,28. XCOObs was acquired based on the observed and expected C%. Mn, Mw, and Ɖ-value 

were acquired from GPC characterization. 

No. Polyketone 

Elemental Analysis 
XCO

The 
(%) 

XCO
Obs 

(%) 
η 

(%) 
Mn 

(103) 
Mw 

(103) 
Ɖ Observed Expected 

C% N% C% N% 

1 PK30FU80 72.90 5.82 75.79 6.21 80 77 96 3.05 6.44 2.1 

2 PK30FU60 71.02 4.91 74.17 4.99 60 57 96 3.25 6.95 2.1 

3 PK30FU40 56.66 4.34 72.29 3.59 40 31 78 3.27 7.52 2.3 

4 PK30FU20 64.37 1.88 70.09 1.95 20 18 92 3.48 8.69 2.5 

 

The relatively high conversion efficiency is a proof on the high yield produced by the Paal-Knorr 

reaction. The efficiency observed during this project was similar with the previous research utilizing 

similar process 17,26,28, indicating a successful functionalization across the samples except for the 

lower efficiency for PK30FU40. The cause of the lower conversion efficiency was not immediately 

clear, but possibly caused by a long period between furfurylamine distillation and functionalization 

reaction 31.  

1H NMR analysis (Figure 13) suggests that the Paal-Knorr reaction has managed to attach 

furfurylamine to the polyketone. Peak (1) at 5.6 ppm indicates the presence of pyrrole ring, while (2)  

at 4.9 ppm represents the –CH2 group attached between pyrrole and furan groups. (3), (4), and (5) at 

roughly 6, 6.25 and 7.16 ppm corresponds with the protons contained within the furan group 

attached to the pyrrole ring 17. Unfortunately, the solvent used for the 1H NMR (CDCl3) also gives 

signal at 7.16 ppm, skewing the intensity of the resulting signal. 

 

Figure 13. (A) 1H NMR spectra of polyketone functionalized with furfurylamine at 80% conversion (PK30FU80). 
(B) The chemical structure of polyketone with furan group attached. Both (A) and (B) have numerical 

annotation which relates the signal with its respective structure. 

The NMR analysis is further supported by results from ATR-FTIR analysis of the same sample (Figure 

14). Signals from pyrrole ring appeared at 3114 cm-1 and 1597 cm-1, while the attached furan 
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groups were detected at 3150 cm-1 and 737 cm-1 78. Across all the polyketone functionalized with 

furfurylamine, the previously-mentioned signals consistently appear, albeit at different intensity 

(see Appendix A for the rest of the characterization). This suggests that the functionalization 

process has indeed been successfully carried out. 

 

Figure 14. ATR-FTIR spectra of polyketone functionalized with furfurylamine at 80% conversion (PK30FU80). 

3.2 Diels-Alder Reaction and Interpenetrating Polymer Network Preparation 

Once the characterization of functionalized polyketone has been completed, the samples were 

reacted with bismaleimide and combined with PK30AP80 using chloroform as solvent for 24 hours at 

50 °C to create the desired composite polymer. Again, after the process has been carried out, the 

sample was characterized with ATR-FTIR to monitor for the DA cycloaddition 78, and DSC to look into 

the samples’ thermal reversibility (and by extension, its recyclability). 

 

Figure 15. ATR-FTIR spectra of PK30FU80AP80 with different ratio between PK30FU80 and PK30AP80: A1 (90% 
PK30FU80, 10% PK30AP80) and A2 (50% PK30FU80, 50%PK30AP80).  

The presence of a spectral band of C-N-C DA adduct at 1185 cm-1 confirms that there is Diels-Alder 

cycloaddition in the finished product 31. As can be seen from the spectra (Figure 15), the relative 

height of the C-O stretch corresponds to the amount of DA bond formed between furan and 
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maleimide groups 26. Unlike in the previous works, the molar ratio between furan and bismaleimide 

in this research is not systematically changed; they remain at 1:1. Only the amount of furan group 

attached to the polyketone backbone and also the ratio between PK30FU## and PK30AP80 are 

changed, as outlined in the experimental section. 

Thermal behaviour of all the samples were also analyzed using TGA and DSC. TGA analysis was done 

using nitrogen as inert gas, at temperature range of 20 to 700 °C, with heating rate of 10 °C/minute 

(Figure 16). 

 

Figure 16. TGA thermogram of crosslinked polyketone composites A1 and A2. 

The TGA result shows more relevant degradation of the sample containing lower degree of furan 

group, reinforcing the idea that furan groups can be attached to the surface of carbon nanotubes 26. 

The degradation of both samples itself starts at around 100 °C, most likely caused by the presence of 

residual water. 

DSC tests were done by subjecting the samples into three thermal cycles from 20 to 180 °C, at the 

heating rate of 10 °C/minute. As the first cycle’s was meant to erase the material’s thermal history 

acquired by preparation 26, only the data from second (labeled Cycle 1) and third cycle (labeled as 

Cycle 2) will be presented (Figure 17). 

 

Figure 17. DSC thermogram of crosslinked sample A1 (PK30FU80AP80, 90%/10% composition). 
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The instantly noticeable fact is that both cycles are very similar to each other, with slightly different 

peak at starting at around 110 °C to 180 °C. This indicates a very good thermal reversibility of the 

sample, although the slight difference in the peak shows that it is not 100% reversible. There are 

some possible explanations: some of the material was suspected to undergo aromatization, reducing 

the amount of reversible bonds present when it is subjected to a sufficient temperature 26. Another 

possible cause of the changes was the formation of the unstable endo conformation of the Diels-

Alder adduct as opposed to the desired exo conformation, which are stable and can undergo reverse 

Diels-Alder reaction when heated 26. 

The enthalpy required to carry out the reverse-DA reaction can be correlated with the amount of DA 

adduct present in the system. To confirm this, the area under the curve was calculated and 

normalized with the amount of PK30FU## (Figure 18), as PK30AP80 is not seen to facilitate 

crosslinking and would not have contributed to the enthalpy of the Diels-Alder reaction. Only the 

curves from sample A1’s two cycles are shown here for brevity. 

 

Figure 18. Area calculation to determine the effect of PK30AP80 on the enthalpy of Diels-Alder reaction within 
the system. Only sample from A1 was shown during the first (A) and second (B) heating cycle. 

The enthalpy calculation showed an average of 13.70 J/g FU on the first cycle, which decreased to 

7.95 J/g FU on the second cycle, a 44% decrease compared to the first thermal cycle. Again, this 

opens the possibility that some of the DA bond undergoing aromatization which reduces the number 

of bonds that can undergo the DA-rDA reaction, or that the resulting DA bond forms an endo instead 

of exo conformation and disrupting the reverse Diels-Alder reaction. 

In order to confirm the composites’ conductivity and their ability to convert electricity into heat 

(also known as resistive heating), the bars were clamped on each end to a copper clamp and had 

current set to run through them. An infrared camera was then used to check each bar’s temperature 

(Figure 19). 
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Figure 19. (A) Photograph of the bar set up to conduct electricity, (B) thermal image of the bar with electrical 
current running at V = 30 volt. 

Previous research has managed to induce self-healing in a similar system by keeping a current 

supplied by 35 volt overnight, which results in a redistribution of MWCNT aggregates as confirmed 

by SEM 26. 

Each bars’ resistivity were measured to find the correlation between the composition of the bar and 

the effect it has on electrical properties. It was postulated that higher furan content will lead to 

better conductivity in the sample, as the previous report has stated that furan is able to attach to 

MWCNT by forming crosslinks 26 which in turn allow for a more even distribution of MWCNT 

throughout the sample, allowing it to have better electrical conductivity. It was found that for both 

ratios of PK30FU ## to PK30AP80, higher presence of furan moiety does correspond to higher 

conductivity (or in the other way around: lower resistivity) of the sample (Figure 20).  

The anomalous reading on PK30FU60 – PK30AP80 50%/50% composition on Figure 20.B could be 

attributed to the poor quality of the sample; at the time resistivity measurements were carried out, 

most of the samples from that particular composition has been used for self-healing tests which 

would have changed their morphology. Ignoring the value of that measurement, it can be seen that 

the other 3 values follow the same trend as its counterpart on the 90%/10% composition. 

 

Figure 20. (A) Resistivity of electrical bar containing 90% PK30FU ## and 10% PK30AP80 based on the PK 
degree of conversion and (B) resistivity of electrical bar containing 50% PK30FU ## and 50% PK30AP80 based 

on the PK degree of conversion. 

This result shows that there is an indirect correlation between dispersion of MWCNT and electrical 

resistivity. In the future, this could be a topic to be investigated further or even applied in 

experiments as a mean to create electrical sensor. 



 

23 
 

3.3 Healing Test 

Previous studies have discovered that polyketone which has been functionalized using furfurylamine 

crosslinked wit bismaleimide, or 3-amino-1-propanol (or the combination of both in a single 

polyketone backbone) can exhibit self-healing when exposed to sufficient temperature 18,26. The 

attempt to create a mixture containing two different polymer, is therefore, quite novel in this 

theme’s context. The samples were broken and healing process were attempted using several 

different methods. 

The first trial consists of assembling the broken pieces back into the mold followed by reapplying the 

initial processing condition of 150 °C and 40 bar of pressure for 30 minutes. This results in a mended 

bar which visually shows no sign of damage (Figure 21). 

 

Figure 21. Broken bar of sample B1, which fell during processing. No picture of original sample is available. (A) 
Its shape before, and (B) after the healing process using Schwabentan Polystat 100T. 

The bar re-welding tests were also conducted using electricity: each pieces of broken bars were 

clamped and matched, and pressed together using the aluminum rail. Roughly 50 volt of electricity 

were then flowed to achieve the temperature of 120 °C, in which the rDA reaction can begin to 

soften the bar, theoretically allowing for reptation of the polymer chains to begin as the starting 

point for the healing process. The attempt was met with failure however, as among all the 8 

available samples, none managed to reattach the two sides where the breaking occurs. One possible 

explanation of the failure was the very low pressure applied to press the two faces together, 

preventing anything other than reptation at the surface of the cracked faces to take place between 

the gaps of the two bars, and causing interdiffusion of the polymer chains between the two faces 

not to occur. 

Similar to the rewelding test, the scratch healing place was carried out using both heat and 

electricity. The bars’ surface was scratched with a scalpel, and healed both oven set to 150 °C over a 

period of 24 hours, and with electrical current running through the sample with differing voltage to 

achieve a temperature of 120 °C where the rDA reaction is predicted to have already taken place 

albeit at a slower rate. Temperature of electrical healing was monitored using IR thermal camera. 

The self-healing efficiency was not quantitatively measured, and only evaluated visually with the 

assistance of an optical microscope at 200x magnification. 

The thermal healing process (Figure 22) has shown that the material does heal minor surface 

damage, albeit with some residual damage still partially visible on the surface. Using pieces of bar 

broken from a failed tensile test evaluation, the notches from the clamp were also successfully 

removed (visible on the left hand side of picture Figure 22 (D) and (E)). 
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Figure 22. Microscopic image of the PK30FU20AP80 with 90%/10% composition (D1) bar at 200x magnification 
(A) before, (B) after damage, and (C) after subjected to 150 °C treatment in oven for 24 hours. Photograph of 
actual sample bar are given (D) with the damage visible, and (E) after the healing process. Red arrows were 

used to indicate points of interests. 

The electrical surface healing tests were carried out using a similar setup seen in Figure 19 with a 

considerably shorter bar leftover from a failed tensile test, with surface damage introduced using a 

scalpel (Figure 23). The electrical healing test failed to produce any significant changes however, 

with no real repair taking place even when viewed at 200x magnification. This is at odds with the 

previous finding in which resistive heating were able to restore, even improve the mechanical 

properties of the bars 31. 

One possible explanation was the work mentioned above used the healing process to repair internal 

damage which appear after the bars have been tested using DMTA, allowing for a much smaller 

cracks to occur within the structure as opposed to the surface scratches which are visible with naked 

eye 31. Another plausible explanation is that a huge, centralized damage as in the case of surface 

scratches may simply require more time to heal compared to internal microcracks 77,79. 

 

Figure 23. Photograph of PK30FU80AP80 with 90%/10% composition: (A) broken sample bar and (B) with the 
damage and after the electrical healing. Microscopic image of the bar at 200x magnification (A) before, (B) 

after damage, and (C) after subjected to 120 °C treatment from electrical current for 24 hours. 
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3.4 Reworkability Test 

Similar to healing test, the reworkability test also investigates the composite’s ability to reform into 

its original state after being destroyed by grinding. This is tied to the material’s recyclability once the 

original product has outlived its usefulness.  

 

Figure 24. Comparison of ATR-FTIR spectra of PK30FU20AP80 50%/50% on the original and reworked bar. 
Several peaks that undergo notable change are: Vs

C=O at 1707 cm-1; Vs
C=C 1507 cm-1; Vs

N-C at 1345 cm-1; and Vs
C-

N-C at 1185 cm-1. 

In almost all the cases, the magnitude of the signals from reworked materials were lower from its 

original material (Figure 24); this may indicate a degradation of the original sample, results in a 

worse mechanical properties which would deem the material to have a low recyclability. At 

macroscopic level, all the materials show no significant visual differences between the samples 

before and after rework. However, without actual mechanical testing, the ATR-FTIR were only able 

to give indication, not a definite comparison that the material’s mechanical properties are actually 

worse after being reworked.  
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4. Conclusion & Recommendations 
In this project, we have managed to synthesize an intrinsically self-healing nanocomposite material 

utilizing a combination of Diels-Alder reversible reaction and hydrogen bonding to facilitate the self-

healing, with multi-walled carbon nanotubes added as reinforcement to the mixture. The 

preparation of the material was followed by systematic investigation into the effect of different 

composition on the electrical and self-healing properties. 

Characterization results from NMR, ATR-FTIR, elemental analysis and GPC have confirmed a 

successful incorporation of furan groups into a polyketone backbone at different conversion to 

ensure significant changes in the resulting composite. 

ATR-FTIR analysis confirmed the presence of C-N-C Diels-Alder adduct, indicating a successful 

crosslinking reaction. TGA thermogram showed that samples which contain less furan group exhibit 

more degradation, indicating that polyketone functionalized with furan groups are able to be 

attached to MWCNT, resulting in an increased thermal stability. DSC analysis further confirms the 

thermally-reversible nature of the resulting polymer, as proven by the thermogram from the analysis 

which almost perfectly overlaps with each other across all samples. 

Enthalpy calculation from the DSC thermogram shows that there is a reduction in enthalpy from one 

cycle to the next. The two possible causes would be that some of the material undergoing 

aromatization at higher temperature, or that the Diels-Alder adduct that formed / reformed were of 

the endo conformation, which is unstable as opposed to the stable and thermoreversible exo 

conformation. 

The electrical property test also found that in most of the sample, the resistivity (ρ) of each 

composition is inversely correlated with the amount of polyketone functionalized with furan group. 

Furan group’s ability to form crosslinks with MWCNT is suspected to be the cause of this behaviour 
31. Higher presence of furan group would allow the MWCNT to be dispersed better in the composite 

during mixing, leading to an overall better conductivity in the sample. This can lead to using 

resistivity measurement as an indirect way to measure the dispersion of MWCNT in a composite, 

something that could be useful for future research into similar topic. 

Self-healing and reworkability tests both showed that the composite were able to be healed and 

reshaped into its original form using heat yet shows minor changes when the repair process was 

attempted using joule heating. One difficulty encountered during the self-healing test was the 

inability to induce uniform damage on all the samples. The material shows significant difference 

when analysed with ATR-FTIR, possibly caused by degradation of the material itself. 

In the end, this thesis managed to systematically analyse the effect of different composition on the 

self-healing capability and electrical properties of a self-healing thermoset nanocomposites based on 

physical and thermally-reversible linkages. It was discovered that the composition affects the 

resistivity of the composite, likely caused by the difference in MWCNT dispersion in the composite 

material. This leads to the possibility of tailoring the material to have specific electrical resistivity 

based on its composition, for use as part of a sensor equipment or as a part of the electrical circuit 

itself. 

In the future, a more thorough and systematic investigation into the mechanical properties would be 

an interesting research to look into. Another possible course of investigation would be to introduce 

different conductive material into the mixture such as metal fibres, in order to compare the cost and 

effectiveness of the resulting composite. 
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Appendix A – NMR Spectroscopy Result of Functionalized Polyketones 

 

Figure 25. 1H NMR Spectrogram of polyketone functionalized with furfurylamine at 80% conversion. 

 

Figure 26. 1H NMR Spectrogram of polyketone functionalized with furfurylamine at 60% conversion. 
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Figure 27. 1H NMR Spectrogram of polyketone functionalized with furfurylamine at 40% conversion. 

 

Figure 28. 1H NMR Spectrogram of polyketone functionalized with furfurylamine at 20% conversion. 
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Appendix B – ATR-FTIR Spectra of Functionalized Polyketones 

 

Figure 29. ATR-FTIR spectrogram of PK30FU80. 

 

 

Figure 30. ATR-FTIR spectrogram of PK30FU60. 
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Figure 31. ATR-FTIR spectrogram of PK30FU40. 

 

Figure 32. ATR-FTIR spectrogram of PK30FU20. 


