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Building waste and disposable packaging are a major component in today’s 

landfills. Most of these are structural or thermally insulative polymer foams that do not 

degrade over a long period of time. Currently, there is a push to replace these foams with 

thermoplastic or biodegradable foams that can either be recycled or composted. We 

propose the use of compostable soy-based polyurethane foams (PU) with kenaf core 

modifiers that will offer the desired properties with the ability to choose responsible end-

of-life decisions. The effect of fillers is a critical parameter in investigating the thermal 

and mechanical properties along with its effect on biodegradability. In this work, foams 

with 5%, 10%, and 15% kenaf core content were created. Two manufacturing 

approaches were used: the free foaming used by spray techniques and the constrained 

expansion complementary to a mold cavity. Structure-property relations were examined 

using differential scanning calorimetry (DSC), dynamic mechanical analysis (DMA), 

thermal conductivity, compression values, scanning electron microscopy (SEM), x-ray µ-

computed tomography (µ-CT), and automated multiunit composting system (AMCS). The 

results show that mechanical properties are reduced with the introduction of kenaf core 

reinforcement while thermal conductivity and biodegradability display a noticeable 

improvement. This shows that in application properties can be improved while 

establishing a responsible end-of-life choice.  
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CHAPTER 1  

MOTIVATION AND OUTLINE 

Building and construction grade insulation has changed over the last couple of 

decades in order to meet environmentally set standards. Modern buildings are reducing 

their overall energy consumption through low thermally conducting insulation. Packaging 

materials also have similar requirements in order to keep the contents of the package in 

good condition. Building waste and disposable packaging are a major component in 

today’s landfills. Most of these are structural or thermally insulative polymer foams that 

do not degrade efficiently or in a short period of time. The CO2 that is slowly emitted 

from these landfills is contributing to the global average causing ozone depletion and 

climate change.  

Currently, there is a push to replace these foams with thermoplastic or 

biodegradable foams that can either be recycled or composted. Several different oils and 

proteins from unique sources such as soybeans, wheat, castor, and sunflower have been 

proposed and used through a variety of applications. However, most of the materials and 

foams to not meet the needed parameters or industry standards that have been set up 

by the regulatory committees (ASTM, ISO, UL, etc.). 

This work proposes the use of compostable soy-based polyurethane foams (PU) 

with kenaf core modifiers for packaging and building insulation. The effect of fillers is a 

critical parameter in investigating the thermal and mechanical properties along with its 

effect on biodegradability. This composite material will offer the desired properties with 

the ability to choose responsible end-of-life decisions. These choices have significant 
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impact on the planet and are as simple as putting waste in a composting pile for later 

agricultural use rather than a landfill. 

In this work, foams with 5%, 10%, and 15% kenaf core content were created. 

Two manufacturing approaches were used: the free foaming used by spray techniques 

and the constrained expansion complementary to a mold cavity. Structure-property 

relations were examined using differential scanning calorimetry (DSC), dynamic 

mechanical analysis (DMA), thermal conductivity, compression values, scanning electron 

microscopy (SEM), x-ray µ-computed tomography (µ-CT), and automated multiunit 

composting system (AMCS). The results show that mechanical properties are reduced 

with the introduction of kenaf core reinforcement while thermal conductivity and 

biodegradability display a noticeable improvement. This shows that in application 

properties can be improved while establishing a responsible end-of-life choice. 
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CHAPTER 2  

LITERATURE REVIEW 

2.1. Introduction 

2.1.1. Problem 

It is understood that in order for housing not to be energy-intensive, they must be 

equipped with good insulative layering. If this is not done, energy consumption and 

environmental impacts increase and, additionally, the indoor thermo-hygrometric comfort 

would deteriorate and worsen. It is, therefore, necessary to opt for properly insulated 

buildings by choosing appropriate technical solutions and materials. This would allow for 

several advantages, such as: thermal energy dispersion reduction in winter and summer; 

internal surface temperatures control; condensation phenomena control, etc. (Cabeza et 

al., 2010). 

Another niche use of polyurethane insulation and foams is automotive, where a 

high volume of vehicles are increasingly expanding the use of insulation to minimized 

road noise, increase the quality of their sound system and support the passengers with 

foamed cushions seats (Blömeling, Gnädig, & Jenny, 2003; Grimmer, 1995; McEvoy, 

1983; Scheutz, Fredenslund, Nedenskov, & Kjeldsen, 2010). In this application the life 

expectancy of the product is even less than on building materials, and still face the issue 

of what to do at the end of the life cycle.  

Additionally, the thermal stability (Li, Ren, & Ragauskas, 2010), shape flexibility 

(Selle, Krueger, Hein, & Box, 2005) and shock absorbance (Brusewitz & Bartsch, 1989; 

Chonhenchob & Singh, 2005) had positioned polyurethane foams as the main packing 
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product by volume, especially on a large scale of produce packing where the use of paper 

based wraps accelerate the ripening of the fruit. Other packings and protective envelopes 

for electronic components shipping had been led by the soft foams (Qiulian, Wang Kaiyi 

Gu Yingying Huang, 1997).   

As previously indicated the excellent insulation characteristics have trigger use and 

associated disposal of polyurethane foams for over 50 years. Concurrent with the phase-

out of some of the most hazardous chemicals, the production of new polyurethane 

insulation foams, such as brominated and fluorinated compounds has increased since the 

1990s. These foam compounds are commonly used in a wide range of consumer goods, 

and as consumer products reach the end of their useful lives, ultimately enter waste 

recycling and disposal systems, in particular at municipal landfills (Austin, 1991; Weber, 

Watson, Forter, & Oliaei, 2011).  Because of their very slow, or lack of degradability, this 

products will persist in landfills for many decades and possibly centuries. Over these 

extended time periods engineered landfill systems and their liners are likely to degrade, 

thus posing a contemporary and future risk of releasing large contaminant loads to the 

environment (Scheutz, Dote, Fredenslund, Mosbæk, & Kjeldsen, 2007).   New regulations 

in the manufacturing of foams had focus on chlorofluorocarbons (CFC), but we remain 

with a high volume of non-degradable landfill waste (International Organization for 

Standardization, 2006; International Organization for Standardization (ISO), 2006; ISO, 

2006; Obernosterer & Brunner, 1997). 

The various “recycling” technologies for material and chemical recycling of 

polyurethane foams materials have greatly contributed to improve the overall image 
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regarding the recyclability of polyurethanes in recent years, by far the most important 

being regrinding and glycolysis (Zia, Bhatti, & Bhatti, 2007). These innovative 

technologies open an emerging, effective and economic route for recycling polyurethane 

rigid foams and composite. Polyurethane foam in automotive seating has been 

successfully recycled using regrind technology. Glycolysis of polyurethanes can be 

economically acceptable, but still requires more development in order to tolerate more 

contamination in the post-consumer material.  But this so called recycling is not a true 

sustainable process, because the merit of the technology is to give the product a second 

life via repurposing. 

2.1.2. Current 

Then the need for alternative foam products has become a priority in several 

fronts; foams are present in two main areas: packing (food and industrial) and insulation 

(Marsh & Bugusu, 2007; Ming, Jaksts, Liu, Owman, & Leijon, 2000; Robertson, 2012; 

Siracusa, Rocculi, Romani, & Dalla Rosa, 2008; Tseng & Kuo, 2002; Villeneuve, De 

Halleux, Gosselin, & Amar, 2004).  Bio-based products are the most used and researched 

type of polymer that fulfills these needs. The term bio-based products was defined by the 

United States Secretary of Agriculture in the Farm Security and Rural Investment Act of 

2002 as a commercial or industrial product that is comprised in whole or is a majority 

fraction of biological, renewable domestic agricultural material, forestry, or and 

intermediate feedstock (Combest, 2002).  

One market that has grown exponentially is the starch-based bioplastics, where in 

1999 has been estimated at about 20,000 t/a, with a strong incidence of soluble foams 



 

13 
 

for packaging and films. Bioplastics from renewable origin, either biodegradable or non-

biodegradable, still constitute a niche market which requires high efforts in the areas of 

material and application development; the technical and economical breakthroughs 

achieved in the last three years, however, open new possibilities for such products in the 

mass markets and specifically in food packaging. 

Today bioplastics and particularly starch-based plastics are used in specific 

industrial applications where biodegradability is required. Examples are composting bags 

and sacks, fast food service-ware (cups, cutlery, plates, straws, etc.), packaging (soluble 

foams for industrial packaging, film wrapping, laminated paper, food containers), Building 

(wall insulation panels, roof panels, spray foam) (Bastioli, 2001).  

Other biodegradable plastic foams with a high content of castor oil. Firstly, castor 

oil is reacted with maleic anhydride to produce maleated castor oil (MACO) without the 

aid of any catalyst. Then plastic foams were synthesized through free radical initiated 

copolymerization between MACO and diluent monomer styrene. With changes in MACO/St 

ratio and species of curing initiator, mechanical properties of MACO foams can be easily 

adjusted. In this way, biofoams with comparable compressive stress at 25% strain as 

commercial polyurethane (PU) foams were prepared, while the content of castor oil can 

be as high as 61 weight percent.  The soil burial tests further proved that the castor oil 

based foams kept the biodegradability of renewable resources despite the fact that some 

petrol-based components were introduced (Wang et al., 2007).  Similarly, biodegradable 

composite foams were researched by extruding starch acetate, with degree of 

substitution and other methods (Fang & Hanna, 2001; Xu & Hanna, 2005). 
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A number of researchers have studied vegetable oil-based water-blown PU foams 

(Banik & Sain, 2007; Khazabi, Gu, & Sain, 2011; Petrović, 2008). The literature on foam 

characterization and properties of soy-based rigid PU foams blown by physical blowing 

agents are also available (Guo, Javni, & Petrovic, 2000) as well as for soy-based PU resins 

(Petrović, Yang, Zlatanić, Zhang, & Javni, 2007). 

2.1.3. Solution 

The current foam technology and modern blowing agents have solved the CFC 

crisis that was plaguing the foam industry along with introducing at least some level of 

degradability for a small portion of the foam market. However, they have not completely 

solved the recyclability or degradation problem because polyurethane foams do not 

degrade efficiently or in a timely manner (on the order of years rather than days) (Wang 

et al., 2007). Also, higher levels of thermal insulation are desired due to the ever 

expanding market of construction research. In this work, a soy-based polyurethane foam 

was used as the base material that is already partially degradable and has low thermal 

conductivity. In order to improve both thermal conductivity and compostability, the 

natural material kenaf core was added to create a composite structure. This work shows 

that the introduction of kenaf core into the soy-based PU foam not only improves 

insulation values but also drastically increases the biodegradation under standard 

composting conditions. The kenaf core itself is an underutilized product of extracting the 

long kenaf fibers from the bast of the plant. This also decreases the thermal conductivity 

of the composite, thus increasing the insulative properties. This is a vital property for the 

building, automotive, and packaging applications since high levels of insulation are 
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needed. This combination of soy-based polyurethane and kenaf core establishes a 

responsible and sustainable material that has excellent performance under normal 

conditions but can be disposed of in a composting pile rather than a landfill. 

2.1.4. Definition of Terms 

 In the current state of technology, terms will be confused and misinterpreted 

based on the context of the surrounding text. This list will offers to establish the 

terminology for the remainder of this thesis.  

• Degradation or Biodegradation – Refers to the mechanical and chemical 

breakdown that occurs over the course of time or with specific environmental 

conditions of a given material (typically a polymer or a natural material). This is 

more of a breakdown into components rather than a change into something else. 

• Compostability or Biocompostability – Refers to the enzymatic reactions and 

breakdown that occur under standard composting conditions as established by 

ASTM D-5338 (or similar standards) to a given material (also typically polymeric 

or natural).  

• Bioplastic – Polymeric material that can be degraded but not necessarily 

composted. This material does not have to comprise of sustainable components 

and can be synthetic oil-based.  

• Biopolymer – Polymeric material that can degrade and be composted to at least 

some degree based on the composition of the macromolecules.  
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2.1.5. Recycling, Repurposing, Biocompostability 

The term sustainability, sustainable products, and sustainable processing have 

become staple phrases in modern media due to the increased desire to make more 

environmentally friendly systems. Large environmental issues such as the Great Pacific 

Garbage Patch (GPGP) have called into question the plastic industry’s end-of-life 

responsibilities on these problems. The GPGP is estimated to be roughly the size of the 

state of Texas and has a surprisingly high plastic content (Harse, 2011). However, the 

definition of sustainable has not been discussed in detail or only parts of it have been 

used. The definition of sustainable from the Merriam-Webster dictionary is “able to be 

used without being completely used up or destroyed”, or “involving methods that do not 

completely use up or destroy natural resources”. With these definitions, industries have 

set three different methods for making sustainable products: recycling, repurposing, and 

biocompostability. 

Recycling involves taking the material system, breaking down the individual 

components, and then implementing these components back into the original processing 

line. In the polymer industry, this is most common with thermoplastics where they can 

be melted and formed back to a new product. This is attractive to many industries 

because it reduces the overall cost of raw material by imposing cost-effective partnerships 

with local and national governments to deliver the already collected material for recycling. 

However, for a few industries, like medical grade polymers, it is not possible to do this 

kind of recycling even within the factory itself. Small amounts of chain scission can occur 

during the melting, cooling, and re-melting phases that directly affect the final properties 
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of the materials. The medical community has established rules regarding the level of 

recycling that can be done for certain products such as syringes and internal piping 

(typically applications that deal with long term storage or use of fluids). These are valid 

safety concerns for both the medical professionals and patients.  

 

Figure 1 – Schematic of gyres present between North America and Asia; the GPGP is 
located in the convergence zone north of the Hawaiian islands (National Oceanic and 
Atmospheric Administration) 

Repurposing, as the name implies, takes the old product out of the initial 

application and repurposes it for a secondary environment. This is less common than 

recycling because it can be difficult to find alternative applications for old material 

systems. Thermosets are repurposed since they typically cannot be recycled or degraded 

through conventional methods. As an example, synthetic rubber tires cannot be recycled 

in an efficient or safe manner and are usually burned for disposal. However, recent 
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developments have repurposed tires by milling them into small pieces and introducing 

them into pavement, embankments, binders, and coatings (Epps, 1994). These offer 

more long term solutions to repurposing rubber tires but still have the issue of disposal 

once they are done there.  

Biocompostability is the last type of sustainability that has become more attractive 

to industries over the last several years. Biodegradation removes the material from its 

initial application and begins the process of chemical breakdown into the primary 

components. As landfills and waste piles become larger every year (Gautam, Bassi, & 

Yanful, 2007; Zheng, Yanful, & Bassi, 2005), biocompostability creates new opportunities 

on several fronts. The simplest method for biocompostability is a composting pile under 

standard composting conditions (specific heat, humidity, and water content). The 

biocompostable materials are stripped from their system and placed within the 

composting pile and will fully decompose within a given time period. This length of time 

varies depending on the material and complex chain interactions. Once everything within 

the composting pile is degraded, it can be processed and used as standard mulching 

material for agricultural processes. This offers a unique combination of recycling and 

repurposing materials for completely different industries. One of the main issues with 

synthetic polymers is their inherent durability to degradation and chemical breakdown 

(Sivan, 2011). Certain polymers such as polyethylene and polypropylene need to be 

deconstructed by ultraviolet light, chemical reactions, or even microbial consumption 

which can be costly or time consuming. This is where bio-based materials or bio-

reinforced materials can play a large role. If the material does not need this extra energy 
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or external forces to successfully breakdown, then it can simply be thrown into a 

composting pile.  

2.2. Polyurethane 

Polyurethane was discovered by Dr. Otto Bayer in 1937 during his research to 

create a competitive fiber-like material similar to the popular polyamides (nylons) 

produced by Dr. Wallace Carothers at Du Pont. He was successful in producing several 

types of linear polyurethanes from what we now consider to be the basic diisocyanate 

addition processing. Large scale production of polyurethane expanded drastically during 

the middle of World War II when governments saw its potential to replace expensive 

natural rubber for several key roles; airplane exterior coatings, corrosion resistant 

coatings, and mustard-gas resistant clothing were the first critical uses that started 

polyurethane production on a global scale. These first urethane-based polymers were 

based on some type of isocyanate (typically diisocyanate but theoretically triisocyanate 

or polyisocyanate could be used) and a diol which can been seen in Figure 2. It was not 

until the 1950’s and later decades where cost efficient polyether polyols generated 

modern polyurethane elastomers, thermoplastics, and foams (both rigid and soft) were 

developed for consumer goods (Hepburn, 2012).  

 

Figure 2 – 1,4-Butane diol chemical formula 

In the twenty-first century, polyurethane has developed into one of the most 

versatile and intensively used industrial materials (Engels et al., 2013; Seymour & 

Kauffman, 1992). By the proper selection of reactants and changing the percentage of 
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components in the formula, the resulting polyurethane can be elastomer, thermoplastic, 

thermoset, rigid or flexible foams. The generalized chemical formula can be seen in Figure 

3. 

 

Figure 3 – Polyurethane chemical formula and repeating unit 

2.2.1. Polyurethane Foams 

Rigid polyurethane foams can be used as construction material (polymeric concrete 

components), insulating materials, sealants and signboard. It is also used in the 

automotive and packaging industry, all of which are the largest polymer consumption 

industries in the world. One of the major components to make polyurethane, polyol, is 

largely relying on crude petroleum oils and coals as feedstock. Polyurethane foams can 

either be developed from polyether or polyester based polyols. Rigid polyurethane foams 

have a high hydroxyl number while flexible polyurethane foams have a low hydroxyl 

number.  

2.2.2. Bio-based Polyurethane Foams 

However, bio-based polyols have been developed from vegetable oils such as 

soybean oil, canola oil, palm oil and castor oil, due to the environmental and sustainable 
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issues in recent years (Chian & Gan, 1998; Guo, Cho, & Petrović, 2000; Hojabri, Kong, & 

Narine, 2010; Ogunniyi, 2006; Patel, Marscheider-Weidemann, Schleich, Hüsing, & 

Angerer, 2005; Shen, Haufe, & Patel, 2009; Zlatanić, Lava, Zhang, & Petrović, 2004). 

Most bio-based polyols are based on the recent patent filed in 2013 as an attempt to 

standardize this portion of the industry (Zupancic, 2013). Developing bio-renewable 

feedstock for industry is crucial now for both economic and environmental reasons. 

 The components from the final soy-based polyurethane foam with kenaf core 

modifiers are equally as important as the final product. They, along with the 

characterization and applications, will be discussed in the following sections. 

2.3. Plant Based Oils 

Fossil fuel based oil and synthetic chemical oils are on the decline due to limited 

supplies, increasing cost, and increasing environmental concerns. Natural, plant based 

alternatives are becoming more attractive because of existing manufacturing and 

harvesting processes. All of these plants have proteins, oils, and starches that can be 

used to develop polymers and resins through functionalizing specific groups or making 

chemical modifications. Starch is a natural carbohydrate polymer that exists within the 

seed or grain; several newer plastics such as poly(lactic acid) (PLA) have been developed 

using plant starches. Proteins can also be extracted from many seeds and have high 

molecular weights which make them ideal for producing polymers and adhesives. Oils 

have the unique prospect of being a direct substitute in petroleum based polymers via 

simple chemical modifications. Specifically for polyurethane, oil is needed to produce the 



 

22 
 

polyols needed to react with the isocyanate to make the repeating urethane units. The 

breakdown for synthesizing polyurethane can be seen in Figure 4. 

 

Figure 4 – Hierarchy for synthesizing PU 

Therefore, in choosing a desirable seed, a high fat (oil) content is needed. The fat 

percentage and harvesting rates in the United States is seen in Table 1. Seeds are 

generally divided into cereal grains (high starch content) and oilseeds (high protein and 

oil content). Thus, oilseed harvesting in the US is a statistic of interest since the amount 

harvested directly affects the amount of oil that can be produced. As per the information 

on the table, soybeans are harvested over 75 times more than peanuts which are the 

closest in terms of production values. From this harvesting, the majority is produced into 

soybean meal for animal feedstock both domestically and internationally. Of the oil being 
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produced, about 19 billion tons are used for food, feed, and biodiesel which leaves 2.4 

billion tons leftover. This translates to a massive volumetric availability of soy oil on the 

market that is not being utilized for any significant purpose. This is where the building, 

packaging, and automotive industries can benefit from this large supply of soybean oil by 

choosing soy-based polyurethane foams.  

Table 1 – Seed fat content and US harvesting and production values (harvesting and 
production values taken from the United States Department of Agriculture) 

Seed 

Total Fat (%) 

(Wool & Sun, 

2011) 

US Harvesting 

(million acres) 

US Production 

(billion tons in 

2014) 

Soybean 18-26 82.6 -- 

Soybean Oil -- -- 21.4 

Soybean Meal -- -- 90.1 

Peanuts 50 1.05 -- 

Corn 4.6 83.1 -- 

Wheat 1.9 46.4 -- 

 

Extraction and large scale production of soybean oil produces millions of gallons a 

year for trade around the world. Several different extraction techniques have been tested 

and used in order to provide the highest level of yield. Originally, a simple hydraulic press 

was used to physically remove the oil from the protein, fiber, and hull of the bean. This 

however is costly and does not have a high yield compared to other techniques. The 

second conventional method is through organic solvent extraction typically with hexanes. 
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This is by far the most used modern technique to extract soybean oil because it is the 

most cost-effective of the current large scale production methods. However, hexane has 

several issues such as high toxicity, flammability that make it expensive and dangerous 

for companies to maintain, and small amounts of toxic residue left over from processing. 

Thus, research groups are attempting to establish new techniques that are both cost-

effective and environmentally friendly. Two new alternative types of extraction are being 

developed using supercritical CO2 (Jokić et al., 2012) or through an aqueous solution 

(Lamsal, Murphy, & Johnson, 2006). Supercritical CO2 is a viable option to replace hexane 

for several reasons: cost efficiency, high availability, non-flammable, and low 

manufacturing costs (low pressures and temperatures compared to other supercritical 

fluids). Using supercritical CO2 as a processing technique is also considered an 

environmentally responsible method because it utilizes by-product CO2 from other 

industries to create a product with no processing related waste. Similar extraction yields 

compared to hexane have been successfully achieved with soybeans and shows great 

promise for large scale implementation. Aqueous extraction processing (AEP) is also 

another alternative technique that exploits the principle of oil and water insolubility. The 

soybean seeds are pulverized in water and the released oil floats as either free oil or 

emulsified cream. However, the main issue with AEP is that it has considerably less oil 

yield compared to both hexane extraction and supercritical CO2 which is why this method 

has not been considered for large scale industrial use. Both of these techniques are being 

improved consistently in order to replace the harmful hexane based extraction method. 
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2.3.1. Polyols 

Understanding polyols as a whole can be a complex task; there are several 

different types and each with their own application and synthesis methods which have 

been extensively discussed (Ionescu, 2005). Polyols for polyurethane manufacturing in 

general can be grouped from a structural standpoint: low molecular weight polyols with 

a defined molecular weight and low molecular weight polymers with terminal hydroxyl 

groups that have an average molecular weight and a molecular weight distribution. The 

polyols with defined structure are used as crosslinkers and chain extenders for simple 

polyurethane systems. The polyols with terminal hydroxyl groups are the most utilized of 

the two because they can generate complex polyurethane materials. Each of these have 

several different types of polyols (polybutadiene polyol, acrylic polyol, aminic polyols, 

etc.) that can be polymerized with isocyanate to make usable polyurethanes. Because of 

this considerable range, this section will only discuss polyols that can be used to make 

polyurethane foams. 

The polyols with terminal hydroxyl groups are the only ones that are used to 

produce polyurethane foams. These are also called oligo-polyols because they use the 

low molecular weight polymers (oligomers). This then breaks down into polyether and 

polyester polyols which are the two most common types that are used for modern 

industrial applications. Polyalkylene oxide polyether polyols are the most developed oligo-

polyols which represent approximately 80% of their overall production. These polyether 

polyols are created by polymerizing alkylene oxides via a chain initiator. It is important to 

note that there are several different types of chain initiators that have varying effects on 
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the final hydroxyl number and molecular weight of the polyol but propylene oxide is the 

main one used for polyether-polyol polyurethane foams. Polyester polyols are the second 

most developed for the polyurethane industry and the generalized chemical formula can 

be seen in Figure 5. These are created via polycondensation reactions between diols (a 

polyol with only two hydroxyl groups) and a dicarboxylic acid (such as esters, hence the 

name). The most important type of polycondensation for polyurethanes is the direct 

polyesterification reaction between diacids with glycols. The polyether and polyester 

based polyurethanes do have different properties and are thus used in different 

applications. In general terms, the polyester based polyurethanes have significantly 

better properties that can be attributed to a higher order crystalline structure in the hard 

urethane segment based on stronger secondary forces. Polyester based polyurethanes 

also have higher thermal, fire, and solvent resistance compared to polyether based 

polyurethanes. Synthesizing polyols in the desired fashion is key to establishing the final 

properties of the polyurethane foam (plant-based or not). Studying the effects that 

dangling chains have on canola, soybean, and castor oils have been previously studied 

(Narine, Kong, Bouzidi, & Sporns, 2007). 

 

Figure 5 – Polyester polyol general formula 
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2.3.2. Plant Oil-Based Polyols 

Creating polyols from plant-based oils is the most popular method for creating a 

renewable polyurethane product. As stated earlier, these oils are produced extensively 

both in the United States and the world and, thus, there is a large market already available 

to potential producers. The vital property of any natural oil to become a polyol is to be 

highly unsaturated. This allows chemical modifications to change the double bonds into 

hydroxyl groups. In this respect, soybean oil has the highest level of unsaturation 

compared to the other most produced oils. The primary method for creating polyols from 

plant-based oils is through reacting ester groups together (like transesterification 

reactions). The first step is the transesterification of the unsaturated triglyceride (the 

plant-based oil of choice) with glycerol. This produces a concoction of monoglycerides, 

diglycerides, and triglycerides of the unsaturated fatty acids. From here, the 

monoglycerides of the fatty acids are reacted with isocyanate in some sort of solvent 

which will produce the unsaturated polyurethane. This can then be radically crosslinked 

to change the double bonds into the final crosslinked network which is typically done for 

hard coatings. Another type of reaction involving the ester groups is the transamidation 

reaction which is used to make rigid polyurethane foams. This reaction can be completed 

to produce diethanolamides of the fatty acids in the oil. These diethanolamides are then 

used with other polyols to synthesis the final polyurethane foams. All of these processes 

can be done with any highly unsaturated plant-based oil, such as soybean oil. This is 

most likely a similar process that was used to generate the polyester polyol soy-based 

polyurethane foams discussed in Chapter 3.  
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2.4. Kenaf 

In recent decades, there has been a large increase in demand for natural fiber 

reinforced composites. Similar to the push in the polyol industry, sustainability is desired 

in order to have responsible end-of-life decisions for materials. Even with the 

development of advanced synthetic fibers (like carbon and glass fiber), there is continual 

movement towards implementing natural fiber composites into industry for both 

thermoplastics and thermosets (Biagiotti, Puglia, & Kenny, 2004). Natural fibers are 

typically broken down into three main subcategories: fibers from minerals, fibers from 

animals, and fibers from plants (Ramesh, 2016). The plant based fibers are broken into 

several categories based on the type of plant and where from the plant the fibers are 

taken from. There are a large range of plant based fibers such as bamboo, bagasse, 

elephant grass, snake grass, wheat, barley, rice, pineapple, palm, flax, agave, jute, hemp, 

banana, kenaf, cotton, ricehusk, and hard and soft wood. These are only some of the 

more popular and researched fibers that can still be used. A visualization of the layers in 

an individual fiber piece are shown in Figure 6. 

The main advantages of plant-fiber reinforcement are low density with high 

mechanical properties (specific modulus, specific strength), low initial and long term costs 

(simple planting and harvesting techniques which are ideal for low-resourced third world 

countries), renewable resource that is environmentally responsible (a process that 

consumes CO2 and produces oxygen), and biodegradable (which will be discussed in later 

sections). However, there are several disadvantages such as extensive moisture 

adsorption (can be fixed with chemical modifications or use of hydrophobic parts of the 
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plant), limited processing temperatures (will burn and lose properties when processed 

with synthetic materials at higher temperatures), poor fire resistance (can also be 

changed with chemical surface treatments), and is highly dependent on weather 

conditions (directly affects the growing conditions and thus the final properties).  

 

Figure 6 – General structure of an individual fiber (taken from (Ramesh, 2016)) 

2.4.1. Kenaf Core 

Non-wood based plants (bamboo, wheat, jute, hemp, etc.) are being utilized more 

and more as a result of their rapid growth and impressive properties (Alexopoulou, 

Christou, Nicholaou, & Mardikis, 2004; Alexopoulou, Christou, Mardikis, & 

Chatziathanassiou, 2000; Biagiotti et al., 2004). Kenaf (Hibiscus cannabinus) is an annual 

species of fiber crop which can grow approximately 5.5 meters in five months, has 

impressive yield and biomass, and is widely grown in throughout the world (N. Danalatos 

& Archontoulis, 2004; Manzanares, Tenorio, & Ayerbe, 1997; Muchow, 1979; Muchow & 
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Wood, 1980). This plant is versatile enough and grows with such efficiency that it can 

flourish under sub-optimal conditions (Alexopoulou et al., 2004; Alexopoulou et al., 2000; 

N. Danalatos & Archontoulis, 2005; N. G. Danalatos & Archontoulis, 2010; Ogbonnaya, 

Nwalozie, Roy-Macauley, & Annerose, 1998). The growth and harvest of kenaf falls within 

the value added agriculture because it removes heavy metals from the soil and carbon 

dioxide from the surrounding air which creates a cleaning effect (Akil, Zamri, & Osman, 

2015). These value added products are becoming more interesting to companies in order 

to lower cost, improve performance, and create environmentally sustainable products (J. 

Jiao, Ma, & Tseng, 2003; Panda, Singh, & Mishra, 2010; Wilkinson & Elevitch, 2004). 

Kenaf also has the benefit of containing two different types of fibers that have different 

properties for different applications: bast (bark, produces long fibers) and core (produces 

short fibers). Table 2 shows the general properties of each of these fibers. Kenaf is 

typically used for either its bast long fibers since they have been proven to improve a 

wide range of properties such as mechanical and thermal responses.  

Table 2 – Properties of bark (bast) and core of the kenaf plant (taken from (Akil et al., 
2015)) 

Property Bark Core 
Fibril Length, L (mm) 2.22 0.75 
Fibril Width, W (mm) 17.34 19.23 

L/W 128 39 
Lumen diameter (mm) 7.5 32 

Cell wall thickness 
(mm) 3.6 1.5 

 

The “usable” kenaf bast fiber is approximately 40% of the overall stalk which is 

significantly more than the yields from flax or jute (two of the more popular fibers). Thus, 
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harvesting this plant for its fiber content is economically sound and has found its way as 

a globally grown fiber plant. 

Kenaf core was selected for this project due to the large surface area within the 

plant which representing more than 60% of the entire kenaf stalk and for its hydrophobic 

nature (Ramesh, 2016). The core also has a particular property that make it more 

desirable for foam applications: it can improve desired properties, such as insulation, 

while maintaining low density values and drastically improving biodegradability. However, 

the core is also significantly underutilized due to the exceedingly high demand of the fiber 

portion of the plant and is only currently used for passive roles such as filtration or bed 

filling (Lee & Eiteman, 2001; Malone, Tilmon, & Taylor, 1990; Zaveri, 2004). Because of 

the increasing use of the kenaf bast fibers, there is a large volumetric quantity of kenaf 

core that is going to waste. This would be ideal for the large volume industries mentioned 

earlier (packaging, building/construction, and automotive) to make large scale products 

in a much more cost efficient manner. 

2.5. Sustainability of Biopolymers 

 Based on our previous definitions of sustainability, there are very few compostable 

materials being investigated (Krasowska, Janik, Gradys, & Rutkowska, 2012; Song, 

Murphy, Narayan, & Davies, 2009) and none that met the standardized criteria 

mentioned. There is currently this void where industry desires more responsible materials 

yet no research is there to fill it. This is where the partially compostable soy-based 

polyurethane foam with completely compostable kenaf core modifiers can fill this gap.  
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2.6. Applications 

 In 2013, plastic products of the plastics industry was the eighth largest industry in 

the United States and the third largest manufacturing industry in the country (Society of 

Plastics Industry, 2015). The plastics industry directly accounts for over 950,000 jobs and 

is expected to have over $400 billion in shipments in 2015. Since the economic recession 

of 2008-2009, the overall job, production, and shipping rate of all polymers has drastically 

increased and is expected to continue for the foreseeable future. Of all the plastics being 

produced the three main sectors of packaging, building and civil engineering, and 

automotive and transportation consume 76% of the total number across the globe (Biron, 

2014). Table 3 shows the main sectors and their plastic consumption percentage.  

Table 3 – Global polymer market share averages for the main application sectors (Biron, 
2014) 

Market Global Percent (%) 
Packaging 39 

Building and Civil Engineering 24 
Automotive and Transportation 13 

Electricity and Electronics 7 
Sports and Leisure 5 

Furniture and Bedding 4 
Medical 1 
Other 7 

 

The majority of polymers consumed on the planet and in the United States are 

thermoplastic; global consumption of thermoplastics is about 250 million tons (80% of 

the market) and thermosets are 30 million tons (11% of the market). Of the thermoset 

market, polyurethanes are by far the most consumed with 2500 kilotons in the United 

States alone. Of the 1.3 million tons of polyols for polyurethane production in North 



 

33 
 

America, 18% of it was soy-based polyols. The current majority of this is being used for 

foam applications in the three main sectors. 

With all of this market information, it is clear that polymers and specifically 

polyurethane play an increasingly key role in the global economy. Yet, landfills and waste 

throughout the world is also continuing to rise and cause issues with the environment. 

There are not enough truly sustainable material options that meet the ever growing 

demand. This is where the soy-based polyurethane foam with kenaf core modifiers 

presented in Chapter 3 can fill the void. The long term properties such as thermal 

insulation are improved while providing a responsible end-of-life decision. This material 

system can be used in the three most important sectors which comprise so much of the 

market. Not only does this foam have responsible end-of-life choices, but it employees 

under-utilized components that also have a beneficial environmental impact. Ideas for 

materials like the ones presented in Chapter 3 will change the course of the polymer 

industry and how it makes the final responsible decision. 

2.7. Characterization 

Several different characterization techniques were employed to analyze and better 

understand the composite systems. Differential scanning calorimetry (DSC) and dynamic 

mechanical analysis (DMA) were conducted to observe the influence of kenaf core to the 

glass transition temperature region (Tg) (Gu, Khazabi, & Sain, 2011; Prima et al., 2007; 

L. Zhang, Jeon, Malsam, Herrington, & Macosko, 2007). DSC and DMA are complimentary 

techniques that are used to determine several key thermal characteristics of a given 

material. One of the main properties of polymers is the glass transition temperature 
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region (Tg). This region (typically represented by the maximum of a specific peak) 

represents the physical change from a more rigid, glassy material to a more flexible, 

rubber-like material. The values before, during, and after this region plays a key role in 

determining how the material will thermo-mechanically respond. This information allows 

the end user to understand how the properties of the material will change at a given 

temperature. DMA, specifically, is a powerful tool in understanding the mechanical 

properties as a function of temperature. This method has been extensively studied and 

has a plethora of material science information that can be obtained (Menard, 2008). One 

of the main highlights of its capabilities is the concept of direct comparison between 

different sample types.  

With foam or mostly porous materials, there are several different considerations 

that need to be accounted for when discussing end temperature use. Percent porosity, 

percent open/closed-cell, gas present within the closed-cell pores, and the properties of 

the polymer itself. Rigid foams are generally used below their Tg but flexible foams are 

not necessarily used above this region. For industrial use, rigid foams need to have the 

absolute amount of rigidity possible, which is a temperature well below the Tg. For 

polyurethane foams specifically, the glass transition region is typically well above room 

temperature where most applications are used. Flexible foams, on the other hand, are 

not necessarily “soft” solely because they are above the transition region. As stated earlier 

for polyurethane foams, the Tg can be too high for most consumer applications. 

Therefore, other factors such as porosity and the open or closed cell nature of the pores 

then becomes the most important.  
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Fourier transform infrared spectroscopy (FTIR) was completed to verify the quality 

and structure of the materials provided by Demilec Inc. and USDA (Ji et al., 2015; L. Jiao, 

Xiao, Wang, & Sun, 2013). It is important to see how the material presented in Chapter 

3 compares to other soy-based polyurethanes in order to properly assess the results.  

Understanding the cell structure of any foam is a key piece of information in order 

to relate the results to the overall structure of the material. Foams are traditionally divided 

into two types: open cell and closed cell structures. Figure 7 shows an idealized model of 

open and closed cells. Conventional thinking was that any given foam is almost 100% 

open or closed cell (without the interference of a reinforcement). For polymer foams, this 

is generally not true based on the processing technique used and the material chemistry 

(C. Zhang, Li, Hu, Zhu, & Huang, 2012). When cells nucleate and develop, there are 

growth conditions that set the level of open or closed structures based on the material 

chemistry. Scanning electron microscopy (SEM) is the tool used to visualize the porous 

nature of the foams as a function of kenaf core and how this might affect other properties. 

SEM imaging plays a vital role in tying together the micro and macroscopic aspects of a 

given material. Open or closed porosity directly affects all of the final physical and 

engineering properties. Thermal properties (such as thermal conductivity, thermal 

diffusivity, specific heat, etc.) is how a thermal wave propagates through a given material. 

Open and closed cells (with different gasses as well) interact differently with thermal 

waves and thus affect the final thermal properties. Mechanical properties are highly 

dependent on the cell nature of the foams; open cells are solely based on the geometry 

of the struts while closed cells also have the wall and internal gas contributions. 
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Introducing physical reinforcement into the material affects the overall properties and cell 

structure as well. Some foams have almost no interaction with the filler, while others 

change the entire structure (Nar, Webber, & D'Souza, 2015). This interaction and change 

in the local and global structure is what drives the final properties of the composite. SEM 

imaging is how each of these phenomena is studied in depth and thus related to the final 

measured properties. 

 

Figure 7 – Ideal models of open (left) and closed (right) cells (taken from (Ashby & 
Medalist, 1983)) 

The visualization from SEM is important for understanding cell structure and how 

the filler is interacting with the matrix material. However, this does not give any details 

on the three-dimensional aspects of how the filler is distributed throughout the composite. 

Micro-computed tomography (µ-CT) creates a three-dimensional representation of the 

internal kenaf core distribution to determine if there is any specific orientation and how 

the filler might affect the overall cell structure (Nar et al., 2015; Pardo-Alonso et al., 

2013). Distribution is a key feature to understand about a material in order to relate all 

of the properties together. Distribution can either be isotropic or anisotropic. Isotropic 

distribution involves the filler being aligned to a certain direction. This alignment is 



 

37 
 

typically done through processing such as extrusion (parallel to the extruding direction) 

and foaming (parallel to the foaming direction). The mechanical properties parallel to the 

alignment direction are much higher than in other directions because this is where the 

reinforcement takes the force. Anisotropic distribution refers to the lack of alignment that 

the filler has within the matrix. This means each individual piece of filler does not have 

any geometrical relationship to any of the surrounding pieces. The mechanical properties 

of an anisotropic material might be weaker than the isotropic material in the aligned 

direction, but it might have a higher average value in all directions because of this lack 

of alignment.  

Thermal insulation is a key component of building, automotive, and packaging 

applications (Estravís et al., 2016; Pau, Fleischmann, Spearpoint, & Li, 2014; 

Randrianalisoa, Baillis, Martin, & Dendievel, 2015). This can be measured through a 

variety of characterization techniques, however, the most accurate is directly measuring 

the thermal conductivity of a material. The results presented in Chapter 3 use a hot disk 

sensor type of system which characterizes thermal constants. This system utilizes a 

sensor that acts both as the heat source and resistance thermometer. The sensor is 

comprised of a thin nickel alloy spiral with a specifically tailored radius of curvature. This 

spiral is then encapsulated within an insulating material for structural and thermal 

purposes. Before each experimental run is started, two hundred resistance recordings are 

collected in order to more accurately characterize both low and high thermal 

conductivities. This method has both high accuracy and easy sample preparation 
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compared to other techniques on the market (such as guarded hot plate and laser flash 

methods).  

Compression testing was conducted to see how kenaf core would affect the 

mechanical properties of the composite (Lhuissier, 2014; Şerban, Weissenborn, Geller, 

Marşavina, & Gude, 2016; Witkiewicz & Zieliński, 2006; Yonezu, Hirayama, Kishida, & 

Chen, 2016). Compression values have a direct relationship to the DMA results discussed 

earlier. Compression testing is typically done at room temperature since this is around 

the final application temperature range. As compared to the static and dynamic cyclic 

loading during DMA, compression testing is a constant load that is increasing at a defined 

rate. Unlike tensile testing, there is no “defined” point of failure like a specimen breaking 

in the gauge region during a tensile test. 

A generalized compression test stress-strain curve is shown in Figure 8 which was 

taken from a classic Ashby et. al. paper over cellular materials (Ashby & Medalist, 1983). 

There might be slight differences between metal, ceramic, and polymer cellular materials 

but the general trends are the same. There are three main regions that a cellular material 

exhibits under compressive strain: linear elasticity, cell wall collapse, and densification. 

The linear elasticity at low strains is typically the region where the cell walls bend and 

relax in an elastic fashion. The steeper and longer this region, the more mechanically 

resilient it will be during using in the final application. The second region is where the 

individual cell walls begin to fail in a specific manner which is dependent on the rigidity 

of the pores (rigid walls will have brittle fracture while elastic walls stretch and yield). 

This region plateaus over a large strain range because it occurs locally over the course of 
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the material rather than simultaneously in a single location. The densification region 

occurs when all or most of the cell walls have failed and are now being compressed 

together uniformly.   

 

Figure 8 – Idealized compressive stress-strain curve for cellular materials 

An automated multiunit composting system (AMCS) was used to determine the 

level of biodegradability or compostability for each of the manufactured materials 

(Gómez, Luo, Li, Michel Jr., & Li, 2014; Pickens, 2009; Pushpadass, Weber, Dumais, & 

Hanna, 2010; Urgun-Demirtas, Singh, & Pagilla, 2007). The experiment presented in this 

work directly measures the amount of carbon emitted from an individual pile (consisting 

of test material and municipal compost) via a CO2 analyzer. This test plays a vital role in 

determining if a material, or set of materials, will perform in a real composting pile. It is 
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important to note the time scales presented here and in other literature; previous studies 

and materials have taken years or decades in order to degrade to the ASTM standards 

while the results in Chapter 3 are on the order of days and months. Synthetic oil-based 

polyurethane was also tested for a direct comparison to the soy-based polyurethane and 

kenaf core composites. 
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CHAPTER 3  

STRUCTURE-PROPERTY-PROCESSING RELATIONSHIP OF COMPOSTABLE 

POLYURETHANE 

3.1. Introduction 

 As described in Chapter 2, there is a vital need for compostable bioplastics. This 

chapter will focus on the use of soy-based polyurethane foams with kenaf core modifiers 

that were manufactured in two different methods: free expansion which is similar to 

building applications that utilize spray foam and constrained expansion that mimics direct, 

closed molding processing. 

 The structure-property relationship generated from the two processing methods 

was examined with different weight percentages: 5%, 10%, and 15%. There has been 

significant literature on using plant based fillers in fossil fuel or bioresourced plastics 

(Wool & Sun, 2011). The impact of the natural material on the compostability of the 

polymer-filler composite has not been previously investigated. In this chapter, the two 

manufacturing approaches are utilized and consequently structure-property relationships 

of the composite foam are examined.    

3.2. Materials and Methods 

3.2.1. Materials 

The soy based polyurethane Eco-Pur 325-6 was provided by Demilec Inc. and 

samples were created at their facilities. The resin contains responsibly made polyols that 

were derived from soy oils, recycled plastics, and new generation blowing agent that has 

zero ozone depleting potential. This specific foam is designated as a rigid PU foam based 
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on the initial mechanical properties and intended applications. However, when kenaf is 

introduced into the foam, the composite material is considered a flexible foam which 

would be better suited for the packing and insulation applications. The original material 

is also a closed-cell structure but becomes increasingly open-cell as a function of 

increasing kenaf core content. This is verified visually by the SEM and quantitatively by 

the other experiments. 

The commercial grade Kenaf Core 2000, supplied by USDA, the kenaf core was 

selected due to the high availability and low density of 0.28 g/cm3 with an average particle 

size of 150 ± 20 µm. 

3.2.2. Foams and Composite Preparation 

 Samples were prepared at the Demilec Inc. facilities in Arlington, Texas. Part A 

and Part B were mixed by hand for approximately one minute at 100 to 100 volume ratio 

or 110 to 100 weight ratio. For composite preparation, kenaf core was added at 5, 10, 

and 15 weight percent for the 100% expansion samples, which will be referred to as free 

expansion (FE). Volume ratio was used for sample preparation and 14 cm3 of each part 

was used totaling 28 cm3 of material. This will be constant for both free and constrained 

expansion samples. The mold container had cylindrical geometry with a height of 15 cm 

and an internal diameter of 7.5 cm equaling a volume of about 663 cm3. The 28 cm3 of 

initial material expanded level to the top of the mold.  

In order to obtain compression samples, the FE sample height was recorded and 

taken as the control. A second mold was created which was 60% of the height of the 

original container. Therefore the mold had a height of 9 cm with an internal diameter of 
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7.5 cm equaling a volume approximately 398 cm3. These 60% expansion samples were 

then created with respective amounts of kenaf core and will be referred to as constrained 

expansion (CE). This is visualized in Figure 9. 40% expansion samples were made in a 

previous publication and shown to exhibit inadequate performance, thus it was removed 

from testing (Nar et al., 2015). 

The expansion ratio can be used to summarize the difference between FE and CE. 

The expansion ratio will be defined as the ratio between the initial volume and the final 

volume. For example, if a foam was initially 1 cm3 then foamed to 10 cm3, the expansion 

ratio would be 1 to 10. Therefore, the expansion ratio for FE is 1 to 24 while CE has a 

ratio of 1 to 14. This difference in expansion ratio will be one of the main differences 

between the FE and CE results shown in later sections.  

 

Figure 9 – Schematic representation of 100% expansion or free expansion (top) and 60% 
expansion (bottom)(Nar et al., 2015) 
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3.2.3. Density 

 Density measurements were obtained by cutting each sample with a sharp blade 

to an exterior volume of 1 cm3 and dried for 24 hours. Then the samples were weighed 

to calculate the density. Each material was measured in triplicate to ensure repeatability. 

The Demilec Inc. online technical library for Eco-Pur 325-6 validates the value obtained 

for the 100% soy foam FE samples. 

3.2.4. Differential Scanning Calorimetry (DSC) 

 Samples were dried and weighed to approximately 3 mg and were not in powder 

form to see any potential structural effects. The temperature range was from 25°C to 

300°C with a ramp rate of 5°C/minute. The sample and control pans were in a continuous 

nitrogen inert environment to prevent any undesired atmospheric reactions. 

3.2.5. Dynamic Mechanical Analysis (DMA) 

 Specimen were dried and cut into rectangular prisms with approximate dimensions 

of 12 x 18 x 8 mm. Large samples like these are typically not used for DMA, however, 

these dimensions were chosen to maximize the contact area with the plates. Dynamic 

temperature ramp sweeps were performed with a frequency of 1 Hz, dynamic strain of 

0.2 %, and a temperature range of 25°C to 200°C with a ramp rate of 5°C/minute. The 

strain applied was well within the elastic region of all materials.  

3.2.6. Thermal Conductivity 

The thermal conductivity in the axial direction (perpendicular plane to the sensor 

which is the thickness of the sample) of the samples was taken using a Hot Disk TPS 

1500 Thermal Conductivity System. A thin-film heating element was placed between two 
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identical PU foam composite samples and enclosed inside a thermally controlled chamber. 

Samples were cut into dimensions of approximately 35 x 35 x 15 mm thick. Thicker 

samples were preferred over thin slices in order to obtain higher consistency results due 

to the porous nature of the foams and to effectively measure the thermal wave 

propagation through the bulk. Five measurements were taken for 80 seconds at 8 mW 

with 45 minutes of rest time in between to ensure the samples had efficiently cooled to 

room temperature before the next test. 

3.2.7. Compression Testing 

 The cellular samples were made into circular shapes with a cross-sectional area of 

about 500 mm2 and a thickness of approximately 20 mm. The tests were conducted on 

a hydraulic, mechanical testing machine under room temperature (25°C) with a crosshead 

speed of 0.5 mm/min. The mechanical force applied was parallel to the foaming direction. 

The load - displacement curves were used to collect the resulting stress-strain graphs. 

Compression strength and modulus were obtained by ASTM D1621.  

3.2.8. Fourier Transform Infrared Spectroscopy (FTIR)  

 A Nicolet 6700 spectrometer from Thermo Electron with a Smart Orbit ATR 

attachment was used to collect the transmission spectrum. The range was 400-4000 cm-

1 with 32 scans and a resolution of 4 cm-1. A new background reference was taken before 

each spectra was obtained. Both the kenaf core and foam were cryo-milled into a powder 

and dried in an oven at 50°C for 48 hours. 
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3.2.9. Scanning Electron Microscopy (SEM) 

FEI Quanta Environmental Scanning Electron Microscope was used to image the 

surface of foams and composite-foams at an accelerating voltage of 12.5 kV. The sample 

was sputter coated with a Au/Pd compound and images were collected in low-vacuum 

mode to avoid outgassing. For pore diameter, at least 3 images were collected at the 

same magnification and 50 cells were counted per sample type for averaging. 

3.2.10. X-ray Micro-Computed Tomography (µ-CT) 

 A Bruker Skyscan 1172 was used to obtain three-dimensional models to visualize 

the pore structure and distribution of kenaf core volumetrically. A source voltage of about 

80 kV and a source current of about 110 µA was used for all samples. Resolution of 

approximately 5 µm was obtained from minimizing the camera length from the sample 

for a high resolution scan. The raw data was then reconstructed using the NRecon 

software package. 3D models and analysis were performed using the resulting 

reconstructed data set with CTVox and CTan, respectively. 

3.2.11. Automated Multiunit Composting System (AMCS) 

 The compost test was conducted using the automated multiunit composting 

system designed by Pickens, it is an automated and reliable systems due to the direct 

measurement respirometer. This composting system complies with the ASTM D-5338 and 

is equivalent to the ISO 14855. The whole process is performed at a regulated composting 

temperature and humidity of 58°C (±2°C) and above 50% respectively. Percent 

biodegradability was based on Equation 1, 

% 𝑏𝑏𝑏𝑏𝑏𝑏𝑏𝑏𝑏𝑏𝑏𝑏𝑏𝑏𝑏𝑏𝑏𝑏𝑏𝑏𝑏𝑏𝑏𝑏𝑏𝑏𝑏𝑏 =  
𝑚𝑚𝑏𝑏𝑏𝑏𝑏𝑏 𝐶𝐶𝑔𝑔(𝑏𝑏𝑏𝑏𝑡𝑡𝑏𝑏) −𝑚𝑚𝑏𝑏𝑏𝑏𝑏𝑏 𝐶𝐶𝑔𝑔(𝑏𝑏𝑏𝑏𝑏𝑏𝑏𝑏𝑏𝑏)

𝐶𝐶𝑖𝑖
 × 100 
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where Cg is the amount of gaseous-carbon produced (in grams) and Ci is the amount of 

carbon in the test compound added. 

 The composting system is an aerobic composting system that measures the input 

CO2 through an even air supply to composting reactor and the output CO2 from the 

reactor, the net CO2 emitted by the composting itself is the result of output minus the 

input. There are several bioreactors designs, depending of the CO2 measuring method 

and this one is simple and accurate with over 15,000 measurements per day acquired 

through Labview software into data files. 

 The PU polymer samples, were introduced into the compost unit, then the 

following sets (3 samples each) were prepared to complete the required process, each 

one containing 200g per reactor. Well aerated compost, 2 months old, derived from a 

commercially operated composting plant of municipal solid waste, and was used as 

inoculum. Glass, stones or metal particles were removed after which the compost was 

sieved through a screen of about 8-10 mm to obtain a homogeneous inoculum of 

sufficient porosity, which did not have to be improved due to the presence of small wood 

particles, The pH of the compost was verified at the beginning and at the end using an 

Oakton Acorn pH 6 meter, reporting a pH of 7.80 and 7.15 respectively. 

3.3. Material Information 

3.3.1. Density 

 The density measurements were obtained and are shown in Table 4. As 

anticipated, the density increases as a function of kenaf core percentage. This is due to 

the kenaf filler being a higher density than the unreinforced PU foam. This change in 
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density will have an overall impact to all of the other properties, specifically thermal 

conductivity and compression testing. 

Table 4 - Density measurements of all materials (* note this translates to approximately 
40-60 vol. % and thus is most likely the threshold for density increase since a major 
fraction is the more dense material) 

Sample Density (g/cm3) Sample Density (g/cm3) 
FE – 100% Soy 

Foam 0.037 ± 0.006 CE – 100% Soy 
Foam 0.042 ± 0.005 

FE – 5% Kenaf 
Core 0.04 ±0.005 CE – 5% Kenaf 

Core 0.041 ± 0.003 

FE – 10% Kenaf 
Core 0.041 ± 0.006 CE – 10% Kenaf 

Core 0.042 ± 0.004 

FE – 15% Kenaf 
Core* 0.059 ± 0.002 CE – 15% Kenaf 

Core* 0.056 ± 0.004 

 

3.3.2. Thermal Analysis (DSC and DMA) 

 The DSC results are shown in Figure 10 and Figure 11. The DMA results are in 

Figure 12, Figure 13, Figure 14, Figure 15, Figure 16, Figure 17 Figure 18, and Table 5.
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Figure 10 - DSC curves for FE samples
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Figure 11 – DSC curves for CE samples 
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Figure 12 - E' curves for FE samples
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Figure 13 – E’ curves for CE samples 
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Figure 14 - E'' curves for FE samples
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Figure 15 – E’’ curves for CE samples 
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Figure 16 - Tan(δ) curves for FE samples
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Figure 17 – Tan(δ) curves for CE samples
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Figure 18 - Values pre- and post- Tg for all materials
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 It is important to note the difference in mechanical response before and after the 

glass transition shown in Figure 18. Before the Tg, the FE samples were more rigid than 

the CE (except for the 15% kenaf core sample). After the Tg, the CE materials exhibited 

upwards of 55% increase in storage modulus. However, for both sides of the glass 

transition, there is a switching between increasing and decreasing in value (almost like a 

dampening sinusoidal wave). It is key to understand that DMA elicits a mechanical 

response from the molecular aspect of a material, not a macroscopic one. As seen later 

the compression testing section, the macroscopic mechanical strength follows a different 

trend. 

Table 5 shows the Tg for each material which was derived from the tan(δ) peak.  

Table 5 - Tg of all materials (derived from tan(δ) peak) 

Sample Tg Sample Tg 
FE – 100% Soy 

Foam 136°C CE – 100% Soy 
Foam 143°C 

FE – 5% Kenaf 
Core 150°C CE – 5% Kenaf 

Core 157°C 

FE – 10% Kenaf 
Core 145°C CE – 10% Kenaf 

Core 143°C 

FE – 15% Kenaf 
Core 155°C CE – 15% Kenaf 

Core 145°C 

 

The trend from increasing kenaf core percentage shows both an rising in the Tg in the FE 

materials and broadening of the tan(δ) peak. This means the kenaf core is the dominating 

contributor in the FE samples since all of the values are higher than that of the 100% soy 

foam. The kenaf core did not affect the Tg of the CE samples as noted by the similar 

values seen in the table. Therefore, the soy foam is the dominant contributor to the Tg. 

Since DMA is a direct measurement of the molecular (non-structural) thermo-mechanical 
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response of a given material, this trend was anticipated because the foams have 

decreased macroscopic mechanical properties as a function of increasing kenaf core 

content (which can be seen in the compression testing section). 

3.3.3. Fourier Transform Infrared Spectroscopy (FTIR) 

 FTIR was used to verify the soy content in the foams and the overall quality of the 

kenaf core that was used. The top half of Figure 19 provides the information that there 

is soy polyol present in the material. The two main peaks of interest that provide 

information about soy polyol are the -OH and -HC=CH- bonds. The characteristic strong 

band for soy polyol -OH is seen between 3460-3480 cm-1 and the -HC=CH- (specifically 

the CH bonds, not the double bonds) region is between 2850-3000 cm-1. This is confirmed 

with Ji et. al. (Ji et al., 2015) and Jiao et. al. (L. Jiao et al., 2013) who had similar systems. 

The spectra is reported in percent transmittance because of the literature found and 

previously mentioned; ATR spectra is typically reported in percent reflectance. 
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Figure 19 – FTIR of soy-based PU foam and kenaf core 

3.4. Microscopy and Tomography 

3.4.1. Scanning Electron Microscopy (SEM) 

 SEM was used for structure analysis and verification for thermal and mechanical 

analysis. Figure 20, Figure 21, Figure 22, and Figure 23 shows the SEM cross-sections of 

all the foams perpendicular to the growth direction and Table 6 shows the average pore 

diameter for each material. The pore structure becomes finer and more disorganized as 

a function of increasing kenaf core percent. This is due to the kenaf interfering with the 

polyurethanes ability to expand and develop gas pockets. Thus, resulting in the most 

degraded structure seen in the 15% kenaf core sample. This is visual proof that there is 

no developed (or at least periodic) pores throughout both the FE and CE 15% filler 

materials. 
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The CE samples have less pores and larger pore diameters. The cell walls are also 

slightly thicker in comparison to the FE specimen but are still thin compared to previous 

and similar foams (Nar et al., 2015). Our theory of cell nucleation and growth, with a set 

value of reactants, is based on the amount of space given during foaming. When no 

restriction is in place, each cell grows at their set speed at a similar rate and duration. 

This is why the cross-sectioned structure looks like a mostly closed-cell honeycomb lattice. 

As stated earlier, when kenaf core is introduced, this lattice is partially destroyed which 

causes cells to develop at different rates. By contrast, implementing physical restriction 

during processing establishes another growth mechanism. Instead of the cells growing 

collaboratively, there is now competition for space within the closed container. Now, there 

is an internal pressure between cells which can cause an eventual breaking of the weakest 

cell walls, leading to absorption by the neighboring cells. Thus, the less overall cells with 

larger diameters. Comparing the two 100% soy foam samples in Figure 20, there are 

about half as many cells in the CE image (with significantly larger diameters) as there are 

in the FE. Based on this void coalescence mechanism in the CE samples and similar 

density values, there is cell wall thickening in order to compensate for this lack of 

expansion. This is directly related to the expansion ratio relationship established in the 

previous sample manufacturing section. 

Figure 24 highlights how an individual kenaf core piece interacts with the 

surrounding PU matrix after foaming. The hydrophobic nature of the core plays a key role 

in the cell nucleation of the surrounding pores in a few ways. Since there is virtually no 

water in the PU resin and isocyanate mixture, the oily resin will partially adhere or absorb 
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into the kenaf piece. Within this closed system the pores begin to nucleate and coalesce 

at different physical locations (either within or on the surface of the core). Individual pore 

development also occurs at an enhanced rate because there is a larger surface area to 

nucleate.  

However, since there is finer porosity around the kenaf core piece (rather than 

diameters and distribution found in other literature), this means the filler acts as an anti-

nucleation agent rather than a nucleating agent. This implies that the coalescence in the 

soy rich region is not occurring directly around the kenaf piece. Therefore successful void 

coalescence is only occurring around the in regions where the filler is not present. This 

finer porosity around an individual piece of kenaf would not effects the larger overall 

structure; however, this is repeated throughout the entire composite material at much 

larger rates as a function of increasing core content. This phenomena explains the 

decreased mechanical performance and improved thermal conductivity with the 

introduction of kenaf core which will be discussed in later sections.
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Figure 20 – 100% soy foams (top) FE and (bottom) CE 
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Figure 21 – 5% kenaf core samples (top) FE and (bottom) CE 

3 mm 

3 mm 
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Figure 22 – 10% kenaf core samples (top) FE and (bottom) CE 

3 mm 

3 mm 



 

66 
 

 

Figure 23 – 15% kenaf core samples (top) FE and (bottom) CE 

3 mm 

3 mm 
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Figure 24 – Highlight of an individual kenaf core piece 
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Table 6 - Average pore diameter for each material (* note that the 15% kenaf core 
materials did not have a developed cellular structure and thus these measurements were 
based off of the possible cells that existed but the overall system is considered non-
periodic) 

 Sample Average Cell 
Diameter (µm) 

Deviation as a 
Fraction of 

Average 

Free Expansion 

100% Soy Foam 815 ± 240 0.29 
5% Kenaf Core 345 ± 160 0.46 

10% Kenaf Core 520 ± 310 0.60 
15% Kenaf Core* 290 ± 140 0.48 

Constrained 
Expansion 

100% Soy Foam 1160 ± 360 0.31 
5% Kenaf Core 600 ± 390 0.65 

10% Kenaf Core 650 ± 240 0.37 
15% Kenaf Core* 200 ± 110 0.55 

 

3.4.2. Micro-Computed Tomography (µ-CT) 

With the aid of 3D modeling, it is easy to visualize the volumetric distribution of 

fillers within any given material. One tool in CTVox is the use of a maximum intensity 

projection (MIP) filter. The MIP functions as a way of filtering out the weaker signals that 

the detector received, thus only showing the brightest objects in a given volume. In these 

composites, the brightest objects were from the kenaf core reinforcement. Figure 25, 

Figure 26, Figure 27, and Figure 28 shows the orthographic, X, Y, and Z projections for 

each sample with the foaming direction parallel to the z-axis. The effects seen in our 

foams has an opposite effect from the previous work from Pardo-Alonso et. al. (Pardo-

Alonso et al., 2013) who utilized nanoclays in their polyurethane system. Pardo-Alonso 

et. al. found that there was an enhanced nucleation effect from their nanoclays, were as 

we are finding competitive cell growth as a function of kenaf core and with the 

introduction of constrained expansion.  We found that there is an increase in pore 
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dimensions and a decrease total cell number which are seen in Figure 24 and Table 6. 

This is bolstered by the pore shape distortion seen in the SEM micrographs from the 

previous section. There is also a noticeable partial alignment/agglomeration of the kenaf 

along the foaming (z-axis) direction for both the FE and CE samples. 

There are two main mechanisms that can attribute to the dispersion of a filler in 

foam matrix during processing and both are based on the relationship the two materials. 

The first mechanisms is a wave-like dispersion which establishes heterogeneous 

distribution of the filler. This has been previously described by Nar et. al. (Nar et al., 

2015). This wave-like phenomena essentially pushes the filler (like a tidal wave) that was 

homogeneously mixed initially outward in the expanding directions (such as the 

surrounding walls of the mold and the top of the final material). Thus, from an external 

perspective, the filler looks distributed but when cut it is not present in the internal 

section. The second mechanisms is a pool-like mechanism where the filler expands and 

mixes (like jets in a pool) with the foam in the foaming direction. Alignment is not 

guaranteed but is possible to occur to some extent depending on the geometry of the 

filler. Similar to particles behavior in eddies in fluid dynamics, the filler will agglomerate 

in the partial alignment. This is the likely mechanism for the kenaf core agglomeration 

and partial alignment presented here.  
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Figure 25 – 100% soy foam (top) FE and (bottom) CE 
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Figure 26 – 5% kenaf core samples (top) FE and (bottom) CE 
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Figure 27 – 10% kenaf core samples (top) FE and (bottom) CE 
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Figure 28 – 15% kenaf core samples (top) FE and (bottom) CE
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3.5. Thermal and Mechanical Properties 

3.5.1. Thermal Conductivity 

Axial thermal conductivity of polyurethane foams is known to be 0.3-0.4 W/mK 

which the FE samples met as shown in Figure 29. Thermal conductivity for CE samples 

are also shown. With increasing percent of kenaf core in the FE samples, there is little to 

no variation in the thermal conductivity. However, with the CE a significant difference is 

noted for the 100% soy foam and the 15% kenaf core samples. The mechanism of 

controlling expansion changes the pore dimensions, such as larger number of pores and 

smaller pore diameter. These changes hinder the thermal wave propagation through the 

material and thus results in a lower thermal conductivity. The 5% and 10% kenaf core 

samples established a larger network of open pores that allowed for easier thermal 

propagation, thus higher thermal conductivity. 

These values are significantly lower than oil based PU foams found by Pau et. al 

(Pau et al., 2014) and on par or lower than reported by Estravís et. al. (Estravís et al., 

2016). Estravís discusses an interesting point regarding their experimental values versus 

their theoretical: as the clay concentration increased, the difference between the model 

and experimental data increased. Their claim is that the thermal conductivity might be 

increasing in reality, while the computational data predicts an asymptotic relationship. 

This poses the question for why the 100% soy foam and 15% kenaf core samples had 

drastically lower conductivity values when a similar trend is not seen mechanically or 

thermally in DSC, DMA, and compression testing in the following section..
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Figure 29 - Thermal conductivity of 100% expansion and 60% expansion samples 

 

A similar question is discussed by Randrianalisoa et. al. (Randrianalisoa et al., 2015) 

regarding open cell and closed cell structures. The reality is that, as the µ-CT and SEM 

data shows, these systems are not completely open or closed cell. Therefore, the thermal 

conductivity is based on three main factors: the cell dimensions/structure which the air 

to polymer ratio which is tied to the density shown in Table 4, interaction between the 
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kenaf core and the propagating thermal waves, and the percent open or closed cell that 

the structure maintains after processing. The 15% kenaf core CE material exhibited a 

13% decrease in thermal conductivity from the FE material. Even though both have a 

fragmented structure, the expansion ratio considered earlier must be taken into account. 

Thus, the lower expansion ratio of the CE material lead to a similarly dense material but 

with enhanced propagation interference based on the compressed space. However, for 

the 100% soy foam specimen, the noticeable decrease in thermal conductivity is not 

related to the kenaf core (there is none present) and has only a closed-cell contribution. 

This questions the mechanism in which this drop in thermal conductivity is possible 

without two of the three major contributions. 

In thermodynamics, the three main modes of heat transfer are radiation, 

convection, and conduction. Radiation is based on the propagation of electromagnetic 

waves via a vacuum or some transparent medium and is not pertinent here. Convection 

transfer typically deals with energy between the material and the environment 

surrounding it through fluid dynamics (including all gases such as air). Conduction is 

based on the transfer of materials that are in contact with each other and considered a 

major material property. This property is referred to as thermal conductivity and has two 

main contributors: lattice vibrations (phonon energy) and free electrons. Since polymers 

are generally considered both thermal and electrical insulators, the free electrons do not 

play a part in the thermal conductivity value. A foam material is considered a composite 

based on the direct interaction of air and polymer material, specifically within a closed 

cell material where the captured air has no room to freely flow. Therefore, both 
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conduction and convection contribute to the overall thermal conductivity values that are 

presented in the figure. With this general understanding, a basic formula emerges: 

𝑄𝑄 = 𝑏𝑏𝑘𝑘 �
𝑏𝑏𝑑𝑑
𝑏𝑏𝑑𝑑
� + ℎ𝑘𝑘(𝑏𝑏𝑑𝑑) 

where Q is the thermal flux (or heat flow in relation to time and distance); k is the thermal 

conductivity of the material; A is the cross-sectional area; and h is the convective heat 

transfer coefficient. This equation shows the relationship that convection and conduction 

have in relation to each other. Based on the parameters set in the thermal conductivity 

experiment, Q (constant power), A and dx (constant sample dimensions) are fixed values. 

This means that only k and h are variables in this overall equation. 

Since both 100% soy foam samples have the same amount of starting material, 

the only differences are the pore dimensions and thus the amount of air in between the 

solid polymer phase. More gas within the pores directly translates to a higher convection 

contribution which means there is less thermal conduction consideration. This is most 

likely the mechanism for such low thermal conductivity values on the 100% soy foam CE 

samples. 

3.5.2. Compression Testing 

 Figure 30 shows the compression strength and modulus values that were obtained. 

It can be seen that the overall compression properties degrade when kenaf core is 

introduced into the system. However, as can be seen in the 5% kenaf core sample, 

restricting the expansion improved performance for both modulus and strength. The 

trends presented also adhere to the DMA results discussed earlier.
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Figure 30 - Compression results of all foams 

 

All of the other samples seem to exhibit similar trends regardless of processing. 

This is a noticeably different trend compared to the DMA resulted. The important 

distinction here is the type of response elicited from each experiment: DMA is oscillatory 

which is based on molecular reactions while compression testing is quasi-static which is 
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based on structural responses.  As described earlier, the constrained expansion reduced 

the overall number of pores while increasing the pore diameter. This was expected to 

diminish mechanical properties, yet compression strength and modulus are similar for 

both types of processing. Also as seen in the SEM images, the kenaf core embeds itself 

within the pore structures which causes a physical disruption of the local structure thus 

crippling the overall mechanical properties. Therefore, it seems that percent kenaf core 

plays a larger role for mechanical properties rather than processing restriction.  

This overall trend was found to be inversed by Serban et. al. (Şerban et al., 2016) 

for all modulus (compression, bending, shear, and tension) and strength. However, this 

is valid for two main reasons: they used a rigid, mostly closed-cell, oil-based PU foam 

and long fibers (12.5 mm, 25mm, and 50 mm). Our kenaf core was powdered and thus 

results in significantly smaller overall length (< 1mm). This difference is best explained 

with the argument made by Lhuissier (Lhuissier, 2014) where in an mostly open cell 

structure, each connector between pores can be thought of as a strut. These struts have 

their own individual mechanical properties based on overall length and cross-sectional 

thickness. This is also true for any connecting segment that lies between pores such as 

the plane like structures in the SEM micrographs which would have significantly weaker 

mechanical properties. The foams presented by Serban et. al. do not have these struts 

because of the mostly closed-cell nature of their foam and in fact have regions of pure 

polymer surrounding almost every pore. This is why their unreinforced polymers have 

higher rigidity than the ones presented here even though both are considered closed-cell. 
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There is also a difference between the way their fibers and our kenaf core interacts 

with the foams. Their fibers lay within the material’s structure without disrupting the 

overall or local pores. As seen in the 5% kenaf core constrained expansion sample in 

Figure 21, there is a field of distortion around an individual kenaf core piece that affects 

the local pore density and pore geometry. This type of distortion would occur throughout 

the material and would increase in frequency as a function of kenaf core. The SEM images 

also bring to light the local change in open or closed nature of the cells about the kenaf 

core piece. This distortion creates an almost completely open cell network around an 

individual piece of filler. This change is non-trivial over the bulk of the sample and affects 

all properties. These effect is also exacerbated by the short length of the filler; since it is 

completely engulfed by the foam, this field of distortion is three dimensionally surrounding 

the kenaf core. This inserts individual pockets of extreme changes in geometry 

throughout the material. If we used long fibers, the distortion would only be along the 

length of the fiber and be less of a disturbance to the overall mechanical properties. This 

is the cause for both the visual distortion from top to bottom in 100% soy foam to 15% 

kenaf core SEM micrographs along with the decrease in mechanical properties seen in 

Figure 30. However, these drastic changes in local geometry are most likely the reason 

for the low thermal conductivity observed in the 15% kenaf core constrained expansion 

sample along with the increase in bulk density. 

3.6. Biodegradability 

 The composting experiments were conducted over 45 days in order to establish a 

reliable trend of degradation. Figure 31 shows results from testing.  
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There is the linear relationship between the materials based on the amount of 

kenaf core that is present. Kenaf core itself passes the needed average degradation 

before the ten day marker thus showing that it is a viable candidate for any future 

endeavor that would require precise and reliable decomposition. This builds the 

relationship between the percent of kenaf core in the material and the porosity argument 

discussed earlier. As discussed earlier in the previous SEM section, regarding the 

mechanical properties, the cell structure changes as a function of increasing kenaf content 

and establishes a local open cell network. The higher the kenaf content, the higher 

percent open porosity. Therefore, the 15% kenaf core specimen exhibited higher levels 

of degradation because the internal CO2 that was previously forced to diffuse out can 

now freely dissipate. As seen in the figure, the other three soy-based foams are still 

trending upward; this implies that the materials might reach the needed degradation but 

at a longer time scale. 

 The most similar results found were from Gómez et. al. (Gómez et al., 2014) who 

studied glycerol-based PU foams. They have degradation rates similar to the kenaf core 

and the 15% kenaf core specimen. However, the main difference is the overall trend of 

their figures began to asymptote ours continued to exhibit an increasing trend implies 

that almost complete degradation, like the kenaf core, is possible.
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Figure 31 - Percent biodegradation of all studied material 
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CHAPTER 4  

CONCLUSIONS 

 Soy-based polyurethane foam was successfully fabricated with kenaf core 

modifiers incorporated into the foam for property enhancement. The overarching goal of 

obtaining a compostable foam meeting the ASTM D-5338 standard standards was 

achieved.  These biodegradability results show great promise for all potential applications. 

Previous reports had speculated at potential improvements of introducing a natural filler 

in order to increase degradation properties; in this work we empirically found a positive 

trend in biodegradation as a function of increasing natural filler content. The 100% kenaf 

core and 15% kenaf core materials exhibited excellent performance and met the 

minimum requirement of degradation within the 45 day test. The positive trend for the 

soy foam, 5% kenaf core, and 10% kenaf core indicates that further degradation testing 

would result in achieving complete biodegradability. The 45 day test was used to fulfill 

the required minimum in order to stay within the ASTM D-5338 standard; if a material 

shows 75% degradation after these 45 days, it can still be considered a biodegradable 

material. 

The overall trend of the macroscopic properties can be summarized based on 

density, Tg, thermal conductivity, and compression testing. The density of FE samples 

increased with kenaf core but the CE samples were unaffected (except where both had 

a large increase at the 15% loading). A similar relationship is seen for the Tg where the 

FE has an increase with the filler while the CE values are almost all the same except for 

the 14 degree increase in the 5% material.   The compression testing exhibits the 
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expected mechanical response where both specific strength and modulus decreased with 

kenaf core due to the improper coalescence from the interaction with the filler.  

There are several phenomena presented in this thesis that need to be understood 

in order to fully comprehend the inferences that can be gleaned from these experiments 

in terms of the structural and molecular aspects. The relationship between the thermal, 

mechanical, and composting results contain the data but there are more fundamental 

concepts to be explored; how do cell size, architecture, and filler concentration directly 

contribute to the physical behavior of these composite foams? With the concurrent 

changes in cell size, filler concentration, open and close cell architecture a cause and 

effect correlation is inter-related. Therefore individual samples with one variable are 

extracted for a summary analysis.  

4.1. Cell Size and Cell Size Distribution 

 No kenaf core concentration effect and all closed cells were obtained in the pure 

soy foam samples allowing an assessment of cell size and cell size distribution impact on 

properties to be made from that sample. Density as a function of cell size shows that 

there is a decrease in cell size as the density increases. This impacts the solid state 

mechanical performance. Before the Tg, the FE soy foam (along with the CE ones) 

exhibited a dampening sinusoidal response with no consistent trend. However, after the 

transition region, the FE samples showed a similar macroscopic trend that is seen in 

compression testing. A 55% higher modulus values are seen for the CE soy foam sample 

post-Tg. This shows that the cells in the CE were less affected by the combination of 
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temperature and mechanical strain and could successfully recover as compared to the 

smaller celled FE materials.  

Thermal conductivity for most materials is solely based on conduction as the 

thermal wave propagates through it (a.k.a. direct molecular collision). However, since the 

100% soy foams are mostly closed-cell, there is gas trapped within each pore causing 

another contributor to the overall thermal conductivity value: convection. Convection is 

an active contributor to both the FE and CE samples, yet, the CE specimen has 

significantly higher average pore diameter (1160 µm for CE to 815 µm for FE) and thicker 

cell walls. This directly affects and dramatically lowers the thermal conductivity by 

increasing the thermal convection contribution for the 100% soy foam material. However, 

the reason the 15% kenaf core CE sample has such low thermal conductivity is not so 

simple and is closely tied to the mechanical and composting results.  

4.2. Cell Architecture 

 The 15% kenaf core samples had no cell formation and thus represents the 

extreme of no foams with only reinforcement. Thus we examine 5% and 15% to assess 

the impact of performance from cell architecture changes. Cell size average is assuming 

uniformity throughout the structure, however, this is not the case and can be noticed 

based on the standard deviation in the pore analysis. The standard deviation has a 

physical significance in relation to the cell architecture; the higher the value (the 

difference between the 5% and 15% kenaf core samples), the more the cell architecture 

itself degrades. Visually, it is easy to see the differences between the 5% and 15% kenaf 

core samples and how the cells have change based on the interaction with the filler. This 
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destruction of the pore architecture directly relates to the decrease in both mechanical 

and thermal properties.  

4.3. Filler Concentration 

 The cell size and architecture are important in determining the final properties. 

However, for the composite foams, the filler itself most likely causes (or at least aids) in 

the change in cell size and architecture. This can been visualized with the µ-CT images 

and how the filler agglomerates within the structure. For all of the samples (both FE and 

CE), the kenaf core is quite homogeneously distributed and thus would not intensely 

contribute to the final properties. However, there is the relationship between the density 

values and µ-CT data. There is the large spike in density for the 15% kenaf core samples 

and there is a noticeable difference in the tomography images. Since the added kenaf 

core is 15 weight percent, the volume percent would be roughly 40-60 volume percent 

whereas the 5 weight percent might only be 10-20 volume percent. This drastic change 

correlates to the mechanical and thermal properties, but, most importantly to the 

composting results. The culmination of these effects leads to a more open-cell network. 

This network allows for the CO2 from the highly degradable kenaf core to be completely 

released from the system and thus creates a more compostable material.  

These results presented in this thesis show that a responsible and sustainable soy-

based polyurethane composite foam with kenaf core modifiers can be processed in used 

in the building automotive, and packaging industries. These composites are an exciting 

alternative to currently used materials that continue to slowly degrade in landfills. This 
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work bridges the gap between long term performance and responsible end-of-life 

decisions. 
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