Ranya BELAHBIB & Fatima BENLAID

PEOPLE’S DEMOCRATIC REPUBLIC OF ALGERIA
Ministry of Higher Education and Scientific Research

University of Kasdi Merbah Ouargla
Faculty of Mathematics and Matter Sciences

Department of Chemistry

MASTER’S THESIS

Specialization: Materials Chemistry

Presented by:

Preparation of Polyurethane Foams from

Castor Oil Bio-sourced Polyols

Board of Examiners:

Full Name Rank / Role Institution

Pr. Moussaoui Yacine Supervisor UKM Ouargla
Pr. Zeghdi Saad Co-Supervisor UHL EI Oued
Pr. Zenkhri Louiza President UKM Ouargla
Pr. Zaoui Manel Examiner UKM OQuargla

Publicly discussed on: June 14, 2026

Academic Year: 2025/2026



Ranya BELAHBIB & Fatima BENLAID

PEOPLE’S DEMOCRATIC REPUBLIC OF ALGERIA
Ministry of Higher Education and Scientific Research

University of Kasdi Merbah Ouargla
Faculty of Mathematics and Matter Sciences

Department of Chemistry

MASTER’S THESIS

Specialization: Materials Chemistry

Presented by:

Preparation of Polyurethane Foams from

Castor Oil Bio-sourced Polyols

Board of Examiners:

Full Name Rank / Role Institution

Pr. Moussaoui Yacine Supervisor UKM Ouargla
Pr. Zeghdi Saad Co-Supervisor UHL EI Oued
Pr. Zenkhri Louiza President UKM Ouargla
Pr. Zaoui Manel Examiner UKM OQuargla

Publicly discussed on: June 14, 2026

Academic Year: 2025/2026






DEDICATION

wgusi )|
o8 o colual g cloiag ¢l Jdy i il gog) o g wa oo 4 b S bl sl gl b ol
wolll 005 il ol o)l Calygunlly sl 8 ole lighy S ShYY bl i eloal puall ¢35 b s YY MY o ool 3
ale gislyg 4w ale g sl go ol S I o] wilog s wbisd w0y sy o o ol ey T Sl ria
5> o] oy ¥¥ oy slig gone SNl [0 A sl
ol 3350 s
o iz [yyig g2 B b dghas S o8 il il il Saes b bl wino Bl of Ui wilgis! G |

ol i3] ol 6l of caio gill dlgesg o ds i 30
Lalle

ol gubss o] Clolu Ml 555 3 bl o0 ) il o8 2l i il
o)
Sygnan oy KU gille ol cly il dusl golo o8 dagny ey o Sl o) 13S0 cums g My s g 358 S o ol
g
ol gigs!] ol calily dsall @l Sing 38 4l @ ol il JoWY
oliss
gdino o] Caiug dosi gols 98 [ohs2g 29yl ol (6 i2022 o b
CJ6 oo 91 asly S wuolill S o8 g cilS oo |
oo ailssl ol hes g o L ahe dial. Sslac aslle nall dasly o ol g, ol
wowlb @ il 8] )l 2B, cusll ol S dilall Ll
G 2 g clell s S
ol g g S ¢ Jlgiably geols)l (Sl b ilS; 5 Wl
e o) yolsil oll bl el maly deal b aatll galle §” S wloually iy jull ol
@50 il
b 520l o> o] Conath XY G 151 S iy dule o o mognyg s dnly s Sl 191l
wolly caily sl o ol gia
sl 230l 159 ol 3 gy gl il s o oLl il il dlls) sy b s ol s g2 S S Sl
Conuly i) ol U8 oulf 08 elowal U2 2 b Iy sy 30
clighy Lar2os L] 2131 s w0 s iy gy linll 45 e 0530 of dlilsl L

sl U,

ii



006 g all "Colaall & o 1, Lo il oy ol g ) Uy Ll L U] g6 o"
ow i lolS il g, 8 By oy i o8 48 il s bl (5 g gl Lig o bl o ly s o)) oS5
Coluiul J gis] . Llsl ey cagi o u
Jool ol G5 63l ol cliby i .0 Cobll sasy 51500 g oo ol ciol il s oy dscls Bl poll
o I aulbely 355 IV gines o (Y]
531513 6 s o)l allsl sey S5dog wighy ot ¢Sy 8 00lly cabll Sug 2l Ll | gioSE o
Canos
iy sl o g Loy 05 16 s Labdl st sl dlls] des oo ol
oo i ST o] a0 8 ST acls gsbois g s coloSball ol o) csll gl dmnilly o)l il ol
bl g tle 9igs] o] 13 ol dginog Ul 58 o din 9] gl ol 19ty Sric st go ol 52Ul olly bl galas ol
Comg Juig
Cough ol 068 ol IS el Gno ol b o g dacy oSy el ol oilag vl idldl o ol
o lino ol ) ol ol N¥ly shall issly gl ol slihl sliso N .ol 1 g8 g Gac o oo
Con>
CSy o sl win o)l Jb clsg Sy S dad Ji i) bl 3 jme yud [
il is 3Gl o sl Cacs 5 sl iy ly sl il g oS o of 30 lely g 15 olsl il o Ul
cla )l ey 3Caol el sy Bl 3Caol ellg wbiio 3Cal
o b el 2 sly L] clslss @bl g8 ULy b allsl g g Uy oy ol ol L ot

dogbd 3l

iii



ACKNOWLEDGMENT

oy Ssbugo ¢ bl G aall Al ol oWy sty Sall ol le gl i
ol b W slal il by gy aplisg @08 8 S50l 6 51l B0 Jlgh sclyy Bgn 3 U oS il
@y oly el 5l 4 ol dylsl Jladg olsally oL Y3l S Lo db CiSan 5,00 Jassly ol 1 2l 31 b LuSUl WY ailaig @ s
caoSel slbally Yl oo y30
gl 85305 « BN el aud gy o psily Sl yallsy i [
ol Yy 510 oW U a8l Lislaog Ll il ol goily Hlobly o3 oo 1) @ by wd| alin U clS il
CiTgely olioddl clle ol U b
o ol dole 4, YUl b g olly dols wSoll e @lsy 3 CRAPC dslasS o sall b il s YY1 Jgun) | Sl v o |
cluall 1,8 b U dosiall oy gslatly JlamaYl
o e olS wull ol piling pgacs ol oS sy dull sl oy ole day 0 il e 8, ol Wbl alls oo s ol gty W
Casll 5 21l 98 S
Comilly Sall olle guol pin 8 SSall b 5bil 0d ey 3l gl co S Wl

iv






ABSTRACT

This study demonstrates the viability of utilizing castor oil as a renewable, bio-sourced alternative to
synthetic polyol (polypropylene glycol - PPG) in the production of polyurethane foams (PUFs). Three
distinct foam formulations were developed and analyzed to control the open-to-closed cell ratio: a pure
synthetic foam (PU1 - 100% PPG), a hybrid blend (PU2 - Castor Oil + PPG), and a pure bio-based
foam (PU3 - 100% Castor Oil). The structural, physical, and morphological properties were compre-
hensively evaluated using Fourier-Transform Infrared Spectroscopy (FTIR) and Scanning Electron
Microscopy coupled with Energy Dispersive X-ray Spectroscopy (SEM-EDX). The characterization
results revealed that the hybrid blend (PU2) exhibited the highest density and the lowest water absorp-
tion, making it highly suitable for rigid insulation applications. Conversely, the pure synthetic foam
(PU1) exhibited a highly porous network with the highest water absorption (913%), rendering it ideal
for filtration and absorption systems. Ultimately, these outcomes confirm that castor oil represents
an effective sustainable precursor for tailoring the performance of eco-friendly polyurethane foams

tailored for specific industrial needs.

Keywords: Polyurethane Foam (PUF), Bio-sourced Polyols, Castor Oil, SEM/EDX, Water Absorp-

tion.
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Cette étude démontre la viabilité de 1’utilisation de I’huile de ricin comme alternative biosourcée
et renouvelable au polyol synthétique (polypropyléne glycol - PPG) pour la production de mousses
de polyuréthane (PUFs). Trois formulations distinctes ont été élaborées afin de contrdler précisément
le rapport entre cellules ouvertes et fermées : une mousse purement synthétique (PUI - 100% PPG),
un mélange hybride (PU2 - Huile de ricin + PPG), et une mousse purement biosourcée (PU3 - 100%
Huile de ricin). Les caractérisations physico-chimiques, morphologiques et mécaniques ont été¢ me-
nées par spectroscopie infrarouge a transformée de Fourier (FTIR) et par microscopie électronique a
balayage (MEB-EDX). Les résultats indiquent que le mélange hybride (PU2) présente la densité la
plus ¢élevée et I’absorption d’eau la plus faible, ce qui le rend idéal pour les applications d’isolation
rigide. A I’inverse, la mousse synthétique (PU1) se distingue par un réseau hautement poreux avec une
absorption d’eau maximale (913%), propice aux systémes de filtration et d’absorption. En conclusion,
ces travaux confirment le potentiel de I’huile de ricin en tant que précurseur durable pour la conception

de mousses polyuréthanes écologiques aux propriétés ajustables selon les exigences industrielles.

Mots-clés : Mousse de Polyuréthane (PUF), Polyols Biosourcés, Huile de Ricin, MEB/EDX, Absorp-

tion d’eau.
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GENERAL INTRODUCTION

Plastics have fundamentally reshaped modern manufacturing due to their versatility and ad-
vantageous properties. As synthetic polymers, they are lightweight, durable, waterproof, moldable,
and cost-effective, making them superior substitutes for traditional materials like wood and metals
across numerous sectors ° . This has led to their widespread adoption in packaging, automotive,
aerospace, construction, electronics, healthcare, and consumer goods, where replacing metal parts
with lightweight polymers notably improves fuel efficiency in vehicles and electric vehicles [°]. The
global market for plastics was valued at over USD 545 billion in 2025, and global production is es-
timated at around 430 to 446 million tonne. Production has seen consistent growth, rising 4.1% in
2024 compared to the previous year, although with significant regional disparities, as Asia, particu-
larly China, now accounts for over 57% of global output, highlighting the material’s central role in
the modern global economy °.

Polyurethanes (PUs) are a class of polymers produced via condensation polymerization
reactions between polyols and diisocyanates. These versatile materials can be tailored into various
forms, including rigid and flexible foams, elastomers, coatings, adhesives, and fibers [’]. This tenabil-
ity makes them indispensable in numerous industries such as construction for insulation, automotive
for light weighting, furniture for cushioning, and the medical and electronics sectors for specialty
applications. The global polyurethane market was estimated at roughly USD 87-90 billion in 2025
and is projected to grow significantly in the coming years ®. The increasing demand for sustainable
products is a major trend, driving innovation in developing bio-based polyurethanes derived from
renewable sources. As global production is expected to reach 22.5 million tons, the synthesis and
application of polyurethanes remain a vibrant field of materials science .

The environmental persistence of conventional plastics has made recycling a crucial element
of waste management and the transition to a circular green economy. Traditional recycling methods
face substantial challenges, including high costs and the non-recyclability of certain materials, which
hinder broader application °. As a result, a significant shift is underway towards more sustainable
and recyclable polymers, promoting a circular economy. Key to this transition are next-generation
biodegradable polymers, which are emerging as promising alternatives to petrochemical plastics '°.
The integration of these biodegradable bioplastics in biorefineries offers a pathway for cost reduction
and low waste generation, aligning with circular bioeconomy principles. This approach is essential as
global plastic waste accumulates, with over 400 million tons produced annually and a vast majority
being improperly discarded °.

The search for environmentally friendly polymers has spurred extensive research into the
preparation of polyurethanes from biodegradable polyols. A promising route involves valorizing
waste biomass, where corn cob lignocellulosic waste can be transformed via microwave-assisted de-

polymerization into a bio-based polyol for producing rigid polyurethane foams. Other successful
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syntheses have utilized bio-polyols derived from sources such as olive seed oil, lignin from wood, and
even oligosaccharides like raffinose, which can be reacted with toluene diisocyanate (TDI) to produce
polyurethanes. This approach not only enables the creation of polyurethane materials that exhibit ex-
cellent thermal and mechanical robustness but also promotes waste valorization. By incorporating
bio-based and biodegradable polyols, it becomes possible to develop next-generation polyurethanes
with a significantly reduced environmentalfootpri'!~!4,

The present study focuses on the synthesis and characterization of novel polyurethane ma-
terials derived from bio-sourced polyols. The objective is to formulate sustainable polyurethanes by
reacting these renewable polyols with toluene diisocyanate (TDI), one of the most dominant aromatic
diisocyanates used in polyurethane chemistry. Various synthesis routes will be explored to prepare
the polyurethanes, drawing from established procedures for bio-based polyurethane production, such
as the one-shot method. The resulting polymers will be characterized using analytical techniques like
FTIR to confirm their structure and to evaluate how the nature of the bio-polyol influences thermal
stability and mechanical properties. This investigation aims to contribute to the growing field of eco-

friendly materials, offering an alternative to conventional petrochemical-based polyurethanes.



Chapter I

LITERATURE REVIEW

I.1 Overview of Polyurethanes (PU)

From a materials science perspective, Polyurethanes are segmented block copolymers. They consist of
alternating sequences of flexible, low glass transition temperature (Ty) “soft segments” (polyols) and
rigid, high T, "hard segments” (isocyanates and chain extenders). This phase-separated morphology

is what gives PU its unique mechanical properties...”* Polyurethanes, commonly abbreviated as

OCN-EEEE-NCD + HO v OH = w-—nmuiﬁi-rfiuw
H H

Chisoocyanatbe Dol Polyurethane

Figure I.1: Polyaddition reaction of a diisocyanate and a diol to form a polyurethane.

PUR and also referred to as urethanes, represent a diverse class of materials with a wide range of
applications. Their structure is defined by the urethane linkage (-NH- C(=0O)- O-). This class of
polymers was first discovered in 1937 by Otto Von Bayer and his colleagues.

Polyurethanes can be classified as esters or amide esters of carbonic acid. They are produced through

the reaction between polyfunctional hydroxyl compounds and polyfunctional isocyanates.'>

1.2 Polyurethanes Synthesis process

I.2.1 Polyurethanes Synthesis method

PU synthesis method has a one-step synthesis process and two-step synthesis process. Although the
two methods are diff erent, the chemical principle behind both methods is similar.

One step Synthesis process

The one-step synthesis process involves combining all polyurethane raw materials—such as isocyanate,

polyol, and chain extender—in a single reaction mixture. In this approach, the reaction between iso-
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cyanate and polyol, as well as the subsequent reaction of the resulting prepolymer with the chain

extender, occur simultaneously.

Two step Synthesis process

The two-step process involves reacting the polyol with the polyisocyanate first to produce a prepoly-
mer of sufficient molecular weight. Subsequently, a chain extender is added to the resulting prepoly-
mer to transform it into a high-molecular-weight compound.

The prepolymer produced by the initial reaction of polyols and polyisocyanates is inherently soft
and possesses very low mechanical strength. Therefore, a chain extender must be added to form a
polymer that has practical utility. While the prepolymer can be sold as a standalone product, certain
additives are often required to extend its shelf life.

Although polyurethane synthesis can be conducted via two different methods, the underlying prin-
ciples remain similar; the primary difference lies in the sequence of addition. However, most experts
suggest that the two-step method is generally superior to the one-step system, as it results in higher

product quality.['®]

1.3 Polyurethane Foaming Systems

Foaming systems are categorized into three types based on the chemicals used in the synthesis process:
* One-step one-shot system
* Quasi-prepolymer system
* Full prepolymer system

Among these, the one-step and quasi-prepolymer systems are the most commonly used in the foam-
ing industry. The one-step process is the predominant method, whereas prepolymer systems were
primarily used in the early days of the urethane industry. In the one-step system, Component A and
Component B are kept separate. Component A consists solely of polyisocyanate, while Component B
contains polyol, surfactant, blowing agent, and catalyst. When the two components are mixed, foam
is formed.

In a quasi-prepolymer system, Component A consists of a polyisocyanate combined with a portion
of the polyol, while Component B contains the remaining polyol along with the rest of the formulation
ingredients, such as catalyst and blowing agent. The foaming product is formed upon mixing the two
components.

In a full prepolymer system, Component A is composed of polyisocyanate combined with polyol.
Component B contains no polyol; instead, it includes the remaining formulation ingredients such as
blowing agents, surfactants, and catalysts. The reaction is initiated when Components A and B are

mixed.
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Polyisocyanate (Monometric) ——= Component A

Polyol—— —» Mix —= FOAM
Blowing Agent—+(Premix) — Component B——

Surfactant

Catalyst——

Figure I.2: One step one shot system

zg::,l:,r szuam Quasi-polymer (Component A)—

Polyol
Blowing Agent—t= (Premix) — Component B —
Surfactant
Catalyst

—=Mix —= FOAM

Figure 1.3: Quasi pre polymer system

1.4 Types of polyurethane foam

Polyurethane foam is prepared by addition, condensation or cyclo-trimerization reactions.
Polyurethane foam is divided into two main types: flexible foam and rigid foam. Each type is further
categorized into multiple subtypes based on its applications. All types of polyurethane foams are
prepared by appropriately selecting the polyol and isocyanate components. Table 1 illustrates the
classification of polyurethane foam according to the type of polyol and its functionality.

Polyol Rigid foam | Semi rigid foam Flexible foam
OH No. 350-560 100-200 5.6-7.0
OH Equivalent No. 160-100 560-280 10,000-80
Functionality 3.0-8.0 3.0.3.5 2.0-3.1

Figure 1.4: classification of polyurethane foam

I.4.1 FLEXIBLE POLYURETHANE FOAM

Flexible polyurethane foams are produced via either the slabstock or molding process, and their
classification is based on both the synthesis method and the type of polyol employed. Slabstock-

derived foams—commonly referred to as slabstock foams—are further categorized into several types:

6
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polyether foam, high-resilience foam, viscoelastic foam, super-soft foam, energy-absorbing foam,
and flexible polyester foam. In contrast, molded foams are divided into two distinct categories: hot-

molded foam and cold-molded foam.

1.4.2 RIGID POLYURETHANE FOAM

”Rigid polyurethane foam is charverse range of density values. The synthesis of this foam typically oc-
curs at ambient temperature, eliminating the need for external heating. Various specialized techniques
are employed in its production, including spray foaming and one-component foaming. Furthermore,
rigid foams are categorized into several forms, such as laminates, sandwich panels, high-density vari-
ants, and slab-stock foam. Additionally, both flexible and rigid foams can be synthesized on a labora-

tory scale through the cup foaming method.””

I.5 Polyurethane Raw Materials

I[.5.1 Polyols: Chemical Classification and Structure-Property Relationships

Polyols are macroglycols with terminal hydroxyl groups (-OH). In polyurethane chemistry, the func-
tionality (f ) and the hydroxyl number (OH#) are the primary parameters defining the polymer net-

work.

56100 X f

OH# = (L1)

n

Polyether Polyols (The Hydrolytic Backbone)

Polyether polyols, such as Polypropylene Glycol (PPG), are synthesized via anionic ring-opening
polymerization of alkylene oxides. They are characterized by ether linkages (C-O-C) which provide:

* Low Glass Transition Temperature (Ty): Facilitating flexibility at sub-zero temperatures.

» Hydrolytic Stability: Unlike esters, ether bonds do not react with water, making them ideal for

humid environments.

Polyester Polyols (The High-Performance Backbone)

Synthesized through the condensation of diacids (e.g., Adipic acid) and diols. They offer superior:
* Intermolecular Forces: Higher hydrogen bonding potential leads to better tensile strength.

* Abrasion Resistance: Ideal for microcellular elastomers (shoe soles).
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Table I.1: Comparative Analysis of Polyol Types in Materials Science

Property Polyether Polyester Polycaprolactone
Hydrolytic Stability Excellent Poor Moderate
Oxidative Stability Poor Excellent Excellent
Tensile Strength Moderate High Very High
Low Temp. Flexibility Excellent Moderate Good

Typical Application Flexible Foams Coatings/Elastomers High-end TPU

I.5.2 TIsocyanates: Reactivity and Isomerism

Isocyanates are ester compounds of isocyanic acid, with the general structure R—-N=C=0. They can
be categorized based on the number of NCO groups, such as monoisocyanates (O=C=N-R-N=1)
and polyisocyanates. Toluene diisocyanate (TDI) is the most widely produced and commonly used
isocyanate in daily life.
TDI is mainly used in paints, adhesives, and flexible foams, with flexible foam accounting for
70% of its total consumption, followed by the coatings industry at 15%. Flexible polyurethane foam
is found in furniture cushions, vehicle seat padding, and other soft cushioning layers. TDI is also used
to produce rigid polyurethane foam, polyurethane coatings, and polyurethane elastomer intermediates.
MDI is classified into pure MDI, polymeric MDI, liquefied MDI, and modified MDI. TDI and
MDI are interchangeable as raw materials for polyurethane production. Pure MDI is primarily used for
slurry and polyurea spray, while polymeric MDI is used to produce polyurethane foam for insulation
in refrigerators, water heaters, and similar appliances.

Polyphenylene polyisocyanate (PAPI), also known as crude MDI, is a mixture of MDI and polyiso-
cyanates with more than two functional groups. It undergoes self-polymerization at high temperatures
and can be used in polyurethane adhesives or added to rubber adhesives to enhance adhesion.

Other raw materials for polyurethane synthesis include HDI, XDI, and NDI. Xylylene diisocyanate
(XDI) and naphthalene 1,5-diisocyanate (NDI) have limited applications and small production vol-
umes in domestic industries. In contrast, 1,6-diisocyanate (HDI) offers excellent yellowing resistance
and is increasingly replacing TDI in the coatings industry, particularly for high-grade automotive

paints.'”

I.5.3 Catalysts: The Gelling-Blowing Balance

The production of PU foam requires a precise synchronization between the gas evolution (blowing)

and the molecular weight buildup (gelling).
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Figure 1.5: Chemical Structures of Common Diisocyanates in Polyurethane Synthesis

Tertiary Amines (Blowing Catalysts)

Amines like Triethylenediamine (TEDA) or Bis(2-dimethylaminoethyl) ether catalyze the reaction
between isocyanate and water. They operate by polarizing the water molecule, making the oxygen
more nucleophilic.

Organometallic Catalysts (Gelling Catalysts)

Tin catalysts (e.g., Stannous Octoate) coordinate with the isocyanate group annomenon where the
combined rate is faster than the sum of individual rates.

1.5.4 Surfactants: Silicone-Polyether Copolymers

Surfactants are essential to prevent ’Cell Collapse”. They perform three main functions:

* Emulsification: Combining the immiscible polyol and isocyanate phases into a quasi-homogeneous
mixture.

* Nucleation: Lowering the surface tension (y) to allow bubbles to form easily.
* Surface Elasticity (Marangoni Effect): Stabilizing the thin cell walls against drainage.

d the polyol hydroxyl group, bringing them into proximity to facilitate the urethane bond formation.
% Materials chemistry note:
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1.6 castor oil

Chemical composition

The castor oil plant (Ricinus communis L.) is a widely cultivated crop with significant industrial ap-
plications, especially serving as a valuable and renewable resource for the chemical industry [1,2].
Castor oil, which is extracted from the plant’s seeds through either cold or hot pressing, is both water-
insoluble and water-resistant. The structure of the fatty acid within castor oil, particularly its functional
group and position, enables a wide range of chemical reactions for industrial uses. This makes castor
oil a key raw material for producing soaps, personal care products, lubricants, hydraulic and brake
fluids, coatings, plastics, and polishes.

The oil’s main components include ricinol, stearic, dihydroxy stearic, oleic, and linoleic acids,
along with triacylglycerols. Castor oil appears as a yellow liquid with a characteristic taste and odor.
It has a high density, which varies depending on its lipid content. The oil consists of a mixture of
triglycerides, predominantly ricinoleate (around 90%), while oleate and linoleate are present in varying
proportions.

Castor oil contains a distinctive and uncommon hydroxy fatty acid known as ricinolenic acid,
which is structurally identified as cis-12-hydroxy-octadeca-9-ene acid (a hydroxyl fatty acid composed

of 18 carbon atoms with one double bond)'®

Figure 1.6: Castor tree Figure 1.7: Castor oil

Origin of castor oil

Castor oil is derived from the seeds of a castor plant, also known as Ricinus communis, which forms
part of the Euphorbiaceae family. The castor seeds usually contain up to 50% of the castor oil '. The
castor plant is non-determinant, the seed grows at a different rate, hence resulting in harvesting

10
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challenges, and the fact that the plant grows in rather difficult environments do not help because it also
contributes to harvesting challenges. The other challenge is that the seed produces lipids with toxic
ricin that can be considered to be an allergen, therefore making conventional harvesting a challenge
and poisonous to harvesters. However, the composition of fatty acids in castor oil makes it worthwhile

to harvest '°.

89.5% Ricinoleic acid HOJK/\/\/\/V\I/\/\/\ a
& OH
4.2% Linoleic acid Hob\/\/\/\/\/\/\/\ b
0
3% Oleic acid HOWM <
o]
1% Stearic acid HOJK/\/\/\/\/W\/\ d
e . o
1% Palmitic acid R L e
0 OH
0.7% Dihydroxystearic acid HOJ\/\/\/\/I\/T\/\/\ f
0 H
0.3% Linolenic acid HOJK/\/\/W\/W\ g
0
0.3% Eicosanoic acid i P s P o i g B

Figure 1.8: Composition of castor oil fatty acid'.

I.6.1 Physical and chemical properties

The physicochemical properties of castor oil, including specific gravity, refractive index, acid value,
iodine value, saponification value, free fatty acid content, and pH, as reported in the literature, are

summarized in Table .2°

Physicochemical properties Castor oil
specific gravity, 20,; | 0.9610 gcm™*
refractive index, n, [ 1.4770
viscosity, n 630-880 mPa s
acidic value, mg KOH/50 g oil 0.4-4.0
iodine value, mg 1,/100 g oil | 85.5
saponification value, mg KOH/100 g oil | 180.3

free fatty acids, % 0.3-0.7

pH 6.00-7.00
melting point =180 7C
boiling point | >300°C

Figure 1.9: Physical and chemical properties Castor oil

11



Chapter I. Literature Review

OH O
V\A./‘\M\/\)J\
OH

ricinoleic acid
Figure 1.10: ricinoleic acid

1.6.2 chemical modification of castor oil

The unique properties of castor oil can be manipulated from different chemical reactions by exploiting
the different functional groups such as the ester linkage, hydroxyl group, and the vinyl group. These
functional groups can be modified through processes such as transesterification, epoxidation, dehydra-
tion, pyrolysis, hydrogenation, ozonolysis, sulfation, and hydrolysis ?!. The chemical modifications
of castor oil are clearly illustrated below (Figure I11). From the versatile list of processes to follow,
the process should be energy efficient, green, and less labor intensive. This is because the aspects of

health, safety, and environment need to be taken into account.

Castor Seed Oil

Extraction |

[ I | |

Biofuels Glycerol Functionalization Direct
BT Polymerization
(MYDROCRACKING) |
[ | T 1
NOGASOLI (POXIDATION/ OIONOLYSIS/ HYDROFORMULATION DIMERIZATION
(HYGROCRACIING) OXIRANE KING REDUCTION J REDUCTION
OPENING
BIODIESEL
IHTOROCRAC K oG OR TRAN STERFICA TION) I '
| | T 1 Polyurethanes
caTALYIC ONDATION GLYCIROLYSIS USTNACATION Polymerization
RUFORMINGS [ervDRmILACTTON) (GLYCERIDES) (LUBRICANTS) |
PYROLYSIS | T T I
(HYDROCARBON)
HYDROGINOLYSIS = POLYURETHANES POLYACKYLATES EPOXY RESING POLYETHERS
STEAM GASIFICATION (soLvENT,
ANTIFREEZE AND
(sYNGAS) MONOMERS)

POLYESTHERS. POLYAMIDES

Figure I.11: Routes for the synthesis of various products from vegetable oils [>].
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EXPERIMENTAL MATERIALS AND
METHODS

II.1 Methodology experimental

I1.1.1 Chemical Reagents Used

The chemical reagents used in this study are listed in Table

Table II.1: Physicochemical Properties and Suppliers of Used Chemical Reagents.

Product Chemical Formula CASN° Density M.W. Supplier
(@-cm?  (g-mol™)

Toluene diisocyanate CoHeN,0O; 26471-62-5 1.22 174.16 Merck
Polypropylene Glycol HO-[CH,-CH(CH;)-O],-H - - - -
PPG-10

N,N- CsHigN, 109-55-7 0.82 102.18 Merck
dimethyltrimethylenediamine

Tin Ethylhexanoate C16H3004Sn 2417629-16-2 1.251 405.1 Fluka
trichloropropyl Phosphate C3HeCl3PO4 58888-75-8 - 243.41 Fluka
Siloxane-Polyether (Structure) 94469-32-6 - - Fluka
Copolymer

Water H,O 7732-18-5 1.00 18.015 -
Castor oil Cs7H10409 8001-79-4 0.957 933.46 -

I1.2 Polyurethane Foam preparation

The polyurethane foam was prepared according to the following experimental procedure:
1. A predetermined amount of polyols was introduced into a clean and dry glass beaker.
2. Trichloropropyl phosphate, distilled water, and siloxane—polyether copolymer were then grad-
ually added to the polyol mixture.
3. Subsequently, the catalytic system composed of tin ethylhexanoate and N,N-dimethyltrimethylenediamine

was incorporated into the formulation.

13



Chapter II. Experimental Materials and Methods

4. The resulting mixture was continuously stirred using a magnetic stirrer until a homogeneous
system was obtained.

5. Toluene diisocyanate (TDI) was then added to the reactive medium under continuous stirring
to ensure rapid homogenization.

6. Immediately after mixing, the reactive formulation was poured into an aluminum mold to allow
foam expansion.

7. The foam was left to expand freely and cure at room temperature until complete solidification
and stabilization were achieved.

The exact composition of the formulation is given below: [*?]

Table I1.2: Formulation and Volumetric Ratios of Chemical Reagents Used in PUF Synthesis.

Chemical Reagent Volume Used (mL)
Polyols 20.0
Trichloropropyl phosphate 04

Water 1.0
Siloxane—polyether copolymer 04

Tin ethylhexanoate 0.1
N,N-dimethyltrimethylenediamine 0.1
Toluene diisocyanate (TDI) 12.0

I1.3 Preparation of Polyurethane Foam Samples

Three formulations were developed using castor oil as the primary source of polyols, with the quanti-

ties of materials employed in each formulation presented below:

I11.3.1 Formulation 01

* Polyols : 20mL Polypropylene Glycol PEG-10
¢ Trichloropropyl phosphate : 0.4 mL
* Water: 1 mL

+ Siloxane-polyether copolymer : 0.4 mL

Tin ethylhexanoate : 0.1 mL

N, N-dimethyltrimethylenediamine: 0.1 mL

TDI: 12 mL

14
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I11.3.2 Formulation 02

* Polyols : 10 mL Castor oil+ 10 mL Polypropylene Glycol PEG-10
¢ Trichloropropyl phosphate : 0.4 mL
* Water: | mL

+ Siloxane-polyether copolymer : 0.4 mL

Tin ethylhexanoate : 0.1 mL

* N, N-dimethyltrimethylenediamine: 0.1 mL

TDI: 10 mL

11.3.3 Formulation 03

* Polyols : 20 mL castor oil
¢ Trichloropropyl phosphate : 0.4 mL
* Water: 1 mL

+ Siloxane-polyether copolymer : 0.4 mL

Tin ethylhexanoate : 0.1 mL

* N, N-dimethyltrimethylenediamine: 0.1 mL

TDI: 10 mL

I1.4 Physical and Chemical Characterization of PUFs

I1.4.1 Density

The bulk density (p) of PU foams was performed according to ASTM D3574-03, Test A [2-3], the
size of the samples was measured using a caliper and accurately weighted on a digital scale (Mettler
Toledo, AB 265-S). The bulk density was calculated as the average mass/volume ratio of five regularly

shaped samples.
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I1.4.2 Gravimetric Absorption

* Materials: Precision balance (0.1 mg), test liquid (water).
* Procedure:

* Weigh the dry foam (WdryWdry).

* Immerse in the liquid for 1 minute.

* Drain and reweigh (WwetWwet).

Calculate the absorption

I1.4.3 Average Functionality Calculation

The average functionality (fave) of the reaction mixture was calculated using the following equation:

>
nifi
favg = % (Hl)

n;

where n; is the number of moles of component i, and f; is its functionality.

Equimolar Case

Assuming 1 mol of Ricinoleic acid (f = 3) and 1 mol of TDI (f = 2):

(1 x3)+(1x2)
Savg = 11 (I1.2)

5
fag= = 2.5 (11.3)

Therefore, the average functionality of the equimolar mixture is:
favg = 2.5 (11.4)

Excess Ricinoleic Acid Case

Assuming 2 mol of Ricinoleic acid (f = 3) and 1 mol of TDI (f = 2):

_(2x3)+(1x2)
Savg = i1 (I.5)

=2.67 (1L.6)

wl o

favg =

Thus, the average functionality of the mixture is:
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favg = 2.67 (II7)

The obtained values indicate that the average functionality is greater than 2, suggesting the for-
mation of a branched and partially crosslinked polyurethane network. Increasing the proportion of
Ricinoleic acid increases the average functionality, which may enhance the rigidity and thermal sta-

bility of the resulting polyurethane foam.

I1.4.4 Spectroscopy Infrared analysis

The Fourier Transform Infrared (FTIR) spectra of the polyurethane foam samples were recorded us-
ing an Agilent Cary 630 FTIR spectrometer equipped with an ATR (Attenuated Total Reflectance)
accessory. A small piece of each polyurethane foam sample was placed directly onto the ATR crys-
tal and compressed using the pressure arm to ensure good contact with the crystal surface. Prior to
each measurement, a background spectrum was collected under the same operating conditions. The
spectra were acquired over the wavenumber range of 4000-650 cm™ with a spectral resolution of 4
cm™ and 32 scans per sample. After each analysis, the ATR crystal was cleaned with ethanol to avoid
contamination between measurements. The obtained spectra were used to identify the characteristic

functional groups of the synthesized polyurethane foams.
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Figure II.1: Carry 630 FTIR Spectrometer by Agilent Technologies

II.5S Scanning electron microscopy (MEB/EDS) analysis

Scanning Electron Microscopy (SEM) is a widely employed technique for investigating the microstruc-
ture, cellular architecture, and surface morphology of polyurethane (PU) foams. Careful sample
preparation is essential to minimize imaging artifacts and obtain high-quality micrographs. Since
polyurethane foam is an electrically insulating material, a thin conductive coating must be applied

prior to SEM observation to prevent surface charging and enhance image resolution. In this study,
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the samples were coated with a thin layer (approximately 5-10 nm) of gold, gold—palladium alloy, or
carbon using a sputter coater operated at a current of 20-30 mA for 60—-120 s under an argon atmo-
sphere. When performing Energy-Dispersive X-ray Spectroscopy (EDS) analysis, special attention
should be paid to the coating thickness and composition to avoid interference with the detection and

quantification of the sample’s elemental constituents.

Figure I1.2: Scanning electron microscopy (MEB/EDS)

IL.5.1 SEM Imaging Parameters

Accelerating Voltage: 5-15 kV (lower voltages reduce beam penetration and enhance surface
detail).

* Working Distance: 5-10 mm for optimal resolution.

* Detector: Secondary electron (SE) detector for surface topography; backscattered electron (BSE)

detector for compositional contrast.
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» Use a sharp blade or cryo-microtome to cut the PU foam into small, representative sections
(typically 5—10 mm in width/height). Avoid compressing or tearing the foam during cutting to

preserve cell structure.
* For rigid foams: Room-temperature cutting is sufficient.

* For flexible foams: Freeze the sample in liquid nitrogen for 5—10 minutes to harden it, enabling

clean fractures without deformation.
* Remove debris or dust from the sample surface using compressed air or a soft brush.

* Avoid solvents unless necessary (e.g., ethanol for hydrophobic contaminants), as they may alter
the foam’s structure. The polyurethane foam samples were analyzed with a scanning electron

microscope coupled with energy dispersive X-ray spectroscopy (SEM-EDX) .

Sample Preparation of Polyurethane Foam for SEM Analysis

@ . 6 . © o ©o O0 0 0

Sample Cutting Cleaning Drying Mounting on Sputter SEM EDM Analysis
Collection SEM Stub Coating ‘ Observation (Optional)

Ortach the sample with
| Obtainthe Cut the foam into Remove dust Dry the sample at Attach the dried a thin layer (5-10 nm) | Place the coated (s
polyurethane small pieces and loose room temperature sample to an of Gold, Gold— | sample in the SEM
foam sample. (approximately particles from or in a vacuum aluminum stub Palladium, or Carbon | | chamber and set ;ﬂjf’ﬂ"‘{ E";'E)"
1-2 em?), the sample oven to remove using conductive using a sputter coater. the appropriate s;‘:"z':;g;fgbs,

surface. moisture. carbon tape. k o
| Typical canditions:

20-30 mA, 60-120's,
Argon atmosphere.

imaging for elemental

conditions. analysis, ensuring
the coating does
not obscure the
results.

I oo N + PU foam is non-conductive; coating prevents charging and improves image quality.
Q otes: ., eep the coating thickness thin (5-10 nm) to avoid obscuring surface details and to allow accurate EDS analysis.
e * Handle samples carefully to avoid deformation or damage to the foam structure.

Figure I1.3: Sample Preparation of Polyurethane Foam for SEM Analysis

I1.5.2 Tensile test

Mechanical tensile tests were performed on a Mecmesin universal testing machine with a 10 kN ca-
pacity, with computer-controlled test software, and with a 10 kN force sensor and pneumatic grips.
The ultimate tensile strength and percentage elongation at break were determined according to the
ASTM D-3574-03 standard, Test E. The tests were conducted at a speed of 50 mm- min'. The
tensile properties were measured in the rise direction of the foam and correspond to the average for
at least three samples. The equipment used and the shape of the specimens cut from the foam blocks

were selected in accordance with established standard specifications.
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Figure I1.4: Foam Compression Testing
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RESULTS AND DISCUSSIN

III.1 Polyurethane Foam Synthesis

The synthesis reaction involving polypropylene glycol (PPG) and toluene diisocyanate (TDI) was
conducted at room temperature under catalytic action of N,N-dimethyltrimethylenediamine and tin

ethylhexanoate. The proposed reaction mechanism is shown below.”

s i =
CH, | s I v cH3;CH2}3—c|:H-c-D Sp2*
i ] % + H | 0 sl | I
2 HE o
" !_I,_“ J HM“‘}.;MNH .
N I '
ﬂ'}c.-' 1 I
CH
. CHy
H CHy © = r
P ‘*‘r - . P g - R eh
e " 0 NT T NCO
C[_l = --;""'-'h - (8] L H
NCO

Figure III.1: Reaction schéma for the synthesis of polyurethane foam

III.1.1 Reactional mechanism

Isocyanates readily react with active hydrogen-containing compounds, and these reactions may be
carried out with or without catalytic assistance. In contrast, isocyanate self-addition reactions are

generally less favorable and occur less easily than reactions involving active hydrogen species.”

Reaction in the absence of a catalyst

The active compound itself serves as a catalyst during the reaction, as illustrated below.

As shown in Scheme , reactions occurring in the absence of a catalyst proceed through a nucleophilic

addition mechanism. The nucleophilic center of the active hydrogen-containing compound attacks
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Figure II1.2: Isocyanate reaction in the absence of a catalyst

the electrophilic carbon atom of the isocyanate group (—-NCO), resulting in the formation of an inter-
mediate that subsequently undergoes proton transfer. This process leads to the addition of hydrogen
across the isocyanate group and the formation of the corresponding urethane linkage. The high reac-
tivity of the -NCO group is mainly attributed to the strong electrophilic character of its carbon atom,
which facilitates its interaction with nucleophilic species. The reactivity of isocyanates is strongly
governed by the electronic and steric effects of the substituent groups present in their molecular struc-
ture. Electron-withdrawing substituents increase the electrophilic character of the carbon atom in
the isocyanate group (—-NCO), thereby enhancing its reactivity toward nucleophilic species. In con-
trast, electron-donating substituents reduce the electrophilicity of the isocyanate carbon and conse-
quently decrease its reactivity. Furthermore, aromatic isocyanates generally exhibit greater reactivity
than their aliphatic counterparts owing to the resonance and inductive effects associated with the aro-
matic ring. However, steric hindrance surrounding either the isocyanate group or the active hydrogen-
containing reactant can significantly impede molecular interactions, resulting in a reduction in the
reaction rate. In the absence of catalysts, the relative reactivity of active hydrogen-containing com-
pounds toward isocyanates decreases in the following order: aliphatic amines, aromatic amines, pri-
mary alcohols, water, secondary alcohols, tertiary alcohols, phenols, carboxylic acids, ureas, amides,
and urethanes. This reactivity sequence reflects the nucleophilicity and accessibility of the active

hydrogen species involved in the addition reaction.”

III.2 Reaction in the presence of a catalyst

The isocyanate reactions classified under category (a) exhibit a high sensitivity to catalytic effects. The
extent to which these reactions are accelerated depends on the nature of the catalyst employed. Conse-
quently, catalyzed reactions are extensively utilized in industrial isocyanate-based processes. Among
the most commonly used catalysts are tertiary amines and metal-containing compounds, particularly

organotin derivatives, as previously discussed in this chapter. The catalytic pathways associated with
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these reactions are illustrated in Figures 10 and 11, while their fundamental mechanisms remain com-
parable to those observed in the uncatalyzed reaction presented in Figure 9. The catalytic action of

tertiary amines and metal salts on isocyanate reactions can be described as follows.
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Figure II1.3: Tertiary amine catalysed reaction

The catalytic efficiency of amine catalysts is generally correlated with their basicity, with higher basic
strength leading to increased catalytic activity, provided that steric hindrance does not significantly
interfere with the reaction. Amine catalysts are also effective in promoting the self-addition reactions
of isocyanates. In contrast, metal salt catalysts usually exhibit a lower catalytic effect on these reac-

tions, while tin-based compounds are considered particularly ineffective for facilitating self-addition

processes.
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Figure I11.4: Metal salts catalysed reaction
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show the shapes of expanded polyurethane foams in aluminum molds, these foams are prepared from

the synthetic polyol (PPG) and the biosource polyol (castor oil).

Figure II1.5: Expanded polyurethane foams in aluminum molds

III.3 FTIR Analysis

II1.3.1 FTIR Spectroscopy Analysis PU(1)

The FTIR spectrum of the synthesized polyurethane foam based on castor oil exhibits several charac-
teristic absorption bands confirming the successful formation of the polyurethane network. A broad
absorption band observed around 3300-3400 cm ™' is attributed to the stretching vibration of hydroxyl
(O-H) and urethane N—H groups. The presence of this band indicates hydrogen bonding interactions
within the polymer matrix.

The absorption bands located at approximately 2920 and 2850 cm ™ correspond to the asymmetric
and symmetric stretching vibrations of aliphatic C—H bonds originating from the long fatty acid chains
of castor oil. These peaks confirm the incorporation of the vegetable oil into the polymer structure.

The band observed in the region of 1700-1730 cm™ is assigned to the carbonyl stretching vibra-
tion (C=0) of the urethane groups, representing one of the most important indicators of polyurethane
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formation. Furthermore, the absorption bands between 1600 and 1500 cm™ are associated with N—H
bending vibrations and C—N stretching of the urethane linkage.

The intense absorption peak observed around 1100-1000 cm™ is attributed to C—O—C and C-
O stretching vibrations, which are characteristic of ester and urethane functionalities derived from
castor oil and the polyurethane network. Additional bands below 900 cm™ correspond to out-of-plane
bending vibrations of C—H bonds and other skeletal vibrations of the polymer chain.

Overall, the FTIR analysis confirms the successful synthesis of polyurethane foam from castor oil
through the formation of urethane linkages (-NH-COO-). The presence of characteristic hydroxyl,
carbonyl, amine, and ether groups demonstrates the effective reaction between the hydroxyl groups
of castor oil and the isocyanate groups, leading to the development of a crosslinked polyurethane
structure.
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Figure I11.6: FTIR Spectroscopy PU(1)

II1.3.2 FTIR Spectroscopy Analysis PU(2)

The FTIR spectrum of Sample PU2 confirms the successful synthesis of polyurethane foam from
castor oil through the reaction between hydroxyl groups of the polyol and isocyanate groups. A broad
absorption band centered around 3300-3400 cm™ is observed and assigned to the stretching vibrations
of hydroxyl (O—H) and urethane (N—H) groups. This band indicates the presence of hydrogen bonding
interactions within the polymer network.

The absorption bands appearing at approximately 2920 and 2850 cm™ correspond to the asym-
metric and symmetric stretching vibrations of aliphatic C—H bonds, originating from the fatty acid
chains of castor oil. These peaks confirm the incorporation of the renewable vegetable oil into the
polyurethane structure.

A characteristic absorption band observed near 1700—1730 cm™ is attributed to the carbonyl (C=0)
stretching vibration of urethane groups. The appearance of this peak provides strong evidence for the

formation of urethane linkages during polymerization. In addition, absorption bands located around
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1600-1500 cm™ are associated with N—H bending and C—N stretching vibrations, which are typical
of polyurethane materials.

The most intense absorption bands are observed in the 1250—1000 cm™ region and correspond
to C—-O—C and C-O stretching vibrations of ester and urethane functionalities. The high intensity of
these peaks indicates the development of a highly crosslinked polyurethane network. Additional bands
below 900 cm™ are related to skeletal vibrations of the polymer backbone and out-of-plane bending
of C-H bonds.

Furthermore, the absence or significant reduction of the isocyanate absorption band around 2270
cm™ suggests that most of the NCO groups were consumed during the polymerization reaction, con-
firming the successful formation of polyurethane foam.

Overall, the FTIR results demonstrate the formation of a polyurethane structure containing ure-
thane, ester, hydroxyl, and aliphatic functional groups, confirming the effective utilization of castor

oil as a renewable polyol source in polyurethane foam production.
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Figure I11.7: FTIR Spectroscopy PU(2)

II1.3.3 FTIR Spectroscopy Analysis PU(3)

The FTIR spectrum of Sample PU 3 exhibits the characteristic absorption bands of castor oil-based
polyurethane foam, confirming the successful formation of urethane linkages within the polymer ma-
trix. A broad absorption band centered around 3300-3400 cm™! is attributed to the stretching vibra-
tions of N-H and residual O—H groups involved in hydrogen bonding interactions. The presence of
this band is a typical feature of polyurethane materials.

The absorption peaks located near 2920 and 2850 cm™ correspond to the asymmetric and symmet-
ric stretching vibrations of aliphatic C—H bonds associated with the long hydrocarbon chains of castor
oil. These peaks indicate the incorporation of the bio-based polyol into the polymer structure.

A distinct absorption band observed around 17001725 cm™ is assigned to the carbonyl (C=0)

stretching vibration of the urethane group. This peak confirms the reaction between hydroxyl groups
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and isocyanate groups, leading to the formation of the polyurethane network. The bands appearing
between 1600 and 1500 cm™ are related to N—H bending and C—N stretching vibrations, which further
support the presence of urethane linkages.

Strong absorption bands observed in the 1250-1000 cm ™ region are attributed to C—-O—C and C-O
stretching vibrations of ester and urethane groups. The increased intensity of these peaks suggests a
higher degree of crosslinking and improved polymer network formation. Additional bands below 900
cm™! are associated with skeletal vibrations of the polymer backbone and out-of-plane C—H bending
vibrations.

The absence of a significant absorption band around 2270 cm™!, corresponding to the isocyanate
group (—NCO), indicates that the isocyanate was largely consumed during the polymerization process.
Therefore, the FTIR spectrum confirms the successful synthesis of polyurethane foam from castor oil
and demonstrates the formation of a stable crosslinked polymeric structure.
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Figure II1.8: FTIR Spectroscopy PU(3)

III.4 Physicochemical characterization of PUF

II1.4.1 Gravimetric Absorption Test
Absorption (%) = %W"'y x 100

dry

According to the above equation, the absorption percentage was calculated.

Analysis of Water Absorption Results

The water absorption results presented in Table X reveal significant differences among the prepared

polyurethane foam samples. These variations indicate differences in pore structure, cell morphology,
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and the degree of cell openness within the foams. Sample PU1 exhibited the highest water absorp-
tion value (913%), indicating a highly porous structure with a large number of interconnected open
cells. Such a structure facilitates water penetration and retention within the foam matrix, resulting in
a remarkably high absorption capacity. In contrast, PU2 showed the lowest water absorption (244%),
suggesting a denser and less porous structure. The reduced water uptake may be attributed to a lower
proportion of open cells and limited pathways for water diffusion into the material. Sample PU3
displayed an intermediate absorption value (569%), reflecting a moderate level of porosity and water-
retention capability compared with PU1 and PU2. The D30 sample achieved a water absorption of
649%, which is higher than that of PU3 but lower than that of PU1. This result suggests that the in-
corporation of D30 modified the internal foam structure, increasing the accessibility of water through
enhanced pore connectivity or a greater number of open cells. Overall, the water absorption capacity
followed the order: PU1 (913%) > D30 (649%) > PU3 (569%) > PU2 (244%) These findings demon-
strate that water absorption is strongly influenced by the foam morphology. Samples with higher
porosity and a greater proportion of open cells tend to absorb more water, whereas denser structures
exhibit lower absorption capacities. This behavior is characteristic of polyurethane foams and plays an
important role in determining their suitability for applications involving moisture absorption, filtration,

or insulation.

Widry (g) Whvet (g) A( %)
PUI 1.8678 18.9228 913
PU2 1.9526 6.7207 244
PU3 2.2374 14.9741 569
D30 1.9175 14.3665 649

Figure I11.9: Evaluation of Water Absorption in PU and D30 Foam Materials

II1.4.2 Density

According to ASTM D3574-03, the bulk density was determined by calculating the average mass-to-

volume ratio of three regularly shaped specimens, as presented in Table X.

analysis

The results presented in Table X show that the density values of the prepared polyurethane foam sam-
ples ranged from 0.0197 to 0.0378 g/cm?®, with an average density of 0.0271 g/cm?®. Sample PU2
exhibited the highest density (0.0378 g/cm?), indicating a more compact cellular structure with fewer
internal voids. In contrast, sample PU3 showed the lowest density (0.0197 g/cm?), suggesting a higher

degree of foam expansion and a larger amount of entrapped air. Sample PU1 displayed an intermediate
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Sample N° Volume (cm-1) Mass (g) Density (g. cm-1)
PU1 50.4 1.2111 0.0240
PU2 37.62 1.4227 0.0378
PU3 45 0.8909 0.0197
Average _ _ 0.0271

Figure I11.10: Bulk Density of Polyurethane Foam Samples.

density value (0.0240 g/cm?®). The low average density confirms the lightweight nature of the synthe-
sized polyurethane foam, which is a desirable characteristic for thermal insulation and cushioning
applications. Variations in density are mainly attributed to differences in cell morphology, expansion

behavior, and foam formation conditions.

comparison

Based on the data presented in the table, the average density of the laboratory-prepared samples (PU1,
PU2, and PU3) is 0.0271 g/cm?, whereas the density of the commercial sample D30 is 0.0389 g/cm?.
Comparison:

- The commercial sample D30 exhibits a density approximately 43.5% higher than the average density
of the laboratory-prepared samples.

- Among the laboratory samples, PU2 (0.0378 g/cm?®) shows the closest density value to that of the
commercial sample, although it remains slightly lower.

- PU1 and PU3 display significantly lower densities compared to D30. Factors Affecting Density:

* Porosity: An increase in the volume of air-filled voids within the foam structure leads to a reduc-
tion in density. The laboratory-prepared samples appear to be more porous than the commercial

sample.

* Preparation Method: Processing parameters such as mixing speed, applied pressure during fab-

rication, and reaction temperature can significantly influence the final density.

» Raw Material Composition: The type of polymer matrix and the presence of additives, fillers,

or plasticizers may affect the foam density.

* Curing Conditions: Factors including curing time, humidity, and entrapped air bubbles can alter

the density of the final material.

* Measurement Accuracy: The determination of density depends on accurate measurements of
both mass and volume. It should be noted that the volume unit reported in the table as cm™
appears to be incorrect; the correct unit is cm?®. To obtain a density closer to that of the commer-

cial D30 sample, it is recommended to prepare samples under conditions similar to those used
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for PU2 while minimizing porosity and optimizing processing parameters to promote a more

compact foam structure.

III.S SEM-EDX analysis

II1.5.1 SEM analysis

Sample 1

The SEM micrographs of Sample 1 reveal a well-developed cellular structure characteristic of polyurethane
foam. The cells exhibit predominantly oval and closed-cell morphology with relatively smooth cell
walls and limited structural defects. At higher magnifications, the polymer matrix appears homo-
geneous, indicating good compatibility between the reactants and successful foam formation. The
absence of significant cracks or voids suggests adequate structural integrity, which can contribute

positively to the mechanical performance and thermal insulation properties of the foam.

EHT = 20,00 kV Signal A= SE1 Date: 3 Jun 2026 EHT=2000kV Signal A= SE1 Date: 3 Jun 2026 CRAP(
WD = 11.30 mm Mag= 500X Time: 13:06:46 PTAPC-Ous WD =11.51 mm Mag= 100X Time: 13:09:09 PTAPC-Oua

EHT=2000 kV Signal A= SE1 Date: 3 Jun 2026 CRAPC EHT = 2000 kV Signal A= SE1 Date: 3 Jun 2026 CRAPC
PTAPC-Ouar PTAPC-Ouar

WD = 10.97 mm Mag= 30X Time: 13.01:55  P1 WD = 11.32 mm Mag= 30X Time: 12:32:19

Figure III.11: SEM Micrographs of Sample 1 at Different Magnifications (30%, 100x and 500x).

Sample 2

SEM micrograph of the polyurethane foam reveals a highly porous cellular structure characterized by
irregularly shaped and distributed cells. Both open and partially closed cells can be observed, indicat-

ing successful foam formation during the polymerization process. Some cell walls appear ruptured
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or collapsed, suggesting local structural deformation caused by gas expansion, processing conditions,
or sample preparation. The relatively large interconnected pores indicate high porosity, which may
enhance water absorption and insulation properties. However, the non-uniform cell size distribution
and wall defects may negatively affect the mechanical performance of the foam, particularly its com-

pressive strength and structural stability.

300 pm EHT = 20.00 kV Signal A= SE1 Date: 3 Jun 2026 CRAPC

| Wo=11.32mm Mag= 30X Time: 12:32:19 PTAPC-Ouargla -

Figure I11.12: SEM micrograph of sample2 showing the cellular morphology of polyurethane foam at
30x magnification.

Sample 3

The SEM micrographs of Sample 3 at different magnifications (30%, 100x, and 1000%) reveal a het-
erogeneous cellular structure with irregularly shaped pores and cell walls. At low magnification, the
foam exhibits interconnected cellular domains with some collapsed regions. Increasing magnification
shows relatively thick and compact cell walls, indicating the formation of a dense polymeric network.
At 1000x magnification, the cell wall surface appears relatively smooth with only a few microvoids
and surface defects, suggesting good polymerization homogeneity. The compact morphology and re-
duced pore openness are expected to enhance the mechanical properties and dimensional stability of

the foam while reducing water uptake.

31



Chapter III. Results and discussin

T'=20.00kV Signal A= SE1 Date: 3 Jun 2026
1=9.50 mm Mag= 100KX Time: 12:53:36

T

'=20.00 kV Signal A= SE1 Date: 3 Jun 202¢

v Signal A= SE1 Date: 3 Jun 2026

=9.16 mm Mag= 30X Time: 12:49:28 s-suom N t0x w2500

Figure I1I.13:  SEM micrographs of Sample 3 at different magnifications (30%, 100x and 1000x%),
showing the cellular morphology of the synthesized polyurethane foam.

II1.5.2 EDX analysis

sample 1

Elemental Composition Analysis (EDX Spectrum and Table) The energy-dispersive X-ray spectroscopy
confirms the chemical signature of the polymer matrix: Matrix Elements (Primary Components):
Carbon (C): Accounting for 69.89 wt% (76.58 at%).
Oxygen (O): Accounting for 28.23 wt% (23.23 at%). Interpretation: The absolute predominance of
C and O represents the typical organic backbone of polyurethane ([-O-R-O-CO-NH-R’-NH-CO-]n).
Secondary Elements andz Artifacts:
Gold (Au): Detected at 1.67 wt%. Interpretation: This is an artifact from the sample preparation pro-
cess. Polyurethane is a non-conductive polymer, requiring a thin gold sputter coating prior to SEM
imaging to prevent surface charging.
Silicon (S1): Detected at a trace level of 0.15 wt%. Interpretation: Commonly originates from silicone-
based surfactants used as cell stabilizers during the foam formulation.
Niobium (Nb): Present in a negligible trace amount (0.06 wt%), likely a background signal from the
SEM chamber hardware or a trace catalyst impurity.

”SEM/EDX analysis confirms the characteristic cellular matrix of polyurethane foam, showing
signs of brittle cell wall cleavage. The EDX spectrum verifies the polymeric nature of the sample via

dominant Carbon and Oxygen peaks ( 98 wt% combined), with minor Silicon traces from production
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Figure II1.14: SEM micrograph showing the cellular microstructure of Sample 1 with the designated
analysis zone.
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Figure II1.15: EDX spectrum showing the elemental energy peaks for Sample 1.

Y% de Yo
Elément masse atomique Kratio Z A F
CK 69.89 76.58 0,4947 1.0186 0.6949 1.0000
oK 28.23 2323 0,0413 0.9734 0.1501 1.0000
SiK 0.15 0.07 0,0012 0.8830 0.8699 1.0042
NbL 0.06 0.01 0,0005 0.6825 11859  0.9996
Aul 1.67 0.1 0,0090 0.4942 1.0484 1.0415

Figure II1.16: EDX spectrum showing the elemental energy peaks for Sample 1.

stabilizers and a distinct Gold peak introduced via the conductive sputter-coating required for high-

resolution electron imaging.”

sample 2

The EDX data presents the core polymeric matrix along with a few distinct elemental shifts: Matrix
Elements (Primary Components):

Carbon (C): 66.18 wt% (73.86 at%).

Oxygen (0): 30.78 wt% (25.79 at%). Note: Compared to Sample 1, Sample 2 shows a slight decrease

in Carbon and a corresponding increase in Oxygen content, though they still dictate the bulk organic
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polyurethane structure ( 97 wt%). Secondary Elements Coating Artifacts:

Gold (Au): Detected at 2.21 wt% (higher than Sample 1), confirming a slightly thicker conductive
sputter-coating layer on this specific sample surface. Palladium (Pd): Detected at 0.36 wt%. Interpre-
tation: Pd is commonly alloyed with Gold target sources (Au/Pd targets) in sputter coaters to achieve
a finer grain size for high-resolution SEM imaging. Calcium (Ca) Copper (Cu): Detected at trace
levels (0.22 wt% and 0.12 wt% respectively). These likely point to mineral fillers, catalyst residues,

or minor impurities introduced during foam synthesis or sample handling. Silicon (Si): Stable at trace

levels (0.13 wt%), originating from silicone surfactant stabilizers.
Niobium (Nb): Dropped to 0.00 wt% (undetectable).

Figure I11.17: SEM micrograph showing the deformed and ruptured cellular microstructure of Sample

2 within the designated analysis zone .

Si Nb Pd Pd CacCa

13 26 39

Figure II1.18: EDX spectrum highlighting the elemental energy peaks and the presence of coating

alloys (Au/Pd) for Sample
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Figure II1.19: Quantitative elemental composition (wt% and at%) of Sample 2 obtained from

EDX ”SEM/EDX characterization of Sample 2 reveals a ruptured cellular matrix with notable wall

% de %
masse  atomigue
66.18 73.86
3078 25.79
0.13 0.06
0.00 0.00
0.36 0.05
0.22 0.07
0.12 0.03
221 0.15

Kratio
0,4561
0,0477
0,0010
0,0000
0.0028
0,0019
0,0013
0,0119

V4
1.0233
09781
0.8877
06862
06617
08374
0.7139

10.4973
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folding

35



Chapter III. Results and discussin

and fragmentation. EDX analysis confirms the polyurethane composition via dominant Carbon and
Oxygen signals ( 97 wt% combined). The elemental spectrum uniquely captures a minor Palladium
(Pd) peak alongside Gold (Au), indexing the use of a fine-grained Au/Pd conductive coating, with
negligible traces of Calcium, Silicon, and Copper inherently tied to processing additives or residual

impurities.”

sample 3

The elemental profile reveals the raw organic matrix configuration along with distinct processing foot-
prints: Matrix Elements (Primary Components):

Carbon (C): Highest concentration at 72.88 wt% (78.89 at%).

Oxygen (O): Accounting for 25.07 wt% (20.37 at%). Interpretation: Together, C and O compromise
nearly 98 wt% of the scanned volume. The net increase in Carbon is due to the pristine exposed state
of the polymer backbone. Absence of Coating Elements:

Gold (Au) and Palladium (Pd) peaks are completely absent from both the spectrum and the quantita-
tive table, verifying the lack of a conductive sputter-coated layer which induced the SEM charging
artifacts. Secondary Elements Impurities:

Niobium (Nb): Noticeably higher at 0.69 wt%.

Sodium (Na) Chlorine (Cl): Detected at 0.66 wt% and 0.28 wt% respectively. The correlated pres-
ence of Na and Cl suggests minor NaCl (salt) contamination during sample handling or preparation.
Silicon (Si) Calcium (Ca): Persist at minor trace background levels (0.22 wt% and 0.21 wt%), origi-
nating from foam processing additives.

Figure I11.20: SEM micrograph of the surface morphology for Sample 3.
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Figure I11.21: EDX spectrum showing elemental peaks for Sample 3.

% de %
Elément masse  atomique Kratio Z A E
CK 72.88 78.89 04882 1.0147 0.6603 1.0000

NaK 0.66 0.37 0,0025 0.8790 0.4370 1.0012

NbL 0.69 0.10 0,0056 0.6792 1.2013 1.0002

CaK 0.21 0.07 0,0018 0.8285 1.0333 1.0442

Figure I11.22: Quantitative EDX elemental analysis table for Sample 3.
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Figure II1.23: Stress—strain curve of the prepared polyurethane foam showing the determination of
Young’s modulus (E = 0.2 MPa).
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The polyurethane foam’s stress-strain curve shows linear behavior until sudden failure, from which

the elastic modulus (E) and ultimate tensile strength were determined.

The stress—strain curve of the polyurethane foam sample exhibits a mechanical behavior charac-
terized by a gradual increase in stress with increasing strain. The initial portion of the curve shows
a nearly linear relationship corresponding to the elastic region of the material, where the Young’s
modulus was determined to be approximately 0.12 MPa, reflecting the elastic nature and low-density
cellular structure of the foam. As the applied load increased, the stress continued to rise without the
appearance of a distinct yield point, which is a typical behavior of polymeric foams. The maximum
tensile stress reached approximately 0.59 MPa at a strain close to 50%, indicating the ability of the
sample to withstand significant deformation prior to failure. This behavior can be attributed to the flex-
ibility of the polyurethane network and the progressive stretching and opening of the internal cellular

structure during tensile loading.
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Figure I11.24: Ashby chart showing the relationship between Young’s modulus and strength for dif-
ferent classes of engineering materials.

presents an Ashby modulus—strength chart, which compares the mechanical properties of differ-
ent classes of engineering materials. The chart correlates Young’s modulus with tensile strength and
illustrates the relative position of foams, polymers, metals, ceramics, and composites. Polyurethane
foams are located in the low-modulus and low-strength region due to their highly porous cellular struc-
ture. This behavior is consistent with the experimental results obtained in the present work, where the
synthesized polyurethane foam exhibited a Young’s modulus of approximately 0.12 MPa and a tensile
strength of about 0.59 MPa. The low stiffness and strength are mainly attributed to the low density
and high porosity of the foam, which promote lightweight characteristics and energy absorption capa-
bilities.
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CONCLUSION

The study successfully demonstrates that castor oil serves as a viable, bio-sourced alternative
to synthetic polyol (PPG) in producing polyurethane foams (PUFs). By altering the polyol formula-
tion, the ratio of open-to-closed cells can be precisely controlled, allowing manufacturers to tailor the

foam’s physical, morphological, and mechanical properties for specific industrial applications.

Key Formulation Outcomes and Applications The Hybrid Blend (PU2 — Castor Oil + PPG): * Char-
acteristics: Exhibited the highest density and lowest water absorption due to a compact, less porous
structure. Best Suited For: Rigid insulation applications requiring structural density and water resis-
tance. The Pure Synthetic Foam (PUI — 100% PPG): * Characteristics: Recorded the highest
water absorption (913%), indicating a highly porous network of interconnected open cells. Best Suited
For: Absorption and filtration systems where liquid penetration is required. The Pure Bio-Based Foam
(PU3 — 100% Castor Oil): * Characteristics: Offered an intermediate solution with the lowest appar-
ent density, indicating a high degree of foam expansion.

Mechanical and Structural Insight Ashby Chart Classification: Mechanical testing revealed a low-
modulus (0.12 — 0.2 MPa) and low-strength (0.59 MPa) behavior. When plotted on an Ashby chart,
the material maps precisely into the polymeric foams quadrant, typical for highly porous, lightweight
structures. Structure-Property Relationship: The final microstructure dictates the end-use. Flexible
foams tolerate open cells to ensure breathability and elasticity, whereas rigid foams require small,

closed cells to maximize thermal insulation and surface durability.
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