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INTRODUCTION

The world is facing a rising variety of challenges due to increasing public concern about
global sustainability, therefore, the development of advanced new materials and technologies
for sustainable bio-based products is critical. Widespread R&D activities have been
conducted to develop polymeric materials from sustainable feedstock and replace their
petrochemical counterparts. Rigid polyurethane (PU) foams are an inseparable part of the
global polymer market as they are utilized in a wide range of applications, such as thermal
insulation in civil engineering and appliance industry, structural material and impact
absorption material in the automotive industry, structural and buoyancy material in the marine
industry, etc. In this work polymer material sustainability challenge is answered by the
development of high-quality rigid PU from various bio-based and recycled feedstocks. The
properties of the developed materials are up to industry quality standards and ready for the
next stage of technology upscale.

Presented Doctoral Thesis demonstrates the development of rigid PU foam materials from
sustainable feedstock with several large scale applications. PU materials are obtained in the
reaction between a polyisocyanate moiety containing isocyanate groups (—NCO) and a polyol
component containing hydroxyl groups (—OH). Sustainable origin polyols are the most
promising way of introducing “green” chemistry into PU materials. Previously studied bio-
based polyols from tall oil (TO) and rapeseed oil (RO) have been utilized to develop high-
density structural strength rigid PU foams applicable in the automotive industry. Furthermore,
sustainable polyols derived from recycled polyethylene terephthalate (PET) side-stream were
also investigated for the same application. The mechanical properties of the developed high-
density rigid PU foam were further increased by the addition of montmorillonite nanoclay
reinforcement filler. Materials with the most optimal properties were chosen for real scale
automotive part development and testing.

In the frame of this Doctoral Thesis rigid PU foam, thermal insulation material from TO
based polyol with the goal to reduce material’s flammability was also developed. It was
concluded that it is possible to replace conventional potentially harmful halogenated flame
retardants with intumescent expandable graphite flame retardant.

Lastly, during high-density rigid PU foam development it was discovered that bio-based
polyols lack the functionality to obtain mechanically strong material, thus a new approach of
high functionality bio-based polyol synthesis was investigated. The roadmap of presented
Doctoral Thesis is depicted in Fig. 1 in which the work is split into three parts where the first
part describes studies related to the automotive industry, the second part is related to the
development of low flammability thermal insulation material, and the third part depicts
improvement of rapeseed oil and tall oil polyol synthesis methods.



Rapeseed oil Tall oil Recycled PET

—a— v

‘ Recycled material polyols

Renewable material polyols

TO_TEOA NEO 240
RO_TEOA NEO_380
T J
v
4 Y
Polyol analysis 3.3 Tall oil polyol based rigid PU foams with low

OH value, Acid value, Viscosity at 25°C, Number average molecular
mass, Average functionality, Water content, Polyol structure analysis - FTIR

v g v

flammability

/ 3.1 Rigid PU foam development for automotive application \ GCPP replacement with DMPP R
Expandable graphite influence on rigid PU foam
¢ Rigid PU foam morphology using SEM flammability
e Compression strength properties Isocyanate index influence on rigid PU foam
o Tensile strength properties: Young's modulus, Poisson's ratio flammability
o Thermal stability - TGA ~ ~
o Glass transition temperature - DMA
o Glass transition temperature - DSC
o M, calculated from raw material functionalities Replaced harmful

halogenated flame retardants

e M, determined from DMA
Rigid PU foam FTIR and determination of phase separation degree /

v

TO_TEOA and NEO_380 polyols selected
for further up-scale
Isocyanate index influence on
compression and tensile properties of rigid PU foams

(.

Bio-based polyol functionality
is too low to develop high mechanical strength
rigid PU foams

Rigid PU foam from Imperement of polygl
NEO 380 delivered superior syr'lthesw m'ethot'i to achieve
mechanical properties high functionality polyols

v

NEO_380 polyol selected ¥
as most promising raw material 3.4 High functionality bio- 3.5 High functionality bio-
based polyol synthesis from based polyol synthesis from
rapeseed oil tall oil
A 4 Y

~

~
Rigid PU foam density
influence on
Compression strength
Tensile strength
.

Improvement rigid PU foam mechanical properties by
developing PU polymer and nanoclay composite

Material deformation
rate influence on
compression strength
- J
17 3.2 Development of rigid PU foam nanocomposite

v

Predicting compression stress-strain behaviour of
developed rigid PU foams

Nanoclay dispersion into NEO_380 polyol

Nanoclay exfoliation in polyiscosyanate

XRD analysis

Nanoclay influence on rigid PU foam morphology - SEM
Nanoclay influence on rigid PU foam compression properties
Nanoclay influence on rigid PU foam tensile properties
Nanoclay influence on rigid PU foam thermal properties - TGA

Developed rigid PU foam material
for automotive industry

Fig 1. The roadmap of Doctoral Thesis.

Rigid PU foam compressive strength increased by

~15-20%

Aim of the Doctoral Thesis

To develop rigid PU foam material from sustainable raw materials with increased
mechanical properties and to develop novel polyol synthesis method from renewable
materials available in Northern Europe.



Tasks of the Doctoral Thesis

. To develop high-density rigid PU foam material from bio-based polyols.

. To develop high-density rigid PU foam material from APP polyols obtained from
recycled PET.

. To test mechanical and thermal properties of the developed high-density rigid PU
foams and access their viability as impact absorption material for automotive industry
applications.

. To reinforce developed high-density rigid PU foams with montmorillonite nanoclay
particles to increase the mechanical properties of the composite.

. To develop low-density rigid PU foam as a thermal insulation material from
renewable feedstock with low flammability characteristics by replacing harmful
halogenated flame retardants with intumescent flame retardant alternative.

. To develop a synthesis method for high functional bio-based polyols from RO and
TOFA.

Thesis Statements to be Defended

. APP polyols are more suited for structural high-density rigid PU production when
compared to polyols obtained form TO and RO.

2. Montmorillonite nanoclay filler increases compression properties of rigid PU foams.

. Halogenated flame retardants are not required to develop highly flame retardant rigid
PU foam thermal insulation.
. RO and TOFA are well suited for high functional bio-based polyol synthesis.

Scientific Novelty

. Demonstration of sustainable material viability for the development of structural
engineering materials with high-performance requirements.

2. Replacement of halogenated flame retardants with more sustainable alternatives.

. RO based high functionality polyol synthesis method has been developed by
combining oxirane ring opening reaction with transesterification/transamidation
reactions with polyfunctional alcohols, and synthesised polyols have been used for
rigid PU foam thermal insulation material development

. Development of TOFA epoxidation method using innovative heterogeneous phase
catalysts such as ion exchange resin and immobilised Lipase enzyme.

. TOFA epoxidation has been modelled using heterogeneous phase reaction model that
can be used for synthesis parameter optimization.
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Practical Significance

. Developed high-density rigid PU foam materials that can be applied as a structural

material in various engineering solutions especially in the automotive industry.
Developed high-efficiency thermal insulation material from renewable raw materials
with increased fire resistance performance, which is suitable for civil engineering
applications.

Developed high functionality bio-based polyols can be applied as a crosslink reagent
in various PU materials.
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1. LITERATURE REVIEW

1.1. Polyurethane Foams in Brief

Polyurethane Material Chemistry

The main difference between polyurethane (PU) materials and other common polymers is
that there is no urethane monomer. Typically, the PU polymer is created in a chemical
polycondensation reaction between —NCO groups and —OH groups. This main chemical
reaction is the foundation of the majority of the PU materials. However, the term
“polyurethane” can be deceiving as it refers to the broad variety of different materials with
different properties and applications. Polyurethanes can be soft or hard, flexible or rigid,
thermoplastic or thermoset. Properties of the PU polymer matrix are derived from the
chemical composition of raw materials used in the polymerization reaction. The length and
the chemical nature of the moieties R; and R» depicted in Fig. 1.1 play the most significant
role on the properties of the final material [1].

H H |
O—C=N—R,—~N—C=—0 + HO—R,—OH —> O—RI—O—C—N—RZ—N—CJ—
Isocyanate Polyol Polyurethane n

Fig. 1.1.Generic urethane linkage reaction [1].

Polyols

In general, polyols can be separated into two distinct groups: polyether and polyester
based polyols from which the vast majority produced are polyether type polyols [2].
Polyether-type polyols are obtained in an oxiethylation or oxipropylation reactions by
developing and extending glycol chains of starter alcohol. For rigid PU foam production,
higher functionality polyols are necessary, thus the starter alcohol also needs to have a high
OH group functionality. Commonly glycerol with fy =3 and sorbitol fn=6 among other
glycols are used as a starter. Ethylene oxide and propylene oxide are obtained from ethylene
and propylene oxidation, which are a direct product of naphtha cracking process. From now
on polyols obtained by oxyethylation and oxypropylation reactions will be referred as
petrochemical origin polyols. Polyol functionality and its molecular mass have a significant
influence on the properties of the final material. The common characteristics of polyols that
are used in PU material industry are as follows: OH value (mgkon/g), acid value (mgkon/g),
viscosity (mPa-s), number of average functionality — fn, number of average molecular mass —
M, (Da or g/mol), and moisture content (wt. %).

The global polyol market size is expected to reach 45.17 billion USD by 2025 at an 8.5 %
annual growth rate during the forecast period [3]. Besides typical production technologies,
there have been new developments in sustainable polyol production on an industrial scale
from different bio-based feedstock as well as CO based polyols [4], [5]. Development of
sustainable raw material origin and bio-based polyols is especially promising as their market
share is expected to increase faster than common petrochemical polyol growth rate. The
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global green and bio-based polyol market was valued at 2.63 billion USD in 2015 and is
projected to reach 4.71 billion USD by 2021 at a 9.5 % annual growth rate.

Polyisocyanate

PU material production would not be possible without other main polycondensation
reaction component — polyisocyanate. Polyisocyanates are compounds that have at least two
NCO groups in their chemical structure. The NCO group reacts with any active hydrogen,
thus polyisocyanates are used in various polymer production, such as polyurethanes,
polyureas and polyamides. The chemical reaction of the isocyanate group with an “active
hydrogen” is depicted in Fig. 1.2. Isocyanate group can react with alcohols, water, carboxylic
acids, amine, ureas, urethanes and amides. Furthermore, the NCO group can react with other
NCO groups forming dimerization products or trimerization product — isocyanurate ring, if
the conditions are right. During the PU material production, several of mentioned reactions
occur at the same time, thus the final polymer matrix is a copolymer with a varied chemical
functionality, which reflects on the material properties.

0
[
R,-N=C=OH + R,—H — RI—ITI—C—O—RZ
H

Fig. 1.2. Isocyanate reaction with active hydrogen compounds [1].

1.2. Sustainable Polyol Development

The 21 century is the bioeconomy century where a great deal of effort, research and
investment will be devoted on moving towards post-petroleum society. The development of
advanced new materials and technologies of bio-based products is critical [6], [7].
Widespread R&D activities have been conducted to develop bio-based polymeric materials
and replace their petrochemical counterparts [8].

Plant oils have been considered as an alternative resource for the production of polymeric
materials and have been extensively studied [9]-[11]. Although there has already been major
progress, the potential of the available bio-resources in value-added sectors still needs to be
maximised, and new approaches through the more complete deployment of the twelve
Principles of Green Chemistry have to be delivered [12].

The main feedstock for bio-based polyol production are different natural oils, like soybean
oil, palm oil, sunflower oil, corn, oil, linseed oil, olive oil, castor oil, etc., as well as animal
origin oils, like fish oil [2], [11]. All natural oils, with the exception of castor oil, have to be
chemically modified before they can be used for PU material production as they do not
contain hydroxyl groups. A generic triglyceride structure of the natural oils is depicted in
Fig. 1.3. [13]-[15]. Two approaches for polyol synthesis from vegetable oils can be
distinguished, modification of double bonds of the unsaturated fatty acids and
transesterification of triglyceride backbone [16].

14



Oleic acid

Three ester bonds
WW Linoleic acid

Glycerol >[ 0
backbone Q
)\/\/\/\/Z\/—Wz\/ Linolenic acid
(0]

Fig. 1.3. The generic structure of vegetable oil containing oleic, linoleic
and linolenic acid chains.

Epoxidation and Epoxy Ring Opening of Natural Qils

Plant oil double bond epoxidation has attracted a lot of attention as chemical reaction yields
epoxides that are easily convertible intermediates and have a wide commercial use because of
their varied chemical activity. Epoxides have been used as raw materials for products such as
alcohols, glycols, plasticizers, high-temperature lubricants, polyols and polymers, e.g.
polyurethane, polyesters and epoxy resins [17], [18]. The polyol production from epoxidized
vegetable oils is already a well-studied topic. Various epoxidation methods of different kind of
plant oils such as soybean [19], palm, canola [20]-[22], castor [23], jatropha [24], [25], wild
safflower [26], and others [27]-[30] have been reported. The most widely used method in above-
mentioned studies is triglyceride or fatty acid methyl ester epoxidation with in-situ formed
peroxycarboxylic acid, such as performic or peracetic acids, in the presence of a strongly acidic
catalyst. The main disadvantage of the chemical epoxidation method is the acid-catalyzed side-
reaction occurrence with oxirane rings, which leads to the formation of by-products [31].
Furthermore, the use of additional acid as an oxygen carrier means that it has to be separated from
the reaction media after oil epoxidation, which, along with the use of hazardous chemicals, is not
desired from the viewpoint of green chemistry. The use of performic or peracetic acids in the
epoxidation process could lead to the thermal runaway of the reaction, which is highly undesired
for an industrial upscale and due to safety concerns [32]-{34].

Most frequently epoxidation with in-situ generated peroxy acid and subsequent epoxy ring
opening reaction with haloacids or alcohols is used to functionalize unsaturated fatty acids
into polyols [2], [11], [16]. The reagent used in the epoxy ring opening has the largest
influence on the properties of the polyol and final PU material. Polyols with secondary OH
groups and lower average functionality (f, = 2—3) are more suitable for elastomer and flexible
PU foam production [1], [35], [36]. Polyols obtained from epoxy group opening with
diethylenglycol (DEG) are more suitable for rigid PU foam production as they deliver higher
functionality, fn = 3-5 [1], [37], [38]. Such polyols have primary and secondary hydroxyl
groups in their structure. Primary hydroxyl groups are more reactive with isocyanate, which
makes them more useful for spray applied rigid PU foam formulations [39], [40].

A combination of epoxy ring opening and transesterification of fatty acid triglycerides
could lead to higher polyol functionality, which would ensure high crosslink density of PU
matrix resulting in a rigid PU foam with increased mechanical properties, good dimensional
stability and high ageing stability. This is investigated in Part 3 of the presented Thesis. A
similar idea was explored to obtain water-soluble soybean oil-based polyols. Although polyol
molecular weight was 3800-5900 Da and reported structure had plenty of primary OH
groups, no PU materials were obtained [41].
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2. MATERIALS AND METHODS

High-Density Rigid PU Foam Development From Sustainable Raw Materials

The most significant properties of the polyols used in the development of high-density
rigid PU foams are presented in Table 2.1. For the development of high-density rigid PU
foams, two different polyols from renewable raw materials were used TO TEAO and
RO TEOA, which were synthesized at LS IWC [15], [42], [43]. APPs used in this study were
produced by Neo Group, Lithuania, from PET industrial waste [44]. Described polyols were
used to formulate high-density rigid PU foam systems.

Table 2.1
Technical Characteristics of Polyols Obtained From Sustainable Resources
Viscosity at . Water
Polyol type Cr)rll_l Vah/le’ 25 °C, A;lld Val/ue, M,, g/mol fo content,
gKoH/g mPa-s gKon'g %
Bio-based TO TEOA 342 280 + 25 <5 391 2.4 0.24
polyols RO TEOA 301 190 + 25 <5 474 2.6 0.05
Neopolyol 240
+ <
Recycled APP | (NEO 240) 258 5000 + 500 5 683 3.1 0.04
polyols Neopolyol 380
(NEO 380) 366 3500+ 500 <5 505 33 0.12

Rigid PU Foam Nanocomposite Development

In the frame of the Doctoral Thesis, rigid PU foams were reinforced with two different
modified nanoclay particles. The goal was to increase the mechanical properties of developed
materials. For this purpose, two commercially available montmorillonite nanoparticles were
used: Cloisite 15A and Cloisite 30B, and their characteristics are depicted in Table 2.2.
Nanoparticles were dispersed into NEO 380 polyol. Furthermore, Cloisite 30B nanoparticles
were exfoliated into polyisocyanate component. Methods used to disperse nanoclay particles
and experimental workflow are depicted in Fig. 2.1.

Table 2.2
Characteristics of Two Different Nanoclay Particles — Cloisite 15A and Cloisite 30B
. . Weight
Nanoparticle Orge.mlc MOdlﬁe? Moisture loss on Density Int.erplanar
modifier concentration Lo distance
1gnition
.. 125 meq per 100 g 3 &
Cloisite 15A 2M2HT* clay <2 % 43 % 1.66 g/cm 31.5A
Cloisite 30B | MT2EOH* | °° med e L 30% | 1.98g/em’ | 18.5A

2M2HT: dimethyl, dehydrogenated tallow, quaternary ammonium

HT — hydrogenated tallow

MT2EtOH: methyl, tallow, bis-2-hydroxyethyl, quaternary ammonium
T — Tallow
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Recycled PET NEO_380

J J J

- i 3.2 Development of rigid PU foam nanocomposite
- ‘ Recyeled material polyol ’ ‘ Cloisite 15A ] [ Cloisite 30B ’

R Dispersion of nanoclay into NEO 380 polyol using

mechanical stirring at 2000 rmp [ O Saanate PRI ’

Dispersion of nanoclay into NEO_380 polyol
N> using ultrasound —
T=40°C; v=20—-25Hz; time=2h Exfoliation of nanoclay in pMDI using ultrasound
T<60°C;v=20-25Hz; time=2h

5 Dispersion of nanoclay into NEO_380 polyol J
using high share mixer at 10 000 rmp Y

A 4
Nanoclay content in NEO_380 polyol and pMDI
0 %; 1 %32 %;3 %; 5 %; 10 % and 20 %

| XRD analysis of nanoclay dispersion |

| Development of nanoclay reinforced rigid PU foam |

v

Nanoclay content in rigid PU foam
0 %; 0.25 %; 0.5 %; 0.76 %; 1.29 %; 2.68 %; 5.83 %

Nanoclay influence on rigid PU foam morphology - SEM
Nanoclay influence on rigid PU foam compression properties
Nanoclay influence on rigid PU foam tensile properties
Nanoclay influence on rigid PU foam thermal properties - TGA

Fig. 2.1. Work flow of nanoclay introduction into rigid PU foam structure and
its influence on the foam characteristics.

Development of Low Flammability Rigid PU Foam Thermal Insulation Composite

The flammability of rigid PU foams was decreased by adding non-halogenated flame
retardants (FR), dimethyl-propyl-phosphate (DMPP), as well as expandable graphite (EG).
Furthermore, a composite rigid PU foam was developed where one side of the material was
protected with glass fibre non-woven intumescent fabric (IF). The non-halogenated FRs were
compared to conventional additive FR tris(chloropropyl)phosphate (TCPP). The work flow of
low flammability rigid PU foam thermal insulation development is depicted in Fig. 2.2 where
the different samples with respective FR loadings are listed as well as the different tests and
flammability analysis used to evaluate FR performance.

TCPP flame retardant was replaced in the neat formulation of TOFA_DEOA polyol based
rigid PU foam. Conventional, liquid flame retardants TCPP and DMPP were compared at
7 wt. % of rigid PU foam mass. The EG flakes were also added into the polyol component. A
possible synergistic effect between PIR groups and non-halogenated flame retardants was
studied by changing the isocyanate index of the rigid PU foams (indices of 110; 150; 200 and
250 were tested). A sandwich like composite where rigid PU foam is protected by non-woven
IF was obtained by producing samples in a stainless steel mould. The bottom of the mould
was lined with the intumescent non-woven fabric and reacting rigid PU foam mass was
poured on top of it. No additional adhesive was necessary, which shows the potential of this
technology in the state of art rigid PU/PIR continuous panel production.
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| 3.3. Low flammability rigid PU foam thermal insulation composite |

Development of TO based rigid PU foam thermal insualtion material
Apparent density of rigid PU foam ~ 59—73 kg/m3
Isocyanate index = 110
[ Substitution of halogenated flame retardants (FR) with less harmful alternatives. ]
~
TO based rigid PU foam with liquid TO based rigid PU foam with conventional FR
TO based rigid PU foam with no FR non-halogenated FR Reference FR
0 wt. % of FR 7 wt. % of dimethyl-propyl-phosphate 7 wt. % of tris(chloropropyl)phosphate
(DMPP) ) (TCPP)
Addition of expandable graphite (EG) Addition of EG Addition of EG
0; 3; 9 and 15 wt. % 0; 359 and 15 wt. % 0;3; 9 and 15 wt. %
Addition of non-woven intumescenty fabric (IF) Addition of non-woven fabric IF Addition of non-woven fabric IF

t L [

I Changing the isocyanate index of Testing properties of developed

developed rigid PU foams v rigid PU foams

No FR or DMPP or TCPP
EG content and Isocyanate index
influence on: Thermal conductivity; Rigid PU foam cell morphology -
SEM; Compression strength; Flammaiblity testing - reaction to small flame

Development of rigid PU foams with different isocyanate indices
110; 150; 200 and 250

Conventional flame retardants: No FR or TCPP

EG content: 0; 3 and 15 wt. % ¢

Foams protected with non-woven IF

Cone Calorimeter testing
Peak of heat release (pHRR); Total smoke released (TSR); Maximum average rate of
heat emission (MAHER); Total heat released (THR)

Fig. 2.2. Work flow of low flammability rigid PU foam thermal insulation development.

High Functionality Bio-Based Polyol Synthesis From RO

To increase feasibility of the bio-based polyols, high functional polyols from epoxidized
rapeseed oil (ROEP) were obtained using oxirane ring opening reaction with polyfunctional
alcohols, such as DEOA and TEOA. Epoxy ring opening with DEG was used to obtain a
comparison material because this type of polyol is most commonly reported in the literature
[38], [45]-[48]. The molar ratios between oxirane rings and polyfunctional alcohols were set
as 1.0/1.1 and the following polyols were obtained: RODEA 0; ROTEA 0 and RODEG 0.
In case of RODEA and ROTEA polyols, after the epoxy ring opening reaction, more DEOA
and TEOA were added to carry out transamidation/transesterification of the glycerol
backbone. Additional 1.5 M; 2.0 M and 2.5 M of DEOA and TEOA were added to carry out
the transamidation/transesterification. The experiment scheme, the molar ratios between
reagents and abbreviations of nine green polyols are depicted in Fig. 2.3. The epoxy ring
opening with DEOA and subsequent transamidation is depicted in Fig. 2.4, and epoxy ring
opening with TEOA and subsequent transesterification is depicted in Fig. 2.5.
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3.4. High functionality bio-based polyol synthesis from RO

RO epoxidation using in-situ generated peroxycarboxylic acid in presence of ion-exchange resin catalyst \

(

e Molar ratios between acetic acid (AA), hydrogen peroxide (H,0,) and double bonds (EU): 0.5/1.5/1.0
Amberlite IR-120 H catalyst content = 20 wt. % of RO mass

Mixing speed = 900 rpm

Synthesis temperature = 55; 60 and 65 + 1 °C

RO epoxidation kinetics studied for 7 h with 1 h intervals

v

High functionality bio-based polyol synthesis from epoxidized rapeseed oil (ROEP) combining oxirane ring opening
reaction and transesterification/transamidation reactions

¢ v Y

(& J

ROEP oxirane ring opening with DEOA ROEP oxirane ring opening with DEG

ROEP oxirane ring opening with TEOA

« ROEP+DEOA molar ratios 1.0/1.1 M ¢ ROEP+DEG molar ratios 1.0/1.1 M e ROEP+TEOA molar ratios 1.0/1.1 M
o Synthesis temperature = 110-115 °C o Synthesis temperature = 110-115 °C o Synthesis temperature = 140145 °C
o LiOH catalyst = 0.3 wt. % o H,S0y catalyst = 0.3 wt. % o LiOH catalyst = 0.3 wt. %

o Synthesis time=3 h Synthesis time =3 h e Synthesis time =3 h

e Mixing speed = 700 rpm Mixing speed = 700 rpm e Mixing speed = 700 rpm

v

v

v

v

Polyol Polyol Polyol
RODEA_0 RODEG_0 ROTEA_0
J
3

v

Continuation of RO based high functionality polyol synthesis by
transamidation

Continuation of RO based high functionality polyol synthesis by

transesterification

v

v

~

ROEP oxirane ring opening and transamidation with DEOA

ROEP+DEOA molar ratios 1.0/1.1 + 1.5; 2.0; 2.5 M

Synthesis temperature = 110~115 °C for 3h after 140-145 °C for 2 h
Oxirane ring opening catalyst LIOH = 0.3 wt. %
Transamidation catalyst zinc acetate = 0.15 wt. %

Mixing speed = 700 rpm

J

ROEP oxirane ring opening and transesterification with TEOA

~

ROEP+TEOA molar ratios 1.0/1.1 + 1.5; 2.0; 2.5 M

Synthesis temperature = 140-145 °C for 3h after 170-175 °C for 2 h
Oxirane ring opening catalyst LIOH = 0.3 wt. %
Transesterification catalyst zinc acetate = 0.15 wt. %

Synthesis time=3 h+2h

Mixing speed = 700 rpm

J

12

Synthesis time=3 h+2 h

v

12

¥

v

Polyol Polyol Polyol Polyol Polyol Polyol
RODEA 1.5 RODEA 2.0 RODEA 2.5 RODEA 1.5 RODEA 2.0 RODEA 2.5
L L L J J J
v

Characterization of developed RO based high functionality polyols

OH value; Acid value; Viscosity at 25 °C; Number average molecular mass; Average functionality; Water content, Density at 25 °C; Polyol structure analysis

using FTIR; Polyol structutre analysis using MALDI TOF spectroscopy

v

Development of rigid PU foam thermal insulation from nine RO based high functionality polyols

Determination of technological parameters: start time; string time; tack free time and rise time; Apparent density of rigid PU foam ~ 40 kg/m3 ; Closed cell

content > 90 %; Determination of thermal conductivity of rigid PU foams; Determination of compression strength properties

Fig. 2.3. Work flow of high functionality polyol development from RO.
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Fig. 2.4. Idealized ROEP epoxy ring opening and transamidation with DEOA.
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Fig. 2.5. Idealized ROEP epoxy ring opening and transesterification with TEOA.

High Functionality Bio-Based Polyol Synthesis From TOFA

Similar to RO based polyols the properties of the polyols could be improved by increasing
average functionality of the polyols by epoxidation and subsequent epoxy ring opening
reactions. Different parameter influence on the TOFA epoxidation process was studied in the
frame of this Doctoral Thesis. Three different catalysts were used, such as H>SOs, ion
exchange resin Amberlite IR 120 as well as enzymatic catalyst Novozym 435. Furthermore,
other synthesis parameters, such as Acetic acid content, H>O content and molar ratio as well
as temperature influence on the TOFA epoxidation was investigated. Different catalysts were
compared to select TOFA epoxidation method with highest relative conversion to oxirane,
also the regeneration of the Amberlite IR 120 catalyst was studied to confirm its commercial
viability. The TOFA epoxidation kinetics were evaluated using mathematical model based on
surface reaction mechanism. The overall work flow of TOFA epoxidation is depicted in
Fig. 2.6.
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| 3.5. High functionality bio-based polyol synthesis from TOFA
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DU

v

v

TOFA epoxidation with
H,S04 catalyst
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epoxidation kinetics:
1.00/0.15; 1.00/0.25; 1.00/0.35; 1.00/0.50; 1.00/0.65; 1.00/0.75 M

Chemo-Enzymatic TOFA epoxidation

TOFA epoxidation with
Novozym 435 Lipase based catalyst
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Different parameter influence on
Chemo-Enzymatic TOFA epoxidation:

e Double bond and H,O, molar ratios: 1.0/1.0;
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e Novozym 435 catalyst content: 1.5; 3.0 and
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« Relative conversion to oxirane
« Relative conversion of ethylenic unsaturation
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v

Development of TOFA epoxidation surface reaction
kinetic model

~—>

o Selection of the most optimal TOFA epoxidation parameters
o Regeneration of Amberlite IR-120 H catalyst
e Repeated use of catalyst up to 10 times

Parameter influence on on: N

Relative conversion to oxirane
Relative conversion of ethylenic unsaturation
FTIR spectra during synthesis

|

J

Selection of the most optimal Chemo-Enzymatic

TOFA epoxidation parameters

High functionality polyol synthesis from

epoxidized TOFA was out of scope of this Thesis

Fig.2.6. Work flow of TOFA epoxidation as a precursor for high functionality polyol

Analysis Methods

synthesis.

The different methods and equipment used to characterise polyols are listed in Table 2.3,

whereas the different methods and equipment used to characterise rigid PU foams are listed in

Table 2.4.
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Table 2.3

Analysis Methods of Polyols, Polyol Synthesis Products and Intermediates

Analysis

Determined

method characteristic Equipment Relevant standard
OH value DIN 53240-2
Acid value DIN 53402
Todine value Laboratory burette, volume 25 mL, ISO 3961:2013
Epoxy group content accuracy +0.03 mL

Titrimetric (OOcy); the content of ASTM D1652-11
oxirane oxygen

. Denver Instrument Model 275KF Alternative
Polyol moisture L . method to DIN
automatic titration equipment
51777
Viscosity Viscosity Thermo Scientific HAAKE (Medium-High Range Rotational

Viscometer).

Gel permeation

Number-average
molecular weight (M)

GPC from Knauer equipped with refractive index detector
(Detector RI) and polystyrene/divinylbenzene matrix gel

chromatography | and number-average column with a measurement range up to 30 000 Da at eluent
(GPO) functionality (f,) of the | tetrahydrofuran eluent flow of 0.8 ml/min was used to analyse
synthesized polyols synthesized polyols.
Fourier Thermo Fisher Nicolet iS50 spectrometer at a resolution of
transform Polyol chemical 4 cm!, 32 scans. The FTIR data was collected using an
infrared (FTIR) | structure attenuated total reflectance technique with a ZnSe and Diamond
spectroscopy crystals.
The MALDI-TOF mass spectra were acquired with an
Ultraflex, Bruker Daltonics, Bremen, Germany. The spectra
were taken as the sum of 30000 shots with a DPSS Nd: YAG
laser (355 nm, 1000 Hz). The specimens were prepared by the
Mass Polyol chemical dried droplet method. The sample solution (10 mg/mL), DHB
spectroscopy structure (2,5-Dihydroxybenzoic acid; 20 mg/mL) used as the matrix and

sodium trifluoroacetate (NaCF;COO; 10 mg/mL) as a
cationization agent in THF were mixed at a volume ratio of
4:20:1.1 pL, and the mixture was deposited on the ground-steel
target plate. The drop was dried in the ambient atmosphere.

Table 2.4

Equipment Used for Rigid PU Foam Characterization and Relevant Testing Standards

Determined characteristic Equipment
Rigid PU foam apparent Digital callipers, resolution 0.01 mm; laboratory balance, resolution 0.001 g;
density testing according to ISO 845
Rigid PU foam formulation was optimized using FOAMAT equipment. This
equipment measures foaming parameters (cream time, gel time, end time and
Rigid PU foam foaming track free time). Furthermore, the kinetics of the foaming process is

technological parameters

represented as a change of the foam height, the temperature in the foam core,
the pressure fluctuations at the base of the mould and change of dielectric
polarization of the foamed material.

Compression strength

Zwick/Roel 11000 N testing machine, testing according to ISO 844

Tensile strength

Zwick/Roel 11000 N testing machine, testing according to ISO 1926

Closed cell content

Equipment developed at LS IWC, testing according to ISO 4590

Thermal conductivity

ISO 8301.

Linseis HMF 200, measurement range 0 °C to +20 °C, testing according to
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Continuation of Table 2.4

Determined characteristic

Equipment

Scanning electron
microscope (SEM) imaging

Tescan TS 5136 MM SEM with a secondary electron (SE) detector. Before
the SEM investigation, samples with a size of 1 cm x 1 cm % 0.2 cm were cut
and sputtered with a gold layer using an Emitech K550X sputter coater
(current 25 mA, coating time 2 min). Obtained data and images were
processed with Vega TC software.

Rigid PU foam chemical
structure analysis using
FTIR spectroscopy

Thermo Fisher Nicolet iS50 spectrometer at a resolution of 4 cm™, 32 scans.
The FTIR data was collected using an attenuated total reflectance technique
with a ZnSe and Diamond crystals.

Glass transition temperature
determination using dynamic
mechanical analysis (DMA)

Mettler Toledo DMA/SDTA 86le equipment in the compression regime.
DMA was performed using a constant frequency of 1 Hz and an amplitude of
20 pm. A heating rate of 3 °C/min and a temperature range between —50 °C
and 200 °C were also used. The glass transition temperature (7)) from DMA
analysis was considered as a peak point of tand.

Thermal degradation of PU
foams was analysed by
thermogravimetric analysis
(TGA).

Discovery TGA equipment from TA instruments. Foam samples of 10 mg +
1 mg were placed on platinum scale pans and heated in an air or nitrogen
atmosphere at 10 °C/min in a temperature range between 25-1000 °C. Data
processing was performed using the OriginPro 8.5.1. and TA Instruments
Universal Analysis 2000 v4.5A software.

Flammability analysis —
Cone Calorimeter

The reaction to the 35 kW/m? heat flux was tested using FTT Dual Cone
Calorimeter from Fire Testing Technology Ltd. The peak heat release rate
(pHRR, kW/m?); time to pHRR (TTP, s); ignition time (IT, s); time to flame
out (FOT, s); total smoke release (TSR, m*m?) and maximum average rate of
heat emission (MARHE, kW/m?) were determined according to the ISO 5660
standard.

Flammability analysis —
reaction to flame source

Single-Flame Source Test (Ignitability Apparatus) from Fire Testing
Technologies, UK. Developed rigid PU/PIR foams were tested according to
ISO 11925-2 standard. The foam sample was exposed to a small propane
flame which was applied at a 45 ° degree angle at the bottom of the sample.
The propane flame was applied for 15 s after which the flame source was
removed from the sample surface and the material was allowed to burn
autonomously for additional 15 s.
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3. RESULTS AND DISCUSSION

3.1. High-Density Rigid PU Foam Development From
Sustainable Raw Materials

High-Density Rigid PU Foam Formulations

To compare the different polyols, isocyanate index was chosen 160 for all PU foam
formulations. Isocyanate index is the ratio of the equivalent amount of isocyanate used
relative to the theoretical equivalent amount of times 100. Developed rigid PU foam
formulations are depicted in Table 3.1. Sustainable material content was calculated based on
the mass of renewable/recycled materials used in PU foam formulation. Stoichiometric ratios
of tall oil and rapeseed oil in polyols were taken into account as well as approximate sorbitol
content in Lupranol 3422. The technological parameters of the developed formulations were
determined from the cup tests from which the free rise density and closed cell content samples
were cut (Table 3.1; PU Foam Properties). Furthermore, the molecular weight between two
crosslinking points (M.) was calculated based on proposed formulation and average molecular
mass of the polyols and their average functionality using the method proposed by U. Stirna
et al. [2], [39].

Table 3.1

Polyol Formulation, Renewable Material Content in PU Foams, FreeRise Density,
ClosedCell Content and a Molecular Weight Between Two Crosslinking Points of PU Foams

Polyol formulation T%BT;?A R%;Ei?‘* NEO 240 | NEO 380
Green Polyol, pbw 80.0

Cross-linkage reagent, Lupranol 3422, pbw 20.0

Flame retardant, TCPP, pbw 20.0

Blowing reagent, water, pbw 1.0

Reactive catalyst, PC CAT NP 10, pbw 0.3 0.3 1.6 1.6
Surfactant, NIAX Silicone L6915, pbw 2.0

Polyisocyanate, pbw 184 189 150 193
[socyanate index 160 160 160 160
Formulation characteristics

Renewable/recycled materials in PU foam, % 26 26 29 25
\PU foam properties

Free rise, apparent density, kg/m® 140 155 161 145
Closed cell count, % 96 99 91 99
?8%:::;?;;;% of moulded 203 203 208 210
M., g/mol 552 536 499 453

High-density rigid PU foam samples were obtained in the stainless steel mould. This was
done to ensure the uniformity of the different formulations. The targeted density of the rigid
PU foams was 200 kg/m?, which was achieved with acceptable deviations. It can be seen that
despite the equal amount of blowing agent (water) the free rise density of the foams is not
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equivalent due to the differences in polyol viscosities and reactivity. It was not possible to
change the blowing agent amount, because that would change the chemical composition of
the PU polymer matrix as water reacts with the isocyanate. Furthermore, the different
apparent free rise densities would not allow comparing the mechanical properties of the
foams.

Different Sustainable Polyol Influence on High-Density Rigid PU Foam Cell
Morphology

SEM was used to obtain images of the developed high-density rigid PU foams from which
average cell length, width and anisotropy index were determined (Table 3.2). It can be seen
that the polyol type did not influence the isotropic properties of the PU foams. The average
anisotropy coefficient across all types of polyols used to develop rigid PU foams was
0.98 £ 0.03. The stainless steel mould constrained the PU foam rise, thus the foam cells could
not elongate parallel to the foaming direction. Nevertheless, there was a noticeable difference
in cell density of PU foams, which were based on the NEO 380 APP polyol. The SEM images
of the developed rigid PU foams from renewable and recycled resources and their cell size
distribution histograms are shown in Fig. 3.1 and Fig. 3.2, respectively.

Table 3.2
Cell Dimensions and Coefficient of Anisotropy for Obtained PU Foams
Cell density,

Polyol type Cell length, pm Cell width, um Anisotropy coefficient cells per

cm3 .1012
TO_TEOA 158 £33 165 + 34 0.96 +0.02 1.360
RO _TEOA 252£42 268 £45 0.94 +0.02 0.323
NEO 240 155+23 153 £21 1.01 £0.02 1.550
NEO 380 123 £21 123 £21 1.00 +0.02 5.180

It can be seen that foams from RO/TEOA polyol have largest cells as well as most
broad/uneven cell size distribution. Further results will indicate that the large cell size of rigid
PU foams based on RO TEOA polyol directly influence the mechanical properties. The
idealised chemical structure of TO TEOA and RO TEOA should be similar. The slight
difference in the viscosity of the polyols (280 mPa-s and 190 mPa-s), as well as glycerine that
is formed during the transesterification reaction, could be the main contributors for the cell
size difference.
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PU foams from RO_TEQA polyol
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Cell size, um Cell size, pm

Fig. 3.1. SEM images of high-density rigid PU foams from bio-based polyols.

When compared to PU foams from bio-based polyols, PU foams from recycled PET-based
polyols showed smaller cell size and more uniform cell size distribution as seen in Fig. 3.2.
The high repeatability and even structure of rigid PU foam from recycled PET polyol was one
of the reasons that this material was selected for further investigations.
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Fig 3.2. SEM images of high-density rigid PU foams from recycled PET-based polyols.

The Compression Strength of PU Foams From Sustainable Polyols

Compression strength was measured parallel and perpendicular to the foaming direction to
confirm the isotropic properties of developed materials. It must be noted that isotropic
properties of the foamed material are more dependent on foam production method and mould
design than on material formulation. Compression strength and Young’s modulus of
developed PU foams are shown in Fig. 3.3. The apparent density of tested foams was
206 kg/m> + 3 kg/m*® and 202 kg/m?® + 5 kg/m? parallel and perpendicular to the foaming
direction. The developed rigid PU foam showed almost isotropic mechanical properties,
which correlate with the measured cell size distribution of the foams (Figs. 3.1 and 3.2). The
slight deviation from ideal isotropic material is explained by the difference in apparent
densities of the samples. Rigid PU foam does not have perfect apparent density distribution
through the whole material. Foam near the mould walls tends to increase its density, this
results in the relatively high standard deviation of the mechanical characteristics [49].
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Fig. 3.3. Compression strength and Young’s modulus of rigid PU foams from sustainable
polyols measured parallel (z) and perpendicular (x) to foaming direction.

There is a slight difference in compression strength (~15-21 %) and Young’s modulus
(~22-39 %) between rigid PU foams obtained from bio-based polyols and APP polyols. APP
polyol based rigid PU foams exhibit higher mechanical stiffness and load-bearing capability.
The main reason for the different mechanical properties is different chemical structure of base
polyols as other factors influencing rigid PU foam mechanical properties were the same for
the set of experiments (apparent density; isocyanate index; blowing agent content; foaming
and curing conditions). Aromatic ring structure delivers higher stiffness of the polymer matrix
as aromatic chains are less flexible than aliphatic structures. Furthermore, the difference in the
mechanical properties of the developed foams can be explained by the different molecular
weight of links between two crosslinking points M.. Rigid PU foams obtained from
TO_TEOA and RO _TEOA polyols had lower compression strength and Young’s modulus
than APP based PU foams, which correlates with the M. of different PU polymer matrices.
Higher compression performance of NEO 380 polyol based foams is explained by higher
aromaticity of polymer matrix due to APP polyol structure. The bio-based polyols showed the
lowest mechanical strength value also when neat monolithic (solid) PU polymer was
obtained [50].

Thermal Properties of PU Foams From Sustainable Polyols

For polymers, one of the most important characteristics is the glass transition temperature
(Tg), which is a temperature region where polymer an amorphous substance transfers from
hard, glassy material to a soft, rubbery material. Contrary to crystalline materials 7 is not a
distinct thermodynamic transition like melting/crystallisation temperature but a temperature
region, sometimes up to 50 K wide. Different factors can influence the 7, of PU materials,
like hard segment content, the crosslink density of polymer matrix, different plasticisers as
well as the chemical structure of raw materials (polyols, isocyanate — aliphatic/aromatic) [51].
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For this work, the T, of developed rigid PU foams was determined using DMA and DSC
analysis methods. The summary of obtained 7 results is depicted in Table 3.3. Interpretation
of obtained results is problematic, as they do not correlate with calculated M. values in the
case of rigid PU foam obtained from bio-based polyols. Furthermore, there is a noticeable
discrepancy between 7 obtained using the DMA method and 7} obtained from DSC curves.
Usually, the difference between these two different methods is about 10—20 K [51]. The drop
of E’ and tand can differ up to 25 K, which is accurate for rigid PU foams developed from
APP polyols but not for rigid PU foams from bio-based polyols [51]. It should be mentioned
that another method for 7 determination — Thermo Mechanical Analysis (TMA) — was used,
but it was observed that it is not sensitive enough to evaluate 7, of the developed rigid PU
foams. To sum up, the 7y of the developed rigid PU foams is higher than intended work
temperature, thus material will be in glassy state during its exploitation. Further increase of 7y
should not be needed as at temperatures above 150—200 °C a thermal degradation of the PU
matrix can occur.

Table 3.3
T, of Developed Rigid PU Foams from Sustainable Raw Materials
Polyol type DMA Ty, °C tand, °C DSC T, °C
TO TEOA 51.2 142.3 104.8
RO TEOA 76.6 145.7 108.8
NEO 240 71.0 112.7 102.5
NEO 380 90.5 136.3 108.0

Density Influence on Mechanical Properties of Rigid PU Foams

Rigid PU foams are employed as an impact absorption material in the automotive industry
due to their high energy absorption capacity while maintaining low apparent density. High
mechanical properties at low apparent densities allow reducing the weight of the car part while
fulfilling safety requirements of the vehicle. For impact absorption application rigid PU foams
with apparent density ranging from 30 kg/m> to 400 kg/m> have been employed [52], [53]. For
precise development of impact absorption material as well as modelling of rigid PU foam filled
car part it is necessary to measure the stress-strain response of developed PU foams.

In the frame of this project, rigid PU foams in vast apparent density range between
50—600 kg/m® have been developed. The density of the rigid PU foams based on NEO 380
polyol was varied by modifying rigid PU foam formulation depicted in Table 3.1. To reach
lower densities than the free rise density of described formulation of 145 kg/m®, a physical
blowing agent was added (Solkane 87/13) 4—10 pbw in the polyol component. Higher
densities were achieved by a high degree of overfilling the stainless steel mould, more
reacting mass was poured into the mould. The physical blowing agent was used to keep the
same polymer matrix as the chemical blowing agent — water will change the composition of
polymer structure. Obtained experimental data for compression yield strength and
compression elastic modulus (Fig. 3.4) closely correlates to a power-law function Geomp ~ p'-”>
and Ecomp~ p'*®. Obtained relations are similar to previously reported by M. C. Hawkins et al.
[54] and S. H. Goods [55].
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Fig. 3.4. Density influence on compression yield strength and elastic modulus
of rigid PU foam from NEO 380 polyol.
Rigid PU foam apparent density influence on the tensile stiffness and strength is depicted in
Fig. 3.5. Similar to compression strength results the experimental data can be closely

0 L75 " Obtained mechanical

approximated by a power-law relation Omax~ p'*® and Emod~ p
characteristics are comparable to the commercial materials obtained from petrochemical raw
materials with similar apparent densities. Furthermore, developed formulations showed slightly

superior tensile strength and Young’s modulus than commercial rigid PU foams produced by

NECUMER GmbH, Germany [56] and PUR 240 for Utah Foam Products, Inc. [57].
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Fig. 3.5. Apparent density influence on tensile strength and Young’s modulus
of rigid PU foam from NEO 380 polyol.

Predicting Compression Stress-Strain Behaviour of Developed Rigid PU Foams

The mechanical characteristics of foams are strongly affected by their apparent density as
well as strain rate during mechanical deformation. The design of structural parts with an
impact mitigation functionality is generally performed using numerical simulation codes by
employing the finite element modelling (FEM) for crash simulation. As input data for such
simulations, compressive stress-strain diagrams of foams are utilized. A model of strain-rate
and density-dependent stress-strain response that could be calibrated against a limited set of
test data would allow reducing the number of actual foam tests needed to optimise material
properties for car impact absorption part development
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An analytical model of compression stress-strain response of rigid PU foams could be
calibrated against a limited set of test data. This would allow reducing the number of tested
samples of actual rigid PU foams needed for design of the automotive part. Several models of
compressive stress ¢ as a function of strain € have been proposed (Eq. 3.1). Furthermore, a
multiplicative factor g allows to correct the model for different strain rates €.

o(e) = f(&)g(%). (3.1

Explicit analytical relations for the parameters of f(€) = f(€, p) as functions of foam density
p have been considered by Avalle, M. et al. and Liu Q. et al. [58], [59]. Such an approach
makes it possible to predict the compressive response of foams at densities different from
those against which the model has been calibrated.

In order to apply the Eq. 3.1 for predicting rigid PU foam compression strength properties
the functions f(¢) and g(€¢) need to be specified. Furthermore, function parameter dependency
on rigid PU foam density must be accounted for. The analytical form of f{€) is expressed in
Eq. 3.2 [53].

n

- - ). (3.2)

The parameters E, A and B can be interpreted as Young’s modulus, the plateau of plastic

fle)=4A (1 - e‘g*"“‘s)’") +B (

deformation and modulus of densification respectively. Whereas the exponents m and n are
density independent material characteristics. The parameters £, 4 and B dependency from
rigid PU foam density is described by a power-law function.

p\*E p\Fa p\*e
E@ =G (2) s am = (L) B =6 (L) 63).64.69
Ps Ps Ps
The Cg, C4 and Cp are pre-factors with the dimension of stress, kz, k4 and kp designate the
respective exponents, and ps is the density of monolithic (solid) PU polymer matrix.

The strain rate effect on compression properties of rigid PU foams was described by Nagy
et al. [60] as depicted in Eq. 3.2.

: +b
g\ atbe

9®=(2) (3.6)
€0

Results presented by D. A. Apostol et al. suggest that exponent parameters a and b have
relatively modest variation with PU foam density [61]. For simplification it was assumed

them to be linear functions of density:

p p
a(p) = Cq+kqa—; b(p) = Cp + kp—. (3.7),(3.8)
Ps Ps
Inserting Egs. 3.2 and 3.6 into Eq. 3.1 an expression for engineering stress as a function of

strain, strain rate and foam density was obtained:

. . a+be

o@=[a(1-em") 8 ()] (5) (3.9)

1—c¢ €0

Eq. 3.9 has seven different parameters, five describing the response at a reference strain
rate £, (Eq. 3.2) and two for the strain rate effect (Eq. 3.6). All of the parameters except m and
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n exponents are density-dependent parameters described by power-law or linear function
containing two material constants C; and k;. A minimal set of experiments must be performed
to calibrate Eq. 3.9. A compression test of foams of two different densities at two different
strain rates (i.e. reference strain rate and another one).

Rigid PU foams with two different densities of 113 kg/m®> + 1 kg/m® and 311 kg/m’ +
3 kg/m® were tested at quasi-static strain rates of &, = 0.00167 s™' (10 %/min; 2 mm/min)
according to standard procedure ISO 844. The stress-strain response of tested rigid PU foams
was used to determine the value parameters of Eq. 3.2 by minimizing the relative squared
errors between the model and experimental data.

The approximation of the experimental data using Eq. 3.2 was successful as depicted in
Fig. 3.6. The model reasonably well agrees with the experimental curves in broad rigid PU
foam density range 113—513 kg/m®. Using this model it will be possible to fine-tune the
apparent density of rigid PU foams required for the development of impact absorption vehicle

part.
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Fig. 3.6. Experimental stress-strain curves of rigid PU foams with different densities
for strain rate £ = 0.00167 s™' (10 %/min), an approximation of data and predicted
stress strain curves using Eq. 3.2.

The strain rate effect on PU foam compression strength was evaluated after parameters of
Eq. 3.2 were established for reference strain rate tests. Experimental data from tests at
£=0.167 s7' (1000 %/min; 200 mm/min) were used for the rigid PU foams with the same
apparent density as before.

The approximation of rigid PU foam stress-strain curves at a strain rate of £=0.167 s
(1000 %/min) also agrees with the experimental data as depicted in Fig. 3.7. Furthermore, it
was possible to predict the stress strain curves at different densities (150 kg/m?; 207 kg/m?;
253 kg/m?; 409 kg/m* and 513 kg/m?). The obtained coefficients of Eq. 3.4 allow to predict
stress strain response of rigid PU foam at different densities as well as at different strain rates.
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Fig. 3.7. Experimental stress-strain curves of rigid PU foams with different densities
for strain rate € = 0.167 s™' (1000 %/min), an approximation of data and predicted
stress-strain curves using Eq. 3.9.

The data obtained from dynamic compression of rigid PU foam using CEAST 9340 Drop
Tower (Instron) equipment relatively well agreed with the proposed model as depicted in
Fig. 3.8. It was difficult to optimise the speed of the striker and to choose the force gauge
because the collected data contained a lot of noise signals. Nevertheless, the developed
technique allowed to obtain stress-strain curves of rigid PU foams at relatively high strain
rates (up to 180 s™'; 3.6 m/s) which is not possible using standard mechanical analysis testing
equipment. The results of dynamic compression of rigid PU foams validated the proposed
model at high strain rates so it can be a useful tool to be used in FEM analysis [53]. To
compare the different density and strain rate influence on material impact absorption ability, it
is advantageous to evaluate values of absorbed energy at the same strain, which is represented
as the area under the stress-strain curve [62]. For this study rigid PU foams were evaluated till
strain of 0.6, which corresponds with the end of plastic deformation of material. Absorbed
energy of rigid PU foams depicted in Fig. 3.8b shows that the density of the material has most
significant influence on the impact absorption properties of the material and that the rigid PU
foam are only lightly strain rate sensitive.
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Fig. 3.8. a) Experimental stress-strain curves of rigid PU foams with different densities for
strain rate £ = 180 s™! (3.6 m/s) and predicted stress-strain curves using Eq. 3.9;
b) absorbed energy of developed rigid PU foams till 0.6 strain of material
at different densities and strain rates.
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Development of Impact Absorption Demonstrator for the Automotive Industry

Global trends toward CO» reduction and resource efficiency have significantly increased
the importance of lightweight materials over the last years. The European Commission (EC)
has set severe targets for average new car CO; emissions of 95 g/km by 2020, and by 2030 it
aims to reduce CO; emissions down to 75 g/km [63].Weight reduction of the vehicle directly
decreases the energy consumption and subsequently reduces the CO> emissions. Additional
reduction of the CO; emissions could be achieved by the use of materials that are obtained
from the renewable or recycled feedstock, like polyurethane (PU) foams [64].

The weight reduction is particularly important for electric vehicles whose broader
implementation is crucial to reduce the CO; emissions. Currently, the battery costs and the
expected range of the vehicle are the most limiting factors for the slow rate of fully electric
vehicles (FEVs) adoption for a larger consumer base. As a rough estimation, considering the
battery costs for the year 2015, each slot of vehicle weight reduction of 50 kg implies a
battery cost decreasing of about 500 EUR per car. This cost reduction can compensate for the
additional cost due to light weighting, contributing to market penetration of EVs [65].

The body in white (BiW) is the heaviest vehicle element, representing about 40 % of total
vehicle weight, hence the implementation of lightweight measures here appears effective. The
project EVolution stands for “The Electric Vehicle revOLUTION enabled by advanced
materials highly hybridized into lightweight components for easy integration and dismantling
providing a reduced life-cycle cost logic”. Project EVolution finished in November 2016 and
was a result of collaboration of 24 partners from 11 different European Union countries, with
the goal to demonstrate the sustainable production of a fully electric 600 kg vehicle.
EVolution project was principally based on Pininfarina Nido concept, which is fully electric
and is an A-segment car conceived as a multifunctional rolling chassis plus a non-structural
upper frame [66], [67]. The Nido FEV and the Nido BiW concept is shown in Fig. 3.9.

Fig. 3.9. Nido concept (left) and Nido BiW (right).

Latvian State Institute of Wood Chemistry (LS IWC) was one of the partners collaborating in
EVolution project to design novel rigid PU foam material for impact absorption used in the front
crossbeam of the vehicle. Rigid PU foams were developed from sustainable resources, polyols
obtained from vegetable oils and recycled PET. Rigid PU foams were developed in a broad
range of the apparent densities (50—600 kg/m?) and their mechanical properties were investigated
to select the material that is best suited for the core of the impact absorption element. The
performance of the designed concept in vehicle crash was evaluated using FEM and subsequent
crash test of the developed front crossbeam. The author was the main contributor from LS IWC
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in frame of the project EVolution and rigid PU foam impact absorption element filled by the
author is depicted in Fig. 3.10. Developed from cross-beam concept is about 50 % lighter than
the steel equivalent while achieving good structural behaviour, considering EU standards of
crash homologation and global static and dynamic performances.

Fig. 3.10. EVolution front bumper crossmember demonstrator prototype and
the technological mock-up with integrated demonstrators.

The project demonstrated that it is possible to implement sustainable materials where
high-performance requirements are demanded. Rigid PU foam formulations obtained from
recycled PET showed high stability and good mechanical properties. Recycled PET polyols
could be used to replace aromatic polyester polyols obtained from petrochemical materials.

3.2. Rigid PU Foam Nanocomposite Development

Addition of nanoparticles into the polymer matrix can significantly change the properties
of the end composite. Reinforcement of polymer matrix usually is done to increase the
mechanical properties of the material or to obtain other beneficial properties. Filling a rigid
PU foam polymer matrix with nanoclay affects both the morphology and mechanical
properties of the material. Well-dispersed nanoclay particles serve as nucleation sites
promoting the bubble formation, which leads to a reduction of cell size of foams [68], [69].
Furthermore, the nanoclay particles inside the cell walls work as a gas barrier, reducing the
gas diffusivity through the foam. T. Widy & C. Macosko demonstrated that addition of
nanoclays into rigid PU foam structure can decrease the gas permeability up to 82 %. The
strong reduction in permeability is caused by the reduction of cell size as well as gas barrier
effect of nanoclay particles [70]-[72]. Such an effect is important for the longevity of the
thermal insulation as it allows to reduce the ageing of the thermal insulation material [73].

Part 1B of the presented Doctoral Thesis describes the increase of the mechanical
properties of previously developed high-density rigid PU foam by reinforcing their structure
with nanoclay particles. With the aim of enhancing the physical and mechanical properties of
rigid PU foams without detrimentally affecting their morphology, filling with nanoparticles
was carried out by dispersing them either in the polyol or isocyanate component. Different
dispersion methods were compared and their effect on intercalation/exfoliation of the layered
structure of nanoclays were investigated.

Nanoclay dispersion trials showed that the dispersion method does not influence the
change of the distance between lattice planes. In both nanoclay samples, the distance between
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lattice plates increased. In the case of Cloisite 15A from 31.5 A to 37.9 A and in the case of
Cloisite 30B from 18.5 A to 37.6 A. This indicates that the type of organic modifier of the
montmorillonite has little influence on the intercalation/exfoliation of the nanoclay in the
polyol. It was observed, that dispersions with Cloisite 30B are much more stable and nanoclay
sediments at a much slower rate. The increased stability of the Cloisite 30B dispersions could
be explained by the formation of hydrogen bonds of the nanoclays organic modifier and the
carboxyl groups of the NEO 380 polyol. The XRD spectra of both Cloisite 15A and Cloisite
30B nanoclay dispersions in the NEO 380 polyol obtained by all three dispersion methods
are depicted in Fig. 3.11a. The image clearly depicts that the X-ray diffraction spectra of the
different dispersions are similar, thus it can be concluded that the mixing method does not
influence the intercalation of the nanoclay. Furthermore, the exfoliation of the nanoclay lattice
structure has not been achieved.

Exfoliation of the nanoclay lattice layers could be achieved by introducing major elastic
forces in-between the nanoclay layers that overcome opposing electrostatic and Van der
Waals forces. This was reported by J. H. Park and S. C. Jana where exfoliation of different
nanoclays was achieved by curing reaction of epoxy resins [74]. A similar approach could be
used for polyurethane materials where raw materials like pMDI, polyol, and/or catalysts are
diffused inside the interlayer spacing of nanoplatelets of clay in presence/absence of a suitable
solvent. A successful exfoliation of Cloisite 30B nanoclay in the isocyanate component of
rigid PU foams was reported by P. Mondal and D. Khakhar [69]. During subsequent
polymerization, the polymer chains grow leading to the expansion of inter-layer spacing and
exfoliation of nanoplatelets in the polymer matrix [75].
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Fig. 3.11. X-ray diffraction spectra a) for 5 wt. % of Cloisite 30B and Cloisite 15A
dispersions in NEO 380 polyol; b) for Cloisite 30B dispersion in polyisocyanate.

The organic modifier of Cloisite 30B contains OH groups that are reactive with
isocyanate. The exfoliation of Cloisite 30B was done by adding the nanoclay particles into a
pMDI component of rigid PU foam formulation. Two different Cloisite 30B contents of
4.7 wt. % and 10 wt. % were evaluated. The reaction between OH and NCO groups was
catalysed by adding 0.05 wt. % of dibutyltin dilaurate urethane formation catalyst. The X-ray
diffraction spectra of exfoliated Cloisite 30B nanoclay are depicted in Fig. 3.11b. It is clear
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that Cloisite 30B dispersion in the pMDI component is much different than nanoclay
dispersion in NEO 380 polyol. Even at high Cloisite 30B nanoclay load of 10 wt. % the
diffraction peaks disappeared, which indicated the exfoliation of the layered structure of the
Cloisite 30B.

Morphological Properties of PU Foams Modified With Nanoclay

Cloisite 15A nanoclay influence on the morphological properties of rigid PU foams were
investigated at several different filler contents, 0.00 wt. %; 0.50 wt. %; 1.29 wt. %; 2.68 wt. %
and 5.83 wt. % in rigid PU foam by mass. Furthermore, Cloisite 30B was also investigated at
0.50 wt. % and 0.75 wt. %. Nanoclay was dispersed using ultrasound sonification method.
The average cell size distribution histograms for the Cloisite 15A filled rigid PU foams, as
well as the measured average cell size, are depicted in Fig. 3.12.
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Fig. 3.12. The cell size distribution of rigid PU foams filled with Cloisite 15 A nanoclay.

The addition of nanoclay into rigid PU foam structure did not disturb the isotropic cell
structure. The anisotropy coefficient was in-between 0.95—1.02 for all of the measured
samples. Nanoclay addition into rigid PU foam matrix decreased the average cell size from
188 to 113 um for the neat rigid PU foam and 2.68 wt. % nanoclay content, respectively. The
decrease of cell size can be explained by the nucleation effect of gas micro-bubbles on the
surface of the nanoparticles thus increasing cell count and decreasing overall cell size. The
decrease of average cell size was similar for Cloisite 15A and Cloisite 30B nanoclay fillers.
Which indicates that the organic modifier of the nanoclays does not influence cell formation
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of rigid PU foams. At higher nanoclay loads above 2.68 wt. % the decrease of the cell size
reached a plateau. A similar trend of rigid PU foam cell size decrease was observed by
M. Thirumal et al. where Cloisite 30B was used as a filler [76]. Addition of nanoclay filler
into rigid PU foam formulation significantly increased component viscosity. This introduces
several technological issues for material production. At higher viscosities, it was difficult to
sufficiently mix the polyol and isocyanate components. Furthermore, higher viscosity of the
reacting mass hinders foam growth and formation of uniform material [77].

Mechanical Properties of Rigid PU Foams Modified With Nanoclay

Nanoclay dispersion method, as well as the two different nanoclay filler influence on the
mechanical properties, were determined by compression and tensile tests at quasi-static strain
rates. The X-ray diffraction analysis showed that Cloisite 30B nanoclay is exfoliated in
dispersion in isocyanate (Fig. 3.10). Thus, compression properties of the developed rigid PU
foams with Cloisite 30B dispersion in the isocyanate component were also tested. The targeted
apparent density of tested rigid PU foams was 200 kg/m>. The apparent density of the produced
samples deviated by 200 + 15 kg/m?, thus compression strength test results were normalized to
the average density of 200 kg/m® according to power law function described previously.

All nanoclay dispersion methods showed a similar increase of compression strength and
Young’s modulus of developed rigid PU foam samples. Cloisite 30 B showed slightly better
performance as rigid PU foam reinforcement filler than Cloisite 15 A due to the presence of
OH groups in the organic modifier of the nanoclay. At 1.29-2.68 wt. % of Cloisite 30B
compression strength was increased by 15-24 % and Young’s modulus by 13—29 %. An
exfoliated nanoclay filler should yield a higher increase of the mechanical properties at lower
nanoclay loading [75], [78]. Exfoliated Cloisite 30 B nanoclay allowed to achieve similar
increase of mechanical properties at lower filler loadings of ~0.25-0.76 wt. % (Fig. 3.13).
Achieved increase of the compression properties corresponds to literature data. Nevertheless,
the achieved increase of the compression properties is not significant enough to counterweight
the technological difficulties what the preparation of the nanocomposite implies.
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Fig. 3.13. Compression strength and Young’s modulus of rigid PU foams filled with
Cloisite 30B dispersed in isocyanate with added catalyst.
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3.3. Low Flammability Rigid PU Foam Thermal Insulation Composite

Part 2 of this Thesis was performed in the frame of COST Action MP1105, FLARETEX:
“Sustainable flame retardancy for textiles and related materials based on nanoparticles
substituting conventional chemicals”. In the frame of this project, alternative flame retardants
were explored to replace halogenated flame retardants in bio-based rigid PU foam thermal
insulation material. Several different options were investigated to replace commercially
commonly used tris(chloropropyl)phosphate (TCPP). An additive dimethyl-propyl-phosphate
(DMPP) was used as a direct replacement in typical rigid PU foam formulations.
Furthermore, a composite material containing expandable graphite (EG) filler was developed
by introducing EG particles in rigid PU foam matrix and by developing the layered sandwich
structure of rigid PU foam and intumescent flame retardant non-woven fabric (IF). The effect
on the flammability of developed rigid PU foams with more sustainable flame retardants was
studied using Cone Calorimeter (ISO 5660) equipment and single-flame source test according
to ISO 11925-2 standard. Rigid PU foam formulation developed during M. Kirpluks’
Master’s Thesis was used as a base material to test the novel flame retardants. The main
polyol in this rigid PU foam formulation was obtained from TOFA using amidation process
with DEOA. The obtained results will show that non-halogenated flame retardants can yield
significant reduction of rigid PU foam flammability.

The neat formulation of TOFA DEOA polyol based rigid PU foam was modified by
adding different flame retardants into the polyol component. Conventional, liquid flame
retardants TCPP and DMPP were compared at 7 wt. % of rigid PU foam mass. The EG flakes
were also added into the polyol component. A possible synergistic effect between PIR groups
and non-halogenated flame retardants was studied by changing the isocyanate index of the
rigid PU foams (indices of 110; 150; 200 and 250 were tested). A sandwich like composite
where rigid PU foam is protected by non-woven IF was obtained by producing samples in a
stainless steel mould. The bottom of the mould was lined with the intumescent non-woven
fabric, and reacting rigid PU foam mass was poured on top of it. The long start time of the
foam formulation (Tcream ~ 35 s) insured good adhesion between the intumescent non-woven
fabric and rigid PU foam. No additional adhesive was necessary, which shows the potential of
this technology in the state of art rigid PU/PIR continuous panel production. Different types
of developed rigid PU foam samples are depicted in Fig. 3.14.
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Fig. 3.14. Rigid PU foam sample types used for flammability analysis.
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Thermal Conductivity of the Developed Rigid PU/PIR Foams

The main characteristics of any thermal insulation material are thermal conductivity (L)
and thermal resistance. Fig. 3.15 shows the measured A for the rigid PU foam obtained from
the TOFA DEOA polyol and filled with different amounts of EG particles. The A of rigid PU
foams containing EG loadings of 0 wt. %; 3 wt. %; 9 wt. %; and 15 wt. % are compared for
rigid PU foams without liquid flame retardant (Fig. 3.15a) and with 7 wt. % of DMPP (Fig.
3.17b). Furthermore, the A of rigid PU foam composites containing non-woven IF layer was
also measured. It can be seen that non-woven IF layer has no effect on the A value of the rigid
PU foams but there is a clear increase of A with the addition of EG. Graphite is a good heat
conductor, thus it is no surprise that A value increased. Furthermore, the EG particles disrupt
the cell morphology of rigid PU foams further decreasing the efficiency of the insulation
material. The A value of the neat rigid PU foams with no DMPP FR was 24.44 mW/(m-K),
which is considered acceptable for the material that could be used in civil engineering.
Unfortunately, the addition of DMPP increased A value up to 28.74 mW/(m-K). The increase
of A value with the addition of DMPP is explained by plasticization and decrease of the
overall crosslink density of the rigid PU foam polymer matrix. Most of the conventional
additive liquid flame retardants decrease the glass transition temperature of the PU polymer
matrix [79]. The rapid jump of A value can be explained by CO: emission from closed cells of
rigid PU foam and its substitution with air (O2 and N»2). Such effect is highly undesirable
because, at A value of 28.74 mW/(m-K), the thermal insulation properties of the developed
rigid PU foams are comparable to XPS/EPS. Rigid PU foams cannot compete with XPS/EPS
in terms of price, and bio-based feedstock will not counterweigh the price/performance of
increased A value. It must be mentioned that the closed cell content of all developed rigid PU
foams was above 90 %. The substitution of CO2 or another gas (blowing agent) with air in
conventional PU foams is a slow process and takes years [80]. However, even with a A value
of 28.74 mW/(m-K), the developed rigid PU foams are an efficient thermal insulation
material that can be applied in civil engineering. A similar increase of A value (from
26 mW/(m-K) to 28 mW/(m-K)) was observed by L. Gao et al. for EG and diethyl ethyl
phosphonate filled rigid PU/PIR foams [81].
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Fig. 3.15. Thermal conductivity of rigid PU foams (II-110) protected with IF: a) with no
liquid FR and with EG; b) with DMPP as FR and EG.
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Developed composites had good surface adhesion between EG particles and rigid PU/PIR
foam polymer matrix (Fig. 3.16). The SEM images clearly depict the disruption of the even
cell structure of rigid PU/PIR foams by EG particles. The main objective of this study was to
obtain rigid PU/PIR foams with decreased flammability without losing superior thermal
insulation properties. This was done by protecting one side of the PU foam material with non-
woven IF, as shown in Fig. 3.14. Reacting foam mass was poured on top of the non-woven IF,
which insured good adhesion of the foam material to the glass fibres. The adhesion layer of
the composite is depicted in Fig. 3.16. It can be seen that the rigid PU/PIR polymer matrix is
incorporated into the glass fibre structure of the non-woven fabric. Some rigid PU/PIR foam
cells are undoubtedly formed in-between glass fibres. No additional adhesive was necessary
for the developed composite.

Rigid PU/PIR foam with Rigid PU/PIR foam with Rigid PU/PIR foam
protected with IF

Fig. 3.16. SEM images of neat rigid PU/PIR foams, PU/PIR foams filled with 9 % EG
and intumescent non-woven fabric and rigid PU/PIR foam composite.

Flammability of Developed Rigid PU/PIR Foams

The cone calorimeter test gives a significant amount of information about the
flammability of the tested materials and their reaction to the heat flux. This test is a useful
technique to compare different materials and gain an initial idea of how a material will react
in a fire disaster scenario. In the cone calorimeter test, the material is subjected to the constant
radiant heat flux gexi=0-100 kW/m?, where the flux of 35 kW/m? or 50 kW/m? is most
commonly used [81]-[83]. The small sample size of 100 mm % 100 mm x 50 mm makes this
technique particularly useful to compare and optimize materials, as for the Single Burning
Item (EN 13823) test much bigger samples are required [84]. The cone calorimeter test gives
an initial idea of how a material will behave in an open fire scenario. Common material
characteristics that are obtained during this test are kinetic curves of the heat release rate
(HRR), time to ignition (TTI), total heat released (THR), peak of heat release rate (pHRR),
total smoke release (TSR), and maximum average rate of heat emission (MARHE). pHRR
can be used to compare materials provided that the test setup conditions are kept constant for
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all tested samples (sample thickness, sample holder, distance from the heater, heat flux, air
flow, etc.). Furthermore, the kinetic curves of the HRR give an excellent idea about material
flammability as the data monitors sample behaviour through the whole burning process.

The addition of trimerization products of isocyanate groups into the PU/PIR polymer
matrix increases its thermal stability and decreases flammability, which is depicted as a
smaller area under the HRR curve in Fig. 3.17a. The increase of the isocyanate index from
110 to 250 decreased pHRR from 355 kW/m? to 305 kW/m?. The increase of the isocyanate
index prolonged the burning of PU/PIR foam but the material burned with less intensity.
Fig. 3.17b depicts HRR curves of PU/PIR foams protected with IF. There was no heat release
detected because the material did not ignite during the test time when subjugated to a heat
flux of 35 kW/m?. The unwoven intumescent fabric did what it was designed to do and
formed a protective char layer on top of the rigid PU/PIR foam. The images of rigid PU/PIR
foam during cone calorimeter test are depicted in Fig. 3.17. The IF formed a thick char layer
on top of the PU/PIR foam that stopped the thermal degradation of the PU/PIR polymer
matrix. The unwoven intumescent fabric gives excellent flame protection while keeping low
thermal conductivity values as seen in Fig. 3.15.
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Fig. 3.17. Rigid PU/PIR foam HRR curves: a) foams with different isocyanate index;
b) PU/PIR foams with IF protection.

Reaction of Developed Rigid PU/PIR Foam to Fire

One of the simplest flammability tests is material analysis according to EN 11925-2
standard. The test takes place inside a test chamber where the test specimen is mounted
vertically. The test specimen is subjected to edge and/or surface exposure from a propane gas
flame. During the test, time of ignition, burning droplets, and whether the flames reach the top
marking of the test specimen within a prescribed time period, is registered. The top marking is
positioned 150 mm from the flame application spot. This is the most basic test, which is
required for materials used in civil engineering. Reaction to fire test is required to classify
building materials according to European fire classification of construction products
(EN 13501-1) Euro-class E. Such products are capable of resisting for a short period a small
flame attack without substantial flame spread. Furthermore, the test gives information on
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flaming droplet formation. To satisfy Euro-class E, the material has to be subjugated to the
small flame for 15 s [83], [85].

Visually most distinguishing influence of EG flame retardant is depicted in Fig. 3.18. At
isocyanate index 110 the rigid PU foam does not pass the reaction to a flame test, but the
addition of EG flame retardant allows to do it. Furthermore, the fourth sample in the picture is
rigid PU foam covered with unwoven intumescent fabric. The picture depicts excellent flame
retardant properties of the composite.
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Fig. 3.18. Comparison of rigid PU/PIR foam samples after reaction to the small fire test.

3.4. High Functionality Bio-Based Polyol Synthesis from RO

Rapeseed oil (RO) as well as tall oil (TO) can be used as renewable and abundant
feedstock for bio-based polyol synthesis. The simplest way how to introduce OH groups into
natural oil structure is by employing the one-step method of transamidation/transesterification
or amidation/esterification with TEOA and DEOA respectively. Bio-based polyol synthesis
by this method was previously studied in the frame of M. Kirpluks’ graduate and Master’s
Thesis [86]. The results discussed in Section 3.1 indicated that polyols obtained in one-step
methods do not deliver rigid PU foams with comparable mechanical properties to foams
obtained from APP polyol. Furthermore, polyol synthesis from RO epoxidation and
subsequent oxirane ring opening with DEG resulted in rigid PU foams that had much higher
compression strength and higher thermal stability [87]. Double bond epoxidation and epoxy
ring opening is an excellent way to introduce additional functional OH groups into the
chemical structure of fatty acid moieties [24]. One of the goals of this Doctoral Thesis was to
improve on the one step bio-based polyol synthesis to obtain polyols with higher
functionality, which would deliver better mechanical and thermal properties of rigid PU
foams. A general approach improving the one step bio-based polyol synthesis method from
RO would be to combine the epoxidation of the double bonds and epoxy ring opening with
transesterification/transamidation process. This would result in bio-based polyols with
increased functionality and additional beneficial properties derived from the chemical
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structure of the oxirane ring opening reagent. The TEOA and DEOA epoxy ring opening
reagents would introduce tertiary amine moieties into the chemical structure of the bio-polyol
delivering auto-catalytical properties increasing the reactivity of the rigid PU foam
formulation, which was demonstrated by A. Fridrihsone et al [88].

Characteristics of High Functionality Polyols From Epoxidized RO

The nine green polyols presented in experiment plan (depicted in Fig. 2.3) were
characterised by the OH value, apparent viscosity, acid value, moisture content, density, fy,
M, My, and RO content in polyol (Table 3.4). The OH value of RODEG reference polyol was
242 mgkon/g, which is similar to what is reported in the literature [37]. The high acid value of
8.6 mgkon/g is due to a sulphuric acid catalyst, which was not separated or neutralized. The
calculated fn of RODEG was 3.0, i.e. high enough for rigid PU foam production. The novelty
of the work is the next two sets of RO based polyols RODEA 0; 1.5; 2.0 and 2.5 and ROTEA
0; 1.5; 2.0 and 2.5 where the epoxy ring was opened with DEOA and TEOA, respectively,
and transamidation and transesterification of the glycerol backbone were carried out. The
obtained polyols have a much higher OH value ranging between 471-635 mgkon/g and
430—557 mgkon/g in the case of RODEA and ROTEA sets, respectively. The calculated f, of
synthesised polyols was much higher for RODEA polyol between 4.4—5.8 than for RODEG
polyol where it was fn = 3.0. The f; increased with the increase of the ratio between DEOA (or
TEOA) and the triglyceride. In the case of RODEA, polyol set the viscosity was quite high
22 000-23 600 mPa-s, but the polyols were still suitable for rigid PU foam formulation
development. The high viscosity of the RODEA polyol set is explained by the hydrogen
bonding of the polar amide groups present in the polyol chemical structure. Polyols with such
high f; are almost never used as the only component in rigid PU foam formulation. Their main
application is as crosslinking reagents and their parts by weight (pbw) ratio in polyol
component formulation usually is between 10-30 pbw [1]. Tertiary amine groups of
synthesised polyols have autocatalytic properties that could be useful for the development of
fast curing systems used for spray applied rigid PU foams.

Table 3.4

Hydroxyl Value, Viscosity, Acid Value, Moisture Content, Density, Number Average
Functionality, Number and Mass Average Molar Mass, Polydispersity Index and Rapeseed
Oil Content in the Polyol

Viscosity . Density RO content
Polyol S}H Va}" (20 °C), Acﬁgi";; W“Zg}’ at20°C, | £i | My | pa | inpolyol,
SKow'e mPas | M8 g | Wt g/cm’ %
RODEG 242 6 500 8.6 0.322 1.025 3.0 | 695 | 1.36 70.8
RODEA 0 471 22 000 <2.0 0.046 1.022 44| 520 | 1.15 71.0
RODEA 1.5 603 23400 <2.0 0.041 1.029 55| 508 | 1.11 63.5
RODEA 2.0 614 23 600 <2.0 0.044 1.035 57| 518 | 1.09 61.3
RODEA 2.5 635 23400 <2.0 0.055 1.041 58 | 511 1.06 59.3
ROTEA 0 430 1 800 <2.0 0.026 1.031 3.6 | 467 | 1.22 63.4
ROTEA 1.5 528 2 400 <2.0 0.028 1.037 49 | 524 | 1.33 55.1
ROTEA 2.0 550 2 400 <2.0 0.039 1.045 5.5 1| 560 | 1.33 52.8
ROTEA 2.5 557 2 400 <2.0 0.044 1.053 52| 528 | 1.25 50.7
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FTIR Analysis of High Functionality Polyols From Epoxidized RO

The chemical structure of synthesised polyols was studied by FTIR spectroscopy. FTIR
spectra of unmodified RO, RO after epoxidation and RODEG polyol are presented in
Fig. 3.19. Peaks at 3416-3370 cm™! indicated the presence of OH groups in the RODEG
polyol. Also, as expected, the double bond =C—H stretching at 3008 cm™' of unmodified RO
disappeared after epoxidation process. The C—O—C oxirane ring stretching vibrations were
identified at 823 cm™' for ROEP, and this peak disappeared after oxirane ring was opened
with DEG. Also, after the epoxy group opening an ether bond C—O stretching at 1103 cm™
was observed. C=0 bond stretching peak at 1742—1736 cm™! was indicative of fatty acid
triglyceride structure. Peaks at ~2930 cm™' and ~2860 cm™! were identified as of —C—Hx—
symmetric and asymmetric stretching.

~CH,- Ether bonds
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Fig. 3.19. FTIR spectra of RO, ROEP and RODEG polyol.

FTIR spectra of ROEP and RODEA 0-2.5 polyols are presented in Fig 3.20a. The broad
peak between 3500—3100 cm™! was identified as stretching vibrations of the O-H and N-H
groups. The intensity of this peak increased with the increase of DEOA ratio in polyol
synthesis and correlates with the increase of OH value of tested polyols. No quantitative
calibration of this FTIR analysis was done for this study. Same as for RODEG the epoxy
group stretching vibration peak at 823 cm™' disappeared for the analysed polyols.

FTIR spectra of ROTEA polyol are presented in Fig. 3.20b. The intensity of the OH group
broad peak at 3369 cm™! increased with the increase of TEOA ratio in the reaction. Also, the
peak of C—O stretching of ether groups at 1070 cm™' and the peak of tertiary amine group
stretching vibration at 1036 cm™' were more noticeable. The slight shift of C=0O stretching
peak from 1742 cm™ to 1735 cm™! is explained with a change of RO triglyceride structure
into TEOA fatty acid esters [89].
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Fig. 3.20. FTIR spectra of ROEP and a) RODEA 0-2.5 and b) ROTEA 0-2.5 polyols.

Rigid PU Foam Development From RO Based High Functionality Polyols

The synthesised polyols were used to prepare rigid PU foams and the common
characteristics of rigid PU foams were tested (Table 3.5). The PU foam formulations were
developed in order to assess the suitability of prepared RO based polyols for further material
optimization. The developed rigid PU foams had an apparent density in the range of
36—41 kg/m?®, which is the common density of the thermal insulation materials. All PU foams
had closed cellular structure with the closed cell content above 95 %.

Table 3.5

Technological Characteristics of Rigid PU Foam Formulation (Start Time, String Time,

Tack-Free Time, Rise Time), Apparent Density, Closed Cell Content and Thermal

Conductivity of Developed Rigid PU Foams.

Polyol formulation RO |RODEA| RODEA | RODEA | RODEA |ROTEA | ROTEA | ROTEA | ROTEA
DEG 0 1.5 2.0 2.5 0 1.5 2.0 2.5
Technological parameters
Start time, s 17 15 15 17 18 20 17 16 15
String time, s 40 37 35 37 38 43 35 35 35
Tack free time, s 47 47 41 42 43 60 42 41 41
Rise time, s 44 42 45 48 50 55 47 46 45
Temperature of polyol 21 | 21 21 21 21 14 14 14 14
system before foaming, °C
Apparent density of PU- | 35 3 | 305 | 379 | 372 | 3909 | 351 | 409 | 394 | 394
foams, kg/m
Closed cell content, % 98 95 98 98 96 93 98 98 96
Thermal conductivity, 2158|2347 | 2167 | 2227 | 23.11 | 2329 | 2146 | 2171 | 21.93
mW/(m'K)

The normalized compression strengths and Young’s modulus were calculated in parallel
and perpendicular to the foaming direction (Fig. 3.21a,b). All prepared rigid PU foams
showed decent mechanical characteristics meeting the industry standard of 0.2 MPa
compression strength (in parallel to the foaming direction) for rigid PU foams with a density
of 40 kg/m>. All developed rigid PU foams showed optimal thermal conductivity close to
22.0 mW/(m-K) (Table 3.5), typical for this type of insulation material.
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Fig. 3.21. a) Compression strength and b) modulus of elasticity of rigid PU foams obtained
from high functional RO polyols.

3.5. High Functionality Bio-Based Polyol Synthesis From TOFA

Previously developed polyols from TOFA in the one-step process by amidation or
esterification with DEOA or TEOA delivered unsatisfactory properties of rigid PU foam as
discussed in Section 3.1. Similar to RO based polyols the properties of polyols could be
improved by increasing average functionality of the polyols by epoxidation and subsequent
epoxy ring opening reactions. Although vegetable oil epoxidation is a relatively well-studied
topic, the epoxidation of neat fatty acids has not been studied at such detail. Majority of
vegetable oils occur in nature as triglyceride esters without carboxylic acid moiety in their
chemical structure. TOFA are derived from lignocellulosic biomass after the Kraft pulping
process of cellulose pulp extraction [90], [91]. Crude tall oil is most commonly used for heat
generation in the pulp mills [92]. Nevertheless, TOFA have been reported as a potential
feedstock for numerous value-added products ranging from biodiesel [93], [94], wood-derived
olefins for chemical industry [95], non-ionic surfactants [96], drilling and other fluids in
mining industry [97], to application in polymer materials in resin production [98], plasticiser
production, and in PU material development [42], [99]. The high amount of unsaturated bonds
in the TOFA chemical structure makes it an ideal feedstock for epoxidation process where
afterwards oxirane rings could be used to introduce desired functional groups on to the TOFA
backbone.

This chapter will explore different approaches of TOFA epoxidation. Generally, the
epoxidation is done by different peroxycarboxylic acids, which can be in-sifu generated from
different organic acids and hydrogen peroxide (H20Oz) in the presence of different catalysts.
The objective of this chapter was to develop a solvent-free epoxidation method of neat TOFA
and achieve as high as possible double bond conversion to oxirane ring. Epoxidized tall oil
fatty acids (ETOFA) would be later used for high functionality polyol synthesis. The
proposed process allows for bypassing the production of intermediate products, such as
TOFA methyl esters. A common epoxidation catalyst — sulphuric acid was compared to novel
heterogeneous phase catalysts — ion exchange resin Amberlite IR 120 H and immobilised
Lipase catalyst — Novozym® 435.
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TOFA Epoxidation With Acidic Catalysts

The epoxidation of TOFA was carried out by in-sifu generated peracetic acid from the
acetic acid reaction with hydrogen peroxide in the presence of an acidic catalyst. The overall
epoxidation reaction is depicted in Fig. 3.22 [100], [101]. The main disadvantage of acid
catalysed epoxidation method is the side-reaction occurrence with oxirane rings, which leads
to the formation of by-products [31]. Unfortunately, the oxirane ring opening is also acid
catalysed, which leads to decreased oxirane group yield. In this work, two different acidic
catalysts were compared for TOFA epoxidation process. One being homogeneous phase
catalyst (H2SO4) and other was a heterogeneous phase catalyst (Amberlite IR 120 H).
Although the catalyst type is different the general principle is similar as the epoxidation is
carried out by the peracetic acid.
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Fig. 3.22. TOFA epoxidation reaction mechanism.

TOFA Epoxidation With Amberlite IR-120 H Ion Exchange Resin Catalyst

Heterogeneous catalysts such as functionalized ion-exchange resins could provide several
advantages. Small carboxylic acids, like acetic acid, can easily dissociate into and out of the
gel-like structure of the catalyst where the formation of peracetic acid takes place. While the
more bulky structure of the TOFA is less likely to penetrate the catalyst. Hence, the ETOFA
is more protected from the attack of protons, which are confined inside the gel matrix.
Therefore, the ETOFA epoxy ring opening during synthesis is prevented. Furthermore, a
heterogeneous phase catalyst can be recovered and reused by simple filtration in a batch-type
reactor. Such catalyst is also more suitable in continuous flow reactors, which are more
common in industrial processes.

During the epoxidation process with Amberlite IR-120 H ion exchange resin catalyst,
RCO gradually increased while the REU decreased as depicted in Fig. 3.23. The rate of
decrease of REU was similar to experiments with HoSO4 as a catalyst where after 7 hours of
synthesis the majority of double bonds have been transformed. In the case of 20 wt. % and
30 wt. % of Amberlite IR 120H catalyst after 7 hours of synthesis, 81.0 % and 86.6 % of
double bonds have been transformed, respectively.
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Fig. 3.23. TOFA epoxidation kinetic curves at different Amberlite IR 120 H catalyst contents:
a) RCO; and b) REU.

The comparison of the two different acidic catalysts content influence on TOFA
epoxidation is depicted in Table 3.6. For H2SOj4 catalyst, the highest RCO was achieved after
1-2 hours of synthesis. However, the total oxirane yield was two times lower than in the case
of Aberlite IR 120 H ion exchange catalyst due to the side reactions. The oxygen content of
3.82 % and 4.05 % (Amberlite IR 120 H = 20 wt. % and 30 wt. %) of synthesised ETOFA is
relatively high and comparable to other epoxidized natural oils [23], [98], [102], [103].
Despite the oxirane ring opening side reaction the obtained ETOFA are suitable for further
polyol synthesis as well as the development of epoxide based products. Amberlite IR 120 H
catalyst content of 20 wt. % was selected for further TOFA optimization as the 30 wt. % of
catalyst did not result in a significant increase for RCO.

Table 3.6

Summary of the Highest Achieved Relative Conversion to Oxirane and Relative Conversion
of Double Bonds at Respective Synthesis Time

Synthesis O0¢x,% RCO,% Iodine value, UBC, % S, %
time, h gpper 100 g

Catalyst content TOFA epoxidation with H,SO4 catalyst
0.25 wt. % 7 1.76 19.7 87.1 43.8 45.1
0.50 wt. % 4 1.50 16.9 88.0 48.9 39.0
0.75 wt. % 2.5 1.65 18.5 108.3 30.1 61.6
1.00 wt. % 2 1.60 18.0 92.8 39.5 45.6
1.25 wt. % 1 1.63 18.4 106.1 31.5 58.2
1.50 wt. % 1 1.54 17.4 98.7 36.3 47.8
Catalyst content TOFA epoxidation with Amberlite IR-120 H ion exchange resin catalyst
10 wt. % 6 3.16 35.5 51.8 66.6 53.3
20 wt. % 5 3.82 42.9 45.0 71.0 60.4
30 wt. % 6 4.05 45.5 26.8 82.7 55.1

Tall Oil Fatty Acid Epoxidation Kinetics — Surface Reaction Kinetic Model

An attempt was made to apply the Eley-Rideal surface reaction mechanism to TOFA
epoxidation with ion exchange resin catalyst. The Eley-Rideal mechanism was proposed by
D. D. Eley and E. K. Rideal in 1938 and it is similar to the Langmuir-Hinshelwood surface
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reaction mechanism. The Langmuir-Hinshelwood mechanism is used to explain the
interaction of surface charge carriers and excitons with adsorbed molecules that can promote
surface chemical processes, whereas the Eley-Rideal mechanism is used to explain the
interaction of molecules with surface active centres that can initiate surface chemical
processes [104]. In the Langmuir-Hinshelwood mechanism, both molecules adsorb to the
catalyst and then undergo a chemical reaction, whereas in the Eley-Rideal mechanism only
one molecule is adsorbed and the other reacts without adsorbing.

The overall reaction system of TOFA epoxidation is highly complex with three different
phases of reactants. Some assumptions have to be made to simplify the determination of the
reaction rate parameters of the studied process. It is assumed that TOFA do not diffuse into
the porous structure of the ion exchange resin and do not adsorb to the active sites of the
catalyst. Only acetic acid (AA) is adsorbed to the active site of the catalyst where it reacts
with hydrogen peroxide (H20z) forming peracetic acid (PA). Afterwards, the PA is desorbed
from the catalyst where it is free to react with TOFA ethylenic unsaturation (EU) groups to
form epoxy rings. After epoxidation of the double bonds, the AA is released. The rate-
limiting step of the TOFA epoxidation is the surface reaction, which happens on the active
site of the Amberlite IR120H catalyst. There is a limited amount of oxirane group side
reactions, oxirane groups are opened with water (H2O) and AA forming glycol (G) and acyl-
glycol (AG), respectively. It is assumed that mass transfer of AA and H2O: to the catalyst, PA
and H>O from catalyst and PA to TOFA are much faster than the rate-limiting surface
reaction step of the process, thus diffusion rates can be neglected. The idealised depiction of
TOFA epoxidation process is shown in Fig. 3.24.

H,0, + CH,COOH CH,COO0H

g +

\7/ y ETOFA
Y

Oil phase

H,0

Aquous phase

Fig. 3.24. An idealised schematic of different reaction phases of the TOFA epoxidation
process with heterogeneous phase Amberlite IR 120H catalyst.

The rate-limiting step of the catalyst surface reaction can be further split into three steps as
depicted in Fig. 3.25. In Step 1, AA is adsorbed to the vacant site of the catalyst forming
adsorbed acetic acid (AAs). In Step 2, H2O» reacts with AAs forming H>O and adsorbed
peracetic acid (PAs). In the last Step 3, PAs is desorbed and released into the reaction
medium.

49



N Y
A

Step 1 {/AAS \ Step 2 l:' As Step 3
/\ — A — N\ —
Step 1 Step 2 Step 3
Adsorption of AA Reaction of H,0, with the adsorbed AAs which Desorption of
onto a vacant active results in adsorbed PAs and water as by-product peracetic acid PA
site of the catalyst into solution

Fig. 3.25. Eley-Rideal mechanism of peracetic acid formation on the surface
of ion-exchange resin catalyst.

Summary of TOFA Epoxidation Model

The mechanism for the in-situ epoxidation of TOFA in the presence of heterogeneous
phase catalyst can be summarized by several reactions that occur simultaneously. The
developed model describes the surface reaction of PA formation (I), which is considered as a
heterogeneous reaction, and the reaction’s order is considered to be 1 [25]. The desired TOFA
epoxidation reaction (II) and the two undesired side reactions of oxirane ring opening (III and
IV) are considered pseudo homogeneous second order reactions. The reaction equations are
depicted in Fig. 3.26. Furthermore, the model assumes that, in the catalytic reaction of PA
formation only AA and PA are adsorbed to the catalyst active sides without dissociation, that
the PA formation is irreversible and that the catalyst surface reaction is the rate-limiting step
of the overall process.

k
AA+ST"=AAS

a

AAs + H,0, %> pas+ H0¢ O

k
PAs === PA + s
kg

PA +EU Sim Ap 400 (D

00 + AA L7 AG (IIT)
k
00 + HO0 —>=G 0\%)

Fig. 3.26. Reactions occurring during TOFA epoxidation with ion exchange resin catalyst.

The change of concentration of the different individual reagents during the TOFA
epoxidation process is dependent on more than one of the reactions. Furthermore, the
concentration of the different reagents is not constant during the synthesis. Therefore, the rate
law for the concentration change of the seven chosen reagents during the TOFA epoxidation
i1s a system of non-linear differential equations, which is depicted in Eq. 3.5. The depicted
model describes the complete process of TOFA epoxidation and its solution predicts the
concentration change of the reagents over synthesis time. To solve Eq. 3.5, the kinetic rate
and equilibrium constants have to be found beforehand.
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d[HZOZ] _ ksrCthatKAA[AA] [HZOZ]

dt 1+ Kaa[AA] + Kpa[PA]’
M) _ bWl MIE0) ) — ool an)
R = L — s [PABU)
d[fty] = —k;[PA][EU]; (3.10.)
d[(?tO] = k3[PA][EU] — k4[0O][AA] — k5[OO][H,O0];
T Sl e ksloolv,0)
W = k4[0O][AA] + ks[00][H,0].

The Eq. 3.10 parameters were estimated using experimental data of the decrease of
ethylenic unsaturation ([EUcx], mol per 100 g oil) and the experimentally determined increase
of the oxirane oxygen content ([OOex], mol per 100 g oil) data by using constrained nonlinear
multivariable algorithm. Some initial estimates of the selected thermodynamically constants
(ksrCt; k3; ka; ks; Kpa; Kaa) were selected based on previous studies [25], [105], [106]. Then
the TOFA epoxidation model was numerically solved using the fourth order Runge-Kutta
method. The nonlinear differential equation was solved using “ode45” function of MatLab
R2019a software. Afterwards, an objective function of the least squares was targeted to fit
numerically calculated reagent concentrations to the experimental data. The “fmincon”
function of MatLab R2019a software was used to vary the rate constants according to the
Levenberg—Marquardt algorithm. Obtained rate constants of the complete TOFA epoxidation
process are depicted in Table 3.7.

Table 3.7

Kinetic Rate Constants of Complete TOFA Epoxidation Process Using lon Exchange
Heterogeneous Phase Resin Catalyst

Rate constants Unit Values

ko Cy surface reaction rate constant multiplied by the catalyst active site mol/(s-g(cat)) 1.08
content

k3 epoxidation reaction rate constant 100 g oil per s'mol 1.50
k4 the rate constant of the oxirane opening with acetic acid 100 g oil per s'mol 0.99
ks the rate constant of the oxirane ring opening with water 100 g oil per s'mol 0.032
Kpa peracetic acid adsorption equilibrium constant mol/L 49.99
Kaa acetic acid adsorption equilibrium constant mol/L 0.80
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A set of six synthesis experiments were used to fit the TOFA epoxidation model. TOFA
were epoxidised in following conditions: synthesis temperature — 60 °C; mixing rate 600 rmp;
ethylenic unsaturation and hydrogen peroxide molar ratios were 1.0/1.5, and Amberlite IR
120H content of 20 wt. % of oil mass was tested. The initial content of the acetic acid was
varied to obtain different kinetic curves for model fitting. The following ethylenic
unsaturation and acetic acid molar ratios were used: 1.00/0.15; 1.00/0.25; 1.00/0.35;
1.00/0.50; 1.00/0.65; 1.00/0.75. The different acetic acid content should not change the rate
constants of the model. The obtained kinetic curves of the REU change over synthesis time
are depicted in Fig. 3.27 together with the fitted model, which is depicted as straight lines. In
a similar way, the RCO kinetic curves of TOFA epoxidation are depicted in Fig. 3.28.

W CH,COOH 0.15 M — Experimental data W CH,COOH 0.50 M — Experimental data
100 — @® CH,COOH025M— Expcrfmcnlal data 100 @ CH,COOH 0.65 M — Experimental data
1% A CH;COOH 0.35 M — Experimental data | A CH,COOH 0.75 M — Experimental data
90 7 —— CH,COOH 0.15 M ~ Model 90 ] — CH,COOH 0.50 M — Model
80 —— CH,COOH 0.25 M — Model 80 | —— CH,COOH 0.65 M — Model
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Fig. 3.27. REU kinetic curves of TOFA epoxidation.
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Fig. 3.28. RCO kinetic curves of TOFA epoxidation.

The developed TOFA epoxidation model (Eq. 3.10) fits relatively well to experimental
data of RCO and REU. The experimental and calculated values of RCO and REU are depicted
in Fig. 3.29. The coefficient of determination was 0.9794 and 0.9879 in case of RCO and
REU, respectively. Moreover, the reaction rate parameters depicted in Table 3.7 are similar to
previous studies [25], [105], [106]. Thus, it can be concluded that the developed TOFA
epoxidation model could be used for synthesis parameter optimization to find the highest
RCO values. The biggest drawback of the developed TOFA epoxidation model is that it is not
possible to guarantee that this was the only minimum of the least square target function.
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Furthermore, other minimums of the optimization function could be found outside boundaries
that were set in this work. Not to mention that the TOFA epoxidation model has plenty of
assumptions that do not represent the real process. Experimental data depicts that epoxy rings
are opened almost at the same rate as they are introduced. Which suggests that TOFA does
penetrate into catalyst gel-like structure where epoxy ring opening is catalysed. Previously
this type of model was applied to different natural oil epoxidation, like jatropha, soybean and
hemp oils [25], [105], [106], which have triglyceride structure and about three times larger
average molecular mass than fatty acids of TOFA. Thus, it is reasonable to assume that
diffusion of TOFA into the catalyst could be expected. TOFA themselves are carboxylic acids
that could potentially be transferred into peroxycarboxylic acids, which could epoxidase
themselves. This would further complicate the kinetic process of TOFA epoxidation.
Unfortunately, these aspects were not studied in the frame of this Doctoral Thesis.
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Fig. 3.29. Experimental versus predicted values of RCO and REU.

Chemo-Enzymatic Epoxidation of TOFA

In the frame of this Doctoral Thesis one more novel TOFA epoxidation catalyst was
studied. The main disadvantage of the chemical epoxidation method described in previous
sections is the acid-catalyzed side-reaction occurrence with oxirane rings, which leads to the
formation of by-products [31]. Furthermore, the use of additional acid as an oxygen carrier
means that it has to be separated from the reaction media after oil epoxidation, which, along
with the use of hazardous chemicals, is not desired from the viewpoint of green chemistry.
The use of performic or peracetic acids in the epoxidation process could lead to the thermal
runaway of the reaction, which is highly undesired for an industrial upscale and due to safety
concerns [32]—-[34]. In recent times, various chemo-enzymatic catalysis reactions have been
studied as a more sustainable approach to conventional chemical catalysis methods. One of
the fields is double-bond epoxidation using a Lipase enzyme to catalyse the peroxycarboxylic
acid in situ formation. The method is considered to be milder and more selective than
traditional acid catalysed in sifu epoxidation methods [31], [107]. The most effective lipase
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for unsaturated bond epoxidation has shown to be Candida Antarctica Lipase B (Novozym®
435 — immobilized Lipase enzyme on acrylic resin beads) [108]. The main advantages of the
enzyme catalysed epoxidation are relatively low epoxidation temperatures (30-50 °C) in
comparison to chemical epoxidation at 60-100 °C, high selectivity and epoxidation
conversion rate (exceeding 90 %), and reusability of the enzyme [109], [110]. Furthermore, it
has been reported that Lipase can catalyse a formation of fatty acid peracids, such as
perstearic [111], [112] and peroleic [113], which allows avoiding the use of formic and acetic
acid in the epoxidation process. Although the possibility to use Lipase as a catalyst for
epoxidation has been known for a while, there have been relatively few investigations into the
synthesis of polyols for further use in polyurethane production.

The epoxidation of TOFA was carried out by in situ generated peroxycarboxylic acids
from fatty acids contained in the chemical composition of the distilled tall oil. The idealized
reaction mechanism is proposed by Sun et al. [112] (Fig. 3.30 a). The relatively high acidity
of the TOFA mixture can lead to undesired side reactions of the fatty acid carboxyl groups
with newly introduced oxirane rings resulting in dimerization and oligomerization products.
The idealized TOFA epoxidation and side reaction scheme is depicted in Fig. 3.30b.

b) o
0
a)  TOFA —tall oil fatty acids ETOFA — epoxidised tall oil fatty acids o PP PPN
(0] . ) TOFA - tall oil fatty acids
J§ L
H,0, R OH V Novozym®435 — Lipase
(0) H,0,
: 0
) S A
1 2
R R o
I on 88
H,0 R o~ —/ HOW/M\M
R — fatty acid moieties ETOFA - epoxidised tall oil fatty acids

R, and R, — aliphatic fatty acid moieties before and after C=C bond

Side
reactions

Fig. 3.30. a) The idealized chemo-enzymatic epoxidation mechanism of aliphatic double
bonds; b) TOFA epoxidation and the side reaction for oxirane ring opening.
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Overview of Chemo-Enzymatic TOFA Epoxidation

The summary of the chemo-enzymatic epoxidation of TOFA by the in situ generation of
peroxycarboxylic fatty acids is presented in Table 3.8. An excess of H2O2 should be used at
molar ratios C=C/H»0, of 1.0/1.1 to achieve the higher conversion of the double bonds.
Novozym®435 catalyst load of 3.0 wt. % is enough to successfully epoxidase the double
bonds of TOFA. Although higher catalyst content led to higher conversion to oxirane, the
increase was not significant enough to justify the use of a higher load of Novozym®435
catalyst. It is important to keep the catalyst load as low as possible because it is the most
expensive component of the synthesis. An H>O> with a concentration between 20-30 %
should be used, as a higher concentration H>O; could lead to catalyst degradation. In the
frame of this study, the catalyst regeneration was not studied. The successful regeneration of
the Lipase-based catalyst is the main requirement for the development of up scalable
technology. The developed process allowed to obtain ETOFA with an epoxide oxygen
content of 4.49—-6.00 %, which is sufficient to consider this material for polyol synthesis as
well as other epoxide-based products. The obtained results are in good agreement with
previous studies with a similar concept. Solvent-free chemo-enzymatic epoxidation of oleic
acid showed the relative conversion to oxirane above 60 % for epoxidation at 40 °C and H>O>
concentration of 30 % [114]. Obtained results are also similar to oleic acid self-epoxidation
reported by Yadav and Manjula Devi where the similar oxygen content of 4.0-5.0 % has been
achieved. It must be mentioned that this epoxidation was carried out in toluene solution and
reported oxirane oxygen contents were achieved for much higher H>O» excess than reported
here (1.6-3.7 H2O> per 1.0 mole of oleic acid) [115]. Lastly, the presented results can be
compared to the solvent-free epoxidation of linoleic acid reported by Orellana-Coca et al.
where about 70 % of relative conversion to oxirane was achieved. When a much higher
excess of HxO2 was used (3.5—-8 mmol H>O> per mmol of linoleic acid) conversion to oxirane
was close to 90—100 % after 8 hours [116]. This indicates that our epoxidation method could
be improved by using higher excess of H2O», which will be carried out in future studies.

a) m Novozym435 = L5wt. Z/o b) m  Novozym435 = 15wt ZA)
100 — : I;gzgzymng;S.O wt. nA; 100 - [} Novozym435;3.0 wt. OA)
] zym 435 =4.5 wt. % 1 A Novozym435=4.5wt. %
90 90 [ ]
80 80 1 ]
i 1 [ ]
s 70 1 5° 70 ] A® .
~ 60+ A A = 60 ° [
8 50 H A : e ° E 50 S A o LI
& 40 A o 40 3 °
i A O - [ ] k A [ ]
30 = 30 A °
1 i - i A , o
204 4Ae _ m 20 A
10 4 = 10 ]
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Fig 3.31. a) ROC b) REU at different Novozym® 435 catalyst content (Zsynth =40 °C;
H>02 =20 %; C=C/H20, =1.0/1.1).
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Table 3.8

Summary of the Highest Achieved Relative Conversion to Oxirane and Respective Relative
Conversion of Double Bonds at Respective Synthesis Time

S}{nthesis 00, % RCO, % Iodine value, UBC, % S. %
time, h gnper 100 g

C=C/H:0, TOFA epoxidation Novozym®435 = 3.0 wt. %; H0,= 20 wt. %
molar ratio
1.0/1.0 7 4.65 52.2 50.6 67.4 77.5
1.0/1.1 7 4.49 50.5 43.0 72.3 69.9
1.0/1.2 7 4.02 45.1 52.1 66.4 68.0
I;Z’V;Zym@” TOFA epoxidation C=C/H,0, = 1.0/1.1; H0,= 20 wt. %
1.5% 7 3.19 35.9 74.8 51.8 69.3
3.0% 7 4.49 50.5 43.0 72.3 69.9
45% 7 5.14 57.8 34.7 77.6 74.4
H>O, wt. % TOFA epoxidation C=C/H,0, = 1.0/1.1; Novozym®435 = 3.0 wt. %
15 % 7 3.76 422 63.8 58.8 58.8
20 % 7 4.49 50.5 43.0 72.3 69.9
25 % 7 5.54 62.2 45.0 71.0 87.7
30 % 7 6.00 67.4 37.0 76.1 76.1
35% 6 5.07 57.0 304 80.4 70.9
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CONCLUSIONS

Bio-based, as well as APP based polyols, were suitable raw material for the development
of high-density rigid PU foams. Rigid PU foams from APP polyols delivered higher
mechanical properties than rigid PU foams obtained from bio-based polyols.

Rigid PU foam impact absorption material applicable in automotive industry was
developed using APP polyol — NEO_380.

Mathematical model of apparent density and deformation strain rate influence on the
stress-strain response of developed rigid PU foam was calibrated to predict compression
behaviour of foams in a broad range of densities (~100-500 kg/m?) and strain rates
(0.00167-180 s1).

Mechanical properties of developed rigid PU foams were increased by introducing
nanoclay filler into foam structure. When nanoclays were dispersed into NEO_380 polyol,
their inter-lattice structure was intercalated, whereas nanoclay lattice plane exfoliation was
achieved by their dispersion into polyisocyanate component of rigid PU foams.
Compression strength increase of ~15-20 % was achieved by dispersing 1.29-2.68 wt. %
of nanoclay into rigid PU foams. Exfoliation of Cloisite 30 B nanoclay allowed to achieve
the same compression strength increase at lower nanoclay content of 0.25-0.76 wt. %;
TO_DEOA polyol, which was obtained from distilled tall oil, was suitable to develop
rigid PU/PIR foam thermal insulation material with low thermal conductivity value of
22.80 mW/(m-K). In developed rigid PU foam formulation harmful halogenated flame
retardant TCPP was replaced with graphite based intumescent flame retardant.

The one-step bio-polyol synthesis process was combined with RO epoxidation and epoxy
ring opening to obtain high functionality polyols with f,=3.6-5.8. Developed high
functionality polyols were used to obtain rigid PU foam thermal insulation with closed
cell content above 95 %, the apparent density of ~40 kg/m> and thermal conductivity of
21.5-23.3 mW/(m-K) and excellent mechanical properties; compression strength above
0.20 MPa and compression modulus above 5 MPa in parallel to the foaming direction.

A novel method of neat TOFA epoxidation that agrees with the principles of green
chemistry was developed. Ion exchange Amberlite IR 120H resin catalyst delivered
superior RCO than conventional H;SO4 catalyst (RCO of 45.5% and 19.7 %,
respectively).

Eley-Rideal surface reaction mechanism model was successfully applied to the TOFA
epoxidation process. The developed model showed that unfortunately, Amberlite IR 120H
ion exchange resin promotes the undesired oxirane ring cleavage reactions almost to the
same level as the epoxidation of the double bonds.

Novel Lipase based heterogeneous phase catalyst was applied for TOFA epoxidation and
the highest RCO = 67.4 % was achieved at relatively low catalyst content of 3.0 wt. %.
Novozym®435 Lipase based catalyst was selected as the most promising catalyst as it
allowed to develop simple, solvent-free, without use of intermediate products, high
efficiency (RCO > 67 %), low energy requirement (7sync = 40 °C), sustainable TOFA
epoxidation process.
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