CHAPTER 2
THEORY

The urethane-producing reaction was well known in the nineteenth century until
the late 1930s the commercial potential of polyurethane (PU) was made by Otto Byer
and his co-workers at Leverkusen, Gern ‘J’I applications of PU such as fibers,

adhesive, coatin d fi ha n uri
oating and foam ar —s (i:;v uring the past 30 years. The
development of PU is showed in.% 2.1, Th

ing system has received in

many specialized forms, an

1s shown in Figure 2.1

] i
o -
1937-40 Outo Bayer and co-workers made mly'@ﬁ. v
polyaddition processes from various™ ="~ =
diisocyanates with glycql‘s:}nd/or diamines.
1940-5 Development of millable ‘uieihaiie
elastomers and adhesives / polyarethane car cushions at
Farben), U.K. (ICI) and the'U.S. ont). stin-Morris (U.K.). ) ;
Polyurethane coatings for age balloons 9 ICI demonstrates production line manufacture
(ICI), synthetic polyurethane bristles (I.G. of refrigerators using MDI-based polyurethane

Farben). o foam.
|

1945-7 Manufacture of mi erhian i - ilt entirely from metal-faced
elastomers, coati yg‘% w EJ ﬂ ? wgmaﬁ?g foam laminate made
1950 Cast elastomers fr lyester diols, continuou

: ICI introduces the first polymeric MDI-based
< mi-rigid energy absorbing foam for vehicles.

arl blowing by chlorofluoromethanes.
od1! J on line moulded *deep seat’

sly (Australia).
diisocyanate prepolymers and chain extenders. 1964  IClI inverse- and floating-platen systems for the
¢ . :
o
First

1953 First flexible thane fi anufactur us.manufa f rigid polyurethane
BT )| SRR o
machine, a polyester p 1 I 1 cial ion of self-skinning

© 1956 First mantfacture of polyether-based flexible flexible foam (Soc. Quillery, France).

polyurethane foam in the U.S.A. using a two 1968 ICI introduces isocyanurate rigid foams.
stage or ‘pre-polvmer’ process. 1968  General Motors make the first polyurethane

1957 ICI introduces the first commercially available microcellular bumper for the Pontiac G.T.O.
polymeric MDI composition for rigid 1973 MDI-based *soft-face’ bumpers made by RIM
polyurethane foam manufacture. system for Chevrolet taxis.

1959 ICl introduces the first rigid foam system based 1979 ICI introduces wholly-MDI-based systems for
on polymeric MDI and a polyether polyol. flexible foam moulding.

1959 ‘One-shot’ system for flexible polyether-based 1983 ICI introduces system to make dual-hardness,
foam introduced in the U.S.A. moulded seating from MDI-based, flexible

foam.
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Figure 2.1 Structure - property relationship in Polyurethane
(Hepburn, 1992)



2.1 Basic Chemistry

A urethane group is formed by the chemical reaction between alcohol and
isocyanate. PU result from the reaction alcohols with two or more reactive hydroxyl
groups per molecule (diols or polyols) and isocyanates that have more than one reactive
isocyanate group per molecule (a diisocyanate or polyisocyanate). This is known as
addition polymerization. No by-product are given off. The diisocyanate will react with

any compound having an active hydro en, such as hydroxyl-terminated epoxies,

{ofminated furanes, and will even react
onnédrogen groups. The reactions
———

o minutes, rates can be

hydroxyl-terminated polyester, and

with cellulose, rubbers, or othe: s
—

which produce a solid polyierare ag i«

varied by type of catalyst ¢ ¢ reactions are exothermic, the heat
generated may be use AporiZg. a. i Kagent” and produce a
polyurcthane foam. Alternafively, Sofe ‘W ’ h the polyisocyanate to
release carbon dioxide gas -7 '

“”ﬁﬁﬁ"ﬂ‘ﬂﬂﬁﬂiﬂﬂ“ﬁ
anraddsafmadinade

'ethane
q g ) group group

The rate of polymerization is influenced by the structure and functionality of
both isocyanate groups and polyols. Aliphatic polyols with primary hydroxyl groups

are the most reactive.
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A few of the basic reaction would be
1. Diisocyanate + water = urea (RNH,) + carbon dioxide (Co,)
2. Diisocyanate + hydroxyl = urethane (RNHCOOR,)
3. Ditsocyanate + amine = disubstituted urea (RNHCONHR/)
4. Diisocyanate + urethane = allophanate (RNHCOHR/COOR/)

5. Diisocyanate + disubstituted urea = substituted biuret

iclds a substituted urea and
carbon dioxide. This reacti - of gas for blowing in the
manufacture of low densi ith further isocyanate to
yield the substituted urea ence of catalysts, both TDI

and MDI react with water

‘o Q/
Reaction oﬂ%g v@hwlgmi ‘j w EJ f] ﬂ ‘j

The %actxon of diisocyanates with primary and segondary amine
compounds’%&ﬁl AR TRUBIIN AR EL e
chemistry. Dlammes are used as chain extending and curing agents in polyurethane
manufacture. The reactivity of amines increases with the basicity of the amine, and
aliphatic amines react much faster than aromatic amines. Tertiary amines, because they
contain no active hydrogen atoms, do not react with isocyanates, but they are powerful

catalyst for many other isocyanate reactions.



Secondary reaction of isocyanate
Isocyanate may react with the active hydrogen atom of the urethane, and
urea and amide groups already introduced during the initial polymer formation to form
allophanate, biuret and acylurea, respectively. Both reactions are cross-linking reactons.
The reactionof isocyanate with urea groups is significantly faster and occurs at lower

temperature than that with urethane groups.

Urethane
Isocyanate polymeri
Amyl isocyanate§ reliily polyim in the presence of catalyst giving
uretidines (commonly called dimers}.Some di g such a3 4,4 -diphenylmethane
diisocyanate (MDI) dimgrises-siowly-when-lef n temperature so they

'! < i

have a limited storage life, ﬁin : . ’lﬁ reaction and structure is

generally considered to be: ¢a

ﬂuﬂawﬂwﬁwawni
AMIANTAUUNIINYAY

R'-NCO + OCN-R ——+ R'-N ‘N-n
\ /

‘ll
o

Aromatic isocvanate Uretidinedione



Both aliphatic and aromatic isocynate can also form isocyanurates (normally
called trimers). The reaction is accelerated by basic catalysts. Isocynurate formation

gives very stable branch points, the reaction is not easily reversed.

_ , : N
3(R-NCO) —_— |
\ C

Isocyanate &
Figure 2.2 Isocyan%/

isocyanates reacted with aliphaﬂ%

formulation for any speCifie-and—product;—a—wide 50f auxiliary chemicals

V.3
(additives) may be added tﬁ

Seve& aromatic and aliphatic diisocyapate are availablg,but some 95%

o BB B Ko b s

(MDI) and itsqderivatives

Two isomers of TDI exist. The different species of TDI are based on the
different ratio of the two isomers. The 80:20 mixture of 2,4-TDI and 2,6-TDI (80:20-
TDI) is today the most important commercial product, but a 65:35 ratio mixture, the 2,4

and 2,6 isomers (65:35-TDI) is also available from some supplies.



TDI mixtures can occurred a serious toxic hazard in use, having a
marked effect on the respiratory system and the skin, and care is very necessary in
handling if damage to health is to be avoided. On the other hand, the diisocyanate MDI
based on diaminodiphenylmethane is considerable safer to use, having as much lower
volatile but it id manufacturing is more complex than that of TDI. Otherwise, the

disadvantage is less easily purifies and consequently MDI is often used in the crude

(undistilled form).
Diphenyl mctha;; \@U]/& another important isocyanate

isocyanate MDI is available i forys dsedon two types of product purified
’ Mnﬁany 4,4 -diisocyanato-

/ \ :
diphenylmethane (4,4 -di 1 aat -MDI). It usually contains

monomeric MDI and pol

and its shelf life is poor. It rm s n stored. The difficulty of

handling solid pure MDI and it§ i credsed tem form dimer when stored as

liquid at over 40 C have led to he"de‘h‘elopm ified pure MDI are used. Both
methods involve reactm%fart of th'e-'ﬁufé 4,4-MDI- e m etl?d is to react some of the
isocyanate groups with ..' t1c di1of h ---::;-_.7--'-? ----------- ir'weight or with a mixture

of such diols, to yield a gluﬁa
Figure 2.3) in 4, 4 -MDI.

ﬂuEJ’WIEJWWEJ’]ﬂ‘ﬁ

having @cyanate end-groups (e.g.

Figure 2.3 Modified pure MDI. (Wood, 1987)

This type of liquid diisocyanate mixture has an effective functionality of
2.0 and is useful in the production of polyurethane elastomers of high quality.
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Table 2.2 MDI-based isocyanates for polyurethane manufacture (Wood, 1987)

Product name Isocyanate value Viscosity Average Main application area
(NCObywt) | (mPasat25°C) | functionality
‘Suprasec’MPR 334 solid at 25 .l" 2.00 High grade elastomer
‘Suprasec’ML 332 /& Binder for rubber granules
‘Suprasec’VMO02 23.0 .01 | Polyester-based shoe soling.
1 =
‘Suprasec’VMO35 18.0 Polyether-based shoe soling
1
‘Suprasec’VM10 26.0
‘Suprasec’VM20 2.0
‘Suprasec’VM25 243 old-cure auto seating cushions
‘Suprasec’ VM50 30.6 Semi-rigid foams.
Carpet backing

‘Suprasec’DND 30.7 Rigid foams
‘Suprasec’ Rigid foams for construction
VMSSHF 17 applications.
‘Suprasec’ 30.2 m &id foams for construction
VM90HF - applications

T NENT
AMIAN TN INGINY
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Polymeric MDI are undistilled MDI compositions made by the
phosgenation of polyamine mixtures. Polymeric MDI compositions are available with
effective mean functionalities from about 2.5 to over 3.0.A typical functionality
distribution is illustrated diagrammatically in Figure 2.5. Polymeric MDI composition
are characterized by their viscosity increases with increasing mean molecular weight

and polymeric isocyanate content.

The wide range of MDI-b 1socyanates available is illustrated in
, e

Table 2.2
~NCO
Figure 2.4 Structural @rmfilafof polyietic MDI (Weod, 1987)

Percentage by weight

Penta- ~  Hig
© (n=0) T (n=1) (n=2) (n=3)  weightspecies -

Figure 2.5The functionality distribution of a typical polymeric MDI
(Wood, 1987)



Table 2.3 Range of MDI variants (Hepburn, 1992)

12

Average functionality

Product description

Polyurethane type

Main application

2.0

Pure MDI

High performance

elastomers

Shoe-soling.
Spandex fiber

Coatings

2.01-2.1

Modified, liquid pure
MDI

2:1=2.3

2.5

High performance

elastomers.

Shoe-soling
RIM and RRIM.

Cast elastomers

2.7

o TrEEd
Low viscosity polyieric |

Ao

Automotive parts
Cabinets for electronic
equipment Insulating
Sealants

Cast elastomers

Foam-backs for
carpet/vinyls.

Computer carbinets

2.8-3.1

Insulating foams

Energy absorbing foams

Continuous lamination of
rigid foam and foam

slabstock

Remarks : Functionality is defined as the average number of chemically-reactive groups on each

cosmsmierfd (163N ETIINE 1719
AR SR ), A AR B B

1s employed oﬂly in special products, mainly elastomers. Hexamethylene diisocyanate

(HDI) made from the nylon 66 intermediate hexamethylene diamine, being normally

less reactive than the aromatic counterparts (but additionally more volatile and thus

presenting a greater toxic hazard), is again of somewhat specialized interest for

Spandex fiber manufacture and surface coating and paints. The rigid, rod-like
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structures such as that of paraphenylene diisocyanate (PPDI), are known to give Pus of
particularly good resistance to high temperatures.

Although most widely used, the aromatic diisocyanates lead to polyurethanes
that turn yellow on exposure to light, and recent developments have been directed to
intermediates in which the NCO groups are aliphatic or not attached directly to an
aromatic nucleus. HDI is an obvious isocyanate to consider in this respect, particularly
with the finding that its activity can be promoted by use of catalysts. Other

diisocyanates used for the production of polyurgthane having improved resistance to

. /
discoloration and thermal and hydrelytic ¢ 4,4 -dicyclohexylmethane

on hydrogenation of 4,4/-
diaminodophenyl- methan : anate (which gives good
light stability even when isophorone diisocyanate
(IPDI), and 2,2,4-trimethyl- w. ante. The structural formulae of

this other industrially impo igure 2.6 and 2.7.

AULINENINYINT
IR IUNNINGAY
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Figure 2.6 Aromatic diisocyanates used in polyurethane elastomer synthesis

(Hepburn, 1992)
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OCN(CH,)¢NCO
1.6-Hexamethylene
diisocyanate (HDD)
A 2% Sl
OCN—Cl\‘l HC CH,—CH H/C-—NCO
CH —'CH 3 CH z—"CH 2

4,4'-Dicyclohexylmethane diisocyanate (H,,MDI)
(isomeric mixture)
(Desmodur W-Bayer)

H,C
H,C

H,C” CH,—N=C=
3-Isocyanatomethyl-

3,5,5-trimethylcyclohexyl W s
(Isophorone diisocyanat: 1. hexyl diis te (CHDI)
(Huls) ) \ - .
CH;—C

O=C=N—CH

N=C=0
NCO

22,44244-)
(an isomeric mi

2.2.2 Polyols ‘
The multitude (l)'f different polyurethanes are based on the large number

of different polyols ﬂ u ﬂﬁ"}mﬂ)ﬁoﬁﬁ;w ﬂﬂsﬂ@yols that are used

commercially for polylirethane synthesis féom a separate class:
Y B P BRI B e oo
polyols based &n natural products and polyols prepared synthetically. (Kircher, 1987)
As a proven natural polyol, castor oil has been proven successful, It

contains three available hydroxyl groups which produce cross-linked polymers.
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o) OH

CHZ-O-("‘J-(CH2)7- CH=CH-CH,- ('ZH-(CHZ)S—CHs
0 H

CH -O-(IZI-(CHZ).,- CH=CH-CH,- CH~(CH,),-CH,

Hz-O-ﬁ-(CHz)f CH=CH-CH,- (l:H-(CH2)5-CH3
0 OH

castor oil (Kircher, 1987)

use &which 1s a by-product in the

E——
i€ In principle, the following

The literature d

manufacture of cellulose, for
polyols can also be used: "‘"'\‘u\ . These compounds are
solids, and they are suitabl )

The syntheti - ' ~- i more important. They are

divided into two groups: “Q" \
- Polyester polyels

The structure of poly f‘ﬂ" 4 ; t in determining the properties
of the final urethane poly: ior The molecular weight 2ad funstic L‘ ahty of the polyol are

1S also important. The

the main factors, but thegyt

characteristics of the polyols }sed to make the two main classes of flexible and rigid

S sl El NINYINT
A AININURIINA Y
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Table 2.4 Polyols for polyurethane manufacture (Wood, 1987)

Characteristic Flexible foams and Rigid foams, rigid
elastomers plastics and stiff coatings
Molecular weight range 1,000 to 6,500 150 to 1,600
Functionality range 2.0t03.0 3to8
Hydroxyl value range 2810 160 250 to 1,000

(mg KOH/g)

The ‘hydrox:
isocyanate-reactive hydro;
mg KOH/g. Polyols sold

hydroxyl value as this is ¢

M._.

m

e of the concentration of
lyol and is expressed as
iably characterized by
ichiometric formulation.

s molecular weight and

-—viicaE_y

Polyetherpﬁ‘ﬂﬂfa ﬂﬂﬂﬁ?ﬂﬂ'ﬂﬂﬁ

About'90% of polyols use‘d in polyurethanc manufactus&arc hydroxyl-

torminated oYMy (ihede fare Juidd By H8 "}@ o |afifoae dndbs, usually

propylene omac, onto alcohols or amine which are usually called starters or ‘initiators’
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Initiator 5 alkylene oxide ——— Polyether polyol
polyfunctonal Propylene oxide Polyether polyol
alcohol or alone or with both primary
amine copolymerised and secondary

with ethylene oxide hydroxyl end groups

It can be polymerized by basic or acidic catalysts, but in general basic

catalyst are employed. The epoxide ring o] pylene oxide may theoretically open at

cither of two positions reaction but, in pre opens preferentially at the less
sterically-hindered position with base cats based propylene oxide thus
contain predominantly secondass iy ‘Secondary hydroxyl end-
groups are several times les primary hydroxyl groups
and for some applications j pylene oxide may have
inconveniently reactivity.

The primary hydrg creased by the separate reaction
of the polyoxypropylene polyals W ox1ide 1¢ n a block copolymer with

an oxyethylene. By this means tk snd=group content may be varied

from about 5% to over SQ% of the total hyd -“:: ‘ oups.

Y

9
ﬂ‘lJEIT’JVIH‘VI‘ﬁWB’]ﬂ‘i

’QWW&NﬂiﬂJ UAIAINYA Y
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The polymerization of propylene oxide and

ethylene oxide
2 . 1 ICH3 -
R-CH,-O—CH,‘_—CH\ Secondary hydroxyl (95%)
R-CH;-0~ + CH;&(‘:\H—éHz' ———— OH
| a ' R—CH,—O—CH—CH,-OH Primary hydroxyl (5%)

CH, . .
P - ~ - 1
R—CHZ-O—CH-‘.—CQ "-C =CH,-CH-O-CH,~CH,-OH

Secondary hydroxyl

"‘J""J"

Jwﬂ‘u £

trimethylopropane. Polyethﬁ diols, 0 mitiﬁwrs, are also frequently

used, often together with triols;ignaking high-elengation foams and elastomers. These

high molecular wcigﬂp%e@r%l%ls&&%@“lﬂo%nglmc oxide but are

usually modified by tﬂé co-polymerisationsof 5% to 20%,0f ethylene oxide.
ot i bobd ook bt s o
specialty products for the production of flat-top slabstock foam, polyether polyols for

molded ﬂcx1blc and semi-rigid foams, and specially developed polyethers for

clastomers, RIM products, adhesives and coatings.
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The majority of flexible foam is made from 80:20-TDI and polyether
triols with molecular weights in the range from 3000 to 4000. A typical triols with
molecular weight of 3500 is made by the addition polymerization of 50 to 55 moles of
propylene oxide and 10 to 15 moles of ethylene oxide onto 1 moles of glycerol or
trimethylopropane.

The epoxide monomers and the polyether polyols are easily oxidised.
Air is excluded from the manufacturing process and, when polymerisation is complete,

antioxidants are added to prevent oxidatic ;‘ Eyethcr Much work has been done

olyol from oxidation during

Polyether po anes. The polyether
polyols used to made rigid po and hard surface
coatings, ﬁave a lower equivale i gﬁf@ 3 8¢ ised to make flexible
polyurethanes. The properties of the iu“ = : 1 ¢ choice of polyol initiator,

oxyalkylene chain. Poly. hérs based on aminic initiators has e 4 ignificantly higher
reactivity with isocyanate ateohols. Some typical

polymerisation initiators are 1sted in Table 2.5

ﬂumwﬂmwmm
QW'IMﬂiﬁUﬂJW]’W]maEI
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Table 2.5 Polymerisation initiators: Polyether polyols for rigid polyurethanes
(Wood, 1987)

Alcohols Amines Functionality

Water ; 2
Ethylene glycol

Diethylene glycol

Glycerol

Trimethylopropane

Pentaerythritol

Sorbitol

O & | A A bDA W WD N

7/ PN
rllm‘w

PO,
¥2 200
aﬁlﬁx-"i Fis

The weight of the tzu'tﬁay
polyol. The choice of the starter is thiis & very im

t over one third of the weight of

nt factor in controlling the cost as

well as the performance ofthe polvol For th ‘.-N-.-, SOns a ¢ --t‘;‘ non starter 1S sucrose
which is available in purej 1 at low S 'lj\ ols with a satisfactory

performance. Blends of poly ols are often used to obtain the best combination of

processability, cost ﬂl lﬁ m ﬂ%ﬁa%ﬁq ﬁ %neral application a

mixture having an avéfage functionality o°f 4to 5 is oﬂ;en used. Mlxtur f amines and
sl SR QI PRV ) M ﬂ@e polyol in
the urethane réaction. Since amine-based polyols are self- catalytic in their reaction
with isocyanates compared with nitrogen-free polyols, they tend to be less affected by
tertiary amine catalysts and by changes in temperature. Polyols based upon aromatic
diamine starters yield polyurethane systems that cure quickly to form a strong

polymers.
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Polyester polyols

Saturated polyesters with terminal hydroxyl-groups are used to make
both flexible and rigid polyurethane polymers. Polyester polyols tend to be more
expensive than polyether polyols and they are usually more viscous and therefore more
difficult to handle. They also yield polyurethane polymers which are more easily
hydrolyzed. Consequently they are only used to make polyurethanes for demanding

applications where the particular physical properties obtainable from polyesters are

important. Polyester-based polyuretl\ combine high levels of tensile

Iso have good resistance to

e S
lyols and TDI combine high
C ents ster are also less easily

property with resistance to flexi
many types of oil. Flexible foam
~ elongation with resistance

oxidised and resist higher t

temperature and are mostly u i olyurethane elastomers and

adhesives.

mainly to made flexible fodms.
- Aromatic olyester polyols are used in rigid polyurethane and

polyisocyanurate ﬂﬂlﬁmtﬂ EJ wlﬁo?‘ﬁ’qﬂrl aﬁjyor DMT process

waste are also used 1jtigid foam.

QTP S P S,
also used tofmake polyurethanes-mainly for coating and adhesives. They have
significantly improved resistance to hydrolysis under humid conditions.

- Halogen containing polyester, made from halogenated diols and

diacids, may be used to used to reduce the flammability of heat-resistant polyurethanes.
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Generally, the hydrolysis resistance of polyesters increase with
increasing length of the chain between the polyester linkages and also with reducing
residual acidity. The resistance to hydrolysis and to swelling by solvents and oils is also

increased by increased branching of the polyester chains.

Table 2.6 Typical properties of polyester polyols (Wood, 1987)

Application Type Hydroxyl no. Viscosity Acid value

(MPaat25°C) | (mgKOH/g)

Flexible foam Linear ‘ 5 ‘\\ ’ . 10 QO to 20,000 | <2.0
Flexible foam | Branched / 900 to 20,000 | < 5.0
Low density | Highly branched | <10
semi-rigid foam
Elastomer linear ‘ 340 | ’ <1.0
2.2.3 Auxilia
For polyureth ge of auxiliary chemicals
may be added to control and m ethane reaction and the properties
of the final polymer.
These adc tives mctude catalysts, chaifl eXt lets, cross-linking agents,

surface-active materials, ﬂa@-c dants natcrials ,ﬂd fillers.

‘o o

@YY INYNTINYINT

Catalnglrs are widely used to give desired, reaction rate and direction of
e potymeiriine| o] Cab deie bnd S 13 hven e
hydroxyl groups of polyol and the isocyanate groups in the di- or polyisocyanate, as
well as the reaction of isocyanate groups with water. In addition, catalysts influence the
rates of other crosslinking reactions, such as the formation of allophanate or biuret
groups.A proper balance between chain extension crosslinking and gas evolution is

necessary to effect an optimum foam rise and cure to minimize gas loss and foam
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collapse. Insufficient catalysis may result coarse cell structure, while an excess may
cause scorching of the foam. The most common types of catalysts can be used include
aliphatic and aromatic tertiary amines, and organo-metallic compounds, especially tin
compounds, alyhiugh compounds of mercury or lead are also used. Alkali metal salts of
carboxylic acids and phenols, and symmetrical triazine derivatives are used to promote
the polymerisation of isocynates.In the case of amines, promotion of urethane links is

related to the strength of the base and structural effects.
/ unds, e.g. ferric acetylacetonate
cyn ‘g, those based on ton show

remarkable activity, promatin _of | Wi I groups in preference to
reaction with water. For this urate a 1d-tin octoate are widely used;

they are readily soluble i

While a number of or

and cobalt naphthenate, will ca

volatility and little odour.

Reviewing ca nines favour NCO/OH and
NCO/H,0 combination, while effective for the NCO/OH
reaction T—

Temperatures of ree}_mn nt. At up to 50 C the linear
chain-forming reaction predom s bu (up to 150 C) are

A“
v v and branching occurs.
i

At above 150 "C some of the ess stable links are affected and reversion or degradation

can then take place. ﬁﬂuﬂ ?nn EJ w j w EI /] n 45
’QW’mﬂﬂiﬂu URNINYAY



Table 2.7 Some tertiary-amine catalysts (Wood, 1987)

Catalyst

Application .

1 N.N-Dimethylaminoetnanol

(CH,),NCH,CH,OH

2 N,N-D[methylcyclohekylamine,
(Catalyst SFC)

)

N(CH,),

4 N N.N%N’-N"-Pents
diethylene-triamine

5 N,N-Dimethylbenzyl
(Catalyst SFB)

&

Inexpensive. low-odour, isocyanate
reactive, mobile liquid catalyst used
in polyether-based flexible foams.

Liquid with anintense odour.
Rigid foams, polyester-based
oams and some semi-

ristic smell

oams and for

vy

CH,N(CH,),
-

f

6 N N-Dimethylcetymhine
°““°"*"PT"£1’EJ Nt

7 Diaminobi clooctane(DABCO)

@Waﬂﬂ‘i

8 N-Ethylmorpholine
CH,CH,
s 0

_CHCH,N_ - .
“NCH,CH,

‘usedin

‘ _Solid. soluble in water, glycols

| BT

“Volatile, low viscosity liquid with
‘ characteristic odour. Used

-as synergistic catalystin flexible
foams and in prepolymer
‘preparation.

0

Viscous liquid witha Imodow
olyester-based fiexible
foams some potting

79

25
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Table 2.8 Some commercially available organo-metallic catalysts

(Wood, 1987)
Catalyst Principle applications
Stannous octoate Slabstock  polyether-based flexible foams,
moulded flexible foams. e ]
Dibutyltin dilaurate ellular foams, RIM, two-pot moulding
Dibutyltin mercaptide t catalyst for storage stable
Dibutyltin thiocaboxylates ndered) catalysts for RIM
Dioctyltin thiocaboxylates
Phenylmercuric propionate for potting compounds, as a
d action catalysis
Lead octoate tension catalyst* -
Alkah-metal ;a:lts e.g CH ,CO0 catalysts for the u;ethane reaction and
NaHCO, and NaCO, nate polymerisation
Calcium carbonate with-a cataly&c effect on the

and for isocyanate

Ferric acetylacetonate

“Mﬁﬁiﬂﬂw. |

t for cast elastomer systems, especially

>

-

amaﬁﬂmumwmaﬂ

“Cross-linking agents and chain-extenders.

These are low molecular weight polyols or polyamines. They are also

sometimes known as curing agents. Chain-extenders are difunctional substances,

glycols, diamines or hydroxy amines; cross-linking agents have a functionality of three

Or more.
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The chain-extender reacts with diisocynate to form a polyurethane or
polyurea segment in the urethane polymer. It is usually added in sufficient amount to
permit hard-segment segregation that results in an increase in the modulus and the
hard-segment glass transition temperature (Tg) of the polymer.

Cross-linkers are used to increase the level of covalent bonding in rigid
polyurethanes such as some rigid foams arid also as additives in many semi-rigid foam

systems.

Chain-extenders and @i ing are used in both single shot and

N

| J_ . .
iamides @we to permit high level of

ratives have been developed. A

prepolymer processes for making atic and aliphatic diamines are
each used as curing agents.

addition in microcellular ela

wide range of aliphatic, argmati z b\\ diols have been used as chain

halene diol; bisphenol A ,give
tougher elastomers than alip iols because'of their bulky and relatively inflexible

units. Table 2.9 lists some common e?'--l:v'-; g and cross-linking agents.

ﬂ‘lJEJ"J‘VlEWIﬁWEJ\’Iﬂ‘i
’QW’mﬂﬂﬁﬂJ AN Y
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Table 2.9 Chain-extending agents, cross-linking agents and curing agents and

their diisocyanate equivalents. (Wood, 1987)

Additive Functionality | Molecular OH value Weight of diisocyanate
weight (mgKOH/g) (g per 100 g of required
additive)

TDI MDI
Ethylene glycol 280 401
C,H,(OH),
Diethylene glycol 164 235
O(C,H,0H),
Propylene glycol 229 329
C,H/(OH),
Dipropylene glycol 130 186
O(C,H,OH),
1,4-Butane diol 193 278
C,Hg(OH), :
Polypropylene glycol400 o 43.5 62
m-Pnenylene diamine [: 161 231
CeH,(NHy), 7 ,:::
Diethyltoluene diamine 1 . .97'7 140
C4HCH,(C,H,),(NH,), “Df*=i=;‘
Dimethylthiotoluene HB 81.2 116
diamine
C,HCH,(SCH,),(NH,), _i ‘o ‘ o P
e FIUE TNV BE NN | oe
Hon 4 ) N g
e WIANNIRUATIVNETREY
HN(CHZCHon)q ‘
Triethanolamine 3 149.19 1128 175 252
N(CH,CH,OH),
Glycerol 3 92.11 1827 284 407
CH,OHCHOHCH,0H
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P,P-biphenol

Qe
OH

Catechol

“arbon dioxide is generated
in situ by the reaction of isoC anate with water, or volatlle hqu1ds such as fluoro-

.carbons pamcularlﬂ]ﬂ)glﬂ'%tﬁlﬂﬂlwmﬂﬁ(othenmc reaction

between the isocyaddte and hydroxyl gomponents High-density foams are most
ety YRR ) FpSIeR DE  H os wi
the best insulation properties are generally prepared employing fluorocarbons for
purpose. Flexible polyurethane foams are usually made using the carbon dioxide
formed in the reaction of water diisocyanate (water blowing). Rigid foams, because
they are made with polyols having functionality and higher order of hydroxyl group
content than those used in flexible polyurethanes, yield sufficient exothermic heat from

the urethane reaction alone to allow foam expansion simply by vaporising an inert
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blowing agent. The usual blowing agent for rigid foams is CFM-11, sometimes mixed
with dichlorodifluoromethane (CFM-12) which has lower boiling point.

Unfortunately, CFC-11 and fully halogenated chlorofluorocarbons
(CFCs) deplete the ozone layer and their continue use has been severely limited. In
accordance with the invention, it has been discovered that a polyurethane foam having
physical properties comparable to that of the current commercial products and low

ozone depletion potential (ODP) can be obtained by using the two-carbon hydrogen-

containing halocarbon, such as HC C-141b. These materials have a

Tabch.lONon-rea yurethanes (Wood, 1987)
J \

Blowing agent Methylene
chloride
Molecular weight 84.94
Density at 20 C (g/m) 1.336
Boiling point at 1 atm.(OC) _ 40.1
Freezing point (C) r -96.7
Solubility
(/100 g solvent at 20°C) |
g100 g ¢a >
= AuSneninenng
[ s [
Ethanol q 0 0 0
Pol ' h . | Y i¢afi Y
oyet c - '-7‘ | " a"'f‘"lw I SO l:‘- O .--'i{‘;:al\‘.‘

. % O DFD ON | L
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Table 2.11 The different of properties between CFC-11 and HCEC

CFC-11 HCFC-123 HCFC-141b
Molecular formula CCLF CHCLCF, CH,CFCl,
Molecular weight 137.4 152.9 116.9
Boiling point (C) 23.8 28 32
Heat conductivity 0.0045 0.0054 0.0053
of gas (Btwhr.ft.'F) @32C
Heat of evaporation (cal/g) 53
Life in atmosphere (years)
Relative ozone depletion 5
potential
Relative green house effect P
Source : Patent Number : 5,144,9 2 LW \
i . \
B
NAIEL
Surfactant p #g =
#f smadaaid, ‘_.'f ;
Surface-active materi G Pt useful in foam making where
i) 5

they help to control the s h¢ gas bubbles formed

during nucleation and may-&ta
| :

in the thinning cell-walls“Most flexible and rigid foz :

g stress-voncontrations

5 are now made using

¢
organosiloxans or sili onmlﬂcﬁtﬂ\%f'w méﬂoﬁnem to be used in
| ‘
production of polyusetha oams, especially in two-stage processes, were poly
)
1

¢ o/
Y KR T N A
from about Zﬁﬁ tol as at . Silicone surfactants for rigid foams have a

greater surface activity than those used for flexible foam.
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Coloring materials

Specialised products, such as foams for textile laminating and for
packaging, may be highly colored to meet the requirements of the applocation. Rigid
foams, being mostly made from brown-colored polymeric MDI and sold enclosed
within opaque covering materials, are often made without added colerants. The usual
method of coloring is by the addition of pigment pastes to the foam reaction mixture.

Organic and inorganic pigments are both used. The pigments used must
HM igh curing temperature reached in

@y used coloring material is
carbon black which, at levels a? 1 of the polyol used, gives
some protection against surf nlof %d by UV light.

not react with isocyanates and must b

the manufacture of low densi

Fillers
Fillers are ge ithet, ts or to impart specially
desired properties to the foa te ¢ :d for cost reduction, any

7 unt. Particulate and fibrous
fillers may each be used in flexible ‘W ne foams to reduce their flammability
and to increase weight of ggat cushions for fu: 'F!"f‘i‘:'f-fff={)j ase their resistance to
‘ reased stiffness and they
increase the range of opera mg temperature Mmeral fillers are sometimes used to

mEanT ﬂ‘ﬁﬁ‘f W‘E‘mﬁ%ﬁ@ Pfguect in compost

building panels.

) T YR S b o

systems are thé following : (Benning, 1969)
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- Cellulosic and Other Wood Derivatived Fillers. Cellulosic fillers,
such as wood flour, contain reactive hydroxyl groups. Because of their low reactivity in
the solid state, reaction with isocyante groups is very slow; thus these fillers act more
like inert fillers. In addition to increasing foam density this group of fillers usually
imparts greater moisture absorption to foams since they are sensitive to moisture.

- Synthetic Fibers. Fibers (e.g., nylon, acrylic, and polyesters) have

been added to impart better dimensional stability and greater strength properties.

- Inorganic Salt an / ber of inorganic salts and oxides
have been used either as exte V ’ ame resistance. In the latter

category are materials such

antimony oxide. Heavier
metal oxides have also bee , poki trical properties.

- Inorgani amount of development
work is going on with vari to provide reinforcement

used with rigid foams for

foams Wlth lnfcnor pro DETE n--u-—nm--n:‘fz ----------- r'n-l; ...... . rigid foams has bccn

found to impart improved ﬁr i

ﬂ‘NEJ’JWEJWﬁWEﬂﬂ‘i
QW’]Mﬂ‘ﬁEUﬁJW]’JV]EI’mEI
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Table 2.12 Some fillers and their application in polyurethanes (Wood, 1987)

Filler

Typical applications

Calcium carbonate, (Ground chalk, ground
limestone, whiting)
Barium sulphate, (Barytes)

Clay (Chaina clay, kaolins, ect.)

Expanded silicas, colloidal silicas e
Clay balls, vermiculite, expandy |
Glass micro-spheres |

Glass flakes

Silicates, cements
Short fibers, milled and ch
Aramid fibres, carbon fibres, cond

(aluminum, coated glass, steel)

Flexible foams, semi-rigid foams, binder
compositions, rigid self-skinning mouldings.
Flexible foams, semi-rigid foams, especially for

ds absorbing,

ms
F lex&ast elastomers

Glass cloths and scrims, wire mesh, or ” =5 tion in rigid foams, reinforcement of
= :r - .a".lJ :
fibres, ect. ™ LB A = mouldings.
F inely—dividg fillers size rang& from a few microns up
ded as dlspﬂd component of the

to about 100 microns are usudl
polyurethane mix ‘E
fillers such as china clay kaolms and
and comblna

reproducibly and economically.

sl el sl
AR T U aloV W1 0

£

¢ low-cost mineral
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Flame Retardants.

Polyurethanes, in common with all other organic materials, will bumn
given the application of sufficient heat in presence of oxygen. Flame retardants are
added to polyurethanes to reduce the flammability.

The most widely used flame-retardants in both flexible and rigid foam
systems are chlorinated phosphate esters. They can reduce in the rate of burning

without adverse effects upon the processability of the foam system and the properties

of the product. ,/
The addition of alumin t g'ves a further reduction in

noke fermation on burning, resulting from
the addition of halogenated gug#nie"biiospha 5. Mels -, is also used, together with
phosphate flame retardants mm mm polyphosphate, in flexible foams for
furniture cushions. It gives gg ST o % 1de, ing combustion,

’ \ nts in three classes: non-
reactive liquid flame retardant$ gompous S “fhat “react ith isocyanates to become

bound into the polymer networ c O aterials that reduce the rate of

] :

§
AU INENTNEINS
PR TUAMINYAE

1 17335 b8
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Table 2.13 Some flame retardants for polyurethanes (Wood, 1987)

Additive Typical application
A. Non-reactive liquids
Tris (2-chloropropyl) phosphate. All polyurethane foams including polyester-

Tris (2-chloroethyl) phosphate.
Tris (2,3-dichloropropyl) phosphate.

Tetrakis (2-chloroethyl)-2,2-bis-(chl
propylene phosphate.

Dibromoneopentyl glocol.

—

Dimethyl methyl phosphate. 7 |

based foams and microcellular elastomers.

Polyether-based flexible and rigid foams.

| W er-based flexible and rigid foams.
material for flexible and rigid

ﬁ}u’ .
Brominated polyester and polyether diols. "':':“— ethane and polyisocyanurate foam.
3 ;,J’ .*'.r‘_ =
Tetrabromobisphenol A. ac polyisocyanurate foam.
Tetrabromophthalic anhydri polyisocyanurate foam.
C. Fillers

s B IV DS e .

¢ | polyurethanes.

— AWIANN I LT TR

Calcium carbonate.

flexible foams for ignition and smoke

supression.

Heat absorbing filler.
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2.3 Molasses

Molasses, another type of syrup, is a by-product of the sugar industry; it is the
mother liquor remaining after crystallization and removal of sucrose from the juices of
sugar cane or sugar beet and is used in a variety of food and non-food applications.

Molasses was first produced from WC in China and India centuries ago, later

spread into Europe and Afric as the by-product of cane-sugar

production into Santo W}' Qoluﬁl@?, During Colonial times,

molasses was very impo or the production of rum.

Manufacture

Raw sugar is produc n gugarcane b cess that involves extraction of

sugar in water, treatment _emove: mpuri s, concentration, and several
: T 2
crystallizations. After the first cﬁ@&z& removal of "first sugar," the mother

,.- ,;-”i"',-'*“-‘"’- w ‘J-

liquor is called first nﬂasses First ﬁfolaéses ?d to obtain a second lower
& second molasses. Aflcs a third crystallization, the
cane molass@

quality sucrose (second/Sugar) and a seconc

third molasses is sold aé]lackstrap, fine
Molasses from otHer=sources 1ncludﬁ-b1truzj ﬁ ﬁﬁ/ gar molasses. Citrus
ns (i

molasses is pr(ﬁl uﬂn’lm ﬂm ;jdw
olasses i emo r liquor remaiffi nd contains
it e (g

Molasses 13 shipped in drums, barrels, tank trucks, tank cars, barges, and ocean-

sugars. Corn sugar

going vessels. Blackstrap molasses is generally stored long periods of time in round
tanks resembling gasoline or fuel oil tanks. After blackstrap has been separated in
centrifugals from low grade sugar it is pumped into the storage tanks, which may hold

as much as 2,000,000 gal. each. As a general rule molasses is stored at 85-88 *Brix. At
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this high level of concentration the final molasses is immune to bacteriological

decomposition.

Composition

Molasses composition depe nds o geyeral factors, e.g. locality, variety, soil,
climate, and processing. Cane mo lasses is t pH 5.5-6.5 and contains 30-40%

. (Othmer, 1983)

Molasses Crude Total ash

type protein % wt%

cane (Louisiana) 1 3.0 : 7.2

beet (Wisconsin) ) 114 9.3
com m 74.9 | m 0.4 8.9
citrus ¢ Al 4 438

GAPLN k) ) (15

qmmﬁs’iﬁﬁﬁﬁ!ﬁ"“"" iieriTaGLE

Water 17-25 %
Sucrose 30-40 %
Reducing sugar 10-25 %
Ash 7-15%

Organic non-sugar 10-20 %
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Uses.

The primary use of molasses is in animal feed. Molasses provides a
carbohydrate source, salt, protein, vitamins, and palatability and may be used directly or

mixed with other feeds.

The second main use for molagses is in various fermentation processes

baked and glazes.

Arar ""'w. ;
1975 mc?lasses is uée . - &.\i\ 400 tons and to produce
W\

Y 2 - .
tons. Molasses can be usediin othe y Such as vinegar, sweet sauce and Soya

\

is in alcohol production. In

1so used in animal feed 50,000

sauce.

£
AY

2
ﬂ‘lJEl’J'VIEWIﬁWEI’]ﬂ‘i

QW?ﬁ\ﬂﬂ‘im NWTJV]EH@ d



40

2.4 Chemistry and biochemistry of polymer biodegradation

Biodegradation is an event which takes place through the action of
enzymes and/or chemical decomposition associated with living organisms (bacteria,
fungi, ect.) or their secretion products. Microbiological deterioration can be achieved
by exo- and endo-enzymes or by products secreted biochemically from these.
Microorganisms can also eat and, somen‘v digest polymers and give a mechanical,

chemical or enzymatic ageing. T

/ erent degradation modes that in

nature combine synergisticall de 01 odegradation might be better
P ‘ g

might be better used as a

v {ﬂ?- ﬁ ; ecifﬁity of these particular

4
Enzymes

UL INNITNEING

Enzy?!i'es are biological gatalysts, with the same action as chemical

ctalysi, 1.3 i i abiohonete/ e abn ik s in reaction

rates in an enaironment. Enzymes are among the most potent catalysts known, a rise in

biodegradative action oi:M | esterasesa-désfnte‘

enzymes. (Albertson a )

reaction rate of 108-1020 can often be observed in the presence of enzymes. All
enzymes are proteins; a polypeptide chain with a complex three-dimensional structure.
The enzymes activity is closely related to the conformational structure, even small
changes in temperature, pH or osmolarity can result in changes in the conformational

structure rendering the enzyme inactive. Their action is regulated, i.e. they can change
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from a period of low activity to periods of high activity, through the influence of
hormones, pH changes or other factors.

The three-dimensional structure of enzymes with folds and pockets
creates certain regions at the surface with characteristic primary structure (i.e. specific
amino acid sequence) which form an active site. At the active site the interaction
between enzyme and substrate takes place leading to the chemical reaction, eventually

giving a particular product. Some enzymes contain regions with absolute specificity for

a given substrate while others can recognize / f substrates. The initial contact
between enzyme and substrate s-an "' &ion at the active site giving

—

—-

good possibilities for maxi ften the cofactor induces

these changes when bindin

All enzymes, ose: : i storically important trivial
adopted by the International
Enzyme Commission. The names M ure f the chemical reaction catalyzed and
also describe the substrate -----a"-a---u--:-:fzsm-‘-';: ase, but shorter names
are often used as some enﬁﬁl 1ames t 0 g,ag- hexokinase for ATP:

hexose-phosphotransferase. Tygcal enzyme %l}sses, together with the reactions

sG] ] 3
ARIAN TN INAE
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Table 2.15 Reactions catalyses and reactive bonds of different classes of

enzyme (Albertson and Karlsson, 1994)

Enzyme class Reaction catalyzed Reactive bonds
1. Oxidoreductase Redox reactions -C=0
-C-NH,

2. Tranferase One C-groups

Acetyl groups

3. Hydrolase isters

Peptides
~

4. Lyase =CH-
=0

5. Isomerase sation Acemases

6. ligase

Physical factors affecting the actiyity of enzymes

AULINBNINYING

All e es are adjusted to a specific environmentain which their
activity andq Wﬂ@é&ﬂ@{“&oﬁr&q Weﬂ\aaa EJ extremely
small change i m some parameter may render the enzyme totally inactive and sometimes
even destroy it irreversibly. Other solvents than water, especially organic solvents, are
also lethal to many enzymes but, on the other hand, there are enzymes active in quite

extreme environments, e.g. in hot water springs or salt deserts.
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Enzyme mechanisms

Different enzymes have different actions, some enzymes change the
substrate through some free radical mechanism while others follow alternative chemical

n and biological hydrolysis.

5'1
es can react directly with

oxygen, the classical exa tochromoxid which is active in the
respiratory chain. \\
In several :' ;; ed into substrate. The

uation 2.2). (Albertson

routes. Typical examples are biological oxi

enzymes can be hydroxyla

and Karlsson, 1994)

AH, + 0, OH +H, 0 @21
Y
AH, + T o, AOH), 2.2)

ﬂﬂﬂ"J'VlEl'ﬂ‘iWEl\’lﬂ‘i

Hydro lases are sometimes called monooxygenases and catalyze the

insertion of foginlg atbfnbEGxygen)in thé shibshidtc A'ab a/phit of theydidxyl group.

The monooxygenascs require a second reduced substrate BH, which simultaneously

undergoes oxidation (i.e. dehydrogenation).
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Oxygenases, also called dioxygenase, catalyse the insertion of the whole
oxygen molecule into the substrate; sometimes the product is dihydroxy derivative but
more often the oxygen atoms are incorporated as part of a carbonyl (-CO) or a
carboxyl (-COO-) grouping. One example of an oxygenase enzyme is that capable of

catalysing the splitting of the aromatic structure producing two (C=0) groups instead

l/#

2. Biological h s, Severa hydroly81s reactions occur in

of the (-HC=CH-) grollp.

biological organism. Proteoly e the hydrolysis of peptide

bonds (equation 2.3) and als®'the \" lysis'of an ester bond

(equation 2.4). (Albertson

HO HO
LAl

N-C-CN-C-C-
| l

HR, HR,

(2.3)

0 ﬂ‘lJEl’J'VIEI)’]‘ﬁWHWﬂ‘i

R,-C-O-R, H S rE-. R13‘3 ta R,OH 2.4

quﬁﬂﬂimﬁi%’]’éﬂﬂqﬂﬂ
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Chemical degradation initiates biodegradation

The initial step in oxidation should be compared with the initial step in
degradation of lignin and other rather inert natural products such as rubber and gutta

percha. It is also possible to compare this oxidation step with the degradation of

l' ’/ animals as well as the oxidation in

In many landfills, ! ' pt tels below the surface, or in

polymer films implanted in the tissues o

landfill.

deep soil burial especially i — la c'eonditions can develop which
then decrease the initial oxi q ! n M o Organisms can, however,
utilize oxygen in chemical ‘ \\ ph a , carbonate and fumarate
anion and also, probably T‘ 3 ﬁi\\ bic way without gaseous
oxygen. -“““-

Initial photoxidation‘ detic cd t0 have a profound effect on the

degradability of polyethylene 1 year period of incubation.

T . .
Polyethylene without prior photoxidation -degr some 0.2 % during a 10-year

period, while polyethylene ation 1n soil degrades
T ‘

by about 2 %. m m
ﬂUﬂ*’J‘ﬂB‘V]‘ﬁWMﬂ‘i
’QW’WMﬂiﬂJ UAIAINYAY
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