April 2008

Trade Science Ine.

Volume 4 Issue 1

Macromolecules

A Tndéian Yournal

= /Mferoreview

MMAIJ, 1(4), 2008 [94-105]

Persual on synthesis, pattern and applications of
polyur ethane as functional macromolecule

A.Shokuhi Rad
Department of Chemical Engineering, South Tehran branch, |damicAzad Univer Sty, Tehran, (IRAN)
E-mail : shokohiradali@yahoo.com
Received: 3"“March, 2008 ; Accepted: 8" March, 2008

ABSTRACT

Polyurethanes are one of the most versatile material sin the world today. Their many uses range from flexible foam
in upholstered furniture, to rigid foam asinsulation in walls, roofs and appliances to thermoplastic polyurethane
used in medical devicesand footwear, to coatings, adhesives, sealants and el astomers used on floors and automo-
tiveinteriors. For the manufacturing of polyurethane polymers, two groups of at least bifunctional substancesare
needed as reactants; compounds with isocyanate groups, and compounds with active hydrogen atoms. Polyure-
thane can be made in a variety of densities and hardnesses by varying the type of monomer(s) used and adding
other substances to modify their characteristics, notably density, or enhance their performance. The physical and
chemical character, structure, and molecul ar size of these compoundsinfluence the polymerization reaction, aswell
as ease of processing and final physical properties of the finished polyurethane. In addition, additive such as
catalysts, surfactants, blowing agents, cross linkers, flame retardants, light stabilizers, and fillers are used to
control and modify the reaction process and performance characteristics of the polymer.

© 2008 Trade Sciencelnc. - INDIA

INTRODUCTION

Polyurethanes are one of the most versatile materi-
dsintheworldtoday. Their many usesrangefrom flex-
iblefoaminuphol stered furniture, torigidfoam asinsu-
lationinwalls, roofsand appliancesto thermoplastic
polyurethane used in medical devicesand footwesr, to
coatings, adhesives, sealantsand elastomersused on
floorsand automotiveinteriors®3. Polyurethaneshave
increasi ngly been used during the past thirty yearsina
variety of applicationsdueto their comfort, cost ben-

efits, energy savingsand potentid environmenta sound-
ness.

A polyurethane, commonly abbreviated PU, isany
polymer consisting of achain of organicunitsjoined by
urethanelinks. Polyurethanes (PU) arethe polymers
containing Significant number of urethanegroups (-NH-
CO-0O-) inthemolecular chain. Polyurethane polymers
areformed by reacting amonomer containing at |east
two isocyanate functional groupswith another mono-
mer containing at |east two a cohol groupsinthepres-
enceof acatalyst asshowninfigurel.
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Figure1: Schematic of polyurethanesynthesis
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The most common method of preparing polyure-
thaneis condensation reaction of adiisocyanateand a
polyol. Unlike conventional polycondensation, this
polymerisation reaction does not eliminate any by-
product.

Ever sincetheir discovery by Otto Bayer and co-
workersin 193719 polyurethanes have devel oped
asaunique classof materialsand havefounduseina
widevariety of applications. The name polyurethane
wasderived from ethyl carbamate, d soknown asure-
thane. Besidesincorporating the urethanelinkage, these
materia sal so sometimes contain severd other typesof
linkages such asamide, urea, ether, and ester”8. The
urethanelinkageisformed by the reaction of anisocy-
anate group of onereactant with the alcohol group of
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another component. By controlling variables such as
thefunctiondity, chemica composition, andthemolecular
weight of thedifferent reactants, awideclassof mate-
ridswith s gnificantly varying propertiescan beobtained.
Thisflexibility hasled polyurethanestofind useassyn-
thetic polymersinfoams, e astomers, coatings, sedants,
and adhesive based products. Some of the gpplications
of polyurethanesliein the automotive, furniture, con-
struction, thermal insulation, and footwear industries.
The 2000 urethanesmarket was estimated to be of the
order of 8.2 million metrictonsworldwideasshownin
figure 20,

Polyurethane durability contributessignificantly to
thelong lifetimesof many products. Theextens onsof
product life cycle and resource conservation areim-
portant environmenta consderationsthat often favor
the salection of polyurethanes®9.

Polyurethanes (PUS) represent an important class
of thermoplastic and thermoset polymersastheir me-
chanical, thermal, and chemical propertiescan betai-
lored by the reaction of various polyols and polyiso
cyanates.

One of the major sectors of the polyurethanein-
dustry isflexiblefoam, which aremanufactured by the
controlled expans on of agasduring the polymerization
process™. Flexible polyurethanefoamsare designed
to be open-celled, i.e., at the completion of foam ex-
pansion, thecellsopen and form astructure composed
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of interconnected polymer struts, which alow thefree
movement of agaswithinthefoam cells. The proper-
tiesof flexible polyurethanefoams depend on both, the
elastomeric character of the polymer comprising the
foams, aswell asthe geometry of thecells. Over the
years, polyurethanefoamshaveintrigued abroad spec-
trum of scientistswho havetried to provide better solu-
tionsto the consumer by investigating the chemistry,
physics, engineering, and economic aspects of these
materiads. Asshowninfigure 3, flexible polyurethane
foamsare used in applications such as seating, cush-
ioning, carpet underlayment, fabric backing, insulation,
and packaging.

Thefirst commercial production of flexible poly-
urethanefoams, based on the reaction between an aro-
matic isocyanate and apol yester polyol, was carried
out in 19547, However, these foamswere unableto
withstand the severe humidity and temperature condi-
tionsinwhichthey were used, and thusfoamsbased on
polyether polyolswere devel oped. These second gen-
erationfoamsprovided better durability aswell ascom-
fort. A mgjor advancement in polyurethanetechnol ogy
wastheintroduction of the ‘one-shot’ system using new
cataystsand silicone-based surfactants. Intheone-shot
process, theisocyanate, polyol, water, and other ingre-
dientsarerapidly and intensively mixed and immedi-
ately poured to carry out thefoaming. Sincethen, ad-
vancesin flexiblepolyurethanefoam technology have
been numerous, all targeted to providethe customer
with enhanced performance properties, whiletryingto
improve process ability, increase production rates, and
lower costs. Themorethan five-decade-old technol -
ogy of polyurethane foams might have been expected
to reach amature growth by now. However, formula-
tions based on newer and more sophi sti cated applica-
tions continueto develop, thusdemanding abetter un-
derstanding of thestructure-property correlations. Al so,
theeva uation of foam morphol ogy us ngtechniquessuch
asatomicforce microscopy™® and x-ray microscopy[9]
has opened avenuesto improve the understanding of
thesematerids.

Commercial production of flexible polyurethane
foam began in 1954, based on toluene diisocyanate
(TDI) and polyester polyols. The invention of these
foams(initially caled imitation swisscheeseby thein-
ventorg*) wasthanksto water accidentally introduced
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inthereaction mix. These materialswerea so used to
producerigid foams, gum rubber, and elastomers. Lin-
ear fibres were produced from hexamethylene
diisocyanate (HDI) and 1,4-butanediol (BDO).

Another early pioneer in PU’swasthe M obay cor-
poration™, In 1960 morethan 45,000 tonsof flexible
polyurethane foamswere produced.

Starting in the early 1980s, water-blown micro
cdlular flexiblefoamwasused to mold gasketsfor pand
andradid sed ar filtersintheautomotiveindustry. Since
then, increasing energy pricesand thedesireto elimi-
nate PV C plastisol from automotive applicationshave
greatly increased market share. Costlier raw materials
areoffset by aggnificant decreasein part weight andin
some cases, thedimination of meta end capsand filter
housings. Highly filled polyurethane el astomers, and
morerecently unfilled polyurethanefoamsarenow used
inhigh-temperatureail filter applicationg>9,

Building on existing polyurethanespray coating tech-
nology and polyetheraminechemistry, extensivedevel-
opment of two-component polyureaspray elastomers
took placeinthe 1990s. Their fast reactivity and rela-
tiveinsengtivity to moisture makethem useful coatings
for large surface areaprojects, such as secondary con-
tainment, manholeand tunnd coatings, and tank liners.
Excellent adhesion to concrete and steel isobtained
with the proper primer and surfacetreatment. During
thesame period, new two-component polyurethaneand
hybrid polyurethane-polyuread astomer technology was
used to enter the marketplace of spray-in-placeload
bed linerg*®23, Thistechniquefor coating pickup truck
beds and other cargo bays createsadurable, abrasion
res stant compositewith themetd substrate, and €imi-
natescorrosion and brittleness associated with drop-in
thermoplasticbed liners.

Thechemistry of PU

In polyurethanesynthes's, tuning theratio and com-
position of theisocyanate and a cohol componentsre-
sultsinasegmented block copolymer consisting of d-
ternating hard and soft blocks. Thereaction of aniso-
cyanate group with achain extender and subsequent
phase separation of the hard segmentsformed fromthis
reaction, resultsin theformation of hard blocks; which
are referred to as ‘hard’, since they are below their
softeningtemperatureat ambient conditions. Thesehard
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blocksare covaently bound through urethanelinkages
to ‘soft’ polyether or polyester segments which are
abovetheir softening temperature, Tg, at ambient con-
ditions. The phase separation generaly leadsto good
elastomeric propertieswherein the hard blocks serve
asfiller particlesand aso act asphysica cross-linking
points.

1. Isocyanate

Thefirst essential component of apolyurethane
polymer istheisocyanate. Mol eculesthat contain two
isocyanategroupsarecalled diisocyanates. Thesemol-
eculesarea so referred to as monomers or monomer
units, sincethey themsel ves are used to produce poly-
meric isocyanatesthat contain three or moreisocyan-
atefunctional groups. Isocyanates can be classed as
aromatic, such asdiphenylmethanediisocyanate (MDI)
or toluene diisocyanate (TDI); or aliphatic, such as
hexamethylene diisocyanate (HDI) or isophorone
diisocyanate (IPDI). An exampleof apolymericisocy-
anateispolymericdiphenylmethanediisocyanate, which
isablend of moleculeswith two-, three-, and four- or
moreisocyanate groups, with an averagefunctiondity
of 2.7. |socyanates can befurther modified by partialy
reacting them with apolyol to form aprepolymer. A
guasi-prepolymer isformed when the stoichiometric
ratio of isocyanateto hydroxyl groupsisgreater than
2:1. A true prepolymer isformed when the stoichio-
metricratioisequal to 2:1. Important characteristicsof
isocyanates are their molecular backbone, % NCO
content, functionality, and viscosity.

2. Polyal

The second essential component of apolyurethane
polymer isthe polyol. Molecul esthat contain two hy-
droxyl groupsarecdled diols, thosewith threehydroxyl
groupsarecaledtriols, et cetera. In practice, polyols
aredistinguished from short chain or low-molecular
weight glycol chain extendersand crosslinkerssuchas
ethyleneglycol (EG), 1,4-butanediol (BDO), diethyl-
eneglycol (DEG), glycerine, and trimethylol propane
(TMP). Polyolsare polymersintheir ownright. They
are formed by base-catalyzed addition of propylene
oxide (PO), ethylene oxide (EO) onto ahydroxyl or
aminecontaininginitiator, or by polyesterification of a
di-acid, suchasadipic acid, with glycols, such asethyl-

= Microreview

eneglycol or dipropyleneglycol (DPG). Polyolsex-
tended with PO or EO arepolyether polyols. Polyols
formed by polyesterification are polyester polyols. The
choiceof initiator, extender, and molecul ar weight of
thepolyol greatly affect itsphysicd state, andthephyscd
propertiesof the polyurethane polymer. Important char-
acterigticsof polyolsaretheir molecular backbone, ini-
tiator, molecular weight, % primary hydroxyl groups,
functiondity, and viscosity.

3. Surfactants

Surfactants are used to modify the characteristics
of the polymer during thefoaming process?34. They
areused to emulsify the liquid components, regul ate
cell size, and stabilizethe cell structureto prevent col-
lapse and surface defects. Rigid foam surfactantsare
desgnedto producevery finecdlsandavery highclosd
cell content. Hexiblefoam surfactantsaredesigned to
stabilizethereaction masswhileat thesametime maxi-
mizing open cell content to prevent thefoam from shrink-
ing. Theneed for surfactant can be affected by choice
of isocyanate, polyol, component compatibility, system
reactivity, process conditionsand equipment, tooling,
part shape, and shot weight.

4. Chain extendersand crosslinkers

The choiceof chain extender determinesflexural,
heat, and chemical resistance properties of polymer
[34-36]

Chain extenders (f=2) and cross linkers (f=3 or
greater) arelow molecular weight hydroxyl and amine
terminated compoundsthat play animportant rolein
the polymer morphology of polyurethanefibers, elas-
tomers, adhesives, and certain integral skin and
microcdlular foams.

Theelastomeric propertiesof thesematerialsare
derived from the phase separation of thehard and soft
copolymer segmentsof the polymer, suchthat the ure-
thane hard segment domains serve as cross-links be-
tween theamorphous polyether (or polyester) soft seg-
ment domains. This phase separation occurs because
themainly non-polar, low melting soft segmentsarein-
compatiblewith the polar, high meting hard segments.
The soft segments, which are formed from high mo-
lecular weight polyols, are mobile and are normally
present in coiled formation, while the hard segments,
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which areformed from the isocyanate and chain ex-
tenders, arestiff and immobile. Becausethe hard seg-
mentsare cova ently coupled to the soft segments, they
inhibit plasticflow of thepolymer chains, thuscreeting
elastomericresiliency.

Themost important chain extendersareshownin
TABLE.

TABLE 1: Thefamouschain extender sand crosslinker

hydroxyl compounds - difunctional molecules

MW sg. f.p.°C bh.p.°C
Ethylene glycoal 62.1 1.110 -134 1974
Diethylene glycal 106.11.111 -8.7 245.5
Triethylene glycol 150.21.120 -7.2 287.8
Tetraethylene glycol 194.21.123 -9.4 325.6
Propylene glycol 76.1 1.032 supercools 187.4

Dipropylene glycol
Tripropylene glycol

134.21.022 supercools 232.2
192.31.110 supercools 265.1

1,3-propanediol 76.1 1.060 -28 210
1,3-butanedial 92.1 1.005 - 207.5
1,4-butanediol 9211017 20.1 235
Neopentyl glycol 104.2 - 130 206
1,6-hexanediol 118.21.017 43 250
1,4-cyclohexanedimethanol - - - -
Hgee - - - -
Ethanolamine 61.1 1.018 10.3 170
Diethanolamine 105.11.097 28 271
Methyldiethanolamine  119.11.043 -21 242
Phenyldiethanolamine  181.2 - 58 228

Hydroxyl compounds - trifunctional molecules
MW sg. f.p.°C b.p.°C
Glyceral 92.1 1.261 18.0 290
Trimethylolpropane - - - -
1,2,6-hexanetriol - - - -
Triethanolamine 149.21.124 21 -
Hydroxyl compounds - tetrafunctional molecules
MW sg. f.p.°C b.p.°C
136.2 - 260.5 -

Pentaerythritol
N,N,N',N'-tetrakis

(2-hydroxypropyl) - - - -
ethylenediamine

Amine compounds - difunctional molecules
MW sg. f.p.°C b.p.°C
Diethyltoluenediamine 178.31.022 - 308
dimethylthi otoluenediamine 214.01.208 - -

5. Catalysts

Cataystsareadded to dlow the polymerizationre-
actiontotakeplaceat arapidrate, and at |lower tem-
peratures. For the reaction of an isocyanate with an
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Figure4: Reaction mechanism for theNCO/OH reaction
dueto: (a) and (b) organometallic

acohol, many effectiveurethanecatdystsareavailable.
Most often used catalysts aretertiary amines*#2, es-
pecialy 1,4-diazabicyclo[2.2.2] octane (DABCO), tri-
ethyl amine (TEA), and organo tin compounds®!, es-
pecidly dibutyltindilaurate(DBTDL ), Sannousoctoate
and THORCAT. Tetrava ent tin compoundsof thetype
RnSnX (4 _n) with R being ahydrocarbon group (alkyl,
aryl, cycloakyl, etc.) and X beingaha ogenatomor a
carboxyl ate group (acetate, laurate, etc.) have shown
caadyticeffectin urethanereaction. Thecatalytic f-
fect of organometallic compoundsisdueto their com-
plex forming ability with both isocyanateand hydroxyl
groups*5%l, The mechanism proposed by Britain and
Gemeinhardt“? isshowninfigure4. Theinteration of
metd cation withisocyanate, alcohol moleculeresults
anintermediate complex (Figure4a), which may then
readily rearrangeto yield the urethane product (Figure
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4b). Lenz*® suggested that the catal ysis mechanism of
tertiary amines(NR3) for urethanereactioninvolvecom-
plexation of theamineand isocyanate groups (Figure
4c) followed by reaction of thecomplex with acohol to
formurethane product (Figure4d)“9. Themercury cata-
lyst THORCAT, however, islessefficient than either
catayst, perhapsdueto ahigher stability constant for
thelatter compound. Furthermore, mercury salt cata-
lystsarethought to possess del ayed action properties™,
which may also account for their reduced performance
compared with other metal compounds®Y.

PU production technique

Asmentioned before, the properties of the poly-
urethanearedetermined mainly by the choiceof polyal,
thediisocyanateexertssomeinfluence, and must besuited
totheapplication. The curerateisinfluenced by the
functiond group reactivity andthe number of functiona
isocyanate groups. The mechanical propertiesarein-
fluenced by thefunctionality and the molecular shape.
Thechoiceof diisocyanate a so affectsthe stability of
the polyurethane upon exposureto light. Polyurethanes
made with aromatic dii socyanates yellow with expo-
sure to light, whereas those made with aliphatic
diisocyanates are stabl €.

Softer, dastic, and moreflexible polyurethanesre-
sult when linear difunctiona polyethyleneglycol seg-
ments, commonly called polyether polyols, areused to
createtheurethanelinks. Thisstrategy isused to make
spandex elastomeric fibers and soft rubber parts, as
well as foam rubber. More rigid products result if
polyfunctional polyolsareused, asthesecreate athree-
dimensiond cross-linked structurewhich, again, canbe
intheform of low-density foam.

PU coating and nanotechnology

Polyurethanes have been used inthe coating indus-
try for approximately 45 yearg™.

Polyurethane-based coatings have an established
placeinthecoatingsindustry. In someapplicationsthey
dominatethe market. There aretwo main reasonsfor
this. Thefirstisthat polyurethane coatingsyield avery
highlevel of quaity. They combineoutstanding resis-
tanceto solvents and chemica swith good wegther sta-
bility. It ispossibleto formulate both clearcoats and
because of their good pigment wetting properties-pig-

= Microreview

mented topcoatswhichyield high-gloss, high-bodied
filmswithexcd lent flow properties. Thefilmshaveout-
standing mechanical propertiesand providetheideal
balance of hardness and flexibility, even at low tem-
peratures. Good scratch resistanceis also afeature of
polyurethane coatings. Thishighleve of quaity results
from the primary and secondary structuresof the poly-
urethane chaing®l. The polymer chainsare protected
against solvents, acids, basesand other chemicalsby
the urethane groups which areresistant to chemicals,
especialy to hydrolysisand by the high density of hy-
drogen bridge bondswhich form astable physica net-
work. The hydrogen bridge bonds and the bl ock-like
structure of the polyurethane chainsin hard and soft
segments, which can combineand arrange themselves
in microdomains, ensure the outstanding mechanical
propertiesof thepaint film>, Thesecond reasonisthe
high variability of the property profileof polyurethane
coatings. The coating system can betailored for aspe-
cificapplication by varying, e.g. thechemica structure
of the soft segments(e.g. polyether, polyester or poly-
carbonate), thedistribution and length of the hard seg-
ments(i.e. thedensity of the physical network yielded
by the hydrogen bridge bonds and other interactions)
or themol ecul ar weight and degree of branching of the
chains. Thehard segmentsgovern, e.g. the hardness,
strength and toughness of the paint film. The soft seg-
mentsdeterminetheflexibility, low-temperatureflex-
ibility and glasstrangtiontemperature Tg. Polyurethane
chemistry a so permitstheincorporation of additiona
building blocksand functiond groupswhich canbeused
to tailor properties such as the feel of the film,
dispersibility inwater or cross-linking. Polyurethane
coatingsmay dry physically, by oxidation or with the
adof across-linking agent.

1. Automotiveclear coat

One of themost important propertiesof automo-
tiveclear coatsistheir scratch resistance, sothereisa
big challenge among automobile producing companies
to improve the quality of their final coating’™. The
scratch resistance of acoating iseven moreimportant
inrefinish coating because the carsare normally used
very soon after paint gpplication so that the coating does
not have enough timeto reachits ultimate hardness.
Severa methods have been utilized to improve the
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scratch resistanceof coatings. The application of nano-
fillersisoneof the most widdy used methodsfor im-
proving the mechanical properties of polymeric coat-
ingg®s7,

Theeffect of nano layered silicates on the proper-
tiesof an automotiverefinish clear coat based on poly-
urethane has been studied by B. Ahmadi and otherg™..
A synthetic nano layered silicatewasdispersedin poly-
urethanematrix in different weight percents. The XRD
resultsshowed partidly increasein inter-layer distance
of layered slicateswhich meansapartialy intercd ated
nanocomposite. Scratch and mar resistance tests,
showed significant improvement in nano-filled coating’s
properties. The adhesion was increased for 1 and 3
wit% nano-filled samples. The glosswasnot changed
till 3wt% of nano-filler. Glossretention test showed
10% increase. Other standard propertiesof aclear coat
likeimpact or bending resi stance were not changed.
Attention to spectra study of reflectance spectraof clear
coats, 3wt% nano layered silicatefilled clear coat was
preferred asthe best percentage.

2. Nano composite

Two different typesof nano-silica(i.e. hydrophilic
and hydrophobic nano-silica) wereemployed asfillers
in order to vary the properties of the resultant nano-
composite polyurethane coatings™.

Variousmorphologica, mechanicd, rheologicd and
optical propertiesof such coatingswereinvestigated.
Theresultsshowed that coatings based on hydrophilic
nano-silicagavealesstransparent moreUV absorbent
coating. However, coatings based on hydrophobic
nano-slicagavemoremiscible, transparent coating hav-
ingimproved mechanical propertiesespecialy scratch
resstance. Inthefluid statethese coatings showed shear
thinning behavior. The optimum range of adding 4-8%
by weight of hydrophobic nano-silicato the chosen 2-
pack acrylic polyol polyurethane clear coat gave opti-
ma morphologica, rheol ogica , mechanica and optica
propertiesto thefinal nano-composite coatings.

Thepolyurethaneftitania(PU/TiO2) nenocomposites
were prepared in ultrasonic processand characterized
€l ectron microscopy and SEM (scanning € ectron mi-
croscopy) by Yuming Zhou and coauthorg®?,

Resultsindicated that the nanoparticlesweredis-
persed homogeneously in PU matrix on nanoscale.

Macromolecules « m——

TGA-DSC confirmed that the heet stability of thecom-
postewasimproved. Infrared emissivity sudy showed
that the nanocompositepossessed lower emissivity vaue
than thosevauesof pure polymer and nanoparticles.

A sonochemica method employed heremay bea
smpleandinexpensverouteto synthes zethe PU/nanc-
TiO2. Infrared emissvity sudy a wavd ength of 8-14um
of nanocompos teand itscomponents showed that the
composite possessed lower emissivity valuethan those
of purePU and TiO2, and interfacial interactionshad
great effect on emissvity of nanocomposites. Thereby,
the nanocomposites can be extended in application as
anovd lowinfrared emissvity materidl.

Kineticsof polyurethanepreparation reaction

The prepolymerization and curing reactionkinetics
of polyurethane/montmorillonitehavebeen gudiedwith
end group analysisand FTIR respectively by You Cao
and coauthorg®l. Montmorillonitewas modified with
adi dification and organic modification. Prepolymerizetion
and curing reaction kinetics of polyurethane/montmo-
rillonite nanocompositeswerestudied.

Thereaction sysem wasnoted asvarious PUs (PU,
PU-1, PU-2, PU-3, PU-4) when the Org-MMT con-
tentswere 1%, 2%, 3%, 4% respectively Thereaction
of PPG and TDI wasa?2nd-order reaction:

do/dt=k[OH][NCO]

a isthe NCO content which had been consumed, k is
theratecongtant, tisreactiontime. In prepolymerization,
[OH] #[NCQ]. Notetheinitia OH content asx, initia
NCO content asy. k can be calculated from:

|ny__a

L =k(y-a)t
X—o X

. Ea
Arrheniusformula; In k=1In A—ﬁ

R=8.314 Jmol K *

Theplotsof In (y-a) /(x- o) against t at 50 8C are
showninfigure5. Theplot of In (y-o) /(X-o) against t
waslinear in prepolymerization system. It can be con-
cluded that the prepolymerization was still 2nd-order
after themontmorillonitewas added into thereaction
system as shown in figure 6. Eaof pure PU prepoly
merization systemwas42.7 kJ/mol, and closed to 42
kJ/mol which had been reported©263,

PU recyclingand recovery
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Recent progressin the recycling and recovery of
polyurethane and pol yurethane compositesisreviewed
by H. N. Bhatti and coauthorg®.

Thevarioustypesof polyurethanewaste products,
consisting of either old recycled parts or production
waste, are generally reduced to amore usableform,
such as flakes, powder or pellets, depending on the
particular typeof polyurethanethat isbeing recycled.
Thevariousrecycling technologiesfor material and
chemical recycling of PU materiashavegreatly con-
tributed to improve the overall image regarding the
recyclability of polyurethanesin recent years, by far the
most important being regrinding and glycolyss. These
technol ogies open an emerging, effectiveand economic
routefor recycling polyurethanerigid foamsand com-
posite. Polyurethanefoam in automotive seating has
been successfully recycled using regrind technol ogy.
Glycolysisof polyurethanes can be economically ac-
ceptable, but still requiresmore devel opment in order
to tol erate more contamination in the post-consumer
material. Current technol ogiescan recover theinherent
energy value of polyurethanes and reducefossil fuel
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consumption. Energy recovery isconsidered theonly
suitable disposal method for recovered material for
which no marketsexist or can be created. Increasing
waste-to-energy and other thermal processing activi-
tiesinvolving gasification, pyrolys sand two-stage com-
bustion has contributed for the disposal of significant
amountsof scrgp PU without many difficulties Itiscon-
cluded that many of the plasticfeedstock recycling pro-
cesses appear to be technically feasible and robust
enough to warrant further development inthefuture.

The polyurethaneindustry hasidentified workable
technol ogiesfor recovering and recycling polyurethane
wastematerid sfrom discarded productsaswe | asfrom
manufacturing processes. For example, in 2002, 850
million poundsof polyurethanewere used to make car-
pet cushion®, of which 830 million poundsweremade
from scrap polyurethanefoam. Of thetotal scrap used,
50 million pounds came from post-consumer waste.
EC Draft directive® for end-of-lifevehicles(ELV) dis-
posal reported that in the year 2005, 15.0% of vehicle
weight isdisposed (maximum) tolandfill, and predicted
that intheyear 2015, only 5.0% of vehicleweight will
be disposed (maximum) to landfill. The polyurethane
industry iscommitted to meeting the current needs of
today without compromising the needs of tomorrow.
The continued devel opment of recycling and recovery
technologies®®¥, investment ininfrastructure necessary
to support them, the establishment of viable markets
and participation by industry, government and consum-
ersaredl priorities,

Mechanical, chemica & thermo chemicd recycling
and energy recovery, areall waysto recycle polyure-
thang®,

Degradation of PU

After yearsof production of PUs, manufacturers
found them susceptibleto degradation. Variationsinthe
degradation patternsof different samplesof PUswere
attributed to themany properties of PUssuch astopol-
ogy and chemica composition™.

Theregularity in synthetic polymersdlowsthepoly-
mer chain to pack easily, resulting in theformation of
crystdlineregions. Thislimitsaccessibility of thepoly-
mer chainsto degradative agents. Research wasiniti-
ated to elucidate whether additives to the chemical
structure of PUs could decrease biodegradation.
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Kanave et a.["¥ observed that sulfur-cured polyester
and polyether PUs had somefungal inertness. How-
ever, they noted that even with fungicidesadded tothe
sulfur- and peroxide-cured PUs, funga growth ill oc-
curred on the polyester PUsand most fungicideshad
adverse effects on the formul ations. Kanavel ™ aso
recognized the need for physical testing of the PUs &f -
ter extended exposureto the activity of fungi. Santerre
et a.l"d varied the amount of degradation productsre-
leased by varying the physical makeup of the polyester
PUs, ascoatingson glasstubesor asfilms. Thisimplied
that whileurethane and ureagroupsare susceptibleto
hydrolysis, they are not aways accessibleto the en-
zymeand degradation may never proceed past the poly-
mer surface. Although the polyether PUs showed no
sgnificant degradation, they cong stently showed higher
radiolabel productsrel easefrom soft-segment-label ed,
enzyme-incubated samplesthan controls. Theauthors
attributed these resultsto the shielding of ester sites
bysecondarystructures and hydrogen bondingwithinthe
hard segment.

Santerre and Labrow!™ tested the effect of hard
segment sizeon the stabilityof PUsagainst cleavage.
Anaysiswas performed with polyether PUsand their
susceptibility to cholesterol esterase. Three polyether
PUsweresynthes zed with varying molar ratiosof 14°C
diisocyanateto chain extender and constant pol yether
makeup. A ten-fold increasein enzyme concentration
of cholesterol esterase previously used was utilized
to approach plateau valuesfor polyether PU hydroly-
ss. Upon trestment with chol esterol esterase, Santerre
and Labrow(™ observed that radiolabel release was
sgnificantly dependent on theamount of hard segment
contai ned within the polymer. In the polymer with the
lowest concentration of hard segment, higher numbers
of carbonyl groups are exposed to the surface. With
increased hard segment size, agreater number of car-
bonyl groupsareintegrated into secondary hard seg-
ment structuresthrough hydrogen bonding. Theinves-
tigators also concluded that an increasein hard seg-
ment size doeslead to restrictionsin polymer chain
mobility. Inthemedical field PUsshow resistanceto
macromol ecular oxidation, hydrolysisand calcifica-
tion™. Polyurethaned astomersarebeing usedin place
of other elastomersdueto higher el asticityand tough-
ness, and resistance to tear, oxidation and humidity
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(%77, In addition, polyether derivativesareinexpensive
to produce as prepolymers, which can lower the over-
al cost of polymer production.

Synthesisof polyurethane microspheres

A novel polycondensable macrodiol with along
hydrophobic acrylate ester moiety and an amphiphilic
block copolymer were successfully usedintheparticle
forming polymerization of diisocyanateand diol. The
performance of the macrodiol and the block copoly-
mer asstabilizersdependsboth onitsmolecular weight
and concentration. The particle size decreasesasthe
concentration of the stabilizer increases and nearly
monodi sperse polyurethane microspheresareformed
Innanometer sizerangein the case of macrodiol stabi-
lizer. Thisnew classof macrodiol steric stabilizer par-
ticipates in the urethane forming reaction and is
enchainedinthepolymer. Further studiesarein progress
tofully d ud datethe mechanism of sabilizationand com-
paretheefficiency of sericgabilization by polymerizable
dabilizer withaconventiond sericsabilizer whichfunc-
tionssoldy by an adsorption mechanism. Ramanathan™
hasreported for thefirst time, the synthesis of polyure-
thane mi crospheres by particleforming polymerization
techniques using a novel polycondensable
macromonomer™ and an amphiphilic block copolymer
asstericsabilizers.

Preparation of polymersin particulateform hasbeen
wel| studied using techniques such assuspension, emul-
sion and dispersion polymerization. Of these, disper-
sion polymerization has been found to be an efficient
method for producing monodisperse polymer particles.
A comparison of varioustechniquesemployedfor pro-
ducing nano and mi crospheres have been reviewed®
Particleforming polymerization processreported sofar
aretypicdly performedwithvinyl monomers®:#. There
IS, however, no report onthe particleforming polymer-
ization of anisocyanatewithadiol to produce polyure-
thanemicrospheres. Conventionaly, polyurethane par-
ticles can be prepared by cryogenic grinding of ther-
mopl astic polyurethanes® or by suspension polymer-
ization of isocyanateterminated prepolymersin ague-
ous or non-agueous medium®, However, in none of
these prior methodsthe control of particlesizehasbeen
demonstrated(®®,
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CONCLUSION

Two groupsof at least bifunctiona substancesare
needed asreactantsfor the manufacturing of polyure-
thane polymers,; compoundswith isocyanate groups,
and compoundswith active hydrogen atoms. Polyure-
thane can be made in a variety of densities and
hardnesses by varying the type of monomer(s) used
and adding other substancesto modify their character-
istics, notably density, or enhancetheir performance.

Polyurethane-based coatings have an established
placeinthe coatingsindustry. Theresults showed that
coatings based on hydrophilic nano-silicagave aless
transparent more UV absorbent coating. However,
coatings based on hydrophobic nano-silicagave more
miscible, trangparent coating havingimproved mechani-
cal propertiesespecidly scratch resistance.

It has concluded that the prepol ymerization wastill
2nd-order after themontmorillonitewasadded intothe
reaction system. The activation Energy of pure PU
prepolymerization system achieved 42.7 kJ/mol that is
closed to 42 kJ/mol which had beenreportedinlitera
ture.

Thevariousrecyclingtechnol ogiesfor materia and
chemical recycling of PU materiashavegreatly con-
tributed to improve the overall image regarding the
recyclability of polyurethanesin recent years, by far the
most important being regrinding and glycolyss.

It wasfounded that variationsin the degradation
patternsof different samplesof PUswereattributed to
themany propertiesof PUssuch astopol ogy and chemi-
ca composition.
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