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STARCH MODIFIED BIODEGRADABLE POLYURETHANE FILM
SUMMARY

Polyurethane is an incredibly resilient, flexibénd durable manufactured material
that can take the place of paint, cotton, rubbestain and wood in thousands of
applications across all fields. Polyurethane migathard, like fiberglass, squishy
like upholstery foam, protective like varnish, boyrike rubber wheels, or sticky
like glue. Polyurethane is a substance categoazea polymer based on its chemical
structure. One way to manufacture polyurethanedmglining a diisocyanate and a
diol, two monomers, through a chemical reactions Thakes a basic material whose
variations can be stretched, smashed, or scratemedremain fairly indestructible.
Depending on the different diisocyanates and diolpolyol constituents, the
resulting polyurethane might take a liquid, foamsolid form, each with advantages
and limitations. On the other hand, starch thatheen subjected to various types of
processing to partially modify its original struguor properties, and starches have
been modified and improved in various ways by modifon to utilization as
starting materials for industrial products. Theibasructure of starch is a mixture of
amylase consisting ofi-D-glucose linked in a linear fashion by 1,4-boraiwd
amylopectin with the same in a branched structarej modifications such as
esterification utilizing hydroxyl groups in the wstture. Similarly, bonding of
starches hydroxyl groups with polyisocyanates hesnbproposed. This involves
grafting of the starch resin and polyisocyanatem@ioing isocyanate groups with
starh hydroxyl groups is an attractive way to inyera@legradability of the material.
Also termal stability of the film based on polyurahe can be decreased with
increasing the starch content.

This work involves the sythesis of biodegradabkrct-grafted polyurethane film
sythesis. Blocked polyurethane was modified witmand wheat starch and various
starch amounts. The formulated compositions wasynpedized by thermal
polymerization method.
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NISASTA iLE MOD iFiYE EDILM IS BiYOBOZUNUR POLIURETAN FiLM

OZET

Poliiretan; boya, pamuk, kaucuk, metal vesagh gibi bircok alanda binlerce
uygulamaya sahip esnek, dayanikli, elastik bir erakzdir. Poliiretan fiberglas gibi
sert, izolasyon kopukleri gibi yumgak, vernik gibi koruyucu, tekerlek gibi sekme
Ozelligine sahip, ya da yagtiricilar gibi yapgskan olabilir. Poliliretan kimyasal
yapisina bg olarak kategorize edilen bir polimerdir. Politae tretiminin bir yolu,
iki monomerin, bir diizosiyanat ve bir diolin biglminin kimyasal reaksiyonu ile
gerceklemektedir. Bu ¢ok cgtli varyasyonlarinda esnek, parcalanan, gizileraam
genel oOzellikleriyle dayanikh bir temel malzemeugbirulmasini sgar. Farkli
izosiyanat ve diol veya polyol bijenlerinin b&li olarak ortaya ¢ikan politretan sivi,
kopuk veya kati halde ojabilir, hepsinin farkli avantajlari ve sinirlamalar
bulunmaktadir. Ote yandan, sasta orjinal yapisi ve ozelliklerini kismi olarak
modifiye etmek Uzere ¢cok g#i prosese tabi tutulmy nisasta sanayi Urtnleri icin
baslangic malzemesi olarak kullanilmak Uzere coftiesekillerde modifiye edilmi
ve gelitirilmistir. Nisastanin temel yapisi, amiloz alfa-glikoz monomeanterinin
alfa-1,4 bglantilariyla lineer olarak @anmasiyla, amilopektininde amilozdan farkh
olarak  dallanmasiyla, yapidaki hidroksil — gruplamni esterleme  gibi
modifikasyonuyla olgur. Benzer sekilde ngastanin hidroksil gruplanyla
poliizosiyanatlarin  birlgmesi s@lanmstir. Bu nkasta ve poliizosiyanatin
asllanmasini slamaktadir.izosiyanat ve gasta hidroksil gruplarinin bigérilmesi
malzemenin biyobozunuruinu arttirici bir etkendir. Ayni zamanda politretzaz|i
filmin termal kararlilg icerigindeki ngastanin artmasiyla azalmaktadir.

Bu calsma biyobozunur nasta ali polilretan sentezini icermektedir. Blok
politretan misir ve kiday ngastasi ve onlarin farkl oranlariyla modifiye edgtin.
Formile edilm§ kompozisyonlar termal olarak polimerize edgtii
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1. INTRODUCTION

Recent years have seen an increased demand foe arte of naturally derived,
biodegradable raw materials with a low environmkltiad, from the standpoint of
minimizing effects on the earth environment by ioying waste treatment and

lowering CQ emissions.

Typical naturally derived materials include modifistarches such as polysaccharide
starches or acetylated starches which have comvetiy been used in the food and
papermaking industries, but recently such starchase come into use as
biodegradable plastic materials in the form of piid for a wide range of fields
including food containers, packaging materials,fdyumaterial sheets, agricultural

films, disposable diapers and the like [28].

Modification of the physical and chemical propestief these materials, through
reaction or blending with other biodegradable aondhbmdegradable polymers, is
often necessary to meet the required performanéess.a biopolymer from
agricultural resources, starch with multi-hydrogybups has been considered as an
alternative material in developing degradable pladiecause of its biodegradability,

derivability, availability and low cost. [3]

Polyurethanes have revealed an unusual versdhgrr themistry, as well as the
chemistry of related intermediates (isocyanatesrgntbem), has been enormously
developed and polyurethanes have one of the widagies of polymer applications

throughout the world: fibres, elastomers, foamgskadhesives, coating [68].

The synthesis of biodegradable PU’s is a relativebent issue in PU chemistry. It is
well known that polyester based PU’s are much nsaseeptible to biodegradation
than PUs derived from polyether diols. Polyuretisaobktained by reacting aliphatic
and aromatic diisocyanates with poly (caprolactosi¥d of various molecular

weights were treated with microorganisms and enzyi8f

This thesis will concern the preparation of starohtaining polyurethane film which

will contain blocked polyisocyanate and corn and eath starch and their



polymerization by heat. Characterization of them$él by analysis of various
properties such as FTIR analysis, SEM analysisssdtrain test, will be discussed.

The thermal behaviour of the films are also evadat



2. THEORETICAL PART

2.1 Overview of Polyurethane

2.1.1 Introduction

The addition polymerization of diisocyanates witharoglycols to produce urethane
polymers was pioneered in 1937 by O. Bayer [10]e Tapid formation of high
molecular weight urethane polymers from liquid memos, which occurs even at
ambient temperature, is a unique feature of theygollition process, yielding
products that range from cross-linked networksirtedr fibers and elastomers. The
enormous versatility of the polyaddition procestovaéd the manufacture of a

myriad of products for a wide variety of applicaiso

The early German polyurethane products were basddlgene diisocyanate (TDI)
and polyester polyols. In addition, a linear fibBerlonU, was produced from the
aliphatic 1,6-hexamethylene diisocyanate (HDI) dhd-butanediol. Commercial
production of flexible polyurethane foam in the téwoi States began in 1953. In
Germany a toluene diisocyanate consisting of améstc mixture of 65% 2,4-isomer
and 35% 2,6-isomer was used in the manufacturéegibfe foam, whereas in the
United States the less expensive 80:20 isomer newias used. In 1956, DuPont
introduced poly(tetramethylene glycol) (PTMG), tfiest commercial polyether
polyol; the less expensive polyalkylene glycolseamed by 1957. The availability of
the lower cost polyether polyols based on both lettey and propylene oxides
provided the foam manufacturers with a broad chatesuitable raw materials,
which in turn afforded flexible foams with a widange of physical properties.
Polyether polyols provide foams with better hydtalystability whereas polyester
polyols give superior tensile and tear strengthe @avelopment of new and superior
catalysts, such as Dabco (triethylenediamine) agdrmtin compounds, has led to
the so-called one-shot process in 1958, which shied the need for an intermediate
prepolymer step. Prior to this development, pathefpolyol was treated with excess
isocyanate to give an isocyanateterminated prepalyfurther reaction with water

produced a flexible foam. The late 1950s saw thergence of cast elastomers,



which led to the development of reaction injectrmanlding (RIM) at Bayer AG in
Leverkusen, Germany, in 1964. Also, thermoplastityyrethane (TPU) elastomers
and Spandex fibers were introduced during this timeaddition, urethane-based
synthetic leather was introduced by DuPont underttade name Corfam in 1963.
The late 1950s also witnessed the emergence ofrgakymeric isocyanate (PMDI)
based on the condensation of aniline with formajdeh This product was
introduced by the Carwin Co. (later Upjohn and Daw}960 under the trade name
PAPI. Similar products were introduced by Bayer #@t in Europe in the early
1960s. The superior heat resistance of rigid foders/zed from PMDI prompted its
exclusive use in rigid polyurethane foams. Thedasgale production of PMDI made
the coproduct 4,4 ,-methylenebis(phenyl isocyan@i®)l) readily available, which
has since been used almost exclusively in polyarethelastomer applications.
Liquid derivatives of MDI are used in RIM applicatis, and work has been done
since the 1990s to reinforce polyurethane elastemwéh glass, graphite, boron, and
aramid fibers, or mica flakes, to increase stiffnasd reduce thermal expansion. The
higher modulus thermoset elastomers produced hyforeed reaction injection
molding (RRIM) are also used in the automotive stdy In 1969 Bayer pioneered
an all-plastic car having RIM-molded bumpers argtif@ in 1983 the first plastic-
body commercial automobile (Pontiac Fiero) was poed in the United States. The
polymerization step can be conducted in a molénirextruder (TPU production), or
continuously on a conveyor (block foam productiodlso, spraying of the
monomers onto the surface of a substrate produobairpthane coatings. The
resulting polymers can be thermoplastic, which vedloreprocessing by injection
molding, extrusion, blow molding, and other remmjtiprocesses, or they are
thermoset polymers as used in the RIM process @ ntolding of automotive
bumpers, or in the manufacture of cellular polyhases. Polyurethanes are a
primary component of the global polymer market. yrhenount to about 6% of the
total world plastic use. The world consumption ofypirethanes in 2000 was about 8

million tons, with a global growth averaging arousel% a year.

Polyurethanes are among the most important claspexdialty polymers. The term
polyurethane leads to great deal of confusion. fE€hm is more one of convernience
than of accuracy, because polyurethanes are natedefrom polymerizing a

urethane monomer, nor are the polymers containimggpily urethane groups. Thus,



a typical polyurethane may contain, in additiortte urethane linkage, aliphatic and
aromatic hydrocarbons, esters, ethers, amides, ameasocyanurate groups.

The chemistry of urethanes makes use of the resctd organic isocyanates with
compounds containing active hydrogens. When pobtfanal isocyanates and
intermadiates containing at least two active hydrsgper mole are reacted at proper
ratios, a polymer results that can produce rigidflexible foams, elastomers,
coatings, adhesives and sealants. An isocyanatgp greacts with the hydroxyl

groups of a polyol to form the repeating urethankalgeas shown in Figure 2.1

Classical Urethane Linkage Reaction
N=C=0 + H-O — NHCOO
isocyanate group hydroxyl group urethane linkage

Figure 2.1 : Classical urethane linkage reaction

The isocyanates also react with amines to formtgutesd urea linkages; they will
react with water to form carbamic acid, which iswarstable intermmediate, and it
decomposes readily to evolvecarbon dioxide and mme This amine, in turn,
reacts with additional isocyanate to form disustituurea. In addition, a number of
cross-linking reactions may take place, dependmghe reaction conditions such as
temperatur, the presence of catalys, the structtirdne isocyanate, alcohols, and
amines involved. These reactions form linkages lifhanate (reaction between
urethane-isocyanate), biuret (reaction betweentsutesi urea and isocyanate), and
isosyanurate (trimerization of isocyanate groupiocyanates can also be
polymerized to form dimers (uretidine diones), calimide, and 1-nylon.

The repeating urethane linkage is the basis forgieeric name: polyurethane.
However, the use of the generic term polyurethandeiceiving in that all useful
polyurethane polymers contain a minority of urethariunctional groups. Thus,
polyurethane is more a term of convenience rathan taccuracy, since these
polymers are not derived by polymerizing a monomerethane reactant, nor are
theypolymers containing primarily urethane linkagkesfact, other groups such as
ethers, amides, biurets, and allophanates are #peritg linkages in the molecular
chain. Urethane linkges represent the minority uwfctional groups as long as the



polymers contain a significant number of urethankages. The name polyurethane

may be correctly ascribed to these polymers.

Polyurethanes and the closely related polyureagh&rgroducts of the reaction of
isocyanates (-N—C—O ) with the active hydrogen coumas (R-OH) or (R-Nb).
[67]

2.1.2 Synthesis of polyurethanes

The synthesis of polyurethanes is usually preseaseproceeding via the formation

of carbamate (urethane) linkages by the reactiosoafyanates and alcohols:

AHO=R=—0OH + nOCN=—R'=—NCO ——=

HO—~R—0OCONH=R’'=NHCO=0

R—0OCONH=R'=NCO

Figure 2.2 : Reaction of isocyanates and alcohols

However, this is an over simplification since otheaictions are also usually involved

[6-9]. Foamed products such as seat cushions atdingeare the largest applications
of polyurethanes. Water is often deliberately addedhe production of flexible
polyurethane foams. Isocyanate groups react witienta form urea linkages in the

polymer chain with the evolution of carbon dioxide.

22oNCO + Hi0 ——= “NH=CO=NH~ + CO;

Figure 2.3 : Form of urea linkages

The carbon dioxide acts as the blowing agent tanftre foamed structure of the
final product. (Low-boiling solvents such as fluorchloromethane are usually
added to act as blowing agents in the synthesisigid polyurethane foamed
products.) Many polyurethanes are synthesized usirtures of diols and diamines.
The diamines react with isocyanate groups to intcedadditional urea linkages into

the polymer.

2o NCO + HsMN—R"—NH, ——=
v NH=CO~NH=R"==NH=CO=NH -~

Figure 2.4 : Forming additional urea linkages



Thus, the typical polyurethane actually containthheethane and urea repeat units.
(There are even some instances where only dianaireesised in the synthesis. The
polymer is then a polyurea although the manufacttypically refers to it as a
polyurethane.) The situation is even more compiexesthe N-H bonds of both
urethane and urea linkages add to isocyanate gtoufzsm allophanate and biuret
linkages, respectively. These reactions resultranthing and crosslinking of the
polymer. Figure 2.5 shows how a diisocyanate cidsslthe urethane and urea

groups from two different polymer chains.

#wr NH=C00» + A NH=CO=NH-~~ + OCN=RNCO ——=

i ?.‘—L'(}{ Jurur
Allophanate U{'—PI-QH
R’
Biuret NH-C0
wir = O (=NH

Figure 2.5 : Crosslinking of urethane and urea groups

The relative amounts of allophanate and biuretstirdss in the polymer depend on
the relative amounts of urea and urethane groupsclwin turn, depends on the
relative amounts of diamine and diol) and reacwomnditions. There is a greater
tendency to biuret linkages since the urea N-H ésemeactive than the urethane N-
H. Trimerization of isocyanate groups to form isameyrates also occurs and serves

as an additional source of branching and crossigki

0

RN I R

3.#\.-' R'—Nf_‘:} —_— .
“)\{g”

Figure 2.6 : Forming isocyanurates

These reactions present a complexity in carryirtgpolymerization. Simultaneously,
we have the ability to vary polymer properties ogewide range by control of the
relative amounts of reactants and the polymerinationditions. Further control of

the final product is achieved by choice of monomdftest polyurethanes involve a



macroglycol (a low-molecular-weight polymer withdrgxyl end groups), diol or
diamine, and diisocyanate. The macroglycol (alserred to as a polyol) is a
polyether or polyester synthesized under condititret result in two or more
hydroxyl end groups. The diol monomers include kethg glycol, 1,4-butanediol,
1,6-hexanediol, and p-di(2-hydroxyethoxy)benzer®e @iamine monomers include
diethyltoluenediamine, methylenebis(p-aminobenzenahd 3,30-dichloro-4,40-
diaminodiphenylmethane. The diisocyanate monomerdude hexamethylene
diisocyanate, toluene 2,4- and 2,6-diisocyanated, raaphthalene 1,5-diisocyanate.

Alcohol and isocyanate reactants with functiongjtgater than 2 are also employed.

The extent of crosslinking in polyurethanes depesmda combination of the amount
of polyfunctional monomers present and the extentbiaret, allophanate, and
trimerization reactions [16]. The latter reactioase controlled by the overall
stoichiometry and the specific catalyst presentanbus and other metal
carboxylates as well as tertiary amines are cdtafgs the various reactions. Proper
choice of the specific catalyst result in differeadn the relative amounts of each
reaction. Temperature also affects the extents lod tifferent reactions.
Polymerization temperatures are moderate, often araaient and usually no higher
than 100-120°C. Significantly higher temperaturese aavoided because

polyurethanes undergo several different types gfatiation reactions, such as;

s NH=COO=CH,CHyvr  —  ~NH, + €O, + CH,=CH~

~»NH=COO=CH,CHyr —= CO, + -« NH=CH,CH,nn

Figure 2.7 : Degradation reactions of polyurethanes

as well as decomposition back to the alcohol awndysnate monomers. Overall
control in the synthesis of polyurethane foameddpeots also requires a balance
between the polymerization—crosslinking and blowimgpcesses. An imbalance
between the chemical and physical processes catlt nes collapse of the foamed
structures (before solidification by crosslinkingdéor cooling) or imperfections in

the foam structures, which yields poor mechanita@ngth and performance. The
wide variations possible in synthesis give riseatavide range of polyurethane
products including flexible and rigid foams and idoklastomers, extrusions,

coatings, and adhesives. Polyurethanes possess ajmadion, tear, and impact



resistance coupled with oil and grease resistadde global production of
polyurethanes was more than 15 billion pounds i@71%lexible foamed products
include upholstered furniture and auto parts (caushibacks, and arms), mattresses,
and carpet underlay. Rigid foamed products witHosexlcell morphology possess
excellent insulating properties and find extensiy®e in commercial roofing,
residential sheathing, and insulation for watenéwsa tanks, pipes, refrigerators, and
freezers. Solid elastomeric products include férktires, skateboard wheels,
automobile parts (bumpers, fascia, fenders, dooelgagaskets for trunk, windows,
windshield, steering wheel, instrument panel), apdrting goods (golf balls, ski
boots, football cleats). Many of these foam anddsptoducts are made by reaction
injection molding (RIM), a process in which a misg¢wof the monomers is injected
into a mold cavity where polymerization and croddhg take place to form the
product. Reaction injection molding of polyurethanenvolving low-viscosity
reaction mixtures and moderate reaction tempemtuie well suited for the

economical molding of large objects such as autoledenders. [48]

2.1.3 Isocyanates

The synthesis, reactions, and manufacture of is@tga were reviewed in 1997
[71], and the chemistry and technology of isocyasas the subject of a recent book
[72]. The standard method of synthesis of isocyesat the phosgenation of amines
or amine salts. The phosgenation of amines to &uaies was pioneered by
Hentschel in 1884 [24]. Using this method, a sohltiof the diamines in

chlorobenzene is added to excess phosgene inrte savent below 2CC.

= CICONH— RE—NHCOC] o
i CONC s 1 s .
H:\_R_\IHJ { = (MM —R—MNC0
3
- HoN-— R NHy2HO 2k

2

Figure 2.8 : Phosgenation of amines

The resultant slurry consisting of the dicarbamolloride (1) and the diamine
dihydrochloride (2) is treated with excess phosganhéemperatures up to 130°C.
Upon heating above 65°C the dicarbamoyl chloridesatiiates to generate
diisocyanate (3). The conversion of 2 is very slamw the use of polar solvents or
higher pressures increases the rate of reaction.



In the laboratory a slurry of the diamine saltstagked by treating a solution of the
diamines with hydrogen chloride or carbon dioxigetreated above 100 °C until a
clear solution is obtained. Instead of the toxicoggene gas, the liquid
trichloromethyl chloroformate (diphosgene) [33] tite solid bistrichloromethyl
carbonate [15] (triphosgene) can be used in therdabry. The phosgene oligomers
have to be used with caution because the toxic mena@an be generated readily
and all reactions have to be performed under a flnoed. In the continuous
manufacture of diisocyanates, the by-products (yein chloride and excess
phosgene) are vented and separated. The recoveoedgne is recycled and part of
the hydrogen chloride is used in the aniline/foaiellyde condensation. The solvents
used in the phosgenation of the diamines are aronhgdrocarbons, especially
chlorobenzene and-dichlorobenzene. Occasionally, more polar solvestgh as
ethyl acetate, dioxane, nitrobenzene, or dimethfglsa, are used. Excess phosgene
can also be used as solvent if the reaction is wded under high pressure.
Dimethylformamide (DMF) and phenyltetramethylguanel catalyze the

phosgenation reaction [56].

Aliphatic diamines are also phosgenated in a twasphreaction using methylene
chloride and aqueous sodium hydroxide. The diaraimk phosgene are dissolved in
methylene chloride and the form 2 is instantangousdutralized with sodium

hydroxide. The generated diisocyanate remains é sthlvent phase, and excess
phosgene is also neutralized with sodium hydroxwdeich enhances the safety of
phosgene handling. The highly exothermic reactiequires efficient cooling. A

disadvantage of this process is the use of a stigbéss of phosgene, which cannot

be recovered.

Instead of phosgene and its oligomers, oligomebuatylcarbonates are also used to
convert diamines into diisocyanates. For exampterically hindered aromatic
diamines react with dibutyldicarbonate in the presence of dimethylamymioiine

in acetonitrile at room temperature to give stélydaindered aromatic diisocyanates.
In this manner 3,6-3,6-tetramethyl MDI is obtaine®3% yield [30]. Also, aliphatic
diamines react with dHoutyltricarbonate at room temperature to giveghhjield of
the corresponding diisocyanates [50].

Since the early 1970’s, attempts have been madeebgrincipal global producers of

isocyanates to avoid the use of the toxic phosgettee manufacture of isocyanates.
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Attempts to produce TDI and PMDI by nonphosgenecgsees have failed.

However, two aliphatic diisocyanates, CHDI and TMXBAre manufactured using

nonphosgene processes. H™ uls and BASF have alsouaced plans to use
nonphosgene processes for the manufacture of IRPEHdir new plants which are

under construction. In the new, nonphosgene chgmisbcyanic acid, generated by
thermolysis of urea, reacts with diamines to givieissurea derivative. Subsequent
reaction with diethylamine affords tri-substitutadea derivatives, which are

thermolyzed in an inert solvent in the presenceamfacidic catalyst to give the
diisocyanate [60]. Gaseous ammonia is the only doghpet in this process. Also,

reaction of aliphatic diamines with carbon dioxidethe presence of triethylamine,
affords biscarbamate salts, which can be dehydsaitdphosphoryl chloride to give

the diisocyanate [80].

Another laboratory method of synthesis of diiso@tas is the thermolysis of
bisacylazides (4) (Curtius reaction). For examplearboxylic acid chlorides react
with trimethylsilyl azide to give (4), which is tiraolyzed in an inert solvent to give
the diisocyanates (5), [49].

CICO—{CHab,— COCT + 2 (CHy)SINy — NaCOOCH COR; — CUN{CH )OO = 2 Na
4 5

Figure 2.9 : Sythesis of diisocyanates

The preparation of aliphatic diisocyanates, usiisgdylazides, has to be conducted
with caution because an explosion occurred in tmeparation of ethylene
diisocyanate by using this method [38]. Ethylensatiyanate is readily obtained by
dehydrochlorination of a heterocyclic allophanoylazide derivative obtained in the
phosgenation of ethyleneurea [73]. The commodigmatic isocyanates TDI and
PMDI/MDI are most widely used in the manufacturaicéthane polymers. Tolylene
diisocyanate, TDI, is a distilled 80:20 mixture - and 2,6-isomers. However,
pure 2,4-TDI and a 65:35 mixture of the 2,4- aréti2pmers are also commercially
available. Pure 2,4- TDI, mp 19.5-11, is obtained on cooling of 80:20 TDI. The
manufacture of TDI involves nitration of toluengdnogenation to the diamines, and
phosgenation. Separation of the undesired orthivateres, such as 2,3- and 3,4-

dinitrotoluene, is necessary because their presetederes with the polymerization
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of TDI [57]. The other commodity isocyanate, PMDI is based on benzene.

Mononitration of benzene, catalytic reduction tdiaa, followed by condensation of

aniline with formaldehyde produces oligomeric amsinehich are phosgenated to
give mixtures of PMDI and MDI. MDI is separatedrfid®MDI by continuous thin-
film vacuum distillation. PMDIs are crude produtist vary in exact composition.
The main constituents are 40-60% MDI; the remaimsiéne other isomers of MDI,
triisocyanates, and higher molecular weight oliggsnémportant product variables
are functionality and acidity. Rigid polyurethangaimms are mainly manufactured
from PMDI. The so-called pure MDI is a low meltirsglid that is used for high
performance polyurethane elastomers and spandessfibiquid MDI (Isonate 143-
L) is produced by converting some of the isocyamgateips in MDI to carbodiimide
groups, which react with the excess isocyanatesptds form a small amount of the
trifunctional four-membered ring cycloadduct [18he presence of the cycloadduct
lowers the melting point of MDI to give a liquidqafuct. In most applications the
trifunctional cycloadduct will dissociate into difctional monomers; therefore, this
type of liquid MDI can be used in the manufactufdirear polyurethanes. Liquid
MDI products are also made by reaction of the dysmate with small amounts of
glycols. These products are called prepolymers. [didducts enriched in 2,4-MDI
are also available. The latter are used in the fiaature of flexible MDI foams. The
manufacture of the oligomeric amine precursors RMDI/MDI is conducted by
continuously adding formaldehyde to aniline in tpheesence of less than the
stoichiometric amount of hydrochloric acid at rotemperature in agitated reactors.
The reaction mixture is gradually heated to «D0ver a period of several hours.
The reaction can also be conducted under pressiiigheer temperatures in order to
increase the rate of reaction. However, the oliggnamines produced in this
manner contain higher amounts of 2,2- and 2,4-netlegianiline (MDA). The
acid-catalyzed aniline/formaldehyde reaction prdsda two steps.

At room temperature aniline reacts with formaldehy form N-substituted
carbonium ions which attack aniline in the parad artho-position to give a mixture
of p-aminobenzylamine (PABA), (6)p-aminobenzylamine (OABA), (7), and
oligomeric benzylamines. Subsequent heating affedissociation of the
benzylamines to give C-bonded carbonium ions, wiiacin another C-C bond in

their reaction with aniline.
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Figure 2.10 :Reaction of formaldehyde with aniline

The variables affecting the product distributione aaniline concentration,
hydrochloric acid concentration, and temperatutee Migher the excess of aniline,
the higher is the diamine concentration. Higherrbgtloric acid concentration and
lower initial temperature favor the formation o#4;MDA. Attempts were made
over the years to replace the aqueous hydrochdeidt catalyst with slower reacting
solid acidic clay catalysts, but the obtained pmdiistribution was different, and
therefore this approach was never used. The conmhenanufacture of TDI and
PMDI/MDI is the continuous phosgenation under pues®f the amine precursors in
an inert solvent at elevated temperatures. Therbgyets, hydrogen chloride and
excess phosgene, are continuously vented and seghafde recovered phosgene is
recycled and the hydrogen chloride is used in thiina/formaldehyde condensation,
or it is sold or reoxidized to chlorine to be redise the manufacture of phosgene. In
case of the manufacture of PMDI, some of the dyianate (MDI) is separated by
continuous vacuum distillation using a wiped filmaporator. In this operation the
residual PMDI, which still contains MDI, is onlyIsjected to a short heat treatment.
The advantage of the simultaneous manufacture tf isocyanates is a quantitative
yield because the by-products of the phosgenatsaction are contained in the
residual PMDI. The current prices of the commoditgmatic isocyanates (DM/kg)
are TDI: 3.6; PMDI: 2.8; MDI: 4.3. The light-stablaliphatic isocyanates are

somewhat more expensive.

Several higher-priced aromatic diisocyanates, sastp-phenylene diisocyanate

(PPDI), 1,5-naphthalene diisocyanate (NDI), andlfdiéne diisocyanate (TODI), are

also available. These symmetrical high meltingatij@nates give high melting hard

segments in polyurethane elastomers. Aromatic cyeaates are also obtained in the
coupling of suitable monoisocyanates. For exanlstion of 4-isocyanatobenzoyl

chloride (8) with a trimethylsiloxy-substituted s@nate (9) affords diisocyanato
benzoates (10) [43].

13



3™ O] < 00 H S0 —4 ] = [HN = ._ CCHY & M)

Figure 2.11 :Formation of diisocyanato benzoates

Triad diisocyanates (12) are obtained in the reacof two equivalents of 4-
isocyanatobenzoyl chloride with the silylated hyglrmone derivative (11) [44].

L 1 e 0 B B YT L ASHEA - T B — K 4 i ]

Figure 2.12 :Reaction of triad diisocyanates

The aromatic triisocyanate (13) is obtained in thaction of 4-nitrophenol and
thiophosphoryl chloride, followed by reduction armhosgenation. [25]. This
triisocyanate is sold under the trade name DesmB&uiBayer) as a glue for rubber

adhesive solutions.

FON—F  H—OH + CLPS - SM—0— N0l = sp—o— h—Nro),

e — Ty — e

13
Figure 2.13 :Reaction of aromatic triisocyanate

Aromatic triisocyanates as cross-linkers are meaelity obtained by trimerizing 2,4-
TDI. In this reaction the more reactive isocyargteup in the 4-position undergoes
trimerization to produce a triisocyanate [31]. Alswomatic polyisocyanates are
obtained in the copolymerization of styrene witimnamoyl azide [36]. Blocked
polyisocyanates (14) are obtained frgmmitrostyrene and carbon monoxide in

methanol, using a ruthenium catalyst [21].

—|—CHy—CH—];— + {0 + CH0H = —|—CH—CH—)—
I S
] ()

Nl NHCOLCH
14

Figure 2.14 :Formation of blocked polyisocyanates
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Polyurethanes obtained from aromatic diisocyanatetergo slow oxidation in the
presence of air and light causing discoloration,ctvhis unacceptable in some
applications. In contrast, polyurethanes obtaineunfaliphatic diisocyanates are
color stable, although it is necessary to add amtamts and uvstabilizers to the
formulations to maintain the physical propertiestioé polymers with time. The
elusive parent diisocyanate, is only stable7d-C, and therefore it is not suitable as
a monomer for polyurethanes [40]. The least costlphatic diisocyanate is
hexamethylene diisocyanate (HDI), which is obtairtgdphosgenating the nylon
intermediate hexamethylenediamine (HDA). Becausesdbw boiling point, HDI is
mostly used in the form of its derivatives, suchbagets, allophanates, dimers, or
trimers [35]. Isophorone diisocyanate (IPDI) arglderivatives are also used in the
formulation of rigid coatings, while hydrogenatedM(HMDI) and cyclohexane
diisocyanate (CHDI) are used in the formulation féxible coatings and
polyurethane elastomers. HDA is commercially pratudrom adipic acid or
butadiene. The catalytic hydrogenation of adipdaitto HDA is common in both
routes. The phosgenation of the diamine is condumbatinuously in chlorobenzene.
In Table 1 the advantages and disadvantages ofatgMeosgenation processes for

aliphatic diisocyanates are shown.

In a recent patent a nonphosgene synthesis of ldDdescribed [4]. The other
significant aliphatic diisocyanate, IPDI, is basexh isophorone chemistry.
Trimerization of acetone gives isophorone (15),chlon reaction with HCN affords
the p-cyanoketone (16). Reductive amination of (16)He tiamine (17), followed

by phosgenation, gives IPDI (18).

Ch R WHa M)

o 2 -, ) | P
o e e T NH P TNeD
15 1 17 L]

Figure 2.15 :Formation of isophorong-cyanoketone, IPDI

An example of a nonphosgene route to IPDI is tlaetien of 17 with urea and-

butanol in the presence of dibutyl carbonate at—220-C. Thermolysis of the
biscarbamate at 270-28D at 30 mbar affords 18 [5]. IPDI is a mixture @4 cis

isomers and 28% trans isomers [53].
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HMDI was originally produced by DuPont as a copmidin the manufacture of
Quiana fiber. After terminating Quiana productionf»nt sold the product to Bayer.
Today, a crude mixture of the diamines obtained tive acid-catalyzed
aniline/formaldehyde reaction is supplied by Bayer Air Products, which is
performing the ring hydrogenation. The phosgenawdnthe ring hydrogenated
diamines is performed by Bayer. Commercial HMDIaignixture of three stereo
isomers (trans—trans, mp 85; cis—trans, mp 3&; and cis—cis, mp 6L). The

direct formation of a blocked HMDI is conducted bbywg hydrogenation of
caprolactam blocked MDI [76]. Semicommercial alipbadiisocyanates include
trans-cyclohexane-1,4- diisocyanate (CHDI) amtetramethylxylylene diisocyanate
(TMXDI). A coproduct in the production of TMXDI isnisopropenylw, a-

dimethylbenzyl isocyanate (TMI), which can be copatrized with other olefins to

give aliphatic polyisocyanates.

These aliphatic diisocyanates are manufacturedyusanphosgene routes. Akzo has
developed the CHDI process based on scrap polygisézr Ring hydrogenation of
dimethyl terephthalate (DMT), transesterificatiomthadiethylene glycol, followed
by reaction with ammonia provides a diamide, whighN-chlorinated. Hofmann
rearrangement in the presence of diethylamine mesldhe blocked diisocyanate,
which is subsequently deblocked on heating in tlesgnce of hydrogen chloride
[88]. Cyclohexyl diisocyanate (CHDA) can also betadbed by catalytic
hydrogenation ofp-phenylenediamine. Most likely, this approach hasnemic
advantages over the multistep process based on ditvap. The manufacture of
TMXDI, developed by American Cyanamid, is based the reaction ofm-
isopropylidenebenzene (19) with ethyl carbamatgite the blocked diisocyanate
(20). Thermolysis affords a mixture of TMXDI (21pdthe monoisocyanate (TMI)
(22) [63] .

NHCOLCHs NCO NG

FHNCOOCH; - [ | h L ” |
.-'"‘ ~..:_~_.,x-_.-»»_-_h“[_”.:{_-.] 1 X _._A,_\;(..“

% n 1 2

Figure 2.16 :M-isopropylidenebenzene, blocked diisocyanate, TM&nd TMI
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The coupling of w-isocyanatocarboxylic acid chlorides (23) with Eited aliphatic
hydroxy-isocyanates (24) is another method of ssgithof aliphatic diisocyanates

(25), containing ester groups in their structurg) [4

OCNICHaL,COCT + OCN(CH:OSIHCH by ——= OCN(CHA ), COCHA),NCO
3 24 25

Figure 2.17 :W-isocyanatocarboxylic acid chlorides, silylateditgxy-isocyanates

2.1.3.1Blocked isocyanates

The urethane linkage is thermally reversible to R-&hd R'-N=C=0. Depending on

the nature of [R], the presence of catalyst, arel ghesence of active hydrogen
compounds, this reaction can be utilized to blocknask isocyanates such that the
blocked isocyanate is stable in the presence ofeabiydrogens at room temperature

but unblocks to liberate free isocyanate at ele/senperature, shown in Table 2.1.

Containing 0.1 to 100 ppm of the following phosphorous catalysts:

b—(ljz—c__!—c h_(l—.q.h—g b-c--—(f—c
a—HC ~p SLH—d a*—-HC\P JCH—d ;1_,,.1.1('; ~p CH—d
AN
R/ \X R/ \X R/ \K

where: R= unsubstiiuted alkyl radical from 1-4 carbon atoms
a,b,e, and d= hydrogen, halogen, lower alkyl, phenyl, cyclohecxyl

X= axygen or sulfur
Figure 2.18 :Storage-stable, carbodiimide-containing diisocyaiha®]

It should be noted that both isocyanate moieties@ohave to be blocked at once.
One isocyanate may be blocked and subsequentlpaedal at a higher temperature.
An elegant example of this technique is providedShglimanThis invention relates
to organic diisocyanates in which one of the isoeya groups is hindered or blocked
to render it unreactive with most compounds hawaegive hydrogen- containing
functional groups below temperatures of about 85k @ therefore an object of the
present invention to reduce the activity of onetlwé -NCO groups in organic

diisocyanates at temperatures below about 85° C.
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Table 2.1: Typical blocked isocyanates

Isocyanate Blocking Agent Unblocking Temperatui@)(
DI Nonyl phenol 150
DI Phenol 150
DI Butanone oxime 125
MDI Butanone oxime 140
HDI Butanone oxime 150
IPDI Butanone oxime 150
HDI Caprolactam 150
A O

el
OCN-R-NCO + BA /= R-N-l B

Alcohols  —CH—GH,—OCH, Phenols o
CH,

o
Lactams )] Oximes  HyC—C=CH,
N— —o—
Imidazole Ethyl Imidazole CH,-CHy
NP N —
I N —

Active methylene compounds 0
Il
H3C~C —CH~C —~0—CH,;CH;

Example:

CH,
—— 1’ —
OCN"(CHQ}S_NCO * 2(H0N_('"“CH2CH3 ) e

Methy! ethyl ketoxime

CH, CH,

o
. Il g #
€ =NOCNH—(CH,)—NHCON=C_
CH,CHy” CH,CHy
"Desmodur BL 3175A"

Figure 2.19 : The structure of some commonly used blocking agents
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Due to their chemical nature, isocyanates are reagtive with groups containing an
active hydrogen such as -OH, -COOH, -NH#tc. In carrying out the reactions with
the isocyanates, extreme care must be exercispet@nt undesirable reactions by
carefully controlling the various steps such aseordf addition, temperature,

pressure, presence of moisture, and so on to avamidsirable side reactions.

Many attempts have been made to reduce the activitye diisocyanates by various
means including blocking or hindering one of th&€Migroups. One such suggested
method involves reacting the isocyanate group vetlphenol or a compound
containing methylene hydrogen, such as a malonier,eto form adducts that
regenerate the -NCO group on heating to about 1HA80° C. Among the
compounds that may be used to form mono addualgsaicyanates are aceto-acetic
ester; diethyl malonate; mercaptans such as 2-pgrcaenzothiazole; lactams;
imides such as succinimide, phthal- imide, and like; tertiary amyl alcohol;
dimethyl phenyl carbinol; and secondary amines sashdiphenylamine. These
adducts regenerate -NCO groups on heating to 1a®@6 C. It is also known that
dimeric aromatic isocyanates such as the dimehehyl isocyanate regenerate the
original isocyanate on heating to 150 to 180° Cweleer, it is frequently impossible,
due to various reasons (such as shape and dimersidine object containing them)
that preclude placing the object in an oven, ortdubfe adverse effect on the objects
by high temperatures. These requirements for therdtion of the -NCO group

obviously place restrictions and inconveniencehmirtuse [67].
Factors on deblocking reaction of blocked isocyanas

A blocked isocyanate is an adduct containing a @atively weak bond formed by
the reaction between an isocyanate and a compaoamdiging an active hydrogen
atom. At elevated temperatures, the reaction téadsroceed insuch a way as to
regenerate the isocyanate and the blocking agémt.rdgenerated isocyanate could
react with a co-reactant containing the hydroxyictional groups to form urethane

with thermally more stable bonds.

There are several variables which affect the rate extent of the deblocking
reaction such as: the structure of the blockinghagad the polyisocyanate used, the

structure of substituent, presence of catalystscef of solvents, temperature.
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The deblocking temperature of the blocked isocyesdepends on the structures of
the blocking agents and structures of the isocymngbeveral compounds namely
phenols, oximes, amides, imides, imidazoles, amexliand related compounds,
pyrazoles, 1,2,4- triazoles, hydroxamic acid estamd active methylene compounds
have been reported as blocking agents [88jong these blocking agents, phenols
are the most studied blocking agents because ofptissibilities of introducing
number of substituents on the benzene ring. Gdyetla¢ dissociation or deblocking
temperatures (Td°C) of blocked polyisocyanates dame commercially utilised
blocking agents decrease in the order: alcoholscapeolactam > phenols > methyl
ethyl ketoxime > active methylene compounds [59].

Blocking agent Td (*C) Blocking agent Td (*C)
1
UH > 180 ﬁ=<R 130
Phenol HO R
!-| Oxime
h.k II—I'."’P 11
L~ 180 \
N OR
Triazole Formiate
N o R 130
= 150 c._ .C
R~ CH: Ry
H Dicetone

Caprolactame

[/:;)\1—}[
M 160
R

Imidazoline

Figure 2.20 :Blocking agents and deeblocking temperatures afysoates

The substituent being a strong influencing factortloe deblocking temperature of
blocked isocyanates. Substitutents present in thengdic aromatic ring with
electron-withdrawing tendency decrease the debhgckemperature while electron
releasing groups increase the deblocking temperd@8][33. The structures of
isocyanates also have major effect on the deblgciemperatures; the isocyanate
structure has additional effect on urethane foromatieaction. In general, blocked

aromatic isocyanates deblock at lower temperatings aliphatic isocyanates.
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Isocyanate structure can strongly affect the strenfthe labile bond formed during
the blocking reaction, and hence the deblockingptsature. If the blocked

isocyanate is based on aromatic isocyanate, thmadio® ring drains the electron
density of the nitrogen atom of isocyanate moietg makes the labile bond formed
between the isocyanate and blocking agent morkelalie vice versa is true for the

cases of blocked isocyanates based on aliphatigasates [54].

Urethane forming reactions from blocked isocyanates

There are two urethane forming reaction mechanksmshich a blocked isocyanate
can react with a nucleophile (NuH). In the elimioataddition reaction(Figure
2.21.), the blocked isocyanate decomposes to #eeifocyanate and the blocking
group (BH). The isocyanate then reacts with a raptide to form a final product. In
the addition-elimination reaction (Figure 2.22he thucleophile reacts directly with
the blocked isocyanate to yield a tetrahedral méestiate followed by elimination of

the blocking agent [83].

0k
H—III—C—E == R—N=C=0 * B—H
H k-1
ko ﬁ
R—N=C=0 * Nu—H == R—N-C—Nu
k2 I
H

Figure 2.21 :Elimination-addition reaction

*ﬁl' k3 OH
R—N-C—B + NuH == R—N-C--B
Il! k-3 Ill Nu

o9
R—N-C---B —* R—N-C—Nu+ B—H
M Nu ¥

Figure 2.22 : Addition- elimination reaction
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In general, crosslinking is more rapid in the pnegeof a NuH that can react rapidly
with the isocyanate; for example, amines react nmokhe rapidly than alcohols. The
differences in reactivity depend on the structuoésthe amines, alcohols, and
blocking agent. Primary amines react more rapitignt secondary amines. Thus,
blends of oxime blocked isocyanates and secondaryeafunctional polymers

increase in viscosity more slowly than those witimary amine-functional polymers
[37].

During the curing process, low molecular weightckiog agents can evaporate from
the film. Those that can diffuse more rapidly thgbuthe crosslinking film and
volatilize more rapidly from the surface give moapid (or lower temperature) cure
than other blocking agents of the same class fiffasd and evaporate more slowly.
For example, methyl, ethyl, and isopropyl alcohlncked TMXDI and an acrylic
polyol with a tin catalyst gave crosslinked filnmsincreasing times in the order listed
[26].

The curing schedule required for crosslinking obdiled polyisocyanates with

polynucleophiles is dependent on many variablesidicg [82]:
» structures of the isocyanate, blocking agent, aradeophile,

» relative rate of reaction of the nucleophile wilte tisocyanate compared to

the reverse reaction rate of the isocyanate wetbtbcking agent,
» the rates of diffusion and evaporation of the binglkagent,

» polarity and hydrogen bonding potential of the teecmedium (solvents or

coreactant),
» concentrations of reactive groups,
* type and concentration of catalysts,
» extent of side reactions and whether they leaddsstinking or termination,

» the extent of crosslinking required to achieve fgroper
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2.1.4 Polyols

Polyols are reactants which contains as functiagralups hydroxyl groups. In
urethane reactions primary hydroxyl groups, suctieasred from ethylene oxide are
faster reacting with an isocyanate than secondgdrottyl groups, for example
propylene oxide derived groups. Polyether polyalstain in the polymer backbone
ether groups. These polyether polyols are verylestat hydrolysis under basic
conditions, but can be attacked in an acidic emvirent. Polyether polyols are the
main stay of the polyurethane market, they are usefbams, elastomers and
coatings. Polyether polyols can be di-functionabljdor they can be of higher
functionality. In applications where high flexilyliand elongation is required diols
are used to create highly flexible and soft poljhaees. Highly functional polyols
are used in the preparation of hard or rigid pajhanes. The products made this
way are highly crosslinked and not soluble in avenl. Besides polyether also
polyester polyols are used in the preparation dyyethanes. The ester linkage in
the polyester makes the polyurethanes more semsdifydrolysis, but it is possible

to prepare polyurethanes with improved exterioabiity [51]

2.1.4.1Polyether polyols

The polyether polyols used in the manufacture ofyyrethanes are hydroxy

terminated macromolecules, with molecular weigtdaging from 250 to 8000.

Lyondell/Bayer has provided pilot plant diols/tsohaving molecular weights of

10,000 to 15,000 for lubricant and surfactant aggpions. The hydroxy functionality

can range from 2 to 8. The economically attractpadyether polyols based on
alkylene oxides are listed in Table 2.2.

Other speciality initiators derived from naturalogucts are also manufactured.
Examples include formose, lactogemethyl glucoside, and soybean-derived
polyols. Propoxylation of dairy waste also affopdsyether polyols.

DuPont has developed a fermentation process to econglucose into 1,3-

propanediol, a useful polyurethane extender. Thgletle oxide polymerization is

usually initiated by alkaline hydroxides, espegigdbtassium hydroxide. In the base-
catalyzed polymerization of propylene oxide (PQ)me rearrangement occurs to
give allyl alcohol. Further reaction of allyl alagh with PO produces a

monofunctional alcohol. Therefore, polyether pasyderived from PO are not truly
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difunctional. By using zinc hexacyano cobaltatecasalyst, a more difunctional

polyol is obtained [64].

Table 2.2: Commercial polyether polyols

Product Nominal Initiator Cyclic Ether
Functionality
Poly(ethylene glycol) (PEG) 2 Water or EG EO
Poly(propylene glycol) (PPG) 2 Water or PG PO
PPG/ PEG 2 Water or PG PO/ EQ
Poly(tetramethylene glycol) 2 Water THF
(PTMG)
Glycerol adduct 3 Glycerol PO
Trimethylolpropane adduct 3 TMP PO
Pentaerythritol adduct 4 Pentaerythritol PO
Ethylenediamine adduct 4 Ethylenediamine PO
Phenolic resin adduct 4 Phenolic Resin PO
Diethylenetriamine adduct 5 DETA PO
Sorbitol adduct 6 Sorbitol PO
Sucrose adduct 6 Sucrose PO

Ethylene oxide is manufactured by direct oxidatadnethylene, in contrast PO is
only obtained in coproduct processes. The classpracess, chlorination of
propylene, is still used by Dow, one of the worltésgest producer of polyether
polyols. In contrast, all other producers use thalcbh process, based on the
simultaneous production of PO and styrene monomeibatyl alcohol. In view of
the demise of MTBE (methyHoutyl ether based omrbutyl alcohol) as a fuel
additive, the styrene coproduct process (POSM) keithain as the economically
viable route to PO. A recent example is the newRPEWYplant of Basell at Moerdijk
in the Netherlands. The backbone of the polyethelygls are either PO
homopolymers or random or block copolymers withykthe oxide. Important
characteristics of the polyol are their hydroxy dtionality, hydroxy equivalent
weight, and their reactivity and compatibility withe other components used in the

polyurethane formulation. Blending of polyols offdrent functionality, molecular
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weight, and reactivity can be used to tailor a pbfgr a specific application. Since
primary hydroxy groups are more reactive than seaon hydroxy groups, it is
advantageous to produce block copolymers with temhyprimary hydroxyl groups
by using ethylene oxide last in a block copolynm@apping with ¢ - caprolactone
also produces primary hydroxyl groups. Trichlorgiene oxidederived polyols are
used as fire retardants. The hydrophobicity of ethigr polyols can be modified by
homo- or copolymerization with 1,2-butylene oxide styrene oxide. The higher
molecular weight polyether polyols are soluble imamic solvents. Poly(PO) is
soluble in water up to a molecular weight of 760d acopolymerization with
ethylene oxide expands the range of water solybiRandom copolymers are
obtained by polymerizing mixtures of PO and ethglesxide. The viscosity of
polyether polyols increases with hydroxyl equivalemright. With amine initiators
the so-called self-catalyzed polyols are obtaindach are used in the formulation
of rigid spray foam systems. The rigidity or stéfs of a foam is increased by
aromatic initiators, such as Mannich bases derivech phenol, phenolic resins,

toluenediamine, or methylenedianiline (MDA).

In addition, blending of polyether polyols with thanolamine, followed by reaction
with TDI, also affords a urethane/urea dispersib8].[ The polymer or PHD-type
polyols increase the load bearing properties anfiness of flexible foams.

Interreactive dispersion polyols are also used M Rpplications where elastomers
of high modulus, low thermal coefficient of expamsiand improved paintability are

needed.

2.1.4.2Polyester polyols

Initially polyester polyols were the preferred ramaterials for polyurethanes, but
today the less expensive polyether polyols domitla¢epolyurethane market. An
exception are the inexpensive aromatic polyestelyofg which have been
introduced for rigid foam applications. These aretamed from residues of
terephthalic acid production or by transesterifamatof DMT or poly(ethylene
terephthalate) (PET) scrap with glycols. TBI of ke is the first European company
to manufacture aromatic polyester polyols direftbm PET scrap bottles at Issoire
with a capacity of 10 kt/a. Phthalates and teregdhtes are also used. Polyester

polyols are based on saturated aliphatic or aranrboxylic acids and diols or
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mixtures of diols. The carboxylic acid of choice aslipic acid because of its
favorable cost/performance ratio. For elastomemseal polyester polyols of
molecular weight of ca 2000 are preferred. Branghelgester polyols, formulated
from higher functional glycols, are used for foanu @oating applications.

Polyester polyol-derived polyurethanes have a logdtrolytic stability oxidative
and thermal stabilities. In addition, polyesteryotd are made by the reaction of
caprolactone with diols. Poly(caprolactone diol®) ased in the manufacture of TPU
elastomers with improved hydrolytic stability [1IThe hydrolytic stability of the
poly(caprolactone diol)-derived TPUs is comparataeTPUs based on the more
expensive long-chain diol adipates [58]. Polyethagester polyol hybrids are
synthesized from low molecular weight polyesteldgiavhich are extended with PO.
The most important chain extenders are ethyleneoglgiethylene glycol, propylene
glycol, 1,4-butanediol, cyclohexanedimethanol, amgoquinone dihydroxyethyl
ether. Recently, 1,3-propanediol [12] and 1,2,4batriol [16] have become
available as new polyurethane rawmaterials. Sintleylene glycol-extended
polyurethanes are prone to thermal degradatiorylesta glycol is only used as a

RIM extender in thermoset polyurethane [52].

2.1.4.3Catalysts

The most commonly used catalysts in polyurethaneseatiary amines. As indicated
earlier, there are many reactions taking placethadatalyst can be involved in any

one or more of these[82]:
» The deblocking reaction, or
» the reaction of the free isocyanate with the othaleophile, or
* an addition-elimination reaction, and/or
* side reactions.

They promote isocyanate reactions which will ocatmoderate temperatures, i.e.
reaction with alcohols, water, and carboxylic acidewever, the tertiary amines are
not strong catalysts for the reactions of isocyemand isocyanate derivatives at
elevated temperatures [55]. Strong catalysts fesdlreactions are the strong bases,
e.g. NaOH and NaOR.
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With aromatic isocyanate resins, the formation lné wurethane linkage can be
promoted by a number of metals in the form of oagaetallics and/or salts of
organic acids. Tin compounds such as DBTDL andlt)noctoate are particularly

effective, having superseded the more toxic leadvetent components.

Synergistic effects of tin and amine catalysts @réechnical importance and are
widely studied principally because of the differesn reactivity. Metal catalysts are
usually employed in systems based on the slowettinga aliphatic isocyanate
adducts[77].

Standard moisture cure catalysts used principalbdhesives are:

* Tin catalysts. Dibutyltin dilaurate (DBTDL), dibutin diacetate (DBTDA);
* Amines. Morpholine derivatives, tertiary amines;

» Bismuth catalysts, which are increasingly replacirgycuric catalysts.

Both blocked aromatic and aliphatic polymers usentacuratives such as ketimines
and oxazolidines; however, they do have some imbafisadvantages. The use of
ketimines and aldemines often produces products ithee a tendency to yellow
upon exposure to sunlight, and that take a longes to achieve complete cure and
retain slow evaporating ketones or aldehydes. Oihze modification can also

result in some yellowing and reduced chemical taste to some acids [45].
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Figure 2.23 :Chemical structures of DABCO and DBTDL catalyst6][

2.2 Starch Based Biodegradable Polymers

Advances in petroleum-based fuels and polymers Haseefited mankind in
numerous ways. Petroleum-based plastics can bedgdibe and highly durable,
depending on their composition and specific apptioa However, petroleum

resources are finite, and prices are likely to icam to rise in the future.
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In addition, global warming, caused in part by cerldioxide released by the process
of fossil fuel combustion, has become an incredgingportant problem, and the
disposal of items made of petroleum-based plassosh as fast-food utensils,
packaging containers, and trash bags, also cremtegnvironmental problem.
Petroleum-based or synthetic solvents and chemaealalso contributing to poor air
guality. It is necessary to find new ways to secustainable world development.
Renewable biomaterials that can be used for baibngrgy and bioproducts are a

possible alternative to petroleum-based and syictpetducts.

Agriculture offers a broad range of commoditiesjuding forest, plant/ crop, farm,
and marine animals, that have many uses. Plantbasgerials have been used
traditionally for food and feed and are increagmigéing used in pharmaceuticals
and nutraceuticals. Industrial use of agricult@@hmodities for fuels and consumer
products began in the 1920s, but they were soofaaegp by petroleum-based
chemicals after World War Il because of petrochatsidow cost and durability. The

three major plant-based polymers are proteinaai carbohydrates [81]

In nature, the availability of starch is just seddon cellulose. The most important
industrial sources of starch are corn, wheat, pottpioca and rice. In the last
decade, there has been a significant reductiohdrptice of corn and potato starch,
both in Europe and the USA. The lower price andaigme availability of starch

associated with its very favourable environmentalfije aroused a renewed interest
in development of starch-based polymers as annalige to polymers based on
petrochemicals. Starch is totally biodegradabla wariety of environments and thus
permits the development of totally degradable peotslior specific market demands.
Degradation or incineration of starch based praluetycles atmospheric carbon
dioxides trapped by starch-producing plants ands doe increase potential global

warming.

The most relevant achievements in this sector aleed to thermoplastic starch
polymers resulting from the processing of nativerat by chemical, thermal and
mechanical means, and to its complexation to otltepolymers. The resulting
materials show properties ranging from the flextipibf polyethylene to the rigidity

of polystyrene, and can be soluble or insolublevater as well as insensitive to
humidity. Such properties explain the leading positof starch-based materials in

the biodegradable polymer field.
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Starch is unique among carbohydrates because iiroacaturally as discrete
granules. This is because the short-branched amgfiopchains are able to form
helical structures, which crystallise. Starch gtasuexhibit hydrophilic properties
and strong intermolecular association via hydrogending due to the hydroxyl

groups on the granule surface. The melting poimative starch is higher than the
thermal decomposition temperature: hence the gwontal stability of native starch
and the need for conversion to starch-based mistew#gh a much-improved

property profile.

In nature, starch is based on crystalline beadsbotit 15-100 microns in diameter.
Crystalline starch beads in plastics can be usddles or can be transformed into
thermoplastic starch, which can either be procesdede or in combination with
specifi ¢ synthetic polymers. To make starch theuawtic, its crystalline structure
has to be destroyed by pressure, heat, mechanarl av use of plasticisers. Three
main families of starch polymer can be used: puagch, modifi ed starch and

fermented starch polymers.

The production of starch polymers begins with thigaetion of starch. Taking as an
example corn; starch is extracted from the keryelvbt milling. The kernel is first

softened by steeping it in a dilute acid solutidren ground coarsely to split the
kernel and remove the oil-containing germ. Thecstalurry is then washed in a
centrifuge, dewatered and dried. Either prior, wbsequent to the drying step, the

starch may be processed in a number of ways tcowmegts properties.

The addition of chemicals leading to alteratiorthe# structure of starch is generally
described as ‘chemical modification’. Modified sfaiis starch that has been treated
with chemicals so that some hydroxyl groups havenbeeplaced by for example
ester or ether groups. High starch content plastieshighly hydrophilic and readily
disintegrate when in contact with water. Very loavdls of chemical modification
can significantly improve hydrophilicity, as wells achange other rheological,

physical and chemical properties of starch.

Crosslinking, in which two hydroxyl groups or nelgturing starch molecules are
linked chemically is also a form of chemical mochfiion. Crosslinking inhibits

granule swelling or gelatinisation and gives insezhstability to acid, heat treatment
and shear forces. Chemically modified starch mayded directly or palletised or

otherwise dried for conversion to a final product.
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Starch can also be modified by fermentation as use¢te Rodenburg process. In
this case the raw material is a potato waste shriginating from the food industry.

The slurry mainly consists of starch, the rest §egroteins, fats and oils, inorganic
components and cellulose. The slurry is held inagfe silos for about two weeks to
allow for stabilisation and partial fermentationhel most important fermentation
process that occurs is the conversion of a smatktibrn of starch to lactic acid by
mans of the lactic acid bacteria that are naturphgsent in the feedstock. The

product is subsequently dried to a fi nal watertenhof 10% and then extruded.

Starch-based polymers have been the most studasd of biodegradable polymer
for their extrusion characteristics. Extrusion @ssing plays a large role in
establishing the polymer properties. Starch canmlagle thermoplastic by using
technology very similar to extrusion cooking. Sharexists as granular beads of
about 15-100 microns in diameter that can be comged with another synthetic
polymer as a filler. However, under special heatl amear conditions during
extrusion it can be transformed into an amorphbasioplastic by a process known

as destructurising.

Starch can be destructured in the presence of g phobic polymers such as
aliphatic polyesters. Aliphatic polyesters with lawelting points are difficult to
process by conventional techniques such as filnwibig and blow moulding. Films
such as polycaprolactones (PCL) are tacky as eadracid have a low melt strength
(over 130°C). Also, the slow crystallisation of thelymer causes the properties to
change with time. Blending starch with aliphatidyesters improves processability
and biodegradability. [6-9].

Degradation of polymers can be carried out by hadiation or biological treatment.
The radiant energy may be high energy radiatiomfgamma rays, ion beams, and
electrons or even low-energy radiation from ultodet light. Chemical degradation
results from treatment with chemicals such as anis alkalis. Biodegradation of

polymers results from the use of microorganismsearaymes. [66]

2.2.1 Starch

Starch is a highly hydrophilic polymer that consisf anhydroglucose units linked
by a-D-1,4-glycosidic bonds [4]. There are two dististtuctural molecular classes,

namely, linear amylose and highly branched amyltpetinear amylose is linked
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by a-l,4-bonds and branched amylopectin is linkedaby,6-bonds. The molecular
structure of an amylopectin is illustrated in Fig&.24; the molecular structure of
amylose is similar to the linear portion of the dopgctin structure. The structure of
monosaccharide D-glucose can be either in an opamor a ring form [70]. The

ring form is highly thermodynamically stable andsha structure similar to that of
sugar in solution. The aldehyde group at carbonbmurd is highly reactive, making

it a reducing sugar.
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Figure 2.24 :General molecular structure of starch

Natural starch exists in a granular form. The glanshape and size are different in
different plants (Figure 2.25). Corn starch grasudge mainly spherical (Figure
2.25A), wheat starch has both spherical and dislpesth granules (Figure 2.25B),

and potato starch has a smooth granular surfacesandinly oval (Figure 2.25C).
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A (~2500X) C (~1600X)

Figure 2.25 :Granular shape of various starches: (A) corn, (B¢at and (C) potato

The disk-shaped wheat starch granule has an averagester of 25um, and the
spherical-shaped granule has a smaller diametérsefthan 1Qum (Figure 2.26)

[61].
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Figure 2.26 :Starch granule size distributions [41]

A cornstarch granule has an average diameter @t1ID5um [17], whereas potato
starch has a larger granule size with an averaaaater of about 40m [61]. Starch

consists of amorphous and crystalline phases (Eig12a7).
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Figure 2.27 :Overview of starch granule structure

As illustrated in Figure 2.27, following the arrairection, the crystalline hard shell
layers alternate with a semicrystalline soft shile amorphous channels are braided
in the crystalline hard shell. The crystalline hattell consists of many blocklets
with a superhelix amylopectin (AP) structure thdtermately spirals between
crystalline and amorphous lamellae. The amylopeeanmylose, lipids, and amylose-
lipid are entangled into a complex structure in canf dictated by biological
information, starch postmodification, and procegstonditions. On heating, starch
undergoes various phase changes from glassy tenmybto gelatinized, and to a
melted crystal. A typical fully gelatinized starafelt presents a smooth, entangled,
and mushy structure (Figure 2.27).

33



Figure 2.28 :Optical microscopy of (a) raw cornstarch [29]

2.2.2 Starch modified with polyurethanes

The nature of brittleness caused by the relativiiyh glass transition temperature
(Tg) and lack of a sullg main-chain relaxationB¢transition) limits the use of starch
in plastics. Moreover, the brittleness increasesh wime due to free volume
relaxation and retrogation. To overcome the inhtepeoblems with starch, Kweaon
and co-workers sythesized starch-g-polycaprolactmp®lymers by a reaction of a
diisocyanate-terminated polycaprolactone-basedaobyeper (NCO-PCL) with corn
starch at a weight ratio of starch to NCO-PCL df @s shown in Figure 2.29. On
grafting of NCO-PCL (35-38 wt%) prepared with TDi d,4-diphenylmethane
diisocyanate MDI onto starch, th® values of both copolymers were 238°C.
However when TDI was replaced by hexamethyleneodyisnate (HDI), thég of
the material was found to be around 195°C. On ig@afiCO-PCL (PCL-1250), the
degradation temperaturéd) changed depending on the type of isocyanate Uded.
starchg-PCL copolymers prepared with the MDI intermediatere most stable, to
the point of thermal degradation when compared whibse from TDI and HDI.
Barikani and Mohammadi (2007) found that the values of the starch-PCL
copolymers decreased with increasing percentagheofurethane prepolymer and
depended on the crosslinking effect of prepolymiepplymer between two chains of
starch and strong hydrogen bonding between mascuhich affected chain
mobility of starch-modified urethane in differenaiys. Hydrophobicity of the starch
grafted with a PCL-based urethane prepolymer irsa@avith increasing amount of

urethane prepolymer. According to the authors, rtislified starch could be used as
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filler in biodegradable starch-based polyurethane do better dispersion and
compatibility [77].
HO—R—OH + OCN—R—NCO
lDMSO, 100°C, 3h
I
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HOH

Ho
H = gy + Nco-pcL
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Starch-g-PCL copolymer

Figure 2.29 :Reaction of starch —PCL copolymer

2.2.3 Degradation of specialty polymers

Degradability refers to the stability of the polysén a given environment. Any or
all of the following degradation mechanisms mayperative in the degradation

process;

« Biodegradation is promoted by enzymes and maythereaerobic or
anaerobic. Operative in all environments, buriaiface exposure,

waterways..etc. and may lead to complete remowat the environment.

* Photodegradation is promoted by irradiation, euglight, and is restricted to
surface environment exposure. It rarely leads toptete removal, though

fragments reduced may biodegrade.

* Chemical degradation is promoted by chemical readtirough additives in
the plastics, e.g. metals, functional groups araperative under all

conditions. Fragments produced may biodegrade. [66]
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3. EXPERIMENTAL PART

3.1 Materials

In starch-polyurethane (SPU) film synthesis, Desand8lL 3175 SN (from Bayer
Chemicals), Dibutyl Tin Dilaurate (DBTDL), commeati corn starch and

commercial wheat starch were used.

Desmodur BL 3175 SN(free NCO content < % 0.2, blocked NCO content
approximately 11.1%) is a type of phenol-blockegtadtic polyisocyanate based on
hexamethylene diisocyanate (HDI).Using aliphaticlyjsocyanates provides to

polyurethane coatings; no yellowing, chemical tesise and exceptional gloss

retention[69].

Dibutyl Tin Dilaurate (DBTDL) is a organometallic tin compound that is added to
allow the reaction to take place at a rapid rattafower temperatures.

3.2Equipments

3.2.1 Infrared analysis (IR)

Infared analysis were performed on Thermo Scientiicolet 1S10 FT-IR

spectrometer.
3.2.2 Thermogravimetrical analysis (TGA)

Thermal gravimetrical analysis were performed oRAaTGA Q50 instrument at a

heating rate 20 °C/min.
3.2.3 Contact angle meter

The contact angle of cured SPU films was measuyaé€iqyy CAM 100 instrument.
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3.2.4 Tensile loading machine

Zwick Z010 Universal Tensile Tester was used toeweine properties such as

modulus, elongation at break and strength.

3.2.5 Scanning electron microscopy (SEM)

The bulk morphology of FPU films was observed bgi8tng Electron Microscopy
(SEM LEO 1530VP).

3.3 Preparation of formulations

Different film formulations including blocked pobocyanate, solvent, dibutyl tin
dilaurate and two different starch containing coomms were developed.

Formulation compositions are shown in Table 3.1.

Table 3.1: General formulation compositions

_ HDI based Aliphatic Blocked Polyisocyanate
Blocked Polyisocyanate
(Desmodur®)
Catalyst Dibutyl Tin Dilaurate (DBTDL)
Solvent DMSO
Starch Compound Wheat Starch, Corn Starch

To improve the surface properties of polyurethaihe, fthree different starch-
containing compounds were added to formulationdiférent ratios; 4/5, 5/6, 6/7,
9/10. The name and ratios of these starch contarompounds in the formulations

are shown in Table 3.2 and Table 3.3.

Table 3.2: The name and percent of starch-containing compoun@sPU’s

Sample Name Starch-Containing Compound Ratios in Bulk
CSPU-1 Corn Starch 4/5
CSPU- 2 Corn Starch 5/6
CSPU-3 Corn Starch 6/7
CSPU-4 Corn Starch 9/10
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Table 3.3: The name and percent of starch-containing compoundsSPU’s

Sample Name Starch-Containing Compound Ratios in Bulk
WSPU- 1 Wheat Starch 4/5
WSPU- 2 Wheat Starch 5/6
WSPU- 3 Wheat Starch 6/7
WSPU-4 Wheat Starch 9/10

3.3.1 Preparation of blocked-polyisocyanate

The blocked polyisocyanate was dissolved in solweith a mechanical stirrer, as
desired content (10ml solvent for 1g Desmodur®jlask at 45°C for 15 minutes

then in room temperature for 1 hour.

o 0
=N N yn_ﬂ_o_N%
n
T T
O O
Figure 3.1 : Blocked polyisocyanate

3.3.2 Preparation of starch solution

For the starch composition, corn and wheat staretewlried in a vacuum oven at
90°C for 15 hours before preparation of the sotutio

To prepare the starch solution, required amoustarth (10ml solvent for 1g starch)
is added to three-neck 100ml round bottom flaskipgmpd with mechanical stirrer,
condenser and thermometer. The corn starch mixtascheated to 50°C for at least
12 hours while stirring. The wheat starch mixturasvineated to 50°C for at least 15

hours while stirring. Forming of a clear solutidros/s complete dissolving of starch.

OH
O
O>/
n
HO OH
starch

Figure 3.2 : Starch
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3.4 Synthesis
3.4.1 CSPU-1 and WSPU-1 synthesis

The reaction was placed in 100 ml round-bottomedhmecked flask with a
mechanical stirrer, thermometer, condenser, nitragket and Dean—Stark trap. The
flask was placed in oil bath and set at 85°C. 4gckt containing solution was added
to flask. 1g blocked-polyisocyanate containing 8olu was added to Dean-Stark
trap. The reaction was carried out in a constamp&zature oil bath, with a steady
flow of dry nitrogen passing continuously over thixture. The prepolymer solution
was slowly added to starch solution through DeaarkStap the system was heated
to 85°C, while stirring for 30 min. The mixture wdsen stirred for 3 hours at the
same temperature. The reaction mixture was coabedoom temperature. The

product was clear, yellow, viscous liquid.
3.4.2 CSPU-2 and WSPU-2 synthesis

The reaction was placed in 100 ml round-bottomgedhmecked flask with a
mechanical stirrer, thermometer, condenser, nitragket and Dean—Stark trap. The
flask was placed in oil bath and set at 85°C. &gcht containing solution was added
to flask. 1g blocked-polyisocyanate containing 8olu was added to Dean-Stark
trap. The reaction was carried out in a constamperature oil bath, with a steady
flow of dry nitrogen passing continuously over thixture. The prepolymer solution
was slowly added to starch solution through DeaawkStrap the system was heated
to 85°C, while stirring for 30 min. The mixture wdsen stirred for 3 hours at the
same temperature. The reaction mixture was coatedoom temperature. The

product was clear, yellow, viscous liquid.
3.4.3 CSPU-3 and WSPU-3 synthesis

The reaction was placed in 250 ml round-bottomedhmecked flask with a

mechanical stirrer, thermometer, condenser, nitrogket and Dean—Stark trap. The
flask was placed in oil bath and set at 85°C. @gcht containing solution was added
to flask. 1g blocked-polyisocyanate containing solu was added to Dean-Stark
trap. The reaction was carried out in a constamp&zature oil bath, with a steady

flow of dry nitrogen passing continuously over thixture. The prepolymer solution
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was slowly added to starch solution through DeaarkStap the system was heated
to 85°C, while stirring for 30 min. The mixture wdsen stirred for 3 hours at the
same temperature. The reaction mixture was coabedoom temperature. The

product was clear, yellow, viscous liquid.
3.4.4 CSPU-4 and WSPU-4 synthesis

The reaction was placed in 250 ml round-bottomgedbmecked flask with a
mechanical stirrer, thermometer, condenser, nitragket and Dean—Stark trap. The
flask was placed in oil bath and set at 85°C. @gcht containing solution was added
to flask. 1g blocked-polyisocyanate containing 8olu was added to Dean-Stark
trap. The reaction was carried out in a constamperature oil bath, with a steady
flow of dry nitrogen passing continuously over thixture. The prepolymer solution
was slowly added to starch solution through DeaawkStap the system was heated
to 85°C, while stirring for 30 min. The mixture wdsen stirred for 3 hours at the
same temperature. The reaction mixture was coatedoom temperature. The

product was clear, yellow, viscous liquid.
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Figure 3.3 : Starch-modified polyurethane film synthesis
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3.5 Preparation of free film

The formulated solutions were cast onto glass satiesiOcm x 10cm to obtain free
films. The glass substrates were silanated withc##éro trimethyl silane containing
solution before use to provide cured film peeledeakily. Solution was applied onto
the glass substrate as a layer about 4mm.

For thermal curing of samples, a typical oven waedu Formulation were
polymerized at 145°C for 20 minutes then 90°C fOr rhinutes. The films were

waited during one day.

3.6 Analysis

Following tests; Infrared Analysis (IR), Thermal ametric Analysis (TGA),
Contact angle measurement, Tensile tests, Solvesislnce, Gel Content and SEM
were performed to monitor thermal, morphologicad &fm properties of CSPU and
WSPU films.

3.6.1 Infrared analysis

Infrared (IR) spectroscopy is one of the most commsyectroscopic techniques used
by organic and inorganic chemists. Simply, it ig thbsorption measurement of
different IR frequencies by a sample positionethm path of an IR beam. The main
goal of IR spectroscopic analysis is to determhe ¢hemical functional groups in
the sample. Different functional groups absorb abtmristic frequencies of IR
radiation. Using various sampling accessories, gBcsometers can accept a wide
range of sample types such as gases, liquids,dius$.sThus, IR spectroscopy is an
important and popular tool for structural elucidatand compound identification.
Infrared radiation spans a section of the electgmatic spectrum having
wavenumbers from roughly 13,000 to 10 ¢nor wavelengths from 0.78 to 1000
um. It is bound by the red end of the visible regainhigh frequencies and the
microwave region at low frequencies.

IR absorption positions are generally presentedeifiser wavenumbersi’f or
wavelengths X). Wavenumber defines the number of waves per langth. Thus,
wavenumbers are directly proportional to frequerasywell as the energy of the IR
absorption. The wavenumber unit (€mreciprocal centimeter) is more commonly

used in modern IR instruments that are linear m ¢h* scale. In the contrast,
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wavelengths are inversely proportional to freques@nd their associated energy. At
present, the recommended unit of wavelengiims(micrometers), but (micron) is
used in some older literature[66]. The results given in the Figure 4.4 — Figure
4.13.

3.6.2 Thermal gravimetric analysis

Thermogravimetry has become a general method fopedng the thermal stability
of polymers. TGA measures the amount and rate ahg@h in the weight of a
material as a function of temperature or time ircaatrolled atmosphere [84].
Measurements are used primarily to determine timeposition of materials and to
predict their thermal stability at temperatures tapl000°C. The technique can
characterize materials that exhibit weight loss gain due to decomposition,
oxidation, or dehydration. In comparing thermabsity, it should be remembered
that TGA measurements only record the loss of Weldtagments of polymers,
caused by decomposition. TGA cannot detect any arohanges or degradation
of properties caused by cross-linking [69].

In this study, thermal stability was evaluated gsanQ50 TGA from TA Instruments.
Film samples of 5-10 mg were placed in the sample gnd heated from 25°C to
600°C under K (flow rate: 40 mL/min) at an applied heating rate20°C /min.
During the heating period, the weight loss and terafure difference were recorded

as a function of temperature. The results are giv@rable 4.1 and 4.2.

3.6.3 Contact angle measurement

The determination of solid-vapasy and solid-liquidys, interfacial tensionss of
importance in a wide range of problems in pure ajpplied science. Becauséthe
difficulties involved in measuring directly the $are tension involving aolid
phase, indirect approaches are called for: Sevmdapendent approachkave been
used to estimate solid surface tensions, includirgct force measurements; contact
angles; capillary penetration into columns of mdetipowder; sedimentation of
particles; solidification front interaction with giles; film flotation; gradient
theory; Lifshitztheory of van der Waals forces; and theory of mdbacinteractions.
Among these methods, contact angle measurementehesed to be theimplest
[34].
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Contact angle measurement is easily performed taypkshing the tangent (angle) of
a liquid drop with a solid surface at the base. alteactiveness of using contact
anglesd to estimate the solid-vapor and solid-liquid ifaeral tensions is due to the
relative ease with which contact angles can be anedson suitably prepared solid
surfaces. It will become apparent later that tkesnsing simplicity is, however, very

misleading.

The possibility of estimating solid surface tensidrom contact angles relies on a
rellation which has been recognized by Young [fO1805. The contact angle of a
liquid drop on a solid surface is defined by thechanical equilibrium of the drop
under the action of three interfacial tensionslidseapor,ysy, solid-liquid,ys, , and

liquid-vapor,y.y (Fig.3.4.). This equilibrium relation is known ¥sung’s equation:

YLv COSOy =vysy, -YsL

wheref is the Young contact angle, i.e. a contact angjiielivcan be inserted into
Young's equation. It will become apparent latett tha experimentally accessible

contact angles may or may not be equakto

\ Vv

7 liquid @

e %

=

Tov

Figure 3.9 : Scheme of a sessile-drop contact angle system

Contact angle is a well-known technique for in\geting and controlling adhesion,
surface treatments and cleaning, and polymer fildifrcation. The wetting of solid
substrates is a basic feature of many natural addstrial processes and contact
angle is a simple, rapid, and sensitive methodhafacterizing the wettability of a
solid surface[34].

The wettability of the film surfaces was measuresing a contact angle KSV
CAM100 system at ambient temperature. The equilibricontact angles of 5uL

water droplets were measured by the sessile drapaseThe contact angles were
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measured as follows: a 5uL water droplet was placethe sample using a syringe,
and contact angle was recorded.

The water contact angle of FPU films prepared ineogperiments are listed in Table
4.3.

3.6.4 Gel content measurement

A cured film sample (1) was accurately weighted, and then added to thénl8o
extractor with acetone as extraction agent for He cured film was dried until its
weight was constant (n Gel content of the cured film was calculatedelyation,
Gel content(%) = (mm;) x 100%

Where m is the weight of the cured film sample; s the residual weight of the

cured film sample.[makale referans]. The resukssimown on the Table 4.6.

3.6.5 Solvent resistance

The Solvent resistance of the films after curingevenmersed in various solvents
(mz, 0.005-0.03g g/10 ml) for one day. The cured fikas dried until its weight was
constant. After drying, the films were reweighteg) and calculated weight loss.
Weight loss (%) = (mmy)/my x 100

Solvents used in this test and results are showmeiiTable 4.4 and Table 4.5.

3.6.6 Tensile test

Tensile properties indicate how the material wihet to forces being applied in
tension. A tensile test is a fundamental mecharistl where a carefully prepared
specimen is loaded in a very controlled mannerevméasuring the applied load and
the elongation of the specimen over some distafiemsile tests are used to
determine the modulus of elasticity, elastic limglpngation, proportional limit,
reduction in area, tensile strength, yield poinkld/ strength and other tensile
properties.

The main product of a tensile test is a load veeusgation curve which is then
converted into a stress versus strain curve. Siotle the engineering stress and the
engineering strain are obtained by dividing thedl@nd elongation by constant
values (specimen geometry information), the loamhghtion curve will have the
same shape as the engineering stress-strain ¢Cmeestress-strain curve relates the
applied stress to the resulting strain and eaclemaahas its own unique stress-strain
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curve. A typical engineering stress-strain curveshswn below. If the true stress,
based on the actual cross-sectional area of th@nsee, is used, it is found that the
stress-strain curve increases continuously upaitidre.

The linear-elastic region of the curve indicateattho plastic deformation has
occurred. In this region , when the stress is ceduthe material will return to its
original shape. In this linear region, the lineegd the relationship defined as
Hooke's Law where the ratio of stress to stras éenstant.

The slope of the line in this region where strasgroportional to strain and is called
the modulus of elasticitgr Young's modulus The modulus of elasticity (E) defines
the properties of a material as it undergoes steeforms, and then returns to its
original shape after the stress is removed. &t iseasure of the stiffness of a given
material. To compute the modulus of elastic , $ygivide the stress by the strain
in the material. Since strain is unitless, the nhoslwill have the same units as the
stress, such as kpi or MPa. The modulus of elgstapplies specifically to the
situation of a component being stretched with aiterforce. This modulus is of
interest when it is necessary to compute how mupotdeor wire stretches under a
tensile load.

Axial strain is always accompanied by lateral sisaof opposite sign in the two
directions mutually perpendicular to the axial istraStrains that result from an
increase in length are designated as positiver{é)tiaose that result in a decrease in
length are designated as negative (-). Poissatisis defined as the negative of the
ratio of the lateral strain to the axial strain founiaxial stress state.

Poisson's ratio is sometimes also defined as tieeohthe absolute values of lateral
and axial strain. This ratio, like strain, is Uegs since both strains are unitless. For
stresses within the elastic range, this ratio gr@agmately constant. For a perfectly
isotropic elastic material, Poisson's Ratio is P2 for most materials the value lies
in the range of 0.28 to 0.33. Generally for steRtEsson’s ratio will have a value of
approximately 0.3. This means that if there is omd per inch of deformation in
the direction that stress is applied, there willdbg inches per inch of deformation
perpendicular to the direction that force is aphl@nly two of the elastic constants
are independent so if two constants are knownthind can be calculated. In this
study, tensile tests were applied to 35mm x 5 mmedsions SPU free films. The

results are shown in Table 4.7 and Table 4.8.
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3.6.7 Scanning electron microscopy (SEM)

The scanning electron microscope (SEM) is a typeelettron microscope that

images the sample surface by scanning it with h-bBigergy beam of electrons in a
raster scan pattern. The electrons interact wighaloms that make up the sample
producing signals that contain information abow #ample's surface topography,
composition.

Morphologic properties of FPU films was observedSBEM analysis and SEM

micrographs of fluorinated and non-fluorinated Fifids are shown in Figure 4.17.
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4. RESULTS AND DISCUSSION

In this thesis, starch modified polyurethane friém-fmaterials were prepared.
Formulations consist of blocked polyisocyanatencamd wheat starch, solvent and
catalyst. All film formulations are coated on glassbstrates and cured thermally.
Corn and wheat starch containing films obtainediifferent starch ratios. Samples

were subjected to further tests.

4.1 Infrared Analysis

Basically two different types of starch, 4 diffetstarch-containing compounds were
used to prepare SPU; Corn starch and wheat stasbdbfilms. To determine the
functional groups in films, these films were ana&lyzwith IR spectra. FT-IR

spectrum of Block Polyurethane is shown in Figufie dlso the IR spectrum of corn

starch (Figure 4.2) and wheat starch (Figure 4.3gen.
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Figure 4.1 : IR spectra of block-polyurethane
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Figure 4.2 : IR spectra of corn-starch
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Figure 4.3 : IR spectra of wheat starch

In spectrum of corn and wheat starch (Figure 4@Fgure 4.3), -O-H stretching at
3300 cnt', -C-H stretching at 2930 ¢mC-C-O stretching at 1643 ¢hand 857-859
cm™* were observed. The C-O-C stretch of starch corseen at 1080 ch
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Figure 4.5 : IR spectra of CSPU-2

In Figure 4.4 and 4.5, IR spectra of flms CSPUAtl &SPU-2 are seen.
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Figure 4.6 : IR spectra of CSPU-3
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Figure 4.7 :IR spectra of CSPU-4

The IR Spectra showed medium peak of -O-H stretcbfrfSPU’s between 3322 and
3327 cnt. The polyurethane —C-stretching peak was seen at 1463'cBue to the
reaction rate the peak was decrased while thehsteomatent of the films were
increased, also the peak was disappeared in @SPThe peak at 1683 ¢chwas
due with the reaction between -NCO groups of pygpel and starch -OH groups,

as the reaction rate increases, the increase jeille was seen.
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Figure 4.8 : IR spectra of CSPU’s

In Figure 4.8 the IR Spectra of all samples of CSPdJe seen. The purple spectra
shows the CSPU-1, green spectra shows CSPU-2 spkeira shows CSPU-3 and
red spectra shows CSPU-4.

As the characteristic infrared spectrum of natiteech is shown in Figure 4.2, its
prominent broad peak is around 3300 @ssociated with the hydroxyl groups. After
the reaction, intensity of the -OH band was shiftedlower frequencies. The
presence of stretching 2920 ¢ncharacteristic of the C-H stretching of methylene
groups associated with urethane, was shown in CSFABo, the polyurethane —C-
H stretching peak at 1463 €mchangeddue to the reaction rate. The rate was
decrased while the starch content of the filmsireeeased. The characteristic peaks
of polyurethane and starch was observed at 850 and 1680 crl. These
differences clearly confirmed that the reactionwsetn at least some of the corn
starch -OH functions and the -NCO groups of urethaad taken place.
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Figure 4.9 : IR spectra of WSPU-1
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Figure 4.10 :IR spectra of WSPU-2

In Figure 4.9 and Figure 4.10 IR Spectra of WSPBERtl WSPU-2 is seen. The
specific SPU peaks are also seen in the speciidSHU’s.
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Figure 4.11 :IR spectra of WSPU-3
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Figure 4.12 :IR spectra of WSPU-4

The polyurethane —C-Kitretching peak between 1406 tiwas decrased while the
starch content of the films were increased duaéaéaction rate also in WSPU’s but
the intensity of the peaks are lower than CSPW'aials considered that the reaction
rate in WSPU'’s was lower than CSPU’s generallye phak at 1680 cfrwas due to

the reaction between -NCO groups of prepolymer stagdch -OH groups, as the
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reaction rate increases, the increase in peak wes also in WSPU’s. The IR
Spectra show medium peak also in WSPU'’s of -O-ktaiting 3300 ci.
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Figure 4.13 :IR spectra of WSPU'’s

In Figure 4.13 the IR Spectra of all samples of \WSPare seen. The red spectra
shows the WSPU-1, purple spectra shows WSPU-2,dpleetra shows WSPU-3 and
green spectra shows WSPU-4.

As the characteristic infrared spectrum of natieeat starch is shown in Figure 4.3,
its prominent broad peak was around 3300' essociated with the hydroxyl groups
also in wheat starch. After the reaction, intensifythe -OH band was shifted to
lower frequencies. The presence of stretching 2980, characteristic of the C-H
stretching of methylene groups associated withharet¢, was shown in WSPU's.
Also, the polyurethane —C-btretching peak at 1400 ¢hdue to the reaction rate.
The reaction rate was decrased while the starcteobof the films were increased.
The characteristic peaks of polyurethane and wsiaath was also observed at 850
cm™* and 1680 cil. However, in IR spectra of WSPU-1, the peak otysmates at
2200 cm' was seen, which shows us that some of isocyamateg did not react
with —OH groups.

These differences clearly confirmed that the reacbetween at least some of the

wheat starch -OH functions and the -NCO groupsrethane had taken place.
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4.2 Thermal Gravimetric Analysis

Thermogravimetry involves the continuous recordifgnass versus temperature or
time as a sample is heated in a furnace with aaed environment. The principal
applications of TGA in polymers ard)(determination of the thermal stability of
polymers, ) compositional analysis, an@)(identification of polymers from their
decomposition pattern. Also, TGA curves are usedldétermine the kinetics of
thermal decomposition of polymers and the kinetiéscure where weight loss

accompanies the cure reaction [20].

TGA was carried out in a nitrogen atmosphere wehtimg rate of 20°C/ min., films
are heated to 800°C for analysing thermal stadsliof the SPU’s. Figure 4.8 and 4.9

are showed TGA curves for free films of differetd#rsh content.

The thermogravimetric behaviour of the native $tasbhowed in Figure 4.14, after
moisture loss up to 100°C, a degradation startegfl@tC with an ended at 349°C
and overall mass loss of 93% at 600°C. Polyuretlstan¢ed degrating at 209°C and
showed 97% weight loss at 600°C.
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Figure 4.14 : TGA thermogram of native a.wheat starch b.corrchtar
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Figure 4.15 : TGA thermogram free films prepared with corn starch

The TGA analysis of the samples prepared with starch films (CSPU-1, CSPU-2,
CSPU-3, CSPU-4) are seen in Figure 4.15. TG tragirsgmple CSPU-1, its thermal
degradation begun around 215°C and ended at 350%ample CSPU-2, its thermal
degradation begun around 213°C and ended at 34&@.acing of sample CSPU-3,
its thermal degradation begun around 210°C andceatl@47°C, in TG tracing of
sample CSPU-4, its thermal degradation begun ar@008C and ended at 343°C.

The TGA analysis of the samples prepared with wistatch films (WSPU-1,

WSPU-2, WSPU-3, WSPU-4) are seen in Figure 4.16traGng of sample WSPU-
1, its thermal degradation begun around 198°C amiga at 350°C also tracing of
sample WSPU-2, its thermal degradation begun ard@7dC and ended at 348°C.
TG tracing of sample WSPU-3, its thermal degradategun around 197°C and
ended at 346°C and TG tracing of sample WSPU-4hasmal degradation begun
around 198°C and ended at 345°C.
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Figure 4.16 : TGA thermogram free films prepared with wheat dtarc

The thermorams of CSPU’s and WSPU'’s exhibited stage weight loss steps. The
weight loss in first stage was attributed to thesloof volatile products like
dehydration and weight loss in second stage wasbwtt#d to formation of
carbonaceous residue. The temperature at whichlsastgrted to loose its weight
was reduced from 215°C to 200°C in corn starch C9&f 194°C in wheat starch
while the starch content was increased. Also tts¢ §tage weight loss temperatures
were lower than reference non-starched polyurettitmeg27]. Thermal stability of
the samples are decreasing while starch contentcieasing. Starch occurs in the
form of granules which consists of highly branchedylopectin and and linear
amylose molecules. The highly branched nature ofl@mectin does not form
compact packing. As starch content increases, teghtv loss temperature gets
reduced. The weight loss temperature in 50% was désreased from 333°C to
326°C in corn and 330°C to 323°C in wheat withitirease in starch composition,
The weight loss temperature in 50% are also lowen treference non-starched
polyurethane film [89]. This was because the braddtructure makes material poor
stabile against heat. Thermogravimetric analysesvetl that with the increase in
the polyurethane content, final weight shifted tighler values. The delay in
degradation caused by crosslink density of theyrelyhane. Also, the As it is seen in
Figure 4.14 the differences in residues betweerrlsteontents, is accordingly with

native starch content of the films. WSPU’s havehbigresidue content than CSPU'’s.
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Table 4.1 : TGA analysis values of corn starch containing films

TGA analysis
%5 weight loss %50 weight loss Residue
Film temperaturéC) temperaturéC) (%)
CSPU-1 259,74 333,40 19,83
CSPU-2 249, 95 329,90 18,05
CSPU-3 243, 23 328,69 17,17
CSPU-4 241,27 326,50 16,02
Non-Starched 275,87 379,00 3,89
Table 4.2 : TGA analysis values of wheat starch containinggilm
TGA analysis
%5 weight loss %50 weight loss Residue
Film temperaturéC) temperaturé(C) (%)
WSPU-1 260,14 330,58 20,46
WSPU-2 252,14 325,41 19,18
WSPU-3 246,82 324,13 17,15
WSPU-4 235,89 323,18 16,51
Non-Starched 275,87 379,00 3,89

4.3 Contact Angle Measurement

The value of the contact angle of a liquid on mfi$ a direct reflection of the surface
wettability. Contact angles of water were measunefilee films on glass with eight
different starch-polyurethane films which were cur&or each measurement one

drops of water was tested on the surfaces andsema tabelated in Table 4.3.

Table 4.3 :Contact angle results

Water Contact Angle
CSPU-1 85 WSPU-1 85
CSPU-2 86 WSPU-2 86
CSPU-3 87 WSPU-3 87
CSPU-4 89 WSPU-4 88
Non-Starched 82 Non-Starched 82

As it is seen from the Table 4.3, the water uptakehe blends decreases with
increasing starch content. In reference non-stargh@yurethane film sample’s
contact angle degree was lower than all starchecoad films [27]. This behavior

was because of strong hydrogen bonding interatitween PU and starch.
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4.4 Solvent Resistance

This test was appiled according to section 3.66. dolvents and the results were

listed in tables.

Table 4.4 :Solvent resistance of CSPU films

Film CSPU-1 CSPU-2 CSPU-3 CSPU-4
Weightloss | Weightloss | Weightloss| Weightloss
Solvents (%) (%) (%) (%)
Xylene 16 17 20 26
Methanol 19 21 24 29
Chloroform 2 4 7 10
%10 CH3COOH 15 19 24 29
%10HCI 20 24 26 32
%210NaOH 3 5 6 8
Table 4.5 :Solvent resistance of WSPU films
Film WSPU-1 WSPU-2 WSPU-3 WSPU-4
Weightloss | Weightloss | Weightloss| Weightloss
Solvents (%) (%) (%) (%)
Xylene 18 21 23 27
Methanol 23 24 27 34
Chloroform 6 8 11 15
%10 CH3COOH 21 24 29 35
%10HCI 24 27 30 35
%10NaOH 4 5 7 9

According to the results in Table 4.4 and Table Aveightloss can be seen in all
cured films. Due to the increasing starch contenthe film, weight loss in all

solvents is increasing. In corn starch contentextisg CSPU’s, weight loss can be
clearly seen accordingly with the increasing staatio. Althought the starch content
of the films is the same in CSPU and WSPU film, ghtloss is increased in the

wheat starch contented films.

4.5 Gel Content

This test was applied to measure polymerizatiorreke@f system. This procedure

was proceeded mentioned in section 3.5.10. GeleabrMalues are listed in Table

4.6.
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Table 4.6 :Gel content of cured films

Gel Content (wt%) Gel Content (wt%)
CSPU-1 99,56 WSPU-1 98,54
CSPU-2 99,42 WSPU-2 97,10
CSPU-3 97,32 WSPU-3 96,30
CSPU-4 93,68 WSPU-4 92,97

The results shows us that the unreacted partseo€uhed material in CSPU-1 and
CSPU-2 are under 1% , CSPU-3 is under 3% and CSHJ#karly 6%. The

unreacted part of the cured films are increasingengdtarch content of the films were
also increasing. In WSPU films, it can be seen tth@nunreacted parts were higher
in all starch contented species when it was contpbareCSPU’s. Because of steric
hinderance of starch benzene groups and bulkytateiof starch, polymerization of

chains was getting harder. Because of high polyratan degree in CSPU-1 and

CSPU-2, high gel content value can be seen.

4.6 Tensile Test

The mechanical specification of free films, prepas 35x5x2 mm dimensions,
made clearly with measurement of stress-strainegalGtress-strain values for SPU

films are given in Table 4.7 and Table 4.8.

Table 4.7 :Stress-strain analysis of CSPU films

E-Modulus | Elongation at break Tensile Strength
(N/mm?) (%) (Mpa)
CSPU-1 0,46 85 0,67
CSPU-2 0,51 110 0,52
CSPU-3 0,57 155 0,37
CSPU-4 0,70 162 0,30
Table 4.8 :Stress-strain analysis of WSPU films
E-Modulus | Elongation at break Tensile Strength
(N/mm?) (%) (Mpa)
WSPU-1 0,42 72 0,51
WSPU-2 0,45 87 0,42
WSPU-3 0,51 115 0,34
WSPU-4 0,65 132 0,28

62



The application area of the polymeric film very dagdent on tensile properties,
particularly modulus, tensile strength and elorggatit break point. These properties are
also related to the crosslinking density in polyimdilm as well as to the chemical
structure of the formulation. Polymeric film prepdrfrom unmodified polyurethane film
exhibited higher modulus and tensile strength. Aigaer strength and modulus is due to
the fact that there is a greater amount of crdsstiensity and rigidity of the
polyurethane chain as well. As it is seen from ltesaf CSPU and WSPU species, the
tensile strength and modulus decrease as the strchs increased for CSPU-2, CSPU-
3 and CSPU-4 modulus and tensile strength has akemlenvhen it is compared to CSPU-
1 while the elongation increases. The starch awdis caused polyurethane chain to be
longer, mobility of anhydride increases the proligbof reactive moieties combining,
so that it makes the chain more flexible. Also, ilade hydroxyl groups to form
hydrogen bonding has been reduced, this could weakiraction of the starch
molecules and increase their mobility. In the taflee reason is that wheat starch used
in the film long chains cause the elongation tae@ase but also it makes the structure

chains weaker than the corn starched species.

The very similar results can be seen in WSPU filiiise decrease in E-Modulus and
tensile strength and also increase in elongaticseen while the starch content of the
films is increasing. However, the lower E-Modulusldensile strength values in similar
starch contented CSPU and WSPU films is the rea$ancreased steric hindrance of

wheat starch films which are higher than corn $tditms.

4.7 Scanning Electron Microscopy(SEM) Analysis

Scanning Electron Microscopy (SEM) was used to tstdad bulk morphology of

starch grafted polyurethane.

\ u ’

Figure 4.17 : SEM of CSPU-2 (A) (m = 500X), (B) (m = 1000X)
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The SEM microraph of CPU-2 shows the crystallind amorphous phases in the
structure. Also starch can be seen as a grang&m.

4.8 Degradation of Films

4.8.1 Degradation of films by sunlight

The sample film CSPU-2 was exposed to sunligh&foronth.

Figure 4.18 :Film CSPU-2 after the sunlight exposure

The IR Spectra of the film CSPU-2 shows us that-t®eH stretching (3330 cm-1)
of SPU films shifted to lower frequencies with thecomposition of the film. The
analysis of the film showed a slight decrease énwtlavelength 2924 cm-1 indicating
the C-H bonds. Also the characteristic peak at 16801 which was shown due to
the reaction between —NCO groups of prepolymer -a@#i groups of starch, has
sharp decrease. The peak shown at 1460 cm-1 wastrdtehing of —C-H in
polyurethane, which was increasing due to the oateaction, was also decreasing
with the exposure of sunlight. The characteriséalp of polyurethane which was
shown at 850 cm-1, is also decrasing due to theadagon of film. The decrease in
the specific peaks of the SPU film 1680 cm-1 an8038m-1 were the proof of
degradation.
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Figure 4.19 :a. IR Spectra of CSPU-2, b.After exposure to simligr a month

4.8.2 Degradation of films by UV light

The sample film CSPU-2 was exposed to UV lamp (3@00for 45 minutes, 90

minutes, 135 minutes, 180 minutes.

Figure 4.20 :Film CSPU-2 after the UV light exposure
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Figure 4.21 :Degradation of CSPU-2 in a.180 min. b.135 min. e d. 45 min.

The similar results as the sunlight exposure wan se the UV lamp (3000W)
exposure. The decrease in the specific peaks warershown at 3330 cm-1 —O-H
stretching of CSPU, peak at 2924 cm-1 indicating ¢teavage of C-H bonds, in
wavelength 1680 cm-1 reaction of prepolymer —NC@Qugs and starch —OH groups,
the stretching of —C-H in polyurethane at 1460 crarl characteristic peak of
polyurethane at 850 cm-1 are decreasing becautte afegradation occuring in the
film. However, the difference in the IR Spectra wscin the wavelength between
1400 cm-1 and 1600 cm-1. The formation of C=C banthe region 1400 cm-1 and
1600 cm-1 and the slight increase in the peak was because of the polyurethane

degradation especially for 180 min. exposure time E35 min. exposure time.
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5. CONCLUSIONS

Eight different starch grafted polyurethane filmrifmlations based on blocked
polyisocyanates were prepared. For modificatiorthef polyurethane film by two
different starches, four different components wesed. One of these chemicals,
named Desmodur® BL 3175 SN, is a special type of bi@sed aliphatic blocked
polyisocyanate . Commercially used native corncétand wheat starch were used as
a grafting agent. Also Dibutyl Tin Dilaurate (DBTDIlwas used as catalyst and
DMSO as a solvent. All formulations were appliedgbass substrates and cured with
temperatures in 145°C. As a second step, obtaireed films were tested for their

chemical, thermal and morphological properties.

The ratios of the samples were chosen to obtaimopt feature of free films, the
films that have lower starch content did not camtdesired film properties, also
higher starch content has very low resistance.

FT-IR was used to characterize the structure offithes. The thermal properties
were elucidated by thermogravimetric analysis (TG surface hydrophobicity

was evaluated by contact angle measurement.

FT-IR analysis showed us that the specific peakthefstarch grafted films were
decreased with the increasing starch content. €hetion rate consist of the active
groups of blocked polyisocyanate and starch wasedsed with increasing the

starch content.

Also with the increasing incorporation of the greupf starch and polyisocyanate,
thermal stability of the films was increased witbctkased starch content. But the
weight loss temperatures of the samples werel@tir than reference non-starched

film.
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Contact angle values of the films showed us therdgeh bonding of the
polyisosyanate and starch groups make modifiedsfimgdrophobic when it was

compared to reference non-starched polyurethame fil

Gel content test helps to measure the percentagenmdacted monomers and
oligomers. In analysis results, high starch contewiuces polymerization, so the

values became low.

Moreover, solvent resistance test showed the loamital stability of materials
against alkalis and acids, the results were alsgptbof of the degredability of the

films.

At lower modification ratios, which has lower starcontent the films yielded lower

flexibility, but also higher strength which was sdeom the stress-strain values.

Because of the results that were obtained, optimatio of the starch content was

determined as 1/5 mass ratio of polyurethane/Istarc

Finally, the degradability of the films are measuire CSPU-2 by the FT-IR analysis
of degradated sample under sunlight and UV-lamg ddégradation of the samples
can be seen in the IR Spectrums. The specific pghlch were regarding to starch-
grafted films decreased with exposure to sunlightl aJV-lamp, the specific

degradation peak of polyurethane was also sedreiggectra.
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