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ABSTRACT

Metal-oxide nanoparticles can be used to optimize UV absorption and to
enhance the gtiffness, toughness, and probably the service life of polymeric
materials. In the present study TiO, nanoparticles were synthesized under
mild hydrothermal conditions(Temperature > 200 °C and Experimental dura-
tion>24 h) and asprepared TiO, nanoparticles areinserted into polyurethane
(PU) matrix. Polymer-TiO, composites have been prepared using castor oil
based polyurethane as a host and TiO, as particulate filler. The prepared PU/
TiO, composites have been characterized for mechanical properties such as
tensile strength and tensile modulus. These PU composites exhibited an im-
proved mechanical performance compared to the unfilled PU. PU/TiO, com-
positeswere prepared by varying amountsof TiO, fillers(2.5%, 5%, and 10%)
in PU matrix. As obtained PU/TiO, compositeswere characterized by analyti-
cal techniqueslike XRD, FTIR, SEM to study the nanostructure and disper-
sion of TiO, nanoparticlesin PU matrix and structure-property relationships.
Microstructure, chemical elucidation, TiO, particlesdispersed and other char-
acterizations of PU/TiO, composites obtained are discussed. The photocata-
Iytic activity and weight loss under the agueous medium was investigated
and mechanistic aspects of the liquid-phase photocatalytic activity, and pho-
todecomposition, their implication for devel oping photo decomposable poly-
mer composites were discussed. © 2011 Trade Sciencelnc. - INDIA
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INTRODUCTION

Nowadaysthe enormoususe of polymer materias
isatributed to their extraordinary combination of prop-
erties, low weight and ease of processing. However for
improvement of some propertiessuch asthermal and
mechanicd stability, large numbers of additiveswere
added to polymeric matrix and formed polymer matrix

composite*?. Toimprovethe properties of composite
materialsinvestigate compositeswith lower and lower
fillers size, leading to the development of
microcompositesand therecent trend in compositere-
search is nanocomposites. Nanocomposites refer to
compositesinwhich one phase hasnanosca e morphol -
ogy such as nanoparticles, nanotubes or lamellar
nanostructure™. Theimprovement of the properties
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by the addition of particles can be achieved when ad-
equately good interaction between the nanoparticlesand
the matrix and good dispersion of particleswithinthe
meatriX. In nanocompaosites, covaent bonds, ionicbonds,
Vander Waal sforces, hydrogen bonding could exist
between thematrix and filler components®. Theuseof
renewabl eresourceshas attracted the attention of many
researchersdueto their application potentia as substi-
tutesfor petrochemical derivatives. Much atention has
been focused on the innovation and devel opment of
newer materialsfrom renewableresources, i.e,, forest
productsthat could be grown again and again. One of
themost naturally and abundantly occurring vegetable
oil iscastor ail. Castor oil possesses both unsaturated
and conjugated hydroxyl functiona groups. Castor ail
reacts with different diisocyanates, which is also
polyfunctional to form polyurethane (PU)®7. Chain
extended PU e astomers have awiderange of indus-
trial applicationsand they arewell knownfor their me-
chanical properties. Thesepolymerstypically exhibita
two-phase morphol ogy because of theincompatibility
of hard and soft segments. The excellent mechanica
propertiesof polyurethanesuch ashightendlestrength
and toughnessare primarily aresult of thetwo-phase
microstructure from this phase separation’®9. Metal -
oxideparticlessuch asTiO, and ZnO, servemany func-
tionsinthevarious polymeric materids. Traditionaly,
they have been used as pigments to enhance the ap-
pearanceandimprovethedurability of polymeric prod-
ucts, and usually they have been considered to beinert.
Asnanosized particles, these materia s exhibit broad
band UV absorption, abenefit that currently hasbeen
exploited only in sunscreen gpplications. Also, thead-
dition of nanoparticleswould likely enhancethe stiff-
ness, toughness, and servicelifeof polymeric materids,
for example, in applicationsinwhich mar resistanceis
important. Optimizing themateria propertiesof metal-
oxide nanoparticle/polymer composites, themicrogdruc-
tureand dispersion (sizesand spatia distribution) of
nanoparticles must be characterized as afunction of
different processconditions. Compositemateridshave
awonderful and different range of gpplications. Impor-
tant advantages of compositesover many metal com-
pounds are high specific stiffnessand specific strength,
high toughness, corros on resistance, low density and
thermal insulation*2. It isinteresting to notethat the

solid-phase photocatal ytic degradation of polymer-TiO,
composites has been known and studied for quite a
longtimein relationto thechalking phenomenoninthe
pigmented paint/polymer systems™?l. Severd studieson
photodegradation of TiO,-blended polymer inair such
aspolyethylend® and PV C1*>13 havebeen carried out.
However, their maininterestsfocused oninhibiting the
photocata ytic activity of TiO, inrelationto weathering
of the polymer composites. The present study tried to
takeadvantage of such effectson the contrary. Unlike
their liquid - or gas-phase counterpart, the solid -phase
photocata ytic reactions have been far lessstudied and
littleisknown for their mechani tic pathways. It needs
to beunderstood how they initiate and propagatewithin
the solid matrix for the devel opment of efficient photo-
degradable polymer composites. Whereasthe number
of metd oxidesissmall andlimited, that of organicand
biologica moleculesisvast and virtudly unlimited. Natu-
raly, hybridization of thesetwo parent familiescanen-
richtheproperty library and widen thegpplication scope
offered by each of them individualy. Recently, thisprin-
ciplehasbeen behind aseries of studied+*¥ that intro-
duced anew family of materids, designated asorganic
compound-doped by metal oxides. Theunique prop-
ertiesof titanium oxide (TiO,) makethem oneof the
most useful inorganic materialsintheworld. Polymers
condtitutevery important host materia sfor avariety of
filler materialsleading to theformation of composites
with technological potentid. Inrecent years, thereisa
growing tendency to search for new propertiesfor ma-
teriaslikeTiO,, AIPO,and ZnOfilled polymer com-
posites, optically active molecules such asnon-linear
optical materids, luminescent materids, catalytic mate-
rials, etc. Hence, we have selected PU asthe matrix
with TiO, asthe particul atefiller in order to establish
structure-property relationship. The present work deals
withtheinfluenceof TiO, particulatefiller onthe per-
formance of the PU composites.

MATERIALSAND METHODOLOGY

Cadtor oil was obtained from thelocal market and
itwasdried over night at 90 °C before use. Its average
molecular weight (Mn) is930, and hydroxyl group per
moleculeis2.24. Toluene diisocyanate (TDI), dibutyl
tindilaurate(DBTL) (catalyst) and tartaricacid (TA)
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supplied by FHukawere used without dilution and distil-
lation. Methyl ethyl ketone (MEK) of AR gradewas
used after distillation. Other chemicalssuchasTiO,,
orthophosphoric acid and di-propylamineof AR grade
wereprocured fromAldrich, USA.

Preparation of TiO, filler

TiO, nanoparticlesweresynthesized under mild hy-
drothermal conditions (T=150°C, P= autogeneous).
1M of pureTiO, wastaken as starting material anda
known amount of 1M HCl wasadded asminerdizer to
theprecursors. Themixturewas stirred vigorously for
afew minutes. Thefind compoundwasthentransferred
totheTeflonliner (Vfill =10mL), whichwaslater placed
ingdeaGenerd-Purposeautod ave. Thentheassembled
autoclave waskept in an oven with atemperature pro-
grammer-controller for 24 h. Thetemperaturewaskept
at 150°C. After theexperimental run, theautoclavewas
cooled totheroom temperature. Theproduct in Teflon
liner wasthen transferred to a clean beaker, washed
with double-distilled water, and | ater alowed the prod-
uct to settle down. The surplus solution wasremoved
using asyringe and theremnantswere centrifuged for
20 minutesat 1500 rpm. The product wasrecovered
anddriedinahot air oven at 40-50°C for afew hours.
Asobtained TiO, nanoparticleswere fabricated and
stored in desiccators. Further thismaterial wasused as
filler in polyurethane matrix.

Preparation of PU/TiO, polymer composite

Castor ail (0.001 M) wasinitidly dissolvedin 50 ml
of MEK and placed in three-necked round bottomed
flask. Toluenediisocyanate (0.002 M) was added fol -
lowed by two to three drops of DBTL as catalyst and
the contents of the flask were stirred continuously for
about 1 hunder oxygenfreenitrogen gaspurgea 60-70
°C, to prepare the isocyanate-terminated pre PU poly-
mer. Caculated amount of tartaric acid (0.001 M)
weighed accuratdly, was completely dissolvedin 10 m
MEK and addedtotheprePU and stirred for 1 h, under
nitrogen gaspurgeat 65-70 °C. The calculated amount
of TiO, filler wasadded at thisstageand tirred for 10to
20 minor until theuniform mixturewasobtained. The
solution was degassed under vacuum, and poured into
cleaned glassmould and dlowedfor 12 h at room tem-
perature. Themould waskept in preheated circulating
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hot air oven at 70 °C for 8-10 h. The toughened PU
composite sheet thusformed was cooled dowly and re-
moved from the mould. The above procedurewasre-
peated for different TiO, filler contents, viz. 2.5, 5and
10 by weight percent. A flow chart of preparation of PU/
TiO,compositeisshowninFigure 1.

Castrol Oil ‘ Methyl ethyl ketone ‘

T=601t070°C

Toluene di-isocyanate

h 4

l— Dibutyltin dilaurate

A 4

Pre-Polyurethane

Phthalic acid
A A

Di carboxylic acid
(Chain extended PU)

Hydrothermally
synthesized T102

" T=60to70°C

Y

PU: TiO; composite

Figurel: Flow chart showingthe preparation of PU/TiO,
composite

Char acterization methods

The prepared tartaric acid chain extended PU and
itscompositeswere characterized for surface hardness
accordingtoASTM D 785 method. Mechanica prop-
ertiessuch astendle strength and tensilemodulushave
been performed as per ASTM D 638 method using
4302 model Hounsfield universal testing machine
(UTM), UK. Minimum six samplesweretested at room
temperaturefor each formulation and theaverageval -
uesarereported. The XRD studieswere aso carried
out using the RIGAKU, Ultimallll Series, TSX Sys-
tem, Japan at ascanning speed of 2°/min, and 26 rang-
ing from 70to 10 degreeswith Cu target emitting the
CuKa radiationswith the operating current and volt-
age of 15mA and 30 kV respectively. Theidentifica
tion of the crystalline phaseswas carried out by com-
parison with Joint Committee on Powder Diffraction
Standards (JCPDS) database using PCPDF Win ver-
sion 2.012021, Thestructural and quantitative elucida-
tion of PU/TiO, compositeswere characterized by the
Fourier Transform Infrared Spectroscopy (JASCO-
460 PLUS, Japan) in the range of 400-4000 cm'* at
resol ution of 4 cn. The sample holder of theinstru-
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ment hasaprovison for themeasurement of blank KBr
aswell asfor the sample. The sampleisprepared by
mixing thoroughly with KBr and compound whose
FTIR to berecordedintheratio of 100:3. The back-
ground measurements wererecorded for blank KBr
before measuring the sample. The programme of the
instrument has provision for automatic correction for
background in the sample measurements. The spec-
trum obtained has been anal yzed using JASCO Spec-
tra analysis programme and JASCO file find
programme. The surface morphol ogy of PU compos-
iteswas studied using ascanning € ectron micrograph
(model HITACHI S-4200). Themicrographs of the
composites were taken on SX-50 with probe mi-
croanalysis Sl. 320 after gold (100A) coating. The
magnification isdisplayed onthe respective micropho-
tographsof the samples. Photocata ytic activity of PU/
TiO, compositeswascarried out under UV lightinague-
ous medium by following standard method??1, Each
sample was weighed before and after irradiation to
monitor theweight lossasaresult of photodecomposi-
tion under different conditions.

RESULTSAND DISCUSSION

Well crystdline TiO, nanoparticleweresynthesized
under mild hydrothermal conditionsand used asfiller
for the preparation of polyurethane composite. Physi-
cal and chemical propertiesof asprepared composite
werestudied systematicaly. The mechanicd properties
arevery important in selecting apolymer material for
suitableapplications. The PU/TiO, compositeswere
obtained astough filmswith goldenyellow color. The
measured mechanical propertiessuch as surface hard-
ness, tenslestrength and modul us, % e ongation at bresk
and density of the PU/ TiO, compositesare givenin
TABLE 1. Surface hardness datareflectstheres stance
toloca deformation, which isacomplex property, re-
lated to cross-link density, modulus, strength, eladticity,
plasticity and porosity of the polymer matrix. A dight
incresseinsurfacehardnessvaueswithincreaseinfiller
content wasfound and whichfdlsintherange25to 44
ShoreD. Theincreasein surfacehardnesswithincresse
inTiO, isduetothereinforcing behavior of filler and
good physical interaction between PU and TiO,
nanoparticles. Theincorporationof TiO, fillerinthe PU

matrix seemsto increasethedimensiona stability with
increaseinfiller content. A considerableimprovement
in both tensile strength and tensile modul us of compos-
iteswithincreaseinfiller contentin PU matrix wasno-
ticed. Tensilestrength and tensilemodulusfall inthe
range 3.21-6.88 MPa and 2.96-5.71 MPa respec-
tively (TABLE 1). The improvement in the tensile
srength andtenslemoduluswith increaseinfiller con-
tent isdueto good interaction and interfacial adhesion
between PU and TiO, filler. Percent el ongation at break
and overdl dengity of PU/TiO,compositeasoincreased
withincreasedwt % TiO, fillerin PU matrix. A consid-
erableincreaseindimensiona stability, tensilestrength
and dragticimprovement intenslemodulusclearly sup-
portsthereinforcing behavior of TiO, fillersin PU ma-
trix. Figure 2 showed thestressand strain curve of PU/
TiO, compositesandit clearly indicating that consider-
ableincreased rate of stressand strainwith respect to
increased Wt % of TiO, fillerin PU matrix. Mechanica
propertiesarehigher for TiO, filler reinforced PU com-
posites compared to unreinforced PU indicating the
good reinforcement by TiO, filler.

TABLE 1: Mechanical propertiesof PU/ TiO composites

PU/TIO,  Tensle % Tenslle Surface
Composites Strength Elongation Modulus hardness

Density
(glem®)

(inWt%) (MPa) atBreak (MPa) (ShoreD)
Blank PU 321 218 2.96 25 1.02
PU+25%PU 355 250 34 29 135
PU+5% PU 4.67 281 3.95 36 1.85
PU+10% PU 6.88 393 571 41 2.13
TiO, Particles 4.23
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Figure2: Sressand strain curveof PU/ TiO, composites
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The X-ray patternsof hydrothermally synthesized
TiO,, pure PU and PU/TiO, compositesare shownin
Figure 3. Thehydrothermally synthesized TiO, shows
stronger peaks at 25.4° (Figure 3a). The crystalline
phaseof TiO, identified matcheswell with PCPDF-
841285 and it confirmed as anatase phase of TiO, ob-
tained under hydrotherma conditions. Theunfilled PU
matrix showed single broad peaksat 26 of 20.0°. The
X-ray pattern of TiO, filler showsmultiplesharp peaks.
Thisisduetohighly crystalinenatureof TiO, filler than
that of chain extended PU. After incorporation of TiO,
filler into PU matrix, the peaks shape, Sizeand position
are changed. The PU/TiO, composite showed one
sharp peaksat 20.0° and 25.4°. Also the peak position
andintensity changed with composition of composites.
Thisisdueto changeinmicrocrystalline behavior of
compositeswithincreaseinfiller content. The calcu-
lated crystalinecell parametersincluding thecell vol-
umes of PU/TiO,compositesaregivenin TABLE 2.
Thecell parameterswere cal cul ated using the Check
cell software. The cell volume is lowest for TiO,
(136.251.3A3) and highest for PU (1000.710 A3). For
composites, call volumeincreasessignificantly within-
creaseinfiller content andit liesintherangeof 1110.7-
1806.5 A3, Thisresult clearly indicatesphysical inter-
action between PU and TiO,,. The dataobtained from
X-ray diffraction patternsshowed the physical interac-
tion or interfacia adhesion between the PU and well
crystdlineTiO,filler.

Figure 4 showed the FTIR spectraof TiO,, PU
and PU/TiO, composite. PU/TiO, compositeand PU
presented the same spectrain thewave number range
of 400-4000 cm™ whiletheweak peak located at 500
700 cmtisattributed to the stretching of Ti—O bond.
FTIR spectraof PU and polymer compositesshow a
narrow peaksattributed to the urethane carbonyl (C=0)
stretching at 1710 cm* and stretching of the different
C-H groups at 3084, 2985 and 2933 cm'* are prob-
ably dueto C-H aromatic, C- H asymmetric and sym-
metric vibrations. The amine groups such as C-N
stretching and H-N stretching bands arefound at the
range 1320 cnt and 1650 cn? respectively. The broad
and strong vi bration stretching band of H-O group found
at therange of 2500t0 3500 cm™. The TiO, stretching
bandinthe FTIR spectraof PU/TiO, compositeisob-
served at the range in between the 800 to 500 cm'™.
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Figure3: X-ray patternsof (a) hydrother mally synthesized
TiO,; (b) purePU; (c) PUITIO, (2.5wt %); (d) PU/TIO, (Swt
%); (€) PUITIO, (10wt %)
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TABLE 2: Cell parametersobtained for PU/TIO, filler
composite

PUITIO, Cell parameters

composite

’ Volume
(in Wt %)

a(Ad) b(A) c(A) Alpha Beta Gamma (A9

TiO, 3.7842 3.7842 9.5146 90 90 90

Blank PU 5.9043 7.6116 25.960 95.96 11534 71.74
PU+25% PU 8.9853 10.727 12.525 90.28 109.56 78.11
PU+5% PU 9.9104 12.017 14.213 90.07 109.79 79.91
PU+10% PU 9.4526 12.469 16.522 90.13 109.35 80.03

136.251
1000.710
1110.635
1565.146
1806.517

—L— pu.TIO2RS%)
— 4 puticzew)

. PUTIOZI0%) |
1 1 1
o -

Figﬁré
Photocata ytic experimentswere carried out under UV
light using 0.0001M Indigo Carmine dye solution of

pH 6.8. Figure 6 showed the photocata ytic activity of
pureTiO, and PU/TiO, composites. The surface hy-

5: SEM imagesof (a) purePU; (b) PU/TIO, (2.5wt %), (c-) P'U/TiO2 (5wt %); (d) PUITIO, (10wt %)

Thisresult led to the conclusi on that therewereno ma-
jor chemical structure changesin PU owingthepres-
enceof smal amount of TiO, filler.

The surface morphology of chain-extended PU
compositeswas studied by SEM. Thee ectron photo
micrographsof the surface of thecompositesare shown
inFigure5. From SEM photographs, two-phase mor-
phol ogy for PU wasnoticed. Thisisbecausechainex-
tended PUs consists of both hard and soft segments.
The SEM microphotographsalso revea that distribu-
tionof TiO, fillerin PU matrix asacontinuous phase.
TheTiO, fillerisembedded in the PU matrix, which
may be due to physical interaction between PU and
filler. AstheTiO, filler content increases, thedomain
sizeof second dispersed phase also increased, which
may beduetothesmall agglomerationof TiO, filler. In
the present investigation, inal the PU/ TiO, compos-
itesuniform distribution of second phasewasnoticed.

Photocatalytic activity of PU/TiO, compositewas

droxyl groupson TiO, react with valence band (VB)
holesto generate hydroxyl radicals, which arerespon-
sible for most of the oxidizing power of TiO,
photocatal ysts. In agueous suspensions or in contact
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with water vaporsin the gas-phase, the surface OH
group density remains unchanged duringirradiation
since the depl eting OH groups are continuously re-
plenished. The results obtained showed that PU/TIO,
composites performed very less photocatal ytic activ-
ity when comparedto pure TiO, particles. Ontheother
hand, inthe present case TiO, particleswere buried
inthepolymer matrix. Theshort length propagation of
light inthe polyurethanematrix will reducestheenough
photon energy receivefor activation of buried TiO,
under UV light. Lesstransmission of light through the
PU matrix limitsthe photonsto reach TiO, surface
and it significantly decreasesthe photocatal ytic activ-
ity of PU/TiO,composites.

0 4

70 4
—m—pU
—8—PUITIO_(2.5 Wt %)
PUITIO, (5 Wt %)
—v—PUITIO(10 Wt %)
TiO, particles

&0

50+

40 H

L

Photocatalytic activity in %

20 4

10 e—

Irradiation time in h (under UV light)

Figure6: Photocatalytic activitiesof pureTiO,and PU/TiO,
composites

Photocata ytic decomposition weighlossof PU and
PU/ TiO,compositeswere studied under UV lightin
aqueous medium. Figure 7 showed the photoi nduced
weight lossof thePU filmsunder aqueousmedium. The
weight loss rateswere much higher for the PU/TIO,
compositesthan the pure PU film. Theweight loss of
the PU/TiO, compositesfilmssteadily decreased with
irradiation under aqueous medium and led to the total
30% (PU/TiO, 10 Wt %fill) reductionin 250 hwhile
the PU film showed only 8 % weight loss under the
identica experimenta condition. The presenceof O,
was essential for the efficient photol ytic degradati on of
PU. The photocatal ytic decomposition of the PU ma-
trix in the solid-phase seemsto beinitiated by active
oxygen species(e.g. 0%, HO* and HO') that are gen-
erated from O, reacting with conduction band (CB)
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electronslike many other liquid- or gas-phase photo-

catayticreactiond?®2, Ontheother hand, inthe present
casewhereTiO, particleswere buried in the polymer

matriX, the surface OH groupsweregradud|y depleted

withirradiation. Although the surface OH groupswere
almost completely depleted after 48 hirradiation, the
photocatal yti c degradation of PU matrix steadily con-

tinued up to 250 h as shown in Figure 7. The C-H

bandscleavedinthe PU/TiO, compositefilmunder ir-

radiation in solid-phase dueto higher photocatal ytic
activity of TiO, particlesburiedin the polymer matrix

but remained intact in the pure PU film under irradia-

tion. However, theinitiation in the photocatal ytic de-

composition of PU isquitedifferent. The photodecom-

positioninitiatesindirectly through oxidativeradicals
generated on TiO,. The degradation process spatially

extendsinto the PU matrix through thediffusion of the
active oxygen speci es. Once the carbon-centered radi-

calsareintroduced in the PU chain, their successive
reactions|ead to the chain cleavage with the oxygen

incorporationand CO, evolution.

* —E—PUITIO (10 Wt %)
—e— PUITIO, {5 Wt %))

PUITIO (2.5 Wt %))
—w— Pure PU

304

\

P
=
1

Weightloss in %
=
1

i} I 50 100 150 I 200 I 250
Irradiation time in h

Figure7: Weight lossesof thepurePU and PU/ TiO,compos-

itesfilmsduring UV light irradiation under aqgueousmedium

CONCLUSIONS

Theimprovementintenslesrength, tenslemodulus
and dimensiona stability, density and % elongation at
break of PU/TiO,compositeswas noticed withanin-
creaseintheTiO filler content. Thiscan beattributed to
thefact that TiO, isacting asreinforcingfillerin PU ma-
trix. The dataobtained from X-ray and FTIR showed
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thephysical interaction or interfacia adhesion between
thePU and TiQ, filler. The FTIR and X-ray data sup-
portstheimprovement inthemechanica performanceof
the PU/TiO,composites. SEM photomicrographsre-
vededthat uniformdistribution of TiO, fillerin PU and
the domain sizeof the second phasedepend onthefiller
content. Themerit of using TiO, asfiller liesinthefact
that thereisagood physica interaction betweenthe PU
and TiO,which seemsto exhibit good photocatalytic
behavior. Thisstudy reved sthat the photocata ytic de-
compositionisdistinguished from thedirect photolytic
decompogitionof PU inseverd aspects. Firgtly, thepho-
tocatalytic decompositionlocalized onthe TiO,~PU in-
terfaceand grew cavitiesaround particleswhilethedi-
rect photolytic centerswereuniformly distributed inthe
PU matrix. Secondly, although both the photocatal ytic
and photolytic decompositon induced the chain cleav-
ageandtheoxygen functiondity incorporation, thepho-
tocatal ytic decompositionwasmuch fagter inthewe ght
lossrate. Thisstudy demonstratesthat the PU/TiO, com-
positehasapotentia viability to be used asaphotode-
gradable product. On the other hand, theuniformdis-
persionof TiO, particlesinthe polymer matrix needsto
beachieved for commercid gpplications. Thisstudy is
successful inthisrespect and hydrothermally synthesized
TiO, particleswereincorporated into thePU metrix with-
out agglomerates. Using renewabl eresourceslike Castrol
oil for thepreparation of polymer compositesisthema-
jor scope of the present work.
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