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ABSTRACT

Novel thermosetting polyurethanes from novolac type hydroxyalkylated cardanol-formaldehyde
resins, polypropylene glycols (PPG-1200 and PPG-2000) and aliphatic diisocyanates such as
hexamethylene diisocyanate and isophorone diisocyanate were prepared in the form of thin
sheets. The sorption, mechanical and thermal properties have been studied. The solubility
parameters, molecular weight between two crosslinks of the polyurethane samples were
calculated from swelling experiments. The swelling study of polyurethanes revealed that the
sorption is found to decrease with an increase in chain length of PPG. The stress-strain and
thermo analytical data showed the high performance character of the IPDI treated
polyurethanes with respect to their mechanical and thermal properties.

Keywords: Cardanol, diisocyanate, polypropylene glycol, topglyurethane, solubility parameter.

INTRODUCTION

Renewable organic resources continue to be in tmenwn interest of both academic and
industrial laboratories throughout the world at tié times [15]. The topic has attained a
renewed interest for reasons of economy and enwienital friendliness and contributes well to
green chemistry practices. Vegetable oils are drteeocheapest and most abundant biological
renewable sources available in large quantitied,their use as starting materials has numerous
advantages: for example, low toxicity, inherentda@gradability, and high purity [6-7]. Among
the renewable sources, Cashew Nut Shell Liquid (QN&n agricultural resource material
obtained as a byproduct of the  cashew industmnique in that it contains a natural phenolic
distillate,cardanol [8].Considerable attention fremlymer scientists is devoted to utilize their
potential attributes as a substitute for petroclbahderivatives and they are considered to be one
of the most important classes of renewable sodorehe production of bio-based thermosetting
polyurethanes [9-11]Polyurethanes are a unique class of polymers tnat la wide range of
applications because their properties can be readiilored by the variations of their
components. Thus polyurethanes provide a versedige of properties and find extensive
applications especially in the biomedical field ahiinclude synthesis of catheters of wide
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range[12]pacemaker lead insulation[13], polyurethanes vascgtafts[14]and artificial heart
valves[15].A favourabldeature associated with polyurethane system igése with which the
end property can be tailored with good control renadjustment in the formulation.

Vegetable oil- based polyols have been widely usepgroduce segmented and non segmented
polyurethanes [16-21]. Segmented polyurethanes edastomeric block copolymers that
generally exhibit a phase-segregated morphologyemgudof soft rubbery segments and hard
glassy or semicrystalline segments [22]. The sefinseent usually consists of polyether or
polyester diols whereas the hard segment consfsteeodiisocyanate component and a low
molecular weight chain extender. The advantage egfmented polyurethanes is that their
segmental and domain structure can be controllet avconsiderable range through the
selection  of the materials, their relativegodions, and the processing conditions.

In the present study, cardanol has been made ¢b wa formaldehyde in the mole ratio 1:0.7
in the presence of sebacic acid catalyst, a disgtizoacid to form cardanol - formaldehyde
resin. The resulting methylolated cardanol-fouhellyde resin is properly modified to a high
molecular weight hydroxyalkylated derivative, thgbuepoxidation followed by hydrolysis.
Such a nucleophilic high molecular weight polyol adlowed to condense with aliphatic
diisocyanates(HDI and IPDI) and commercially &iae polyols such as polypropylene
glycols PPG-1200 and PPG-2000 to get the tmajyurethanes.

MATERIALS AND METHODS

Cardanol was procured from M/s Sathya Cashew Pwtk., IChennai. Formaldehyde (40%
solution) for formylation and methanol foissblving the catalyst were obtained from M/s
BDH Ltd. Sebacic acid and epichlorohydrin wereereed from M/s E.Merck,Germany.
Polypropylene glycols (PPG) of molecular weight @28nd 2000 used in the study were
purchased from Aldrich Chemicals (USA) and evedried over anhydrous p&O, to
remove traces of water. All the solvents used veéranalytical grade and were further purified
by distillation. Hexamethylene diisocyanate (HDI3ophorone diisocyanate (IPDI) and the
catalyst dibutyltin dilaurate (DBTDL) were receivécbm Fluka Chemie (UK) and used as
received.

2.2. Synthesis of bio-based polyol

High ortho multinuclear cardanol - formaldehyderesin was synthesized using cardanol:
formaldehyden the mole ratio 1:0.7 using sebacic acid as gstaCardanol was taken in a three
necked round bottomed flask equipped with a Lieba@ndenser, mechanical stirrer and
thermometer. Formaldehyde and 1% sebacic acidysatal methanol (2 ml) was added to the
cardanol through a dropping funnel. The reactios varied out at temperature 1208°C for 3
hours and then at 150° + 5°C for 2 h. The initidlyalue of the mixture was lowered from 5 to 3
after the completion of the condensation. The ress purified by dissolving in toluene and
then by precipitating it with distilled water. Majdractions were collected and dried using a
rotary evaporator under vacuum. The  cardanol-fddehyde resin was epoxidized using
epichlorohydrin and the resulting epoxidized resas hydrolysed with dilute hydrochloric acid.
The hydroxyalkylated resin (synthesized polyol) sHormed was purified by washing with
distilled water several times and then dried osawim at 8%C (Scheme 1).
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Scheme 1: Formation of synthesized polyol

2.3. Synthesis of polyurethanes

In this study, novel biobased polyurethanes weepgmed in the form of thin sheets using
transfer molding technique. The polyurethanes (H&wl HPU ) were synthesized by blending
the vacuum dried cardanol-formaldehyde resin, hetayene diisocyanate and the
commercially available polyols, polypropylene glifd@00/ polypropylene glycol-2000
followed by the addition of the catalyst DBTDL @Q.wt.% total charge) at room temperature.
All these ingredients were mixed well in a smalpand poured into a flat iron mould. The
completion of the reaction was indicated by thesabe of air bubbles. The polyurethane sheets
formed were allowed to stand for 24 h, demouldetl @mred in a vacuum oven at 110°C for 48
h. The polyurethane sheets (IPahd IPY) were synthesized by blending the cardanol-based
polyol, with required quantities of PPG-1200 and=PF000 respectively along with isophorone
diisocyanate and the catalyst at 75°C by adopiimgas experimental procedure as dicussed for
the synthesis for HPLand HPUY. In both the cases, the isocyanate index was fisetl4.

2.4. Static contact angleRCA)

Contact angle provides information on the surfagdrdphilicity/ hydrophobicity and molecular
mobility at the air-solid-water interface [23].Thstatic contact angles of synthesized
polyurethane were measured using Rame Hart Gongonigtodel 100-00-230).Static contact
angle measurement analysis was performed by deyp&itm| droplets of de-ionized water onto
the surface of polyurethane sheet and taking phibimsigh a magnifying lens using a digital
camera. This process was repeated 8-10 times ¢brssample. The height h and the length | of
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the droplet were measured and the static contgte &etween the droplet and the coated surface
calculated using the equation t&2) = 2h/l, wherd is the static contact angle in degrees.

2.5. Swelling experiments

Equilibrium swelling experiments were performed3@fC to determine solubility parameter of
polyurethane samples. In the swelling experimeatsp-called pat and weight technique was
used for liquid sorption [24]. Samples, after takithe dry weight, were placed in dimethyl
acetamide in a standard joint test tube, which mamtained at a temperature of 30°C. The
specimens were taken out at regular intervals ahceists adhering to the surface was rubbed
off, weighed immediately, and replaced in solvdrtis was repeated for three specimens from
each network in order to ensure the reproducibdityhe values. The time taken for wiping out
the solvent from the sample surface was kept tarmmm in order to minimize error due to
solvent evaporationThe swelling coefficient ‘Q’ was calculated usig tformula,

Weight of solvent in swelled polgr x d
Weight of the polymer subjected to dinglx d

Where,
d= Density of solvent
d = Density of polymer

The solubility parameters of solvents were ploteghinst the swelling coefficient of the
polyurethanes. The peak of the curve gives thebddluparameter of the polyurethaneghe
densities of polymer films were determingda floatation method.

The crosslink density was determined using modifiledy - Rehner equation [25],
My V2 +In (1-V) 1

y= = -
Vo(V 72— Vi/2) M

Where,
\f = Volume fraction of polyurethane in swollen polyme. V;= 1/1+Q
Q = Swelling coefficient
\, = Molar volume of the solvent
M. = Molecular weight between two cross links
d = Density of polyurethane.
x = Polymer - solvent interaction parameter whias calculated using the equation [26],

B+ Vs Bsdp)

Y =
RT

Where Vs = Molar volume of solvent
R = Gas Constant
ds = Solubility parameter of DMA
dp = Solubility parameter of polyurethane
T = Absolute temperature
B = Lattice constant which is generally taken agl® good solvent
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When &s = dp, the polymer-solvent interaction parametgy lfecomes equal to the lattice
constantf).

Using solvent interaction parametgy, the crosslink density of the polyurethanes igieined.

2.6.Mechanical testing

Cured polyurethane samples were kept in the wacnen overnight. According to ASTM -D
412 specifications, dumb-bell specimens were catfraum polyurethane sheets and the tensile
strength, percentage elongation and modulus weterrdmed using universal tensile testing
machine. Indentation hardness (Shore-A) hardneai tife samples was measured by means of
a type A Shore durometer at room temperature a8 9&eM- A 2240.

2.7.Thermal properties

The thermal properties of the polyurethanes wardiastl by differential thermal analysis (DTA)
and thermo gravimetric analysis (TGA) at a rat@¥C/min in nitrogen using Universal V4.3A
Instruments.

Activation energy (B), which is a quantitative measure of thermal $tgltassociated with each
stage of decomposition evaluated by the well-kn@smido method [27], can be calculated by
using

Inin @ :<E*>i + Constant
Y R/ T

Where

Y = fraction of the number of initial molecules net decomposed
W;- the weight at anytime t

W..- the weight at infinite time (= zero)

Wp- the initial weight of the sample

A plot of In[In (1/Y)] vs. 1/T gives an excellenpproximation to a straight line. From the slope,
activation energy Hs calculated by multiplying with gas constant R.

RESULTS AND DISCUSSION

Polyurethanes prepared by a transfer molding teciemivere in the form of thin amber coloured
sheets. PPG-1200 based polyurethanes (HRd IPY) were found be soft and the PPG-2000
based polyurethane (HR&ENd IP}) were found to be soft and sticky.

3.1.Static contact angle measurement

Surface hydrophilicity of polyurethane sheets isyvienportant for water selectivity. Contact
angle decreased with increasing length of PPG se&diment. A higher contact angle value
represents a more hydrophobic surface [28]. PRI®1dased polyurethanes (HP&hd IPY)
showed higher contact angle value than those of5-BPB00 based polyurethanes (HP&End
IPU,) (Table 1).The reason for the low contact angleevaf HPUY and IPUY are attributed to
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the presence of long flexible hydrophilic soft semtnof PPG-2000 with large number of -OH
groups.

3.2. Swelling characteristics and crosslink density

The swelling measurements of the polyurethanes Iheen carried out in various solvents
having different solubility parameters valu® fanging from 7.3 to 16.5 (cal/g)>. When the
solubility parameters of solvents were plotted agiaithe swelling coefficient of the
polyurethanes, a maximum in the peak correspontiintpe solubility parameter of dimethyl
acetamide was obtained (Figure 1). Among all tHegests used, the solubility parameter of
dimethyl acetamidedé) was found to be the solubility parameter of podyhanes, as there was
maximum swelling only in this solvent. The swellipgoperties of these polyurethanes reveal
that the present polyurethanes are cross linkedsé& lerosslinked polymers will only swell and
do not dissolve in a non reactive solvent.
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Fig. 1. Swelling coefficient curves of polyurethaes

The degree of swelling in a non reactive solvem¢heines the degree of cross linking and hence
the molecular weight between cross linksc)VHigher the N, lower will be the crosslink
density.

In the present investigation, the crosslink deneityHPU; and IP{ are found to be higher in

comparison with those prepared with the additiorc@mhmercial polyol, PPG-2000 (Table 1).
Accordingly the molecular weight between crosslinids is also found to be minimum in these
cases.

It has been reported that, as the distance betiwaenrosslink points increases with an increase
in chain length (for a given NCO/OH ratio) of higlilexible PPG,
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Table 1: Physical parameters of polyurethanes

Swellin Volume fraction Cross Molecular
Polyurethane | Density eing. link weight between | Contact
coefficient in of polyurethane . ;
code (g/cc) DMA Y, density cross links angle
Q (Vo) x 10° (mole?)

HPU, 111 1.40 0.714 0.879 813.72 70°
IPU, 1.08 1.43 0.699 0.995 771.82 66°
HPU, 1.04 1.55 0.645 0.755 883.74 62°
IPU, 1.02 1.49 0.671 0.772 892.03 65°

the free volume available also increases and hémeevolume fraction of polyurethane in
swollen polymer (}) decreases [29].The increase in chain length asa® the distance between
two crosslink points resulting in a less dense sinolsed structure. Therefore JVhcreases with
the increase in molecular weight of PPG.

3.3. Mechanical properties

The tensile properties in terms of tensile strengtbdulus and percentage elongation evaluated
from stress-strain curves are tabulated in Tabla the case of higher molecular weight polyol-
based polyurethanes HRENnd IPY, there is an unequal distribution of load throughthe
network due to its low crosslink density and dugh presence of longer chain length of the soft
segment PPG-2000. When the load is applied to tigmer network of PPG—-2000 based
polyurethanes, because of its high flexibility thraway the load to the rigid part of the network
and creates stress concentration at that regidmatkly, rupture takes place even at low load
resulting in a decrease in tensile strength. Howewe the case of PPG-1200 added
polyurethanes, the shorter length of flexible cheontributes to bare load along with the rigid
hard segment region coordinately which leads tanarease in tensile properties. Hardness of
polyurethane samples is also shown in Table 2.

Table 2  Mechanical properties of polyurethanes

Polyurethane | Shore A | Tensile strength | Elongation | Tensile modulus
code hardness (MPa) (%) (MPa)
HPU, 83 35.4 123 28.7
IPU, 90 30.1 139 21.7
HPU, 60 25.0 154 16.2
IPU, 72 32.8 129 25.4

As can be seen from the Table 2, hardness of petlyaine increases with a decrease in the chain
length of PPG. This is due to the fact that as rcHangth is decreased, crosslink density
increases, which results into more rigid networkhviietter mechanical properties. The shore-A
hardness values of IPDI treated polyurethanes aredf to be more than those of HDI treated
ones. This may be attributed to the high crosdli@ksity of IPDI treated polyurethanes resulting
from the unsymmetrical structure of IPDI.

3.4. Thermal properties
The thermograms of polyurethane samples are showigure 2 - Figure 5 and the TGA and
DTA analysis data of polyurethanes are presentdéiole 3 and Table 4 respectively.
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The DTA curves of polyurethanes do not show anyo#remic peak for softening. But two
exotherms are invariably seen in all the cured y@thanes. The first exotherm is relatively
weak and the second exotherm is strong in all die polyurethanes. The first exotherm is due
to the cleavage of meta - substituted long alkyk sthain of the phenyl ring and also due to the
cleavage of allophanate linkages.The third exothefmPDI treated polyurethanes occur at
higher temperatures (739 and 696C) than those of the HDI treated polyurethanes H&udl
HPU, which occur at 588 and at 557C respectively.

Table 3 Differential Thermal Analysis data of pdyurethanes

Polyurethane Exotherm (°C)
code First | Second| Third
HPU, 172 467 588
IPU, 253 450 739
HPU, 254 481 557
IPU, 282 490 696
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Table 4 Thermo Gravimetric Analysis data of polyuethanes

Polyurethane Weight loss at vari(c;/l:)s temperatures ( °C Char residue (%)
code 100 | 200 | 300 400] 500 80C
HPU, 0 0.5 15 35 84 0.35
IPU, 0 3 13 44 75 3.20
HPU, 0 2 15 31 86 0.26
IPU, 0 1 14 29 79 2.28

The TGA curves of polyurethanes show that thesgupethanes decompose in two or three
distinct stages. As can be seen from the thermagralinthe polyurethane samples, regardless of
the chain length of polyol used, undergo spontaset®composition around 270°C. Once the
degradation has started, weight loss is rapid. imhi&l weight loss (about 5%) up to 2@ is

attributed to the moisture retained in the samplee IPDI treated polyurethanes decompose

around 75-79% at 5(30, but at the same temperature the polyurethanesdban HDI
decompose around 84-86% thereby showing the hitjeemal stability of the former. The first

break of the TG curves around 2C0is due to the decrosslinking or post curing psscd he
second break around 383400C indicates the decomposition of polyurethane nyoadtthe

compound. And the last break around ED0s due to disintegration of the resin moiety into
simpler molecules.

The typical char is a carbonaceous material thah$oduring thermal degradation. It has been
reported that [30] char yield as determined fromATE&xperiments are an indirect way of
measuring the fire retardant property or in otherds thermal stability. Higher the char residue
percentage more will be the thermal stability. Pleecentage of char residue is found to be more
in the case of IPDI treated polyurethanes therdipwing the higher thermal stability of the
former. Moreover crosslink density of polyuretha@nples is linearly changing with thermal
stability. From the data, it is very clear that tR®l treated polyurethanes based on PPG-1200
possess the highest thermal stability than ther dkinee.

R®=0.9694
E,=46.11K J/mole

05 R =03730
Ea=d4& K J/molz

-

Lr[LA157]

15 16 17 18 1.9 2 15 15 17 13 13 z
1T x 10° K™ AT s 0t K

Fig. 6. Representative Broido plot of HPY Fig. 7. Representative Broido plot of IPY
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Representative Broido plots of HP&hd IPY are shown in Figure 6 and Figure 7 respectively
and the values of the activation energy of decoitipasof the polyurethanes calculated by
Broido method are presented in Table 5. From tha@eTit has been inferred that, the energy of
activation (E) is higher for the first stage than the secondjestaf degradation in all the
polyurethanes studied usifyoido method. This shows that first step is thewslst step. This
may be due to the fact thatecrosslinking of the long alkyl side chain occurshe first stage,
followed by the rapid decomposition of polyurethameiety in the second step.

Table 5 Kinetic parameters for the thermal degraa@tion of polyurethanes

Poly(t;gzt:ane Decomposition Temperature range (°C) R Actwitj](/)rr":]glnergy
HPU, 260 - 350 0.9694 46.11
380 - 500 0.8884 40.7
IPU, 260 - 360 0.9730 48.0
380 - 520 0.9669 42.0
250 — 340 0.9730 41.0
HPU, 360 — 520 0.9102 39.3
IPU, 270-350 0.9730 46.1
370-530 0.9113 40.1

The energy of activation (Evalues of IPDI treated polyurethanes are fountddigher than
those of HDI treated polyurethanes. This may bated to the higher crosslink density of IPDI
treated polyurethanes which require more energye¢ak the core structure when compared to
that of HDI treated polyurethanes which are havegger crosslink density due to its linear
flexible structure. In the same way higher molecweaight polyol added polyurethanes HPU
and IPY, are found to possess lower, E#alues than those oHPU; and IPY, which may be
attributed to the lower crosslink density resgtinom the increased chain length of PPG-2000
incorporategolyurethanes.

CONCLUSION

Polyurethanes synthesized from cardanol-based poblgphatic diisocyanates and linear

polypropylene glycols were thin sheets with softl &ighly flexible characters depending on the
nature and molecular weight of the polyols. Sorptoefficients were found to be dependent on
the crosslink density and structure of the netwdwong all the tough polyurethanes, PPG-
1200 added polyurethanes are found to be moreesthbh those derived from the PPG-2000
added ones.IPDI treated polyurethanes showed ttenfichanical and thermal properties than
the HDI treated analogues.
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