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SCOPE AND OD4 ECTIVES 

Renewable resources for energy and chemicals has been t h e  subject 

of intense research all over the world during the  last f e w  years. Consi- 

dering the fact  that production of more than 90% of the polymers today 

are based on petroleum, attempts to substitute the nloneiners or polyme- 

rized products from biological and renewable resources became very 

important. Though there are a number of biornono~ners which are poten- 

tially polymerizable, i t  has t o  go a long way before the economical via- 

bility of production and availability in large quantities of these monomers 

are teali zed. However, there exist monomers like cashewnut shell liquid 

and furfural which are cheap and at the same t ime  available in sufficient 

quantities for industrial exploitation. 

The main objective of the present work i s  to provide a brief insight 

into the naturally occuring monomers available for poly ~nerization and 

to study the polymerization characteristics, related structure - property 

relationship and thermal stability studies of cardanol, the m ajar constituent 

of cashewnut shell liquid. Studies on polymerization of coconut shell tar 

are also included in this work. 

Cardanol, the major constituent of cashewnut shell liquid, i s  abun- 

dantly available in India and some African countries. Cashewnut shell 

liquid, although is used currently for the production of some industrial 

products like brakelining material, scope exists for wider industrial 

exploitation of this material due to its interesting phenolic unsaturated 

structural features and availability at  low costs. 

Cardanol is a meta substituted phenol. The substitution is a long 

chain unsaturated hydrocarbon and thus provides opportunities for 



oligornerizat lon/poly merlzatlon through side chalns as well as through 

aromatic rlngs by formaldehyde condensation, The mechanical prepertles 

of cardanol-for maldehyde polymer could be improved by interpenetrating 

the network with other polymer networks of poly(methy1 methacrylate), 

polystyrene, etc. The poor mechanical properties of cardanol-formaldehyde 

could be thought as due to  the long side chains and the properties could 

perhaps be improved by ~Ilgornerizstion through double bonds and further 

formaldehyde condensation through aromatic rings. 

The objectives of the present work could be summarised as follows: 

1. Ll terature survey on biomonomers. 

2. Study of the ollgomerlzatlon characteristics of cardanol. 

3, Synthesis of cardanol-formaldehyde (novolac and resol), 

4. Synthesis and stmcture-property correlation of cardanol-formalde- 

hyde - poly(methy1 methecrylate) simultaneous interpenetrating 

networks. 

5. Comparative study of the thermal stabilities of cardanol- formalde- 

hyde polymer and the different cardanol formaldehyde - PMMA 

IPNs. 

6 In addition, another monomeric system studied for t h e  work is 

m n u t  she11 tar (CST). CXX b a byproduct of the destructive distlflation 

of coconut shell and Is abundantly available in southern parts of Indla 

I t  contains 22% acetic add and 30% phenolics. The present study is 

in tended to enrich the phenolic components for polymerization purpose. 
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C H A P T E R  1 

GENERAL ZNTRQDUCTlON 



CHAPTER I 

GENERAL IN'IJ;IODUCTION 

1.1 Over view 

Petroleum provides the source and raw material for the production 

of majorlty of chemicals and fluctuations in the production and price of 
1 petroleum has a direct  impact on the chemical industry . The predicted 

scarcity of petroleum in the tiine to  come, and continuous and increasing 

consumption both in energy and chemical industrial fronts cotlld lead to 

serious problems in the  industrial world. This and the sudden rise in oil 

prices during early seventies has prompted intense research activities all 

over the world to find alternative sources for energy and chemicals. 

The dependence of chemical industry on petroleum resources could 

be seduced by the full utilization of the renewable natural biomass 

resources whenever it Is possible. Ranging from algae to wood its availa- 

2 bllity is Iirnited only by the photosynthetic efficiency of the plant . I t  

'Is renewable, availability is flexible through crop switching and Is also 

3 adaptable through genetic manipulations , Cellulose, starch, sugar, l ignin, 

oils, fatt? acids, etc, provide a variety of naturally occurring 'starting 

mstwials from which a h a t  of chemicals l ike alcohol, ethylene, glycerol, 

3 hydrocarbas, etc  could be synthesized . The biomass system present 

opportunities to continua she production of chernjcals that are needed at 

reasonable prices while consewing fossil resources and it could be grown 

to satisfy changfng end use chemicals an both quantitative and qualitative 



Ce!lulose, starch and natural rubber are among the   no st important 

and useful naturally occurring polyrners and more than 90% of t h e  synthe- 

tic polymers are derived from petroleum, There are a variety of rrlono- 

meric components that exist in Cree or i11 combined form that could IJC 

obtained by extraction, cleavage or depoly~rierization fro111 biomass. 1;/!1~1 

plant tissues are ,-xtracted with solvents, the  polymeric constituents s;ch 

1 as lignin, carbohyhrate po!ynrers, proteins and ntlcieic acids sre separate$ . 
Bifunctional f a t t y  acids, furan, fur furaldehyde, phenolic corn po~iids at!d 

a variety of other litonomers could thus be obtained froi,n naturally occc- 

ring sources and g~iyrnerization of many of these lironoiners have bccn 

4 reported . 
The relevance of an integrated effort to uil i ize the biomass 

resource for the synthesis of new polymers or substitution of existing 

polymeric materials is, no doubt, important. In this thesis an effort is 

made to collect and codify the available data on various rnonol~ieric con- 

stituents of biomass. The following studies are also included in this thesis 

11) to oligomerize/polyrn~~rize cardanol (o5tained fro111 cashewnut shell 

liquid) by acid catalysts, (21 to synthesize and study the r~~echanical pro- 

perties of simu!taneous i n  t trpenetrating net works of cardanol-ior~~aldehyde 

paly~l~er  and poly(metk, linethacry late), (3) therinogravilnk .ric studi 3s of 

cardanol-formaldehyde polyliler and cardanolformaldehy de-poly(methyI1i1etha- 
and 

crylate) interpenetrating networks, (4) studies on coconut sttell tar. 
A 

1,2 Literature survey on naturally occlrinr- mcnoniers 4 

1.2.1 Classificat icn 

T 

In general, naturally occ~~-ing organic polymers are classified i r ~  to 

the f ol loulin& groups: Mydrocarbon poly ers (natural rubber, gut ta  percha 



erc.), carbohydrates (starch, cellulose etc.), polyphenol ic cu~ i t  puurlds (ligniu 

5 and orher polyphenols) ,  proteins and nucleic  acids . h ~ o n o ~ i i e r s  associated 

with the above yolyn~ers can be Found free in nature, though it c a n n o t  

be taken as a general rule (for eg., though natural tubber is polyisoprene, 

the plant does not produce isoprene, t he  ~ l~ono l l i e r  as such) .  t lowever,  

a preliminary survey indicated the availability of innurllerable number of 

rnononlers fro111 various sources such as alkaloids, terpenes, jipids, fatty 

acids, amino acids etc. For t he  sake of  clar i ty  the naturally occuring 
1 

monoeriers have been classified as shown in Fig.l.1. The following discu- 

ssion is organised into subgroups and only those that are considered rilore 

potential in  terms o f  poly l i ier i~at  ion are discussed. Colripounds whosc fun- 

ctionality is more than one is considered, as a potentid ulonolir er but actual 

., poly~netization llray depend on m a u y  factors. For eg. s te t i c  hindrance 

may inhibit a potential r~iononier from p o l y l ~ ~ e r i z a t  ion. 

1.2.1.1 Teryene lnonolilers: Terpenes constitute orie of the largest groups 

of natural products. They einbracr: a vast  faririly of cheinical c o i ~ ~ y o u n d s  

6 
which are isolated froin essential oils and resins of p l a n t s  . This class 

also includes naturally occuring and synthetic alcohols, aldehydes, ketones 

and other derivatives having : d carbon skeleton as parent terpene 

hydrocarbon called tespenoids. Sonie of the terpenes are excellent mono- 

mers whose structure, source and properties are given in Table 1. I . 

1.2.1.2 Fatty acid Inonorners: The fatty acids most frequently occ;ring 
A 

as components of natural fats and oils can be classified into several  series. 

One is saturated fatty acid and other group is characterised by the pre- 

sence of one or more double bonds, Table192 gives structure, source and 

properties of some fatty acid monomers. 





1.2.1.3 Alkaloid mono~ners:  They constitute one of the  largest group of 

natural products. They occur throughout the ani~rial and plant kingdom 

and display a diversity of structure ul-r~natched by any orher group of natu- 

rally occuring corilpounds and exhibit an extraordinary nl , a y  a i  

pharrnacologic activities, A few alkaloids which can be considered as 

hd~onor~e r s  are listed in Tzble 1.3. 

1.2.1,4 !<-o~on!ers h s e d  c ~ t _ l : $ n - ~ J c  aild hydroxy -- co~~~~r~w~ They form 

another major category of t h e  naturaI products. idhenotic ~ ~ . : ~ p o u n d s  and 

2 1 their quinones are o wide spread occurance in na tu re  . They sre abun- 

dant in plants and fruits as chrodnones, glucosides, coualarin derivatives, 

essential oils, lignin etc, They occur also in animals. Table 1.'4 provides 

a list of inonolners of phenolic origin. 

1.2.1.5 Ainino acid nlonomers: They are a broad class of organic com- 

pounds that contains both amino and acid functional groups. Here only 

polymerizable amino acids containing prirliary or secoi~dary a i~~ ino  groups 

and carboxylic groups will be considered. Some of t h e  aminobcids are 

excellent riionolners whose structure, source and properties are given in 

Table 1.5. 

1.2.1.6 kiunomers based on furans and derivatives: Furfural and i t s  deri- 

vetivss comprise an industri-blly sihnificant class ef heterocyclic compounds. 

These compounds are Sound iri ~l;ricultural wasres such as corn cohs, baga- 

4 1 
sse, rice husks, coconut shell etc. TaSIel.6 gives sxucture, source and 

properties of soine mononers of furfural origin. 



f .2.1.7 Steroid monoll~ers: Steroids are ubiquitous ~iiernbers of a large 

ciass of marine and terrestrial organic compounds. Inclilded under the  

designation of steroids are the naturally occuring and synthetic subs- 

54 tances . Tablel.7 gives structure,  source and properties of some steroid 

monomers, 

1.2.1.8 hi&:~or-trers based on ~ c - ~ ~ ~ ~ ' 1 , v < r ~ i , e  L There are a large 

number of sugar Inonoiiters tha t  exist i n  nature.  As it ta\.c.s a lot  of 

space t o  cover all t h e  monomers, t he  r ,  i-vant Iiteratrtre may bs referred 

57 for a con~prehensive understanding . 

1.2.2 h ~ ~ e t h o d s  of  polyrrrerization and applicatio;ls 

It should be noted that sonle of the  naturally occuring rnonoiners 

have already found applications in the polymer field. The rnonorner can 

either be modified t o  other suitable monomers or can be polyn~erized 

directly into an useful polymer, An exaniple for the latter is furfural 

which acts as a precursor to  hexamethy\enediainine and adipic acid, the  

1 la!-ter two utilized to form nylon - 6,6 . Furfural or its derivatives are 

4 1 
known t o  be utilized for the production of phenolic resins . 

Another example of modification is the  dry djstilla'ion of castor 
14 

oil to get sebacic acid, a monomer for the production of nyIon . Another 

exemple i~ tha t  of terpene resins polymerize'; froi.1 terpeoes such as 

a -pinem. Terpene resins have faund use as pressure sensi,,ve adhesive, 

fJ coating etc , Xstural oils such as linseed oil, Lung oil eic., have formed 

t h e  basis far paints (drying involvcs an oxidative pdymerizat ion at ti:= 

56 doublc bonds Iezding t o  a crass-linked network 1, The alkyd resiris can 

14 also be considered in this case, although they are partly synthetic . 



Since the methods of polymerization and characterization of 

polymers are now well establlshed5', a derailed discussion on i t  is out 

of place here. The application of a particular polymerization technique 

generally depend upon the structure of the mononler, For example a 
J 

monomer having two or more  fu! -tionat groups such as hydroxyl-, carboxyl-, 

6 0 erc, can undergo what is keaerally known as condensation polymerization . 
When unsaturated bonds are available, chain reactions can be initiated by 

6 C. appropriate catalysts called initiators - Table 1.8 provides t h e  list of 

naturally occ$ring monomers which have already been polynlerized and used 
h 

commercially, Table 1-9 provides probable methods of polytnerizatian of 

naturally occuring monomers which have not been attempted for yoIyrneri- 

zation. Possible applications froin the point of view oi the structure of 

the monomers are also envisaged. 

1.3 Selection of naturally existing monomers far the present study 

The preceeding section dealt with monomers of  natural origin that 

had been polynierized or that have potential for polyinerization. Alaong 

these monomers, unsaturated long chain hydrocarbon phenols occupy a very 

important positiun, 

Cashewnut shell liquid (CNSL), obtained as a byproduct of  cashew 

33 . 
industry, is a rich source of unsaturated long chain hydrocarbon phenols . 
CkSL is one of t h e  inono~neric systenis selected for the preserrt work 

because of its ready availability in large quantities, its regional importance, 

and its ability topolynlerize through double bunds as well as through the 

phenol-forinaldehyde type condensation. CNSL occurs as a reddish brown 

viscous liquid in t hc  soft honey romb*structuse of the shell of the cashew- 

nut which is a plantation product obtained froill cashew tree, Anacardium 



occidentale.l which i s  cultivated in a large nurnber of tropical and sub- 
85 tropical countries . The tree is native to Brazil and the coastal areas 

of Asia and Africa. Cashewnut production has increased world wide and 

33 it holds a share (20%) almost the same as the al~riond and the hazel . 
Cashewnut attached to a cashew apple is a grey colouted kidney shaped 

structure and is 2.5 - 4 cm long. The cashewnut consists of an ivory 

coloured kernel covered by a thin brown membrane (testa) and enclosed 

by an outer brown porous shell that is the rnesocary which is around 3 mrn 

33 thick and contains CNSL . The nut thus consists of the kernel (20-25Y0), 

the shell liquid (CNSL) (20-25s) and the testa (2%), the test being the 
86 

shell. The kernels Creed froin testa contains 1,6% water, 10% protein' , 
57.4% fat, 5.3% carbohydrate, 2.4% ash and 0.940 fibre. The CNSL is 

present to 18-27% of the total raw nut weight, kernel is approximately 

20025% and the balance is the shell weight and the testaa7 (2%). 

Another monomeric source selected for the present work is coconut 

shell tar (CST). This is a byproduct obtained during the destructive disti- 

llation of coconut, shell, and as a material that is abundantly available 

in India some studies on the polymerization characteristics of CST campo- 

nents were also carried out. Materials based an the coconut tree form 

a major renewat le resource of the tropical regions of the world. Among 

. other materials, the tree gives coconut shells to the tune of about 4.2 

88 million tons/year , The coconut shells an destructive distill dtion give 

coconut shell char which is used as a filler in plastics and for the dere- 

lopment of activated carbon. Cocollut shell tar is a byproduct obtained 

during the distillation process and was considered as a waste so far. But 

it can also be considered as a phenolic source. 



1.4 Literature survey on CNSL 

The literature on  CNSL is now enriched with hundreds of patents 

and reports. The Cashew Export Protl~otion Council (CEPC), India, had 

compiled lists of patents that originated frorn USA, UK, Japan and India 

9 1 upto 196289*90m I t  also brought out two other publications . A few  

reviews have appeared enlphasising the significance o f  CNSL and its products 

as versatile industrial raw materials 92,93,94 

1.4.1 Extraction 

1.4.1.1 Hot oil bath process: Indian processors of cashewnuts roast them 

in an open perforated drum, when CNSL leaks out or is burnt in t h e  air. 

The most common method of co~nrnercial extraction is the  hot oil bath 

which extracts around 50% of the liquid contained in the nuts. In this 

method, the raw nuts are heated at  180-190'~ while held on a slowly 

travelling conveyor belt submerged below the liquid Level. Men the outer 

part of the  shell bursts open, CNSL is released. Another 20% could 

be extracted by passing the spent shells through an expeller and the rest 

95 by solvent extraction technique . This expeller oil can be upgraded by 

acid washing followed by centtif ugation and heating. This met hod is 

96 largely used in some parts of India . 
97 1.4.1.2 Expeller method : Another method of extraction erllploys h~anua- 

Ily operated cutting machines to cut shells of lightly roasted nuts, keeping 

the kernel intact, The shells are then fed to the expeller to recover 90% 

of the oil. 

97 1.4.1.3 Kiln method : In this method nuts are shelled after sun drying 

or after drum roasting. The liquid obtained is crude and contaa~inated 



1-62 Production and export i n  India 

The average annual production of CNSL in lndia is of  the order 

of 10,000 to 14,000 t o n ~ ~ t h o u g h  the potential availability of the liquid 

is  about 37,000 tons. Due to the adoption of  the expeller ~ u e t h o d  another 

30% could be added. The export of CNSL from India which was 14,000 

97 tons In 1963-64 is only 701 1 tons in 1975-76 and 10699 tons in 1980 . 
The price of CNSL registered a rise in  1978-79 and i t  began dropping in 

1980. The potential availability of CNSL in  the world is around 125,000 

97 tons/year of which only a fraction is, in fact, used . India used t o  be 

the major exporter of CNSL with a peak export of  14,400 tons in 1964 

and lost her first position to Vioza~nbique in 197 1 which exported 1 1,500 
r 

tons followed by Brazil with 6500 tons, India conling th'rld with 5500 
.- 

tons 98,99 

1.4.3 Cheiriistry of CNSL 

CNSL is said to be the most widely distributed and abundant natu- 

ral phenolic lipids source. The phenolic lipids present i n  CNSL are ( 1 )  

phenolic acid - anacardic acidlOO*lO1, (2) dihydric phenol - cardol 
10'1,102 

1 

(3) rnonohydric phenol-cardanoll 03;?$ 2-methyl cardol lo4. Table I .  lOshows 
A 

33 the YO of each cdmyonent in natural and technical CNSL . Ani,cardic 

acid is the 111ajor component of natural CNSL but during the hot .o i l  bath 

process it gets decarboxylated to cardanol. Cardol and 2-iilethyi cardol 

are the most widely disiributed dihydric phenols through their pesence 
I 

in natural and technical CNSL, Cardanol is the  minor component of na tu -  

105 ral CNSL and the inajor one in technical CNSL . 
1.4.3.1 Structure of phenolic lipids of CNSL: ~t ' ide ler  in 1847 first inve- 

stigated CNSL systematically and separated cardol fro~rl anacardic acid 



and decarboxylated anacardic acid OO. But the correct forillula for the 

acid, C22 Hg2 O3 (this is the niolecular for~~iula for the diene which is 

the average unsaturation) was not established r i l l  40 years later lo'. A.1.I-I. 

Smit, in 1931 recognised the presence of salicylic acid systerli and a penta- 

decadienyl side c h a : t ~ " ~  and P. Von Rornburg put forward the  structure 

of anacardic acid and anacardol (the name anacardol was used for cardanoi 

in the early yt,ars but changed into cardanol by n1.T. liarvey) by analogy 

with work on pelandjauic acid and pelandjauollo8 (Fig. 1.2). 

anacardic acid anacardol 
Fig. 1.2 

Backer and Haack isolated 3-r~~ethoxyphthalic acid and 3-methoxy- 

benzoic acid together with palmitic acid by the oxidative degradation of 

hydrogenated and methylated anacardic acid and anacardol respective1 y 

139 and synthesised anacardol . &A. Dusrani and J.H.P. Tyman synthesized 

110 anacardic acid by two diffc:rent methods . 
, ~t3deles first isaTated cardel from natural CNSL and examined its 

structure. Then Backer and Haack reinvestigated the structure and the 

molecular for~nula ,  C1 H27 C6 H3(011)2 was put forward for what they 

considered to  be pentadecadienyl resorcino~'~~. The hydrogenated material 

was assigned the following structure since the oxidation of methyl ether 

gave 3,s-dimerhoxybenzoic acid and palmi tic acid (Fig. 1.3). 

"9- Hydrogenated cardo! - Ffig. 1.3. 



Later D. Wasserrnan and C.R. Dawson confirriled the structure in 1948 

111 by synthesis . 
2-methyl homologues of card01 were separated by argentation TLC 

104 and are structurally investigated by mass spectrometry and " H '  ninr . 
I' 

Dawson and Wasser man examined the structure of cardanol and 

showed that it is identical except for the degree of unsaturation with the 

product of solvent extraction of natur ,ll CNSL followed by t11er111al decarbo- 

112 xylation . In the  early structural work, i t  was universally believed that 

33 a pentadecadienyl side chain was present in t h e  phenols . Later cardanol 

was shown to consist of a mono- and a di-olefin which forrned crysta- 

33 lline glycols separable by fractional crystallization . B.G.K. iiiurthy e t  al 
/ 

in 1968 had reported the separation of cardanol and card01 from technical 

cardanol using silica ge l  thin layer chroinatography and silica gel colurrln 

chromatography. They also separated cardanol into 4 colilponents viz. satu- 

rated, mono-, di- and tri-olefins using silver nitrate impregnated silica 

gel TLC and coIurnn chromatographic techniques. The 4 cotnponents were 

characterized by consideration of their properties and hydrogenation 113 

values. In 1953, William F. Sy~nes and C.R I3awson found that methyl  

ether derivative of cardanol can be separated by chromatography on 

alumina into 4 components which vary only in their degree of unsaturation 

in the side chain. They established the strucEue of  4 coniponents by oxi- 

dative degradation. The saturated component upas proven to  be ider~tical 

with the catalytically reduced rilethyl cardanol. The olefins were subjec- 

ted to  ozonization and the products were analysed. The aroinatic fragment 

resulting from ozonolysis was oxidized Again the pure olefin was oxidized 

with potassiunl permanganate and all the products were analyzed. The 



formation of the  degradat ian products indicated the monoolefine to be 

3- (pentadecenyl - 8'1 anisole, diolefin t o  be I-lnethoxy-3- (pentadecadienyl 

4, 11') benzene and t r iolefin to be I-rnethoxy-3- (yentadecatrienyl - 8', 

( s a t u r a t e d ,  5 . 4  '10) 

( ~ i o l  t f i n ,  16.8 1 

( ~ r i o l c f i n  29 .3  '/a ) 
Fig. 1.4. 

J.H,P. Tyrnan and J,  Caplin synthesized menoene, diene  and criene 

constituents of cardanol' 15. Paul and Yeddanappalli isolated the mono-, 

di- and triene constituents of  anacarlic acid by low temperature crysta- 

0 lliz'ation (from acetone at -80 C) followed by potassium permanganate oxi- 

114 
dation and showed the unsaturation t o  be present at 8'- 11' and 14' . 



In the early years trans configuratiorl was assigned to the 8', 1 1 "  

unsaturation in the ~onstltuents of cardanol, anacardic acid and cardol. 

The synthetic 3- (8'-pentadeceny 1) anisole' l6 which was considered t o  be 

the cis-Isomer because of the final hydrogenation step, was converted into 

n glycol different ic ~ilelting point fro111 that derived frolil cardanol trlono- 

sne methyl ether, From this it was concluded that natural monoene had 

the trans configuration, IR of the natural product revcaled a band at 

960 cm-" ccharacteristic of  t h e  C-H band in a cis olefin which is also 

present in the diene and triene. Dihydroxylation of natural (cis) casdanol 

monoene methyl esher with osrilic acid gave t h e  sarrle g~yco l  as t h e  dihy- 

droxylation wi th  per foriilic acid of  trans cardanol monoene methyl ether, 

itself obtained by the ison~erization of cis isomer with selenium ' l'l. This 
110 

is represented in the following figure 1.5 The existence of unsaturated 

constituents in the  cis configuration had been shown in the H h m r  by 

119 the coupling constant value of the  olefinic hydrogen . 
( + I  t h r o o  d i o l  

c i s - c n r d a n o l  and Me e t h e r  S t  trans- c a r d a n o l  ( a n d  t h ~  ~ t h ~ r l  

( t l e r y t h r a  d i o l  

F i g  1.5 
1.4.3.2 Quantitarive cor~~posi t ional  exatrtinaticm of phenolic jipids 5:: 

var 10;s physical hsds: Co!umn chro,n ato&rd$hq' u+ds us56 i n  - 
the separation of cardanor and IR spectru~tl  was used in the conligcration~l 

G.1<. hlurthy et a1 reported that TLC separk oil of nstural 

.nd technical CKSL with a multiple developanent technique followed by 



UV spectrophotonietry either in an indirect e lut ioi~  ~uethod or by direct 

densitometry enable quantitative analysis of  phenols120, R.F.K. hleredith 

had shown that IJPLC with a reverse F lase technique effected a direct 

separation of the components of phenolsi2 1* Adsorption chron~atography 

of natural CNSL after the preliminary rel~loval of  anacardic acid on alu- 

;nina followed by separation of remaining co~nponents on silica gel was 

104 used as an analytical as well as preparative technique . 
Gas liquid chrornatography (GLC) of natural and technical CNSL 

were reported12'. J.H.P. Ty man e t  a1 reported the co~nposition of natu- 

ral and technical CNSL from various regional sources using hydrogenated 

87 and rnethylated conlpanent phenols . 
5. Kopp et al had reported that reverse phase HPLC can be used 

for the separation of cardanol from CNSL and later identified by mass 

spectrometry. This method was also used to isolate and identify for the 

first time, cardanol triene from the extracts of green fruits of Schinus 

123 MoIle . 
Mass spectrometry had proved to be of  great value for the rapid 

and reliable method for the quantitative analysis of different components 

of CNSL, all of which have a comparable volatility and differ by two rrlass 

u i ~ i t s l * ~ ~  l i t  nrnr spectroscopy and UV spectrophotoinetry had been 

164 useful for structural and quantitative work . 
Sood et a1 in 1986, reported the separation of cardanol from tech- 

nical cashewnut shell liquid by liquid chromatog-aphy on silica gel I4 60 

with solute/absorbent in the range 1 : 5 - 1 : 6. Concentrates of t h e  

monoene, diene and triene canstitutents of cardanol had been prepared 

by argentation liquid chromatography on silica gel H 60 with  dry incorpo- 

125 ration of IS0/" silver nitrate . 



w4 Po!ymesization characteristics ; 

CNSL can be poiyrnerized in a number of ways 
126 

1.4.41 Addition polymerization at the side chain unsaturation: Poly- 

merization can be effected through the *double bonds of the side chain 

employing either free ra&a I  or ionic Initiators. CNSL responds easily 
97 to acidic catalysts like sulfuric acfd, hydrochloric acid and diethyl sulfate . 

When CNSL was heated with 5 in1 of 25% sulfuric acid in diethyl sulfate, 

a gel was obtained127. For the production of friction dust used in bralrt 

linings, a prelirrlinary acidic polymerization of the side chain is carried 

out wl t h d i m t h y  l or diethyl s u h t e .  This semi-poly merized material is 

then poly~nerized with for rnaldehyde to get friction dust, 

1.4.4.2 Oxidst ion poly l~irrirationlZ8: CNSL on oxidation, iodine value is 

quickly reduced to  zero and reaction product dries very quickly at ordinary 

and elevated temperature. Oxidation can be carried out using nitric add,  

The product when dissolved in solvents such as turpenti~~nslphtha or ken-  

sene gives an excellcmt coating material useful for making paints, v m i -  

shes, etc. and for impregnatfng paper and woven fabrics. 

1.493 Condensatim pulyrnerization: CNSL can be condensed with active 

hydrogen cont a i n i n ~  compounds such as formaldehyde, furfutal, etc. at the 

ortho and para position of the phenolic ring under acidic or alkaline con- 

ditions to  yield a series of polymers of novoIac/resol type, Condensation 

polymers of CNSL are finding. use as coattng materials, adhesives, plastic 

97 and rubber coinpositions and automobile brake llnfags . Reaction of 

cardanol and for 11i aldehyde dong with tetraraethyleneptamine gives deri- 

- vatives which have becn used as weak anionic Caflw 



exchange resins have beer] produced by the sul fondt ion uf Cr;SL/forln al- 

130 dehyde resins  prepared in t h e  presence of hydrochloric acid . 
1.4.4.4 1~1etal activated polyr~ierizatiun: CNSL w h e n  activated wi th  l~retal 

or illetallic coii~pounds acquired drj7ing c h a r a c t s r i ~ t i c s ' ~ ~ .  Khen ChSL is 

heated wi th  copper, alu~riiniuin, lead, etc. i t  is found to have s u p e r i o r  

drying proper t ies  than when i t  is heated alone and which can be used as 

I32 
a ruedia for paints ou further cooking wi th  drying oils , 

1.4.4.5 lieat polylner izat ion:  When CNSL is heated at 160 - 3 0 0 ' ~  i n  

132 presence of certain accelerators, excellent sturing enamels are obtained . 

1.4.5 CNSL based products 

Coulpared to polymers froin 133 petrochemical based phenols, CLSL 

based poly~ners have illany advantages. They have improved flexibility 

(due to the internal plasticizatiol-r effect of t h e  long side chain) and hence 

33 have better processability . ,4s a result of the presence of the  long 

chain, CNSL polyrr~ess are hydrophobic in nature. Its coatings are w a t e r  

repellent and resistant to weaLherioglZ6, CNSL based rubbery products 

are tough and leathery. CNSL resins possess outstanding resismnce to t h e  

134 softening action of rilineral oils and high resistance to  acids and alkalies 

In addition to this they possess resistance to cold, wear, good electrical 

and heat resistance, ant irnicrobial property, termits and insect resist ante 

etcgl CNSL polymers are compatible with a wide range of polymers such 

as plastics and rubbers135, CNSL polyirler is also used as a n  essential 

additive for niost of t h e  organic brakelining formulation because of t h t i r  

low fade characteristics on f r ic t ion.  

Several reviews on ChSL in chemicals and other useful 



have been reported. In 1978, Lalit Anand presented an exce- 

93 
Hent review on CNSL based p~lynler  and their applrcations . 

CNSL based products can be broadly classified under two broad 

heads: hulyrlicric products and industrial chemicals. CKSL based products 

have a wide range of applications which cover al~liost all fields. CNSL 

and its derivatives have been used for the ~nanufacture of insulating varni- 

shes, oil and add  proof cold setting cements, brakelinings, iiiosquito larvi- 

94 ~ i d s ? ~ ,  dzrer~ents , etc. i~ iany parents have been taken for using 

CNSL for lacquers, resins, paints, adhesives, varnishes, canning agents, 

dyestuffs erc. 

1.4.5-1 T3rakelr:lfngs: The major consumption of CNSL Is for the produc- 

tion of frf ction lining materials for automobile brakes and clutches. Though 

verj  little inforination is available on brakelining major 

port ion of in f orination is available in patents89'90. Friction rrlaterials 

serve in a variety of ways to control the acceleration and deceleration 

of vehicles and machinaris Brakelinings and clutch facings based on 

CNSL resins have the property of absorbing the heat created by friction 
98 

in t h e  brakin,: action while retaining their braking efficiency longer . 
Besides, cashew based friction materials give much quieter braking action 

and are more efficient fur cold wear. Over 90% of CNSL now importzd 

into devc loped countries is processed into friction linings and clutch facings 

niainly because of its low fade characteristics. These materials are ideal 

for use in low speed automobiles where the temperature generated does 

not exceed 2 2 0 ' ~  During 1971-1978 , estimated mnsurnption of CNSL 
97 by t h e  brakelining industry in India was in the range 1200-1400 tonnes , 

A nuinher of CNSL based friction materials with specific a functional 
rr 



properties had been reported'38m Friction dust consis:s of fatty t he rao -  

hardened, poly~nerized CNSL/aldehyde react ion product, ground In to  a 
134 

coarse dust Friction materials wlth enhanced thermal stability were 

obtained from fornlulation having CNSL-Lased particles along with other 

139 ingredients 

97 1,4.5.2 -.- Surface coatings : Surface coating materials are anothei outlet 

for CNSL based polymers. Surface coatings are enlployed for decoration/ 

protection of a surface from the environment. Paints and varnishes deve- 

loped from CNSL offer properties superior to  conventional oil or synthetic 

resin and it could be used for insulation, protection and decoration. 

1.4'5.3 Paints and primers: CNSL I s  used only in the manufacture of 

dark coloured paints and black enamels. Inhibitive and flame resistant 

140 primers based on CNSL have improved flexibility and alkali resistance * 

Fire resisting and heat insulating paints are bak3d on sodium silicate to 

which CNSLlchlorinated CNSL were added132. CNSL - for111 aldehyde con- 

densation product in alkaline medium on styrenation gives a resin which 

can be applied as a varnish to yield an enarnel14! It can be polymerized 

on heating in presence of metals like copper, aluminium, lead or their 

140 oxides and which form a good media for paints 

1.4.5.4 Cashew lacquers: The lacquer made from CKSL could be used 

for insulation, protective or decorative coatings for furniture, 'buildings, 

141 automobiles, etc. . They have optimum toughness and elasticity, exce- 

llent gloss and superfine adhesive qualities. Cashew lacquers can be easily 

applied to the substrate by brushing, spraying or dipping. 



1.4.5.5 Cashew cenlertts: CNSL polymers react with formaldehyde to 

142 give a rubbery gel which can be used as a cement hardener over a period . 
135 It can be used for cementing of floor subject to chemical attack . 

4 Speciality coatings: They are required for protecting surface 

exposed to extreme service conditions. CNSL based polymers offer exce- 

llent resistance to such environments. To improve the adhesion and flexi- 

bility of CNSL aldehyde condensation products, drying oils, bisphenols and 

epoxy resins were incorporated lnto condensation products which could be 

used in paints, varnishes, etcl4O* Molten mixture of CNSL, asphalt, rubber 

140 and petroleum resin could be used as a "rust proofM tacky - composition . 
143 

Central Building Research Institute, Roorkee, India developed a surface 

coating based on CNSL suitable for application for wood based products . 
Regional Research Laboratory, Trivandruln, ~ n d l a ' ~ ~  had developed a coating 

of CNSL in presence of copper sulphate which could extend the life of 

coconut leaf tl -rl . fro.li 1-4 years. 

Gopalakrishna Pillai et a'. had reported that a modified CNSL resin 

could be used as an antifouling paint for marine use. The modified CNSL 

resin is  the condensation product of CNSL after decarboxylation, 

with phenol-formaldehyde at controlled c~gdirions'~~. Speciality coatings 

based on CliSL rnddified with polybutadiene and epoxy rnodified CNSL had 

146 been reported , 

1.4.5.7 Industrial chemicals: CNSL form the basic raw material for a 

vast number of industrially important chemicals and chemical intermediates. 

The various coniponents of cardanol can be suitably modified to obtain 

bactericides, surface active agents, antioxidants, etc. 



Chlorinated products of cardanol and hydrogenated cardanoi were 

140 fwnd to have pesticidal action . 
Cardanol and its ether were sulphonated under different conditions 

and neutralized with various bases to give surface active agents, for a 

wide variety of Anionic surfactive agents based on CNSL 

140 are suitable for hlgh temperature processes , Nonionic surfactive agents 

140 are good emulsifiers for oil-in-water and water-in-oil systems . 
Azo dyestuffs were prepared by coupling a hydrogenated phenolic 

component of CNSL with an aromatic dfazonium salt in presence of alco- 

holic solution Dyes were also prepared by coupling p-anisidine with 

140 tetrahydrofuran . 
Styrene-CNSL reaction products serves as a plasticizer for poly- 

mers improving filler uptake and other physical properties14Q. Methyl, 

ethyl, etc. ethers o f  anacardlc acid and the thickened CNSL product 

obtained on heating them act as plasticizers for chloroprene rubber. They 

act by lowering the shore hardness and improving the elongation and aging 

3 1 characteristics of cured rubber . Sulphurated CNSL and other CNSL 

147 
derivatives find use as plasticizer:, in PVC and synthetic rubbers . 

Sulphonation of CNSL - formaldehyde porous polymer with conc. 

sulphuric acid in presence of hydrochloric acid gives a cation exchange 

146 resin . Anion exchange resin had been prepared by reacting CNSL with 
7 

140 tetrachloroethylene and formalin . 
N.D. Ghatge In 1979 had reported that 2-pentadecylbenzoquino ne 

dioxime synthesized from CNSL gave good heat resistant vulcanizates 

3 1 for SBR and butyl rubber . The presence of long chain hydrocarbon 



Imparts softness to vulcanizates and they are  more extens ible  and less 

scorchy than others. 

1.4.5.8 Plastic materials: Cardanollits derivatives could be converted 

to phenoplasts with better processability, hydrocarbon solubility, and resls- 

tance to acids and alkalies than the conventional p'-en01 formaldehyde 

systems. Stable, rIgId or flexible sheets, tiles, etc. were prepared froin 

cornpos~tions containing CNSL, formalin, naturallsynthetic rubber and 

other conventional ingredientsL4! Foam plaster based on CNSL have 

148 been reported . 
R.K. Jain e t  al had reported use of a comyositlon based on CNSL 

149 resin and coconut pith for the development of expansion joint f i l ler a 

A sealant material suitable for sealing joiclts abtd cracks in huil- 

dings was developed froin CNSL. It possesses very low shrinkage and 

o 150 does not sag or flow at temperature upto 70 C . 
1,4.5.9 Rubber conlpositions: Incorporation of CNSL had been found to 

improve the perforn~ance of rubber products, I t  aids processing and en- 

hances the vulcanizate properties, CNSL enhances the Insolubility of 

3 1 natural rubber vulcanizates in petroleum solvents . 
In 1930 Harvey reported that when sulphur is heated with CNSL 

a gummy material is obtained which can be used for coating, iinpregna- 

tion and as a rubber substitute. H e  also reported rhat a rubber l i k e  

substance can be obtained by heating CNSL with glycerine at about 

2 4 5 ' ~ ' ~ ~ .  (~arve , ;  ,MT. (ra rhe  ihhllrvcy C u r ~ ~ r d t i o ~ i )  9,s. Pat. 1, 771, 

785 (1930), U.S. Pat, 1, 771, 786 (1930). H e  had also shown that when 

CNSL is intermixed with natural rubber, It enhances the InsoEubility of 



vulcanizates In petroleuni solvent, Presence of CNSL fn rubber helps 

the f ncorporation of sulphur and otkr Ingredients and increase the rssis- 

152 tsllce to moisture . 
Newrnan et a1 had shown that latex of SBR or  litr rile rubber can 

be mixed with CNSL rnod:'ied phenolic resin and hexanline and then 

153 mixed with fillers to get coirlposites suitable rar ~,.oulding , 

Ghatge and hlaha jan used isomeric am i no-3-pentadecyl phenol in 

styrene-bu tadiene rubber to evaluate as antiradarion agents1 54, Cardanol 

based resols and modified resols were synthesised and utilized for t he  

vulcsnlzatlon of bury1 rubber by Ghatge and ~hinde'". Due to  presence 

of the long hydrocarbon chain in the dioxi me, vulcanizates containing 

this campound were found softer, more extensible and less scorchy than 

others. Thus CNSL could be used as an indigenously available raw mate- 

rial In lieu of high priced petroleurn based chemicals required for rubber 

industry. Scarcl ty of petroleu~n products have created a serious problem 

to the rubber industrialists, so that present interest to use CNSL will 

solre that problem to some extent. 

1.4.5.10 h.Iiscellaneous applications: Chen et a1 reported the  synthesis 

of 6 titanate coupling agents using catdanol which had high reactivity 

and good hydrolytic stability'56, Some  CNSL based coatings suitable for 

use In wood and n~eta l  were prepared by Muturi Patrick. The gloss f!exi- 

bility, impact resistance and corrosion af those coatings were corny ared 

157 favourably to  those of cornmercial coating . 
Jayabalan et a1 prepared slow and fast curing CNSL resins alonr: 

and based on novolac resol by internal condensation nlerhods. The  resin I 



had flexibility and f o r ~ n  an insoluble rubbery tnass on curing. The ~rlecha- 

nlcal properties of glass fiber laminates prepared from rnodi f ied resins 

158 were corn parable with those of phenol-formaldehyde resin . 
Panda et a1 reported the preparation of a liquid rocket fuel con- 

lsting of  70% cycloyent adine blended with 30% cardanol which undergoes 

1 'i9 synergistic hypergolic ignition with red fuming nitric acid 

Ghatge et al reported the preparation of a self caralytic resin 

from cardanol. For~rlaldehyde and diethanolarnine which was blended with 

polyethylene glycol and resultant blend on treatment with  poly~nesic tv'1D1 

160 to obtain urethane foanls of different densities . 
1.5 Literature survey on coconut shell tar 

Coconut shells are commonly used as fuel and also for hilaking 

ladles, scooyes, etc. But the shellsused for these purposes account for 

only a small portion of the total quantity available. 400-500 thousand 

tons are available annually in India out of which only about half the 

16 1 
quantity 1s collected. 2/3 of she c o l l e x e d  material is burnt as fuel 

Destructive distillation of shells was undertaken on a commercial 

scale in Ceylon In 1939. The prodl1c.r~ obtained were: charcoal (35%), 

py nligneous acid (38.2%). settled tar (5.6'56) and gas. The pyroligneous 

acid gave crude acetic acid (13.9%) and wood spirit including acetone. 

The tar obtained by distillation ugto 280'~ contains 25% pirch1S2. 

Phenols constitute over 30% of the total settled tar and of this a lar&e 

proportion is ordinary phenol. The higher boiling phenols have not been 

fully investigated'63 Gaind and Singla had reported .hat an oily liquid 

obtained by destructive distillation at 1 ( 3 - 2 4 0 ' ~  from shell fibres o f  



- nucifera, Linn is very active against a number of pathogenic 

peaclrlln resistant gram positive and grain negative bacteria, but no 

b i z a l  investlgarions had been carried out to Find out the  nature of 

164 the c~rnlponents of the distillate products of the shell fibres . Coconut 

she91 tar ICST) could also be obtained as a byproduct froin charcoal 

165 Zndusl ry . 
CST is dark brown in  colour with characteristic and unpleasant 

.erpp$-eumatic odour and is partially soluble I n  water and freely soluble 

In a b  ohol and acetone. About 4.S0/b o f  CST is steal11 volatile and zthcr 

khh!a. The isolation of crotonaldehyde, furfurat, acetic acid {22%), 

cagr~ic acid, p-hydroxybenzoic acid, phenol, p-cresol and an unidentified 

166 Compcund of ,rip. 39-40' from CST were reported , 



T
A

B
L

E
 -

 1.
1 

H
Y

D
R

O
C

A
R

B
O

N
 
T

Y
P

E
 C

O
M

P
O

U
N

D
S

d
 

M
O

N
O

M
E

R
S

 
O
F
 T

E
R

P
E

N
E

 O
R

IG
IN

 

-
 
-
 .-
 

-
.
 -
 
-
 -
 -
-
 -
 
-
 -
 -
.
 
-
-
 

N
am

e 
So

ur
ce

 
S

tr
u

ct
u

re
 

-
 -
. 
-
 -
 .
-
 -
 

. 
.
 

-
.
 
-
 

P
ro

p
es

t i
es

 

8 
N

er
ol

 
IC

 ,
O
H
,
 

T
ur

pe
nt

in
e 

oi
l 

) 
C

=
 C
H
 C

H
Z

 C
H

2 
C

 C
H

=
C

H
2

 
O

il
, 

p
le

as
an

t 
od

or
, 

p
ra

ct
ic

al
ly

 
in
so
lu
- 

11 
bl

e 
in

 w
at

er
, 

so
lu

bl
e 

in
 

al
co

h
ol

, 
et

h
er

 
C

 H
2 

et
c.

, 
bp

, 
16

6-
26

8'
~

. 

E
ss

en
ti

al
 o

il 
of

 
Cl

-4
 
,, 

O
i I
, 

p
le

as
an

t 
od

or
, 

p
ra

ct
ic

al
ly

 i
ns

ol
u-

 
O

ci
m

um
 b

as
il

ic
um

 
b

le
 
in
 

w
at

er
, 

so
lu

bb
e 

in
 

al
co

ho
l, 

ch
lo

- 
C
-
 C
 H

z 
C

H
2C

H
 =

C
-C

H
=C

H
Z

 r
o

fo
rm

, 
bp

*7
0 

I 
I 

10
0 
C.
 

- 
- 

N
er

ol
i 

an
d 

b
er

g
am

o
t 

H3
 

L
iq

ui
d,

 
od

or
 

of
 

sw
ee

t 
ro

se
, 

so
lu

b
le

 
o

il
 

In
 

ab
s.

 
al

co
ho

l. 

7 
L

im
on

en
e 

(
C
 I O
H
 

L
em

on
, 

or
an

ge
 a

n
d

 
be

rg
am

ot
 o

il 
Q 

bp
. 

17
6-

 1
7

6
.4

'~
 

~
e

r
~

lr
?

 (
C
1
0
f
1
2
2
0
2
)
 

E
ss

en
ti

al
 

oi
l 

of
 

B
it

te
r 

ta
st

e,
 

sl
ig

h
t 

ch
ar

ac
te

ri
s~

ic
 

M
yr

oc
ar

pu
s 

sy
lv

es
 tr

is
 

od
or

, 
su

bl
im

es
 

10
0 
C
,
 m
p.
 

11
6-

11
7 

C
, 

9 
E

ug
en

ol
 

(C
 

I 
C

on
st

it
ue

nt
 

o
f 

go
C

H
3 

O
do

r 
o

f 
cl

ov
es

, 
sp

ic
y,

 p
un

ge
nt

, 
vo

la
ti

le
 o

il
 o

f 
m

p.
 

-9
-2

 
to

 
-9

.1
, 

in
so

lu
bl

e 
in

 
w

at
er

, 
M

ys
ta

ce
ae

 a
nd

 
m

is
ci

bl
e 

w
it

h
 a

lc
oh

ol
 a

n
d

 e
th

er
. 

L
au

ra
ce

ae
 







OD- 
0 - 
'J 





E 
g s 
d c =: 
rn T 0 

m - 2 5 
E E m ,  

I O c  z ".x 
, z 0.; 



















lev 
a Q) 
13 u 













' TABLE 1.8 POLYI~ERIZATION METHOD? USED I N  POLY IvIEKIZING 
NATURALLY OCCURING LlONOMERS 

Monomer Polyinerization techniques 

Myrcc ?e 6 1 Poly~nerized using silica gel, synthetic magne- 
slum or aluminium silicate. 

Ocirnene 6 1 

Nerol 62 

It Is polymerized using silica ge\, fullers earth, 
or artificial silicate of metals of group I1 or 
I11 of the periodic table. 

Polymerized H ith ethylene oxide to form water 
soluble perfumes. 

Polymerized with triisobutylaluminium-mono- 
chloride to get low molecular weight polymers. 

Terpin 63 Polymerized by condensation with bis-(cyclo- 
hexyloxy) dichlorosilane and gives water re- 
pellan t coating. 

Eugenol 64 When treated with Sn C14, polymers with rnole- 
cular weight of the order of 2000 are formed. 

Car - 3 - one 65 Polymerized by mixing with anhydrous A1 CI3, 
when mixture of oligomers and high polymers 
are f~rrned. 

O( - Pinene 6 

/? - Pinene 6 

Camphene 66 

Polymerized using A1Cl3-dibutyltinchloride 
catalysts, 

Polyrnsrs are prepared by initiation with high 
energy radiation, free radical and cationic 
cat al:ysts. 

Polymerized In gasoline solvoents in presence 
of hydrogen fluoride below 30 CS 



Monomer Polyrnerlzation techniques 

Citronellol 62 Condensed with ethylene oxide to give water 
soluble perfumes. 

Abietic acid 67 Esters are prepared by refluxing polyglycerol- 
diglycerol with rosin and zinc dust and are 
used in varnishes. 

Squalene 68 Polymerized using acid clay catalyst at 2 0 0 ~ ~  
for 30 mfn. to give 56 to 584'0 polymer (yield). 

Citral 69 Polymerized catalysts and initiators, 

Linalool 62 Condensed with ethylene oxide to give water 
soluble perfumes. 

Crotonic acid 14 Co-polymerized with vinyl acetate using pero- 
xide catalyst system. 

Oleic acid 70 Polymerized by heati g a mixture of oleic 
acid, water, sodium hydroxide and agid acti- 
vated mo-~trnorillonite clay at 240 C kept 
under steam pressure af 135 IbJsq. i n c  

Linoleic acid 7 1 

-Ltnolenic acid 
72 

Eleostearic acid 12 

Ricinoteic acid 73 

Polymerized in presence of iron pentacarbonyi 
or Sn C1 . The polymeric fraction contained 
mainly d:%er and a small fraction of a high 
moleculzjr weight polymer. 

This acid in the form of its mettyl ester can 
be poly~nerized by heating at 300 C in presen- 
ce of hydrogen for 6 to 10 hours. 

This acIcl is polymerized to forin elastic gel 
by heating. 

Used as surface active agent by condensing 
castor oil with ethylene oxide. 



Monomer Polynlerization technique 

Succlnic acid 14 Polymerized in combination with a diol. 

Glutaric acid 
74 Reacts with xylitol to give poly esters. 

Adipic acid 
14 Undergoes polytnerization to give art ificf a1 

resin, plastics and urethane, I t  is used in the  
lnanuf acture of nylon-6,6. 

Sebacic acid 14 PoIy rnerized to synthetic resin o f  alkyd/poly- 
ester type, polyester rubbers and synthetic 
fibers of polyamide type. 

Cinnamic acid 14 Polymerized using uv radiation or thermal co- 
polymerization with styrene. 

Azelaic acid 74 Reacts with xylitol to give polyesters. 

Tartaric acid 
75 Polymerizes in the form of its ester to  give 

therinoplast ic resins. 

Furnaric acid 76 Co-polymerized with styrene, vinyl toluene 
etc., to  give rubbers, coatings etc. 

Isamic acid 
58 Polymerizes when heated above 250 '~ .  It is 

used as a drying oil. 

Sabinic acid 77 Gives 11% lactone, 69% d i ~ n e r i c  lactone and 
20% trimeric lactone when lactonized by 
boiling in benzene with PhS03H. 

p-aminophenyl alanine 
75 A co-polymer of p-aminophenyl alanine and 

L-leucine is reported. 

Glutarnine 79 A poly amino acid can be obtained by t h e  poly 
condensation of aromatic amino carboxylic acid 
in presence of alkaline coinpounds, 



Monomer Polymerization technique 

Furfuraldehyde 4 1 Forms thermosetting resins with phenols and 
used in the manufacture of coated abrasive. 

Furfuryl alcohol 80 This cornpoung, water and sulphuric acid when 
heated to 60 C give a liquid resin of uniform 
molecular size. 

-furoic acid 8 1 

Teracacidin 43 

Ascaridole 82 

Vanillin 83 

Anacardic acid 3 1 

Usushiol 33 

Cardanol 84 

Polymerized by heating with 93O/u sulphuric 
acid and a cation exchange resin is obta ined  

When heated with mineral acid a polymeric 
material is formed. 

1,2 & 1,4 - addition occurs with the formation 
of polymeric peroxides of dienes. 

Polymerized by treating with HS(CH2)6SH, and 
HS(CH2)10SH & reaction i s  catalyred by hydro- 
chloric acid. 

Methyl and ethyl, ethers of anacardic acid act 
as excel t ent plasticizers for chroroprene rubber 
and improves the aging and elongation chara- 
cteristics of cured rubber. 

Derivatives of cardol are used as anti-oxidants 
and also monomers. 

Salts of thiophosphate esters of urushiol have 
been found use as lubricants and adhesives. 

Cardanal gives vinyl resin which gives films 
with excellent adhesion, flexibility, resistance 
to oils, grease, water and chemicals. 
Cardanol can be polymerized by both addition 
and condensation techniques and the polymers 
have a variety of uses as surface coatings, 
adhesives, sealants, and also has appiicat ions 
In brake-linings, polymer-composi tes etc. 



TABLE 1. 9 POSSIBLE POLYMERIZATION RDUTF3 FOR NATURALLY 

OCCURRING MONOMERS WHICH HAVE NOT YET BEEN 
POLYMERIZED 

Monorners Polymerization techniques 

PeriZtaldehyde Chain reaction polyn~eriration can be in i t ia ted  a t  
the double bond in the side chain by normal tech- 
niques. 

Sabinol 

Myrtenol 

Podocarpic acid 

Farnesot 

Netoli diol 

Zingiberene 

Selinene 

Eremophilone 

Betonicine 

Siamin 

Prosoptne 

There is a possibility that ring opening polyrueri- 
zation can be carried out as in the case of - 
pinene. The presence of -OH group will give 
hydrophilic character to t h e  polynler. 

Ring opening polymerization is possible. 

Condensation p 3lymerization with suitable bifun- 
ctional monomers is possible, Polymers with struc- 
tural rigidity can be obtained from this and can 
be used for high temperature applications. 

Chain reaction polymerization is possible through 
the double bond in the side chain. Condensation 
polymerization also can be initiated through the 
-OH group, 

Addit ton polym erltarion can be rarried out or 
double bond could be epoxi fied ;.nd epoxy-fat ty 
acid polymers could be prepared. The system could 
also be considered for interpene r rating network 
polymer. 

Same as above 

Chain reaction polymerization is a possibilitj. 
High molecular weight polymers may be dif f ict l t  
due to  sterlc hindrance but oligmilers are possible. 

Chain polymerization is possible. 

Same as above. 

Condensation polyrnerivtion is +a gosslbflity. 

Condensation polymerization with aldehydes is 
possible. 

Condensation poly~nerize:ion is possible. Ir can 
also be used as a cross-linking agent. 



Monomers Polymerization techniques 

Hordenine Aldehyde condensat ion is a possibility. 

Carnavaline Condensation polymerization with diacids, acid 
chlorides, isocyanates etc., is a possibility. 

Vaccenic acid Chain reaction polymerization i s  a possibility. 

Tariric a d d  Same as above. 

Convo~vulinollc acid It c 3n undergo self condensation to form polyesters. 

Gorlic acid Chain react ion polymerization is possible, 

Acronylin There is possibility of double bond being opened 
up for polymerization though there will be steric 
hindrance. 

@ -8irabolone Chain reaction polynlerization is possible. 

Oryzoxym ycin Condensation poly~nerization through -OH and - 
-NH2 group with appropriate bifunctional reagents 
is a possibility and the probability of development 
of high temperature systems are envisaged. 

O-orsellinic acid I t  can be used as an cross-linking agent. 

5-Nandecy l 
resorcinol 

5-Tridecyl 
resorcinol 

Alanosine 

Stlzolobic acid 

Mimosine 

(3-Carboxy-4- 
H ydroxy Pheny E) 
Glycine 

Condensation poly~nerization with aldehyde systems 
can be carried out, Side chain will  impart  internal 
plastisization, 

Same as above 

Condensation polymerization through OH group is 
possible. 

Condensation polymerization with aldehydes is 
possible. 

Self  polymerization is possible. I t  can also he 
used as a cross-linking agent due to i t s  multifun- 
ctionatity. 

Same as above 

Same as above 

Same as above. 



Monoiilers Polyinerizatlon techniques 

Chain reaction polymerization is possible though 
there will be steric hindrance. 

Carlina oxide Additlon polymerization i s  possible. 

5,G-Dehydrokawain It could be polyinetized by chain reaction t echni -  
ques o v e r c o ~ r ~ i n g  steric hindrance and rigid pol)- 
~ n e r s  could be built up. 

Chelidonic acid Polyester type polymer can be prepared. 

Meconic acid Polyester type polyiiler can be prepared. 

Kojic acid Condensation polymerization can be carried out. 

1,4 cineole Ring opening with cationic initiators like BF3, 
AICI , etc., may polynlerize the compound. 3 

Euparin Chain reaction polymerization is possible. 

Mycophenolic acid Addition polymerization is possible and will form 
ollgorn ers. 

Anisoxide 

Anisoxide 

Addition poly~nerization I s  possible and will forrn 
oligowers. 

Addition polymerisation could be effected but 
strong steric hindrance will be there. 

Condensation polymerization with aldehydes is 
possible. 

Trans-epoxy succinic Epoxide polymers could be prepa-ed 
acid 

Vernolic acid Epoxide polymers could be prepared. 

Coronaric acid Epoxide polyrn ers cou1 d be prepared. 

Pont ica epoxi de Further epoxidation is possible and eyoxide polynier 
can be prepared. 

J acobine 

Mori n 

Condensation polyrnerizat ion will be effected 
through -COW group and polyesters with epoxice 
could be prepared. 

I t  can be used as a cross linking agent due to  
its poly-functionality and also could be considered 
for the development of heat resistant polymers. 



h4ono~ers  Poly~nerization techniques 

Quercet in 

Diadzein 

Chrysin 

Stigma sterol 

Funcurnine 

Condensation polymerization with diacids, acid 
chlorides, isocyanates, etc., is possible. 

Condensation polymerization with diacids, acid 
chlorides, isocyanates, etc., is possible. 

Condensation polyinerization with diacids, acid 
chlorides, isocyanates, etc., is possible. 

The double bond in the side chain can be opened 
up and polymerized. Possibility of development 
of rigid polymers due to condensed ring systems, 

This could be suitably modified to produce dlamine 
functional groups and it can either be used 
as curing agents or in the development of poly- 
am ides. 

Holarrihidine This could be used as a monomer for polyarnide 
system and can be used as curing agents. 

Solacongenst idine The presence of -OH group allow ready modifica- 
tion af nlonorner and incorporation into polymer 
structure. 



TABLE 1.10: PHENOLIC COMPOSITION (%) OF NATURAL 
AND TECHNICAL CNSL 

Component Natural CNSL Technical CNSL 

Cardanol 1.20 

Car do1 11.31 

2-Methyl card01 2.04 

Anacardic acid 64.93 

Polymer and minor materials 20.3 
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C H A P T E R  2 

OLIGOMERSZAT~ON OF CARDANOL OVER ACID CATALYSTS 



CHAPTER 2 

OLIGOMERIZATION OF CARDANOL OVER ACID CATALYSTS 

2.1 Introduction 

Cardanol is a phenolic derivative with a CIS-side chain in the 

meta position and is obtained from cashewnut shell Iiquid (CNSL) by 

1 vacuum distillation at 3.4 mrn Hg (RP. 228 - 2 3 5 ' ~ )  . CNSL contains 

about 90% of its' weight cardanol. The physical properties of cardanol 

are tabulated in Table 2.1. 

TABLE 2.1 PHYSICAL PROPERTlES OF CARDANOL 

5.P. OC 228-235'~ (3.4 m m  Hg) 

Colour (Lovibond, 1 cm cell) Red (1.0 - 3.01 

Freshly distilled Yellow (1.5 - 3.5) 
viscosity 30'~ CP 45 - 52 

Refractive index 1.509 

Cardanol is a mixture of four components differing in the degree 

of unsaturation at the side chain Table 2.2 shows the structl~rf::, mole- 

2 
cular weight, and % composition of each component of cardanvl . The 

% composition, however, may vary depending upon the source, method 

of extraction, E C. 



TABLE 2.2 CHEMICAL COMPOSITION OF CARDANOL 

Component Molecular % Moleculsr 
welght structure 

Cardanol with 
saturated side chain 

Cardanol with one double 
bond in the side chain 302 

Cardanol with two double 
bonds in the side chain 300 16.8 

Cardanol with three double 
bonds in the side chain 298 



Structural elucidation of cardanol was carried out using NMR 

by P.H. ~edarn' et al and extensive literature is available on the separa- 

tion of the components of cardanol which i s  described In detail in the 

previous chapter. 

Cardanol has the phenolic ring and the side chain double bonds 

as functional groups and through either of which It could be polymerized. 

Cardanol is reported to be polymerized using anhydrous aluminium chloride, 

-anhydrous ferric chloride, anhydrous stannic chloride etc. and further the 

resin is reported to  be hardened by condensation reaction with para 

4 formaldehyde. This material could be used as a condensate for 'filling . 
Kinetics of alkaline catalyzed formaldehyde condensation polymerization 

5 of cardanol had been studied recently by Misra e t  al , and the dimeriza- 

tion through the side chain double bonds had been investigated by J.H.P, 

6 Tyman. 

Cardanol could be converted into high value polymers or suitable 
7 products and is the subject of numerous patents . Being a phenolic deri- 

vative with a Cf i  side chain in the meta position, this molecule provides 

possiblliries of polymerization through the phenolic ring. Polymerization 

through the double bonds of the side chain, of course, may not yield pro- 

, ducts with high degree of polymerization, However, phenol-forma!dehyde 

products reported from cardanol do not give good mec=anical properties 

due to the presence of a long substitution at the phenolic ring. Possibi- 

lity exists m improve the mechanical properties of casdanol-formsldehyde 

by involving the long side chain also in the polymerization process. This 

could not be achieved in cardanol formaldehyde cond~nsation step 2nd 

hence had to  be performed by Independent steps. Polymesizatlon of 



cardanol through slde chain double bonds, although, cannot proceed to 

very high molecular weight product, could yield oligomers. This 

product on further polymerization could be expected to give jmproved 

mechanical properties. 

Oltgomerization of cardand had already been attempted using 

6 acidic catalysts by J.H.P. Tyman . He reported that a preliminary acidic 

polymerlzatlon of the side chain had been carried out with diethyl sul- 

phate or dimethyl sulphate, and the semi-polymerized material is further 

condensed with formaldehyde. Polymerization of CNSL using 25% solution 

(vlv) of concentrated sulphuric acid in diethyl sulphate was used to find 

8 out the gel t ime  of CNSL . I t  is reported that monoalkyl sulphate, 

dialkyl sulphate, etc. can also be used for the polymerization of cardanol 

besides sulphuric acid. Examples of dlalkyl and rnonoalky l acid sulphates 

suitable for the oligomerization of CNSLlcardanol are dimethyl sulphate, 

9 diethyl sulphate, dibutyl sulphate and dlptopyl sulphate . 
Another catalyst that can be used for ol igomesiz~tlon is boron 

tri fluoride-etherate (BF3/Et 20) complexes. This is of ten used for the  

polymerization of oleflns, diolefins and vinyl ethers belonging to the class 

of Briinsted acidrriedel -Crafts acids initiating systems. .dost investiga- 

tions have been carried out with the reasonably stable BF3/Et20 complex, 
10 but other etherates such as 0-n-BuZ have also been used occasionally . 

Though there are a large number of polymerizatian reactims induced by 

these complexes, there were only two reports that concern the chemistry 

of these reactions. Worsfold and Bywater investigated the polymerization 

of O( -methyl styrene1' and Giusti et al studied that of styrene using 
12 BF3/Et20 in the presence and absence of water . The data obtained 



by these groups indicate that although BF3/EtZ0 may be active, BF3/H20 

is probably a much more active initiating system. But many scientists 

found the use of relatively less reactive but conveniently applicable BF3/ 

Et 0 complex more advantageous than the highly reactive BF /H 0 system. 2 3 2 

A systematic study on the nature and kinetics of o1igomerizatic.l 

of cardanol through the side chains using a variety of acid catalysts and 

other cationic initiators is attempted in this chapter. lni t  iators chosen 

for oligomerlzation are diethyl sulphate-sulphuric acid 3 1 ,  diethyl 

sulphate-phosphoric acid (3: 1 ) and boron tri fluoride-e therate. 

4 J  
2.2 Experimental ' 

221 Materials 

Cardanol: Cardanol was obtained from Mls.  Satya Chemicals, Madras, 

India, and was purified by distillation under vacuum at 3.4 rnm Hg and 

the fraction distilled at 228-235'6 was c o l l e c t e d  

Boron rrifluoride etherate (BT:3-Er20): BF3-Et20 (Fluka AG) was used 

after purification by distillation under vacuum and the fraction at 6 5 ' ~  

was col lected (at 3-4 rnm HE.). 

2.2.2 Methods 

2.2.2.1 Synthesis 

2.2.2.1.1 Oligo~erization using diethy1~~1phate-~ul~h~.ric acid ( D E S - H ~ S ~ ~ )  
catalyst system 

A 25% solution (v/v) of sulphuric acid in diethyl s ~ l p h & t e  vl,,s 

prepared In a typical procedure 50 g (0.166 mo!e) of cardanol was r;,tred 

with 3 rnl of this-  reagent (containing 0.014 -mole of 5 Iphusic acid sad 

0.017 mole of diethyl sulphate) and taken in a 3-necked flask fitted with 



I mechanical stirrer, N2-inlet and a reflux condenser. The whole assembly 

w a s  kept In a therrnoregulated bath kept at 1 8 0 ' ~  and the mixture was 

stirred for E/2 hr. After the reaction, t h e  monomer and the catalysts 

were washed off with methanol and the polymer was dried and weighed. 

The experiment was repeated by varying the temperature, reaction time 

and catalyst concentration and the conditions were optlmized with respect 

to maximum yield. 

2.2.2.1.2 Oligomerization using dlethyl sulphate - phosphoric acid 
(DES-H3P04) catalyst system 

Since phosphoric acid was not soluble in diethyl sulphate, they 

were added separately and the experiment was carried out as in the case 

of DES-H2S04 system. 

2,2.2* 1.3 Olllcornerlration using boron mi fluoride-etherate (BF3-Et20) 

20 g cardanol (0.066 mole) was mixed with 0.6 ml (0.0047 mole) 

of BF3-Et20 and the reaction was carried out as in the case of DES- 

H2S04 catalyst system by heating and stirring the reaction mixture a t  

80% for 1 1/2 hrs and the product was also worked as in the previous 

cases. 

2.2.2.2 Physical and chemical characterization 

2.2.2.2.1 Viscosity 13 

Relative viscosity ( of oligomarlzed samples using different 

catalyst systems were measured using Ubbelholde viscorneter a t  4 5 ' ~  using 

toluene as the solvent. Relative viscosity and the intrinsic viscosity [y ) 

were calculated using the following equation. 



7~ - tho where is the time (sec) of flow for the solution and 

to is that for the solvent, 

7 sp/c was plotted against C where C is the concentration of the solution 

In g/dl and the graph was extrapolated to [7 :n25 p l ~ ]  c = 0 , the inter- 

cept of which gives the value of [7 1 
2.2.2.2.2 Determination of hydroxyl value 14 

Hydroxyl value is defined as the numbr of milligrams of potassium 

hydroxide required to neutralize 1 gram of sample. I t  was determined 

by acetylation method 

Around 2 g of polymer was weighed and 20 ml of acetylating mix 

(120 ml acet ic  anhydride mixed with 880 ml anhydrous pyridine) was 

added The flask was heated under reflux on a water bath for an hour. 

25 rnl of benzene was added, flask was stoppered and vfgorously shaken. 

100-150 rnl water was added and titrated against sodium hydroxide (0.5 N). 

Hydroxyl vaIue was calculated using the following equation: 

Hydroxyl value 56.1 (vl - v2) nlrn 

where v2 and v are the volumes (ml) of 0.5 N potassium hydroxide 1 

used for the titretion of sample and blank respectively, 

- normality of potassium hydroxide 

m - weight of the polymer sample, g 



2,2,2.2.3 Determ inat Ion of iodine value 14 

lodine value is defined zs the number of centigram of iodine 

absorbed per gram of the sample and was determined by Wij's method. 

To determine iodine value by Wij% method, a small portion of 

the material was slowly heated to 205 + 5 ' ~  on an electric hot plate 

with continuous stirring till the foaming cease. Then it was cooled and 

filtered. 0.1 to 0.14 g of fjltered material was accurately weighed 

into an iodine flask. 20 ml of U'ij's solution was pipetted into the flask 

and 20 rnl of mercuric acetate was added. The flask was stoppered 

and swirled to ensure intimate mixing for 1 minute and was allowed 

to stand in the dark for 2 minute. A duplicate was run side by side 

with blank determination. 50 rnl of potassiun~ iodide solution was added 

Followed by 100 rnl  water, and was tirrated with sodium thiosulphate 

solution, Iodine value was calculated using the following equation: 

Iodine value = 12.69 (vl - v l )  nlm 

where v2 and v are volumes (ml) of 0.01 N sodium thiosulphate 1 

used for the tittation of the sample and blank respectively. 

n - normality of sodium, thiosulphate solution 

rn - weight of the polymer sample, g 



2.2.2.4. Spectral characteri zarion 

Infrared spectra (IR): The IR were recorded as a neat film (liquids) or 

as nujol mull or KBr pellets (solids) on a Perkin-Elmer Model 2993 R 

Infrared spectrophotometes. 

'H - NMR spectra: 'H NMR spectra were  recorded i n  a JEOL FX - 90 Q 

spectrometer. 

Mass spectra: Mass spectra were recorded on a VC MICROMASS 70-70 H 

instrument with 2035 data system. 

r i  

2.2.2.5 Gel permeation chromato~ram (GPC) j 

CPC were recorded on a Waters 244 Instrument fitted with a 
0 

6000 A pump system and a column combination of 100, 500 A (micro 

styragel) with tetrahydrofuran as solvent at a flow rate of 1 mllminute .  

A Differential Refractometer R 40 with sensitivity 8 X is used as the 

detector. 

2.3 Results and Discussion 

Th.: oligornerization of cardanol was studied as described in the 

experlmei cal. React ion of cardanol with catalysts. DES-HZS04, DES- 

H PO aiid RF Et 0 at various temperatures gave rise to an increase 3 4 3- 2 

in viscosity indicating oligornerization. The intrinsic viscosity was mea- 

sured in toluene at 4 5 ' ~  and the values are tabulated in  Table 2.3. 

The optimum reaction conditions of oligomeri zations ate given 

in Table 2.4. The viscosity comparison was carried out at 1 6 0 ' ~  ra ther  

than at t h e  optimum temperature because oligornerization using BF3-Et?O 

gave a gel productat 1 8 0 ~ ~ .  



TABLE 2.3 OLIGOMERIZATION CONDITIONS OF CARDANOL 

Product Catalyst Temp. Duration of oligomerizatlon 

I Nil. 30 30 0.005 

I1 Nil 160 30 0.009 

TABLE 2.4 OPTIMUM REACTION CONDITlONS FOR MAXIMIUM WELD 

Catalyst Time Temp. Catalyst con& 



The products of ollgomerization were analyzed by GPC and the 

GPC of products I, If ,  111, IV and V (viz. Table 2.3) are given in Fig. 2.1. 

Fig. 2.1 Indicates that cardanol with a moIecular weight around 300 has 

oligomerlzed into dimer, trimer, tetramer and higher ollgornets with mole- 

cular weights around 600, 900, 1200 and > 1200. The % composition 

computed from t h e  GPCs are given in Table 2.5. 

TABLE 2.5 % COMPOSITION OF CARDANOL OLIGOMERS 

Product Monomer Dimer Tslrner 
(%I (%I (%I 

I 

I1 

111 

EV 

The higher oligorner content in the case of product Ill (using 

DES-HZS04) in comparison to  product IV (using DES-H3POd) is also refle- 

ted in the [ 7 ] measurements viz. 0.032 end 0.021 respectively. 

Spectral Analysis 

Figures 2.2, 2.3, 2.4, 2.5 and 2.6 show the IR spectra and figures 

2.7, 2.8, 29 ,  2.10 and 2.1 1 show the NMR spectra of products I, II, 111, 

fV and V respectively, The comparison of IR spectra Indicate the loss 

of unsaturarion (peak at 1630 cm-l) from cardanol on oligomeriration 
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The decrease in 1630 crn-I peak intensity is, however, expected ss the 

oligomerizatlon takes place through the double bonds of cardanol. Table 2.6 

shows the assignment of peaks in the IR of cardanol. 

TABLE 2.6 ASSIGNMENT OF PEAKS IN THE IR OF CARDANOL 

Peak (cm-') Assignment Intensity 

vinyl W 

-CH2 CH2 CH2 C H i  m 

Phenol t c W 

vinyl 

terminal 

dauble bond W 

vinyl W 

aromatic W 

C-0 stretching W 

0 - H  stretching of phenol rn 

C-H bending rn 

asymmetric bend of -OH S 
scissoring vibration of methylene 

-CHZ bending of aliphatic 
attached to  aromatic S 

vinyl W 



f I 
The resonance due ta the unsaturated protons (5.5 b ) in H NMR 

is also observed to decrease with respect to saturated protons (0.9-2.5 6 1. 

The ratio of the integration o f  unsaturated protons to saturated protons 

resonances decrease from a value of 1 : 6.75 to 1 : 20 in the case of 

DES-H2S04 and DES-H3P04 catalyst systems for samples 111 and IV 

(Fig. 2.9, 2.10). The decrease in unsaturated protons is, however, margi- 

nal in the case of BF -Et 0 catalyst and this is also ref lected in the 3 2 

% composition of the oligomers (high monomer content). The intrinsic 

viscosity measurements also indicate low conversion for product V (Tabfe 2.3). 

It appears that the oligomeriratton is probably more favoured in the pre- 

sence of catalysts with high proton concentration which donate protons 

during oligomerization. This is evident from higher v t scosity and greater 

% of higher oligomers in the case of DES-H2S04 catalyst system. 

The oligomerization reaction over the acidic catalysts could be 

represented as follows (Scheme 2.1 1. 
OH 

A r o m a t i c  : s a t u r a t e d  = 1:6.75 

OH 
A r o m a t i c  : S a t u r a t e d  1:7 

S c h e m e  . 2 . 1  



There exjsts two more possible mechanisms for the oligoinerlza- 

tion. One mechanism involves t he  formation of a 4-membered carbon 

ring from two separate cardanol molecules each having a double bond 

as shown in Fig. 2. 12 In that case the oligomerIzation should stop at 

the dimer stage. However, GPC analysis of the  products shows a mixture 

of dimer, trlner and higher oligorners. Hence, the possibility of this 

reaction could be ruled out. 
OH 

O H  Fig 2.12 

The- absence of 1R absorption peaks at 960 and 1000 ern-I in the 

ollgornerized product also suggest t h e  absence of this mechanism during 

oligomerization. 

Tyman proposed an acidic pr!yrneriration involving allylic carboni- 

urn ion formation from the more reactive double bonds of t he  triene 

7 (Scheme 2.2) , 

In all cases the oligomerization also changes t h e  aromatic and 

saturated resonance integral ratio marginally from 1 : 6.75 to 1 ; 7. 

The integrals of  aromatic proton resonances and the  saturated proton 

resonance far samples I, II, 111, IV and V are given in Table 2.7. 



t e  t ramur 
(C >= C a r d a n o l  

A 5 A d d i t i o n  

R = R e a r r a n g e m e n t  

Scheme. .  2.2 



T A N  E 2.7 AROMATIC AND SATURATED RESONANCE INTEGRALS 
OF CARDANOL QLIGOMERS 

Product Aromatic Saturated Aromatic : Satwrated 

The ratio of aromatic to saturated protons integrals is higher than 

the e x i e c t e d  1 : 7 in the case of product 111. This implies that loss of 

aromat ;c protons during the oligorneci zation reaction is possibly a side 

reactic-~~ The catalyst system employed is highly acidic in nature and 

Friedel - Crafts type alkylation of the  aromatic ring of cardanol is a 

possibFtity. This could lead to reduction in aromatic protons ratio with 

respew! to that of saturated protons. This Is illustrated in the following 

schemr? (Scheme 2.3). 

OH 

A r o m a t i c  : s a t u r a t e d  = 1 :6.75 



Scheme 2.3 

The reduction in aromatic protons with respect to saturated protons in 

the case of product III is possibly due to the Friedel-Crafts type alkyla- 

tIon reaction. Acid catalysed polymerization of cardanol was investigated 
\ 

by Stuart Mark Kaback in I960 and he  had reported a Friedel-Crafts type 

alkylation of the phenolic rings by a comparison of the IR spectra of 

cardan01 and polycardanol'< The molecular rreight of the  product obtai- 

ned is identical with the double bond oligomerised one and hence is not 

possible to dtstinguish the alkylated product from GPC analysis. 

However, the Friedel-Crafts type alkylation and the subsequent 

loss of aromatic protons is also expected in the case of DES-H3PC4 

catalyst system (Product IV). Contrary to the expectation, the ratio of 

aromatic protons to saturated proton remain 1 : 7. In addition, the  

overall conversion to  oligomers is also observed to be less in this case 

as compared to DES-H2SU4 catalyst system (Table 2.5). But this can 

be explained by the difference in the dissociation constants of sulphuric 

acid and phosphoric acid. The dissociation constants of sulphuric acid 



and @iosphoric acid at  2 5 ' ~  are 1.20 x lom2 and 6.23 x respectively. 

The -OH content of the samples were followed for the oligorneri- 

zatliet~ reaction at  different temperatures and the values are tabulated 

In TaI~le 2.8. 

TAELE 2.8 HYDROXYL VALUE OF THE CARDANOL OLIGOMERS AT 
VARIOUS TEMPERATURES 

Cil t alyst Temp. OC -OH value, mg KOHlg 

DES 4- H3P04 

n 

-am 

The hydroxyl value reduces from 180 to as low as 36.5 in the 

caw of DES-H PO system and indicates a. comparatively rn arginal reduc- 3 4 

tiori for the DES-H2S04 system. Thus most of the phosphoric acid is 

comemed for the esterif icatlon reaction. The phosphorylat ion of cardanol 

ushg; phosphoric acid b already reported l*! So effective hydrogen ion 



concentration for oligornerization is quite  low in  the case of DES-H3P04 

and hence explains the low conversion to higher oligornets and low visco- 

sity in the  case of DES-H3P04 catalyst system. 

In t h e  case of BFg -Et20  catalyst sys t em also low double bond 

oligolneri zation and low Friedel-Craft s alkylation is observed. 

Kinetics of otijion-ierization 
-, 

The kinetics of the oligomesization reaction was studied with  DES- 

H2S04 catalyst system at 5 0 ' ~ .  The monomer concentration was estima- 

ted froin the  GPC at different intervals of  reaction time, Plot of log 

a /a -x (where a* = ini t ial  concen t r a t ion  of monomer and  x = 
0 0 

amount of monomer reacted at any t ime)  Vs t i m e  is given in Fig. 2-13. 

A straight line plot is obtained which indicates that aligomerization follows 

a first order kinetics and rate constant at this temperature is estimated 

to be, k = 6.6 x 1 0 ' ~  5-I= 

The composition and t!~e comparison of the trend in t h e  formation 

of dimer, t r imer  and - > tetr imer species at  50'~ is shown in Fig. 2.14. 

ln Fig. 2.14 it appears tha: monomer concentration decreases as t i m e  

passes and correspondingly dimer,  trirner and - > tetramer concentration 

increases. The decrease of ~nonomer concentration and increase in  dinrer, 

tri tner and  higher oligo~ners concentration attain a plateau af cer 30-40 

minutes of the  r=action and reaches a saturation equilibrium during this 

period. The rate af formation of dimer, trirner and higher oligomers follow 

an almost identical trend and t h i s  suggests a chain mechanism for the  

uligornerization reaction. In fact, a s  dimer is the first product of the  

reaction between two monomers, at least during t h e  initial stages of  



0 20 4 0  60 80 100 120 14 0 

Time p i n )  +- 

Fig 2.13 Plot of i n  ao V s  t ime  (min) for 
clo- X 

o l i g o m e r i z  o t i o n  of  Cardonol  o v c r  D E S - E 2 S 0 4  

C a t  o l y s t  s y s t e m  v 



Fig. 2.14. Plot of weight ( % I  Vs t irne(rnin) of 

monomer, dimer,trimer 8 >,tetramet 

species for  D E S -  Hz SO4 c a t a l y s t  
s y s t e m .  at 50°c. 



reactton, a higher concentration of dimer is expected. Contrary to that 

the dimer, trlmer and higher oligamers are formed to  the same weight 

percentage at any t ime during the reaction, This i s  possibly explained 

by the following kinetic scheme for the  react ion (Scheme 2.4). 

* 
The active intermediate (MM) when formed as a fast step could 

either convert itself into a dimer and could react with another monomer 
4 

leading ta a trimer. Similar is the case with a (DM) active intermediate 

which can form e i t h ~  a trimer or a tetramer. The composirion of the 

dimer, trirner and higher oligomers could thus be decided by the stability * * 
and half-life of the active intermediates, ( M M ,  and (DM) , etc. I t  

may be noted that although weight percentages of dimer, trimer, etc. 

are almost the same at any time, the mole percentageswould vary where 

the dimer content is high. 

The first order kinetics at 5 0 ' ~  can be explained by the  following 

scheme (Scheme 2.5). 

M +  H +  -L M H *  



A s s u m i n g  st endy  s t  a t e  

S c h e m e  2.5 

The reaction 1s second order with respect to  the monomer concentration 

whereas the results at 5 0 O ~  indicate a first -order kinetics with respect 

to monomer. This could be explained If the termination takes place in 

a transfer of H+ into a monomer (Scheme 2.6). 

kt '  [M] 



Hence at 50°c, in the case of  DES-H2S04 systein, the termination of 

oligomerjzation takes place through transfer. 

Thus, when ktr .> kt, the rate Is proportional to [ha. indica- 

ting first order with respect to monomer concentration. 

The product cotnposition plots for DES-H3P04 catalyst system 

at  different temperature for a fixed reaction time (20 minutes)  is shown 

in Fig. 2.15. Monomer content is decreasing and higher oligomers are 

increasing, The increase of dirner and higher oligoiners follow almost 

in identical pattern. 

2.4 Conclusions 

1. Oligomerization of cardanol using acidic Initiators takes place both 

through the double bonds as well as through the aromatic rings. 

2. The conversion t o  higher otigomers is higher In the case of DES- 

H2S04 catalyst system when compared with DES-H3P04 and BF3- 

EtZO catalyst systems 

3, Oligonlerization follows a first ordzr kinetics for t he  oligomeri- 

zstian studied ( 5 0 ' ~ ~  DES-H2S04). 



Fig 2-15. Plot of weight  (%I Vs ,tcmp("c) of  nci . -mer 

d i  mer & higher oligorner s p e c i e s  for ol igomeriz  a t ion of  

cardanal  DES-H3P04 catalyst system a t  a f i xed  

react ion t i m e  ( 20 m i n u t e s )  - Monomer ; H Dimer ; w Higher 

Oligamers  
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C H A P T E R  3 

SYNTHESIS AND MECHANICAL PROPERTIES OF INTERPENETRATING 
NETWORKS OF CARDANOL-FORMALDEHYDE AND 

POLY (METHY LMETHACRY LATE) 



CHAPTER 3 

SYNTHESIS AND MECHANICAL PROPERTIES OF 
INTERPENETRATING NETWORKS OF CARDANOL- 

FORMALDEHYDE AND POLY (METHYLMETHACRYLATE) 

Structural and chemical varlatlons on monomer and thereby polymer 

chains were common to polymer chemistry for tailor making materials 

of varying mechanical properties. Synthesis of copolymers involving mare 

than one type of monomers provided lot of flexibility in achieving suitable 

for polymers. Blending of miscible polymers to modIfy the 

properties Is also common. Although first prepared by Millat in 1960, 

interpenetrating polymer networks for property modifications gained fairly 

1 Increased research attention only from the early seventies . Their unique 

supermolecular structure was shown to yield many materials with new 

I properties as well as outstanding physical and mechanical behavlour , 

In terpenetratlng networks (IPNs) constitute a novel arrangement 

of polymer chains in space IPN can be defined as a cambination of two 

polymers in network forms, at least one of which Is synthesized and or J 
crosslinked in the immediate presence of the ~ t h a r ~ ' ~ * ~ ,  An IPN can be 

distlnguished from simple polymer blends, blocks and grafts in two ways, 

(1) an IPN swells but does not dissolve in solvents, (2) creep and flow are 

1 suppressed . Mlllar made the first serious sdentlfic study of IPNs and 

he used palystyrenelpolystyrene lPNs as models for ion-exchange resin 

~narar ia l s~ '~ .  Later Sperling and Frisch began their work on IPNs The 

first IPN known was synthesized by Aylswotth in 1914 which was a mixture 



7 
of natural rubber, sulphur and partly reacted phenol-toc~naldehyde resin . 

There are two types of IPNs, ( 1 )  the sequential IPN begins with 

the synthesis of a cross ltnked polymer I. Monomer 11, plus its own cross- 

linker and initlator are swollen Into polymer I and polymerized in situ, 

(2) simultaneous interpenetrating networks, SINS, begin with a mutual solu- 

tion of both monomers and their respective crosslinkers which are then 

polymerized simultaneously by nonlnterfering inodes such as stepwise and 

chain (Scheme 3.1)- 

n i x ~ '  
( I P N  S y n t h e s i s )  

( M ?  M 2  C1 C 2 )  ( S I N  S y n t h e s i s )  
Scheme 3.1 
Solid lines represent network I, dotted lines network 11, heavy dots repre- 

sent crosslink sites. 

When only one of the polymers is crosslinked, the product is called 

9 a semi - IPN structure , tf the polymerizations are sequential in t ime ,  

four semi  IPNs may be distinguished (Scheme 3.2). 



S c h e m e  ' 3.2 

If polymer I Is crosslinked and polymer Ii is linear, the product 

Is called a semi-1PN of the first kind or semi-I. I f  polymer I Is linear 

and polymer I1 is crosslinked, a semi-I1 resultr The remaining two compo- 

sitions are m ateriallzed by inversing the order of polymerization For 

simulr?neous polymerizations, only two semi-IPNs may be distlngulshed 

10,11 Yenwo synthesized a sequential IPN from castor oil and polystyrene a 

Castor oil has three hydroxyl groups per molecule which were used to 

form the polyurethane. The urethane elastomers were swelled with styrene 

and Its initiators and polymerization of styrene was carried out by U V  

radiation, The corresponding castor oil polyester/polystyrene SINS were 

synthesized by DevCa et at who prepared castor oil - sebacjc- acid 

The chief disadvantage of sequential !PN Is its thermoset nature 

1 which rn akes processing difficult . 
A third mode of IPN synthesis takes two latexes of linear polymers, 

mixes and coagulates them and crosslinks both components simultaneously. 

The product is called an interpenetrating elastomerlc network, IEN. 1 

Thus IPNs can be classified as polymeric catenanes if we envision 

a crosslinked polynier network to be composed of many macrocycles of 

varying sizes. The various techniques of preparing IPNs (sequential poly- 

rnerizat ion, simultaneous polymerization, e t c )  can be vlewed as statistical 

methods where a cycllzation (crosslinking) of one component occurs in the 



presence of the other already cycli zed coinponent (crosslinked polymer 

14 networks) . 
Many authors consider IPNs as polymer/polymer composites where 

one of the networks function as a filler to the already formed polymer 

IS network I f  the synthetic mode yield two networks, then the extent of 

contfnufty of each network is to  be considered. I f  both networks are 

continuous throughout the sample and the material is phase separated, the 

phases must interpenetrate in same way. Thus IPN compositions are 

16 thought to contain two continuous phases . Most of IPNs reported so 

far invdve  heterogeneous systems, usually one phase rubbery and the other 

phase glassy. The morphology of IPNs depends on the method of synthesis, 

compatib~lity of t h e  polymer system employed and on the relative rates  

14 of formation o f  each network lPNs reported so far can be classified 

17 
as having large domain structures with domaln sizes of a few micrones , 
Intermediate structures with sizes around 1000 A', fine structures with 

sizes around 100 A ' l 8  and no resolvable domaln structure at all1'. The 

nature of interpenetration vary system atlcally with morphology. 

The major problem pending in the study of IPNs is that there 

is no general method to  prove the  existence of interpenetration and to 

measure the quantitative level of interpenetratioh Equilibrium swell ing 

aod the apparent crosslink density measurements can be used only when 

20 the IPN system is homogeneous . In heterogeneous systems,  the compre- 

ssion modulus depends largely on the morphology and t h e  preference of 

the swelling solvent to one component network will generate cases where 

the swell ing of the  dispersed phase Is restricted, therefore making the 
14 

measurement of apparant cross-link density at best gross epptoxlrnatlon . 



The measurement of the shift In glass transl tion temperature can 

also be useful I f  the IPN system consists of a one component network 

5 such as Millat's polystytenelpolystytene sequential IPNs . I f  the IPN system 

employs t w o  different polymer networks, the shift ol glass transition 

temperature should be compared to that of its topological lsorners (both 

networks cross-lt nked but not interlmkfngl. But topological isomers are 

difficult to  obtain because of the Insolvbfe and infusible nature of cross- 

linked polymer networks. One alternative Is to compare the shift of glass 

transition of IPNs with its correspondtng pseudo-IPN ,s [one polymer cross- 

linked and the other polymer linear) and linear poly blends (both polymers 

linear) provided the cross-link densities of the IPNs are small. A similar 

approach would be to compare morphology of 1PN.s to that af corresponding 

pseudo IPN s and linear polyblends by electron microscopy. This will  be 

qualitative but quantitative analysis would be dif ficutt, Mechanical proper- 

t y  measurements could also be used for providing the existence of interpe- 

netration if a fair comparison of IPN s with the corresponding pseudo 1PN.s 

and ,with linear polybtends is possible. The existence of interpenetration 

has been generally shown based on a cornbtnation of effects described 

14 above . 
The interpenetration could be expected to be better if the two 

chains are allowed to grow at comparable races. This could happen because 

the restrictions of placing two polymer chains in juxta position do not 

exist in the case of mutually soluble monomers and when they indepen- 

dently consume the monomers at almost equal rates, improved interpene- 

tration could result in comparison to a system where one of the poly~ner 
I 2 1 chains Is almost grown and second monomer polynlerizes at a slower rate . 



The properties of a polyn~eric system will be improved on inter- 

penetration with another polymer since the mutual dispersion of phases 

provide a synergistic effect. This could be achieved by selecting the 

2 I proper combination of polymer system and arriving at actual conditions . 
Interpenetration of an elastomer into a plastic component will Inlprove 

the toughness because ( 1 )  energy absorption by the elastorneric particles, 

(2) energy absorption by yielding of the  continuous phase ductility enhanced 

by strain induced dilatation near elssrolneric occlusionOa%) stress distribu- 
f i  

tlon and relief, e tcZ2  V.G. Kurnar ef al reported rhe synthesis of castor 

oil - p~lyurethane - polystyrene dlvinyl benzene simultaneous IPN net works 

in 1987, They had shown that there is marginal increase in tensile strength 

'and crosslink density from castor oil polyurethane to castor oil polyurethane- 

polystyrene I P N s  For eg. castor ail polyurethane showed a tensile 

strength of 13.6 kg/cm2 and % elongation of 105 whereas the corresponding 

values of the IPN were (60 castor oil polyurethane/40 polystyrene) 26.2 kg/cm 2 

2 1 and 155 respectively . 
Klempner et a1 reported an IEN pair which exhibited synergistic/ 

non-synergistic tensile strength depending on composition. The poiym er 

pair was a poly (urethane-urea) and a polyacryiate, As polyacryl~te was 

added to poiy (urethane-urea) the tensile strength initially decreased 

reaching a rninin~um near 20% polyacrylate and reached a maxirllum at 

75% poly acrylate which is actually above the tensile strength of either 

2 3 component at which there is maximum chain entanglement , 

An epoxy/poly (n-butyl acrylate) SIN was reported by Touhswent 

et  ai with different compositions. I t  was shown that each SIN was tougher 

than the parent epoxy, absolute tensile strength was higher and the area 



24 under the stress-strain curve was increased . 
Kim e t  a1 studied the engineering properties of polyurethane/PiviM'IA 

SINS and had shown that tensile strength reached a rnaximum with poly- 
25 urethane 85IPMMA 15 SIN, which shows significant synergistic behaviour 

Interpenetration of one polymer into another polynler is expected 

to show an Increase in the mechanical properties, compared to  the indivi- 

dual polymer chains. The changes depend on the type of polymer networks 

used, the extent of interpenetration and the conditions at which the two 

networks are allowed to  grow. In general, when an elastomeric network 

such as polyurethane or natural rubber is allowed to Interpenetrate a chain 

of rigid polymer like poly(methylmethacrylate) (PrvihhA) or polysty- 

rene, then, the IPN is supposed to have synergistic behaviour resulting 

in a product having much better properties riz. higher tensile strength, 

% elongation, etc.' But when both the systems are of rigid type, the 

properties of the IPN, very drastically leading to  poorer mechanical proper- 
m 

ties than the individual polymers. 

Thus blending by cosynthesis of two different polymer networks 

provide a promising tool for achieving mutual improvement in physical 

properties. 

Cardanol Is a substituted phenol, having a long side chain in the 

rn-position. The presence af both phenolic group and double bonds in t h e  

side chain could be made use of for making interesting materials. The 

double bonds in the side chain could be opened up. to yield oligomerslpoly- 

mers which have long hydrocatban side chain and which may be expected 

to give fiexible products. The benzene ring of casdanol could be reacted 



wlth ' form aldehyde to give phenol-formaldehyde type products. Since 

catdamn1 has both ortho and para positions vacant, the condensation with 

formab'tehyde I s  expected to lead to  a network of thermosetting resin. 

The pl-oduct can be allowed to form IPNs in presence o f  vinyl monomers 

such ns methylmethacrylate and which are expected to have interesting 

rnech~tiical properties. The lack of close packing and the Increased free  

volurnr! between the polymer chain could be advantage in synthesising 

IPNs m - - d ~ ~ i t h  other polymer networks. Ellis had shown that cardanol self 

po2ymt:rizes in the presence of acid/alkalina catalyst and reacts with 

26 form-aldehyde to form different types of phenolic resins . 

In a catalyzed mlxture of phenol and formaldehyde, the mole ratio 

of pbnal  to formaldehyde determines the  type of phenolic resin obtained. 

When the mole ratio of phenol to formaldehyde Is 1 : 1.2, the system con- 

talm hgredien t s  and functionality needed to produce a thermosetting resin. 

This Is termed as one step resin or resol. If the  reaction mixture contains 

acid ,c%ataEysta, one gets the unctroElably highly cross linked thekoset t ing 

resfw and iT it contains alkaline catalysts, then the setting becomes mana- 

geafdr and a controllable one step resin results. Wen the mole ratio value 

of yhl?1101 to  formaldehyde is 1 : 0.8, a thermoplastic resin results, provided 

the ir~ltlal mole ratio of phenol t o  formaldehyde is maintained. When the 

c a t d y s t  is acidic, a thermoplastic resin results which becomes thermosetting 

by hrrt her crosslinking with hexamethylenetetramine (HMTA). This is called 



a novolac resjn. When the catalyst is alkaline, highly ortho- substituted 

27 novolac resin I s  formed . In the present work, cardanol-formaldehyde 

systerlls are synthesised using the standard techniques for the preparation 

of phenol-forr~laldehyde resins. Usually novolacs are prepared using acid 

catalysts. But in the case of cardanol-formaldehyde reaction, which when 

carried out in the presence of oxalic acid, does not seen1 to proceed, 

But I t  had been reported that cardanol farms both novolac and resol resins 

28 in presence of alkaline catalysts depending upon t h e  mole ratio . Hence 

basic catalyst was used in synthesizing novolac as well as sesol resins at 

cardanol - formaldehyde ratios of 1 : 0.8 and I : 1.2 respectively. 

The present chapter describes the  synthesis and mechanistic eva- 

luation of cardanol-form aldehyde resins prepared under different conditions 

vis. with mole ratlo of cardanol to  formaldehyde less than one/more than 

one, Attempts had been made to obtain novolac resins by using varying 

quantities of HMTA and the properties are compared with resol resins. 

In addition, the variation in mechanical properties by first oligomerizing 

cardanol through the side chain (Chapter 2) and further condensing with 

form aldehyde is also described. Experiments have also been conducted 

to interpenetrate PMMA chain into the cardanol-formaldehyde network 

and the results are presented. 

3.2 Experimental 

3.2.1 Materials 

Methylmethacrylate (MMA) 

i The following procedure was used for the purification of MMA 

(KOCH-LIGHT Laboratories, England), MMA was washed with 1 OOh aqueous 



sodiuni hydroxide to rernove the inhibitor, The monomer was then washed 

with distllled water till all the base had been removed I t  was then dried 

over stihyd. Na2SU4 and then distilled. 

AlBN EMerck - For synthesis) was purified by crystallization from 

All other reagents and solvents were of the AR grade and used 

witharhz further purification. 

3.2.2 Methods 

3,2.2,1 Synthesis 

29 
3.2,2.1,1 Cardanol-form aldehyde- (1) 

250 g (0,825 mole) of cardanel, 101.9 ml (1.249 mole) of 37% 

aqueous formaidehyde and 3.9 g (0.012 moles) of barium hydroxide octa- 

hydrate are mixec' thoroughly in a reaction kettle fitted with a mechanical 

stirrer and reflux condenser. The reaction mixture was heated at 7 0 ' ~  

for :3 1/2 hours. The resulting resin was freed from unreacted forrnalde- 

hydr. [if any) 3rd barium hydroxide by washing with water. The product 

was dried at 7 0 ' ~  and powdered. This product (I) served as the prepoly- 

mer for the synthesis of cardanol- formaldehyde (resol) as well as cardanol- 

fern! ;)ldehy de . ( r ~ a I )  - PMMA semi-IPNs. 

3.23,i.Z Cardarlol-form aldehyde (Resol) 

6 g of the cardanol-form aldehyde (resol) prepolymet (1) was compre- 

ss&. in a M.S. closet mould into rectangular bars of 100 rnm x 13 m m  x 

4 n:;js sire using a hydraulic press at 1 4 0 ' ~  for 1 1/2 hrs at 33.3 kg/cm 
2 

and then subjected to postcuring at 170% for 1 hr. 



3,2.2.1.3 Cardanol-form aldehyde (novolac) prepolyir~er (11) 29 

I 
250 g (0.825 mole) of cardanol, 54 rnl (0.66 mole) of 37% aqueous 

formaldehyde and 20 ml of 4 N sodium hydroxide were taken in a reaction 

kettle f i t ted wlth a mechanical stirrer and reflux condenser. The reac- 

tion mixture was heated under constant stirring at 1 0 0 " ~  for 4 hrs. The 

product was washed with 109b hydrochloric a d d  and then with water and 

dried at 70 '~ .  The product was powdered. 

This powder served as the starting material for catdanol-formal- 

dehyde (novolac) and its semi-PN with PMMA. 

3.2.2.1-4 Cardanol-form aldehyde ( navolac) 

160 g (0.20 1 mole) o f  cardanol-formaldehyde (novolac) prepolymer(I1) 

was mixed thoroughly with 4.8 g (0.034 mole) (3%) of hexamethylenetetra- 

mine (HMTA) and kept in an oven at 1 2 0 ' ~  for 1 I/.. hrs The partially 

cured product was powdered and passed through ASTM 34 sieve. 

5.2 g of this material was mixed wlth 0.104 g (0.0007 moles) (2%) 

of Hl51iTA and cold pressed in hlS closet mould into rectangular bars o f  

100 r,rnr x 13 m m  x 4 mrn size using a hydraulic press. The cold pressed 

sarnp+es were again compressed after placing them in the mould at 1 2 0 ' ~  

2 for 112 hr at approxi~nately 33.3 kg/cm . The samples were then subjec- 

ted to  post curing at 1 7 0 ' ~  for I hr. A series of specimens were pre- 

pared by varying the 4'0 of HlvITA added. 

3.2.2.1.5 Cardanor formaldehyde (resol) - PMMA - lPN 

The cardanol formaldehyde Eresol) prepolymer (I) powder (10 g) was 
I 

mixed with varying amounts of methylmethacrylate (1vlh.IA) andbr -# aroiso- 

butyronittile IAIBN), ( 1% by weight of Mi\lA) and stirred thoroughly in 



a reaction kinetic under nitrogen. The temperature was maintained at 

70% for 1 1/2 hrr The product was powdered and the particle size was 

adjusted to  pass through ASTM 34 sieve. 

The powder was compressed lnto rectangular bars using a hydraulic 

press at 1 4 0 ' ~  for 1 1/2 hrs end post cured at 1 7 0 ' ~  for 1 hr. 

3.2.2.1.6 Cardanol- form aldehyde (novolac) - PMMA semi-TPN 

The cardanol formaldehyde (novolac) prepolyrner (11) powder 10 g 

(0,0125 rnote) was mixed with 0.5 g(0.'oo35moIe)(S0h)of HMTARso g (0.9 mole) 

of R l ~ ~ l  and 0.9 g (0.0055 mole) of AfBM and stirred thoroughly in a 

reaction vessel under nl ttogen The temperature was n~ aintained at 7 0 ' ~  

for 1 1/2 hrs. The product was powdered and the particle size was 

adjusted to pass through ASTM 34 sieve. 

The powder was compressed lnto rectangular bars using a hydraulic 

p r w  at 1 2 0 ' ~  for 1 1/2 hrs and postcured at 1 7 0 ' ~  for 1 hr. 

3.2.2.1.7 OHgomerization of cardanol 

Oligomerlzation of cardanol using diethyl sulphate-sulphuric acid, 

diethy 1 sut phate - phosphoric acid and boron trf fluoride-etherate is descri- 

bed in the experimental section of Chapter 2, 

3.2.2.1.8 Oligolnerized cardanol-formaldehyde (Resol) 

250 g (0.825 mole) of oligomerized cardanol, 101.9 rnl (1,249 mole) 

of 37% aqueous formaldehyde and 3.9 g (0.012 mole) of barium hydroxide 

octahydrate were mixed together .In a reacti n kettle fitted with a stirrer 

and reflux condenser. The reaction mixture was heated at 1 7 0 ' ~  for 2 hrs. 

The resin was washed with water to remove uncreacted formaldehyde barium 

hydroxide, etc  and dried at 70'~. Then the temperature was raised to 



1 2 0 ' ~  and resin was kept at that temperature for 11 hrs. The resin was 

then rolled Into thin sheets uslng a two roller mill. I t  was then cut into 

rectangular bars and they were kept in a MS closet mould and hot pressed 

at 1 2 0 ' ~  for 1 1/2 hrs and postcured at 1 7 0 ' ~  for 1 hr. 

3.2.3 Characterization 

3.2.3.1 Electron Mlcroscoplc studies 

Scanning Electron Microscopic photographs were taken uslng a 

JEOZ' 35 C microscope. 

3.2.3.2 Mechanical properties 

3.2.3.2. I Tensile strength 30 

The tensile strength of test specimen were measured using an 

Universal Testing Machine (Instron Model 1195) and adhesively bonded 

neoprene rubber tabs were used at  the gripping position to avoid breaking 

at the grip. Measurements were carried out at a cross head speed of 

50 &rn/rnIn. and the gauge length was 100 mm. The ultimate tensile 

strength (UTS) and elongation at break were calculated using the formula 

UTS = Breaking load 
area of cross-section 

Ir E % =  - x 100 where Lo is the initial length and L is 

the  extended length at break and E% is the percentage elongation. Initial 

modulus was calculated from the initial pert ion of the load-elongation 

curve using the formula 

Initial modulus = Initial stress 
Initial strain 



3.2.3.2.2 Hardness 

Shore A and Shore D hardness were measured using Hardness Tester 

of Model - SHR - A - Gold and SWR - D - Gold respectively. The spe- 

cimens having t h e  dimensions of 50 x 13 x 4 mrn were used for the mea- 

surement. The hardness was read directly from the dial, 

3,3 Results and Discussion 

3.3.1 Mechanistic studies 

Casdanol-form aldehyde polymers (novolac and resol) 

Formaldehyde condensation polymers of cardanol were synthesized 

in the  novolac and resol forms, In  the case of novolac, the polymer was 

synthesized in presence of varying percentages of HMTA as crosslinking 

agent, whereas resol was a simple condensation product of catdanol and 

formaldehyde, The synthetic procedures are described in she experimental 

pa'st. The mechanical properties of  the samples are compared in Table 3.1. 

TABLE 3.1 MECHANICAL PROPERTIES OF CARDANOL- 
FORMALDEHYDE POLYMERS (NOVOLAC 

AND RESOL) 

System Total YO IJTS 2 % Elonga- Hardness 
o f  
HMTA kg/cm t ion Shore A Shore D 
added 

Cardanol- 
form aldehyde 3.5 
(novol ac) 4 0  52.6 10.8 9 1.5 36 

5.0 33.4 9.9 91.5 4 6 5  

Cardanol-formal- - 26.3 2.9 92 57.5 
dehyde (resol) 



, Phenol-form aldehyde has much higher tensile strength reported (340 - 
689 kg/cm ) 31 and although the comparison of the mechanical properties 

with that of phenol-formaldehyde, has to consider the difference In synthetic 

condi tlon and procedures, the values for cardanol-form aldehyde novolacs and 

resols appear t o  have poorer mechanical properties. The structure of carda- 

nol-formaldehyde (novolac and resol) 
R 

are represented follows (Fig. 3.1). 

(R = 5 5  H25' =15 %7* C15 '29) 

Cardanol-form aldehyde (novolac) 
OH OH OH 

X L  
Cardanol-formaldehyde (resol) 

Fig. 3.1 

The presence of CIS H25, CIS HZ7, CIS  or CI5 H31 side 

chain on the aromatic nucleus in the case of cardanol could be expected 

( I )  to  provide steric hindrance for the aromatic nucleus to come spadally 

c lose  together to condense with formaldehyde and thus, would lead t o  



lower build up of molecular weight in comparison with phenol-formaldehyde, 

(2) the presence of such a long substitution could also impart strain on 

the -CH2 bridge linkages between the aromatic nuclei leading to weakening 

of bonds and (3) the long side chain could reduce the lnterrno~ecular 

Interaction and thereby bring down the strength of the polymer. The 

poor mechanical properties of cardanol-form aldehyde in corn parison to 

phenol- form aldehyde could thus be explained, 

Table 3.1 suggests that the tensile strength af cardanol-formalde- 

hyde novolac Is higher than that of the resol system. The tens i le  

strengths of the novolacs reach a maximum when It is cured with 4% 

HMTA Further addition of HMTA results in a decrease of the tensile 

strength. At high HMTA composition, the polymer becomes brittle and 

hence results in lower tensile strength, 

3.3.1.2 Oli~omerized cardanol-form aldehyde 

* 
The poor mechanical properties of cardanol-form aldehy de in com- 

parison with that of phenol-form aldehyde is attributed to steric hindrance 

and the strains in the Hnkages introduced by the aliphatic substitu tlon 

at the aromatic nuclei. The molecular weight build up In the cardanol- 

formaldehyde system was expected to be not very high. Hence, formal- 

dehyde condensation was carried out on cardanol which is first oligome- 

rized through the double bonds in the side chain with a view to increase 

the  molecular w e i g k  The oiigomerization of cardanol was carried out 

using diethyl sulphate - sulphvrlc acid catalyst system as described in 

the experimental section of Chapter 2. Formaldehyde condensation poly- 

mer of oligomerized cardanol was synthesized under idential composition 



as that for cardanal-formaldehyde (resol). However, the reaction tempe- 

rature had to be raised to 1 2 0 ' ~  as the product did not give any 

mouldable material a t  70 '~ .  The mechanical properties of oligolnerized 

cardanol-formaldehyde i n  comparison with that of cardanol-formaldehyde 

(resol) is given In Table 3.2. 

TABLE 3.2 MECHANICAL PROPERTIES OF OLIGOMERIZED 
CARDANOL-FORMALDEHYDE (RESOL) AND 
CARDANOL-FORMALDEHYDE (RESOL) 

System UTS 40 Elongation Hardness 

kg/crn 2 Shore A Shore D 

Oligomerized cardanol- 
formaldehyde (resol) 4.42 57.5 40.4 8 

Cardanol-for maldehyde 
(resol) 26.3 2.9 92 57.5 

The tendle strength of oligomerized cardanol-formaldehyde have 

decreased considerably to a low value of 4 kg/cm2 and % elongation has 

increased to around 40% on oligornerization of cardanol through the side 

chain and then synthesizing formaldehyde condensation polymers. The . 

structure of o\igomerized cardanol-formaldehyde (resol) could be represen- 

as follows (Fig. 3.21, 
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C 1-1 3 
I 

CCH216 
1 

$ ( C H 2 ) 1  -CHI- C H -  I CH -ICI-1217 

---' 
Fig.  3.  2 OLigomer ized c a r  d o n 0 1  - f o r  m a l d e h y d e  ( r e s o l  1 

OIigornerization causes t h e  formation of linear thermoplastic polymer 

when the product i:; condensed with formaldehyde, The joining of mole- 

cules through the l-lde chain leads to a branched C -C linkage connec- 15 15 

ting the aromatic nuclei and this has possibly restricted t h e  formaldehyde 

condensation. Because of the long side chain link up, t h e  sites for 

formaldehyde concensation will be reduced by steric restrictions and hence 

the crosslink density will be lower. OIigonlerized cardanel-form aldehyde 

(resol) is rubbery in nature whereas, the cardanol-formaIdehyde (resol) 

system is E plastic. 



3.3.1.3 Cardanol-formaldehyde (novolac and resol) - poly (methyl- 
methacrylate) semi-IPNs 

The Interpenetrating networks of PMMA and cardanol-formaldehyde 

(novolac and resol) were synthesized by synthesizing cardanol- form aldehyde 

prepolyrner and further polymerizing and crossiinking it after mixing with 

MMA and its initiator, MMA polymerization progresses along with the 

polymerization and crosslinking of catdanol-formaldehyde prepolyrnet, 

This is expected to give rise to semi-fPNs of cardanol-formaldehyde and 

PMMA, The details of synthesis are described in the experimental 

section. 

Table 3.3 and 3.4 indicate the mechanical properties at varying 

compositions of sem I-IPNs of PMMA with cardanol-formaldehyde - novolac 

and resol-respectively. In both the cases of novolac and resol based serni- 

IPNs, the values Indicate that incorporation of considerable amount of 

PMMA (as high as 50% for novolac and 75% for resol) does not have any 

marked effect on the tet~sfle strength. The % elongation of these products 

have reduced marginally. Incorporation of PMMA at higher percent ages, 
4 

however, helps in increasing the tensile strength. The variation in tensile 

strength wlth the % o l  cardanol-formaldehyde resln is given In Fig. 3.3. 

From the plot, It Is observed that in the case of novolac based semi-IPN 

systems, the tensile strength passes through a maximum at 87.5% PMMA 

and, then, decreases on further addition of PMMA. The % elongation 

also indicates a decreass In the case of semi-IPNs based on resol system, 

tensile strength decreases when the PMMA content Is reduced from 90°& 

Compared to the reported property improvement effected by semi-IPN 
1 

I formation of two polymeric networks , the changes in mechanical properties 

of cardanol-formaldehyde on interpenetration with PMMA appear to be 





~argi lal. Incorporation of PMMA upto 87.5% into novolac system has 

2 
incre;lred the strength from 33.40 kg/cm2 to 61.31 kg/crn and t he  trend 

of rn:lrgtnal improvement on the tensile strength is observed to reverse 

on f c ~ ~ t h e r  incorporation in the case of PMMA whereas, semi-IPNs based 

on rPsol system, product containing 90% PMhL'llk shows a tensile strength 

of 7 7 kg/crn2 and the strength decreases with the  decrease in PMMA 

conteilt. This is in comparison with the tensile strength of more than 

500 ?,a/cm2 for P M M A ~ ~  homopolymer. Improvement in strength proper- 

ties i:f cardanol formaldehyde interpenetrated with PMMA is quite  margi- 

nal . ,when compared with the reported hlgh and synergistic improvements 

In mechanical properties brought about by IPN formation. For example, 

SperSing et  al had shown that incorporation of 60% polystyrene into a 

c a s m  oil polyurethane network has increased the tensi le  strength from 

2 a value of 9.7 kg/cm2 to 241 kg/crn and synergistic increase in O/O elonga- 

tion .to a value of 108% from 58% I1,12 

The behaviour in cardanol form aldehyde - PMMA sem i-IPNs can 

be attributed to t h e  variation In the method of synthesis and to the rigi- 

dity  .of the system concerned. Interpenetration of rigid systems are known 

to give rise to products of drastically poorer mechanical properties. The 

drast, ic decrease in mechanical proper ties o f  PMMA by. fncorporation of low 

, yerct.i:lltages of cardanol-formaldehyde and vice versa could thus be attri- 

butcil to the rigidity in both the homopolymeric systems, 

Mixing of two different polymers is not expected to  impart any 

rnutaial strain. But placing o f  two polymers in juxta position and restric- 

ting .their mobilities by crosslinking them independently at different points 

coul~d lead to strain of the chain segments between crosslinks and 



2 I subsequent bending and uncoiling of the chain segments . This will be 

pronounced when both the polyn~eric networks involved are rigid in nature. 

A similar observation had been reported earlier in the case of epoxy poly 

24 (n-butyl acrylate) SINS . Weakest materials were formed on simultaneous 

gelation of the two polynzers and the subsequent formation of fine phase 

domain structures whereas when one or the other polyn~er was allowed 

to polymerize faster providing nonsimultaneous gelation condition, the phase 

domain were large and the products stronger. 

The basic descrepancy in strength properties can also be attributed 

to the  inability of the PMMA chains to interpenetrate freely with the 

sterically restricted cardanol-formaldehyde system. And it  is noteworthy 

that most of the EPNs reported so far involve heterogeneous systems 

usually constituting one rubbery phase and other glassy. This combination 

of rubbery and glassy polymer networks gives a rather interesting situation 

where a particular IPN system can range from a filler reinforced elasto- 

meric material  ( to  a leathery material) and to a rubber reinforced (high 

impact) plastic rn aterial depending on which corn ponent becomes the conti- 

14 nuous phase . The cardanol formaldehyde - PMMA semi-IPNs studied 

in this case do not fall under the  elastomer - plastic IPN system. Both 

networks in the semi-IPN are plastic materials and this will also result 

in restricting the property improvements. The plastic ingredients lack 

the ability to mutually interpenetrate and hence could have resulted in 

individual domains which are interpenetrated to a very low level. Hence, 

the expected synergistic behaviour I s  not reflected in the  observed mecha- 

nical properties, The property improvement also depends on various 

factors such as nature of the two chains, method of their synthesis, rela- 

t ive  rate of formation of each network and their compatibifity. 



TABLE 3.3 MECHANICAL PROPERTIES OF CARDANOL FORMALDEHYDE 
(NOVOLAC) - PMhU SEMI-IPNS 

Composi t ion of sem I-IPNs UTS % Elonga- Hardness 
kglcm 

2 tlon 

novolac PMMA % Shore A Shore D 
resin, % 



TABLE 3.4 MECHANICAL PROPERTIES OF CARDANOL FORMALDEHYDE 
(RESOL) - PMMA SEMI-IPNs 

Compositionof semi-IPNs UTS Oh Eionga- Hardness 
kg/cm tion 

resol resin PMMA % Shore A Shore D 

12.5 87.5 4 1.,3 2.0 Out of 66 
scale 



3.3.2 Scanning Electron Microscopic Studies 

The surface structure of cardanol formaldehyde - PklMA semi-IPNs 

are studied using scanning electron rn icroscope. Micrographs of the surf ace 

test specimens of cardanol-formaidehyde novolac, cardanal-for~naldeh yde 

(novolac) - PMMA semi-IPNs for two magnifications are shown in Figures 

3.4, ?.5 and 3.6. Distinct changes can  be observed from the comparison 

of the catdanol-formaldehyde (novolac) ( 1 OOoh), 50 cardanol-form aldehyde 

(novolac) - 50 PMMA and 12.5 cardanol formaldehyde (novolac) - 87.5 

PMMA semi-IPNs. Discontinuous cardanol-form aldehyde Cnovolac) phase 

is observed in the case of both the IPNs. 

Electron micrographs of 71.4 cardanol-formaldehyde (resol) - 28.6 

PMMA and 16.7 cardanol-formaldehyde (resol) - 83.3 PMMA semi-IPNs 

are shown In Figures 3.7 and 3.8. Comparison of these micrographs with 

those of the novotac semi-IPNs suggest a different structure for resols. 

71.4 cardanol-formaldehyde [resol) - 28..2 PMMA has a more or less a 

layered structure and cardanol-form aldehyde (resol) phase for both the 

semi-IPN compositions appear to be more continuous In comparison with 

the novolac phase in the novolac based 1PNa 

3.3.3 Glass transition temperature studies of sern i IPNs 

The glass transition temperatures of the homopol ymer and semi- 

IPNs were deduced from the thermonechanical analysis. The details 

i of the experiments  and the results are discussed in Chapter 4. 

3.4 Conclusions 

1. Mechanical properties of cardanol-formaldehyde polymers are lower 

compared to phenol-formaldehyde systems. 



Synthesislng cardanol-formaldehyde polymer using otigomertzed 

cardanol gives a rubbery product and the tensile strength is reduced 

and the % elongation is increased. 

Both resol and novolac resins based PMMA semi-IPNs show only 

marginal irn provements in tensile strength compared to cardanol- 

formaldehyde homopolymers. 



Fig. 3.4 SEM photographs of cardanol-farmaidehyde (novo1ac)- 
PMMA semi-ZPNs containing 0% PMMA at  
(a) 1700, and (b) 4500 magnifications. 



Fig. 3.5 SEM photographs of cardanol-formaldehy de (novo1ac)- 
PMMA semi-IPNs containing 50°h PPMMA at 
(a) 1700, and (b) 4500 magnifications. 



Fig. 3.6 SEM photographs of cardanol-formaldehyde (novo1ac)- 
PMMA semi-IPNs containing 87.5% PMMA at 
(a) 4500, and (b) 1000 magnifications. 



Fig. 3.7 SEM photographs of cardanol-form aldehyde (resol)- 
PMMA semi-IPNs containing 28.5% PMMA at  
(a) 4500, and (b) 1000 magnifications. 
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CHAPTER 4 

THERMAL CHARACTERIZATiON OF CARDANOL-FORMALDEHYDE 

(POLYMERS) AND CARDANOL FORMALDEHYDE RESIN BASED 

INTERPENETRATING NETWORKS 

Thermal analysis is now established as an invaluable and rapid 

method for the characterization of materials and evaluation of kinetic 

and thermodynamic parameters over a wide range of temperatures. 

Thermal analysis had been defined as a group of techniques in which 

physical property of a substance and or I t s  reaction products is measured 

as a function of temperature while the substance is subjected t o  a contro- 

lled temperature The recent ICTA (international Cornmi- 

ttee for Thermal Analysis) classification of thermal analysis is given In 

Table 4.1. Almost any anaIyQcal technique can be considered as a 

thermal method, if she measured parameter is determined as 'a function 

of temperature. In order to consider, a thermal technique as thermoana- 

Lytical, three criteria must be satisfied, (1) a physical property has to 

be measured, (2) the measurement lras to be expressed (directiy or indi- 

rectly) as a function of te.mperature, (3) the measurement has to be made 

3 under a controlled temperature programme , In other words, the physical 

parameters are a dynamic function of temperatures. Of course, every 

physico-chemical property is measured at some given temperature; I t  is 

only when the measured property changes significantly as a function of 

temperature so as to yield useful information concerning the chemical 
5 

system . Thermal analysis has been treated mainly as a chemical analy- 

6 sfs toot till the middle of this century , In recent years, It has grown 



TABLE 4 1: CLASSIFICATION OF THERMOANALYTICAL TECHNIQUES 

-. 

Physical property Derived Technique(s1 Acceptable 
Abbreviat Ion 

Temperature 

Enthalpy 

Dimensions 

Mechanical 
characteristics 

Acoustic 
charactetist Ics 

Optical 
characteristics 

Electrical 
charactetist lcs 

Magnet tc 

i characteristics 

Isobaric mass change determination 
Evolved gas deterrnfnation 

Evolved gas analysis 
Emanation thermal analysis 

Thermopart iculate analysis 

Heating curve determination 

Differential Thermal Analysts 

DIf ferentlal Scanning Calorimetry 

Therrnomechanical analysis 

Dynarn f c thermomechanometry 

TG 

EGD 

EGA 

DTA 

DSC 

TMA 



into a physlco-chemical method and Is used for the deterinination of  phase 

equilibria, enthalpy of transition, specific heat, etc. Now I t  has been 

developed as a pri tnary source of information concerning the  solid-st ate 

t he rma l  decorr~posi tion (heterogeneous) kinetics. 

The 111ost widely used techniques are Therinogravi~r~etr ic  A?~. !gr is  

(TGA), Differential Ther~nal PLnalysis (DTA), Differentral Scanning Ci;?ori- 

Inetry IDSC) and  Ther~r~oiilechanical Analysis ITAIA), Inorganic r:~at cri sls 

are those which are most widely studied by thermal analysis techniques, 

followed by high polyrxers, metals and metallic alloys and organic suSst an- 

3 ces . I t  should be noted that, in many cases, the  use of  only a single 

thermal analysis technique may not provide sufficient information about 

a given system. As wlth many other analytical methods, cornplementary 

or supplementary information, as can be furnished by other therlr~aI 

analysis techniques, may be required. It is fairly common to  complement 

3 all DTA os DSC data with TGA data . 

TG is defined as a technique whereby the mass of a substance, 

in an environment heated or cooIrd at controlled rate, is recorded as a 

function of time and temperature, 

The first therrnobalance was probably the instrument developed 
7 

by Ifonda in 19 15 . A number of thermobalances with varying capabilities 

are now commercially available and these have been discussed in various 

books. Application of thesrnogravimetry and the factors affecting t he r~no-  

3 8 gravimetry were discussed by Wendlandt , Blazeck , etc. The factors 

affecting thermogtavimetry have been classified as (1 ) instrumental and 

(2) sample characteristics; and most important among them are heating 



rate,  sample mass, atmosphere, etc. Enstrurnental factors include furnace 

heating rate, chart speed, furnace atmosphere, geometry of sample holder 

and furnace, sensitivity of recording mechanism and corn posltlon of sarn ple 

container. Sanlple characterlstlcs include amount of sample, particle size, 

heat of reaction, sainple packing, nature of the sainple thermal conducti 

vity, etc, 3 

The essential requirements for the design and construction of an 

auto~nat tc  recording thermobalance have been sumrnarised by Lukaszewski 

9 and Redfern and others. The main parts of a thermobalance are (1) se- 

cording balance, (21 furnace, (3) furnace temperature programmer centro- 

Iler, and (4) recorder. 

Therrnograviinetry is widely used in almost all the areas of che- 

mistry and allied fields, It is universally applied to a large number of 

analytical problems in the field of metallurgy, paint and ink sciences, 

ceramics, mlnerology, food technology, Inorganic and organic chemistry, 

polymer chemistry, biochemistry and geochemistry. TG ir the most widely 

3 used thermal technique to study the heterogeneous reaction kinetics . 
The greatest number of applications of thermagravirnetry during 

the p ~ s t  few years have been in the characterization of polymeric mate- 

rials which have been useful not only in the applied areas but also in t h e  

theoretical  aspects of polymer chemistry. Application of TG include 

comparisons of the relative thermal stability, the effect af additives on 

the thermal stability, moisture and additive contents, studies of degrada- 

tion kinetics, direct quantitative analysis of various copolyn~er systems, 

3 oxidation stability , etc. In studies of thermal oxidative degradation, TG 

can reveal the molecular structure and arrangement of repeating units, 



existence of cross-links between chains, side groups In hornopolymer and 

10 copolymer chains and so on , Rate constants, reactjon orders, frequency 

11 factors and activation energies of degradation can also be obtained 

Newkirk had descrjbed a comparison of t h e  relative thermal stability of 

a number of different polymers namely PMFViA, polystyrene, nylon, poly- 

12 ethylene, etc. Plasticizers are monomeric components that are add€ l 

to plastics and e t astoiller formulations to niotiify the  viscoelastic proper- 

ties of the blend to  make It more flexible, deforn~able and processable. 

These additives are lower In thermal stability than the polymer and can 

be separated from she polymers by heating to moderate temperature in 

a nitrogen atmosphere. Cassel and Gray had developed a TG procedure 

for the determination of dioctyl phthalate plasticizer in poly {vinyl; chlo- 

13 ride) , Numerous fG studies had been made on the characterization 

of copolymer systems. In general;, the thermal stability of a copolymer 

falls between those of the two homopolymers and changes in a regular 

14 fashion in the copolymer cornpodtion . Thus application studies that 

include the use of TG to polymeric materials are numerous, 

4 1.2 Di f ferentlal Thern~rr' Analysis QDTA) 

DTA is a technique in which the temperature of a sample and 

a thermally inert reference material are compared, as the sample is heated 

or cooled at a uniform rate. I t  is a differential method In which the 

temperature differential AT between the sample and the reference 

material i,e. 4 T = T (sample) - T (reference), Is recorded as a function 



of temperature. The reference substance shouls' not undergo decomposition 

15 or phase transltlon in the temperature range of interest . 
The technique of DTA was first developed by Le Chatelier In 

1 88716 and the  most important development in DTA instrumentation was 

brought about by Stone for using it in controlled atmosphere of H20, 

C o p ,  e t c  17 

The basic components of DTA are (1) furnace, (2) sample holder, 

(3) temperature sensor, (4) property sensor, (5) recorder, and (6) furnace 

18 temperature psogsalnrner . A large number of DTA Instruments are 

19 available and they have been discussed in several monographs and books . 
DTA is a useful thermal technique which has varied applications. 

20 Wlttels in 1951 used DTA for microcalorimetry . Norton identified clay 

2 1 minerals using DTA . In 1957, Borchardt and Daniels developed the 

necessary theory for the application of DTA to the study of reaction 

22 kinetics in stirred soiutions , DTA is nowadays extensively used for the 

study of heterogeneous reaction kinetics. 

DTA has wide applications in t h e  polymer field also, DTA is used 

to measure melting points, degree of crystallinity, heats of fusion, etc. 

Chiu studied a physical mixture of seven commercial and only 

very small amount is required for the experiment. Murphy et al demon- 

strated t h e  effect of different catalysts on the curing of Vibrin 135 resin 

24 by a DTA method Schwenker and Beck studied the thermal degradation 

of polymeric materials used in textile manufacturing in air and nitrogen 

25 atmospheres . DTA can detect relatively small changes in the polymer 

composition or the presence of substituents on the polymer backbone, as 

well as i t  is quite valuable for thermal degradations mechanism studies. 



4.1.3 Differential Scannlna Calorimetry (DSC) 

There are two types of DSC instruments whlch use the same name, 

(1)  differential scanning calorimeters which are heat flow recording Instru- 

ments ((dq/dt) bT = 0) and (2) differential scanning calori~neters which 

are differential recording instruinents ( d T  &OJ. The fc-mer is ztso 

2 5 
known as power cornpensated DSC , 

Differential scannlng calorimetry is a technique in which the dific- 

rence In energy inputs into a sanlple and a reference inaterial is rr;c::s- 

ured as a function of temperature, while the sample and the reference 

26 are subjected to a qontrolled temperature programme . Gray had deve- 

27 loped the basic equation relating IdHldt) to the material properties . 
DSC measurements are considered to be quantitative and kinetics 

and mechanisms of solid state thermal decomposition reaction can be 

studied by DSC~~. A bibliography of literature in DSC has been compiled 

29 by Perkin-Elmer Corporation . 
The basic components of DSC are she same as that of DTA. 

DSC has a large number of app1Ications which includes the study 

of decomposl tlon reactions, phase diagrams, reaction kinetics, solid-state 

reactions, dehydration reactions, heats of adsorption, heats of reaction, 

Curie point determination, thermal stability, oxidation stebiiity, glass 

transition determination, erc3 I t  can also be used to solve analytical 

chemistry problems. DSC can be used as a control for comparing similar 

but not identical materials, As a control technique, DSC may be used 
9 

to  distinguish between raw materials quickly and easily". 

Thus nearly every chemical field has been touched by this techni- 

que, although much of the recent emphasis has been In the area of 



polymer chemistry. The largest use of DSC has been in some phase of 

polymer characterization. DSC Is routinely used to measure glass transi- 

tion temperature, melting points, degree of crystallinity, heats of fusion 

and crystallization, decompositfon temperatures, and numerous other 

3 parameters . 
DSC is widely used to study a variety of polymeric substafices. 

3 1 32 Among them are rubber3'. molded resins , polymer films , engineering 

33 thermoplastics , etc. DSC is used to predict the potential explosive 

3 hazard of materials in an ASTM method . DSC Is also used t o  judge the 

thermal or oxidative stability of a redn and this method offers the advan- 

3 tage of shorter analysis t lme  for well-stabilized resins . Gray had 

34 
reviewed the determination of polymer crystallinity by using DSC . 
4.1.4 Thermomechanicsl analysis (TivlA) 

The changes of volume, shape, length and other properties relating 

to the physical shape of a substance const i tute  the broad area of thermal 

analysis known as ther momechanicaI methods. Three techniques are 

commonly included that are related by expansion behaviour and viscoelas- 

35 tic effect , They are thesrnodi1ato;netry (TDA), thermomechanical ana- 

lysis (TMA) and dynamic thermom ezhanometry (DMA). The dl f ference 

among these three techniques lies in their method of measurement, For 

TMA, a stress is applied to  the sample that is nonosciElatory and the 

deformation under load is measured, Thus TMA involves the measurement 

of deformation under nonoscillatory load which is recorded as a function 

of sample temperature while the sample Is being heated at a linear rate. 
I 35 Daniels correiased the behaviour of a sample with the 3 techniques . 

In T M ,  the bulk effect af the sample's molecular response to changes 



i n  therrn a1 energy Is measured. These changes involve crystal structure, 

lat t ice vibrations, and physical and chemical states, all of which can 

result In the change of length of a solid sample. Thus TMA response 

is a cbiilbinatlon of expansion behaviour and viscoelastic effect, 

The instrumentation of  TldA had been dsscribed by ~eniel", and 

the  changes in  the dimensions of a sample are detected by a mechsnical, 

optjcal or electrical transducer although the transducer is usually a \ i n e x  

variable differential transformer. 

TMA fs widely used to  study the  properties of poIytners and other 

materials under various conditions in the temperature range from -200 

to +800'~, but almost all applications of TMA have been to  polymeric 

3 systems . Et is used to  measure the thermal expansfon characteristics 

3 6 of t he  polymer and hence to determine the glass transition temperature . 
37 Miller ,  arto on^^ and others prepared reviews on the application 

of TMA to  polymers. TMA can also be used to determine the thermo- 

plastic melt  viscosity of polymers. In the present study TC, DSC, and 

TMA are used for - polymer evaluation. 

4 1.5 Kinetic  Analysis of Reactions 

TG and DSC are the most widely used thermoanalyrlcal techniques 

to study the kinetics of chemical reactions and t o  determine the basic 

kinetic constants, viz., rate consmnt k, activation energy E, pre-expo- 

nential factor A and order parameter n. 

The method of thermal analysis can be divided Into two: (1) static 

and (2) dynamic. The static method ltself can be classed Into isobaric 

and isothermal. In isobaric changes, the equilibrium property of a 



subs; ance is measured as a function of temperature and in Isothermal 

wet: ~ d ,  property changes are measured as a function of t i m ~  Dynamic 

met* >d consists of the measurement of properties under a programmed 

15 tern, :rature conditions * 

'Iflnt :rm a1 Klnetic Analysis 

Isothermal method is considered to be the most accurate method 

fill he analysis of reaction kinetics. The simple method of obtaining 

kii c parameters from experimental data is based on the formal kinetic 

eq ion 

I 
: = rare of the reaction, but rate constant k is related to  . - 

I activation parameters A and E by the relation 

wh1 : A is the pte-exponential factor, E Is the activation energy, 

R ; the gas constant. On substitution of equation (2) in equation ( I ) ,  

doc n - = Ae- El f?  T ( 1-02) ........... 13 / 
d t 

doc: Fo i  he correct value of n, plot of - vs (1 - % )" will give a 
d t 

srriji,ht line with slope = k. (The value of k can be determined at  

di f  f ~ f  ent isothermal temperatures). Taking logarithm of Arrehenivs 

ieqt: a t ion (2 1, 



L I n k  = t n  A -  - 
R T  

Thus from the plot of In k vs In, A and E can be determined. 

Non-lsotherrna?_Reaction Analysis 

. had glven a very good account of the historical develop- 

ment of non-isothermal kinetics. The analyt i :a1 detenninction of spec! fic 

reaction quanritics, E and A Is based on the experiments performed at  

programmed temperature conditions, So, the kinetic law and Arrcbenius 

equation are to be considered. The functional, relation between activation 

parameters and fractional conversions in non-Isothermal methods had been 

40 discussed by Achar et Horowitr and Metrger . 
The advantage of determining the kinetic parameters by non-iso- 

thermal methods had been listed by wendlandrS and they are, (1) results 

can be obtalned from a single TG experiment. (2) The kinetics can be 

calculated over an entire temperature range in a continuous manner. 

(3) Only a sIngle sample is required, (4) When the sample undergoes 

considerable reaction on being raised to the required temperature, the 

results obtained by isothermal methods ass questionabk. But non-isother- 

ma1 method had certain disadvantages also, ( I )  The reaction mechanism 

cannot be usvalIy determined and it gives only an overall kinetic expre- 

15 ssion and (2) the greater susceptibility to procedural factors . However, 

non-isothermal method Is used more commonly because i t  required only 

a single TG experiment to compile the results, 



Non-Isothermal klnetic equations for the analysls of TG data 

The most widely used ther~nal technique to study heterogeneous 

8 kinetics is TG . Three different approaches have been made for the cal- 

4 1 cuiation of kinetic parameters . They are (1)  Differential methods, 

(2) Integral methods, (3) Appraxlmation methods, Using the three approa- 

ches, a number of equations have been derived by dilfere~t authors and 

4 2 
they have been given in number of publtcasions . 

Coats and Red fern derived an equation using the integral m e t  hods. 

These authors41 evaluated the comparative integral with the aid of the  

~ s i n v i l l e ~ ~  function and put furward coats- kedfern equation, the final 

form of which can be written as follows: 

where 

T = Temperature 

R = Universal gas constant 

E - Activation energy 

A 3 Pre-exponential factor 

= Heating rate 

g(%) = - l n ( l  -!XI where n =  1 

or g(dC) = where n + 1 
(1-nE 

where 

6 = fraction decomposed 

n = order parameter 



Tbese authors have shwon that for the usual values of E and temperature 

range over whlch reaction generally occurs, the term in (AR/ (b E) 

(1 - 2 RT/E) Is sensibly constant42 since 2 RT/E 4 1. A plot of 

2 
, Ion (g (Dt ) / T ) vs 1/T would, therefore, be linear. E and A can be 

caIculated from the slope and Intercept of the linear plot, The authors 

have recommended a trial and error method for determining the form of 

15 g(K ) 1.e. the values of n is determined by trial and error . The 

equation derived by coat; and Redfern is the most popular and well known 

integral method Hence, In this work the kinetic parameters were evalua- 

ted by using Coats-Redfern equation, 

Thus TG, DSC and DTA can be used for determining the thermal 

stabllit y, thermal decomposition, kinetic parameters of decomposition, etc. 

Of t h e  three methods, TG is the most ideal and reliable method because 

weighing is the most reliable method 

This Chapter is mainly concerned with t h e  study of thermal sta- 

bility, thermal decomposition, kinetic  parameters of decomposition, glass 

transition, etc. of two polymeric systems : (1) cardanol-formaldehyde 

polymers (novolac and resol), and (2) cardanol formaldehyde both novotac 

and resol) - poly (methylmethacrylzte) interpenetrating networks (IPNs). 

The synthesis of these two systems are described In detail in Chapter 3. 

4.2 Experimental 
% 

4.2.1 Synthesis 

i 
The synthesis of eardanol formaldehyde polyrners and cardanol 

formaldehyde - polylmethylmethacry late) lPNs are described in det ai t in 

the experimental section of Chapter 3. 



4.2.2 Methods 

4.2.2.1 Thermal characteri tarion 

A Dupont 990 Modular Thermal Analysis system conststing of 951 

TGA, 905 DSC and 942 TMA was used for thermal analysis. All TG and 
3 

DSC were recorded in N2 atmosphere at a flow rate of 50 cm /rnin, the 

heating rate was lo0/rnin and for TG the sample weight was 10 + 0.2 mg 

and for DSC i t  was 10 + 0.2 mg. For TMA 3-4 m m  cubical sample was 

used. Experimental conditions were maintained identical for all samples. 

4.3 Results and Discussion 

4.3.1 TG studies 

Phenol-formaldehyde results are temperature resistant plastics and 

result in high yields of char on thermal degradation. Thermal degrada- 

tion of phenol-formaldehyde resin takes place in two stage 45p46 (300-600'~ 

and 6 0 0 ~ ~ ) .  The mechanism of thermo-chemical degradation of phenol- 

formaldehyde resins was thoroughly investigated by ~ o n l e ~ ~ ~  and Gau- 

48 therot . The reaction is reported to take place through a therrno-oxida- 

tive process irrespective of whether the reaction takes place in an oxida- 

tive or inert atmosphere. Phenolic resins by themselves have high oxygen 

content ac3 this is shown to be the teasan for the oxidative d e ~ 7 ~ d a t ; o n  

process. Major components of the products of thermal degradation of 

phenol formaldehyde are benzene, toluene, phenol, substituted ph no15, 

carbon dioxide, carbon monoxide, phenolic acids and keto phenols. The 

degradation is schem atised as f a l l ~ w r ~ ~  (Scheme 4.1 ). 



Scheme 4 1 



The thermal degradation of phenol-formaldehyde and cardanol- 

formaldehyde polymers were compared and table 4.1 indicates the reported 

decomposition tern peratuse for 109'0 and 50% TG weight loss for cardanol- 

49 formaldehyde and phenol-formaldehyde (in air) . Cardanol-formaldehyde 

has a poorer thermal stability and loses 50% of its weight at 4 8 5 ' ~ ,  

whereas phenol-formaldehyde requires 830% for the same weight loss. 

TABLE 4.1 THERMAL DEGRADATION DATA OF CARDANOL- 
FORMALDEHYDE AND PHENOL-FORMALDEHYDE 

System 10% DT, 'C 50% DT, O'C 



This difference in thermal stability Is attributed to the structural 

features of cardanol-formaldehyde. The structure of  cardanol-formaldehyde 

and phenol-formaldehyde ate represented as follows: 

R = -(CH& - CH2 - CH = CH - (CH2)5 - CH3 (major component) 



The long side chain (containing between zero, one, two or three 

double bonds) does not form part of the network. Structure and degra- 

dation of the side chain is expected at a relatively low temperature due 

to the facile /3 - cleavage at the double bonds 

The major component of cardanol is the monoene with the double 

bond at 8 position and P - cleavage at the sixth carbon atom or tenth 

carbon atom would lead to a weight loss of approximately 40% and 22% 

respectively. A loss of the whale side chain would result in a weight 

less of arourid 65Oh (Scheme 4.2). 

Scheme 4 2  

Figure 4.1 gives TGs of phenol-formaldehyde Iresol), phenol-formal- 

dehyde (navolac, 5% HMTA), cardanol-formaldehyde (resol) and cardanol- 

formaldehyde (novolac, 5% HMTA) prepared as described In the experi- 

mental of Chapter 3. The Table 4.2 gives % weight loss at different 

temperatures for each of the samples, As is the case with reported 
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TABLE 4.2 % WEIGHTSLOSS DATA FOR CARDANOL-FORMALDEHYDE 
AND PHENOL-FORMALDEHY DE POLYMERS 

Cardanol- Cardanol- Phenol- Phenol- 
Temp* Oc formaldeh#dii formaldehyde formaldehyde formaldehyde 

(resol) (novolac) (resol) (novol ac) 





samples, cardanol- forinaldehyde products decompose at a much faster rate. 

Phenol-formaldehyde had a welght loss of about 10-13% in cornparisan 

with 74-80°/0 weight loss for cardanol-form aldehyde. The increased weight 

loss approximately accounts for the loss of C side chain. Comparison 15- 

between she degradation patterns of cardanol-formaldehyde resol and 

novolac suggests an almost identical pattern vpto around 50% weight loss 
0 (460 C)* Above this temperature resol decomposes at a faster rate than 

novola~ This decreased rate in thermal decomposition above 460% for 

novolac in comparison with resol could be due to the increased crosslinking 

brought about by HMTA 

novolac could also be expected to play a role in scavenging the radicals 

formed during the decomposition, thereby increasing the therm a1 stability. 

Fig. 4.2 gives the TGs of cardanol-formaldehyde (resol) - PMMA 

semi-1PNs cont alnlng various proportions of PMMA content. The weight 

loss at various temperature for each of the product is tabulated in 

Table 4.3. Thermal degradation of PMMA homopolymer is extensively 

50 Investigated . The PMMA is known to  degrade to around 25%, 50% and 

90°/o weight loss st 300'~, 3 5 0 ' ~  and 4 0 0 ' ~  respectively via a stepwise 

unzipping process. The polymer chain breaks a t  random vulnerable points 

and the depolymeri zation occurs through a chain mechanism. The unzipping 

of PMMA by thermal degradation could be represented as follows 

(Scheme 4.3). 



S c h e m e  4 . 3  

Table 1 3  indicates only a low % of weight loss of the order less 

than 15% even at 350'~ for the products under study. . This is considera- 

bly low considering the fact tha t  some of the samples contain high 95 

of PMMA content varying from 37.5 to 90%. This suggests the influence 
5; 

of cardanal-formaldehyde (resol) on the mechanism of PMhlA degradation. 

The likely mechanism for this improvement in thermal degradation could be 

the interaction of  cardanol-formaldehyde phenolic units with the PMMA 

free radicals genetated by PMMA decornposltion, thereby slowing down 

or preventing the chain depolyrnerization of PI\/IMA and phenols acting 

as a free radical trap. Substituted phenols are known to interact effici- 

ently with free radicals, Similar stabilization of polymer networks for 
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TABLE 4.3 % WEIGHT LOSS DATA FOR CARDANOL-FORMALDEHYDE 
(RESOL) - PMMA SEMI-IPNs 

Temp. OC 100% 90% 83.3% 7 5 O/O 44% 0% 
PMMA PMMA PMMA PMMA PMMA PMMA 





thermal degradation by incorporation Into IPN network have, In fact, been 

reported in the case of polyurethane/PMMA-IPNs where PhriMA has acted 

as a radical scavengers1, stabillsing the polyurethane degradation. 

The explanation offered by Belyakov et al in the case of thermal 

stabltisation of polyurethane brought about by PMMA interpenetration is 

slightly in variance with the one offered here. Belyakov suggested that 

PMMA degrades first via a stepwlse unzipping process and this more easily 

degradable component of the TPN absorbing free radicals, stabilising and 

protecting less easily degradable polyurethane corn ponent. En the present 

case the more easily degradable PMMA degradation is suggested to be 

stabilised by the phenol groups of cardanol-formaldehyde polymer by intes- 

acting with the radicals generated However, in both cases the stabilisa- 

tion is by scavenging the free radicals generated during thermal degrada- 

tion. Kim et a15' have also reported thermal stabilisation effects due 

to interpenetration In polyurethane /polystyrene systems. Placement of 

two different polymers in juxta position could thus bring about thermal 

stabilisation effects in addition to changes In mechanical properties. 

Corn parison of the therln al degradation pattern of the cardanol- 

form aldehyde (resol) - PMMA semi-1PNs with cardanol-form aldehyde (resol) 

homopolymer also indicates a char content of  around 12% for the homo- 

polymer in coinparison with almost no char content for the semi-IPNs a t  

I 
Figure 4.3 gives TGs of casdanol-form aldehyde (novalac) - PMh4.4- 

semi IPNs and Table 4.4 gives the % weight loss data  The data indicates 





TABLE 4.4 O h  WEIGl-IT LOSS DATA FOR CARDANOL-FORMALDEHYDE 
(NOVOLAC) - PMMA SEMI-IPNs 

Temp. 'C 100% 87.5% 83.3% 75% 50 YO 0% 
PMMA PMMA PMMA PMMA PMMA PMMA 

1 2 3 4 5 6 7 





greater stabllisation of PMMA decomposition In comparison with that in 

the resot system. For a 75% PMMA semi-IPN, approximately 50% weight 

loss was observed in the case of resol semi-IPNs whereas only 37% weight 

loss is indicated in the case of novolac semi-IPNs, Comparison of the 

casdanol-form aldehyde (resol and novolac) homopolymer has already been 

discussed earlier wherein the decomposition pattern was found to be almost 

identical upto 450 to 460'~. The increased thermal stability of PMMA 

in the case of novolac semi-IPNs could be attributed to the presence of 

tertiary amino crosslink points in addition to the phenolic groups both of  

which could act as a scavenger for the radicals of thermal degradation 

of PMMA. 

The % weight loss at 300°, 350°, 400' and 450% are plotted Vs 

% PMMA content for resol and novolac semi-1PNs in figures 4.4 and 4.5 

respectively. The plots show a linear trend for the different semi-IPNs, 

whereas the homopolymer (0 and 100% PMMA) give rise to distinctly dis- 

continuous points in the graph. This result could also be indicative of 

mechanistic involvement af cardanol-formaldehyde in the thermal degra- 

dation of PMMA and vice versa 

43 
Figures 4.6, 4.7 and 4.8 give the Coats-Redfern plots for 

casdanol-formaldehyde polymer, cardanol-formaldehyde ( r e s o l ) / P ~ ~ A  and 

cardanol- form aldehy de (novolac)/PMMA sern i-IPNs respectively. Good fits 

are obtained for the reaction order parainters, n = 1, Two distinct stages 

of decomposition are indicated in both cases, first s tage between 200 and 

4 0 0 ' ~  and the second stage between 400 and 5 0 0 ~ ~ .  Activation energies 

for these two stages of decomposition for the different samples are 
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deduced from the slopes of the Coats-Redfern plot (Table 4.5). Activa- 

tion energies for the first stage of  decomposition for t he  cardaool-formal- 

dehyde (resol) - PIvlMA semi-IPNs range between 40 and 55 K Joules lmole  

whereas the corresponding values for semi-IPNs based on novolac system 

range between 44 and 65 K Jouleslmole,  This higher activation energy 

for the novolac system is also in  accordance with t h e  increased thermal 

stability of novolac based semi-IPNs deduced froin the % weight loss 

calculation. The second stage of decomposition which is between 400 and 

500'~ has an activation energy ranging between 90 and 110 K Joules/rno\e 

for semi-IPNs wherkas for the cardanol-formaldehyde homopolyiners the 

valve is higher ( 138 K Joules/mole), 

Comparison of the activation energies o f ,  the two stages indicate 

large difference in activation energies between the first and second stages. 

The activation energy for the  first stage of decomposition has a value 

around 40 to  50 K Jouleslmole, the magnitude of which is low for a 

possible free radical type of decomposition. The cardanol side chain deco- 

mposition preferably taking place during the first stage of decomposition 

could, infact, follow an ionic mechanism by attack of the double bonds 

by acid protons (available from the phenolic groups) and further undergoing 

p - cleavage of the carbonium ions Formed. 

The second stage of decomposition having an activation energy 

around 140 K Joulesfmole, might, in all probability, fotlow a radical 

decomposition rn echanisrn. 



Fig. 4. 6 C o o l s  - Redf ern plot  for 
( a )  C a r d a n o l -  f o r m a l d r h y d e ( r r s o I )  

( b )  C a r d a n o l - f o r m a l d e h y d c ( n o v o 1 a c )  
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TABLE 4.5 ACTIVATION ENERGY (E) FOR THE THERMAL 
DECOMPOSITION OF CARDANOL-FORMALDEHYDE- 

PMMA SEMI-IPNs. . . 

Semi IPN composition E (KJJmote) E(K JJmole) for 
for first stage second stage 

O/O Cardanol- % PMMA (200-400'~) (400-500'~) 
formaldehyde 



Studies on glass transition are known to provide quantitative infor- 

mation about the composition of the phase of IPNs. Simultaneous IPN- 

networks of polyurethane and polyacrylate are reported to show only one 

53 
Tg intermediate in  temperature to the Tg's of the component networks . 
Frisch and coworkers attributed this to the thermodynamic compatibility 

of the two systems. This observation, which Is in accordance with the 

copolymer equations for Tg, apply directly to compatible IPNs. 

where Tg and Tg2 represent. glass transition temperature of polymer I 

and polynler 11, and wl and w2 are their weight fractions An identical 

system of IPN studied by Klernpner et a154, where there was a difference 

in synthetic routes, showed two glass transitions indicating aheterophase. 

The Tgs were shifted Inwards indicating some molecular mixing of t h e  

two polymers. 

Thermomechanical analysts ITMA) is used to evaluate glass transi- 

tion temperatures of the cardanol-formaldehyde - PbFVIMA semi-IPNs. 

Fig. 4 9  and 4.10 show the TIVIA plots for cardanol formaldehyde (resol)- 

PMMA semi-IPNs and cardanol-formaldehyde (novolac) - PMMA semi-1PNs 

respectively, The Tgs deduced from the TMA pfoss are tabulated in 

Table 4.6 and 4.7. Two Tgs are shown for all the semi-IPN sa~rlples 

s tud ied  The lower Tg (Tgl) corresponds to the PldMA phase and the 

higher one (Tg2) corresponds to the cardanol-formaldehyde phase. The 



increase in Tgl with increasing PMMA content for the cardanol-formal- 

adehyde fnovelac) - PMMA system indicates improved interaction between 

the phases on increasing PMMA content. However, the increasing Tg for 

the csrdanol-formaldehyde (novolac) phase (increasing from 128 to 1 4 4 ' ~ )  

is an unusual phenomena. The reported trend on Tgs suggests the glass 

transition temperatures to Ile between the individual Tgs of homopoly- 

mers. Cardanol-formaldehyde (novolac) homopolymer has a Tg only IZB'C, 

which increases to 144 for 12.5 cardanol- formaldehyde (novolae) - 87-5 

PMMA semi-IPN, suggest restrictions In the segmental motion of tF.e 

cardanol-formaldehyde (novolac) chains brought about by mixing with 

another rigId polymer system llke P M W  

A similar trend I s  observed for the cardanol-form aldehyde (resol) 

PMMA semi-IPNs as far as the Tg2 is concerned. There appears to be 

not much change In the Tg of the PMMA phase in this case. 

4.4 Conclusions 

I, Cardanol-formaldehyde polymers have poorer thermal stability when 

compared with phenol-form aldehyde. 

2. The poorer thermal stability of cardanoMor!aatdehyde is attributed 

to the facile decoln position of the C 5-side chain. 

3. Interpenetration of cardanol-for rnaldehyde with PMMA influence 

the thermal decomposition of PMMA. P W  decomposition Is 

slowed down by the presence of adjunct cardanol formaldehyde 

chains. 



4. The scavenging of radicals generated during PMMA decomposition 

by phenol. and tertiary amino group of cardanol formaldehyde 

network is attributed to be the possible mechanism for the thermal 

stabHization of PMMA 

5. The activation energies for ther ma1 degradation for the two 

systems of cardanol formaldehyde - PMMA semi-IPNs are in the 

range of 40 K J /mole and 110 K JImole (for the first and second 

stages of thermal decomposition respectively). 
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TABLE 4.7 GLASS TRANSITION TEMPERATURE OF CARDANOL 

FORMALDEHYDE (NOVOLAC) - PMMA SEMI-IPNs 

Semi IPN composition Tgl (OC) Tg2 (OC) 

novolac, resin % PPMMA O h  



TABLE 4.6 GLASS TRANSITION TEMPERATURE OF CARDANOL 
FORMALDEHYDE (RESOL) - PMMA SEMI-IPNs 

Semi IPN composition 

resol, resin % PMMA, % 
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CHAPTER 5 

STUDIES ON POLYMERlZATION OF THE PHENOLIC 

COMPONENTS OF COCONUT SHELL TAR 

5.1 Introduction 

Coconut shell tar (CST) is a byproduct obtained during the disti- 

llation process of coconut shells and except for some antimicrobial uses, 

1 i t  was cansidered as a waste so far , The distillation products of coconut 

shells are indicated in Figure rm1 Preliminary chemical studies show that 

i t  contains about 3096 phenolic substan~es~'~. Besides phenolics, CST 

contains crotonaldehyde, furfural, acetic acid (22%), caproic acid, p-hydraxy 

4 benzoic acid, and p-zresol . The main objective of this work is to enrich 

the phenol content of CST and to study the polymerization behaviour of 

phenol enriched CST. 

5.2 Experimental 

5.2.1 Materials 

Coconut shell tar (CST): CST was obtained from MJs. Carbo Chemicals 

Industries L t d ,  Calicut, IndJa, and the same was used without further 

purification. All other reagents used were of the AR grade and used 

without further purification. 

5.2.2.1.1 Enrichment of phenolic components of CST: 

CST was distilled at atmospheric pressure and fractjon corning 

out at ~OO'C, 103-105'~ and at  118-120'~ were collected The first 

fraction was water (22%). the second fraction was ctotonaldehyde (3%3 



Fig. 5.1: COCONUT SHELL DISTILLATION PRODUCTS 
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and the third fraction was acetic acid (22%). The fractions were  identi- 

fied using standard analytical methods. The residue was refluxed with 

3% sodium hydroxide for 2 hrs and neutralized with glacial acetic acid. 

The product was dissolved in acetone and filtered to remove free carbon. 

The filtrate, after the  removal of acetone, was used for polymerization. 

5 
5.2.2.1.2 Synthesis of CST-formaldehyde {novolac) : 

A 500 rnl resin kettle was fitted with a reflux condenser, stirrer 

and a thermometer. To the reaction vessel were added 33.8 g (0.16 mole) 

CST, 10.38 ml (0.128 mole) o f  37% aqueous formaldehyde and f g 

(0.0078 mole) of oxalic acid. The reaction mixture was stirred and heated 

In a water bath at 1 0 0 ' ~  for 5 hrs. Vacuum was then applied to remove 

the water of condensation. The yield of the resin was found t o  be 97%, 

5 
5.2.2.1.3 Synthesis of phenol-form aldehyde (novolac) : 

130 g (1.38 mole)  phenol was mixed with 92.4 g (1.14 mole) of 

37% aqueous formaldehyde and 1 g (0.0078 mole) of oxalic acid dihydrate, 

The mixture was stirred and heated in a water bath at 1 0 0 ' ~  for 5 hrs. 

Vacuum Is then applied to remove water of condensation and the resin 

was dried, 

5.2.2.2 Physical and chemical characterizaiion 

5.2.2.2.1 Viscosity 

The method of measuring 'intrinsic viscosity is described in detail 

in the experimental section of Chapter 2. 

5.2.2.2.2 Acid value 
6 

A resin sample is dissolved in 100 rnl of ethanol, and titrated 

with 0.1 N aqueous sodium hydroxide using phenolphthalein as indicator 

until a pink colour persists. The acid value (in rng KOM per g) is 



calculated using the formula  

Acid number = 56.1 r n /m 

where v = the volume (ml) of sodium hydroxide titrant consumed 

in titrating the resin sample, 

n = normality of the titrant 

m = weight of the resin sample, g 

5.2.2.2.3 Total phenol content 7 

This method is based an the reaction of phenol to form tribrorno- 

phenol in the presence of excess bromine. 

A bromide-bromate solution Is prepared by dissolving 10.20 g of 

potassium bromide and 2.80 g of potassium bromate in water and solution 

is diluted to I litre and mixed thoroughly. An accurately weighed sample 

containing .02 to 0,03 miliirnotes of phenol i s  introduced into a 125 rnl 

iodine flask and if the sample is water soluble, it is dissolved in 5 ml 

water. If  it Is not soluble in water, then a 2% sodium hydroxide solution . 

is to  be used. 5 rnl of the bromide-bromate solution is added by a 

pipette, followed by the addition of 5 rnl of water and the flask is 

wrapped with aluminium foil. The flask Is then swirled and 2 mE of 

1 : 1 hydroch\oric acid is introduced quickly. The flask is stoppered and 

vigorously shaken and is allowed to stand for 15 minutes in the dark. 

Then the  alutninjum foil is removed, I0 rnl of 20% potassium iodide is 

added to  the iodine flask and also 3 rn! of water. The stopper is replaced 

and the flask is shaked vigorously for 3 seconds, 2-3 rnl water is further 

added to  this and is titrated against 0.1 N sodium thiosulphate solution 

with starch as the indicator. 



IB-A1 N x M x 100 
Phenol % by w t  = W 

100 x W x n 

A = vol. of  sodium thlasulphate used for sample titration in ml 

B = volume of sodium thlosulphate used for blank titration in m l  

N = Normality of sodium th'losulphate 

Mw = gram molecular weight of phenol 

W = sample weight, g 

n = Number of bromine atoms substituted in 1 phenol molecule 

5.2.2.2.4 Free carbon 

A definite weight of the  resin is dissolved in acetone and filte- 

red using a previously weighed sintered crucible (Gg). The residue is 

washed with acetone till washings are calourless. The crucible is dried 

in the oven to remove acetone, coaled and weighed to  constant weight. 

% of free carbon = 
(W - M) x 100 

n 

W = Weight of crucible + residue 

M = Weight of empty crucible 

n = Weight of the resin 

5.2.2.3 Mechanical properties 

5.2.2.3.1 Preparation of specimen for lap shear test 

CST-Form aldehyde (novolac) 

2 g (0.009 mole) of the ~ovolac resin obtained from CST was 

mixed with 0.016 g hexamine (0.001 mole). The mixture was dissolved 

in acetone and the resin was placed between two plywood pieces and hot 

pressed at  1 3 0 ~ ~  for 1.5 hours using a hand press at  a pressure of 69 

2 to 138 kg/cm , A series of samples were prepared by varying the solid 

content and open tack time. 



Phenol-for maldehyde (novolac) 

Phenol-formaldehyde poly~ner was also worked out as in the case 

of cardanol-form aldehyde (novolac) system. 

5.2.2.3.2 Mechanical testing 

7 
Shear strength --. 

Shear strength was tneasused using an Instron Universal Testing 

hlachine (Instron Model 1195) at a cruds-head speed of 20 rnm/nlin. The 

specimens are placed in the grips so that outer 25 m m  of each end are 

in contact with the jaws and long axis of the test specimen coincides 

with the direction of applied pull through the centre line of t h e  grip 

assembly. The loading is applied and continued t i l l  failure, The load 

at failure is t h e  shear strength expressed in kg/cm2 of shear area. 

5,2,2.4 Electron Microscopic studies 

Scanning Electron Microscope (SEM) 

SEM photographs were taken using a JEOL 35 C Microscope. 

5.3 Results and Discussion 

Tabel 5.1 shows the results of the preliminary examination of CST, 

phenol enriched CST and the CST-formaldehyde resin, The phenol e~:rich- 

nlent of CST is carried out by distilling off the c r o t ~ n a i d e h ~ d e ,  acetic 

acid and water components as is described in the experimental, The 

product arlalysis after phenol enrichment thus indicates reduction in acid 

value (63.59 to 15,503 rng KOH/g) and loss of other ingredients l ike 

csotonaldehyde and water is reflected in the improvement in the phenol 

content (from 35% to 45%). The phenol enriched CST still contains a 

solid free carbon content of about 6.5% aand this is removed by dissolving 



the product In acetone and filtering off the free carbon. The phenol 

content of the carbon free, phenol enriched-CST is estimated t o  be 51.5%. 

The flow diagram for the process of phenol enrichment of CST is given 

in Figure 5.2. 

The phenol enriched CST, having a phenol content of 51.5%, is 

heated with formaldehyde and exalic acid to obtain phenol enriched CST- 

formaldehyde resin. In an identical treatment pure phenol was also con- 

verted in to  phenol formaldehyde for comparison purposes. The intrinsic 

viscosity of CST-formaldehyde resin in acetone at 30'6 was determined 

to be 0.025 dl/g whereas the corresponding value for phenol-formaldehyde 

was 0.035 dl/g. Figures 5.3(a) and 5.3(b) show the SEM surfaces of the 

uncured CST-form aldehyde and phenol formaldehyde resins, respectively. 

The SEN surfaces appear to be similar in nature. The CST-formaldehyde 

and phenot-formaldehyde resins were cured by heating with hexamine at 

130'~. When the CST-formaldehyde resin was placed between two wood 

pieces and hot pressed, g,ood adhesion was indicated, The shear strength 

of the resin was measured using an Instron Testing Machine. The compa- 

rative evaluation of t h e  adhesive property of cured CST-formaldehyde and 

ured phenol forrnalde11)~de resin are given in Table 5.2. Fig. 5.4. shows 

a plot of shear strength against open tack t i m e  for CST-formaldehyde 

resin with 13.8% and 27.7% solid conte:?ts. At a solid content of 13,8%, 

the  maximum shear strength obtained was 9.46 kg/cm2 at an open tack 

time of 45 seconds and the corresponding values at 27.7% solid content 
2 were 7.13kg/cm and 60 seconds. 

The shear strength values indicate the phenol-f or m aldehyde resin 

to  have almost double the values in comparison with that of CST-forrnal- 

dehyde resin. Figures 5.5(a) and 5;5(b) give the SEM photographs of the 







Open tack t i m e  ( s t c )  j 

Fig 5.4 Plot of shear s t reng th  agairrst open tack 

t i m e  - - Solid conten t  13.8% 

0-0 Solid c o n t e n t  27.7% 





TABLE 5.1; PHYSICAL AND ANALYTICAL DATA 

CST Phenol-enriched GST-formaldehyde 
CST resin 

Acid value, mg KOIf/g 63.59 15.503 20.62 

Total phenol 
content, % 

Free carbon, % 1.57 6.5 - 
Density g/cc I. 178 - 1.2995 

TABLE 5.2 COMPARISON OF THE SHEAR STRENGTH VALUES OF 
CST RESIN AND PHENOL-FORMALDEHYDE RESIN 

System Solid content Open tack time Shear strength 
(%) (secl lkglcm 2 1 

CST-formaldehyde 5 3.8 
resin 

27.7 

Phenol-formaldehyde 
resin 13.8 



fractured surfaces of CST and phenolic resin respectively (lap shear test 

samples). The photographs suggest that both the samples got fractured 

in a similar pattern though there is a large difference in strength pro- 

per ties. 

Ft is apparent from these results that the strength of CST resin 

is only just half of that of phenol-formaldehyde resin. But i t  had been 

indicated early that CST contains a Iarge number of components and only 

t h e  major non-polymerizable camponents like water and acetic acid are 

removed. The system still contains other ingredients in stnall amounts 

which may give rise to bond weakening effects or which may form weak 

boundary layers weakening she adhesive bond. In addition the molecular 

weight build up during the formaldehyde condensation could also be lower 

in the case of CST due to the  presence of impurities. 

5.4 Conclusions 

1. Though the shear strength of CST resin was about half of that 

of phenol-formaldehyde, the  polymer could be of 'use for adhesive 

applications where the strength requirements are of that order. 

2. CST being much cheaper compared to phenol, i t s  adhesive material 

with improvement would provide useful end product. 

3. The work also indicates the possibiljty of  using CST as a phenolic 

source. 
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SUMMARY 

The theme of this thesis is to find out and evaluate renewable 

resources for polymers. The polymerization characteristics of two such 

monomers namely, cashewnut shell liquid (CNSL) and coconut shell tar 

(CST) are studied and the properties of the polymeric products ate 

described. 

A review in the available blomonomers for polymerization along 
f 

with literature survey in CNSL and CST constitutes the first Chapter. 

The second Chapter describes ollgomerization of cardanol - the 

major component of CNSL - using various acidic catalyst systems like 

diethy1 sulphate - sulphuric acid, diethyl sulphate - phosphoric a d d  and 

boron triflvoride - etherate. The products are characterized using IR and 

NMR spectroscopy and gel permeation chromatography. The kinetics of 

same of the oligornerixed systems is also studied using GPC analysis. 

NMR studles of ollgomerizatlon revealed the possibility of the aromatic 

nuclei also to involve to some extent in the oIigomerizatbn reactions in 

addition to the oligomerization through the double bonds in the side chain 

of cardanol. 

Semi interpenetrating networks of cardanol-formaldehyde (novolac 

and resol) with poly(rnethylmethacryIate] (PMMA) are synthesized. The 

synthesis and mechanical properties of the semi-IPNs are described in 

Chapter 3. The semi-IPNs do not show any dramatic improvement in the 

mechanical properties of cardanol formaldehyde. Semi-IPNs based novolac 



sys terns show marginal increase in tenslie strength only after the add1 tlon 

of more than 50% PMMA. 

Thermal analysis (TG, TMA) of cardanol- formaldehy de (novoIac and 

sesol) and cardanol- tor rnaldehyde - PMMA semi-IPNs are described In 

Chapter 3 and are evaluated in Chapter 4, TG analysis Indicate tha t  

cardanol-formaldehyde system is less thermally stable in comparison with 

phenol-formaldehyde system and this decreased thermal stablllty Is attri- 

buted t o  the presence of the CI5 - side chain in the aromatic nuclei. 

Thermal stabllity studies of semi-IPNs suggest that cardanol-formaldehyde 

resins impart thermal stability t o  PMMA. A possible mechanism for this 

enhanced thermal stability of PMMA is that the phenolic group of 

cardanol-formaldehyde scavenge the radicals generated by P W  degrada- 

tion. Kinetics of thermal degradation of these semi-IPNs are also given. 

Glass transition temperature of these semi-IPNs are determined from the 

TMA curves. 

Chapter 5 deals with the enrichment of phenolic components of 

coconut shell tar. The shear strength properties of phenol enriched coconut 

shell tar - formaldehyde are compared with that of phenol- formaldehyde. 



Po!-*.rnPfir Resin from  renew^ ble Resources: Si urlics on 
P~l~merjtEftio~ of the Phenolic Component of Cmonut Shell Tar 

~~d~~ thpW is much discussion on the utilimtion of renewable resources For polymer a p  
pjicetions is par~ly due to the recognition that the supply of petroleum and -1 is limited 
and that t h ~  mt of petrochemicals is on the increaw. Thus, biomass which consists rnwtly 

polvmrm and monome= af natural origin offem itself as a suitable renewable resource. A 
[r& number of reviews and =search paper6 have already come up indicating their impor- 
tance.I4 

~ a k r i a l s  ha-wd on the coconut tree form a major renewable resource of the tropical reptons 
of the world.6 Of these materials. the coconut shells are available to the tune of about 4.2 
million tons per year Thf- shells on destructive distillation give (we Fig. 1) coconut shell 
char, whch is used as a filler in plastics and for the development of activated carbon. Coconut 
shell tar (CSTI is a byproduct obtained during the distillat~on prwess and was considered 8s 

a waste 60 far. T h e  S T  is a tarry oil, dark brow in color with a characteristic unple-nt 
ernpyreumstic odor. Except for borne identifiation of the components, not much work has 
been done on it. Et is reporled to contain many monomers, the.major one being phenolic in 
nature? This pmper deals with the enrichment m d  polymerization of the phenolic components 
of m. 

EXPERIMENTAL 

Materials and Methods 
CST wes obtained from Mls. Carbo ~hernicds  Industries Ltd., Calicut, and the same wns 

used without furlher purification. Phenol (GR) and formaldehyde (AR) were obtained from 
Glaxo La'boratori~. Awtone (GRI, axdicecid (GR). d u r n  hydroxide GR). and hexamethylene 
tetramine were obtained from Sarabhai M. Chemicals. 

Lolatian and Separation of Phenolic Carnponents of [=ST 
CST (100 mL) was digtillid at atmospheric pressurn, and fractions coming out at I W ,  at 

103-105°C and at 11&12W= were collected. The first fraction was water (!22%), the second 
fraction wes erotonnldehyde @%I, and the third fraction was acetic acid (11%). The residue 
was refluxed with 9% d im hydroxrde for 2 h and neutralized with glacial acetic acid It 
was dissolved in acetone and filtered to remove free carbon. The filtrate, after the removal . 
of acetone. was used for polymerization. 

Polymerization 

A fmwhge Nowlak resin IP.F mol ratio = 1fl.8) was prepared from CST. A SBmL msin 
kenle was fitted with m d u x  condensex, stirrer, and thermometer. To the reaction vessel 

Shull (1 ton) 

U n s o n ~ ~ a b l s  C h r c o a l  Tar Pyrligneous acid 

goson (300 Irp) (300 kg) (100 kg) ( M O  kg) 

Flg. 1. Coconut ahell distillation products. 

Journal of Applied Polymer Science, Vol. 90, 1767-1771 (1985) 
Q 1985 John Wiley Q So- Inc. CCC 00218995/85/M1767fifMaa00 
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w a s  added 358 g (0.16 moll of aT, 1038 rnL of 37% R ~ U P D W  (0 128 moll ro-l&h+. 
1 g o l  oxnlic acid. T h e  reaction mixture was s t i r r d  and heated in a wntet b t h  at  lrm & 
5 h. Vacuum was then applied ta rcmovc water of condrrislrlina. T h e  yield w m  found to b 
97% The resin thus obtained was soluble in acetone and alkali I t  w.xs c u d  'jy mrr iw 
hexarnine (0.8%) and then hat pressing at the pressurn or 1C@J-2000 I b l l ~ n  st 1 & T  f a  I J 
h Viscrxity meaurements of the polymer were carried out using a ubbIohde v m  

3wc. 

Mechanical Testing-Lap Shear Test 
Lap Shear wt or the Novolak resin was c a r r i d  out according to A5'SM standard D lm* 

A solution or the rmin m d  hexamine in acetone was a p p l i d  &tween two plywad p~ecpr r r h  
of length 3.5 in. and thickness 0.06 in. (area of overlap was 1 1n.l) cured at 1WC {curing t~mr 
1.5 h) and shear strength was measured using an Instron Tmting Machine at a c m s a h t d  
speed of 20 mm/min. 

Scanning electron rnicrwaphs were taken using a Jeol 35 C Microscope. 

RESULTS ANID DISCUSSION 
tlffult., of the preliminary examination of CST, the phenol enriched CST and the Novo!ak 

resin is given in Table I. The total phenol content aRer distillation was raised from 36% to 
45% and after the removal of free carbon ta 51.5%. Figure 2 gives the data on the procese or 
er~nching the phend in ST. The intrinsic viscmity of the Novolak obtained was 0.025 dLlg 
whereas the corresponding value far phenol formaldehyde resin prepared under the same 
condition was 0.035 dLlg. Figures %a) and (b) show the SEM of the surface of the uncured 
resin of CST and phenol, respectively. and eppear to b~ similar in nature. 

The Novolak obtained from CST on curing with hexamine at 1 W C  gave a hard p d u ~ t .  
When the resin was placed between two w d  pieces and pressed, good adhesion was indicated. 
Pending the development of the final Ibrrnulation, only open tack time and lap shear were 
measured in this case. Shear strength obtained through lap shear experiment (according to 
ASTM D 1002) using the Instmn Tating Machine gave a comparatively good idea about the 
atrength property of the CST resin. The shear strength or CST resin was measured at solid 
contents of 13.8% and 27.7% with varying open tack time (Fig. 4). At 13.8%, CST resin showd 
a maximum opentack time of 45 B and shear strength of 94.55 N/cmP. At 27.7% corresponh 
values were W s and 71.30 N/cmZ. T h e  resulte are mrnpared with that of a P-F resin under 
similar condition (Table IT). 
The SEM photographs of the fmctud surface of CST and phenol min (lap ehear b t  

samples) indicate that lmth the samples have gotten fractured in a similar pattern, though 
the shear strendh of the latter is about double that of the former [Figs. %a) and &I]. 

It 5 apparen. from these results that the strength of the CST -in is onIy just half ofthat 
of P-F resin. I .  has been indimted early that CST contains a large nurnhr of compnents 
and only the nonplym~rizable and major components like water and acetic acid are removed. 
The system therefore contains other i-ents in small amount, which may give rise to bond 
aeaken~ng ef &cts or which may form weak boundary layers weakening the adhesive bond. 

TABLE I 
Chemical and Physical Analytical Data 

Phenolenriched CST 
mT CST Novolak resin 

Acid value 63.59 15.503 20.62 
Total phenol amtent 4%) 35 45 - 
Free carbon (70)  1.57 6.5 - 
lknsity Ig/cc) 1.179 - 1.2395 
Intrinsic visclaity ldL/g) - - 0.025 
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Fig. 3. SEM Phobgrapbn of the surface ofthe uncured polymer obtained from (s) and 
fi) phenol-formaldehyde. 

The ~yatem therefore n d s  further purification of phenol content of CST to remove the h n d  
weakening s u b a t m c ~ .  The preaent work, h o m r ,  indimtee the m i b i l i q  OS utilization of 
CST and similar matarials as a source or phenol. 

Thanks are due to Mr. K. Suhumamn and Mr. K. K. Ravikumar For measuremerib of the 
mmhanical properties and to Mr. Peter Koahy and Mr. Adinarayanaswami for SEM ma- 
surements. Thanks are a h  to Dr. C. Pavithran for helpful discussions and to Dr. K 6. 
Satymarayana and Dr. A. G .  Mathew for encouragement and support. 

Fig. 4. Plot of shear strength Bgainat open tack time: I.) solid content 13.8%: (0) golid 
content 27.7%. 
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TAELE If 
Compripan of the Shear Stmnph Values DT Coconut Shell Tar Rmin with That of Phenol 

Formaldehyde Resin 

Solid content Open tack Shear strength 
(%I time (s) (N lernl) 

cST spain 13.8 45 94.65 
27.7 60 71.30 

PF -in 13.8 60 232.W 
27.7 60 167.40 

(a )  Ib)  
Fig 6. SEM Photographs of the fractured ~uriace obta ind  after the lao shear k t  of (a) 

CST resin and (b) phenol-formaldehyde rein.  
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Abstract 

There exists a number of naturally occurring organic bio- 
monomers which would be of potential usp as possible f u t u r ~  
sources of monomers for polymer production. Some of these 
monomers have already b ~ e n  polymerized and used as resins, 
adhesives, paints, etc. The potential of a good number OF 
them hm not yet been explored. This review gives a brief 
overview of such biomonomers that could be polymerized 
through w ~ l l  ~tablished polymerization techniques and their 
properties and uses established. 

Keywords 

Renewable resources, biomonomr s, poly merizability , 
alternate feedstock 

Introduction 

After the 1973 oil e ibatgo,  there has been much thinking 
on the future availability of petrocher licals at comparatively 
reasonable price. Since more than 93 *b of polymers depend 
on petrochemicals for their resourceb, the cost advantage of  
polymeric, materials over the convenEiona1 materials such as 
metals and cpramics has h e n  of latc~ much eroded by the 
increase In the price of oil and gas (I). Thou@ there is now a 
downward trend in the price of oil, it mag not necessarily 
a f f ~ c t  the price of petrmhemicds m d  related products. Oil 
and gas as a feed stock are not renewable and one day sooner 
or later i t  will dry out. This has prompted r~seatch activities 
dI wder the wodd to find alternative feed stocks for polyrn~rs. 
One of such main alternative remumes is t h e  renewable 
resources or biomass. Ranging Imm aigae to wood, its avail- 
ability is Limited ody by the photosynthetic efficiency of 
plant (2). 
Biomass is generally constitukd of polymers, oligomers, 
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monomers and other nonpolyrnerizable simple organic com- 
pounds including metallic salts and complexes. Polymers are, 
of course, the major components. However, there are avariety 
of manomeric components that exist free or in combined 
form in plant materi Js. For example, when plant tissues are 
extracted with nan-polar solvents, the polymeric constituents 
such as lignin, carbohydrate polymers, proteins and nucleic 
acids are separated (1). The soluble portion contains, for 
example Iipids, oils, fatty acids, waxes, triglycerides, ter- 
penes, prostaglandins, steroids etc. There is  ample literature 
on the nature, structure and properties of the polymeric 
constituents. But the literature on the monomeric constitu- 
ents of biomass materids is scattered and no organized body 
of data exist. This paper, therefore, aims to collect and 
codify the available data en monomeric constituents of bio- 
mass. This is however, not exhaustive but an attempt has 
been made here to point out the significance of the unex- 
plaited areas. Some of the monomers have, in fact, (for 
example, furfural, diterpene etc.) been well utilized. Mona- 
mers that are obtained by cleavage, depolymerization and 
degradation are not considered here. 

Naturally Occurring Monomers: Classification 

In general, naturally murring organic polymers are rlassj- 
fied into the following groups: Hydrocarbon polymers 
(Natural rubber, gu ttapercha etc.), carbohydrate (Starch, 
Cellulose etc.), polyphenolic compounds (hgnin and other 
polyphenols), protoins and nucleic acids (3). Monomers 
associated with the above polymers can be found free in 
nature, thou@ it cannot be taken as a geneml rule (for 
e.g., though naturaE rubber is potyisopreae, the plant d~ 
not produce isoprene, the monomer as such). However, a 
preliminary survey indicated the availability of innumerable 

Q 1987 Gordon and Breach Science FubIishers S.A. 
Printed in U.S.A. 
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NATURALLY OCCURING MONOMERS 

~ ~ d r o c $ b o n  
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Comoounds 

~arbo i~drazes  ~ G a n s  and 
Their 
Derivative 

I 

FIGURE 1 

I 

number of monomers from various sources such as alkaloids, 
terpenes. lipids, fatty acids, amino acids etc. For the sake of 
clarity the naturally occurring monomers have been classified 
as shown in Figure 1. However, all these compounds cannot 
be considered monomers and only those that have more 
potential in terms of polymerization are discussed. The fol- 
lowing discussion is  organized into subgroups and only those 
that are considered more potential in terms of polymeriza- 
tion are dbcussed. Compounds whose functionality i s  more 
than one is considered a potential monomer but actual 
polymerization may depend on many factors. For example, 
steric hindrance may inhibit a pokntial  monomer from 
polymerization. 

Methods of Polymerization and Applications 

terpenes Plant Oxygen Lipids, Alkaloids 
Exudate Containing Fatty 
Latex etc. Terpenes Acids 

(Unsaturated 
and Saturated) 

I t  should be noted that some of the naturally occurrinl: 
monomers have already found applications in the polyme, 
field. The monomer can either be modified t o  other suitak'b 
monomers or can be polymerized directly into a useful polj .  
mer. An example of the latter is furlural which acts as a 
precursor to  hexamethylene diamine and adipic acid, the 
letter two utilized to  form nylon-6,6 (1). Furfuml or its 
derivatives are known to k utilized tor the production of 
phenolic resins (4). 

Another example of modification is the dry distillation of 
c&stor oil to get sebacic acid, a monomer for the productian 
or nylon ( 5 ) .  Another example i s  that of terpene resins 
pdymerized from terpene such as a-pinene. Terpene resins 
have found use as pressure sensitive adhesive. coating etc. (6). 
Natural oils such as linseed oil, tung oil etc., have formed the 
basis for paints (drying involves an oxidative polymerization 
at the double bands leading to a crosstinked network) (71, 
The alkyd resins can also be considered i n  this case, although 
they are partly synthetic (8). 

Since the methods of polymerization and characterizatiot 
of polyrnem are now well established (9, lo), a detailed dis 
cussion on it is out of place here. The application of a par 
ticulat polymerization technique generally depend upon th t 
structure of the monomer. For example a monomer having 
two or more functional groups such as -hydrexyl, -carboxyl, 
m i n o  etc., tan undergo what is  generally known as conden- 
sation polymerization (11). When unsaturated bonds are 
available, chain reactions can be initiated by appropriate 
catalysts called initiators (12). Table 1 provides the list of 
naturally occurring monomers which have already been poly- 
merized and used commercially. Table 2 provides probable 
methods of polymerization of naturally mcurring monomers 
which have not been attempted tor polymerizaCion. Possible 
applications from the point, of view of the structure of the 
monomers are also envisaged. A brief discussion of the corn- 
merclally used polymers made from biornonomers is also 
discuss~d ss given 'below: 

1. fa t ty  acids polymers; 
2. Tespene resins; 
3. Furfuml polymers. 

Steroids 

1. Fatty Aeidr Polymers 

Phenolic Amino Alkaloids 
and ~ c i d s ,  Containing 
Hvdroxy Nucleotide Nitrogen 
Plant 
Products 

Dicarboxylic acids: The industrially important polyesters I 
and dkyd resins are primarily based on phthdic anhydride 
(coating resins) and terephthalic =ids (fibers). Th~se are 
modified in certain cases with an aliphatic dicarboxylic acid 
say, adipic acid, to improve flexibility. 

Dicarboxylic acids react with polyois and pdyarnines to 
give polymeric materiels useful in the manufacture of plastics 
and resins. The polyestem are prepared by the mactien 
between dicar'baxylic atids like adipir acid with various , 
glycols like ~thytene glycol, di~thylene glycol etc. The result- 
Ing elastomers exhibit high tensile strength, excellent aging 
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TABLE 1. POLYMERFZATlON METHODS USED IN WPYMERlZlNG NATURALLY OCCURRING MONOMERS -- 
Monomer Source S a m ~ l e  Polvrnerizatian Techniques 

1 -- 2 
Myrcene (151 Turpentine oil Polymerized using silica gel, synthetic magnesium 

or aluminum silicate (16, 17). 
Ocimene (15) Essential oil of Ocimum 

basilicum 
Polymerized using silica gel, fuller's earth, or 
artificiar silicate of metals of group 2 or 3 of the 
periodic table (16). 

Nerol (18) Neroli and bergamot oil Polymerized with ethylene oxide to  form water 
soluble perfumes 1191. 

Limonene (1 5) Lemon, orange and  
bergamot oil 

Polymerized with triisobutyl aluminum-mono- 
chloride to get low molecular weight polymers 
(201. 

1 :8 Terpin (21 ) Essential oil of My ro carpus 
5y lvestris 

Polymerized by condensation with bis ( ~ c l o -  
hexyl oxy] dichlorosilane and gave water repellent 
coating (221. 

Eugenol (21 ) 

Car-3-ene (1  5) 

Constituent of volatile oFi of 
Myrtaeeae and Lauraceae 
Turpentine oil, Swedish pine 
needle oil. 

When treated with SnCl4 polymers with rnotec- 
ular weight of the order of 2000 are formed (23). 
Polymerized by mixing with anh@mus AIC13, 
when mixture of dirner, higher polymers and 
tetramer are formed (24). 

aPinene (153 Coniferae, oil of turpentine Polymerized using A1CI3dibutyl tin chloride 
catalysts (25). 

p-Pinene (21 1 Coniferae, oil of Turpentine Polymers are prepared by initiation with high 
energy radiation, free radical catalyst & cationic 
catalysts (25). 

Camphene (1 81 

Citronellol (1 8) 

Abietic acid (1 5) 

Oil of orange and lemon 

Row and Lemon oil 

Oleoresin of P. paulstris 

Polymerized in gasoline solvents in presence of 
hydrogen fluoride below 30-c (261, 
Condensed with ethylene oxide to give water 
soluble perfumes (191. 
Esters are prepared by refluxing pcly.glyceml- 
diglyceml with resin and zine dust and are used 
in varnishes (27). 
Polymerized using wid clay catalyst at 200°C for 
30 min. to give 56-58% polymer (28). 

Squalene ( 1  5) 

Citral (181 

Lin;~lool ( 18) 

Cmtanic acid {30) 

0ll:ie acid (301 

Vegetable oil, olive oil and 
rice bran oil 

Lemon gram oil, Mandarin 
oil 

Sweet orange, M ysore oil 

It i s  polymerized using catalysts and initiators 
(291. 
I t  is condensed with ethylene oxide to give 
water soluble perfumes (19). 

Croton oil It i s  ce-polymerized with vinyl xetate using 
peroxide catalyst system I31 I .  

Olive oil and almond oil It is polymerized by heating a mixture of olek 
acid, water, sodium hydroxide and acid =ti- 
vated mortmorillonite clay a t  2 4 0 ' ~  kept under 
steam pressure of 135 Iblsq. inch (32). 

tinoeeic acid (30) 

Linolenic acid (30) 

Fatty acid of grape seed, 
Tobacco seed and sun 
flower seed oil 

I t  is polymerized. in presence of Iron penta- 
carbonyl catalyst or *Cia. The polymeric frac- 
tion mainly contained dimer and a small fraction 
of high molecular weight polymer (33). 

Linseed oil, hempseed oil 
and perilla oil 

This acid in the form of its methyl ester w n  he 
polymerized by heating st 3W C in presence of 
hydrogen for 6 to 10 hours and molecular weight 
doubled (341. 

Eleostearic acid (35) This acid is polymerized to form elastic gel by 
heating (301. 

Bagilum-bang nut oil 
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TABLE 1. (CONT'D) 
Monomer Source Sample Polymerization Techniques . 

1 2 3 

Ricinoleic acid (36) 

Succinic aeid (37) 

Glutaric acid I391 

Ad ipic acid I4 1 ) 

Sebacic acid 142) 

Onnamic acid (43) 

Tartaric acid (45) 

Fumaric acid (47) 

lsamic acid (30) 

Sabinic acid {30) 

P-aminophenyl alanine 

Glutatmine (53) 

Furfuraldehyde (55) 

Furfuryl alcohol /56) 

P-Furoic acid (50) 

Teracacidin (561 

Ascaridole (59) 

Vanillin {61) 

Anacard ic acid (63) 

Cardol 164) 

Castor oil, argot oil 

Oil, Fungi, turpentine 

Green sugar, beet juice 

Sugar beet 

Castor ail 

Natural balsam, cocoa 
leaves, c innaml oil 
Shizardra, Chimnsis, 
Temarindus 
f agestes erecta 

Ongokea oil 

Juniperus zabina 

151 1 Yigina vexitlata 

Sugar beet, lemon 

Enteromorpha, Corncobs 

Oil of cloves 

Eronymus atropurpureus 

Tannin, exudates from 
woody plants 
Chenopodium oil 

Vanilla 

Anacardiurn occidentale 

Anacardium occidentale 

It i s  used as surface active agent by candensing 
castor oil with ethylene oxide (36). 
It is polymerizd in combination with a diear- 
bax y l ic acid (38). 
This will react with xylitol to give polyesten 
~401. 
It udergoes polymerization to give artificial 
resin, plastics and urethane. It i s  used in the man- 
ufacture of nylon6.6 (38). . 
It i s  polymerized to  synthetic resin of alkyd/ 
polyester type and also polyester rubbers and 
synthetic fiber of pulyarnide type (38). 
It i s  polymerixd using uv radiation or thermal 
co-polymerization with styrene (44). 

It polymerizes in the form of i t s  ester to give 
thermoplastic resins (46). 
It i s  copalyrnerized with styrene, vinyl toluene, 
etc. to give rubbers, coatings, etc. 148). 
It polymerizes when heating a h v e  250-C. It is  
used as a drying oil (491, 
It gives I t %  lactone, 69% dimeric lactone, and 
20% trimaric lactone when it is lactonired by 
boiliw in benzene with PhS03H (50). 
A co-polymer of P-aminophenyl alanine and 
L-leucine i s  reported (52). 
A pwlyamim acid can be obtained by the p l y -  
condensation of aromatic amino carboxylic acid 
in a solvent mixture of Pf15 and lower dialkyl 
phosphates in presence of alkaline compounds 
(541. 
It forms thermosetting resins with phenols and 
also used in the manufacture of mated abrasive 
(41. 
This compouyd, water and sulphuric acid when 
heated to 60 C give s liquid resin of uniform 
molecular size (57 1. 
It is polymerizd by heating with 98% sulphuric 
aeid and a cation exchange resin was abtained 
(581. 
When it is heated with mineral aeid, a polymeric 
material is formed (50). 
1,2- and ?,4-addition occurs with the formation 
of wlyrneric peroxides of dimes (601. 
It i s  polymerized by treating with HS(CH216SH 
and HS(CH2), pSH and reaction is  catalyzed by 
hydrochloric acrd (621. 
Methyl and ethyl esters of anacaidic acid act as 
excellent plasticizers for chloroprene rubber and 
alm improve the aging and elongat ion character- 
istics af cured rubber (63). 
Derivatives of card01 are used as anti-oxidants 
and also monomers (65). 
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TABLE 1. ICONT'DI 

- - Monomer Source Sample Polymerization Techniques - 
1 2 3 

Urushiol (65) 

Cardanol (66) 

Rhus vernicifera High adhesion, acid and alkali resistant epoxy 
resin paints based on urushiol. Salts of thiophor- 
phate esters of urushiol have been found used in 
lubricants and adhesives (651. 

Anacardium occidentale Cardanol give vinyl resin which give films with 
excellent adhesion, flexibility, resistance to oils, 
grease, water and chemicals. It can be polymer- 
ized by both addition and condensation tech- 
niques end polymers have a variety of uses as 
surface coatings, adhesives, sealants and also hes 
spplica?ions in brake linings, poly rner compbsites 
etc. 167,681. 

TABLE 2. POSSIBLE POLYMERIZATION ROUTES FOR NATURALLY OCCURRING 
MONOMERS WHICH HAVE NOT YET BEEN POLYMERIZED 

Monomers Seurce Polvrnerization Technique 

Alanosine S. alanosinieus 

Anisoxide Star anise oil 

(3-Carboxy4-Hydroxy 
phenyl) Glycine 

Carnavatine 

Carlina oxide 

Chelidonic acid 

Betonica officinalis L 
Chrysanthemum 
flosulosum L 

Dyer's weed 

Cassia carnaval speg. 

Carline aeaulis L. 
Asparagus, Celandine 
anemone 

Pinus species 

1.4 Ci nmle Piper Cubea 

Convo tvulinolie acid Convolvul acea 

Coronaric acid 

Daidrein 

Chrysanthemum 
cor~narium 

Puetia thunbergia, Berth 

Embelin Embelia ribes brum 

3 
There i s  possibility of double bond being opened 
up for polymerization though there will be 
stearic hindrance. 

Self-polymerization is  possible. It can also be 
used as a crosslinking agent due to  its multi- 
functionality. 

Addition polymerization could be effected but 
strong stearic hindrance will be there. 

Condensation polymerization is a possibility. 

Chain reaction polymerization L possible. 

Self polymerization is possible. It can be used as 
r croalinking agent. 

Condensation polymerization with di-acids, acid 
chlorides, iweyanates etc. is s possibility. 

Addition polymerization is possible. 

Polyester type polymer can $e prepared. 

Condensation polymerizstion with diacids, .:id 
chlorides, i-anates, ete. 

Ring opening with cationic initiators like BIr3, 
AICi3, etc. may polymerFre the compoud.  
It can u d w p  self condensation to farm poly- 
esters. 

Epoxide palymers could be prepared. 

Condensation polymerization with diecids, acid 
chlorides, isoeyanates, etc. i s  posible. 
bridemation polymerization through -OH 
group is posible. 
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TABLE 2. (CONT'D) 
- - 

Monomers Source poly rnerizat ionreehnique 

1 2 3 
Eremophilone Eremophila mitcheli Chain polymerization i s  possible. 

Eugenin 

Euparin 

Eugenia car yophyllata 

f. Cannabinurn 

Condensation polymerization with aldehydes is 
possible. 

Chain reaction polymerization i s  possible. 

Flower oi l  of rose, 
Arnbretta seed oil 

Addition polymerization can be carried out or 
double bond muld be epoxified and epoxy-fatty 
acid polymers could be prepared. The synern 
could also be considered as IPN polymer. 

Funtumine Funtamia latifofia, Saapf This could be suitably modified to produce di- 
amine functionat groups and-it can either be used 
as curing agents or in the development of w l y -  
amides. 

GorSic aeid 

Holarrihidine 

Seeds of onsoba, 
gorl id seed 

Chain reaction poly merizaf ion i s  possible. 

Holarrhena antidy 
senteriea 

This muld be used as a monomer for pclyamide 
system a d  can be used as curing agents. 

Hordenine 

Jacobine 

Anhaloniurn species. Aldehydes condensation is  a possibility. 

Condensation potymerkation will be affected 
through -COOH group a d  palyesters with 
epoxide could be prepared. 

Aniba firmule, kawa root I t  muld be polymerized by cchin reaction 
polymerization. 

Kojic aeid 

Meconic aeid 

Mimosine 

Aspergil t i  Condensation potymerization can be carried out. 

Papaveracea Polyester type polymer can be prepared. 

Leucena glauca Self potyrnerization is  possible, It can also be 
used as a crosslinking agent due to i t s  multifuw- 
tianatity. 

Morin Calico yellow It can lx used as r crosslinking agent due to i t s  
poly-functionality and also could be considered 
for the development of heat, resistant polymers. 

Mycophenolic acid Pencilliurn brevi, 
compactum 

Addition polymerixation i s  possible and will 
form oligomers, 

Mynus cumunis Ring opening polymerization Is  possible. 

Condensation polymerization with aldehydes is 
possible. 

3Methyl napthalene 
1,8diol 

Neroli dioC Neroli oil Addition polymerization (:an be carrid out or 
double k n d  could be epaxified and epoxy-fatty 
acid polymers could be prepared. The system 
muld also be considered for I PN polymer. 

Chaetomium-mchliodes I s  can be used as a crosslinking agent. 0-orsellinic acid 

Oryzoxymycin Condensation polymerization through -OH and 
-NH2 group with appropriate bifunctional 
reagents i s  a possibility and probability of develop 
ment of high temperature systems are envisaged. 

Chain reaction polymerization can be initiated at 
the double bond in the side chain by normal 
techniques. 
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TABLE 2. (CONT'D) 

Manome15 Source Polymerization Technique 

1 2 3 - 
Per illene Perilla citriodora, Makino Chain reaction polymerization is  possible though 

there will be stearic hindrance. 

Podocarpic acid Resin of podocerpus 
cupressinium 

Condensation polymerization with suitable bi- 
functional monomers i s  possible. Polymers with 
structurat rigidity can be obtained from this and 
can h used for high temperature applications. 

Pontica epoxide Arternicia including 
A. Pontica L 

Further epoxidation is possible and epoxide 
polymer can be prepared. 

Prosopine Prosopis afficana, Taub Condensation polymerization is possible. I t  can 
be used as a croslinking agent. 

Quercetin Aescu l us Condensation polymerization with diacids, acid- 
chlorides, isocyanates etc. i s  possible. 

Condensation polymerization with aldehyde 
systems can be carried out. Side chain will impart 
interval plasticization. 

Same as above. 

Wheat bran 

Grevillea rabusta A. 5-Tridecy l resorcinol 

Sabinol Oil of Juniper There is a possibility that ring opening polymeri- 
zation can be cerried out. The presence of -OH 
group will give hydrophilie character to the 
polymer. 

Celery seed oil 

Salvia Selarea L. 

Chain p l y  merization is possible. 

Chain reaction polymerization is possible through 
the double b o d  in the side chain. Condensation 
polymerization also can be initiated thmugh the 
-QH group. 

Casia Sianea Condensation polymerization with aldehyde is 
possible. 

Solanium Congestiflorurn Tha presence of -OW graup will allow ready 
modification of monomer and incorporation inta 
polymer structure. 

Sigma sterol Calaber bean, soyabean oil The double bond in the side chain can be opened 
up and polymerized. Possibility of development 
of rigid polymers due to condensk ring systems. 

Stizolobie acid Stizolobium hassjoo Slf  polymerization is possible. can also be 
used as a crosslinking agent due TO i t s  multi- 
functionality. 

f rans- epoxy succinic acid Aspergillus-Fumigatus Epoxide polymers could be prepared. 

Tariric acid 

Vaccenic acid 

Taririe seed or bitter 
bush oil 
t'egetable fats 

Chain reaction p~lylmeriration is a possibility. 

Chain reaction polymerisatian i s  a pssibility. 
Vernolic acid lrernonia-anthelmintica Epoxide polymers could be prepared. 

wild 

Fritillaria verticillatg, wild It can be used as crosslinking agent and can alsa 
be poiymerired thmugh -OH group. 

Zingiberene Oil of ginger Chain reaction polymerization i s  a possibility. 
High molecular weight polymers are difficult due 
to srearie hindrance. 
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characteristics and outstanding abrasion resistance (13). 
Unsatumted acids: On exposure to air, these polyunsatu- 

rated fatty atids undergo complex oxidation and polymeri- 
zation reactions to give crorslinks that harden the material. 
Polymerization of unsaturated acids result in the lotmatian 
of dimers and trirners. Conjugated linoleate esters form co- 
oligomers with styrene with cationic catalysts. The resulting 
dibasic acids or esters can be condensed with ethylene amine 
o!igomers to make reactive polyamides, useful Tor producing 
Trothad epoxy compositians and as a catalyst for crosslinking 
rigid urethane foams (14). 

2. Terpene Resins 

The polymerization of terpenes can be initiated by high . 
energy radiation, Zeigler-type catalyst, free radical and 
cationic catalysts. For example, a. and 0.pinene are poly- 
merized readily with cationic catalyst. Terpene monomers 
me copolymerized with each other to fom resinous materials. 

Terpen~ resins are thermoplastic hydrocarbon which exhibit 
a high degree of tackiness. Terpene resins are used in the 
manufacture of pressure sensitive tapes. They me also used 
for sizing paper and textile materials. T~rpene-Phenol resins 
are effective heat stabilizl~rs lor high density polyethylene. 

3. Furfuraf Poly mws 

The most important polymers of furfural and its common 
important derivatives furfuryl alcohol are based on its ability 
to react with phenol to form thermosetting resins in the 
presence of alkaline catalysts. These resins are widely used in 
molding compounds and also in the manufacture of coated 
abrasives. Fudural also reacts-with ketones to form polymeric 
materials which are used to iotm resin aggregate mixture. 

Eurfuryl alcohol reacts with formaldehyde, urea and 
phenot to form soluble polymers vatying from low viscosity 
l i  rlkids to brittle fusible soIids. Because of heir excellent 

tence fuurfutyl alcohol-formddeh yde resins are used in 
t t . ~  construction requiring chemical resistance (4). 
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