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SYNOPSIS 

The phenomena of plasticizer migration from flexible 

polytvinyl chloride)CPVC) based devices used in medical 

applications has been the subject of numerous investigations (50, 

52, 8£). The saf&ty of using low molecular weight organic 

plasticizers such as dit2-ethylhexyl) phthalate <DEHP) to impart 

flexibility and bette~ low temperature properties to PVC used in 

medical applications has been questioned (86, 123). DEHP has been 

reported to cause adverse effects in the pitutary gland and in 

the liver t71, 125). It has also been reported to be a potential 

~carbinbgen (68, 44). Different attempts have been made by 

earlier workers either to prevent.or to retard the plasticizer 

migration ~rom flexible PVC. This includes glow discharge 

treatment of PVC and the useof alternate plasticizers t3, 18). 

This thesis deals with the studies on the ~ffect of grafting 

hydrophilic monomers using radiation from a Co60 source onto 

medical grade PVC sheetings to prevent or retard plasticizer 

migration; The suitability of such modified migration resistant 

PVC in medical applications haa been investigated. 

The introdUctory chapter reviews the various aspects of 

plasticizer migration from PVC based medical devices and the 

toxicological problems associ~ted with the migration of DEHP. It 

critically reviews the various techniques used for graft 
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the homopolymerization of monomer combinations such as HEMA and 

NVP are described. Atomic absorption estimation of residual Cu2 • 

was carried out to demonstrate that the metal ion in the graft 

polymer is within safety limits. Results on the characterization 

of the graft polyme~ using ATR-IR spectroscopy and scanning and 

optical phqtom.icroscopy are also inc 1 uded in this chapter. 

Evaluation 'of the surface energy parameters and estimation 

of the mechanical, optical and water absorption characteristics 

of the graft polymer in comparison with control ungrafted PVC are 

,dealt with in Chapter IV. The polar and dispersion components 

( '(. v" ,) and ( Y. v d ) of the surface free energy ( '(. v ) ·have been 

evaluated using air-in-water and octane-in-water contact angle 

techniques. The drastic increase in the polar component and the 

correspon~ing decrease in the dispersion component value~ of the 

surface free energy of the graft modified PVC indicated the 

highly hydrophilic nature of the modified polymer. The mechanical 

properties ·estimated include tensile strength, elongation and 

hardness of the grafted ~heats in the dry and the hydrated states 

again in comparison with unmodified control sheets. The results 

with sheets grafted on both sides as well as on one side are 

compared. The values obtained demonstrated.that graft 
1 . 

modification does not affect the mechanical properties in a 

significant manner. Water of hyd~ation in the in graft polymer 

was estimated in order to assess the water absorptivity of the 

xxvi 



the 100~ 

of the graft modified PVC sheetings has been found 

comparable with unmodified control sheets. 

deals with the thoroughly investigated 



PVC bags using gamma radiation as well as steam on the migration 

of plasticizer has also been investigated. The results 

'( 
demons~ated that the above sterilization methods could be 

successfully adopted for the graft modified migration resistant 

bags. 

Chapter VI contains the results of. the platelet aggregation 

studies and migration work done using bovine and human plasma. 

The platelet aggregation induced. by ADP in plasma stored in 

control and grafted bags was monitored by a spectrophotometric 

technique. The nature of platelet aggregation in bovine plasma 

stored in control and grafted sheets activated by agonists such 

as ADP were different and the grafted sheets tended to show 

better blood compatible properties compared to control. The 

;migration of plasticizer into plasma stored in grafted bags also 

was found to decrease several folds compared to plasma stored in 

ungrafted bags. 

In Chapter VII tha conclusions derived from this 

investigation are listed and discussed. Considerable amount of 

work has been reported in the literature on the graft 

modification of PVC resin inorder to change the physical and 

mechanical properties of the polymer. However, no attempt seems 

to have been made by previous workers to graft hydrophilic 

monomers onto PVC in an effort to prevent or' retard the migration 

of the low molecualr weight plasticizer such as DEHP from 
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flexible PVC used in medical applications. Use of high molecular 

weight plasticizers and glow discharge surface modification of 

PVC have been suggested in the literature to tackle the problem 

of plasticizer migration in PVC used in medical applications. 

Nevertheless, while the use of high molecular weight plasticizers 

is not a cost effective proposition, methods such as glow 

discharge treatment of the finished product is not a commercially 

feasible alternative on a large scale. Furthermore the physical 

and mechanical properties of PVC are drastically affected by such 

procedures. The grafting of hydrophilic monomers onto PVC using 

gamma radiation investigated and reported iri this thesis provides 

a simple, reliable and reproducible technique to prevent or 

retard the migration of toxic plasticizers such as DEHP from PVC 

based medical devices. The work reported in this thesis is 

expected to offer a potential solution to the problem of 

plasticizer migration and its associated toxicologial 

implications in PVC based medical devices. 

xxix 
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CHAPTER I 

INTRODUCTION 

Role nf Polymers in Medicine: 

Polymers find a large number of applications in medicine 

{ 7, 8, 13'4). They are used in various forms such as f i I ms , or 

'Sheets, moulded or extruded articles, foams and even fibres and 

woven structures. Poly(Vinyl chloride), polyethylene, and 

polypropylene films are used in blood storage applications. They 

are ,al$0"used for a wide variety of tubings arid mouldings such a$ 

syringes, forceps, seals and connectors a long with other po 1 ymers, 

such <is porycarbonates, polystyrene and nylons. Polyurethane and 

polyethylene foams are used for surgical dressings and supports. 

a.dditton; many prosthetic devices are made from polymers such 

as polyesters, polyacetals, polyurethanes, silicones, poly(methyl 

methacrylate) arid polyttetrafluoro ethylene). 

The major use of pofymers in hospital supplies is in the 

a.rea of~p~e~•terilized disposable products. Disposables are 

desirable because they reduce the danger of transmitting 

infectlbn from one patient to another. ln 1985i ap~roximately 

$4.4 bilJJc:m was spent for medical disposable products in the 
,,co~--'-;-h 

United States alone (38). The plastics industry h<:ls estimated 

that disposables account for 80% of the medical market for 
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plastics. Great progress has also been made in developing 

biocompatible polymers ie., polymers that can co-exist with 

living tissue or with blood without causing thrombosis or without 

generating a reaction. The total world market for polymeric 

implants and artificial organs has been estimated to be 3 to 4 

billion dollars (20). 

1.1.1. Types of Medical Devices: 

The various medical devices available in the market can be 

divided into different categories (24) depending on their mode of 

aP-plication. These include: 

(a) Products inpluded for long term implantations within the body 

tissues (e.g. artery grafts, hip prostheses) 

(b) Products for long term contact with mucosal surfaces or 

conjunctiva (e.g. dentures, qontact lenses) 

(c) Products meant for short term use within the body or in 

contact with mucosal surfaces (e.g. endotracheal tubes, 

urological catheters> 

(d) Products intended to be in long term contact with the skin 

(e.g. prosthetic legs) 

(e) Products used to contain or administer substances, 

including blood and blood products to be introduced 

parenterally into the body, but not themselves making contact 

with the recepient's body tissues Ce.g. hemodialysis unit, 

blood bags>. 
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1 1.1.2. Criteria for Polymers to be used in Hedical Applications~. 

Materials for biomedical applications differ from 

in other applications. In biomedical applications, one shoulc;l, 

consider not onl~ the re~uisite mechanical and physical 

propertie$ but also their ~nfluence on biological environment. 

Con,versly, the influence of the biological envlronment on 

materials thems$lves must be considered. The basic specif 

·for biomedical materials (122) can be'.summarized 

f1J Intrinsic propertiesof materials: 

(a·}· function a 1 performance (e.g. permeab i 1 i ty) 

(b) structu~al performance (e.g. 

(c) adap~ability of shape 

· · {dl durability 

(e) suitability for sterilization~ 

f2J'Influenaas~of. the bi.ologiaal environment.~ 

(a) Resistance to biodegrad~tion, especially by 

hydrolysis. 

(b·) Resistance to chemical degradation, especially 

salt~, oxid~nts etc •. 

<~> Resistance to physical degradation,as a result 

stresses. 

f3J Effect on the biological environment~ 

(a) Should not contain leachabl~ .. toxic substances. 

·(b) No:t cause allergic reactions or inflammation • 
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{c) Should be non-carcinogenic 

(d) Should be non-thrombogenic. 

(e) Should not cause denaturation of body proteins or 

interfere with normal cell .structure. 

(f) Should not produce degradation products 

_A major_ advantage that plastics· materials ·have been able 

providfa to the medic.al profession is that it has beaome P'osSI·'*b:le.· 

to use containers and other dev·iees which are unbrsakab 1 e, 

fle.x.lble· and sterile all at the same time •. Another major. 

:rn::novatfon; is the provision of •one trip' or •disposa•ble 

which greatly ,;red !.Ice. the r is.k of. infection as• wei· I :as; aboli.h;irll: 

the_ need .for. the tim~e and. 1 abour .. spent .in cleansing .ami; 

ster.JJi .. zing rte""usabl e dev ice.s. 

1;2; R:ot'EF of Poty:tvinyl chloride) (PVC) in thet Biomedical 

1 ... 2. t. Advantages o:E:. PVC: 

Flexib.le PVC has assumed a.· leading po!iition aJI\ong 

ma:te.r·iats used for one trip medical .products because .of i:tfi 

J~CQJ1QJt!Q.~~m~ ... Q§.fiJ_&IL advanta-ges •• 

lowet: cost, greater availab.il ity or 

vet.,sati;le polymer used in f lexi.bl!it .• semi-rigid o·r. ri,gid fo.,-,m•· 

resin is so ~rJtenable to widespread propertY modiflca.tloo. it,.:t 

ac.c.o:unts for· the number one ·position i·n overa.ll proc:htct vol,~!Pf'z~.; 

and, number oL applications. PVC is produced by the. poly!Jl~.r;:{J@>c~~en. 
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of vinyl chloride and has the structure: 

---- l -CH2 -CH- )n --. 

I 
Cl 

Structure of Poly(~injl ~hloride)/(PYC) 

1.2.2. Applications of PVC in /1ediaine: 

PVC is used for a variety of<medlcal applications;. It was 

first used in the United Kingdom \fc>t tubihgs Vn bl'C>od 

administration sets as long ago as ;1'958 (6)~ In this initial 

application, PVC tubing replaced glassa.hd rubber. Because it was 

/transparent, it could be seen to ·be clean and the flow of the 

1 iquid could be observed. The administration sets could be 

supplied as presterilized disposable packs, andfromithis a 

reduction was noted in the incidence of thrombophlebitis arising 

during blood administration (6). As a result, flexible PVC 

mou 1 dings and extrusions became readily acceptablE:! fc>r a. whole 

range of applications including heart-lung machines, ·hemedialysis 

apparatus, blood transfusion sets, catheters, endOt'racheal tubes, 

suction and drainage tubing andenema packs. Calendered' PVC sheet 

is fabr.icated into bags used for storage of a: variety Of ·Fiqt.llds' 

including blood and intravenous solutions. On the whole, many of 

the life support systems in our hospitals are dependent upon the 

ready availability of flexible vinyls. Without flexiblev'injls. 

many of these devices wi 11 not exist. Data ind ic~ate that ·about 
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87,000 metric tonnes of PVC polymer was used in medical 

applications in US in 1976 out of a total consumption of 4t82,000 

metric tonnes of all polymers (79). Its use is expected to 

increase to a huge 2,40,000 metric tonnes by 1990. 
~ . 

1.2.3. Role of Additives in PVC Compounding: 

Plastics, apart from high polymers also contain oligomers, 

monomers and particularly additives. Formulation of any PVC 

compound requires incorporation of sevsral additivss to the basic • 

PVC resin in order to enable it to be processed satisfactorily 

into a ~inished product of desired properties(80). These 

additives include plasticizer, stabilizer and lubricant~ Th• 

plasticizers are mainly added to the resin to induce flexi~ility. 

Sta~lizers are added for inducing thermal stability and 

lubricants for easy processability. All these ingredients 

have to satisfy the requirements of medical device regulating 

agencies (For eg. the Food and Drug Administration [FDAl in the 

U.S.A.) regarding their' suitability with respect to toxicological 

and other appropriate properties. As a result, the formulation of 

all ~~~~ible PVC in use today for medical applications is based 

on a very restricted range of additives as opposed to PVC used in 

general purpose applications. 

1.2.3.1. Role of Plasticizers: 

Of all the additives required in a flexible PVC compound, 

the plasticizer is the one which is present in the greatest 

J 
l 
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concentration ranging from 15% to 50%. Phthalates, citrates, 
. 

phosphates, sebacates etc. are some of the common plasticizers 
r .:" : .: , . . c 

use.d in the Pvc· industry ,' 111 l ~)~;owever, monomeric. p~thalate 
in medical applications due to various 

due to doubts about the.i r 
' . 

are :Pref~rred more in medical PVC 
~;c: 

l:rl:I:J;sti;:cs;'·"~-"'th~sllh di-<2;..ethylhex.yl) phthalate .CDEHPl is the one 
',·· ,,; ·,~ '"''· .. ···fi···Q .~-~'"' ' ' . . - ~ .• ·.~-,'!:J,'• • 
-·;!: . .,;;~ ...._/~JJ"f-:-1 .. & <"" '"'--~ 

···which· rsic'Otttinonly used (t30). It has an outst.aridlng fecord of 

of these critical applications. 

(DE HP) 

production of phthalate 

an~.that of b~HP 

la~.a'bou.t.h.a,lfof.thiS:·amourit (921. It is also r.epotted that 60 

1!t1\11o.npounds of phthalates are used 
-, ."'~:-:_.:~::~~: .~ ,)_ 

a,'pplfcations alone •. These appl {cations 
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1.2.3.3. Advantages of DEHP: 

DEHP is considered to be synonymous with bis(2-ethylhexy~l) 

phthalate and has also been referred to as dioctyl' phthalate 

<10. 123). It has a molecular weight of 391, a factor that 

some importance in so-far ·a~ its toxicity is concerned~ It 

low vapour pressure and has a boiling point of 387°C. The 

advantages of using this phthal~te·plasticizer (6, 123) in 

medical appliqations are listed below: 

Cal Most·inert plasticizer currently.available 
,-_...,?c••' 

tbt ···· P.r-ovides optimum properties to PVC 

(c) Availab.le in bi~hly pure form commercially. 

(d). Low.cost and easy availability 

{~) Can be-~identified witb ease in'body tissues· 

1.2~4~ Migration of Plasticizers: 

.. Ge.n;e,rally.a.pl.as.ticizer is not chemlcally bonded to 

polymer and _it can migrate fro• the polymer into certain 
... 

materia-ls in contact with it. This· is especially true for 

plasti~izers that are incorporated in PVC, the loss 6f which 

makes the resin inflexible. Effectively, plasticizers 

low volatile scilvents for the resin. Tbe 4 permanence' pf a 

plasticizer is determined <25) by a) it.s. soJvent properties 
'· 

vis·a~vis the resin and bl lass due to 

and by o•ther means. This is physioal:ly manifested 

thi plasticizer from the bulk of the resin to its surface 
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loss from the surface into the surrounding medium. In the fiel~ 

of medical applications, oily substances, such as the contents of 

the digestive system and blood or plasma are capable of 

extracting monomeric plasticizers from PVC tubings or collection 

sets (86). These plasticizers have also been reported to be 

readily soluble in lipid materials (81). The subsequent 

consequences are: 

i) Changes in properties of the PVC due to loss of plasticizer. 

iiJ Possible toxic and biological effects arising from the 

transfer of plasticizer to a patient. 

1.2.4.1. Background Work on /1igration Studies: 

Leachability of plasticizer from PVC containers and its 

subsequent presence in intravenous fluids, blood and blood 

p~oducts has been extensively documented < 1, 22, 43, 50-52, 58, 

115). Exposure of patients to significant quantities of phthalic 

acid ester plasticizers through contact with medical PVC plastic 

products is also well known <53, 76, 129). DEHP, the most 

commonly used phthalate plasticizer has been detected in the 

blood and tissues of patients receiving blood, transfusions or 

undergoing hemodialysis treatments (96). Patients undergoing 

maintenance hemodialysis therapy would seem particularly at risk 

of potential toxicity from DEHP, due to regular exposure to the 

plasticizer ovar prolonged periods of time. Therefore, the 

subject has become extremely important in food packaging and 
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1.2.4.1.b. Migration from Hemodialysis: 

In. the hemodialysis of patients wJ~h ~idney failure there 

again exposure of blood to PVC and this aspect was investigated 

by Eas~terling, Johnson and Napier (26). Easterling et al 

concentrations of DEHP in plasma circulated' through plastic 

connected to dialysis equipment. They have estimated that 

10 mg of DEHP would enter a patient in typical dialysis ie., 

about 0.14 mglkg for a 70 kg subject. ·Ono et. al (89) ·measured 

free phth·atic acid and DEHP present in whole blood wo·rking 

with· pa"'tiEnrts·u:rraer dialysis and with an artificial model • 
. 

circulation in the model, 1 litre of ·.blood was found to disso.l " . 

0.5mg D·EHP'. The uptake of plasticizer by their' patients is 

d_ifficu:t·t 'to interpret since metabolic e'limination occurs but~ 

authors stress that in 109-150 treatments in a year, a 

·Oean l"eee·l:Ye·s-i·gn·ificant quantitites of the ester. More 

.it .has been estimated bY Gibson et al€33) that as much 

;of DEHP could be t.ransfeJrred. to a patient undergoing diai·Ysis 

5 h. This is greater than the upper li,mi t 

of Fayz. et arl (27) who tested 3 types of tubing 

plasticized with DEHP in a model system they devised as an 

improvement on those referred to above. They also found 

adipate ester 11) other types of tubing was trans;;ferred more 

extenjively than the phthalate. Based on the best available 

estimates of DEHP delivery during' hemodialysis, patients may 
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receive 20g or more of DEHP during the course of a year (33). 

J.2~4.J..c. /'1igration from Food Packaging /'1aterial: 

Phthalic acid esters used as plasticizers in food packa~ing 

materials .have been known to migrate into food material stored. 
------ -

them and their toxic effects have been studied <114). The Food 

Additi:ves P.m.end01ent to the Federal Food, Drug ·and Cosmeti_c Act 

1958 in. t.he U.S. has restricted the use of phthalates in food 

packaging material. The rest~ictlon has not been applied 

and dlisooctyl phthalate because .the available toxicological 

would notsllpportunlimitedmigration into fatty foods. 

1.2.4t2 •. Toxic Effects due to /'1igratfonof Plasticizer:·· 

P.lastlcizer migration from PVC lnto various media has 

attrac~ed U'le interest of· numerol;ls investigators due to the 

consumption figures ofthis polymer used in the plastibized 

.. (.14., ·26;,.28.,. 34,.. .. 45, 66, 74, 81, 8:3, 94, 104, 105, 116, 119, 133, 

1361 · 15?)· .,. The toxic aspects of the migrated plasticizers have 

also been extensively studied (4, 11, 37, 124~. Although a Jow 

order Of tox·ielty is associated with acute and sub-chronic 

administtation of DEHP'or its de~esterified ~etabolites in 

experimental alllimals(125), long term feeding' studies 'suggest 

adverse effects on major ~rgan systems. The LDeo values for 

has been summarized by Thomas et al t125) as follows: 



Rat/oral 

Guinea pig/dermal 

Rabbit/oral 

Rabbit/dermal 

Mouse/i. p 

Rat/ i. p/LDs o 

Human/TDso 

26g/kg 

lOg/kg. 

34g/kg 

20 g/kg 

14.2g/kg 

0.3g/kg 

0.143g/kg 

1.2.4.2.a. Toxic Effects in New Born Children: 
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Residual DEHP has been shown to be present in postmortem 

he~rt a~d gast~ointestinal tissue £rom critically ill infants who 

had um'bi 1 ical catheters in place and who hac! received varying 

amounts of blood products<42). Newborn-infants who rece~ve 

exchange transfusions will be exposed to considerable q4antities 

of DEHP and since the immature liver of these in~ants have lower 

metabolizing capacity than adults, they may easily be s4Sceptible 

to possible harmful effects af this plasticizer (117>~ 

1.2.4.2.b. Hepatic Toxicity of DEHP: 

The phthalate ester plasticiz~r DEHP has been shown to 

produce liver enlargement and hepatic peroxist:;)me proliferation in 

rats <71, 85, 112) and in mice <103) and ·to increase the 

incidence of liver tumors in these two species (68). DEHP has 

also been found to induce cytosol ic epox ide hydratase and 

glutathione S-transferase activity in rodent liver (40). 
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study conducted by the National Toxicnlogy Programme show~d an 

increased incidence of hepatocellular ca_rcinoma in F-344 rats 

B6C3F1 mice (68). IARC classifies DEHP as carcinogenic in animal 

(44). 

1.2.4.2~9. Other Toxic Effects: 

There have been reports of cellular toxicity of DEHP in 

tissue culture<35, 36, 49, 59). Using bl9od cells, sev~ral 

studies have deaJt. with the effe~ts of· DEHP on blood stored in 

plastic bags in regard to be.molysis (108), post transfusion 

s~i-vt'i · ·c;ri eryth~oeytes < 121, 132), platelet function <53, 67, 

90>, and m,itosis of lymphocytes <127). In addition, embryotoxic 

and. terat.ogenic effec.ts have -been. demonstrated in rodent studiEt~ 

with .DEHP:.·. ( 116·, 1.26 >. 

A·side. fn.om these well deftned organ toxiciti&s, diverse 

m.etabolic ~f:fscts:. haY-s- been not.ed following treatment with 

phthalate esters in various animal sp&cies. Changes i:n. 1 ipid. 

metabolism (5) and hepatic microsomal drug-metabolizing enzyme 

activ.ities have been reported. with D.EHP pretreatment(71, 

Similar effects on mic.rosomal drug metabolizing· enzymes were 

observed in rats foil owing direc.t treatment' with monoester 

metabol i tes of· DEHP <30 >. 

1.2.4.3. Difficu.J~ies in DEHP Analysis: 

Attempts to predict the toxicologic consequences of long. 

term exposure .to DEHP in humans are hampered by the lack of 
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information concerning both the degree of exposure to and the 

metabolism of the plasticizer in man. Patients exposed to 

plasticizers through PVC medical devices comprise one of the 

extensively studied populations. Several investigators have 

reported serum concentrations of DEHP in dialysis and surgical 

patients in fg/ml range <21, 23, 75). DEHP has also been 

identified in various tissues obtained from dialyzed renal 

failure patients (97). 

A number of studies have been performed to show the toxic 

effects of the plasticizers in blood bags. The basic problem 

encourltered when studying DEHP migration into blood stored or 

transfused has been its poor solubility in these media and 

it was very difficult to prepare a standard concentration. One 

must rather depend on the material leaching from the blood bag . 
into the blood products. The levels achieved in the blood not 

only varied with the blood product used for testing but also with 

the amount of storage time and the bag composition. Many of the 

toxicity studies have therefore been performed using the time 

honoured method of feeding huge doses of the material to 

experimental animal. Human studies are complicated by the 

that abo~t 70 percent of all humans transfused die within six 

months of having received the blood or blood products (60). 

1.2.5. Search for an l4Jternative to DEHP: 

The National Toxicology Conference on Phthalates <88) 
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discussed the safety element of use of pht~akat"e~s i;n ;:.med:loal PVC 

number of studies showing that there might_,b~ .. some.·.effeqt of DEHP 
. . 

on t.he. patient, the PVC mam.1f.aoturers b&iian t,od~EU~ .. rcb, f.Q~ ,_a, 

bertter.-~plas~Tc: :that. used ,no or a -n(m-l•eacl\aQ·l:e;::·Pir:a~:t~:eia~,~~' 

ma.jor studies have involved 

.• _The P•l.as t i·o i z.e.r used. tr in.tl~"'e'"t~.l;he:•~-hl~~~~k·il.,!t;t~.J!~(~t~l-1ttt;;l 

fo\Jncl .. t.o l.ceac:::.b •. in sma~·l,eiP' •ilmo,unt.f:i. fr.om th;lil.3 .,J;'t~$i\i.iQ;; ··i;tt~Q:,i:?the 

.. s .. t .. o_ead .. bl.ood ... c.ompa.r.e.d .. to :D~HP ..... t,al:. T h 1 s c,oJ(IJ.q,q;naf"·~~: QPJitQ:~ilt*~-- •f 
ph tha • a~ ring t ~- i ply s u b.ii ti 'IJ ted. a:~t ;t h.eu-~.:.as <::arta~ 't~ 1•,e .l:. tf£~~~J!liv•,~~-~~r(': 

,-etn~Ll:itex1yl C:rou.p$ •. How-ev.er, this .• pla.t:?t~-<:i,~~~l';r!~sh:a ~~~h. ;~l;t~'"~M~.­

·we.~ght. it®Dt-Po\Jnd .compared tq I:),:SHR 

Uf:ie:.in P,VC lndust.rY•. I,,t has:i .al•SJ:1 :b.een re&Qrtecl tha,t tbo~l:h; 

.f:it()l'~ge.~!llle.·of platelet~ could be increasect 

could .not b!!i! .• stored;. in TOTM plasticized ua,cgs 

' 

days::; J67). Also,. the produo.t-ion of· DEHP is tn mllJ.ions 

all a;,roun.d the ,wo~ ld ,t,h:at: the p,yc_, indua:t'-I'YC·•:i,s: '.®::t:: <ji\J11f'lj 

switc:h OY'$r to a new pl ast,to ize.r. 

ilons:ider.ab 1 e ·p~o:b lems, a tte•·pts: .tO'. JR,od if)f,,?"~t'heit:~~~iq,;~,~~~f 1Btitti_J'lar 

·in order to prevent or reduce t~t:e m·iarat·.i~fl:: \Q·l~-til•S"~--b~?f~~li.-.'J'¥:"J, 

extent. have been carried out by vari-o:us g:t;c:uJ~'"'· Of 
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modification by glow discharge technique seems to have had a 

.certain amount of success <16, 46, 47, 135). However, this method 

has several limitations. Firstly, the technique cannot be 

employed fo~ modifying large surface area of samples ~uch as 

blood storage bags which are intended for a single use. Secondly, 

the plasma technique is often difficult to be reproduced. 

Thirdly, the cost faotor involved mak~s it an unfavourable 

economic proposition for disposable devices. Glow discharge 

treatment increases surface wettability, but enhances the 

adhe~ion of platelets to the surface and cau~es morphological 

changes to.them. Most of the platelets adhered to glow dis.charge 

treated PVC ~ere spread with radiating pseudopods and lactate 

dehydrogenase was released fro~ the plasma membrane of damaged 

platelets which was highly detrimental (48). 

· I.3. Purpose of this Study: 

The purpose of this study involves: 

1. To study the migration aspects of the plasticizer DEHP 

from different PVC sheetings used in medical devices. 

2. To graft plasticized PVC she~~s using hydrophilic 

monomers such as 2-<hydroxyethyl methacrylate>CHEMAl, N-<vinyl 

pyrrolidone>CNVPl and methacrylic acid <MAA> using gamma 

radiation fro~ a Co60 source in an effort to prev$nt or retard 

plasticizer migration fro~ such modified sheets. 

'\ 
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3. To characterize the physical, mechanical and surface 

properties of the grafted material and compare them with control 

samples. 

4. To examine the migration behaviour of the plasticizer 

OEHP from the graft modified surfaces into various extraction 

media such as saturated hydrocarbons, cotton seed oil, poly 

ethylene glycol and plasma. 
~ 

5. To assess the suitability of the graft modified PVC for 

m•gration ~esistant applications with emphasis on medic~l 

app licat.ions .-

1.4. Use of Ga~ma Radiation for Grafting onto PVC: 

Use of high energy irradiation has been a popular 

synthetic approach to produce graft copolymers of PVC, especially 

d_ue to the la.bile nature of th!=J 'chl.orine atoms in the polymer. 

Three techniques have been mainly employed (13). 

i) To irradiate the polymer alone at low tempe.ratures in the 

absence of oxygen which is further reacted with a monomer to 

induce grafting. 

ii> To irradiate the polymer in presenc& of air or oxygen to 

p:roduce·peroxy C?r hydroperoxy groups on the polymer matrix which 

is further used in thermal or redox initiations for grafting and 
t 

iii) Direct irradiation of the polymer -in presence of 

monomerCs) to effect grafting. Charlesby and Pinner have reported 
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that t19) direct irradiation· in presence of monomers 'resulted in 

improved properties for the pol~mer. 

1.4.1. Surface Grafting of Polymers: 

Surfa?e grafting of various polymers with hydrophi'lic 

monomers such· as• HEMA, NVP, acrylamidEHAA> etc. has been reported 

to enha.ncE;t .the. blood .compatibility,ahd antithrombogenici·ty''df' 

many polyme~s used for brood contact ap):H+ications t77 ,' '99:', fOO·t~ 

Since hYdrogels are polyme-rs whlcHf c'an "t'tit.a~hf cf"i:arge' q\ianti·ty• ;cjf 

water t ·>20" > within thet:r' structure, they'can prov1d~e l·ow. 

inteT-f~a~tal···fr'Se- energy on cont·act with bloOd •. The hydropnflic 

surfaces :Will help form a pass iva!tHig·· la9"~r. ·Hydrogel& have b.een 

investigated· in a var i e·ty of 'b-i·omatve r:ta 1' •·appfioati ons. H£M1f HliiJ 

been 'gra:'f:~:e'd: :onto po•lyurethanes' and stlicon'es· aild' ~·studies on the 

pr.ate 1 et adheslon. to these surfaces· have beeh urade't5a'f• Hoffman 

h.a$c.s•tudadcthe properties of ·hydrog'e'l· gra'{ted.silast~dtl02>'~ 

all these cases lower platelet adnesi:o;h and h;igh· nydrophH'i¢i'ty 

of ~urfaces with 1 ow interfacial tension was recorded whic•h 

favoured blood compatibility.; 

1.4 •. 2. Proposed 11odifioation of PVC: 

Though· considerable amount of work has been carried out an 

the grafting of a variety of hydrophobic monomers onto PVC.by 

different groups t 17, 18, 41, 57, 72, 73, 78), very little is 

reported on grafting of hydrophilic monomers onto the polymer 

(9, 31). Furthermore, most of the grafting work reported so far. 

\ 
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has been on virgin PVC granules and not on the finished product. 

Most importantly, no attempt has so fa~ been made to examine the 

migration behaviour of the plasticizer from graft modified PVC 

surfaces. Sl.lrface modification by grafting of hydrophilc.monomer$ 

onto PVC is expected to alter the migration behaviour of DEJ:I.r, 

addition to improving t~e blood compatibility of the polymer. 

Hence this study is undertaken to examine the·effect 

of hydro phi 1 ic monomers such as HEMA, NVP and. JtA6 ( e~th.•r 

or in combination) onto DEHP plasticized PVC sheets using 

radiat.ifffi~f~-r~m ·a (;o60 sol.lrce. The graft modified material is 

properties. 'The migration behaviol.lr of the plast·lcizer 

graft mod:ified PVC surfaces into various hydrodarbcm soJV·en-ts 

such as ri-hexane, n-heptane and n-octane. and simul/ated.: · 

physioLo.gic.al media such as cotton seed oi 1 and. pol~ethylene 

glycol-400 is. examined. Finally, migration of DEHP frpm graft 
. ' . 

modified PVC into a biological medium such as bov.ine plasm~ is. 

studied and platelet aggregation studies are also carried 

examine the blood compatibility of the grafted polymer. 

,. 
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CHAPTER I I 

MATERIALS AND METHODS 

11.1.1. Po/yfvinyl chlorideJfPVCJ Sheets: 
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Calendered PVC sheets of medical grade having a thickness of 

0.4 mm, received as a gift from Technoport Co, Japan and Terumo. 

Corporation, Belgium were used in all the experiments. 

1/.J •. J~.J .•.... .Chara.cterization or the PlastiCizer irf PVC: 

The identity of the plast~cizer. present in the PVC sheeting 

usE!q in the eXpE!r iments was· dete.rmined· by extraction and 

charac.t,e.rization us1rng spectroscopic and chromatographic methods. 

Extractiorn of the plasticizer using methanol and carbon 

tetr.~ghloride <1:2 by volume) for 16 h in a Soxhlet apparatus 

from PVC sheets yielded nearly 15%of the total weight of the 

sheeting as plasticizer. The procedure fol'lowed was as per ASTM 

r .. erd ,spectrum of .th~ .extracted plasticizer <neat.) 

a Perki.n Elmer Model .597 instiument' is !iihown in 

was foqnd to c:orre~pond with, tne standard spectrum 

of DEHP <Figure 2. 21 e~hi9lting all its characteristic peaks. UV 

spectrum of the plasticizer recordedusing a.double beam Shimadzu 

uv-vrs 240 spectrophotometer in methanol· showed absorption 

maximum at 274nm having an extinction coefficient of 



100 ·-----~----

(J) 
0 
c 
10 
+J -E 
(/) 

c 
10 .... 
t-

OL---~----~--~~~~~~~~~----~~~ 
2000 1800 1600 1400 1200 1000 BOO 600 400 

Wavenumber, cm-1 

Figure 2.1. Infra Red spectrum of extracted plasticizer from PVC 

sheets used in the experiments. 
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Figure 2.2. Standard infra red spectrum of .di(2-ethylhexyl) 

phthalate COEHPl. 
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1512.6 cm2 /mole characteristic of DEHP <Figure 2.3). High 

Performance Liquid Chromatography <Water Associates, USA, 6000A 

solvent detection pump, U6K Injector and Model 440 UV absorbance 

detector, r-porasil column, Mobile phase: CHzC1 2 > analysis of the 

plasticizer showed a single prominent peak having strong 

absorption at 254 nm and elution time <nearly 4 min) similar to 

that of control DEHP <Figure 2.4). The refractive index of the 

plasticizer extracted was measured using a Model 3T ABBE 

refractometer <Atago, Japan). The refractive index value was 

found to be 1.4828 which corresponded to the reference value of 

DEHP confirming the identity of the plasticizer. 

11.1.2. Chemicals: 

Monomers 2-<hydroxyethyl methacrylate><HEMA>, N-<vinyl 

pyrrolidone><NVP>, ethylene glycol dimethacrylate <EDMA> and 

methacrylic acid<MAA> were from BDH, England~ Spectroscopic grade 

methanol and AnalaR grade methanol (Glaxo and E. Merck, India> 

were used for spectroscopic, leaching and cleaning purposes 

respectively. Distilled n-hexane and n-heptane <E. Merck, India) 

and n-octane <BDH, England) were used for migration studies. 

Soap solution used for cleaning of PVC sheets was from Laxbro, 

India. All other reagents were of AnalaR or equivalent grade. 

11.1.3. Blood Source: 

Blood samples used for platelet aggregation and migration 

studies were taken from healthy calf by juglar venic puncture. 
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Figure 2.3. Ultra Violet spectrum of extracted DEHP. 
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The animals were maintained in cement floored sheds, and fad 

chiefly on fodder and cattle feed supplied by Hindustan laver 

(Lipton), Bangalora, India. 1 ml of ACD anticoagulant was used 

for avery 9 ml of blood. 

I I. 2. Methods: 

11.2.1. Purification of the Monomers: 

The monomers ware all distilled under vacuum before usa. A 

pinch of cuprous chloride tSarabhai, India) was added to the 

distilling monomer to prevent thermal homopolymarization. The 

distilled monomers ware stored in a refrigerator at 4°C. Purity 

of the monomers was checked using IR spectroscopy (Modal 597, 

Perkin-Elmer~ USA) and High Performance Liquid Chromatography 

<Waters A~sociatas, USA) with a UV detector. 

11.2.2. Grafting of the Monomers onto PVC: 

11.2.2.1. Cleaning of PVC : 

Strips of 100 mm x 10 mm x 0.04 mm size ware cleaned 

thoroughly by rinsing with 0.5% soap solution for 3 min, washed 

in running tap water for ne~rly 5 min and finally in double 

distilled water for further 10 min. They were finally rinsed with 

methanol for 15s and dried in a vacuum oven for 30 min at 

50-55° C. For migration studies, bags of 56 mm (L) x 50 mm (W) 

size were fabricated from the PVC sheets by a high frequency 

welding machine (Figura 2.5). They were then cleaned in a similar 

fashion. 
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Figure 2.5. Photograph of the PVC bag specially fabricated 

for migration experiments into organic SQ.vents and biological 

media. 
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11.2.2.2. Grafting Procedure: 

Pre-weighed PVC strips <100 x 10 x Q.4 mm> were immersed in 
. . 

20 ml monomer solutions of different concentrations containing 

vario.us amounts of copper sulphate taken in screw-capped test 

tubes.and detass'd with nitrogen for nearly 3 min. The tubas were· 

then stoppered .and the samples were irradiated using a Co60 

source <Panoramic-Batch Irradiator) for various doses. After 

irradiation, the samples were washed for 24 h with frequent 

. changes of the deionized water, rinsed in methanol for 15 s and 

dried in avacuum oven at.sooc and weighed again. At least 3 

samples .Jere used in each experiment• For migration studies, bags 

fabricated as described in Section 11.2.2.1. were employed. The 

inner surface of the bag was grafted by filling the bag with the\ 

monomer solution containing various concentrations of cuz• and 

irradiated _to ~~ose ~f n.5 Mrads. The bags were then washed free 

o~ the monomer, homopolym~r etc. as described before. 

11.2.3. Characterization of the Graft Polymer: 

11.2.3.1. •. Gravimtjtric Estimation of the Graft; Content: 

The pe~ce~tage graft yield was calculated using the 

following expre~sion(96): 

<Wt. of grafted polymer) - <Wt; of ungrafted polymer) 

--~----~-----------~--~------------~------------------x 100 

<Wt. of grafted polymer) 



11.2.3.2. Spectrophotometric Characterization of the 

A Perkin Elmer Infra Red Spectrophotometer (Model 597)J 

ATR accessory was used to record the spectra of the grafted 

surfaces. The samples were placed on a KRS-5 crystal and 

spectra were recorded with the incidence angle of the IR 

45~ for all samples. 

/1.2.3.3. Electron t1icroscopic Characterization-of the 

Surface~ 

.The morphology -,of the grafted and the u.ngrafted 

examined ~ing S"Canning E 1 ectron Microscopy. ·samples were 

> / ' 

on aluminium stubs using doub,le sided tape, coated with go·.~······--.,. 

.. ~ . 

sUver and examined in the microsc~pe (Jeol JSM 35C, Japan 

Ca.mbricige lns.trumentli, UK>. (61, 62). 

//;.2.3.4• Optical t1icroscopic Characterization of . 

. surfa.ce: ... 

An optical mic~oscope <Nikon Model XF 21, Japan) wit~ 

contrast accessory was also employed to study the surface 

morphology of the control and modified surfaces of all 

11 .• 2.3.5. Contact AngleStudies_: 

Captive air-in-water and octane-in-water' tachniqu•&s 

used to meastire_the contact angles to·determine the polar 

dispersion comportents of ~urface energy of the-ungrafted 

grafted surfaces. ( 39). A Contact Angle. Goniometer. 

USA) was used for all contact angle.measurements. All 



were equilibrated overnight in distilled 

subjected to measurements. Surface energy:parameters 

calculated using the method of Andrade et alCZl~ 

' The grafted polymer samples were kept on mi¢rosoopic 

and fastened on both ends using rubbex bands~ ~he .alide 

immersed in a Perspex tank containing double; 

shown in Fiture 2.6. The sample was allowed 
....... 

few minutes again. The goniometer wafi aligned 

polymer•water interface. Using a microsyringe 

a tiny drop_of octane or a tiny bubble of air. 

t 
the polymer surface. The <;lpparent octane/water Q.r 

contact ang 1 e was then measur-ed. Ang 1 es ·on bo·f'it s ide;tJ 
' -'' ', .- ., ./ .. ' ,-~-. ', 

bubb 1 e were measured and averaged. A minim~":~pf .6 valto~"'s 
~ ' ' -

taken on each surface. The measurements were 

the mean and standard deviation calculated. 

11.2.4. 11igration Studies of Plasti.cizer: 

1/.2.4.1. /1igration into Organic solvents: 

n-hexane, n~heptane and n-octane and other 

carried out at 30°C using specially fabricated.,·~a"Cs!J 

filled with 20 ml of the migration medium, 

outlets were clamped using pinch clips and aJ.~,q.~~let&J•:; 

were withdrawn at intervals of 1,2,3,4 and 

having a 43 SWG gauge needle. An ungrafted 
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Figure 2.6. Contact angle experimental set up for determining 

air-in-water and octane-in-water contact angles. 
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same medium served as the 9ontrol. A minimum of three bags.were 

used in each experiment. The solvent was evaporated completly and 

the residue was dissolved in 3 ml of spectroscopic grade methanol 

and the absorbance was measured at 274 nm in the UV-VIS 

spectrophotometer where the plasticizer has a characteristic 

absorbance maximum <84). The amount of DEHP leached out into 

medium at specific intervals was then calculated from a 

calibration curve for DEHP in methanol <Figure 2.7). 

1/.2.4.2. /'1igration into Cotton Seed Oil and Polyethylene 

The amount of plastici~er migrated into Cotton Seed Oil 

polyethylene glycol-400 was determined by calculating the 

percentage loss of weight after specific intervals of time. 

Strips of control (ungrafted) and grafted material 

in 20 ml of the medium at 70° C and the pre-weighed samples were 

taken out at inteTvals of 24, 48, 72 and 96 h, washed with 0.5% 

soap solution for 5 min, rinsed with methanol and diethyl ether 

for 15 s each to remove the surface adhering oil,. dried in a 

vacuum oven at 60° C for 60 min and weighed. Washing 

were r~pe@ted till constant weight was achieved. The percentage 

loss of weight of plasticizer was then calculated. 

11.2.4.3. /'1igration into Platelet Rich PlasmalPRPJ: 

Migration experiments into PRP were carried out using 

freshly collected-calf platelet rich plasma in pre-fabricated 

bags of 50 mm(L) x 56 mm<WJ size (65}. PRP was obtained by 
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DEHP Ooncentratlory, fJg/ml 

'Figure 2. 7,. C~libration curve drawn using known concent,rati.ons. 

for DEHP/Methanol system. 



centrifuging citrated bovine blood in the standard fashion. 

Ungrafted bags of the same dimensions and glass bottles of 60 

capacity were used as controls. The quantity· of DEHP migrated 
. 

into plasma wa& e~timated using the method of Rock et al~ ( 

~ith slight ~odtfid~tion. 20 ml of the plasma was stor$d in 

bags asceptic.ally at 4°C and 1 ml al iqoutes were withdrawn 

intervals of 1, 7, and 21 days~ Th$,sa~ple ~as ~i~ed 

ctistilled water, 5 ml acetotdtrileand~5ml n..:hexane and 

'miktUre was vortexed intermittently using a vorte~ mixer 

··rnalar·t·cn•·4s·mtn:. 'The mixture was then allowed to stand 

min and ·the u·pper hexane layer containing DEHP was 

·the hexane evaporated off. The res~due ·was dissotv•d in 3 

spectroscopic grade methanol and the abso~bance at 274 

measured and the amount preserit ~as calculated using 

cur-v·e for DEHP.··T-he amount of DEHP migrated into the 

stored in ·glass bottles was .tak;en into account while oomputi 

the amount migrated into contro 1 .and grafted bags • 

11.2.5. PlateJ.et Aggregation Studies: 

Specimens of approximately 100 mg weight, having 

of 4 mm x 6.mm were out from the control and the grafted she 

and u~ed' for all platelet agg~egation st~dies. Each specimen 

kept in 5 ml PRP at 31° C for 90 min• 1 ml of the plasma was 

diluted to achieve the absorbance unit of nearly ·o.a 

<Approx. 8.0 X 104 platelets pe~ rl suspension). The 



plasma was taken in a pair of siliconized glass cuvette& 

(pathlength 10 mm> and placed in th$ sample and 

positions of a UY-VIS spectrophotometer equi~ped vith 

thermostatted cuevett• holders maintained at constaAt 

< 31!:.,1° C). The ins t.rumerit was set to 'read zero at 540 

temperature equl ibration, 10 rl agonist fADP) ·~as 

sam~le cuvette and mixed using a glass stirrer. 

changes in absorbance <turbidity) were'>recdrded as 

time and the initial rate of aggregation r. was de 

aocordrrfg to the method of Jamaluddin and Lissy (55). 

11.2.6. /ivaluatton of 11echantcal Properties: 

The tensile str·ength and elongation of the test 

measUr$d. using an Instron Model 1193 Universal Testing 

according to the ASTM S.tandard 0882. Grafted strips of 

x·tomnHWC> wer-e ·used for all the measurements 

length of 60 mm. A cros~-head speed of 500 mmlmin and a 

speed. of 500 mmlmin were used (magnification ratio.= .1 l. 

strips were h'ydrated before the measurements by equi r i 

~b~~-!n di~t!l~e~ water for more than 48 h (63). 

11.2. 7• Hardness 11easurements: 

Shore A hardness values were estimated for all the 

samples and the cont.rol using a hardness tester as per· 

for each sample. 



11.2.8. Optical Transparency: 

The optical transparency of the grafted and control 

specimens was checked by measuring the p•r9entage transmission 

light in the 700-350 nm region using a ~V-VIS 

11.2.9~ Percentage Water of. Hydration: 

The percentage water of hydration present in 

polymer as well as in the graft was determined ~sing gr~Y 

methods after equi 1 ibra t ing the graf~ed p()JY,IJlE!Ir J.n q~,st~ll ad 

water for a minimum of 48 h. The following rE!I'lations were 

employed: 

Percentage Water total= 

<Wt. of hydrated graft polymer)-{Wt. of·dry gr.ft pOlYmer) 

<Wt. of hydrated graft polymer> 

Percentage Water ~ra•t= 

<Wt. of hydrated graft polymer>-<Wt. of dry graft polymer> 

<Wt. of hydrated graft polymer)-<Wt. of ungrafted polymer) 

The weighings were done using a high precision 

balance <Ohaus, USA) having a sensitivity ot 0.1 mg~ The 

samp 1 es were pressed in between two tt 1 .Wha tman .f i 1 tar papers 

applying very little pressure before weighing so as to remove 

adherent water. 



11.2.10. Estimation of Residual Copper: 

Since grafting medium contained cuz• in 

0.0025 to 0.01M, which was incorporated to prevent homopoly­

merization of the monomer, the residual copper content in 

grafted polymer was determined in order to assess whether 

below toxic levels. 

procedure of Department of Health and Social Security <DHSS>~ 

Grafted sheets having 1250 cm2 area were autoclaved in doub 

distilled water at 120-123° Cat 15 

for 20 min and the resultant extract was analysed for coppe 

using an atomic absorption spectrophotometer <lnstrumentati 

Labs, USA, Model 551). The amount of copper ions estimated 

parts per million (ppm) was compared with acceptable limit 

reported. 

11.2.11. Sterilization: 

11.2.11.1. Gamma lrradiaton: 

All gamma sterilization work was carried out using a 

Panoramic Batch Irradiator <PANBIT), using a Co' 0 

Mrads at a dose rate of 0.40-0.49 Mrads/hour. 

11.2.11.2. Autoclaving: 

Autoclaving was carried out in 

at 121-123° Cat 15 psi (1.03 x 10° N/m2) pressure for 10 

The bags were filled with 5 ml of deionized water before 

autoclaving. 
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11.2.11.3. Ethylene Oxide Sterilization: 

The samples were kept in an ETO chamber <Pest Control Co, 

Bombay, India; Freostar 2' x 2' x 4'), evacuated to 0.01 torr, 

purged with stern ization gas (88% Freon and 12% ETO) bui 1 t up 

the pressureto.10 psi (0.69 x 10~ N/m2 ) at 50°C for 90 min, 

evacuated the gas and purged with air. The process was repeated 

three times. 
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CHAPTER Ill 

RESULTS AND DISCUSSSION 

I I 1.1. Characterization of the Graft Polymet': , 

111.1.1. ~VP:HEMA system: 

Ill. 1. 1. 1. Grafting of NVP/HE/1A onto PVC: 

111.1.1.1. a. Effect of /1onomer ConcentratiQtft t:lti7,>-Graft .Yie.Jd:' 

NVP and HEt:IA monomers wet'e used in 'vat'hous proportions in 

the-graftjng -experiments '(61). Concentra~fons of 1 to 7 vol" 

used for grafting. The percentage ,graft yield value Is found to 
' c 

increase propot'tionately with-monotner~oncentration in all the~t 

';. 

three different sub-systems stvd1ed <NVP:HEMA =-25:75; NVP:fiEMA =:-

50:50; NVP:HEMA = 75:25) (all -ol%). The amount of graft polym~r 

on the ~-u-rface was found- to vat'y from nearly 0.16 mg/cm2 at 

1 vol% to'3.09 mg/cmz 'at 7 vol% monomer conce.ntration for all, tha. 

threa s~stems_. However, in certain ins~ances, the radiat~~n graf~ 

is likely to penatrate into the substrate p~lymar. Tharef~ra,. 

describing the degree of graft as .graft/initial_surface area may 

not ba_ .a ,compl ate ly meani ngft,tl expl.'es~ ion. of· t-h.e et,.l,(_te~\ .~(, , 

grafting.· s~ ;f:he degrea of graft h~ls >beeri expre·s'sed as ftiEt. 

percent of 'iraft in the final matel'ial. The results a~e ~~ofted 
,,/':',>~ .~ _-, 

in f'·~gure 3.1_.• Increase in. concentration ,o.f NVP in.tJ)'e "'Ollqmer 

mixture, howeve-r, did not result in any significant 
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Figura 3.1. Variation in graft yield with monomer concentration 

for NVP:HEMA systems: Figura shows proportionate increase in 

graft yi•ld with monomer concentration for NVP25:HE~A75 < + )• 

NVP50:HEMA50 ( * ) and NVP75:HEMA25 ( Q ) systems radiation 

grafted to PVC [0.005 M Cu2 •, 0.25 MradsJ. Standard Deviations 

<S.D.) are within ~ 5% and not shown due to overlapping. A 

minimum of 5 samples was used for each system in all grafting 

experiments. 



graft yield over the concentrations .examined. 

3.1.1.1. b. Effect of Presence of Cu'* in thf!I_Gra.fting Hedium: 

No homopolymerization was observed in. any of the above 
. . ' -~- ~ ,;.· 

systems studied during gr.afting ·due to the presence .of ,,.!'fupric::: 
"' 

ions in tl)e reaction medium. Previous studies have Htliiqat.ed ......... ... . ;;~ . ·. 

f ll~,i,,i ~Elf ... cupric ~ons in the reaction medium completely 

homopolymarization in grafting of hydrophilic 

polymer substrates < 101). 

"The role of the Cu2 • ions is to act 

scavenger. The ;ifthi~bitory effect of tl)e 

considerably highef in the bulk soluWion 

polymerization in the bulk~ The presence O>f:?;C\.i~~ 

grafting system is supposed yo influence ·ttu~ 
J' ;<' ,:"·~··>-" ' ·.::-· -. :.· -. . -.. ' ·-· -· 

different monomers.will gJ,'·a.ft:to ttl~ .support n\~t~r·i_a,;{~ The·. 

increase in graft yield in pre.sEirl:oe of cuz+. iotis.<.tan .. be 
v.;. '': i - ,, : . -: • .• 

attributed to decre:ased ~oni~polymerization and there}\)' 

the avai labU ity of m9nof1!er for ths grafting .Ptoce~s~·• 

Ill. 1. 1. 1 •. c. Effect of C,oncen tra tion of Cu' • up<;m .Gi~fJt· fit!llt:i: .. . ' 
o,;/.;,:, '' h .O:•f• ~--.,~ •!-" ,.N:(< ~t·~-~·«">>"'•fr\>-"'>•>•";"• '• 0' • 

Mo I ar i ty of the C.u2 • wa~-; var led. from 0. o.q~§tf ~\o 0~~1,) . ~~~~ 
monomer concentrations of 3? 5 a,nd 7 vol" "'';t,a,t,,em.plo;Yed .f:or 

. . . . . . .. •. ·. . . . . . :··~:;! ~}' .. · >' f •• 0 

grafting. The. percentage gl'aft yiel6 was· fountl{'ti() tf:ic:::r§it¥i•"'·~·--..··· 
. - . ' - -' ~ •' - . 

__ · ~- t:{~-~-~ _ 5; r~ ~ ,r,.i;~~ 1~·-"~> .. ~:' 
increase in monomer concent'r·atlo'ns in'all the;.media.~t-,.,..4i,;etJ., 

~;J~ 4:t~:l~~-J(: _.Ji:::t~~:~ f 
<Figure 3.2[. The degree of ~raft~ng for 
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Figure 3.2. Effect of Cu 2 • ion cdncentration on graft yield for .. 
NVP50:HEMA50 sYstem: Figure shows variation in graft yield ~ith 

monomer concentration for·NVP50:HEMA50 system when grafted in 
) . 

aqueous media containing 0.0025M ( + ), 0.005M ( * ), 0.0075M 

( 0 l and O.OlM ( x ) Cu 2 • ions [0.25 Mradsl. S.D. was within 

+ 5%. 
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compositions is seen to be dependent on the copper ion 

concentration. Samples grafted in the pres;ence of 0.005M Cu2• 

showed the highest graft yield values compared to other 

concentrations. This is analogous to the observations made by 

Ratner- at- aT. {101) for the grafting of hydrophi 1 ic monomers onto 

sil.icone rubber and is lik~ly to be the critical copper ion 

concentration for <NVP/HEMA)-PVC system. The homopolymer was 

found to be present in traces where the Cu2 • ion concentration in 

the grafting medium was 0.0025M. The solutions were all clear and 

colourl-ess wit-h no trace of any homopolymer in other systems. 

Thus the incorporation of cupric ions in the. grafting system 

prevents homopolymerization anc::i facilitates the cleaning 

procedure of the grafted material to a signifi~arit extent. 

111.1.1.1.d. Effect of Radiation Dose on Graft Yield: 

Increasing .radiat.ion dose from 0.25 to 0.75 Mrads is also 

found to increase the graft yield substantially in a linear 

fashion for the NVP50:HEMA50system for all the four 

concentratiops studied <Figure 3.3). With ihcreasing graft 

yields,· thj sheets tend to become more.stiff in the dry st~te and 

curled up at concentrations above 5 vol~ when irradiated to a 

dose of 0.5 Mrads or above~ Howevet, in the hydrated state the 

sheets became flexible and slippery in nature. 

111.1.1.2. Effect df NVP "Content on Optical Transparency: 

An interesting observation during grafting was that optical 
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Figure 3.3~ Effect of increasin& radiation dose on graft yield 

for NVP50:KEMA50 system: Plot shows increase in graft yield witij 

monomer concentration for NVP50:KEMA50 system grafted to PVC. 
' 0.25 ( • ), 0.5 ( + ) and 0.75 ( * ) Mrads [0.005M Cu2 •]. 

S.D. was within ~ 5%. 



3-7 

clarity <transparency) increased 
jv,. loo•j. 

,;_ ~. NVP conte.nt in 

the grafting medium whereas higher HEMA content in the system 

teridea to make the sheets more opaque in all the concentrations 

studied (figure 3.4). T:hus the optical transparency varied in the 

"" <. order N75 IR25 N50.iHpO\• N25 :H75 system. 
. A A . 

l·ll __ •.J..1. 3. Spectroscopic Analaysis of Graft Polymer: 

The attenuated' infra red <ATR-IR) spectra of the grafjted 

surface indic.ated the a.bsence of the characteriatic 1725 c1a- 1 

atrong band of the C=O group in the plasticizer. It is ., 

characteristic. of the carbonyl groups present ill poly(viny~ 

pyrrolidone)_tPVP) and poly(2-hydroxy'et;hyl. methacrylate)tPHiMA) 

<Figure 3. 5 L. In addition, the carbonyl g-toup.in t~e este~ 

. 
1Q30 cm-.a while the .a.mide type carbonyl i.n PVP has an abaoi-ption 

at 1008 cm· 1 • The ratio of these two peaks is proportioJ1al to the 

fraction of each of the monomers in the graft. 

111.1.1.4. 11icroscopic EvaJu~tJoni" 
• 

The scanning e.lectron mi.crographs of the ungrafted PVC 
.. , . 

surface and fhe surfaces grafted ~lt~~~~fferent monomer 

concentrations are shown in Figures 3;6i~~.~j. The virgin PVC 

sheeting appears to a have a rough, i rre,gul,~r ,; ,nop~OJlifO,rlft 
. . 

aurface .st.ructure a~ .seen in ·the photomic.ro.graph (·F,igure 3i6al.. 

It can be seen that the fine Iayerof graft at the sux:face alters 
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Figure 3.4. Variation in pBrcen~age transmission values with 

increasing monomer concentration for NVP:HEMA and NVP grafted PVC 

systems: The transmission val~es were determined at 700 nm using 

a double beam UV-VIS spectro~hotometer. Figure shows values 

obtained for NVP25:HEMA75 <. ), NVP50:HEMA50 ( + ), NYP75:HEMA2S 

( * ) and NVP100 ( 0 l systems radiation grafted to PVC 

[0.005M Cu2 •, 0.25 Mradsl. S.D. was within~ 10%. A minimum of 4 

samples was used for each system in all optical experiments. 
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Figure 3.5. ATR-IR spectra of PVC surfaces graftad with NVP:HEMA 

monomer combinations: ATR-IR spectra of radiation grafted PVC 

with NVP25:HEMA75 ( c ), NVP50:HEMA50 ( h ) and NVP75:HEMA25 

( e ) monomer combinations and recorded at an incidence angle of 

45b [all 5 vol%, 0.005M Cu2 •, 0.25 Mradsl 



Figure 3.6a. Scanning Electron Micrograph of ungrafted PVC 

surface. 
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Figu~e 3.6b. Scanning Electron Micrograph of PVC surface grafted 

with 3% NVP25:HEMA75 monomer combination[0.005M Cu2 •, 0.25 Mradsl 
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Figure 3.6c. Scanning Electron Micrograph of PVC surface grafted 

with 3~ NVP50:HEMA50 monomer combination[0.005M Cu2 •, 0.25 Mrads] 

Figure 3.6d. Scanning Electron Micrograph of PVC surface grafted 

with 3~ NVP75:HEMA25 monomer combinationt0.005M Cu2 •, 0.25 Mradsl 



Figure 3.6e. Scanning Electron Micrograph of PVC surface grafted 

with.5% NVP25:HEMA75 monomer combination£0.005M Cu2 •, 0.25 Mradsl 

Figure 3.6f. Scanning Electron Micrograph of PVC surface grafted 

with 5% NVP50:HEMA50 monomer combination£0.005M Cu2 •, 0.25 Mradsl 
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Figure 3.6g. Scanning Electron Micrograph of PVC surface grafted 

with 5% NVP75:HEMA25 monomer combination[0.005M Cu2 +, 0.25 Mradsl 

Figure 3.6h. Scanning Electron Micrograph of PVC surface grafted 

with 7% NVP25:HEMA75 monomer combination(0.005M Cu2 +, 0.25 MradsJ 
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Figure 3.61. Scanning Electron Micrograph of PVC surface grafted 

with 7% NVP50:HEMA50 monomer combination[0.005M Cu2 •, 0.25 Mradsl 

Figure 3.6j. Scanning Electron Micrograph of PVC surface grafted 

with 7% NVP75:HEMA25 monomer combination[0.005M Cu2 •, 0.25 Mradsl 
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the surface morphology completely. !Lis observed that when the 

NVP content goes up, the coiled graft layers <due to PHEMA) 

becomes more discoid in shape du~ t~ the dominance o~ PVP in the 

graft 'layers. Samples grafted wit.h NVP75:HEMA25 combination are 

totally discoid on the surface compared to the dominant coiled 

polymer structure due to PHEMA as in NVP25:HEMA75 system. 

Comparison of the optical photomicrographs of the control (Fig 

3.7a) and grafted surfaces show the presence of the graft 

on the crafted PVC surface <Figures 3.7b - 3.7d) with clear 

distinction on the the dominance of either PHEMA or PVP on the 

surface. 

111.1.2. NVP Systemt 

II/.1.2.1.Grafting of NVP onto PVC: 

111.1.2.1.a. Effect of !1onomer Concentration on Graft Yield: 

Concentrations of NVP in 'the range of 1 to 7 vol% were used 

in the experiments (62). The percentag• graft yield was found 

increase linearly with NVP concentration as in the previous 

system <Figure 3~~t· A surface grafting of nearly 1.09 mg/cm2 

•. 

obtained when 5 vol% NVP was used for grafting. 

/1!.1.2.1.b. Effect of Presence of Cu"+ in the Grafting Hedium: 

No homopolymerization was observed while grafting 

PVC due to the presence of cupric ions in the reaction 

tn the case of NVP/HEMA system. Figure 3.9 shows the extent to 



3-18 

Figure 3.7a. Optical photomicrograph of ungrafted ~VC surface 

( 50x J photographed using a phase contrast Nikon microscope. 

Figure 3.7b. Optical photomicrograph of PVC surface grafted with 

5% NVP25:HEMA75 monomer combination[50x, 0.005M Cu2 •, 0.25 Mrads] 
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Figure 3.7c. Optical photom~rograph of PVC surface grafted with 

5% NVP50:HEMA50 monomer combination[50x, 0.005M Cu2 •, 0.25 Mradsl 

Figure 3.7d. Optical photomicrograph of PVC surface grafted with 

5% NVP75:HEMA25 monomer combination[50x, 0.005M Cu2 •, 0.25 Mradsl 
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Figure 3.6. Effect of bu2 • ion concentration on graft yield for 

NVP system: Figure shows increase in graft yield with NVP 

concentraflon fbr PVC sheeis grafted with NVP in aqueous m~dla 
c~htaining 0~0025M ( ~ ), O.OOSM ( + ), 0.0075M ( * ) and 

0.01M t 0 ) Cu2 • ldns [0.25 Mradsl. S.D. was within .:!:.."5%. 
";, 
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Figure 3.9. Advantage of incorporating :cupric ions in aqueous 

grafting medium for improving graft yield: Figure shows drastic 

impro~ement in gr•ft yield. with NVP concentration for PVC sheets 

grafted with the monomer when O.OOSM cuz• ions incorporated into 

di~tilled water ( + ) was used as the grafting meditim compared to 

aqueous medium without metal ions (. ).[0.25 Mradsl. No gel 

formation· was observed in the former system. S.D. was within + 



which the graft yield is enhanced when the aqueous grafting 

medium contained 0.005M of Cu2 • ions. 
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111.1.2.1.c. Effect of Concentration of cuz~ upon Graft Yield: 

Molarity of the Cu2 • was varied from 0.0025M to 0.01M, while 

monomer concentration~ of 1, 3, 5 and 7 vol% were employed for 

grafting. However, samples grafted in the presence of 0.0025M to 

0.005M copper sulphate showed the highest graft yield values 

compared to other concentrations in NVP grafted systems also 

(Figure 3.8). No trace of homopolymer was found to be present 

even when the Cu2 • ion concentration in the grafting medium was 

0.0025M. The solutions were all clear and colourless with no 

trace of any homopolymer. 

111.1.2.1.d. Effect of Radiation Dose on Graft Yield: 

Increasing radiation dose from 0.25 Mrads to 0.75 Mrads is 

also found to increase the graft yield substantially in a linear 

fashion for the NVP system for all the four concentrations 

studied <Figure 3.10). It was observed that sheets tended to 

become more stiff and rigid at NVP concentrations above 5 vol% 

when irradiated to a dose of 0.5 Mrads or above. 

111.1.2.1.e. Effect of the Presence of Cross~linker on Graft 

Yield: 

The effects of small quantities of the cross~linker, 

ethylene dimathacrylata <EDMA) in the monomer is of interest as 

it .is used to prepare crosslinked hydrogels for biomedical 
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Figure 3.10. Effect of increasing radiation dose on graft yield 

for NVP system: Increase in graft yield is observed at higher 

radiation doses for different concentrations of NVP grafted to 

PVC at 0.25 ( + >, 0.5 ( * ) and 0.75 ( 0) Mrads [0.005M Cu2 +L 

S.D. was within ~ 5%. 
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applications. The effect of the presence of cross~llnker on the 

graft yield was studied by varying EDMA concentrations from 1 to 

5 vol% keeping NVP concentrations constant <5, 10 and 20 vol%). 

EDMA was found to induce turbidity when used at concentrations 

above 3 vol% in the grafting medium. Linear regre•sion analysis 

of the data indicated a slight increase in the graft yield with 

increase in EDMA concentrations in the grafting medium <Figure 

3.11). While for 5 vol% NVP, this increase seemed.to be 

noticeable (from 1.13 mg/cm2 at 1% EDMA to nearly 1.8 mg/cm2 

5" EDMA), at 10 and 20 vol" concentrations, the increase in graf:t 

yield was found insignificant. It is also reported thatCu2 • 

may exert a significant effect upon the uptake of monomers 

the graft when the cross-linker EDMA is present <10U. 

I I I. 1. 2. 2. Effect of NVR Content on Optical Transparer)oy: 

An interesting observation during NVP grafting was that 

optical clarity <transparency) was excellent and compared 

similarly with that of control at even high graft yi•lds 

<Figure. 3.4). 

111.1.2.3. Spectroscopic Analysis of Graft Polymer; 

The ATR-IR spectra of the grafted surface indicated the 

absence of the characteristic 1725 em- 1 strong band .of the C=O 

group in the plasticizer. It is substituted by 

at 1710 cm- 1 characteristic of the carbonyl functions present 

PVP> <Figure 3.12). Similarly the 1008 cm- 1 peak is 
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Figure 3.11. Linear regression plots showing variation in graft 

yield with cross-linker CEDMAl content for NVP system: Figure 

shows only negligible variation in graft yield with cross-llnker 

<EDMA) content incorporated with 5% NVP < • >, 10% NVP < + ) 

20% NVP < * ) grafted to PVC [0.25 Mrads, 0.005M Cu2 + l. S.D. Jfla.l;l. 

within + 10%. 
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Figu.re 3.12. ATR-IR spectra of PVC surfaces grafted with NVP: 

ATR-IR spectra of radiation grafted PVC with 5% NVP with no 

cross-linker ( d ) and containing 2% EDMA cross-linker < g l 

[0.005M Cu2 •, 0.25 Mradsl. 



characteristic of the amide type carbonyl in PVP. 

111.1..2.4. Hicroscopic Evaluation: 

3-25 

It can be seen that the fine layer of graft at the surface. 

alt,rs the surface morphology completely. The optical 

phetomlorograph-TFI-iure 3. 13) shows the ex is tance of discoid 

shap~d PVP surf,ace 

clearly. 

I l I. 1. 3. HEMA-ttef,na,cr:Y lie Acid fMAA) 

lll.·~J..3.1.-~-Gr~~R#::~HEI1A~IIAA ontq ·PV¢: 

lymer 

I II. 1 ~ 3. J. a. Eff fi~ t'':af i1oht!mei- Concsfl't'£alt:~.:i'iJf!t:'·f1,ft_.~fJ!t t Yield: · 

Figure 3. 1/f_.~l.ear .. ty 'Ulustt"a~~~·-:iije p~J 

in graft yiel d.,.w.i.~b iller ease in ij£MA :.MAA ·( l'I•:Ii•;~;~~ •• t~~~ 
·;_, ~ > :_:_ •• ' • ,.· :_ 

concent:r.ation for four g~afting v._rying amounts 

llf.·t..3 .. t..b. Effect of the Presence of C.u"" in the .Gra.fting 

Hedium: 

Though the presence of copper ions was exp'ectea to prevent 

homopolymer formation during g.rafting, heavy hoiD~po&,Ymer. 

formation was observed which .tended to adher• t() the PVC 

substrate. However, it was found not difficult to remove th~ 

homopol.ymer after the grafting as· it peeled off very easily· 
. 

leaving th~ grafted surface clean. 



Figure 3.13. Optical photomicrograph of 5% NVP grafted PVC 

surface [50x, 0.005M Cu2 •, 0.25 Mradsl. 

8-28 
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t" r4 '5 6 8 
· Monomer ·concentration, vol~ 

Figure.3~14. Effect of Cu2 •, ion concent'ratJon on ~raft yield for, 

HEMA50:MAA50 syste•• Plot shows incre~se in graft ~ield·with 

monomer concentration foi HEMA50:MAA50 grafted in aqueous msdia 

containing 0.0025M { + J, 0.005M < * ), 0.0075M ~ 0 and o.DfM 

( x ) Cu2 • ions [0.25 Mtad·sl. S.D. was wit.hiri ±_ 5% • 

. ' 
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Figure 3.15. Variation in graft yield with increasing Cu2 + · 

concentration for HEMA50:MAA50 system: Figure shows la-ck of 

effeciency in metal ions in preventing homopolymer formation when 

3% ( • >, 5% ( + > and 7" ( * .) HEMA50: MAA50 is grafted to PVC. 

The graft yield does not improve even when high concentrations 

(0.1Ml of Cu2 + were used for the 5" monomer system. Heavy white 

gel formation was observed for all three systems [0.25 Mradsl 

S.D. was .within + 10". 
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Radiation Dose, Mrads 

F~igl1re~:3:.'I6. Effect of ~~1~l'eaSJlng radfa'tfon doSJe on graft. 

for<ttE,t1A5Q :MAASf·. SJystem: the"lgh :g:raf:t>:yield· remafned row', 
. . ' . . 

. " SJee.n. to ip~p,rqve \r{~ 1;.h inore.asin.g rad.ia tion doSJes when S" ( • 
,; - " ·_. ,_ ' • ~ - - ~ • - -- • • • , • • > 

5" < + J HEMA50JMAA50 were grafted to PVC t0.005MCu2•J. 
{ ' 

S.D. was Within~~ 10"· 
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111.1.3.2. Spectroscopic Analysis of Graft Polymer: 

The ATR-IR spectra of the grafted su'rface ·indicated the 

absence of the characteristic 1725 em-• strong band of the C=O 

group in the pla~ticizer. It is substituted by the weak doublet 

at 1710 em-• and 1730 em-• characteristic of the carbonyl 

functions present in PMAA and PHEMA (figure 3.17). The 1030cm-• 

is also representative of the ester type carbonyl group in PHEMA. 

111.1.3.4. Microscopic Evaluation: 

Optical photomicrograph of 5% HEMA50:MAA50 grafted PVC 

surface (figure 3.18) shows a very fine layer of hydrogel 

grafting on the surface altering the surface morphology 

completely. 

111.1.4. NVP:MAA System: 

111.1.4.1. Grafting of NVP/HAA onto PVC: 

111.1.4.1.a. Effect of Honomer Concentration on Graft Yield: 

NVP and MAA monomers were used in various proportions in the 

grafting experiments<64). Concentrations of 3 to 7 vol% were used 

in the grafting medium. The percentage graft yield value was 

found to increase proportionately with monomer concentration in 

all the three different systems studied <figure 3.19) CNVP:MAA = 

25:75; NVP:MAA = 50:50; NVP: MAA = 75:25) Call vol%). The graft 

yields tended to increase with higher MAA concentr·ations unlike 

in HEMA:NVP systems where change in concentration of any one 

monomer did not change the graft yield drastically. Thus, graft 
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Figure 3.17. ~TR-IR spectrum of PVC surface grafted with 5~ 

HEMA50:MAA50 ,0.005M Cu2 •, 0.25 Mradsl. 



Figure 3.18. Optical photomicrograph of PVC surface grafted with 

5" HEMA50:MAA50 r50x, 0.005M Cu2 •, 0.25 Mradsl. 

s-aa 
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Figure 3.19. Variation in graft yield with monomer concentration 

for NVP:MAA systems: Figure shows proportionate increase in graft 

yield with monomer concentration for NVPZ5:MAA75 ( + ), 

NVP50:MAA50 ( * ) and NVP75:MAA25 ( 0 ) systems radiation grafted 

to PVC [0.005M Cu2 •, 0.25 Mradsl. S.D. was within~ 5%. 
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yield values varied in the order N25M75> N50M50 > .N75M25. 

111.1.4.1.b. Effect of the Presence of cuz•_ in the Grafting 

11edium: 

~o homopoly111erization was observed in any of the above 
~ < 

~~~.:: .. 

~->~··f' 

~:--'-·-'---C. sys't;e~s--:s~uol'ed=~:ctur:-fng grafting due to the presence of cupr ie, 
~-··,,_. f 

~~:~ ·· iot;l~ ~n the reaction m&d.ium unlike .in HEMA:MAA systems• ·this 
~~~--- -·~ .4--- ·- ~~~-·--'·--~--~-~--~------~~---:--~~-'---.----~-~-----·---•-· ___ , _:__·~- -

~t. 
~~~:: 

~~s. Jl!~~t4.1 •. c. Eff.ect of CoiJ•centration of cuz• upof? Graft Yielc{: 
~·· VI / . ··· ·• 

~~-~~--.:~~~--'-~~~ "H~larity-Df~~t.ha~."Cu~.-~- w·a.s v_a.ried -from o .. 0-025M to 0.0-111, wl}l::l;e. 

monom~r ~pncentrat'ions Cif. 3, 5 ~ttq 7.vol'·'were emplsY.fP f:or t 
,;_ . ) ·. . -·f 

gr~f.~~(fi:!c ,the craJt yiet.d w~s found ~() ·t'ncrease wlth .lncre~sEt 

moribmlif·r .. Cloncentrations for all the ··syS!te·ms) Si't.:ud i&tt' < o. 0025M, ·· ··r······:·· ··~· ···;·· ··.· .... · · .. · .. ,j/ . . .· . ,#,· y·/ . . .. 

!:;'. O.QO~f1, Q.007~M and· 9•01fi1) •. lif·owever, th~·~r.~f"t. yield was fo~qd 
;:·;·_., ' ~ ,'-! '>'< "C ', ', - •'-' ' ' .-' ,, .-;/'~:!i, ."' ,.;1"'-

t--.::..~ 

:; .. · ba makfmum. at 0~00Sf1,Cu2 concentr•J•fon':.for NVP :MAA systam. 
-.·, ~ ... ~··---·-·---,-...~~~-~T'>--'""-·----------:--~~";-~·~·~--.:--~.· -&~';"-'-~••••e• ! , '' 

' ,:---

Cu2 • ~icm concen#·t~t.iqn Atf7;¥ne grafting medium was (). 0025M •.. The 
.;- ·--- . '"~ ~" . --~ 't 

"""~~--~--~----~-•i~~-•c•"•:,_,~,~""'--""-~""' ,_, ~,: ,_:,~~-~----~-••:_,~':,.:.'~-•'" •'"-\~ 0 

: ·-~c~- at'~:~:,crt,ear and colourless. With no trace. of any~;.' 
,,~, ., . _;; '''! \ .:·.:· . " '' - . ·, ~ . 
;;:__ .. ·-

homopQJ:~)tt:er:'>:in oth.er systems •. Thus, .the inccn:poration of cupftc 
:~~ ,. ---~,n~- _·_;_:+_-- ~:~r· .. :~--~~vAA.-~- .. :· "_-. ----:~-~::.:~ ___ :·:?·,,~~~-~--': .. "·.~~- . ~-. ;, . ·.. ~~- . , .. '·-_· 

ions ):n the ;grafting·>•,.ystEim prevents homopol,.ym~riz.ti6n and 
... -~---j " --. - - ~, < <·if;/----' ~ ... _ ·, .,_, ,' . ~::~ . . <,'-· . ' . 

. ~--__ , __ ·:__ .. > 

faqLff.ta:t~s 9l•lil.nlf:11.& prQced-ure of tha gptilfted material to a· 
:·;~~~:o1·.()·r:··:~.d-t s __ ---.~~--_}; 1" f .$-~'\-c~· 

.s.ignfflcant extent. 

>,t:.ll~ /. ~; 4"t5!. ;,cJ;., lit~cfiU::Jsr a:f: Ratfi'a, tjo11 D'f!!~e _(!1,/!t G.~t.l!!ft: '1:.-JfJ/{d: 

f.Fich~~it~'fni· '"iad~t~:t·t,on dose from 0.25 to o.vs 'f.a'rad~ 
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Figure 3.20. Effect of cuz• ion concentration on graft yield for 

NVP50:MAA50 system: F~gure shows changes in graft yield plotted 

·against monomer concentration for·NVP50:MAA50 grafted to PVC in 

a.queous media containing 0.0025M ( • ), 0.005M ( + ), 0.0075M 

< .* )-and 0.01M < 0) cuz• ions [0.25 Mradsl. 

S.D. was within ~ 5%. 
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Figure 3.21. Effect of increasing radiation dose on graft yield 

for NVP50:MAA50 system: Graft yield is seen to attain saturation 

at about 0.5 Mrads as shown above when it is plotted against high 

radiation doses for 3% { + ), 5% ( * ) and 7% ( 0 ) NVP50:MAA50 

monomer systems grafted to PVC [0.005M Cu2 +, 0.25 Mradsl. 
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Eigure 3.22. Variation in percentage transmission values with 

'incre?-sing monomer conc.~;~ntration for NVP :MAA ::~.nci M.AA graftE:d.P~C 

·systems: Figure shows cjscrease in transmission val~es w.ith ~l~hel-
> ' ~ > ::_' ,- -" ,_ "' .,_ 

graft monomer contents obtained for NVP:25.~MAA75 ( .•. },. 

NVP50:MAA50 < + L, NVP75:MAA25 ( * ) and MAAlOO.t 

grafted to PVC and measured.at 700 nm tn hydrat~d 

[0.005M Cu2 +, 0.25 Mradsl. S.D. was within+ 10%. 
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the presence of the grafted layer of the polymer <Figure 3.24) 

clea.rly. 

UJ. 1. 5. MAA System; 

-:ITT:-T;s::J:;-:-Grlif:t~ing:o-l/1AA System onto PVC: 

11onomer fo~~entration Yield: 

MAA onto 

of Clft" upon Gra-ft Yield: 

was .varied from- 0.0025M to o. OlM 

1t, ~~ 5 and i~ vol" w~'re ampl oy~d 
",''~ , \ '~··, ~.;~ 

the prese.nce of O.OlM 

h.ighest graft yield values coiRpared 

.c;:rther conoent·rations.}r:l M,AA grafted systemstF~g.u.reS.25). Thi.s 

sugge$ts that for l!lvery ~~tonomer system, the\rEf exists. an optimum 

met_al ion concentration at which the graft yield reaches a 

maxi_mum value. ijowvever, no trace of nomopo:lymer wa$ found to 

present ev~n when the Cu2 • ion concentration in the grafting 
.,I!J 

\ 
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Figure 3.24. Optical photomicrograph of PVC surface grafted with 

5% NVP50:MAA50 monomer combination [50x, 0.005M Cu2 •, 0.25 Mradsl 

- --- --- - - ----------------- ---------------------------------------------,-----------------------------------------------------
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Figure 3.25. Effect of Cu2 • ion concentration on graft yield for 

ftAA systea: Figure shows increase in graft yield with aonoaer 

concentration for ftAA grafted PVC systea in aqueous aedia 

containing 0.0025ft < + >, 0.005ft < * >, 0.0075ft <(]>and o.o1n 
( X ) Cu2 • ions [0.25 ftradsl. S.D. was within ~ 5X. 
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medium was 0.0025M. The solutions were all clear and colourless 

with no trace of any homopolymer. 

111.1.5.1.d. Effect of Radiation.Dose on Graft Yield: 

Increasing radiation dose from 0.25 Mrads to 0.75 Mrads is 

also found to increase the graft yield substantially .- · ~-......-"-

···; · for the MAA system for all the four concentrations 

studied <Figure 3.26). It was observed that sheets tended to 

become more stiff and r~gid at MAA concentrations above 5 vol% 

when irradiated to a dose of 0.5 Mrads· or above. 

111.1.5.2 .• Effect of 11AA content on Optical Transparency: 

An interesting observation during MAA grafting was that 

optical clarity <transparency) was excellent and compared 

similarly with that of control at even high graft yields <Figure 

3. 22). 

//1.1.5.3. Spectroscopic Analaysis of Graft Polymer: 

The ATR-IR spectra of the grafted surface indicated the 

absence of the characteristic 1725 em-s strong band of the C=O 

group in the plasticizer to be replaced by the 1720 em-s carbonyl 

peak of PMAA .<Figure 3.27). Th.e weak doublet at 1420 cm·s is 

also characteristic of the carbonyl functions present in PMAA 

polymers. 



'?!< 
' "0 

Q) 

>-
...... -<t1 ,_ 
(!} 

3-45 

10~--------------------~----------------~ 

6 

4 

0 0.1 0.2 0.3 0.4 0.5 0.6 0.7 0.8 0.9 
Radiation Dose, Mrads 

1 

Figure 3.26. Effect of increasing radiation dose on graft yield 

for MAA system: Figure shows increase in gxaft yield at higher 

radiation doses attaining saturation at 0.5 Mrad level for 

3% < + J, 5% ( * ) and 7% ( 0 ) MAA grafted to PVC. [0.005M Cu2 •, 

0.25 Mradsl. 
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wavenumber, om-1 · 

Figure 3.27. ATR-IR·spectra of PVC surfaces grafted with MAA: 

Figure Shows spectra of radiation grafted PVC using 5~ MAA 

containing no cross-linker ( j ) and with 2~ EDMA cross-linker 

( k ) [0.005M Cu2 •, 0~25 Mradsl. 
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111.1.6. HEMA System: 

111.1.6.1. Grafting of HE/1A system onto PVC: 

111.1.6.1.a. Effect of Honomer Concentration on Graft Yield: 

Radiation grafting of HEMA monomer alone was found to be 

difficult due to heavy homopolymer formation. The presence of 

cupric ions at very high concentrations in the grafting medium 

did not seem to prevent gel formation. However, it was found that 

grafting does take place to a small extent and the yield is 

proportional to monomer concentration employed. The grafting was 

carried out in different grafting media such as water, 10% 

methanol and 50% methanol. It was found that the formation of 

homopolymer is least in 50% methanol compared to water and 10% 

methanol and graft yield is high~st (Figure 3.28). 

ll/.1.6.1.b. Effect of Radiation Dose on Graft Yield: 

Increasing radiation dose from 0.25 Mrads to 0.75 Mrads is 

also found to increase the graft yield linearly for the HEMA 

system similar to NVP and HEMA:NVP systems<Figure 3.29). 

111.1.6.2. Spectroscopic Analysis of the Graft Polymer: 

ATR-IR spectra showed that the 1720 em-• of the plasticizer 

is substituted by the 1730 em-• carbonyl peak in PHEMA. The 103& 

cm-1 of PHEMA due to the carbonyl group is also present 

< F i g u r e 3. 30 ) • 

111.1.6.3. Hicroscopic Evaluation: 

The optical photomicrograph showed the presence of a fine 
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Figure 3.28. Effect of using different grafting media upon graft 

yiald for HEMA system: Figure shows variation in graft yield with 

monomer concentration for PVC systems grafted using HEMA in 

different grafting media such as distilled H20 ( . ), 

10% Methanol ( + ) and 50% Methanol ( * ) [0.25 Mradsl. S.D. was 

within~ 10%. Heavy gel formation was observed in all systems. 
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Figure 3.29. Effect of increasing radiation dose on graft yield 

for HEMA system: Figure shows linear increase in graft yield with 

increasing HEMA concentration grafted to PVC at 0.25 ( . ), 0.5 

( + ) and 0.75 { * ) Mrads. 50% Methanol was used as the grafting 

medium. S.D. was within + 10%. 
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Figure 3.30. ATR-IR spectra of PVC grafted with 5% HEMA [0.25 
Mrads]. 
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layer of grafted polymer on the surface of ungrafted PVC 

<Figure 3.31). 

111.2. Effect of Residual Copper Ions in the Graft Polymer: 

The atomic absorption estimation of residual copper ion 

content on the grafted sheets indicated the presence of only 

0.25 ppm of Cu2 • in the aqueous extract which is well below the 

acceptable level of 1ppm <Table 3.1). This showed conclusively 

that the use of this metal ion in solution at the concentrations 

employed for grafting NVP and HEMA combinations or NVP alone onto 

PVC are acceptable from a toxicological standpoint to prevent 

homopolymerization of the monomers during grafting. 

1//.3. Summary: 

Plasticized PVC can be successfully grafted using 

hydrophilic monomers such as HEMA, NVP or MAA singly or in 

combination by gamma radiation using a Co60 source. The 

percentage graft yield is found to increase proportionately with 
~~ most S'iS1:-t.wn£ wll'lh 

increasing monomer content and radiation dos~. Presence of Cu2 • .,. 
ions in the grafting medium help prevent homopolymerization and 

increase the graft yield for HEMA/NVP, NVP, NVP/MAA and MAA 

systems studied. Analysis of the grafted PVC surface using ATR-IR 

Spectroscopy, SEM and optical microscopy clearly show the 

presence of grafted polymer on the surface of PVC. PVC grafted 



Figure 3.31. Optical photomicrograph of PVC surface grafted with 

5% HEMA: [50x, 0.25 Mrads]. 



Table 3.1. 

Atomic absorption spectrophotometric data showing 
residual cupric ion content in PVC grafted with 
NVP:HEMA* 

Control Sample 

Mean cone. Mean cone. 
No. <pg!ml) <pglmll 

1 0.01 0.05 
2 0.02 0.05 
3 0.02 0.05 
4 0.02 0.05 
5 0.02 0.06 
6 0.02 0.06 
7 0.02 0.06 
8 0.03 0.05 
9 0.03 0.05 

10 0.03 0.05 

* Calculations are shown in Annexure-A 

3-53 

**Control is triple distilled water used for extraction. 
Sample is extract of 5% NVP50:HEMA50 graft polymer. 
All mean values are average of 2 testings. 



with NVP and MAA tend to exhibit excellent tranparencies compared~ 

to ungrafted material. The residual metal Jon content in the 

grafted polymer has been estimated using ~tomic absorption 

technique and found to be within safety limits. 



Table 4. 1. S~rfaca energy par~meters of PVC grafted with NVP:HEMA* 

Mater i~ 1 0air. /oct Is.w 'is~ Y:v ¥sv 'tsw 

--
Ungraf:ted 60.6 94.9 54.6 32.1 14.9 46.9 11.6 
PVC 

1 vol" 
N25-H7·5 29.4 156.7 97.5 16.2 47. 1 63.3 0.5 
N50-H50 33.1 154.6 96.1 . 15.3 45.7 61.1 0.7 
N75-H25 29.3 152.9 95.5 12.2 45.1 57.3 1.5 

3 vol" 
N25-H75 40.3 165.1 99.3 6.9 46.6 57.7 2.6 
N50.-H50 35.9 162.8 96.6 11.7 46.3 59.9 1.6 
N75-H25 32.1 157.6 97.2 15.0 46.6 61.6 0.7 

5 vol" 
NZ5-H75 26.1 139.5· 66.9 26.6 39.1 65.7' 1.0 
N50-H50 22.5 154.1 96.0 21. 1 45.6 66.7 0.1 
N75"7H.25 20.3 151.0 94.7 23.4 44.4 67.9 0.2 

7 vol% 
N25-H75 19.2 162.1 98.6 ·20. 1 46. 1 66.2 0.1 
N50-H50 0.0 165.6 99.5 23.0 . 49•0 72.1 0.0 
N75,...H25 0.0 180.0 101.0 21.6 50.5 72.1 o.o 

,. 

*All contac·t angle values are average, of minim4m 6 observations. 
Standalld cteviati(;ms·,:are wi::thin +/- S·" · 

~~ ~ ' ' ' ' ' ' . .\ '· . '· ' 

A ll·•un'l?ts ln dynwsl~m 
'"~. ' 

..... 
I 

1\') 
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IV.1.2. NVP system: 

The ~ontact angle values and surface energy parameters of 

th~ ~ngrafted and NVP grafted PVC sample~ are listed in Table 

4.2.The hydrophilic~ nature of the modified grafted surfaces is 

indicated by the sharp increase. in the polar component of the 

energy 4.2 show the variation in 

energ>'parameters '1~th incre~se .in EDMI\ cross-linker 

concen-tratietn f~r~S .and 10 vol" NVP .• With increase in 

cross-linker contentf••the hydropht 1 icity tends. to decrease as 

evidenced by a decrease in polar 6omponent an4 corresponding 

increase in dispersio6 co~ponen~ values. However, blood 

compatibility i$ not coriside~ably ~ffected as ividenced by the 

low interfacilJ;l energy values shown by all crosslinked samples. 

1V.1.3. HEHA:.HAA system: 

The patt.era1 showp is !itmUar to that of previous systems 

, discussed. The contact angle values and surface energy parameters 

.of the ~ngraftec;l aiid .the grafted samples of HEMA :MAA monomer 

combinatien(s.J ··en~o PVC are listed in Table 4.3. Homopolymer 

formation too1< place during gr·afting as .a result of which the 

hydrophilic nature of the modified 

grafted surfaces is indicated by the sharp increase in the polar 

component of surface energy and corresponding decrease .. in the 

dispersion component. 
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Figure 4.1. Variation in surface energy par~meters with .incr 

in cross-linker content for PVC grafted with .5~ NYP; Figure 

increas$ in linear regression values of diSpersion component 

( Yav"l (*,>and decrease in polar component( '/.yP] <cO) 
in'crease in cross- I inker CEDMAl content in 5~ NVP grafted 

systems. The t:otal surfac.e energy t '1. y l < x ) increases whe 

the int~rfatiial energy t ~ •• l ( ¢) tend~ to show lower va{ues 

higher concentrations of EDMA [0.005M Cu2 +, o;25 Mradsl. S.O 

~Jthin + 6~. A minimum of 6 samples was used for 
all conta~;~ angle· 

; • ~· ., ' '·o /:/ ~ -~. . ' , " i_ 
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Figure 4.2~ Variation in surface energy_parameters with increase 

in cross-linker content for PVC grafted with 10% NVP: Figure 

shows increase in linear regression values of dispersion 

component [ ~ ... dJ <ill!) and decrease in polar component [ ~.,.PJ 
;~ ) with increase in cross- I inker [EDMAJ content in 10% NVP 

grafted PVC systems also. The total surface energy [ Y ... l ( *) 
increases whereas the interfacial energy [ '/ • .,.l ( 1q'J tends to 

show a constant value at higher concentrations of EDMA 

[0.005M Cu2 •, 0.25 Mradsl. S.D. was within+ 5%. 
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Tab 1 e .. 4. 3. Sur.f ace ertergy parameters dt PIJC grafted with HEMA :MAA* 

Cupric 
ion HEMA/MAA 

cone. cone. 
<mola~> <vol%> 0ai r. ioct 

Ungrafted PVC 

3 33.0 149.4 
o.0025 5 3~.6 153.7 

7 26.4 160.0 
/ 

3 28.3 14.9. 0 
0 • .005 5 31 .. 8: 16'2.2., 

7 ' 25.2' 158~ 1 ' 

3 30 •. 2 154.8 
0 •. 0075· 5 . 30.2 1S5.0 

7 21.1 16.1.1 

3 29 • 8 .. . 1156 • 4 
0.'01 5 22.4·' 156.5 

7 2].. 4 ' 159. 2 .. 

~System stud}ed is HEMA~O :f1AA~ 
All cqnta~t .. ~n~les ar~ aver~ixtl 
Stan~ard devla_tiof\S .are wi thih 
A Lt> ·unfts a•re; .'in .I!:Jyne\$/:o~ ' 

[sw t 

9'~.9. 
~5.8 
98.0 

e~.3. 8 
~.a. 6. 
97.5 

96. 2• 
·96. 3 
$:8. 3': 

;:r'< 

a6.8 
96. 8· 
97.7 

/ 

Ysd{; 'Ys: ; 'isv' "'sw 

·14. 9 ;46.9 11.6 

17.3 43.7 61.0 0.5 
14.f,3. 45.4 60.1 0.~ 
17.4 47 .·5 .64. 9 0.3 

-
'tl; 

43. 5' 20.2 . 63.7 0.3 
14.Q '48 •. 1 62.1 0.9 
18.3 47.1 65.,4 0.2 

16. 9 45.8 62.7 0.4 
16.9 45.9 62.7 0.4 
19.6 .47. 8 63.4 o. 1 

16. e. c:'46 .4: 63.0 0.4 
20.4 .46.'4 66.8 0.1 
20.0 47.3 67.2 0 .• 1 



IV.1.4. NVP:HAA system: 

The contact angl~ valu~s and surface eg~rgy parameters of 

the ung~afted and the grafted samples of NVP:MAA monomer 

~ombination(s) onto PVC are li~ted in Table 4~4. Increase in 

~hydr:crpnt11:c ch~arac~er~ is seen for all the three sub-systems 

studied after grafting ~s indicated by. th~ sharp rise .ip the 

polar component value of ,surface energy and corresponding 

decrease in disp~rsion ~cdmpon'ertt van..te.o'· 

IV.1.5. HAA system: 

~· ~~~···-·~~.I.ha . ..c.ont.a.c.L.~.ang-le measuremen,ts show th<lt MAA grafted PVC 

Sa111ples .al~o behave siniit;arf.Y l;ike previous systems studied •. A 

. . .. . . .,.,. . . . . 
sharp increase i.n hy;dro:phi Licity •is indtcated by the high polar 

' • ~ ~ - . - f • ;· •' 

and smq.lJ dJsper~'f•o;O cdmpon~nt ValU(7S CQmpared to ungraf ted 

sheets •. <Table 4 .• 5. b T,he 't •. value. also tend to be l~ss than 

.~l1rLttY Jricii~catiF\it~tt?~~l'·: pl'ots in adsorption. and better. b·l ood 

compatibl~' properties. 

J 

IV.2. E~atuatlon ~f ~ech~nical Properties: 

IV. 2.1. Tensile Streng'bh :and Elongation: 

IV. 2>1. ~·. NVP :HE11A. system: 

The tensile stx-ength a,.nd. e 1 ongat ion values for PVC sheets 

grafted on both sides tend to decrease ~ith higher graft content 

'compared ~ith control values in all the three systems studied 

(63) <Figures 4.3 & 4.4). Higher HEMA content in the graft 



ta,bl•e' . 4!.~ Sltr.f;S,rce ~nergy Jta~ame;ters ~:iith N~P :MAA* 
,_, -- ·-------------------·--·~---- ---' t ! < "~ • \ " ' " ' '' ~ '" ' ! . ·' 

' ' Cupr :Uc I 
· i·o·~ N Vf' /MAA . f 

. ' ' ' I d . p 
cong. . .ctJnc. i .. . ·.. ·;··· t . . . 1 v .1 ~.) • • 

Cmolalr l· <'vpli'JG:•) lt&'a1ii;lt· .. ;,_q:qt Is~ ;6'J~!.v. i~tsv 
l ' c~ : ) I .. . 

UJn:g~ra.:i(•ta£1* PVC 
. 

$41.[6) .3:2··.~ 
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~ 

3 26". 1 . 1IS7;·. 1· ~7:· •. z ta,.z. 
·0 .• CWZ5 ·s. z¥t:t •.. a 1!5,&;. 5 ~~ .• ,$' . 17·;;,9 
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67.5 
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6.6 .• 9 
E)4.9 

64.7 
69 .• 4. 
67.3 
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11.;6 

Q.2 
0.2 
0.2 

0.2 
0.0 
0.2 

0.1 
0.1 
0.3 

0.4 
0.0 
0.1 



Table 4.5. Surface energy parameters of PVC grafted with MAA* 

Cupric 
ion MAA 

cone. cone. 
/oct 

d p 
't sv ~sw (molar) Cvol%) 0air Isw 'tsv Ysv 

Ungrafted PVC 60.6 94.9 54.8 32.1 14.9 46.9 11.6 

3 24.1 145.5 92.1 24.3 42.0 66.3 0.5 
0.0025 5 23.2 152.2 95.2 21.6 44.8 66.4 0.2 

7 21. 1 155. 1 96.3 21.5 45.9 67.4 o. 1 

3 23.2 154.1 95.9 20.9 45.6 66.4 0. 1 
0.005 5 19.0 156.8 96.9 21.8 46.5 68.3 0. 1 

7 14.1 156.9 97.0 23.5 46 .. 5 70.1 0. 1 

3 16.8 162.6 98.7 20.9 48.2 69. 1 0.0 
0.0075 5 14.2 166.9 99.7 20.7 49.2 69.9 0.0 

7 12. 1 167.0 99.7 21.3 49.2 70.5 0.0 

3 13.1 170.0 100.2 20.5 49.7 70.2 0.0 
0.01 5 12.3 168.2 99.9 21.0 49.4 70.5 0.0 

7 10.0 170.1 100.3 21.3 49.8 71.0 o.o 

* A 1 I contact angles are average of minimum 6 observations. 
Standard deviations are within +/- 5% 
A 1 1 units are in dynes/em .A. 

I -0 
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Figure 4.3. Variatio'rLof. ultimate tensile strength with 

incr~asing monomer concentration for NVP:HEMA and .NVP grafted PVC 
' ,· •"- ' . ' . - . . - -

syst.emf?: F~,gure $hQws dec:rease _in tensile strength with 

inc,rea,s ing mono.mer content for NVP45 :HEMA75 C + ) , NVP50:fiEM,A$Q 

c· * )~, NV~?.S:J1-EMA~5 J D ) and ,NVP100 (. x ) grafted PVC sheets on 

both si.des (0.00511 cuz•, 0.25 Mradsl. S.D.· .was within ±. 10%• A 

minimum of 6 samples was tested for each system in all mechanical 

evaluation studies. 
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Figure 4.4. Va~iation in pe;centage elong~tio~-values with 

I incr.easing manomet' cdn¢entrati6h for NVP:H!MA and NVP 

.s;yst~m!?: ~i$ur~ shows ct1~nges in elongation wi.t~ ~nqr~~s~.ng 

monomer content for NVP25 :HEMA75 ( + ) , NVP50 :HEMA50 ( * ) , 
l'~ i,_. · .. ;,, ~-· f .~y··. ·. •' ~ ;· ' . '. . . i'·, ·) 
NVP75 ;HEMA25 ( C1 ) and NVP100 ( x J grafted .PVC stteets on Q.o 

• 
sides [0.005M Cu2 •, 0.25 Mradsl. S.D. was within+ 15%. 



copolymer is found to favour this decrease as e.v idenced by. the 

tensile ~trength values which v~ries in_~ha order N75:H25 > 
' ~ 

N50:H50 > N25:H75~ The. percentage elQngation in all cases is 

foun~ to d;ecre~se with. incre.ase in graft content. This phenomen;a 

iew of the f.-ct·tha~ graft modification 

high energy r .. adiation is likely to create a 
>:, 

J.' -~-···""!!'''•"'',''''~'"'•)''' ;;; 

cr6;~s l.inkel'!· 17-nr'~e',<dlmensionaJ network of the graf1J .. J~olymer· on 
-K.'·~ 

·:'' • • •• • , d .--,-~.,."'"' -_ .• ._ ••• ' } • ' 

su~~ace th(e~eby l!•~traini'ng t;We surfe.Qe f.rom .strf!ltching. 

· IV-..~2.J.,·J.;#J. .• ;,,Camparisqn o . .f 11echa.nical Properties of Sheets 
'· . - "· {' "' . ~,, ~ ' - . ' . " 

I' 
-. -~··u·~.o.n.-;S.ingls Sid.s wJtb ... tha.:t cii':Sheets Grafted bn Both Sides: 

' . } ' ' ' ''·~"":cJ,-,.~ - ' 

·.A com;parison of the t,nsil~··s,trength .and percentage 

. el<tft.g.a~!pn, va>lue.s of PVC sheets grafted'only on sinile side 

(monogl'af:ttl wit.h"that of $beets. grafted em ·o~t.h.,JiJd~tfli .. <.q~g.~~ftJ 

is. very in~e;resting with respect' tq the practical use of such 

~:-·· ~.-...... l!lQQ:i.x.i_,$;:.~;!.iif~-~§ti: ... Jn ·py:q based, devfce~s ~nd .storage bags whex;e 

sin.gle side grafting may be. n.ecessarY to modify the surface• 

was carried out only for PVC sheets grafted using a 1i1 

Stud~l;;~, J!~~ptet; .s.J .•. 'r~ ,,monq.g'i'~ft~ o,f ,~Y,P/fi.~M~ ~~Y~ .. \.~1@; ,~,tlP\1(.~~ 
• 0 ~.J fi•»J;.,_.q,. '"' ~'<' .":;,} ;.'. ,',_•-,' ..• --. ,_; •.' ' '·- ,,;• / " .·> '··- ,•- ,:;, -,., •.·· >·· -,_ ···" ~.- ••' '•.c"i~"' ,;_~ " ''/· ' <- :~·- ,_,, .• _. 

drastd.c:fcimp.rttvementi .in~<ti:snS:il e .·s.trengt,h··.dompaYr;ed td.bi'gt.af: . .t,s (f:o~¥·.· 

which"a' steady 1 oss 
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Figure 4.5. Comparison of ultimate .tensile strength values for 

PVC sheets grafted on a single side to sheets grafted on both 

sides using NVP50:HEMA50 monomer combination: Plot shows drastic 

impiovement in tensile strength values when PVC is grafted with 

NVP50:HEMA50 on a single side ( • ) compared to that grafted on 

both sides ( + ) £0.25 Mrads, 0.005M Cu2 •]. The sheets were 

hydrated for 24h before testing. 
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improved with graft yield evan when compared to control ungrafted 

sheets upto 5 vol% monomer concentration after which it showed a 

slight decrease. 

The percentage elongation values of monografts also showed 

considerable improvement compared to bigrafts. <Figure 4.6) (for 

which a steady loss of alorigation values was noticed with 

increasing graft yield). In fact, the elongation value is 

observed to rise to nearly 445% when grafted with 1% NVP/HEMA 

monomer combination from a value of 390% for ungraftad sheets. It 

remains still higher than control values even at 3% monomer 

concentration. 

IV.2.1.2. NVP System: 

In the case of pure NVP grafted shaatings, monogra'fts showed 

a decreasing trend in their tensile strength values compared to 

bigrafts with increasing graft yield <Figura 4.7) unlike the 

behaviour shown by NVPIHEMA combination. The bigrafts, in fact, 

showed highly comparable values with ungrafted samples and there 

was vary little decrease in strength evan at 7% monomer 

concentration. One reason for this may be due to the highly 

hydrophilic natura of PVP compared to the grafted copolymers 

containing PHEMA, where chances of crosslinking due to the 

presence of traces of EDMA impurity is also likely. However, 

percentage elongation for NVP system-was found to improve 

considerably in monografts compared to bigrafts <Figure 4.8). At 
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Figure 4.6. Comparison of percentage elongation values for PVC 

sheets grafted on a single side to sheets grafted on both sides 

using NVP50:HEMA50 monomer combination: Plot shows drastic 

improvement in elongation values when PVC is grafted with 

NVP50:HEMA50 on a single side < • ) compared to that grafted on 

both sides { + ) (0.25 Mrads, O.OOSM Cu2 •]. The sheets were 

hydrated for 24h before testing. 
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Figure 4.7. Compariion of tensile strength values for PVC she~ts 

grafted on a single side to sheets grafted on both sides using 

NVP: Figure shows changes in tensile strength with monomer 
~ 

concentration for PVC grafted with NVP on a single side ( + ) 

compared to that on both sides ( * ) [Hydrated, O.OOSM Cu2 •, 

0.25 Mradsl. 
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1" NVP concentration, the value even rose to 450" from 390" 

observed for control samples and then tended to fall off. This 

behaviour was very similar to that of NVPIHEMA system. 

The fact that monograft properties are better or 

to control values at monomer concentrations Which are 

to retard the migration of the plasticizer when grafted is 

encouraging since it dffers an opportunity to modify the surf 

of PVC based medical ~evices t~ prev~nt tha 

without affecting the mechanical properties of the pofym'Eu:· 

advers&l"Y• 

IV.2.1.3. NVP:HAA SYSTEH 

The tensile strength values sho~ highly 

for NVP:MAA grafted samples <monografts only) compared to 

ungrafted ones <Figure 4.9). The NVP25:MAA75 grafted samples 

even show a rise in tensile strength compared to control~ 

Howev•r; a slight decre~se is shown when NVP content goes 

evidenced by NVP50:MAA50 and NVP75:MAA25 grafted samples • 

. Percentage elongation values are not affected compared to 

ungrafted sheets upto 3 vol" monomer concentration, a·f·t;~·F"w.ft!ch · . . 
"" there is arapid fall <Figure 4.10) for all three NVP:MAA 

studied. The elongation values are found to increase when 

content in the monomer system is increased. Howev·er all thfTr;; 

sys tams are high 1 y superior in mechanical proper ties <;,ql"'P•J!~f\I,,Jj~I 

the NVP:HEMA system. 
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Figure 4.9. Variatibn of ultimate tensile strength with 

fncreasing monomer concentration for NVP:MAA and MAA grafted 

systems: Figure shows chang•s in tensile strength with increasing 

mbnomer ~ontent for NVP25:MAA75 

NVP75 :MAA25 ( 0 J and MAA100 ( x 

+ J, NVP50:MAA50 ( * ), 
systems grafted to PVC 

[Hydrated, 0.005M Cu2 •, 0.25 Mradsl. S.D. was within+ 10%. 
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Figure 4.10. Variation of percentage elongation with increasing 

monomer concentration for NVP:MAA and MAA grafted PVC systems: 

Figure shows changes in elongation with graft monomer content for 

NVP25:MAA75 l + ), NVP50:MAA50 ( * J, NVP75:MAA25 ( 0 J and 

MAAlOO ( x ) systems grafted to PVC [Hydrated, 0.005M Cu2 •, 

0.25 Mrads]. S.D. was within ~ 15%. 
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IV.2.1.4. HAA system: 

The tensile strength of MAA grafted ~amples do not show a~y 

ch~nge compa~ed to control even when grafted •t high MAA 

concentrations <Figure 4. 9). In fac,t, of. all the monomers grafted 

onto ~ve; MAA seems to show the best meohantcal properties. ThJ 

elongation factor is also highly comparable as evidemced by 

values &ivan in Figure 4~10. 

IV.2.2. Hardness: 

.IV.2.2.1. NVP:HEHA system: 

f't.g..as.uremeflt .of Shore .. A hardness of tt)e' gr·afted ·and the 

ungrafted PVC sheetings showed .that grafting did not change th~s 

property adversely. -However, a slight increase in the hardness.! 

va.lues fl!om about 67 <for ungraft·edJ to ne1arly 91 in the .shore ':A 
t ' 

scale is seen for graf~ed samples • 
• 

Irradiation of ungrafted Pvd'. 

at increasing radiation doses <Figure 4.11l inCiic~tes that 

cross 1 inking induced upon radiation. may lYe· a critical. factor ·if! 

determining the final hardness of the material .. than the· graftiq.g. · 

The data obtained with specimjn~ grafted with diff~ren~ 

concentrations of the monomers are shown in Table 4~6. 

IV. 2. 2.2. NVP system·: 

Measurement' of Sho:re A· hardness of the NVP grafted 'and the<· 
' \ ,< 

ungrafted PVC sheetings showed that grafting d.id not affect 

hardness adversely;, The data 6btained;:wttn lspe'cllflens 

different·concentra.tions of the monomers are shown 
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0 0.2 0.3 0.4 0.5 ·0.6 0.7 
Radiation Dose, Mrads 

Figure 4~11~ lncrsass in Hardness <Shore A) dus to irradiati 

ungrafted PYC control at increasing doses < + )~ 



Table 4.6. Hardness values for ungrafted and PVC grafted 
with NVP:HEMA and NVP* 

Hardness, Shore A 

Dry Hydrated 

Material Mean ·so Mean SD 

Ungrafted 87.5 0.6 87.5 0.6 

N25H75 
1 vol% 92.3 1.0 91.5 0.6 
3 vol% 92.0 1;1 91.0 0.9 
5 vol% 93.0 0.6 92.3 0.5 

N50H50 
1 vol% 90.3 1.0 91.2 0.4 
3 vol% 90.3 1.9 92.2 0.4 
5 vol% 92.8 0.8 -92 .. 2 0.8 

N75H25 
1· vol% 91.5 0.6 89.8 1.6 
3 vol% 91.8 0.4 91.3 0.5 
5 vol% 93.0 0.9 89.8 1.0 

NVP100 
1 vol% 91.3 0.52 90.67 1.5 
3 vol% 90.67 0.82 91.83 1. 47 
5 vol% 90.5 1. 05 91. 13 1. 17 

*All hardness values are mean of 6 estimations. 

~ 
I ...., 
~ 

_.,, ... 



IV.3. Water Absorption-Characteristics: 

JV.3.1. NVP:HEHA system: 

The water content in the total polymer, HzOtotaa was found 

. to incr~ase with ipcreasing monomer concentrations in the 

· ··· graftfn:g··medTum~-,;:e::-·;--rncreasing graft yield, for all the· three 

systems studied irrespective-of whether the sheet was grafted 

monomer combincition •. This is quite likely due to the 

h~r~~H..c natu:re .. ~f ..... PVP. The wa·ter conte~t p'r~sent in·· 

for PVC, H2 0 9 .. at, , however tended to decrEIJt.se with ·f;n¢~Ejas.ill;J 

graft content lor all t~e.NY~:HEMA sy~t~ms upto 5 Vol~ 

1 eve 1 o,f.f to .a constant v~at.ue~.. Figure 4. 13• shows thiS: trend~ 

graft wate.r.c.onte.n~ in 1sy.s.tems containing more NIJI,' Hf7SH:2SJ 
-, , . ,I 

IV• 3. 2. NVP system: 

The wa-ter content in the total polyme~,- H2 0tq1l·•• 
/',, ~ " 

to increase with incr~_~sing mono111er con9entraJto1,1.s in the 

graf ti ng,r;meditlm for otl,.\1;1! r;g,rafted .sheets also (Figure ':4. l;l(:tl . .t:>':' :/ 

Vary fng copper 'ton concentration C:hlr ing ~rkttinir i'~·,,a~etFtS) 
.. 

affect ~PEl watl'itr contEin~. In faot f OJ;' ·the :~VI,', ">'fP~~-"''"• 9· QO~S6 .. ,,i, 
• ' -. ',_. - , '~ '•• :>_- ,')"-'~· 0.yC ' !-, ' '-,.•,>' "".: 

copper ion cancent.ration in the grafting medium::s•eent' 
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Figure 4.12. Variation in total water cd~tent with monomer 

6on~entration for PVC graf~ed With N~P:~EMA moftomer combinations: 

Figure shows increase in total water content· with graft monomer 

concent·:r'ation for NVP25:HEMA75 < + ), NVP50:HEMASO C *· J afld 
N~P?5:HEMA25 ( d J g~afted PVC systems £0.005M Cu2 •, 0.25 Mrad~l. 

s':D. was within .±.. 10". A minimum of 5 samples was used for 

system in all hydration experiments. 

I 
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80~------------------------~-------------. 

0 1 2 3 4 5 6 7 8 
Monomer Concentration, vol % 

Figure 4.13. Variation in .graft water content wit.h monomer . 
concentration for PVC grafted with NVP;HEMA monomer combinations: 

Figure shows decrease. in graft water content with graft monomer 

concentration for NVP25:HEMA75 ( + ), NVP5.0:HE.MA50 ( if ) and 

NVP75:HEMA25 ( 0 ) g.rafted PVC. systems £0.005M Cu2 •, 0.25 Mrac;lsl. 

S.D. wa~ within + 10~. 
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5 

1 

0 1 2 3 4 5 6 7 8 
NVP Concentration~ vol% 

Figure 4.14. Eifect ~f varying Cu2 • concentra~ion on total 

content for NVP grafted PVC system: Changes in total water 

coptent for NVr grafted to PVC in aqueous media containing 

0.0025M ( • ) , O.OOSM < + ) , 0.0075M ( * ) and 0.01M ( D Cu2• 

ions are shown above [0.25 Mradsl. S.D. was within + 10~~ 
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maximum water absorption characteristics. This is expected as the 

optimum Cu2 • ion concentration for NVP system was found to lie 

between 0.0025M - 0.005M. With increase in metal ion content, 
• 

howeve~, the water absorbed in the total polymer tend to be less. 

The water content present in the graft, HzOvr•f•• however 

did not tend to decrease proportionately with increasing graft 

content for NVP system compared to NVP:HEMA system. Figure 4.15 

shows that at a critical cuz+ <0.0025M) concentration, the water 

content in graft increases in a somewhat linear fashion 

indicating high water absorptivity whereas with increasing Cu2 • 

content, the trend changes in a parabolic fashion. It can be seen 

that with increase in metal ion concentration, the parabolic 

curve also achisve sharper dips. It is apparent that the metal 

ions exert considerable influence upon the water absorption 

characteristics. The effect of metal ions present in the grafting 

'medium upon the water content in similar grafted polymers has 

been exhaustively discussed earlier by Ratner at al(101). 

JV.3.3. NVP:HAA system: 

The water content in the total polymer, HzO•o••l was found 

to increase with increasing graft yield for ~the NVP:MAA grafted 

sheets also <Figure 4.16). However, varying copper ion 

concentration during grafting is seen to affect the total water-

content as in the case of NVP. Grafting at 0.01M copper ion 

concentration seem to produce maximum water absorption 
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Figure 4.15. Effect of varying Cu~· concentration on graft 

cont~n.t for Nv'P grafted P'VC 'system: Cha:nges in graft water 

content fO'r NVP grafted to PVC in aqueous media containing 
L ,,·.t·'.' 

0.0025M .( • ), . 0.005M < + ), 0.0075M < * ) and 0.01M < 1J ) 

ion~ ~r~ shown ~bova 10.25 ~~adsl. ~.D. wa$ 10%. 
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3 

2 
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2 2.5 3 3.5 4 4.5 5 5.5 6 6.5 7 7.5 8 
Monomer Concentration, vol% 

Figure 4.16. Effect of varying Cu2 • concentration on total water 

content for NVPSO:MAASO grafted PVC system: Changes in total 

water content for NVPSO:MAASO grafted to PVC in aqueous media 

containing 0.0025M ( • ), O.OOSM ( + ), 0.0075M ( * ) and O.OlM 

( o ) Cu2 • ions are shown (0.25 Mradsl. S.D. was within + 10%. 
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characteristics for this system. The water content present in the 

graft, H20 9 raft, decreased with increasing graft content for 

NVP:MAA system, a phenomena similar to the NVP:HEMA system 

<Figure 4. 17) 

IV. 3.4. 11AA system: 

Figure 4.18. shows the water absorption trends of MAA 

'rafted sample. The behavi~ur is similar to that observed in the 

case of NVP:HEMA and NVP:MAA systems. 

lV.4. Estimation of Percentage Transmission: 

IV.4.1. NVP:HE/1A system: 

The transparenciy measurements at 700 nm show a steady 

decrease in transparency with increase in graft yield. However 

this is not likely to affect the final product significantly 

because the control sample itself was showing only about 8% 

transmission at this wavelength. The percentage transmission 

values also do not show considerable change when the samples were 

subjected to measurements in the dry state and in the hydrated 

state. Data on the percentage transmission measurements are given 

in Figure 3.4. and di.scussed briefly in the ·previous chapter 

<III.1.1.2.) 

IV. 4. 2 •. NVP system: 

The transparency measu.rements at 700 nm for NVP-g-PVC 

<Figure 3.4> show much better transmission compared to NVP:HEMA 
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:GPJi~~n.t fox;. ,tt~.f,5Q :MA~&() graft;~~ P;VC $'Y.atent: ChangeS! fn ~'V'liaf t 
,}'lfl~,t,i~;: pont..~nt f,qx; J\YP50 tMAA!$.0 g·raf t.eci t.o PYC in aqueous .,.··,;, '•, .. - . ',' ·. . -- - ., 
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Figur• 4.16. Variation in total and graft water contents with 

increasing monomer concentration for PVC modified with MAA 

system: Figure shows increase in total water content < • ) 

decrease in graft water content < + ) with increasing monomer 

concentration for MAA grafted PVC C0.005M Cu~·, 0.25 Mradsl. 

+ 10'](.. 
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systems. Thf grafted sheets ar~ apparently tr~nsparent compared 

to the transluscent nature of HEMA .graf_t.~.d sheets <partly 

d1scussed ·in 11'1~!.2.2d 

val~e~ at 700 nm ~or PVC sheets 
·• 

witn:;M.Al\~5 :N'4P,75, MAA50 :~.VP50 and. MAA75 :NYP25 monom·er 
~·'c:cc:':::::::·:-·---·-'-~:~~-.C:::c:: -·~-·· . .c. .• :....._:_ ..•...•.... 

a\(~e;t·j"t~tit4!fti%J}fl\l·'·~ijVr~e·:~Szs~~·,~~- ;transpar,~ht::}' . is 

• !1't:q:.:a~~.r-&:sstf'~t~1~tai!tr~·t<ll~ -8~ .. ~ti~• ~flts~ns~.; ~ ... M76N2~ ~, ih~ 
- - . - . 

tr.a.fllt . .,.ar .. tJQOtili..tt~:ttnd;f,'to iimpvaJtte>;jwith;:inc"eas.tng:JNYP· <e.ente~:t•·~ 

to'.angrfl:ft'ei!i~ •heet'htl 

l!l.lf: so':~v,•~;';; s;ifflS an ax ;~c! •• ~: 

h1>gM· a·rld a·~y ie~~~ts':H 



5-1 

CHAPTER V 

RESULTS AND DISCUSSION <Contd ••• ) 

V.l. Migration Studies: 

V.l.l. NVP:HEMA System: 

V.1.1.1. Higration into Organic Solvents: 

V.1.1.1.a. Higration into n-hexane: 

The plasticizer DEHP migrated into organic solvents from 

modified and unmodified PVC was monitored spectrophotometrically 

by measuring the absorbance at 274 nm, the characteristic 

absorption maximum for DEHP. Migration of DEHP into an organic 

solvent liken-hexane stored in grafted and ungrafted bags show a 

drastic reduction for NVP25:HEMA75, NVP50:HEMA50 and NVP75:HEMA25 

systems studied in this group <Figures 5.1, 5.2 & 5.3). Figure 

5.4 shows the U.V. spectrum of the plasticizer migrated into 

n-hexane at 274 nm at different time intervals. The amount of 

DEHP migrated in the control ungrafted bag [Control I, 

Technoportl within five hours is so high (nearly 250 mg) that 

Fickian behaviour does not hold true for this system as evidenced 

by Figure 5.5a. While the amount of plasticizer leached out into 

n-hexane in modified bags for the NVP25:HEMA75 and NVP75:HEMA25 

systems is less than 20 mg even after 5h <where grafting 

concentrations of more than 1 vol% have been used>, it was as 
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250~-----------------------------------------~ 
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Figure 5.1. Plasticizer migration curves for ungrafted <control) 

and NVP25:HEMA75 grafted PVC systems in n-hexane: Figure shows 

amount of DEHP migrated into n-hexane at 30°C plotted against 

time from ungrafted <. l, 1% < + ), 3% < * l, 5% <a land 7% 

< x ) <all vol%) NVP25:HEMA75 grafted PVC bags [0.005M Cu2 •, 

0.5 Mradsl. S.D. was within ~ 5%. A minimum of 3 bags was tested 

for each system in all migration experiments. 
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300 
Time, rni.o 

fig.ure 5.2~ Plast.ic;i.zer migration curves fo.r ungrafted an.d. 

~VP50 ;HEMJ\:;~0 grafted PVC sy~:;tems in n-;-hexane; Figure shows. 

of DEHP migrated in.to n-hexane .at 30°C plotted against time 

ungrafted (. ), 1% <..+ )., 3% < * ), 5% ( ct ) and 7.% ( x l 

vol%) NV.P50 :HI;MA50 grafted PVC bags [ 0. 005M Cu2+ ,. 0. 5 Mrads J. 

S.D. was within + 5%. 
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S.D. w~s within + 5~. 
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Figure 5.4. UV absorption .curves mon1tored for •stim,ati.ng 

migrated plasticizer content from NVP.:HEMA grafted fV,Q syste:JQ: · 

Figure shows th.e absorption maxima at 274 nm monit,ored at-,1r ;2, 

3, 4 and 5 hours for estimating quantity of migr,ated.plas.ti,ci;,z&r:•'' 

DEHP from a NVP50:HEMA50 (5 vol%) g~afted PVC bag int6~n~h·k~ne: 

at 30°C. 
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Figure 5.5a. Exhibition of fickian behaviour during DEHP 
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20 

migration from NVPSO:HEMA50 grafted PVC system: Figure shows 

amount of DEHP migrated into n-hexane at 30°C plotted against 

square root of time showing non-fickian behaviour from ungrafted 

( • ) and fickian behaviour for 1% ( + ), 3% < * ), 5% ( t:l) and 

7% ( x ) (all vol%) NVP50:HEMA50 grafted PVC bags [0.005M Cu2 •, 

0.5 Mradsl. S.D. was within ~ 5%. 
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low as 3-10 mg in the case of NVP50:HEMA50 system(61). This is 

only about 2-4% of the amount of plasticizer migrated from the 

unmodified bags which is a drastic reduction in the migration 

amount of DEHP. Reduction in leaching is also observed in bags 

grafted with 1% monomer but to a slightly lower degree than where 

higher concentrations of monomer were employed for grafting. Plot 

of square root of time against amount of plasticizer migrated 

indicate that all the grafted bags show Fickian behaviour CFigur~ 

5.5b) to a great extent. It can therefore be predicted that the 

migration is diffusion controlled whereas it is non-Fickian in 

the case of ungrafted bags. 

The reason for this drastic reduction in migration 

especially for the NVP50:HEMA50 system can be attributed to the­

fact that in presence of non-polar organic solvents, the 

hydrophilic network at the surface of PVC tend to shrink and form 

a very tightly closed network. However, this does not mean that 

migration will be faster in polar solvents as the migration 

behaviour is also largely dependent on other factors such as 

solubility of the plasticizer in the medium, temperature etc. 

V.1.1.1.b. Migration into n-heptane: 

The NVP50:HEMA50 system was further chosen <due to its low 

migration in hexane) to study the behaviour of migration of DEHP 

in other hydrocarbon solvents such as n-heptane and n-octane. 

The amount of DEHP migrated from NVP50:HEMA50 (5%) grafted PVC 
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<0) and 7" ( x) ·(all vol") NVP50:HEMA50 are shown in the 

-~ig\if'e. 
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sheetings inn-heptane was found to be drastically reduced to 

nearly 50 mg comp~red to the control value of 250 mg<Figure 5.6l. 

V.1.1.1.c. Higration into n-octane: 

from 

sheets.· 

tlw 1. 1.2. 

tested 

behaviour into .n-octane 

shown into 

af tar 5h in~o 

th$ 250 mg from ungr 

Hedia: · 

studies. 

was made by 
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Figtire .5.6. Plasticizer migration curves·for ungrafted, 

NVP50:HEMA50, NVP, NVP50:MAA50 arid MAA grafted PVC systems in" 

ri-heptane: Figure shows amount of migrated DEHP into n-heptane at 

30°C against time from Control I [Techno-port] ( • ), Control II 

CTerumol ( + )~ PVC bags grafted with NVP50:HEMA50 ( * ), NVP 

( 0 ), NVP50:MAA50 ( x) andMAA ( 0) [all 5 vol", 0 .. 005M Cu2 +, 
0.5 Mradsl. S.D. was within ~ 5". 
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Figure 5..7. 'plasticizer migration curves for ungrafted, 

NVP50tHEMA50, tH?P, NVP50:MAA50 and MAA grafted PVC sys.tems 
' 

n-octane: Figure sh-ows· amount of mig'rated DEHP into· n""-octa 

30°G piotted against timli! froJil.Control I (. ), Control II 

PVC bags. grafted with NVP50:HEMA50 < * ) , NVP ( 0 ) , NVPSO 

( X ) and MAA ( Q ~Call 5 vot%, 0.005M Cu2 +, 6.5 Mradsl. 

S.D. was within ~ 5%. 
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Figure 5.8. Plasticizer migration curves for ungrafted, 

NVP50:HEMA50, NVP, NVP50:MAA50 and MAA grafted PVC systems in 

cotton seed oil: Percentage loss of weight due to migrated DEHP 

into Cotton seed oil at 70°C is plotted against time from 

Control I ( . ), Control II ( + ), PVC bags grafted with 

NVP50:HEMA50 < * l, NVP ( 0 ), NVP50:MAA50 ( x ) and MAA < (J 
[all 5 vol%, 0.005M Cu2 •, 0.5 MradsJ. S.D. was within+ 5%. 
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cotton seed oil but to a lesser extent than control after 96h 

<Figure 5.9). The difference in migration shown in different 

physiological media is interesting and the only reason that 

be attributed at present is that PEG-400 being highly polar 

high ry mise i b 1 e with DEHP may have reI axed the hyd.r:oph i 1 ic 

network at the surface to permit easier migration. 

V.1.2. NVP System: 

V.1.2.1. Higration into Organic Solvents: 

V. 1. 2. 1. a. Higra tion in to n-hexane: 

A comparison of the amount of DEHP migrated into n­

from ungrafted [Control II, Terumol and NVP grafted bags 

drastic reduction in migration from grafted bags <Figure 

However, when t·fVP is grafted alone, the extent of migration doe;s; 

not reduce to the same extent as was in the case of NVP:HEMA 

combination. The amount of DEHP migrated is nearly 63 mg and 

mg when grafted with 5 vol% and 7 vol% NVP respectively~ 

incorporation of 1 vol% crossfinker EDMA on the 5% NVP 

concentration tends to reduce the value to 26 mg. This 

indicates that grafting helps to reduce the migrat;.ipn 

considerably for NVP system too and incorporatiori 

EDMA enhances its effectiveness. The crosslinki~~ 

the network intact and its hydrophobic nature is; Qas;i~all.Y:. 

responsible for the reduction in migration upon brossllnklnl~ 
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Figure 5.9: Plasticizer migration curves for ungrafted~ 

NVP50:HEMA50, NVP, NVP50:MAA50 and MAA grafted PVC systems 

PEG-400: Figure shows percentage 1 oss of weight due to migrab9d 

DEHP into PEG-400 at 70DC plotted against time from Control 1 

( • l, Control II ( + l, PVC bags grafted with NVP50:HEMA50 

( * l, N VP ( 0 l , N VP50: MAA50 ( x l and MAA ( () l 

0.005M Cu2 •, 0.5 Mradsl. S.D. was within~ 5%. 
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Figure 5.10. Plasticizer migration curves for ungrafted and 

grafted PVC bags in n-hexaneJ Figure shows amount of DEHP 

migrated into n-hexane at 30°C plotted against time from 

ungraf ted ( • ) , 5" NVP ( + ) , 5" NVP + 1" EDMA ( * ) and 7" 

D) <all vol") grafted onto PVC [0.005 M cuz•, 0.5 Mradsl. 

S.D. was within ~ 5". 



grafted PVC is also highly .flexible 

tends t~ become slightly stiff when 

hydration, it is.highly hydrophilic and slippery in nature., 

V.1.2.1.b. Migration into n-heptane: 

Of all the systems studied for migration into 

grafted system is found to be the best showing the least 

migration in n-hep~ane even when compared with NVP:HEMA sy 

Only 15 mg of DEHP <<10~) migrated from a 5~ NVP grafted P 

after 5~h into n-heptane compared to the 150 

control {Figure 5.6). No crosslin~er was added to reduce 

migration. Fi.gure 5.11 show the UV monitoring~ pattern at 

for NVP grafted system after 6h. 

v.1.2.1.c. Migration into n-octane: 

It is ~een that the amount of migrated DEHP 

also drastically reduced in a 5~ NVP grafted bag (only 36 

after 5 h) compared to the control bag (nearly 140 mg afte 

{Figure 5.7>. The extent of reduction is quit~ significant 

it is not as drastic as was noticed for the NVP:HEMA sys 

V.1.2.2. Migration into Physiological Simulated Media: 

V.1.2.2.a. Migration into Cotton Seed Oil: 

Contrary to the observations m•de for mig~ation from. 

NVP:HEMA grafted sheets in C.S. Oil, the reduction in 

of plasticizer from NVP grafted PVC sheets was not as 

shown by the former system <Figure 5~8). NVP grafted 
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~igure 5.11. UY absorption curves monitored for estimating DEHP 

migration into n-heptane: UV absorbance spectra ~showing 

monitoring of DEHP migration at 274 nm from(;o'[lti'ol t ,),, 

MAA grafted <----), NVP50:MAA.50 grafted (~---~~..) and'NVP 

grafted PVC <--------) into n-heptane at 3ooc·a:tter 5 howrs. 
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showed nearly 14% loss in weight after 96 h in C.S. Oil compared 

to negligible loss in weight <<1%) shown by the former. 

V.1.2.2.b. Higration into PEG-400: 

Migration of DEHP and the resulting loss of weight from NVP 

grafted sheets was similar to control sheets in PEG-400 in spite 

of the fact that the quantity of DEHP migrated was only 9.5% and 

14.4% at 24 and 48 b for grafted sheets compared to 15.2% and 

19.3% for the control sheets respectively (Figure 5.9). However, 

the values became highly comparable at 72 and 96 h indicating 

practically no migration resistance for this system in PEG-400. 

V.1.3. HEMA:MAA System: 

Migration studies were not conducted for HEMA~MAA system as 

homopolymer formation during grafting hindered graft modifi~ation 

to a considerable extent leading to only low percentage of graft 

yields. 

V.1.4. NVP:MAA System: 

V.J.4.1. Higration into Organic Solvents: 

V.1.4.1.a. Higration into n-hexane: 

A comparJson of the amount of DEHP migrated into n-hexane 

from ungrafted and 5 vol% NVP25:MAA75, NVP50:MAA50 and 

NVP75:MAA25 grafted PVC bags show (Figure 5.12) that the 

reduction in the migration of DEHP into NVP/MAA grafted bags even 
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Figure 5.12. Plasticizer migration curves·from ungrafted and 

NVPrMAA grafted PVC bags into n-hexane: Plots showing amount of 

DEHP migrated into n-hexane at 30°C against time from ungrafted 

( • >, PVC bags grafted with NVP25:MAA75 ( + ), NVP50:MAA50 

( * >, NVP75:MAA25 ( 0) [all 5 vol%3, 5% NVP50:MAA50 + 1% EDMA 

( x ) and S% NVP50 :MAA50 + 2%EDMA ( (> ) CO. 005 M Cu2 +, 0. 5 Mradsl 

S.D. was within ~ 5%. 



without crosslinking is ~uite appreciable compared to control 

bags [Cantrol Ill. It is observed that whHe approximately 60 and 

75 mg leaches after 5h for N25M75 and N75M25 systems 

respectively, the N50M50 system leaches about 115*g of DSHP 

compared to about 170 mg for contr~1. Though,incor~or~tt~n 

vol% cross-linker EDMA with respect to the monom~riifi 

concentration in the NVP50tMAA50 system does not reEJQce'1tf\CiJ 

migration appreciably, increa~e in EDMA 

is found to ~rasticalty redUce the migration persumablt ~'f 

inducing,· a··high9'r degree of cross 1 inking to less 

hydrated .NVPIMAA grafted PVC bags are also found to~~­

flexible and transparent. 

v. 1 •. 4• 1. b. Higf>ation in to n-heptane: 

Reduction iri migration is cibserved for this 

not qYite.appre~i-a.bte as, was noticed for NVP and 

systems in. n-heptane. Nearly 71 mg of DEHP tended to m£frate,". 

after 5 h and reductio'n was only about 50% compared te'c:le'ntrc!H 

<Figures s.a & 5.11). 

V •. J..4.1.c. Higration into n~octane: 

Good r~duction in migratioh was observed (Figure 5.7) £or : 

NVP:MAA grafted system in n-octane, very similar to th• migration 

behaviour of NVP grafted system in n-octane.· Less tllath"Z5~· 

DEHP migrated compared to control. 
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V.1.4.2. Higration into Phys~ological Simulated Nadia: 

V.1.4.2.a. Higration into Cotton Seed Oil: 

Excellent reduction in migration of DEHP into C.S.Oil is 

observed from NVP50:MAA50 grafted PVC sheets at accelerated 

conditions. Only about 5% loss in weight due to migration was 

noticed in grafted sheets after 92 h compared to nearly 20% loss 

in weight for control. Though the extent of reduction in 

migration is not as drastic as was observed for· NVP :HEMA system, 

it is quite significant. Figure 5.6 shows the trend. It can be 

safely assumed that the presence of PHEMA or PMAA may·be the 

contributing factor for the migration resistance observed for 

both the systems because PVP grafted sheets did not induce good 

migration resistance. 

V.1.4.2.b. Higration into PEG-400: 

Unlike in C.S.Oil, migration resistance was not observed for 

the grafted sheets into PEG-400 <Figure 5.9). Nearly 22% loss in 

weight was observed after 96 h. This observation was also similar 

to that observed for the previous systems studied. 

V.1.5. MAA System: 

V.1.5.1. Higration into Organic Solvents: 

V.1.5.1.a. Higration into n-hexane: 

The behaviour of migration from MAA grafted PVC bags was 

found very similar to that shown by NVP/MAA system. A comparison 

of the amount of DEHP migrated into n-hexane from ungrafted and 



5-22 

MAA grafted bags (5 val%) without crosslinking reveal that a 

reduction in migration does occur in grafted bags (Figure 5.13) 

compared to control [Control Ill but not to a considerable 

extent. However, when 1% EDMA is added to the monomer in the 

grafting system, it helps to reduce the migration of DEHP the 

extent of which becomes dr~~ic when the amount of cross-linker 

is increased to 2%. 

V.1.5.1.b. Higration intp n-heptane: 

MAA grafting does not seem to induce much migration 

resistance into n-heptane at 30°C. Only mild ·reduction in 

leaching was noticed after 5h (Figures 5.6 & 5.11). This is 

similar to the migration phenomena observed for MAA grafted 

sheets in n-hexane. 

V.1.5.1.c. Higfation into n-octane: 

Figure 5.7 shows the migration behaviour of MAA grafted 

sheets into n-octane. Unlike NVP:HEMA, NVP and NVP:MAA systems 

studied, MAA grafted sheets do not seem to possess high migration 

resistance in n-octane. However it was seen in the case of 

migration ton-hexane that crosslinking with EDMA tended to 

improve the migration resistance which should hold good in all 

organic solvents. 

V.1.5.2. Higration into Physiological Simulated Hedia: 

V.1.5.2.a. Higration into Cotton Seed Oil: 

Excellent migration resistance in C.S. Oil is seen for MAA 
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Figure 5.,13. ~Fica&t.i-clzer migration curves from ungrafted and 

grafted PVC bags into n-hexane= Plats showing amount of DEHP 

migrated into n-~-x~ne at sooc aga~n~t time for ungrafted 

{ + ) , PVC bags grafted with 5" MAA { * ) , 5" MAA +· 1" EDMA 

and 5" MAA + 2" EDMA ( x ) (0.005 M Cu2 •, 0.5 Mradsl. S.D. 

within + 5". 
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grafted sheets also (Figure 5.8). This proves conclusively that 

presence of PMAA may have been the contributing factor in 

reducing migration in NVP:MAA system also as PVP alone does not 

seem to induce good migration resistance. 

V.1.5.2.b. t1igFation into PEG-400: 

Plastlcizer is found to migrate into PEG-400 at 70'C and 

grafting does not seem to reduce this to a great extent for MAk 

grafted sheets <Figure 5.91. Nearly 20% decrease in 

plasticizer loss was recorded arter 96 h similar to the control 

value. 

V.1.6. HEMA Syatem: 

Migration studies were not conducted for HEMA system as 

homopolymer presence bindered grafting to a considerable extent 

and reduced the graft yield as in HEMA:MAA system thus reducing 

the effectiveness of grafting. 

V.1.7. Camparison of Migration Properties of Various Systems 

Studied in Different Media: 

V.1.7.1. t1igFation into DFganic Solvents: 

Of all the thirteen grafted {including sub-systems of the 

four main systems) and two ungrafted control systems studied for1 

migration characteristics into n-hexane, sheets grafted with a 

3-5% NVP50:HEMA50 concentration tended to show least migration 



which was practically negligible { <10 mg after 5h ) compared to 

control values. An examination of the values-of DEHP migrated for 

different systems shows the order in which grafting helped to 

reduce migration. The degree of migration resistance varied it(,,' 

the order N50H50 >· N25H75 > N75H25 > NVP + l"CL > MAA + 2" 

N50:M50 + 2"CL >"N75M25 > NVP100 > N25M75 > N50t150 > HAA + 

> MAA100 .grafted PVC. Crossliriking certainty seems 

migration resistance as is observed for N\tP, MAA and N50M50 

s.ystems 'though for N50H50 systems; high migration resistance 

acnt·ev~d wi·t·hout- any crosslnking. However, a disadvantage of 

crosslinking .is that it induces stiffness tp the grafted s 

As far as migration into n~heptane was concerned~ the 

grafted sheets tended to show the best migration resistant 

properties and was in the order NVP100 ·> N50H50. > NSOMSO > 

MAA100. No need -for. any crossslinking was found. The 

the dielectric constant of the solvent determines to a great 

extent the riature of 'interaction between the modified 

the mediu.m.· 

The 'migration behaviour into n-octane, 'however shows 

trend as in the case of n-hexane. Systems bas-ed on·N50HSO,·NVP 

and NSOMSO systems show minimal migration, in that ordet. 

How•ver, MAA grafted sistems are found td posses~ least 

resistance though cross linking impreves this to certain exten~l 



V.1. 7.2. Higration into Physiological Simulated Hedia: 

Three out of four systems <N50H50, N50M50 and MAA) show 

considerable reduction in migration from grafted sheets into 

cotton seed oil at accelerated conditions. NYP grafted systems! 

also exhibit reduction though it is not appreciable. The 

of re<hJcttion varies in the order N50H50 > MAA > N50M50 > NYP. t · 

This is believed to be significant finding ~s it may have some~ 

·importance industrially. However, all ~ystems studied without 

exception showed migration into PEG-400. Though reduction is 

noti<:ied ror most of the systems compared to control, it is 

insignificant. Therefore it can be seen that the polarity of 

medium, solubility of DEHP in the medium, the nature of the 

gra.fted surface and its inter,action with the medium, 
J 

significant roles in determining the migration resistance fro~ 

the .grafted sheets. 

V.2. Effect of Radiatlon Dose on Higration Behaviour:. 

It can be seen from Figure 5.14 tha~ with increasing 

·radiation dose used for grafting the hydrophilic monomers 

PVC, the amount of DEHP migratin.g into n-'hexane is reduo.eq 

further. In fact, for NYP50:HEMA50 system grafted on to PVC,' 

amount is reduc.ed to nearly 5Q mg when irradiated to 0.25. Mr,,t!0~''"' 
,,:; ;,- -:,, 

which in turn reduces further to nearly 10 mg w_hen irradiated tt9 

0.5 Mrad. Irradiation upto 0.75 Mrads does not seem to make 
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Figure 5.14. Effect of increasing radiation dose during grafting 

on DEHP migration rate for NVP50:HEMA50 grafted PVC system: 

Figure shows the amount of migrated DEHP into n-hexane at 30°C 

plotted against time from PVC bags grafted with 5% NVP50:HEMA50 

at radiation doses of 0 ( • ), 0.25 ( + >, 0.5 ( * ) and 0.75 

( o) Mrads [0.005M Cu2 • J. S.D. was within ~ 5%. 
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further change. It can therefore be assumed that increasing graft 

yields and crosslinking induced due to irradiation may be 

instrumental in' reducing the migration. The possibility of a fine 

hydrophilic network formation in the bulk as well as on the 

surface of the support polymer also help in enhancing migration 

resistance. The effect of both these factors together seem to 

reach a saturation level at about 0.5 Mrads for this system. 

V.3. Effect of Sterilization upon 11igration into Organic Solvents 

The sterilization effect on grafted sheets 

properties are of importance because almost.all of the medical 

devices are sterilized by one method or the other prior to use. 

The conventional methods used are gamma radiation to 2.5 Mrads, 

steam autoclaving and ethylene oxide sterilization. NVP50:HEM~50 

<5 vol%) grafted sheets which showed the least migration were 

steri 1 ized using all the three m.ethods and the migration into 

n-hexane studied. The control ungrafted samples were also 

subjected to •arne mode of sterilization. Figure 5.15 show that 

significant migration resistance is retained after all three 

modes of sterilization. However, gamma radiation seems to be ths 

best ~s the amount of DEHP migrated was only around 30 mg 

compared to higher values noticed for autoclaving and ethylene 

oxide sterilization. Samples sterilized using Ethylene oxide show 

the maximum migration. However, this seems to be insignificant 

this technique is rarely used for PVC due to toxic reasons. 
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Figure 5.15. Effect of different types of sterilization on 

migration rate from control and grafted PVC systems: Figure 

retension in reduction of migration of DEHP 

grafted systems even after different modes of steri Iization. 

Plots indicate values for ungrafted control {Irradiated ( • 

Steam Autoclaved C * ), EtO sterilized ( x )} and grafted 

{Irradiated ( + ), Steam Autoclaved to ), EtO steriliz~d 

(5 vel%, 0.005M Cu2 •, 0.5 Mradsl. S.D. was within+ 5%. 
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CHAPTER VI 

RESULTS AND DISCUSSION <Contd •.• ) 

Vl.1. Biological Studies: 

V/.1.1. Platelet Aggregation Studies: 

Platelet aggregati~n was induced in all plasma samples by 

adding different concentrations of agonist Adenosinediphosph.te 

CADPl. Figure 6.1 shows standard curves obtained by recording the 

change in absorbance against time at 540 nm for decreasing 

agonist concentrations for control and grafted samples. Slope 

values were calculated by drawing tangents f~om each c~rve which 

is the rate of ag.regation Crol for that system. The reciprocal, 

of this value Crol was plotted against CADPJ-s (agonist 

concentration used) after linear regression analysis was carried 

out. The linear plots obtained for all the samples were 

extrapolated to meet the X-coordinate and the reciprocal of the 

intercept was calculated as So.s, the half-~aximal saturation 

concentration. Multiple scattering effects were ignored during 

the experiment as the platelet concentration used was ne~ligible. 

The sensitivity was inc~eased further by using a double beam 

spectrophotometer where the reference beam contained a cuvette 

containing platelet rich plasma. This procedure is reported to 

increase the precision of ro values by compensating for forward 
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scattering effects of platelets and their aggregates so that ro 

values as small as 0.002 could be measured with reproducibility 

within 10%. 

Plots. of ro- 1 against [ADPJ- 1 showed I inear patterns for 

NYP25:HEMA75, NYP50:HEMA50 and NVP75:HEMA25 grafted PVC systems 

(Figures 6i2, 6.3, & 6.4 ) and the ungrafted control and So~a 

values were calculated. Mean So.a values showed a steady decrease 

compared to control values with increase in graft monomer 

concentrations <Figure 6.5) for all the three systems studied~ 

The values showed sharp decrease up to 5 vol% monomer 

concentration indicating improved platelet aggregation properties 

with increasing graft yields. Above 5 vol%, the curve tended to 

level off indicating no further change in aggregation 

characteristics. This is quite likely because the surface of the 

polymer is expect~d to b~ saturated with the grafted polymer at 

about 5 vol% monomer concantration and the platelet aggregation 

propertydid not show further variation at higher graft levels 

due to the uni~ormity of graft surfaces. A ~inimum of 6 

experiments were carried out for calculating the half maximal 

saturation concentration for each sample. This was necessitated 

due to the variation in behaviour of the blood samples drawn from 

different animals. However, mean So.a values for the three 

systems did not show much variation with change in monomer ratio 

as is seen from Figure 6.5. 
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Figure 6.2. Linear regression plots of ro- 1 against [ADPJ- 1 for 

NVP25:HEMA75 grafted PVC system: Figure shows linear regression 

plots of ro- 1 Crate of aggregation) against [ADPJ- 1 (agonist 

concentration used) extrapolated to X-coordinate to determine 

So.s values (reciprocal of the intercept) for PVC sheets grafted 

with 3% ( • J, 5% < + land 7% < * l Call vel%) NVP25:HEMA75 

[0.005M Cu2 +, 0.25 Mradsl. S.D. was within~ 5%. 
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Figure 6.3. Linear regression plots of ro-• against £ADPl 

NVP50:HEMA50 grafted PVC system: Figure shows linear regr 

plots of ro-• .against CADPJ- 1 extrapolated to X-coordi 

determine So.e values·for PVC sheets grafted with 3% ( • 

< + ) and 7% ( * ) NVP50:HEMA50 t0.005M Cu2 •, 0.25 Mradsl ·"' ,,~ 

S.D. was within ~ 5%. 
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Figure 6.4. Linear regression plots of r.-• against CADPJ-•. for 

KVP75:HEMA25 grafted PVC system: Figure shows linear r~gression 

plots of ro-• against CADPJ-• ext~apolated to X-coordinate to 

dete.rmine Soo~s values for PVC sheets grafted with 3% ( • ), 

( + ) and 7% ( * l NVP75:HEMA25 CO.OO~M Cu2 +, 0.25 Mradsl. 

S.D •. w.as within + 5%. 
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Figure 6.5. Plot showing decrease in So.a values with graft 

monomer concentration for NVP:HEMA grafted systems studied: 

Figure shows sharp decrease in half maximal saturation 

concentration CSo.a] values ~hen plotted against increasing graft 

monomer concentrations indicating better aggregation tendencies. 

compared to ungrafted sheets for NVP25 :HEMA75 < • ) , NVP50:HEMA50 

( + ) and NVP75:HEMA25 ( * ) systems grafted to PVC C0.005M cuz•, 

0.25 Mradsl. S.D. was within + 15%. 
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The half maximal saturation concentration, So.,, being a 

dissociation constant, its dec~ease in value indicated that the 

forward reaction ie., bett'er platelet aggregabil ity was being 

exhibited by plasma containing grafted samples compared-to plasma 

containing ungrafted·ones. This ascertained that the 

aggregability of platelets was retained even after its exposure 

to the modif.ied artificial surface for 90 min in in vitr.o 

conditions. for all thre• systems. It has been reported that 

platelets may be rendered essentially nonfunctional by exposure 

··to· an at-·tif.t-<::rtal. surface, perhaps because they undergo a partial 

release. reaction and thus develop an acquired form of sto~age 

pool disease. But the data presented here indicate that platelets 

hava not been rendered non-functional by exposure to the 

artificial su~face during the 90 min of exposure after which the 

-platcelets w•r.e-ac-tivated by the agonist. In fact, all the 

NVP:HEMA grafted surfaces showed better thrombo-resistance as 

indidated by the reduced So.• values compared to controls •. Each 

sample was dupl.iaated for reproducibility fot each test. 

The results of platelet aggregation studies coupled with the 

contact angle results tend to show that the ,blood compatibility 

o_f the migration resistant grafted PVC sheets is comparable with 

that of the control sheeting used in this work. 
" 
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V/.1.1.1. Effect of Irradiation on Platelet Aggregability: 

Ungrafted samples were irradiated upto 0~75 Mrads and So.~ 

measured. The values showed a steady dec~ease with increasing 

radiation dose compared to non-irradiated control. It can 

therefore be assumed that the platelet aggregation property also 
. " '! 

improved with increasing·,r~diation dose <Figure 6.6)-. At least 6 

samples were subjected td each test. This justifies the fact t~at 

grafting hydrophilic monomers using gamma radiation onto PVC i~ 

W a technique useful fi'om the blood compatibility point also. 

V/.1.2. 111Kration into Bovine Platelet Rich Plasma: 

The DEHP migrated into platelet rich plasma was extracted 

using t~e technique-adopted by Rocket al. and the amount of DE"P 

was determined s.pec.,trophotometr icall y by mdni tor ing the 
. \ ' 

' ,, 
absorption maxima of DEHP at 274 nm. The migr~tion of DEHP into 

PRP was monitored upto 21 days at 4°C. The results indicated a 

drastic reduction in the migratiori of the plasticizer into plasma 

from the grafted bags compared to control ungrafted bags. Figure 

6.7 shows the amount of DEHP migrated into unmodified bags as 

well as b~gs gr~fted with a 5% of HEMA/NVP <1:1) at a radiation 

dose of o~s Mrad. In 21 days, the amount migrated from the 

grafted bags is found to b~ less than 20% of the amount migrated 

from the control bags. While there is a sharp decrease in the 

amount migrating from unmo~ified bags-with respect to time,· the 

migration behav.iour assumes an asymptotic character in the case 
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Figure 6.6. Effect of increasing radia~ion dose on platelet 

aggregation: Figure shows linear regression plot of ro- 1 

plotted against [ADPJ- 1 for ungrafted sample showing change 

So." values with increasing radiation dose. So .11 tends to 

decrease indicating better platelet •ggregation with increase 

radiation dose. Unirradiated (. >, 0.25 Mrads { +) 

Mrads < * ). 



0> 
::::z..._ 
~ 

"0 
<D' 
oi-l 

«l 
I... 

0> 

~ 
I... 
<D 
N 

0 
oi-l 
(/) 

«l -
0.. 

6-11 

2000 

1500 

1000 

500 

0 5 10 15 20 25 
Time, days 

Figure 6.7. Plasticizer migration curves for ungrafted and 

NVP50:HEMA50 grafted PVC bags in platelet rich plasma: Figure 

shows sharp reduction in migration of plasticizer DEHP Cin 

micrograms) into platelet rich plasma monitored o~er a period of 

21 days at 4°C from an ungrafted control bag < • ) and 5% 

NVP50:HEMA50 grafted bag ( + ) [0.005M Cu2 •, 0.5 Mradsl. 

S.D. was within + 10%. 
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of grafted bags. Thus, while there is no considerable variation 

in the quantity of DEHP migrating from .modified bags between 7 

and 21 days, during the same period, twice as much DEHP migrated 

out of unmodified bags •. While the reduction in migration 

undoubtedly seems tobe significant, it is not as dramatic as the 

difference observed between control and grafted bags whe.n non­

polar solvents such as n-hexane or n-octane were used as'the 

extr"c.tant media. Thou..gh n-hexane ls one of the most suitable 

solvents• for DEH.P, t.he migration into n-hexane from grafted bags 

was ftrund·to··be-+es-s t-han 4" of the value observed for unmodified 

bags. T.hough DEHP is ins.oluble in aqueous solutions, the presence 

of Lip1.ds in th~F blood .•. has becim reported· to be responsible for 

its migration into blood. It can be safely assumed that the 

network of grafted hydrophilic polymers on the PVC sheet plays a 

dominant .r.o.le in. redu.eing the migration into plasma to a great 

extent .. Previous re·ports have indicated that the rate of 

migration of plasticizer from PVC is maximum dUring the first 24 

hours. An interesting observation is that, during the first 24 

hours, the migration is n$gliglble from the grafted bag compared 

to control(34 rg compared to 755 pg> whereas there is a tendency 

for the migration to increase with time in th~ grafted bag as the 

time for storage increases. This is evident by comparing the 1, 7 

and 21 days values. However, the reduction even at the 21 day 

limit is quite appreciable: This can be explained by arguing that 
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the hydrophilic network crosslinked partially with traces of 

cr~ss-linker present in it tends to swell slowly with time and 

the network seems to undergo a relaxation facilitating easier 
--~ 

I 

migration whereas it is found to be negligible during the fir-~ 

24 hours. A minimum of 3 experiments were conducted and the 

standard deviation was found within 10~. 

V/.1.3. 11igration from 11oclified 11edical Grade Tygon Tubing: 

A common medical grade PVC tubing used worldwide is the 

TYGON" tubing whtch is also highly plasticized. 

the inner surfaces of the tubing using a 3~ and 5~ NVPSO:HE 

monomer combination was carried out using the procedure adop 

for PVC bags. The migration of plasticizer'from the tubing 

n-hexane. stored in it was monitored· spectrophotometrically 

nm for different time inter~als. The results are plotted i~ 

Figure 6.8. It is seen that with increase in monomer 

Uoncentration ~sed for grafting, the amount of pLastfcize~ 

migrated decreases and is only. less than !Omg for the 

.~:>xstem compar~d to th~ high 220 mg for the ungrafted· tubing 

4h. This shows that grafting of PVC tubing using hydrophilic· 

monomers is equally effective in increasing its migration 

resistance as w~s the case with PVC sheetj. 
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Figure 6.8. Plasticizer migration curves for ungrafted and 

NVP50:HEMA50 grafted Tygon PVC tubings in n-hexane: Figure shows 

migration of plasticizer DEHP into n-hexane from unmodified 

medical grade TYGON tubing ( . ) , tubing grafted with 3% { + 

and 5% (. + > NVP50:HEMA50 [0.005M Cu2 •, 0.5 Mradsl. Drastic 

reduction in migration is observed for grafted systems. 

S.D. was within + 5%. 
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Hydrophilic ltiQnOIDers such as HEMA, NVP and MAA ca.n be 

conveniently grafted on to plasticized PVG eitber alone. or in 

combination by using gamma radiation technique. 'l'llc~~ graft yield 

is found to increase linearly with monom~r <;:oncent.rati.o.n for all 

systems studied. Increasing the radiation dose also helped to 

improve the graft yield. However, a do~e of 0.5 Mrads w;as 

to be the optimum dose for achieving ma.xiltlultl grafting. 

Incorporation of cross- I inker EDMA did n 0 t si.gnificantly affect 

the overall graft yield though it helped to improve<otper 

properties suc.h as mig rat ion resistance. 

Grafting hydro ph U ic monomers in presE;~nce of .cupric i.QQS 

specific concentrations in the aqueous grafting medium prevented 

homopolymer formation and fac.il itated thEi!. grafting rEi!ac.tion. tt 

also enabled the cleaning of the trunk p 0 lymer easier after 

grafting. Concentrations ranging between 0. OQ2!5 M to 0. 01 M 

found to be optimum for obtaining good graft yields and for 

preventing homopolymerization in most systems stl)died. Ho.wev~r, 

PVC sheets grafted with HEMA monomer alone<and HEMA:MAA monomer 

combination showed low graft yields and high homopolymer 
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formation in spite of increasing the Cu2 • ion concentration to 

0.1 M. Homopolymer formation was observed in two systems 

containing HEMA but ironically.NVP:HEMA combination did not 

produce any homopolymerization. 

Scanning electron micrographs and optical phase contrast 

photographs show the existance of fine layers of grafted 

hYdrophilic polymers on the surface of PVC. The nature of 

modified surfaces varied with the monomer ratio used for 

grafting. Attenuated internal total reflectance infra red 

reveal the characteristic absorption bands indicating 

modification of the PVC sheets with the hydrophilic polymers. 

modified PVC surface assumes hydrophilic character even when 

grafted with 1 vol% concentration of hydrophilic monomer(s) 

compared to ungrafted surface as evidenced by the contact angle 

experiments. The increase in polar component < 'I ... P) and decl'~a~e 

in dispersion component ( Y ... d) values of total surface energy 

< Y ... ) for all systems studied indicate a sharp rise in 

hydrophi 1 icity. The interfacial surface energy < Y •• ) values tend 

to become very low <- 0) at higher graft concentrations 

predicting excellent blood compatible properties according to the 

hypothesis of Andrade et al •• 

Tensile strength and elongation properties of the hydrated 

PVC sheets grafted only on one side are comparable 

samples. Single side grafting would be ideal in the case in PVC 



7-3 

medical devices used for storage purposes, tranfusion etc. 

Systems containing MAA and NVP showed better mechanical 

properties compared to systems containing HEMA, most likely due 

to their better hydrophilic character. However, grafting on both 

sides seemed to affect the mechanical properties adversely. 

Hardness values also showed a slight increase for grafted samples 

which can be attributed to the effect of irradiation upon the~~ 

Optical properties were retained after grafting and were highly 

comparable with control values for all systems. NVP grafted 

sheets showed excellent optical properties, even better than 

control in the hydrated state. 

Grafting of hydrophilic monomers onto PVC was found to 

drastically x-educe migration of plasticizer DEHP into organic 

solvents. Grafting a 3-7 vol% of NVP50:HEMA50 combination was 

capable o£ reducing the migration into n-hexane to nearly 2-4% 

<<10 mg) of the control values. All the thirteen grafted systems 

studied (including sub-systems) for migration into n-hexane 

showed improved migration properties of varying degrees compared 

to unsrafted sheets. NVP50:HEMA50 combination gave the best 

results. The least migration resistance was observed for MAA 

grafted sheets. HOwever, crosslinking with EDMA improved the 

migration resistance considerably when NVP and MAA systems were 

used alone. All grafted systems showed reduced migration into 

n-heptane compared to control but in varying degrees. NVP and 
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NVP:HEMA grafted systems tended to show excellent migration 

resistance compared to other systems in n-heptane. Migration 

n-octane showed similar behaviou.r as in n-hexane with NVP:HEMA 

combination giving the best results. 

Another important finding of this investigation was the 

total absence of migration of DEHP from NVP:HEMA grafted 

into physiologically simulated mediu~·such as cotton seed oil 

accelerated conditions. Two other systems, NVP:MAA and MAA 

g.rafted· sheets als-o---showed excellent migration resistance in 

bottoh -~~d otl {3-5~ loss in total weight) compared to 

(20% loss). Though NVP grafted sheets showed migration 

resistance, it was not significant. 

All graft modified PVC sheetings ihevitably lost their 

plasticizer in PEG-400. This suggests that the interaction of 

hydrophilic grafted surface with the medium, the relation betWJB~!l} 

solubility parameters of DEHP and the medium, the dielectric 

constant and pola~ity of plasticizer and the medium all play 

important roles in determining the migration. 

M!~ration studies into a b~ological medium such as platetl'§~}ii::i 

rich plasma show that hydrophilic surface modification of PVC 

may be successfully used to retard DEHP migration in blood 

storage. applications. Migr~tion was reduced to less than 25% 

PRP compared to ungrafted bags. Platelet aggregation •tudies 

provide valuable insight into the potential use of blood 

.. 
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compatible applications for modified PVC. The retention of 

aggregability properties of platelets even after PRP was kept in 

contact with the modified sample for 90 min at 31°C shows that 

the platelets are not damaged by contact with the foreign 

surface. The results on pl•telet agrregation and contact angle 
. I 

studies· shQW th~t the l;>lo_od compatible properties of the grafted 

sheets are comparable .to !.control sheeting. 

It can b~ said in conclusi~n th~t grafting of hy4rop)lil~c 

monomers selectively onto PVC tr.:~nk polymer using gamma radiation 

ls·capabTefof·r·EH:lucing the migration of DEHP without drastically 

affecting other properties of such PVC sheetings. It also 

provides a clean,. economical and industrially viable process to 

surface modify medical grade PVC to miti~ate the threat posed by 

migration of DEHP from PVC to a great extent. 

VJI.2. Future 'ines of Reasearch: 

This work can never be said as complete. Migration phenomena 

of pi asticizer is quite complex and is governed by a number .of 

p~Ji'~~EI.~.EIJi'S. of which only a few have been dealt with in this work. 

The migration aspects of. plasticizer into the human body is yet · 

to. be fully understood. The difficulty in isolating, identifying 
. 

and estimating the plastlciz~r levels in humans undergoing 

transfus-ion of ~lood or.blood products stored in PVC packs 

itself poses great hinderance. The blood compatible aspects of 
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modified PVC sheets is an area yet to be studied completely. The 

hydrophilic nature of the surface and the low interfacial surface 

energy obtained by grafting indicates a better non-thrombogenic 

surface. PVC has never been successful as an implant due to its 

complex nature. However, the investigations reported in this 

thesis suggest that hydrophilic surface modification of 

plasticized PVC sheatings can be said to effectively retard 

migration of plasticizer DEHP to a significant extent. To the 

best of our knowledge, this is the first time it has been shown 

th•t gamma ~•diation grafting of hydrophilic polymers onto PVC 

can retard plasticizer migration and at the same time 

blood compatibility of the PVC surface. Very simple, routinely 

used hydrophilic monomers have been employed in this work to 

surface modify PVC. Many more hydrophilic monomers have been 

reported in the literature which find applications in the 

biomaterials area. Future work should therefore focus upon the 

effect of grafting novel hydrophilic monomers or even a 

.combination of hydrophilic and hydrophobic monomers to optimise 

the hydrophobicity/hydrophiUcity of the grafted surface. The use 

of multifunctional hydrophilic monomers for grafting to provide 

highly crosslinked surface may also be a key to retard the 

plasticizer migration from PVC to a greater extent. The 

investigation reported here is therefore only a beginning in 

direction of such efforts. 
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i) Acid Citrate 

Trisodium Cit 

Citric Acid 

Dextrose 

Made upto 100 ml 

iil Tris Buffer: 

Dextrose 

~C.~1~1JJ.!LChl.or ide 

Magnesium Chlori 

Potassium Chlori 

Sodium Chloride 

Trizma Base 

Dissolved in 

with ·d i 1 • HC 1 and mad 

iii) Grafting Medium <O~·O 

Copper .sulphate, 

Distilled Water 

CoppE1tr sufpfiate was d 

made upto 1 litre. Th 

prepare lower concen 

0.005M and 0.0075M). 

2.2 g 

o.e g 

... 2.5. , •.• 



iv) Calculation of residual cupric ion content in PVC grafted 

with NVP:HEMA using atomic absorption spectrophqtometry*: 

Net resultant ~\lJ:'Pi~ ions present 

in the grafted sample = 0.05 - 0.03 

.- 0. 02 f"g/ml or 

The total volume of the extract was 12.5 ml before testing. 

Concentration of cupric ions 

in the total extract = 0.02 X 12.5 

= 0.25 fg/ml or 

================== 

which is less than 1 ppm and acceptable a• per DHSS s 

[*Table 3.1.] 



APPENDIX-B 
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liquid 

hydration in 

hydration in 

interface 



Mrads Megarads 

NVP N-(vinyl pyrrol idone) 

N25:H75 NVP:HEMA = 25:75 

N50:H50 NVP:HEMA = 50:50 

N75:H25 NVP:HEMA = 75:25 

N25:M75 NVP:MAA = 25:75 

N50:M50 NVP:MAA = 

N75:M25 NVP:MAA = 
Air-in-water contc$;~t 

Octane- in-water ottnta.ct 

PVC Poly<vinyl chlorid~) 

PEG-400 

PRP 

Rate of 

Surface energy 

't. v p Polar component 

Dispersion 

energy 

Interfacial 

water interface 

S.D. Standard deviati 

So.& Half 

Tris Tris 

val% Volume percent 
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