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 PREFACE         

 vii

 We are very fortunate to have the opportunity to edit a book in the grafting 
and crosslinking arena. While several excellent books on polymers are avail-
able, our experience in research over the years has revealed the need for a 
book which emphasizes the basics as well as applied orientation for beginners 
and those who want to increase their knowledge. An attempt has been made 
to present the subject lucidly by adopting a non - mathematical approach. 

 The book covers various mechanistic methods, kinetic factors, analytical 
evidence, and diverse applications. We extend our appreciation to the numer-
ous publishers who have graciously accorded us permission to use fi gures and 
data from their publications. 

 This book is intended for beginners in this area, advanced students, as well 
as teachers. It is expected that they possess an adequate background in polymer 
technology. However, due to the book ’ s wide coverage and simple style, 
researchers can also benefi t from it. The book consists of twelve chapters. All 
topics have been selected with great care bearing in mind the needs of the 
students. The fi rst fi ve chapters provide a vivid introduction to the basic con-
cepts. The remaining chapters are devoted to applications. 

 Needless to say, we owe a great debt of gratitude to our spouses for their 
encouragement, and to the authors of the various chapters. We are deeply 
indebted to Dr. P. K. Ghosh, Prof. S. N. Bhattacharyya, and Prof. B. N. Misra 
for their suggestions and assistance in completing this book. It would have 
been diffi cult for us to complete this book without the assistance of our stu-
dents. Last but not the least, we express our heartiest thanks to readers of the 
book.  

   D r . A. B hattacharya  
 P rof  (Dr.) J ames  W. R awlins  

 D r . P. R ay  
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 INTRODUCTION  

  Amit   Bhattacharya   and   Paramita   Ray       

     We deal what we are. This saying serves to introduce the discussions on poly-
mers. A quantum leap in this area brought about the Industrial Revolution in 
the 19 th  century. Recognition should be given to Herman Staudinger, who, in 
1922, proposed the fi rst explanation that polymers contain long chains of rela-
tively simple repeating units. This date marks a turning point in the history of 
polymers, for it was then that the term  “ macromolecule ”  was fi rst used. Thus 
the word becomes self - explanatory when broken down: The word  “ poly ”  
means many, and  “ meros ”  means parts. The macromolecular concept was for-
mulated by Staudinger, who received the Nobel Prize in 1953. Polyethylene, 
for example, is a polymer that contains large numbers of [ − CH 2  − CH 2  − ] units. 
In 1970, the fi rst experiments with polyacetylene took place. Polyacetylene is 
a long string of molecules chained together, with one unit of acetylene repeated 
over and over again. In 1977, the trio of Mac Diarmid, Shirakawa, and Heeger 
joined to focus in this arena to revolutionize electronics and received the 
Nobel Prize in the 21 st  century. 

 Polymers play an essential role in the emergence of the modern world. 
Though started in the middle of the last century, today, the uses of polymer 
systems are legion. Technology from commodities to rockets is based on pro-
ductive research on polymers. The polymer industry developed as population 
growth created increased demands for natural products that could not readily 
be met because of their limited supplies.  “ Osmosis ”  and  “ reverse osmosis ”  
techniques that regulate life in every aspect are based on polymers. 

 Abbe Nolet had observed the  “ osmosis ”  phenomenon in the year 1748 in 
pig bladders, with natural polymers. Later on, synthetic ones came to replace 
natural polymers. 

1
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2 INTRODUCTION

 The history of the  “ reverse osmosis ”  membrane started at UCLA in 1959. 
Samuel Yuster and two of his students, Sidney Loeb and Srinivasa Sourirajan, 
produced a functional synthetic reverse osmosis membrane from cellulose 
acetate polymer. The ability to make high - quality biocompatible materials in 
the biomedical fi eld is at the heart of this revolution. 

 Traditionally, people in the medical fi eld view polymers as components of 
devices such as inhalers and catheters, inert bioprostheses, or transdermal 
patches. Polymers have also proactive role, i.e., they are used as integral 
parts of therapeutics. New drugs, as well as drug delivery systems based on 
polymers, have the potential to counter many diseases. The application of 
synthetic polymers for gene therapy has also been investigated. They may 
provide a safer way of gene delivery than use of viruses as vectors. Polymeric 
materials have also been used for biosensors, in testing devices, and for 
bioregulation. 

 Textile products made of polymers have always satisfi ed aesthetic require-
ments. Synthetic polymers replace natural polymers (e.g., wool and cotton) to 
help clothe growing populations. The success of aramid fi bers has also spawned 
a variety of other polymer fi bers based on nylon, terephthalates, and polyeth-
ylene, for example. 

 Polymers are also identifi ed with insulation. This property has contributed 
to the enormous success of plastics in insulated shielding for wires and other 
safety functions. Polymers are also used in the conducting or semi - conducting 
fi elds for such things as plastic batteries, light emitting diodes, and sensors. 

 Polymers touch every aspect of our lives. The nylon toothbrush, the plastic 
bucket, or the polystyrene umbrella handle are all polymers. Knowingly or 
unknowingly, every individual today relies on polymers to meet his needs. 

 Though polymers are legion, sometimes they cannot fulfi ll the demand, 
depending on their properties. Improvements in polymers are tremendously 
important because they will widen the scope of application. There are two 
main approaches: construction of new molecules that are likely, from their 
molecular composition, to have the desired properties, and modifi cation of 
properties of existing large - scale polymers. 

 Modifi cation of polymers has received greater attention in light of the 
scarcity of starting materials required for the synthesis of new monomers to 
deliver better polymeric materials. In other words, modifi cation is essential to 
meet various challenges, as it is very diffcult to get new polymers. The next 
generation awaits polymer modifi cation as it opens up new possibilities. Surface 
and bulk properties can be improved easily by modifying conventional poly-
mers. Sometimes, balancing of properties is needed, and this is possible only 
through modifi cation of polymers. 

 Polymer modifi cation is required to bring specifi c properties to the modifi ed 
material, such as enhanced thermal stability, multiphase physical responses, 
compatibility, impact response, fl exibility, and rigidity. Modifi cations make an 
insoluble polymer from a soluble one or vice versa. Thus polymer modifi cation 
improves the processibility of the polymers. One of the recent directions 
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regarding polymer modifi cation is intended to avoid their nonbiodegradable 
nature. 

 We have already referred to giant molecules and indicated that they are 
very long molecular chains of carbon atoms, often literally  “ branched ”  like a 
tree or linked together crossways in various directions. These chains can be 
provided by nature, as in the case of cellulose, or are built up from single short 
molecules known as  “ monomers ”  by uniting them into a chain to give  “ poly-
mers, ”  which is known as polymerization. When monomers of different kinds 
are united, the product is known as a  “ copolymer, ”  and the process of uniting 
different monomers is copolymerization. Depending on the alignment 
sequence of different monomers in a polymer chain, copolymers are diversi-
fi ed in their property profi les. 

 Copolymers with an alternate sequence of monomers are alternating copo-
lymers, whereas random copolymers do not follow any defi nite sequence in 
alignment patterns of the constituent monomers. Rarely may we expect any 
property gain from such compositions. Block copolymers are composed of 
long sequences (blocks) of one monomer unit, covalently bound to sequences 
of unlike type. Depending upon the chemical nature of the monomers block 
copolymers may be di - , tri - , tetra - , or even multi - block. 

 Generally, blocks are spontaneously self - assembled into a diversity of 
mesophases with the size scale governed by the chain dimensions. Dissimilar 
blocks exist as microdomains and exert their properties in the system. Thus 
glassy microdomains serve to anchor rubbery segments permitting the mate-
rial to be used as melt processable adhesives and rubbers, i.e., thermoplastic 
elastomers such as SBS or ABS. Block copolymerization is one of the keys to 
achieve polymeric products with the desired property profi les. 

 The prime techniques for polymer modifi cations are grafting, crosslinking, 
blending, and composite formation, which are all multicomponent polymer 
systems. Such materials have attracted considerable attention in the industrial 
fi eld as they combine a variety of functional components in a single material. 
Micro -  and macrophase separation directly affect the physical and chemical 
properties in such multicomponent polymers. Graft copolymers are branched 
macromolecules in which the branches are of a different type from the back-
bone. They have a variety of potential applications resulting from the wide 
range of properties available when different polymer chains are connected to 
form hybrid branched macromolecules.  

 Multidirectional chain extension of polymers leading to the formation of 
network structures may be defi ned as crosslinking and viewed as a stabilization 
process. Crosslinking may result either through the polymerization of mono-
mers with functionality greater than 2 (by condensation mode) or by covalent 
bonding between preformed polymer molecules accomplished by irradiation, 
sulfur vulcanization, or miscellaneous chemical reactions. Crosslinking restricts 
chains from sliding past one another and generates elasticity in an amorphous 
polymer. It makes a polymer more resistant to heat, light, and other physical 
agencies, giving it a high degree of dimensional stability, mechanical strength, 
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and chemical and solvent resistance. The effects of crosslinking on the physical 
properties of the polymers are primarily infl uenced by the degree of crosslink-
ing, the regularity of the network formed, and the presence and absence of 
crystallinity in the polymer. For crystalline polymers there may be a reduction 
in crystallinity with a low degree of crosslinking as it hinders chain orientation, 
and the polymer may become softer, more elastic, and have a lower melting 
point  . Crosslinking changes the local molecular packing and leads to a decrease 
in free volume. This is refl ected in an enhancement of glass transition tem-
perature. Improvement in creep behavior also results from crosslinking as it 
restricts the viscous fl ow. Hence for property synergism crosslinking is unavoid-
able in the present arena of polymers. 

 A macroscopically homogeneous mixture of two or more different poly-
mers may be defi ned as a polymer blend. The blending of polymers provides 
a means of producing new materials, which combine the useful properties of 
all the constituents. Most of the polymers are immiscible. Hence the combina-
tion of two arbitrary polydispersed polymers (quasi - binary mixture) exhibits 
neither a true two - phase nor a single - phase structure. It may appear to have 
a two - phase morphological pattern whereby both phases contain a different 
and fi nite concentration of each polymer or it may have multiphase structure. 
In both the cases, no defi nite interface exists between the two adjacent phases. 
The relative concentration of the constituents in different phases depends 
upon their intensity of mixing and solubility parameters. The ultimate behav-
ioral pattern of polyblends depends upon extent of phase separation, nature 
of the predominant phase, character of the dispersed phase, and interaction 
between the component polymers. Most useful blends have the characteristics 
of uniform dispersion, i.e., fi ne discrete particles of one component being 
uniformly dispersed through the matrix of the other component. 

 It would be advantageous if the size and size distribution of the domains 
of the dispersed phase remain practically unaltered over long periods of time, 
from the conditions of blending to the conditions under which the blend is to 
be performed. The two main objectives of making polymer blends are to 
maintain a proper cost performance ratio and reinforcement of properties, i.e., 
compensation of the demerits of a polymer by blending it with a second one 
that is rich in the aspects lagging in the initial one. The technology of blending 
is now advancing at a rapid pace. New blends are constantly being developed 
and characterized, and blends with metallocene resins, liquid crystal polymers, 
and biodegradable resins are now available. Blending technology is also 
proving to be of use in plastics recycling. 

 A composite, as its name suggests, is made by combining two or more dis-
similar materials in such a way that the resultant material is endowed with 
properties superior to any of its components. These components neither take 
part in the chemical reaction nor do they dissolve or completely merge with 
one another. Nevertheless, they remain strongly bonded together while main-
taining an interface between one another and act in concert to give a much 
improved performance. In polymer composites, polymers that are the major 
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components contain different reinforcing materials such as glass fi ber, carbon 
fi ber, silica, or mica as minor components. Reinforcement results in increased 
tensile, fl exural, compression, and impact strength; rigidity; size stability; fi re 
retardancy; corrosion resistance; electrical properties; and processibility. 
Polymer composites have versatile applications from the construction sector 
to commodity materials. 

 The two predominant modes of polymer modifi cations — grafting and cross-
linking — are primarily considered in this book. The basic theories and explora-
tion of these techniques in different sectors of human life are described in the 
following chapters.         



 BASIC FEATURES AND 
TECHNIQUES  

  Amit   Bhattacharya   and   Paramita   Ray        

  INTRODUCTION   

  “ Physiosorption, ”   “ grafting, ”  and  “ crosslinking ”  are the techniques by which 
the association of monomers and polymers is described. The term physiosorp-
tion signifi es that it is related to physical attractive forces. The process is a 
reversible one and is achieved by the end functionalized polymers on to the 
solid surface or self - assembly of polymeric surfactants, where  “ grafting ”  can 
be described as the covalent attachment process and irreversible. Grafting can 
be accomplished by either  “ grafting to ”  or  “ grafting from ”  approaches. In 
 “ grafting to ”  approaches, functionalized monomers react with the backbone 
polymer to form the grafted one. On the other hand,  “ grafting from ”  is achieved 
by treating a substrate with some method to generate immobilized initiators 
followed by polymerization. High grafting density polymer also can be accom-
plished using this technique. The schematic presentation of all the processes 
is depicted in Figure  2.1 A. The  “ crosslinking ”  is the association of polymers 
through a chemical bond. In most cases, the crosslinking is irreversible. It may 
be intra -  and intermolecular (Figure  2.1 B).      

  TECHNIQUES USED 

 The grafting and crosslinking reactions can be performed by different path-
ways such as chemical or radiation. The important modes of reactions are dis-
cussed in the following. 

2
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8 BASIC FEATURES AND TECHNIQUES

  Chemical Routes 

  By Redox Reaction     The redox reaction is the conventional one to produce 
the free radicals. There are different redox reagents in which radicals can be 
generated and relayed to the polymer so that the grafting reaction occurs. The 
features of the chemical reactions are as follows: 

 Features: 
   •      Simple to carry out and no constraints in location point of view.  
   •      Feasibility exists at room temperature and also in the aqueous solution.  
   •      Extent of grafting can be controlled by tuning the reaction variables 

[viz. mixture composition (monomer/initiator), reaction time, and 
temperature].    

 The probable reaction pathways are described below. 

  (I)   With Fenton ’ s reagent ( F  e  2+ / H  2  O  2 )     A HO •  is generated by the reaction 
of Fe 2+  and H 2 O 2 

   H O Fe HO OH Fe2 2
2 3+ → + ++ − +i  

   

HO H H O

H is the polymer and M is the monomer

i i+ − → +
−( )

2

  

    Figure 2.1.     A. Schematic diagram of (I) physiosorption, (II) grafting to, (III) grafting 
from. B. Schematic diagram of (I) intermolecular crosslinking and (II) intramolecular 
crosslinking.  
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 The hydroxyl radical has the capability to abstract the hydrogen atom from 
the polymeric substrate, producing the free radical on it (| • ). The monomer 
molecules that are in the vicinity of the polymeric substrate become the accep-
tor of the radicals, resulting in chain initiation. Thereafter, they become the 
free - radical donors to the neighboring molecules. In this way, the grafted 
chains usually grow. These grafted chains terminate by coupling to yield the 
grafted copolymer. 

  Initiation:     i i+ → −M M1   

  Propagation:     − + → −M M M1 2i i
   − + → −M M M2 3i i
  … 

   − + → −−M M Mn n1 i i   

  Termination:     − + − →M M Graft copolymern mi i     

 Fenton ’ s reagents are used in grafting, but in the crosslinking reaction, 
they are not used very much. However, crosslinking reaction from the bimo-
lecular reaction of Fe 2+  and H 2 O 2  depends upon the free - radical concentration 
at once  [1] .  

  (II)   With  F  e  2+ /Persulphate     Persulphate and a ferrous ion act as a source 
of   SO4

−i

   S O Fe SO Fe SO2 8
2 2

4
3

4
2− + − + −+ → + +i .   

 There are different views regarding the activity of   SO4
−i . One is that   SO4

−i reacts 
with water to form OH • , subsequently producing free - radicals on the poly-
meric backbone

   SO H O HSO OH4 2 4
− −+ → +i i  

   

HO H H O

H  is the polymer and M is the monomer

i i+ − → +
−( )

2

  

 The propagation and termination steps are similar to the previous 
example.   

 An alternate view is that   SO4
−i reacts directly with the polymeric backbone 

to produce the requisite radicals

   SO OH HSO O4 4
− −+ − → + −i i

  

 However, Misra et al.  [2]  established that during grafting of vinyl monomers 
onto wool/cellulose, OH •  is more reactive than the   SO4

−i.  
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  (III)   With Persulfate and Reducing Agent     Persulfate and a reducing agent 
(e.g., sodium bisulphite, thiosulphate, or Ag + ) is also the source of   SO4

−i , which 
subsequently produces OH  •  .   SO4

−i has the ability to initiate the polymer free 
radical directly or indirectly (as in the above example). 

  Persulfate/Reducing agent M:   S O Ag SO Ag SO2 8
2

4
2

4
2− + − + −+ → + +i   

  Persulfate/thiosulphate:   S O S O SO S O SO2 8
2

2 3
2

4 2 3 4
2− − − − −+ → + +i   

  Persulfate/bisulphate:   S O HSO SO HSO SO2 8
2

3 4 3 4
2− − − −+ → + +i i     

 The   SO4
−i  and   HSO3

i  produced in the reaction generate OH  •   in an aqueous 
medium (as shown earlier), which forms the free radical on the polymer. 

 Persulfate - initiated crosslinking occurs in the presence of different cross-
linking agents (viz. N, N ′  methylene bis acrylamide, NNN ′ N ’ tetramethylethyl
ene diamine)  [3, 4] . The crosslinking mechanism is similar to grafting, except 
for the crosslinker participation. The involvement of the crosslinker is shown 
above (Figure  2.2 ).    

  (IV)   With  F  e  2+ /Hydroperoxides     Hydroperoxides and Fe 2+  comprise another 
important redox system, with free radicals generated by the interaction 
between them via thermal decomposition  [5] . The activity of a tertiary butyl 
hydroperoxides  − Fe 2+  system is caused to the formation of a t - butoxy radical 
arising from one electron transfer between t - butyl - hydroperoxide (TBHP) 
and Fe 2+ .

   t-BuOOH Fe t-BuO OH Fe+ → + ++ − +2 3i   

 The resulting t - BuO  •   may participate in hydrogen abstraction to generate OH  •   
and the macroradical on the polymeric backbone: 

  With monomer (M): t - BuO  •     +   M    →    t - BuO - M  •      →    t - BuO - M n  - M  •    

  With polymer (| − H): t - BuO  •     +   | − H    →    t - BuOH   +   | •   

  With water: t - BuO  •     +   H 2 O    →    t - BuOH   +   OH  •       

    Figure 2.2.     Involvement of the crosslinker in the crosslinked polymer.  



TECHNIQUES USED 11

  (V)   By Direct Oxidation     Unlike the above system, free - radical sites are 
generated on a polymeric backbone by direct oxidation of the polymeric 
backbone by certain transition metal ions (e.g., Ce 4+ , Cr 6+ , V 5+  and Co 3+ )  [6 – 8] . 
The metal ions with low oxidation potential are the proper choices for the 
reaction. The proposed mechanism for such processes has been ascribed to the 
intermediate formation of a metal ion polymer complex of chelate type (I). 
Such complex formation is not restricted to all polymers especially for cellu-
lose types, where there is a possibility glycol groups may participate in the 
reaction. The mechanism is as follows:

   

OH

OH

+ Mn+

O

O

Mn+H

H

I

O

OH

Monomer

Graft copolymer

Polymer

  

 Grafting through Ce (IV) initiation is feasible in an aqueous medium, but for 
styrene grafting it is not the proper choice because of its low solubility in 
water. 

 Crosslinking through Ce (IV) initiation is possible in the presence of dif-
ferent crosslinking agents. The mechanistic way is similar to the above (through 
persulfate)  [9] . 

   MnO4
−  in the acid medium reduces to Mn 3+  ions to Mn 2+ . These highly reac-

tive ions are responsible for initiating graft copolymerization.

   − + ( ) → − ( ) [ ]H Mn III H Mn III complex�  

   − + ( ) → + ( ) + +H Mn III Mn II Hi  

   i i+ →M M  

   Mn III M M Mn II H( ) + → + ( ) + +i  

   M nM Mni i+ → +� 1  

   M Mn III M Mn II Hn n+ +
++ ( ) → + ( ) +1 1i  

   i + ( ) → + ( )Mn III oxidized product Mn II    
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  (VI)   Using Metal Chelates     To avoid undesired reactions, controlling redox 
potential in the form of metal chelates (e.g., Fe(acac) 3 , Zn(acac) 2 , Al(acac) 3 , 
VO(acac) 2 :acac:acetyl acetonate) are useful in the grafting reaction. The metal 
ion forming complex with the monomer decomposes to the free radical, which 
undergoes a chain transfer to the polymer. The formation of the free radical 
in the polymer through monomer is sketched below  [10, 11] , and the grafting 
reaction is the same as shown in the earlier example.

   

Zn+ (acac)n Z(n-1)+ (acac)n-1
+

+ M (CH3CO)2CH2 Mn M

H + (CH3CO)2CH2 Mn M

CH (COCH3)2

CH (CH3CO)2

[Z: metal, (acac)=acetyl acetonate, M: monomer, H polymer]     

  (VII)   By Indirect Method     The secondary free radicals are generated in the 
system and may ultimately induce the free - radical sites required for grafting 
 [12] .

   Mn C O Mn CO CO4
2 4

2 3
2 2

+ − + −+ → + + i
 

   Mn C O Mn C O3
2 4

2 2
2 4

+ − + −+ → + i
  

 V 5+  in the presence of H 2 SO 4  produces secondary   HSO4
i , which can induce 

free - radical sites on the polymeric backbone. The oxidative reaction is as 
follows:

   V H SO HSO V H5
2 4 4

4+ + ++ → + +i
  

 Limitations: The proper selection of the metal ions or oxidative process is a 
factor, as the higher redox potential of the system has the possibility to react 
with the monomers that will lead to an increase in homopolymerization. To 
circumvent this situation, systems with low oxidation potential and polymers 
of strong reducing agents are preferred. 

 On heating: Apart from the redox reaction, certain organic compounds 
(azo, peroxides, hydroperoxides, etc.)  [13]  are capable of producing free radi-
cals on heating and transferring them to the chain.   It is seen that azoisobu-
tyronitrile (AIBN) (I) is not as reactive as benzoyl peroxide (BPO), because 
of the resonance stabilization of the fragmentation.
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CN CN

N

N

I II

(PhCO)2O 2 Ph COO Ph + CO2

+ OH

(Me)2C N C(Me)2

CN

N(Me)2C N

CN

C(Me)2+

CN

2 (Me) 2C + N2

CN(Me)2C C(Me)2C

(Me)3COOH (Me)3COO   

 Crosslinking is also reported by using different crosslinking agents and initia-
tors; the mechanism is similar to the grafting reaction  [14 – 18] . 

 Chemical pretreatment (e.g., ozonation, diazotization, xanthation) of the 
polymer backbone may also generate free radicals that provide sites for graft-
ing as follows:

   

Polymer + O3 Polymer-OOH
Fe2+

Polymer-O Fe2+ + OH–+

M

Graft Co-polymerPolymer- CH—COOH Polymer- CH—COOH
M

Polymer -N2
+

+ Fe2+ Polymer + N2
+ Fe3+

M

Graft co-polymer

Polymer
OH

O C

S

SH

Polymer
OH

O C

S

S:–

Polymer
OH

O C

S

S

+ OH + OH–Polymer

OH

O

+ CS2

M
Graft
co-polymer
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 Limitations: 
   •      The conventional free - radical graft polymerization needs continuous 

initiation.  
   •      The termination step leads to an unreactive polymer.  
   •      The grafted product is of broad molecular distribution.  
   •      The time invariant degree of polymerization.    

 These limitations lead researchers to adopt the following living radical 
technique.   

  By Living Radical Formation     In this technique, the chain termination step 
is avoided in two ways: either by increasing the rate of initiation with respect 
to the rate of propagation or by eliminating chain termination and transfer 
reactions. The polymer chains grow at a more constant rate, and their chain 
lengths remain very similar. Thus, it provides polymers that are able to grow 
whenever an additional monomer is supplied. The conditions are discovered 
for various types of reactions, e.g., atom transfer, nitroxide mediated, degen-
erative transfer. 

 Features: 
   •      It proceeds until all monomers have been consumed. Further addition of 

a monomer results in continued polymerization.  
   •      In these reactions R i     <<    R p , where, as for the conventional free - radical 

grafting, R i     >    R p  (R i  and R p  are the rate of initiation and propagation).  
   •      Dynamic equilibrium occurs between a propagating radical and dormant 

species.  
   •      Mono and/or narrow dispersities of the products are possible.  
   •      Predetermination of molar mass of the grafted/crosslinked polymer mol-

ecules is possible.  
   •      Telechelic polymers are easily synthesized by using proper terminating 

reagents.    

  (I)   Through Atom Transfer     The key molecule is the one that contains 
halogen, positioned in the  α  - position with carbonyl, alkoxy - carbonyl, cyano, 
and phenyl groups. The reversible pseudohalogen homolytic transfer between 
a dormant species, an added initiator, or the propagating dormant chain end, 
( |  - X) and a transition metal complex in the lower oxidation state (M n+ /L), 
occurs to form the propagating radicals ( |  * ) and the metal complex in the 
higher oxidation state with a coordinated halide ligand [X - M (n+1)+ /L]. Activa-
tion, deactivation, and propagation, as well as termination steps, are present 
but as the persistent radical effect (PRE), the radical termination is dimin-
ished, and the equilibrium is strongly shifted toward the dormant species  [19] . 
The general reaction is as follows:



TECHNIQUES USED 15

   

X + M
n+

L

kact

kdeact

*
+ M

(n+1)+
L

kp

Monomer

X

Mn - transition metal, L - complexing ligand, Polymer chain, X = Br or Cl  

 Features: 
   •      Scope for choosing both the initiator and catalyst complex.  
   •      It can occur in solution as well as suspensions.    

 Polymers prepared by other processes can be functionalized at the terminus 
or along the backbone and incorporated into an ATRP as a macroinitiator/
macromonomer, or simultaneously through use of both a macroinitiator and 
a macromonomer to improve incorporation of the macromonomers into the 
polymer leading to well - defi ned block and graft copolymers  [20 – 25] . Examples 
related to the grafting of acrylates and styrene to the polymer based on mac-
roinitiators are as follows (Scheme  2.1 ):   

 There may be one or multiple initiating sites, leading to chain growth in 
several directions, which also proves the potential for the preparation of 

    Scheme 2.1.     ATRP reaction to form the graft polymer.  Reproduced from  Macromol 
Chem and Phys ,  202 : 3392 (2001).   
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molecular brushes, i.e., high grafting density polymer, using a  “ grafting from ”  
approach. The synthesis of poly (MMA - grad - BPEM) - graft - n - BuA  [26]  is 
sketched in Scheme  2.2 .   

 Surface grafting by controlled radical polymerization on the polymeric 
substrate, colloidal particles and inorganic materials are also possible  [27 – 29] . 
The examples are displayed in the Schemes  2.3  and  2.4 .   

 Limitations: 
   •      Selection of suitable ligands is critical.  
   •      The reactions preferably conduct in the absence of oxygen, or otherwise 

some reducing agents [e.g., Cu (0), Sn (EH 2 ), or ascorbic acid] are 
essential.     

  (II)   Nitroxide Mediated     Free - radical nitroxides [viz. 2,2,6,6 - tetramethyl - 1 -
 piperidinoxyl (TEMPO)] are key molecules. The reactions are based on 
reversible capping of the active polymeric chain end radical with a nitroxide 
leaving group. The dormant chains are generated by reversible deactivation 
of growing chains through covalent bond formation. At fi rst, the nitroxide free 
radical, as well as active growing chain (through homolytic cleavage), forms 
at high temperature. After that, the reaction occurs with the preformed mac-
romonomers  [30 – 32] . The reaction feature shows that preparation of dendritic 
polymers  [33 – 35]  is possible through this technique. Examples related to the 
mixture of styrene and p - chloromethyl styrene is presented in the Scheme  2.5 . 
In this case the polymerization mechanism is switched from nitroxide medi-
ated to atom transfer  “ living free - radical ”  conditions.   

 Features: 
   •      Reactions are acceptable with monomers, e.g., styrene, butadiene, methyl 

methacrylate, styrene sulfonate (aq).  
   •      Reaction feasibility exists when using commercial initiators as well as 

initiator formed in situ.  
   •      Possibility to introduce stable free - radical adduct to preformed structures 

including dendrimers, functionalized polymers, and telechelics.  
   •      Narrow molecular weight distribution up to moderate conversions.  
   •      No Trommsdorff (Gel) effect.    

 Limitations: 
   •      Monomers (alkyl alkylates, vinyl acetate, vinyl chlorides) do not usually 

undergo the reaction.  
   •      Loss of molecular weight control at high conversions.  
   •      Very slow rates.     

  (III)   Degenerative Transfer     In this mode, the grafting reaction occurs through 
the chain transfer reagents (alkyl iodides, thiol compounds, and unsaturated 
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    Scheme 2.2.     (I) Subsequent synthesis of the macroinitiator precursor. (II) Macroinitia-
tor. (III) Macromolecular brush copolymers.  Reproduced from  Macromolecules , 
 35 : 3387 (2002).   
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polymethacrylates). In this mechanism, the polymer (P x ) is attacked by the 
propagating radical to form the active species and the dormant species.

   

PX + C
S

PYS

Z

C
S

PY

S

Z

PX
C

S

Z

PX
+
S

PY

PX and PY are polymeric chains, Z=C6H5 and CH3     

 This process is also called a reversible addition - fragmentation chain transfer 
 [36, 37] . The synthesis of poly(ethylene - co - vinyl acetate - g - methyl methacry-
late) (EVA - g - PMMA) poly(ethylene - co - vinyl acetate - g - styrene) (EVA - g -
 styrene) based on free - radical polymerization of methyl methacrylate intitiated 
by AIBN, in the presence of mercapto - modifi ed EVA as chain transfer agent 
(Scheme  2.6 ), is the example used in this regard  [38, 39] .   

    Scheme 2.3.     Schematic presentation of surface grafting on cellulose via controlled 
living radical polymerization.  Reproduced from  J Am Chem Soc ,  124 : 900 (2002).   
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 Crosslinking of monomers/macromonomers is also possible through ATRP. 
It is usual practice, in the presence of crosslinking agents (such as ethylene 
glycol dimethacrylate or dimethacrylate); free radicals produced in the reac-
tion combine to form the crosslinked polymer  [40 – 43] . The preparation of star 
polymers, through macromonomers, is shown in Scheme  2.7   [44] . The macro-
initiator and macromonomer methods are featured. In the macroinitiator 
method, linear initiator is used, and in macromonomer method an initiator 
(such as ethyl bromo propionate) with the macromomonomer is used. In the 
macroinitiator there is the possibility of formation of broad polydispersity 
polymers.   

 Advantages: 
   •      High grafting effi ciency and effective control in the grafting points.    

 Limitations: 
   •      The intermediate radical should not behave as damagingly   as an initiator 

or a radical trap.      

    Scheme 2.4.     Synthesis of 2 - bromo isobutyrate functional nanoparticles and ps - b - p - Bza 
hybrid particles using microemulsion and ATRP processes.  Reproduced from  Macro-
molecules ,  36 : 5094 (2003).   
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  Enzymatic Technique     The graft and crosslinking reactions with the help of 
enzymes (i.e., biological proteincious catalyst) are the features of this tech-
nique. Most of the grafting reactions by using oxido reductase enzymes (horse-
radish peroxidase, Tyrosinase, etc.) are focused in the literature  [45 – 48] . They 
are capable of forming free radicals (e.g., phenol/amine derivatives) by abstract-
ing electrons or by supplying molecular oxygen to the molecules. The active 
species can then either condense each other or react with the nucleophiles. 
The general mechanism is shown in Scheme  2.8 .   

 It shows that there are the nonenzymatic reactions followed by enzymatic 
ones. Experimental evidence supports the hypothesis that quinone can undergo 
at least two different types of reaction with amines, i.e., Schiff bases and/or 
Michael - type adducts. 

 The uses of oxidative enzymes in the grafting reaction to the biopolymers 
are extensively studied for natural polymers rather than synthetic polymers 

    Scheme 2.5.     Preparation of dendritic polymers.  Reproduced from  Chem Rev ,  101 : 3661 
(2001).   
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 [49, 50] . Only few reports are available in case of synthetic polymers. At the 
fi rst step, generation of radical occurs through enzymatic reaction (viz. HRP/
H 2 O 2 ) from the phenolic compounds, and the phenoxy radical propagates 
through the polymeric chain and monomers similar to the redox reaction 
 [51] .

   

OH
OCH3

HRP/H2O2

OH
OCH3

  

 Features: 
   •      It occurs in milder reaction conditions and lowers the hazardous use of 

harsh chemicals.  
   •      Initiation needs the enzyme to form the free radicals and is followed by 

nonenzymatic reactions.    

    Scheme 2.6.     Synthetic pathway for preparation of poly(ethylene - co - vinyl acetate - g -
 methyl methacrylate) (EVA - g - PMMA).  Reproduced from  Macromolecules ,  29 : 416 
(1996).   
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    Scheme 2.7.     Comparison of star synthesis by the MI method and the MM method. 
 Reproduced from  J Am Chem Soc ,  128 : 15111 (2006).   

    Scheme 2.8.     General mechanism by enzyme.  
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   •      Enzyme selectivity and specifi city makes the reaction simple and offers 
the potential for better controlling macromolecular structure without the 
need of protection or de - protection steps.  

   •      It can be coupled with the other polymerization methods.    

 The fl exibility of the enzymatic reaction is that it can combine with chemical 
reactions. Synthesis of well - defi ned polymethacrylate - g - polycaprolactone 
copolymers by the combination of ATRP and enzymatic ring opening polym-
erization in sc CO 2    is the example (Scheme  2.9 )  [52]   .   

 Multiple sites in the quinone from the phenol moiety by enzymatic way 
have the feasibility of crosslinking of polymer (viz. chitosan)  [53] . Phenolic 
polymer crosslinking can occur by using vanadium - dependent bromoperoxi-
dase  [54] . Chemoenzymatic crosslinked polymers through macroinimers or 
formation of telechelics are also possible  [55] . 

 Limitations: 
   •      Expensive.  
   •      It cannot be performed at high temperature.     

  Crosslinking Through Polycondensation    

  (I)   Bulk Polymerization     A specifi c class of polymers formed through con-
densation reactions are known as condensation polymers. Such polymeriza-
tion, known as step - growth polymerization, proceeds through a step - by - step 

    Scheme 2.9.     Combination of ATRP and enzymatic ring opening polymerization in sc 
CO 2 .  Reproduced from  Macromolecules ,  39 : 9080 (2006).   
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succession of the elementary reactions between two functional groups such as 
amine, alcohol, acid, or isocyanate, etc. Each of the steps involves the elimina-
tion of two reactive sites and results in a new linking unit between a pair of 
molecules with the elimination of byproducts. The very basic criterion of the 
formation of polymers by such a method is that the monomers must be at least 
bifunctional similar to the formation of polyester, polyamide, polyimide, poly-
carbonate, polyether, etc., with the elimination of different byproducts as 
water, alcohol, HCl, or NaCl; for example, the reaction of diol with dibasic 
acid.

   HO(CH2)xOH  +  HOOC(CH2)x' COOH HO[ (CH2)xOC(CH2)x' CO yH  +  H2O]

OO

  

 Step - growth reaction may also proceed by polyaddition reaction without the 
elimination of any byproducts like the formation of polyurethane, polyepoxy, 
or polycyanurate polyurea; for example, the reaction of diisocyanate with 
diols.

   HO(CH2)xOH  +  OCN(CH2)x' CNO O(CH2)xOCONH(CH2)x' NHCO ][ y  

 Condensation polymers may be formed by the reaction between two mono-
mers, two oligomers, a monomer and oligomer/macromolecule, or two mac-
romolecules. Hence a gradual enhancement in the molar mass of the product 
is inevitable but the reactivity remains equal regardless of molecular weight. 
There is always a probability of reaction between two x - mers as there is for 
monomers. The structure of a condensation polymer is determined by the 
functionalities of the monomers and the molar ratio of the reactive sites. Two 
bifunctional monomers react to give a linear polymer but when polyfunctional 
monomers are involved, successively higher conversion leads to branch poly-
mers and the probability of network formation enhances. The condensation 
polymer formed by the reaction of trifunctional monomer (glycerol, T) and a 
bifunctional monomer (adipic acid, B) may be presented as:

   

T B

T T TB

T TB B B TB

B B B BT

T B T TB

  

 The structures of branched polymers are more complex than the linear 
polymers and widely differ in their properties. 

  Gelation and its signifi cance:  Three - dimensional polycondensation reac-
tions are associated with an abrupt change from liquid to solidlike behavior. 
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Such a phenomenon is known as gelation, which is the formation of essentially 
infi nitely large polymer networks in the reaction mixture and occurs when one 
of the growing molecules reaches a mass so large that it interconnects every 
boundary of the system  [56] . Gelation is one of the most important criteria of 
polyfunctional polycondensation, which results in thermosetting polymers 
(Scheme  2.10 ).   

 The network formation with the progress of condensation polymerization 
between multifunctional monomers has two different stages, i.e., pregel and 
postgel stage. The pregel stage (Scheme  2.10 A) contains a homogeneous 
system, whereas the postgel stage is heterogeneous, as the sudden onset of 
gelation at this stage divides the reaction mixture into two parts: the gel, which 
is insoluble in all nondegrading solvents, and the sol, which remains soluble 
and can be extracted from the gel (Scheme  2.10 B). Beyond the gel point, the 
amount of gel increases at the cost of sol, and the mixture rapidly transforms 
from a viscous liquid to an elastic material of infi nite viscosity (Scheme  2.10 C). 
In gelation, the weight average molecular weight of the achieved polymers 
becomes infi nite, whereas the number average molecular weight is insignifi -
cant. Prediction of gelation is highly important for practical applications of 
thermosetting polymers. Depending upon the fi nal applications (as adhesives, 
surface coating, decorative laminates, molded products, etc.), it is necessary to 
maintain a specifi c viscosity of the precursors. Hence it is highly necessary to 
arrest the polymerization at a particular conversion before the gel point. The 
time to gel may be predicted from the knowledge of polymerization kinetics, 
reaction temperature, and conversion of the reactive groups at the gel point. 
Crosslinking of few commercial polymers through polycondensation is as 
follows: 

  Phenolic resins:  Polymers formed by the reaction of formaldehyde with 
phenols and substituted phenols cover a wide volume in the arena of 
thermosetting polymers formed by multidimensional polycondensation. 

    Scheme 2.10.     Stages of network formation in step - growth copolymerization. A. Sol 
stage. B. Mixture of sol and gel. C. Pure gel stage.  
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Formaldehyde reacts with phenol in both acidic (molar ratio CH 2 O/PhOH 0.8) 
and alkaline medium (molar ratio CH 2 O/PhOH 1.5 – 3.0) to produce novolac 
and resol, respectively, which are oligomeric precursors of the fi nal resin. On 
average, novolac contains fi ve to six benzene rings per molecule, while resol 
contains two to four. Both novolac and resols are soluble and fusible in nature 
and defi ned as an  A  stage resin. On extension of their molecular weight 
through polycondensation they pass through a rubbery stage where they are 
not soluble but swollen by many solvents; this is defi ned as a  B  stage resin. 
Finally, they become an insoluble infusible hard product, i.e., a  C  stage resin. 
The  B  and C stage resins of resol are known as resitol and resit  [57] . The 
novolac reactions are as follows:

   

HCHO + H2O +CH2OH + H2O

OH

+ +CH2OH

OH

CH2OH + H+

OH

CH2OH +

OH

CH2

OHOH

OH

CH2OH

and

  

 As novolac contains no reactive methylol group, further chain extension to 
form a network structure needs the addition of a hardener, mostly hexamethy-
lenetetramine (HMTA). Benzoxazine and o - hydroxy benzylamine are the 
major intermediates formed at the initial stage of crosslinking  [58 – 60] . The 
methylene linkage necessary for chain extension and crosslinking is formed 
from these initial intermediates. An optimum balance among the concentra-
tion of acid, formaldehyde, and heating rate is necessary to achieve the desired 
properties in novolac resin  [61] . 

 For resol, the phenoxide ion is the active species

   

O-

+ CH2 O
δδ+ -

O-

CH2OH

O
H
CH2O-

  

 Due to the presence of excess formaldehyde, hardening of resols may be 
carried out just by heating at a temperature of 130    ° C to 200    ° C without any 
hardener, and the resulting macromer contains bridges like  − CH 2  − O − CH 2  −  
or  − CH 2  −   [57] . 
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 The reactions are

   

OH

OH

CH2OH

OH

OH

CH2 O CH2

OH OH

CH2

OH

CH2OH

  

 A molar ratio of formaldehyde:phenol 1.3 - 1.4 is found to have the highest 
total methylene bridge concentration, i.e., the highest crosslink density  [62] . 

  Amino resins:  Amino resins are formed by the reaction of amines or amides 
with aldehydes. Among them, the urea formaldehyde and melamine formal-
dehyde resins have signifi cant commercial importance. The reaction of urea 
with formaldehyde can yield a number of products whose content depends on 
the process factors: component molar ratio, pH, temperature, etc.  [63] . Urea 
formaldehyde (UF) resins are prepared by a two - stage reaction. The fi rst stage 
is the reaction between formaldehyde and urea under neutral and mildly 
alkaline conditions to produce mono -  or dimethylol urea, the ratio of which 
depends upon the urea - to - formaldehyde ratio. At the same time tri -  and tet-
ramethylol urea may also exist in the solution. These monomeric building 
blocks contain reactive terminal groups.

   H2N C NH2

O

+ C

O

H C

O

HOCH2NH NHCH2OH2H   

 The second stage is the heating of methylol - substituted urea in acidic condi-
tion, which results in condensation of the monomeric units with the formation 
of a polymer chain along with byproducts, which is refl ected by a gradual 
increase in viscosity. Linear polymers from mono -  and dimethylol ureas have 
the following structures:
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 Further heating produces an insoluble and infusible product.
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 It is observed that in the curing of UF resin (urea: formaldehyde 1   :   2 and 
1   :   1.8), in addition to intermolecular condensation of methylol and imine 
groups, intramolecular interactions of methylol groups also occur, which 
results in the formation of a urone   ring in the polymer chain. Increase in the 
pro portion of urea brings about more complete usage of the functional groups 
in curing and results in an increase in network density  [64] . The complex 
structure of UF resins is due to the high functionality of urea and formalde-
hyde (4 and 2, respectively), which results in the formation of large sets of 
structure. 

 Reaction of melamine with formaldehyde at a temperature of 80    ° C to 
100    ° C produces a mixture of water - soluble methylol amines. The methylol 
content in the mixture depends on the melamine formaldehyde ratio and reac-
tion conditions. The derivatives may possess a maximum of six methylol groups 
per molecule.
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+     HCHO

  

 Condensation of these hydroxy methylol compounds results in the formation 
of oligomers with a methylene or dimethylene ether bridge. On further heating 
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beyond a temperature of 100    ° C, a network structure is formed because of the 
multifunctionality of melamine. The resinifi cation is strongly dependent on 
pH. Side group activated species through protonation are the most reactive 
ones, whereas ring protonation results in deactivation  [65] . MF resins that 
contain very low level of  − NH and/or  > NCH 2 OH are functionally quite reac-
tive in cocondensation reaction with polyol coreactants  [66] . 

  Polyurethane resins:  Polyurethanes are formed by the reactions among 
polyhydroxy and polyisocyanate compounds.

   

C N NR1 C O R2 O C N R1 N C O R2 O

O

H H

O O

H H

O

O C N R1 N O HO R2 OH    C

O C N R1 N C O R2 OH+ HO +     . . . .

++

  

 If the functionality of the  − OH or  − NCO bearing compounds is more than 2, 
the resultant polymer may be either branched or crosslinked. Crosslinking 
may also be achieved by secondary reactions. For example, reaction of isocya-
nate with water gives an amino group that immediately reacts with excess 
isocyanate to form a urea linkage. This reaction is accompanied by the evolu-
tion of carbon dioxide, which acts as a blowing agent. Further reaction of the 
urea group with the isocyanate leads to crosslinking via a biuret group.

   

NCO + H2O NHCOH

O

NH2 + CO2

NCO + NH2
NHCNH

O

NCO + NHCNH

O

NHC-N-CNH

O O
  

 Because of the wide fl exibility in the selection of polyol and polyisocyanate, 
polyurethanes have a wide versatility in their applications as foams, elasto-
mers, adhesives, sealants, and fi bers. A trifunctional polyol and a short diol 
and diisocyanate may react to form crosslinked PU elastomers by a one - shot 
reaction - injection - molding process.   Such crosslinked PU elastomers contain 
both hard and soft blocks as follows:
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 Diamines may also be used as short chain extender for PU:

   

NCO + H2N-R-NH2 + NCO
NHCONH

R

NHCONH  

 Currently, much research is being conducted on the crosslinking of polyure-
thane resins. Partially modifi ed hyperbranched polyester based on bis - hydroxy 
ethyl propionic acid may be used as a crosslinker of polyurethane to yield a 
product of high temperature stability  [67]  (Scheme  2.11 ).   

 Hexamethoxy methyl melamine has been found to be an ideal crosslinker 
for phosphated polyurethane dispersion of nanoparticle size  [68] . Such cross-
linking improves the dynamic mechanical properties and solvent and chemical 
resistance of polyurethane dispersion. A hexanediol diacrylate - diazetidine 
complex may be used as a curing agent for aqueous PU dispersion containing 

    Scheme 2.11.     Ideal reaction scheme for the synthesis of well - defi ned polyurethane 
networks based on hyperbranched polyester resin.  Reproduced from  React Funct 
Polym ,  66 : 1462 (2006).   
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carboxyl group. There is a vast improvement in the gel content and mechanical 
properties of cured PU resin in comparison with the original one    [69]  
(Scheme  2.12 ).   

  Epoxy resin:  Epoxy resins are thermosetting epoxide polymers containing 
more than one 1,2 epoxy group per molecule. Epoxide resin formed by the 
reaction of bisphenol A and epichlorohydrin in the presence of sodium 
hydroxide is the fi rst and till now the most important commercial resin 
and contains mainly low molecular weight diglycidyl ether of bisphenol A 
(DGEBPA) along with small quantities of high molecular weight polymers. 
High molecular weight epoxy resin may be prepared by proper adjustment 
of the ratio of bis phenol A and epichlorohydrin and reacting them in more 
strongly alkaline conditions as it favors the reaction of epoxide groups with 
bisphenol A.

    Scheme 2.12.     Self - curing of aqueous - based polyurethane with a hexanedioldiacrylate -
 diazetidine complex.  Reproduced from  React Funct Polym ,  67 : 299 (2007).   
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 Epoxide or hydroxyl groups are the crosslinking sites for epoxy resins. 
The epoxy group is highly reactive because of the presence of ether linkage 
separated from it by methylene group. Hence any compound containing 
active hydrogen may readily attack the epoxy groups. Two types of curing 
systems are available for epoxy curing: polyfunctional crosslinking agents 
and catalytic systems. Amines, acids, and anhydrides  [70 – 72]  act as polyfunc-
tional crosslinking agents of epoxy resins. Highly reactive amines such 
as diethylene triamine or triehylene tetramine may cure the glycidyl ether 
at room temperature, whereas when a reasonable pot life is needed dimeth-
ylaminopropyl amine or diethylaminopropyl are used. The crosslinking 
reaction is

   CH2 CH

O

2 + RNH2 CH CH2 N

R

CH2 CH

OH OH

  

 Anhydrides (phthalic anhydride, hexahydrophthalic anhydride, maleic anhy-
dride, pyrometallic dianhydride, etc.) are preferred over acids, as acid - based 
crosslinking releases more water, leading to foaming of the product. In cata-
lytic crosslinking an ionic complex is formed, which may open up a new epoxy 
group and generate another ion; thus the crosslinking proceeds.

   

CH2 CH

O

+ R3N R3N+ CH2 CH

O–

R3N+ CH2 CH

O–

+ CH2 CH

O

R3N+ CH2 CH

O CH

O–   

 Polymers, containing  − OH or  − SH groups, may cure epoxy resin; therefore 
phenolic and amino resins  [73]  may be used as crosslinkers of epoxy 
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(Scheme  2.13 ). Such crosslinkers enhance the fl exibility of the cured resin and 
broaden the spectrum of applications.    

  (II)   Interfacial Polycondensation     A special classifi cation of condensation 
polymerization is interfacial polycondensation (IP). In this process, two mul-
tifunctional reactive monomers dissolved in two mutually immiscible liquids 
may meet and react (copolymerized) by polycodensation reaction only at the 
interface of the solutions to obtain a high molecular weight polymer. A very 
fast polymerization occurs between the two very reactive monomers and the 
polymer precipitates quickly forming a thin dense fi lm. Reactions between 
difunctional monomers result in linear polymers, but if the functionality of 
any one of the monomers is greater than 2, network polymers result. As 
the reaction continues, the thickness of the polymer fi lm formed at the inter-
face gradually increases, and this gradual enhancement of the thickness hinders 
the diffusion of the monomers. Because of the limited supply of reactants, the 
interfacial polymerization reactions are self - inhibiting, and thus an extremely 
thin fi lm down to 50   nm thickness may be achieved  [74] . However, a continu-
ous removal of the polymeric fi lm from the interface maintains the reaction. 
Interfacial polymerization is a well - known method for the preparation of a 
variety of polyamides, from multifunctional aliphatic and aromatic amines 
in water phase and acid chlorides such as trimesoyl chloride, isophthaloyl 
chloride, and terephthaloyl chloride in organic phase. Interfacial polymeriza-
tion has become a well - established method for the preparation of thin fi lms 
and the most signifi cant commercial exploitation of this process is in the 
area of thin fi lm composite reverse osmosis and nanofi ltration membranes 
 [75 – 77] . 

    Scheme 2.13.     Crosslinking reaction between urea formaldehyde and epoxy resin. 
 Reproduced from  J Electron Spectrosc Relat Phenom ,  121 : 233 (2001).   
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 It has been established that the interfacial polymerization takes place in 
the organic phase  [78] . The highly unfavorable partition coeffi cient of acid 
chloride limits its availability in the aqueous phase; hence the amine has to 
cross the water organic interface and diffuse through the already formed 
polyamide layer to make reactive contact with the acyl chloride on the organic 
solvent side of polyamide layer. The growth of the polyamide layer takes place 
on that side of the interface. 

 Reactions of diamine with trimesoyl chloride may lead either to linear 
chain formation, where the third acyl chloride group remains unreacted and 
may hydrolyze to the carboxylic acid group, or the third acyl chloride group 
may react with another diamine molecule to produce chain branching or a 
crosslinked network structure  [79, 80] . The probable structures are given in 
Scheme  2.14 .   

 Interfacial polymerization may be diffusion controlled or diffusion - reaction 
controlled. The polyamide formation from diacid chloride and diamine is 
diffusion - controlled polymerization  [81] , whereas polysulfonamide formation 

    Scheme 2.14.     Network formation through interfacial polymerization.  
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from disulfonyl chloride and diamine is a reaction and diffusion controlled 
IP  [82] . 

 The composition and morphology of the polymeric fi lm formed at the 
interface depends on several variables such as the concentration and partition 
coeffi cient of the reactants, reactivity ratios where blends of reactants are 
employed, solubility of the nascent polymer in the solvent phase as it is 
formed, the overall kinetics and diffusion rates of the reactants, presence of 
byproducts (such as hydrogen chloride in the case of reaction of amine with 
acid chloride), hydrolysis or potentially competitive byreactions, crosslinking 
reactions and post reaction, or treatment of the resulting interfacial fi lms  [83] . 
The reaction rate constant and diffusion coeffi cient strongly affect the thin 
fi lm thickness and growth rate. The thickness rapidly increases with time in 
the early stage of polymerization and then levels off with time. Hence, length-
ening the polymerization time in an attempt to increase the fi lm thickness is 
ineffective. Increase in the concentration of the monomer in the aqueous 
phase increases the growth rate and also the maximum thickness of the fi lm, 
whereas increase in the concentration of the monomer in the organic phase 
increases only the growth rate but not the maximum thickness. Therefore, 
increase in the monomer concentration is more effective than lengthening the 
polymerization time to obtain a polymeric fi lm of desired thickness at 
the interface  [84] . As in the IP process, a thin fi lm is formed instantaneously 
at the interface between the two phases; hence the process may lack strict 
requirement of reactant purity. The process permits the minimization of 
defects formed inside the thin fi lm due to two effects: self - sealing and self -
 termination as a result of the growing resistance of the fi lm  [85] .   

  Interpenetrating Polymer Networks     An interpenetrating polymer network 
(IPN) is an intimate combination of two polymers both in network form, at 
least one of which is synthesized and crosslinked in the immediate presence 
of the other  [86] . The basic difference between a chemical polyblend and an 
IPN is that there are no induced covalent bonds between the two polymers; 
i.e., if an IPN is an intimate combination of network of monomer I and 
monomer II, then during its formation monomer I has reacted only with the 
molecules of monomer I, as does II. 

  Classifi cation of  IPN  s  by Chemistry     Simultaneous IPN: IPNs formed by 
simultaneous polymerization of two monomers along with their crosslinkers 
and initiators by noninterfering modes. 

 Sequential IPN: IPNs in which polymer network I is synthesized fi rst and 
then swollen in monomer II, its crosslinker, and initiator, polymerized II in 
situ.  

  Classifi cation of  IPN  by Structure     Full IPN: Any material containing two or 
polymers in which there are no induced crosslinks between the individual 
polymers. 
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 Semi - IPN: Sequential IPN in which one of the polymers is crosslinked and 
the other is linear. If polymer I is crosslinked and polymer II is linear, it is 
known as semi - I - IPN and the reverse is known as semi - II - IPN. 

 Pseudo IPN: Simultaneous IPN in which one of the polymers is in network 
form (i.e., crosslinked) and the other is linear. 

 Latex IPN: It is formed by the mixture of two kinds of latex particles, fol-
lowed by fi lm formation and crosslinking of both the polymers. 

 Thermoplastic IPN: It is a two - polymer IPN in which the individual poly-
mers are thermoplastics. One may be a block copolymer like SBS rubber, and 
the other is typically a semicrystalline or glassy polymer. Polymers may contain 
physical crosslinks arising from ionic groups, crystallinity, or glassy domains. 

 Millar IPN: The IPN in which two polymers are chemically identical. 
 Gradient IPN: An IPN of nonuniform macroscopic composition and cross-

link density, usually by nonequilibrium swelling in monomer II, and polymer-
izing rapidly before diffusion equilibrium takes place. 

 Semi and full IPNs are represented in Figure  2.3 .    

  Advantages of  IPN  s      One of the most important routes for the modifi cation 
of the properties of polymers to meet specifi c needs is the physical/chemical 
combination of two or more structurally different polymers. The properties of 
such multicomponent polymeric systems depend on the properties of individ-
ual polymers and the ways in which they are combined. Generally, mixing of 
polymers results in a multiphase morphology because of their thermodynamic 
incompatibility. This is due to relatively small gain in entropy upon the mixing 
of polymers, as long chain length imparts contiguity restrictions. If the mixing 
is carried out at a low molecular weight level, and subsequent polymerization 
and crosslinking are carried out simultaneously, the phase separation may be 
kinetically controlled by permanent interlocking of the entangled polymer 
chains; i.e., covalent bonds would have to be broken to disentangle the indi-
vidual polymer chains. Hence, the balance between thermodynamic and kinetic 
parameters controls the degree of mixing in IPNs. Thus, by introducing sub-

    Figure 2.3.     A. Semi – interpenetrating polymer network. B. Full interpenetrating 
polymer network.  
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stantial crosslinking of both the components before their signifi cant diffusion, 
phase separation may be largely prevented and a high degree of mixing may 
be achieved in IPNs. The degree of phase separation, which depends mainly 
on the miscibility of the polymers, varies widely for different IPNs. For highly 
incompatible polymers, thermodynamic forces leading to phase separation are 
so powerful that phase separation occurs substantially before the kinetic rami-
fi cation can prevent it. Hence, in such case marginal gain in phase mixing can 
be obtained. Phase separation may be avoided to a great extent if the polymers 
are compatible. However, to achieve complete phase mixing, complete misci-
bility, which is almost impossible, is not essential in IPNs, as permanent entan-
glement prohibits phase separation  [87] . With moderate compatibility, 
intermediate and complex phase behavior may be observed. IPNs with dis-
persed phase domains have been reported, ranging from a few micrometers 
(incompatible) to a few hundred nanometers (intermediate) to those without 
a resolvable domain structure (complete mixing)  [87] . IPN synthesis is highly 
signifi cant and interesting because it is the only way of intimately blending 
two crosslinked polymers.  

  Synthesis and Property Achievements     Simultaneous interpenetrating network 
(SIN): Among the different processes of IPN synthesis, the SIN technique is 
generally the best one to achieve a high degree of intermixing  , as the compat-
ibility of monomeric mixture is much higher than that of a polymeric mixture. 
One primary condition for SIN is that the choice of monomer is restricted to 
compounds, which do not react together in the polymerization conditions. 
Hence, formation of both polymers by radical polymerization is not possible. 
Generally, one network is formed by radical polymerization, and the other one 
is obtained by polyaddition reaction. The gel point of the two systems involved 
may be reached at the same time or may be shifted in time. In an extreme 
case, the formation of the fi rst network is completed before the second 
monomer starts to react. If both systems reach gelation simultaneously, a very 
fi ne state of phase dispersion may be obtained. If one monomer system reacts 
faster, a larger domain size is obtained and the mechanical properties of the 
SIN improve. The three signifi cant events that occur during the synthesis of 
SINs are gelation of polymer I, gelation of polymer II, and phase separation 
of polymer I from polymer II. These three events may occur in any time order, 
and the number of independent ways of carrying out such a polymerization is 
3!, i.e., 6. Each is expected to produce different morphologies and as a conse-
quence a specifi c set of physical and mechanical properties  [88] . 

 Studies were carried out on polyurethane - polymethyl methacrylate SIN 
 [89]  to determine how morphology develops from the initial mixture to the 
fi nal IPN. This was done by starting the polymerization of MMA at various 
degrees of polymerization of PU, especially in the PU pre - gel region. When 
the time lag between the onset of the two reactions is short, macroscopic phase 
separation occurs as the PU network is incompletely formed. However, when 
the time lag increases, PMMA forms a more continuous network, which limits 
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the growth of phase separation to a close environment. Hence, by simply 
varying the lag time   between the onset of the two reactions, quite different 
morphologies and, therefore, properties were obtained. Kinetics of PU - PMMA 
IPN formation at different onset conditions is shown in Figure  2.4 .   

 Sequential interpenetrating network (Seq IPN): In sequential IPNs, the 
formation of undesired chemical bonds between separate networks is avoided 
because of the sequential synthesis. This broadens the probability of obtaining 
IPN from a wide range of starting materials. IPNs prepared by this technique 
are generally considered true IPNs if both the polymers are crosslinked. To 
obtain such an IPN, one polyfunctional monomer is fi rst polymerized and 
crosslinked. The crosslinked polymer is then swollen in another monomer, 
which was previously mixed with its initiator and crosslinker. The monomer 
was then crosslinked inside the existing polymer network. Among the factors 
such as miscibility of the polymer components, composition, crosslink density, 
polymerization sequence, polymerization, and phase separation kinetics —
 which affect the phase morphology of sequential IPNs — the polymerization 
sequence is specifi cally important. If polymers I and II are immiscible, and the 
crosslink density of I is small, i.e., the number of monomer units between 
crosslinks is high, then during the polymerization and network formation of 
II, the growing chains of monomer II will push apart the already existing 
chains of I and result in phase - separated IPN. However, the positions of the 
chains of monomer I will be hardly affected by the growth of network II if 

    Figure 2.4.     Kinetics of in situ delayed PU/PMMA IPN formation. ( � , � ) Simultaneous 
onset of both reactions; ( � , � ) initiation of free - radical polymerization delayed 4   h; 
( � , � ) time lag of 8   h; ( 	 , 
 ) time lag of 12   h. The full symbols refer to MMA polym-
erization and the open symbols to PU.  Reproduced from  Polymer ,  46 : 3318 (2005).   
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network density of I is high. In such cases, network II will form by interpene-
trating the existing network I, and a homogeneous IPN will result through 
forced compatibilization of both the polymers  [90] . Thorough study on the 
sequential IPN of immiscible polymers [e.g., polymethyl acrylate (PMA) and 
polymethyl methacrylate (PMMA)] show phase separation at low crosslink 
densities detected by the occurrence of two clearly differentiated main dynamic 
mechanical relaxation processes corresponding to the two components. 
However, increasing the crosslink density  [91]  may compatibilize these two 
components. PMA/PMMA IPNs crosslinked with 10% diethylene glycol 
dimethacrylate shows a single dynamic mechanical relaxation process. It is 
shown that the key factor controlling the miscibility of sequential IPN is the 
crosslink density of the network that is polymerized fi rst. In an IPN, there may 
be some accidental grafts between the networks, but the deliberately intro-
duced crosslinks should always outnumber the accidental grafts. The differ-
ence between the experimental and calculated values of the refractive index 
and the swelling degree of in situ sequential polyurethane (PU) - polystyrene 
(PS) IPNs shows the presence of additional physical crosslinks for such system 
with different combinations of PU and PS  [92] . The maximum entanglement 
was achieved for a 50:50 IPN composition. Sequential method results to the 
higher miscibility of the components compare to the simultaneous ones. Com-
parison of the reaction kinetics of sequential and simultaneous PU - PS IPNs 
shows that although for simultaneous IPNs both reactions start at same time, 
the formation of PU and PS are not simultaneous. The PU formation is found 
to be faster than the polymerization of styrene but gelation, which takes place 
at 70% conversion, occurs too late to prevent the polymerization - induced 
phase separation to extend. On the other hand, in the in situ sequential process, 
the formation of a PU network is complete and the polymerization of styrene 
can only proceed in the immediate vicinity of the preformed PU network due 
to topological hindrance. Therefore, higher miscibility of PU and PS results in 
a sequential technique  [93] . The polymerization kinetics of sequential and 
simultaneous PU - PS full IPNs is shown in Figure  2.5 .   

 An interesting range of properties may be achieved when an elastomer and 
plastomer are blended in different proportions for the preparation of an IPN 
 [94] . A natural rubber polystyrene - based sequential IPN where the crosslinked 
NR phase was prepared fi rst shows an intimate mixing of the two component 
phases, and a fi ner and more uniform distribution of PS in the NR phase was 
obtained  [95] . The system showed a cocontinuous morphology above 50% PS, 
which results in an enhancement of different properties.   

  Elastomer Crosslinking     Elastomers are made of long chain molecules with 
molecular weight vary in the range of 1.5 – 5    ×    10 5 . Uncrosslinked elastomers 
have limited commercial value because of their easy deformation under load 
and rapid dissolution in different solvents. To achieve the desired properties 
in the fi nal products, it is necessary to crosslink the elastomers known as 
vulcanization. 
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 The term  “ vulcanization ”  refers to a chemical process in which the uncured 
long chain rubber molecules are tied together into a three - dimensional elastic 
network by the insertion of crosslinks  [96] . Hence, by vulcanization a raw 
rubber is transformed from its thermoplastic state to an elastic rubbery or hard 
ebonitelike state. The three - dimensional network structure imparts strength, 
rigidity and elastiticity, improves solvent properties, and enhances the resis-
tance to deformation of elastomers under heat and cold. Initially, vulcanization 
referred to the crosslinking of elastomer chains with the aid of sulfur but in 
due course different types of new crosslinking agents have been developed. 
The selection of crosslinking agents depends upon the type of elastomers and 
performance properties desired. 

  Curing of the Rubber Stock and Stages of Vulcanization     The curing and vul-
canization of rubber are synonymous. By plotting the change in a specifi c 
property such as tensile strength or modulus with the length of curing, the cure 
curve is obtained. The rate of vulcanization is an extremely important param-
eter in rubber industries as it controls the optimum cure time, which in turn 
determines the total batch cycles that may run per day in an industry. However, 
the rate of cure may be monitored by suitable choices of crosslinking agents 
and conditions. Vulcanization may occur in three different stages in an elasto-
mer, which may be presented graphically by the generation of tensile modulus 
with time (Figure  2.6 ).   

 The stages are the induction period, i.e., the onset of vulcanization, a curing 
and crosslinking stage that consists of under and optimum vulcanization steps 
and a reversion or overcure stage  [97] . In the induction period, i.e., in the 
prevulcanization stage, gradual thickening of the elastomer starts with no 

    Figure 2.5.     Kinetics of in situ ( � ) PU; ( � )  - PS full IPN formation. A. Sequential IPN. 
B. Simultaneous IPN.  Reproduced from  Macromol Symp ,  216 : 179 (2004).     
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measurable crosslinking. During this period, rubber compounds still fl ow unin-
hibited in the mold. This duration determines the safety of a stock against 
scorching (premature vulcanization) during the various processing steps, which 
precedes the fi nal cure. The choice of suitable crosslinking chemicals may 
shorten or lengthen the prevulcanization step. In most cases, the rapid vulca-
nization initiation is undesirable as it hampers the safe processing of the elas-
tomer, but in some cases such as open curing, very fast vulcanization initiation 
is needed. The onset of vulcanization is followed by a crosslinking reaction at 
a rate dependent on the temperature and curative composition. This is the 
prime step of vulcanization, when most of the desired technological properties 
of the vulcanizate generate. All the properties may not attain their best values 
at a specifi c time, and there is no universal method for the selection of optimum 
cure time. Hence, for a specifi c formulation the time where the best combina-
tion of all the desired properties is achieved for a particular application is the 
optimum cure time. Further heating beyond the full cured state of the elasto-
mer produces an overcured compound, which is evidenced either by continued 
stiffening refl ected by a rise in modulus and a fall in elongation, or by rever-
sion refl ected by a fall in hardness, modulus and tensile strength, and a rise 
in elongation. Overcure is unavoidable in the vulcanization of most of the 
products. The surface of a thick product becomes overcured until its interior 
reaches a full cured state. Any curing shorter than the optimum is known as 
undercure. 

 Scorching is the term used for premature vulcanization. It takes place due 
to improper selection of compounding and processing time and temperature. 

    Figure 2.6.     Stages of vulcanization. A. Compounds with rapid onset of vulcanization. 
B. Compounds with delayed onset of vulcanization. C. Compounds with increasing 
modulus. D. Compounds with reversion.  
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For thorough mixing of the compounding ingredients with the rubber stock, 
it is necessary to subject the rubber stock to a very high temperature for a 
defi nite time period in the mixing mill. If vulcanization starts during this 
period, scorching occurs. Once scorching has occurred, the rubber stock cannot 
be processed further and its molding to its fi nal shape is impossible. Hence, 
it is desirable that vulcanization should not start until the processing is 
complete, i.e., it should start when required, accelerate when needed, and 
must stop at the right time. Scorch resistance is the time elapsed before the 
vulcanization starts. Scorch resistance provides enough time for mixing, storing, 
and molding of the rubber mixture into the desired shape and size. This 
can be achieved by the incorporation of a delayed action accelerator, which 
defers the onset of vulcanization and makes the compounding and processing 
operation safe. 

 Temperature coeffi cient: The rate of vulcanization is highly dependent on 
temperature. With the increase in temperature, the vulcanization rate increases. 
The ratio of the rate of reaction at two temperatures 18    ° F (10    ° C) apart is the 
temperature coeffi cient of the rate of that reaction. The temperature coeffi -
cient of vulcanization from 200    ° F to 400    ° F is  ∼ 2  [98] .  

  Vulcanization Modes and Mechanisms     The choice of the vulcanization mode 
depends primarily upon the nature of the elastomer to be crosslinked. Most 
of the elastomers are unsaturated in their nature, and for such polymers the 
predominant mode of crosslinking is sulfur vulcanization. Such a system con-
sists of pure sulfur or a combination of sulfur and metal oxide (usually zinc 
oxide) and/or one or more organic promoters, known as accelerators, along 
with activators or retarders, and results in the formation of mono -  and poly-
sulphide linkages between the polymer chains. The crosslink density depends 
upon the time and temperature of cure and the concentration of curatives as 
well as of cure sites. Sulfur vulcanization is not suitable for crosslinking of 
saturated elastomers, which may be crosslinked by peroxides or high - energy 
radiation.  

  Vulcanization with Sulfur     Sulfur is the prime material for crosslinking the 
elastomers. The dose varies between 0.25 and 5.0 parts per 100 parts of rubber 
(phr) for soft rubber products, whereas for hard rubber compounds like 
ebonite, the dose remains in between 25.0 and 40.0   phr. The vulcanization 
temperature may vary within 150    ° C    ±    30    ° C. In addition to the polysulphide 
linkages results in intermolecular crosslinking, sulfur vulcanization leads to 
many undesirable side reactions such as formation of intramolecular cyclic 
structures that do not contribute to chain interlocking. Most of the evidence 
favors the free - radical mechanism for sulfur vulcanization. Thermally induced 
sulfur vulcanization is autocatalytic in nature, and the polysulphide products 
formed in the reaction splits to active thiyl (RSH • ) and polysulfenyl   RSX i( ) 
radicals, which act as catalysts. The reaction steps are shown in Scheme  2.15  
 [99, 100] .   
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    Scheme 2.15.     Free - radical mechanism of sulfur vulcanization.  Reproduced from  Prog 
Polym Sci ,  22 : 475 (1997).   
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 However, the use of sulfur alone is an ineffi cient process, as it needs a higher 
dose of sulfur, high temperature and long duration of vulcanization, and the 
predominant existence of polysulphide linkages rather than mono -  or disul-
phide, which results in unsatisfactory strength and poor aging resistance of 
the vulcanizates. Sometimes, instead of elemental sulfur, sulfur donors like 
dithio - di - morpholin, N - oxy diethylene dithiocarbamyl  - N ′  oxydiethylene sul-
phenamide, etc., may be used for vulcanization. They liberate sulfur at the vul-
canization temperature and sometimes may act as vulcanization accelerators.  

  Modifi ed Sulfur Vulcanization Systems     To overcome the disadvantages of 
elemental sulfur vulcanization, a modifi ed sulfur vulcanization system that 
consists of sulfur, accelerator, and activator has been introduced. The crosslink 
density of a vulcanized rubber is dependent on the nature of the elastomer, 
accelerator type and composition, time and temperature ratio, and the accel-
erator sulfur ratio  [101] . Combined vulcanization systems for elastomers may 
be classifi ed as conventional, semi - effi cient, or effi cient depending upon the 
accelerator – sulfur ratio. It is 0.1 – 0.6, 0.7 – 2.5, and 2.5 – 12.0 for conventional, 
semi - effi cient, and effi cient systems, respectively  [102] . Enhancement of accel-
erator - sulfur ratio results in a higher rate of crosslinking  [101] . 

 The advantages of accelerator systems are 

  1.     Accelerate the crosslinking reaction and hence reduce the cure time and 
make the process economic.  

  2.     Reduce the cure temperature and improve the aging stability.  
  3.     Reduce the amount of organic sulfur and hence unwanted side reactions 

are mostly eliminated.  
  4.     Combination of two or more accelerators results in synergism and prop-

erties improve  [103] .  
  5.     A broad plateau may be achieved in the stress heating time curve, indi-

cating processing safety.    

 Depending on their chemical nature, accelerators are classifi ed as acidic or 
basic. Important acidic accelerators are as follows: 

 Thiazole accelerators: They have highest economic importance in rubber 
compounding and are known as all - purpose accelerators. Mostly used are 2 -
 mercapto - benzthiazole (MBT) and dibenzthiazyl disulphide (MBTS). These 
accelerators impart safe processing with a broad vulcanization plateau and 
excellent aging resistance of the vulcanizates. When combined with secondary 
basic accelerators such as guanidine, thiourea results in a higher crosslink 
density of the vulcanizates with an excellent synergism in product properties 
 [104] . 

 Benzthiazole sulfenamide accelerators: Cyclohexyl - , tert - butyl, and dicyclo-
hexyl - benzthiazole sulfenamide are examples. These accelerators impart a 
great processing safety as they start the vulcanization in retarded fashion 
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compared to MBT or MBTS. For molded articles they provide a long fl ow time 
but a very rapid vulcanization fi nish. The addition of a secondary accelerator 
may synergistically affect the vulcanization speed  [105] , and a favorable com-
bination of fl ow time and cure time may be achieved. 

 Dithiocarbamate accelerators: Zinc, sodium or other metal dithiocarbamate 
are the examples. These are ultra - accelerators and to maintain processing 
safety, they are used in combination with other slow - acting accelerators. They 
may be used as sole accelerators in latex compounding  [106] , where the pro-
cessing takes place at room temperature or in open curing. Proper combina-
tions with secondary accelerators allow their use even for transfer or injection 
molding. 

 Xanthate accelerators: They are the derivatives of xanthic acid and are the 
fastest - acting accelerator. Hence they are used only in special cases of solid 
rubber. As they have a very short vulcanization plateau, a low cure tempera-
ture of 80    ° C – 110    ° C is applied for them  [107] . 

 Thiuram accelerators: Tetramethyl thiurammonosulfi de (TMTM), tetra-
ethyl thiuramdisulfi de (TETD), dimethyl diphenylthiuram disulphide are the 
prime examples. Thiurams can be used for a wide range of sulfur accelerator 
ratio  [108] . Combination of thiurams as a secondary accelerator with rapid 
accelerators such as xanthate and dithiocarbamate, imparts a retarding effect 
without affecting the crosslink density of the vulcanizate, whereas the curing 
rate is enhanced with an accelerator such as thiazole  [109]   . 

 The important basic accelerators are as follows: 
 Guanidine accelerators: Mostly used are diphenylguanidine (DPG) and 

di - o - tolyl - guanidine (DOTG). These are secondary accelerators as they 
result in unfavorable vulcanization plateaus, have long scorch and vulcaniza-
tion times, and products have poor aging resistance. In combination with 
primary accelerators such as mercapto, they show excellent synergistic action 
 [106] . 

 Aldehyde amine accelerators: These are the condensation products of 
aldehydes and amines. The principally used amine is aniline. They widely vary 
in their activities and are relatively less important accelerators. Butyralde-
hydeaniline is a very rapid accelerator and leads to products of high crosslink 
density  [97] . 

 Amine accelerators: These are secondary accelerators and rarely used 
alone. Cyclohexyl amine and dibutylamine are mostly used for the activation 
of dithiocarbamate accelerators. 

 Activators: Zinc oxide has a pronounced effect on sulfur vulcanization. It 
improves the action of many accelerators and acts as an activator. Organic 
fatty acids (such as stearic acid) improve the action of ZnO. Hence, in sulfur 
vulcanization, stearic acid accelerates the action of ZnO, which accelerates the 
actions of accelerators, which accelerates the action of sulfur. The addition of 
ZnO enhances vulcanization effi ciency and vulcanizate properties and reduces 
the vulcanization time. Introduction of nano - ZnO  [110]  results in lesser con-
sumption of ZnO but higher improvement in the properties. 
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 Mode of reaction: The mechanism of vulcanization is fairly complex. It is 
mainly dependent on the components present, temperature, and duration of 
the process. It has been proposed that the fi rst step is the formation of an 
active accelerator complex (I) by the combination of accelerator and activator 
 [111] , which on subsequent reaction with sulfur produces an active sulfurating 
species (II). Zn ++  ions play an important role in the formation of such active 
species. This reactive species reacts with the allylic hydrogen atom of rubber 
unsaturations to form a rubber bound intermediate, designated as a crosslink 
precursor (III). Reaction of such two intermediate moieties results in polysul-
fi dic crosslinks (IV). The initial crosslinks may eventually desulfurate to form 
shorter crosslinks (V) or degrade to cyclic sulphides. The probable reactions 
are given in Scheme  2.16 .    

  Vulcanization Without Sulfur    

  peroxide crosslinking     Besides sulfur and accelerators, peroxides are also 
widely accepted today in rubber vulcanization. They are specifi cally used for 
rubber products requiring high thermal resistance. Peroxides are mostly used 
for curing saturated elastomers (i.e., ethylene propylene rubber, silicone 
rubber, chlorinated polyethylene, ethylene vinylacetate copolymer, etc.), but 
may also be applied for crosslinking of unsaturated elastomers (i.e., natural 
rubber, styrene butadiene rubber, nitrile rubber, etc.). The degree of crosslink-
ing in peroxide vulcanization depends upon the radical yield from respective 
peroxide as well as the reactivity of the rubber. Peroxide vulcanization involves 
three different stages  [112, 113] . These three stages are homolytic cleavage of 
peroxide to form two alkoxy radicals, abstraction of the H -  atom from a 
polymer chain by the alkoxy radical, and coupling of two radicals on adjacent 
polymer chains to form a C − C bond. Hence, in peroxide vulcanization neither 

    Scheme 2.16.     General scheme for sulfur vulcanization.  Reproduced from  J Appl Polym 
Sci ,  95 : 1388 (2005).   
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the peroxide nor the byproducts from the vulcanization process are part of 
the crosslinks, and the chains are interlinked by C − C bonds. The reaction 
mechanism is as follows:

   

ROOR
Heat or light

2RO

RO + PH ROH + P

2P P     P   

 For unsaturated elastomers, the primary radical formed by the decomposition 
of peroxide abstracts the  α  hydrogen to the double bond  [114, 115] . In perox-
ide vulcanization it is possible to apply a high vulcanization temperature 
without reversion. It is a rapid crosslinking process and the products possess 
good electrical and thermal properties. However, peroxides are expensive, 
and the products possess low tensile, tear strength, and poor abrasion resis-
tance. Peroxides may also react with other compounding ingredients such as 
antioxidants, plasticizers, or resins, etc. Important commercial peroxides are 
diacetyl peroxide, dibenzoyl peroxide, dicumylperoxide, di - tert - butyl peroxi-
detc  [116, 117] .  

  radiation crosslinking     Crosslinking of elastomers may also be carried out 
by high - energy radiation such as X - ray, proton, electron, and neutron beams. 
Such crosslinking does not involve use of any curative. Irradiation generates a 
high concentration of free radicals by dehydrogenation in the rubber molecules, 
which combine to form C − C crosslinks as in the case of peroxide crosslinling. 
It is a physically induced chemical reaction, which is easier and preferable for 
continuous curing technologies and is used for many applications in the rubber 
industry    [100] . Halogenated compounds, nitrous oxide, sulfur monochloride, 
and bases such as amine and ammonia act as sensitizers in radiation crosslinking 
by reducing the required radiation dose and time  [118] . 

 Thermal curing involves a long cure time, high - energy consumption, evolu-
tion of volatile toxic byproducts, and creates residual stresses in the material, 
whereas electron beam curing of rubber is a fast nonthermal process that uti-
lizes highly energetic electrons at controlled doses for curing of variety of 
components for aerospace, automotive, and consumer applications  [119] . 
Apart from crosslinking, electron beam radiation may also result in oxidation 
and degradation of a network structure  [120] . The crosslinking effi ciency of a 
rubber under an electron beam depends on its molecular structure. In photo-
crosslinking, the rubber absorbs light (near the ultraviolet and/or visible 
regions) whose wavelength is identical to the absorption band of photosensi-
tive groups present in the rubber molecules. The absorbed energy usually 
generates radicals, which can initiate the crosslinking reaction  [100, 121] . Pho-
tosensitive groups include cinnamoyl, cinnamylidene, acryloyl, diazo and 
dithiocarbamate, and double bonds. 
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 Apart from the modes described above, unsaturated elastomers such as 
natural rubber, styrene butadiene rubber, or nitrile rubber may also be cross-
linked by phenol formaldehyde resin  [122, 123] . Ethylene thiourea has been 
established as a suitable crosslinker for specialty rubbers such as polychloro-
prene and epichlorohydrin rubbers  [124, 125] . Fluororubbers may be cross-
linked by polyamines, polyols, etc.    

  In Supercritical  CO  2      It would be an incomplete discussion without mention-
ing the reactions in supercritical CO 2 . The handling of common solvents is 
simple and the reaction process is smooth, but sometimes they are not envi-
ronmentally friendly. Moreover, solvent removal from the fi nal product creates 
additional wastes. To avoid these, supercritical CO 2  is the alternative choice. 
As supercritical fl uid technology in recent years has made extraordinary prog-
ress in terms of commercial applications, its value in polymeric processes is 
obvious. 

 CO 2  is rather nontoxic, nonfl ammable, inexpensive, and volatile, as well as 
readily available. It can be easily separated from other components and has a 
readily accessible critical point (T c  31.1    ° C and P c  7.38   MPa). In addition, for 
both Sc and liquid CO 2 , the dielectric constant varies from 1.2 to 1.5. Low vis-
cosity and surface tension makes the mass transfer speed is much faster than 
any other conventional liquid. The density of sc CO 2 , and thus its solvent 
strength, is continuously tunable from gaslike to liquidlike by changing tem-
perature or pressure  [126] . All these advantages make the CO 2  an excellent 
reaction media for polymerization. 

 Features: 
   •      Green solvent  
   •      Good soluble and swelling agent  
   •      Tunable strength depending upon pressure and temperature    

 The solubility and swellability of the polymers and small molecules in sc 
CO 2  makes the grafting reaction between monomer and substrate are has 
much accessible  [127 – 132] . 

 The free - radical mechanism controls the grafting and crosslinking reaction 
is similar to the conventional one. 

 Limitations: High - energy consumption and investment costs   

  Using Radiation Routes 

  Using High - Energy Radiation     The use of high - energy radiation for the 
preparation of graft and crosslinked polymers began in early 1960s and since 
then, it has been investigated in great depth. The main radiation sources are 
for high - energy  γ  radiation and ion beam. Since radiation interacts with organic 
and other molecules to produce free radicals, cations, and anions, all three 
types of paths are possible. 
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 Features: 
   •      Simple and accurate, easy to control and clean process.  
   •      Low energy consumption and of manpower saving process.  
   •      Additives or catalysts are not needed to initiate.  
   •      Local heating can be avoided as in the chemical method.  
   •      Absorption of energy by the polymer initiates free - radical process unlike 

in the chemical method, where purity of the initiators is the matter of 
concern.  

   •      Zero activation energy process for initiation, as it is a temperature inde-
pendent step.  

   •      High penetrating ability makes it appropriate to solid substrate in 
grafting.  

   •      Possibility exists to mosaic graft (grafting of different monomers in dif-
ferent portions on the same substrate) on the solid substrate, as it can 
direct the location of interest    

 Grafting proceeds in three main methods: preirradiation, peroxidation, and 
simultaneous radiation. The mechanisms are discussed below. 

  (I)   Preirradiation Techniques     In this grafting  [133 – 137]  the polymeric 
backbone (| - H) is fi rst irradiated, usually in vacuo or in inert gas, to produce 
relatively stable free radicals, which are then reacted with a monomer (M), 
usually at elevated temperature. Since monomers are not exposed to radiation 
in this technique, the obvious advantage is that it is relatively free from the 
problem of homopolymer formation. However, the disadvantage of the tech-
nique is that if the polymer is a degrading type, the scission of the base polymer 
due to its direct irradiation, brings about the formation of block rather than 
graft copolymers. Also, if the substrate polymer does not have the ability to 
trap the radicals for a long enough time, subsequent grafting reaction will not 
follow.

   

| – H   | • + H•

M

| •  | – M 

 (|– H is the polymer and M is the monomer)    

  (II)   Peroxidation Techniques     Unlike the previous method, here the trunk 
polymer is subjected to high - energy radiation in the presence of air or oxygen. 
The result is the formation of hydroperoxides/diperoxides depending on the 
nature of the polymeric backbone and irradiation conditions  [138 – 140] . 

 The stable peroxy products are then treated with the monomer at higher 
temperature, where the peroxides undergo decomposition to radicals, which 
then initiate grafting. It is also seen that the peroxide method is also a preir-
radiation one with similar attendant advantages and disadvantages. The long 
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storage time of intermediate peroxy trunk polymers before the fi nal grafting 
step is an obviously a great advantage of this technique.

   

  | –   H   | –   OOH   or   | –   OO – | 

 | – OOH  or   | –   OO– |   | –  O•  +  •OH 

| –   O• + M     | –   O–M    

  (III)   Simultaneous Method     In this most commonly used method, the sub-
strate is irradiated simultaneously along with the monomer  [141 – 146] . The 
monomer may be present as vapor, liquid, or solution. The free - radical and 
ionic reaction mechanisms are presented below (considering the vacuum/inert 
gas medium). 

 As both the monomer and substrate are exposed simultaneously to the 
radiation source, the formation of active sites in both the species occur. Of 
course, further reaction is dependent on the generation of free radicals on the 
polymer/monomer in the reaction. If the monomer has high G (M • ) (radiation 
yield) value, homopolymer formation is favored over grafting. In practice, the 
radiation doses required to achieve graft in the simultaneous method are lower 
than the other two methods.

   

|–   H   |•    +   H•

M  M •

| •      +     M•  |–  M 

Undesired reaction:  M  M•

M•  +  M   Mn

•

  

 The reversible addition fragmentation transfer mechanism (discussed 
earlier) can also operate in the radiation initiated grafting technique  [147, 
148] . 

 In the ionic mode, two different types (cationic and anionic) mechanisms 
can operate. In a similar approach to that presented earlier, the polymer is 
irradiated to form polymeric ions and then reacts to the monomer. The high 
reaction rate of the ionic mode needs small radiation doses to make the req-
uisite grafting suffi cient.   The cationic grafting is initiated from the backbone 
as follows:

   +

CH2 -CH- X

CH2 = CH- X   
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 The alternate cationic grafting mechanism proceeds through monomer radical 
cation, which subsequently forms a dimer. Charge localization in the dimer 
occurs in such a way that the dimer radical cation reacts with the radical pro-
duced by the irradiation of the polymer to form the grafted polymer. The 
mechanism is sketched below.

   

CH  X=  CH2  [CH  X=  CH2]
•+ e–

CH  X=  CH2
+  [CH  X=  CH2]

•+ e–  •CHX– CH2
– CH2  – +CHX

|  •  +  •CHX–CH

(|– H is the polymer and M is the monomer, CHX= CH2 is model monomer)

2
– CH2 – +CHX  | – CHX– CH2

– CH2  – +CHX

  

 Analogous mechanisms involve the anion as the initiator in cases of anionic 
grafting. 

 Crosslinking also follows the same mechanistic way as grafting. It occurs 
between the same polymers as well as different polymers. The following reac-
tions are expected to occur for the different polymers.

   

Polymer A

Polymer B

n

n

+
n

n
  

 If one of the polymers is of the degrading type, one can still expect the for-
mation of grafted structures such as

   

A

B   
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 Limitations: 
   •      Expensive technique.  
   •      Length of irradiation time is long and setting up optimum conditions is 

a huge task.  
   •      Possibility of scission exists by applying a higher than optimum dose.      

  Using Photoradiation     Photografting and crosslinking are usually considered 
radical chain reactions where the initiation step is produced by a photochemi-
cal event. 

 Features: 
   •      In general, the photoinduced reactions are of low activation energy with 

respect to chemical reaction and reaction rates are rapid.  
   •      It can proceed under a low or room temperature and results in high 

monomer conversion and low monomer residue.  
   •      It provides solvent - free formulations, which reduce the emissions of vola-

tile organic pollutants.  
   •      Controllable grafting on the polymeric surface without affecting the bulk 

properties.  
   •      Moreover, it provides both spatial and temporal control of the reaction 

since light can be directed to locations of interest in the system and is easily 
shuttered on or off. For that, the feasibility of mosaic grafting also exists.    

 Photoinitiated grafting is achieved by two different pathways: directly, i.e., by 
photolysis of chromophoric groups on the macromolecules  [149 – 150]  or indi-
rectly, i.e., by an attack on macromolecules by radicals or electronically excited 
molecules that are produced by the photolysis or solvent or additive molecules 
 [151 – 155] . The direct method shows that apart from the graft copolymer, the 
unwanted homopolymer is also formed if radical Y •  generated by the photo-
lysis of side groups of the polymer (| - Y) is reactive towards the monomer. The 
chemical nature of the fi nal product depends on the extent to which chain 
termination occurs via disproportionation versus combination. Actually, chain 
combination leads to crosslinks.

   

Y Y+

+ M (M)n

(Y: photo active group, M: Monomer)

hν

  

 The indirect method is illustrated in the routes for the cases of attack on 
polymers by free radicals (Route 1) and reaction of electronically excited 
photoinitiator molecules (PI) with lateral functional groups (Route 2), respec-
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tively. Actually, photoinitiator molecules are necessary where the monomers 
have low quantum yield. 

  Route 1:  

   (PI: Photoinitiator, RH: Solvent, M: Monomer, R1 nd R2 are the fragments)

PI [PI]*

[PI]*
R1 + R2

RH PIH + R

+ H RH +

+ nM (M)n

+ nM R (M)n

R

R

hν

   

  Route 2:  

   (PI: Photoinitiator, XH: Functional Moiety, M: Monomer)

PI PI
hn

PI + XH PIH X+

X + nM X ( M)n

PIH + nM HPI (M)n

     

 The photochemical processes of the photoinitiator that result in a transforma-
tion of the photoinitiator molecule often take place in the triplet states (T). 
The transformation is mainly through cleavage processes, electron transfer 
reactions, hydrogen abstractions, isomerization, or rearrangement. Thus the 
primary radical is produced.

   

hν
PI ⎯→ 1[PI]* ⎯→ 2[PI] * ⎯→ R •

Singlet      Triplet Primary radical   

 The produced primary radical will initiate the monomers to form graft poly-
mers through the initiation, propagation, and termination reactions as in the 
usual free - radical polymerization. 
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 The free - radical photointiators are in general of two types:  α  - cleavage 
photoinitiators and hydrogen abstraction photoinitiators. 

  1.      α  - cleavage photoinitiators involve a cleavage that takes place at the C − C 
bonds. This is a unimolecular one. The photochemical processes of this 
type of photoinitiators can be expressed as follows:

   

O

Ph Ph
R OR

O

Ph Ph
R

RO
+

R= H, alkyl, subst. alkyl

2 *

     

 For example, benzoin ether, hydroxyalkyl phenyl acetophenones, phosphine 
oxide derivatives, etc. 

  2.     Hydrogen abstraction photoinitiators consist of an initiator and a coini-
tiator, i.e., a bimolecular one. The coinitiator is generally an amine, 
alcohol, or thiol with an  α  - hydrogen and functions as the H - donor  [156] . 
The initiation mechanism is expressed as follows:

   

O *

Triplet (T)

2

Electron 
transfer

CHR

H

:NR2

O

Charge transfer
Complex (CTC)

2
CHR

H

+NR2

_

OH CHR

NR2

Initiating radical

+

     

 For example, benzophenones, thioxanthones, benzyls, etc. with the presence 
of alcohol or amines. 

 Solvent - initiated free - radical grafting can also occur when grafting occurs 
in a vapor phase or a mixture of aliphatic ketone/water and ethanol. Accord-
ing to photodecomposition and the self - initiation mechanism  [157] , the acetone 
molecule on UV light, is either split by a Norrish type I reaction and form 
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acetyl and methyl radicals, or abstracts an H - atom from a nearby molecule or 
monomer or polymer.   

 However, this is only occurred when acetone is in the vapor phase. In the 
mixture of aliphatic ketone/water, there is the possibility of H - bond formation 
 [158 – 160] , and H - bond increases the energy of the excited state of ketone, 
thereby permitting it to abstract an H - atom from the polymer surface. Alcohol 
is used to promote photoinitiation effi ciency.

   

O O

T 3

R R R R

R + C R

O

PH

OH

R R

+ P

R = alkyl group

  
 Photocrosslinking has also occurred through the free - radical mechanism as 
shown in grafting. The reaction also occurs through pendant photofunctional 
groups (Scheme  2.17 ) (azo, chalcone, cinnamoyl, acrylate, allyl ester moieties) 
of the polymers directly or indirectly  [161 – 166] . Metal ion initiated photo-
crosslinking is also feasible in the indirect approach  [167] .   

 Limitations: 
   •      Poor penetrating power of the light restricts graft copolymerization to 

the polymeric surface.  
   •      Length of irradiation time and the set – up of optimum conditions as well 

as the selection of best photoinitiatior is huge task.  
   •      Possibility of scission exists by applying above the optimum dose.     

  Using Plasma Radiation     Plasmas are of neutral gaslike clouds or charged 
ion beams. They are typically formed by thermal, electrical, or light (UV - light 
or intense visible light from a laser) and ionizing a gas, stripping electrons 
away from atoms, thereby enabling the positive and negative charges to move 
freely. In the chemical sense, the interactions with electrons, ions are radical 
generation reactions. The radical generation reaction is either hydrogen 
abstraction or chain scission reactions. Plasma is an initiator to cause grafting. 
Essentially, radicals formed in the polymer chains by plasma reactions undergo 
similar reactions to that high - energy irradiation. The energy in plasma is lower 
than the usual conventional energy (e - beam,  γ  - irradiation). The effects of the 
plasma are milder than those of high - energy irradiation, because of the low 
level of high activated species, electrons, and ions. Thus, the plasma forms free 



    Scheme 2.18.     Schematic diagram of the preirradiation and simultaneous methods.  

    Scheme 2.17.     Photocrosslinking in functionalized chalcone moiety.  Reproduced from 
 React Funct Polym,   49 ( 1 ): 77 (2001).   
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radicals on the surface of the polymer rather than the ionization. As the 
changes are confi ned only to the depth of a few nanometers at the surface, 
the bulk properties (degree of polymerization and crystallinity) of the material 
are not very much infl uenced, with respect to high irradiation energy ( γ  - irra-
diation, accelerated electrons). 

 Features: 
   •      The bulk properties will not change as the plasma induces vicinity of the 

surface.    
   •      Surface grafting is more favored.  
   •      It can be carried out without adding any other organics as a photosensi-

tizer that is required in case of photoirradiation.  
   •      Pore - fi lling polymerization can be carried out in this technique.    

 Radical sites are formed as shown in high - energy radiation techniques, i.e., 
preirradiation and simultaneous techniques  [168]  (Scheme  2.18 ). The preirra-

    Scheme 2.19.     Schematic diagram of pore - fi lling plasma - graft polymerization.  Repro-
duced from  J Membr Sci   95 ( 1 ):39 (1994).   
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diation technique is favored to minimize the formation of homopolymers. 
Polymers are fi rst exposed to plasma to create the radicals in the vicinity of 
the polymer surface, and then contacted to the vapor of the adequate monomer 
or the aqueous or organic solution of the monomer.   

 Different plasmas are available, but for grafting, argon and oxygen plasma 
used the most. 

 In this context, the important technique to be addressed is pore - fi lling 
plasma graft polymerization  [169 – 171] . The plasma treatment of the support 
matrix fi lled with monomer/monomer - crosslinker forms the grafted polymer. 
It can be a single step reaction or a two - step reaction. The schematic presenta-
tion is given below (Scheme  2.19 ).   

 Limitations: 
   •      Expensive  
   •      Restricted to surface grafting       
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 MECHANISM AND KINETICS  

  Christopher M.   Fellows        

  INTRODUCTION   

 The kinetics of a chemical reaction depends on the mechanism involved in the 
reaction. This makes it possible to probe the mechanism of polymer grafting 
and crosslinking reactions by considering their kinetics, and conversely, to 
predict the kinetics of these reactions from mechanistic information. The 
mechanisms by which graft and crosslinked polymer networks are generated 
may be classifi ed on a physical basis, in terms of relative dimensions of the 
species reacting, or on a chemical basis, in terms of the chemical nature of the 
intermediate in the reaction. 

 Physically, these reactions may be divided into 

  (1)     Polymer/Polymer ( P / P ) Mechanisms:   Grafted and crosslinked poly-
mers can be created by adding a linking agent to one or more pre-
formed polymers. The best known instance of this class is the 
 “ vulcanization ”  process for preparing a crosslinked elastomer from 
viscoelastic natural rubber  [1] . Physical stimuli such as shear or  γ  irra-
diation may also be used to effect grafting and crosslinking between 
preformed polymers, or polymers may be prepared with specifi c func-
tional groups which react to form covalent bonds.  

  (2)     Polymer/Monomer ( P / M ) Mechanisms:   A polymer may be subjected to 
conditions such that reactive centers are generated on it from which new 
polymer chains may grow (a  “ grafting from ”  reaction), or to which new 
growing polymer chains may be attached (a  “ grafting to ”  reaction)  [2] .  
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  (3)     Monomer/Monomer ( M / M ) Mechanisms:    Polymerization of a multi-
functional monomer may be carried out in such a way that a highly 
crosslinked or branched product may be formed (e.g., the polymeriza-
tion of multiply substituted acrylates  [3, 4] ).    

 This chapter will concentrate on the kinetics and mechanisms of grafted 
and crosslinked polymers prepared by P/M mechanisms. The kinetics of 
polymer networks prepared by M/M mechanisms is well described by conven-
tional polymerization kinetics, while there are close analogies between the 
key kinetic events in typical P/M and P/P mechanisms. 

 Chemically, grafting and crosslinking reactions may be logically classifi ed 
according to the nature of the intermediate involved. Perhaps the most impor-
tant intermediates for grafting and crosslinking are free radicals. Of somewhat 
lesser importance, due to the typical chemistry of commodity polymers and 
the typical conditions under which grafting and crosslinking take place, are 
the chain reactions proceeding through a cationic, anionic, nonpolar interme-
diate (e.g., the Diels - Alder addition  [5] ) or through an enzyme - substrate 
complex (where the charge distribution in the intermediate is unclear). Grafted 
and crosslinked polymers can also be generated by step - growth mechanisms, 
through the reaction of a mixture of di - , tri - , or more highly functionalized 
monomers  [6] . However, this chapter will focus on chain reactions.  

  RADICAL MECHANISMS 

 Radical intermediates can be generated in a number of ways (Scheme  3.1 ). 
Radicals may be introduced via the thermal or chemical decomposition of an 
initiator, by a redox reaction between two species, or by the excitation of a 
photoinitiator. Radical intermediates can also be introduced by exposure of a 
material to energies suffi cient to cleave chemical bonds homolytically, using  γ  
irradiation, photoirradiation, thermal treatment, or an electron beam. Where 
initiation is by irradiation, the radical fl ux generated will clearly be propor-
tional to the fl ux of radiation (conventionally intensity,  Φ , for lower - energy 
photons and radiation dose,  G , for  γ  - rays). Preirradiation of a material by ion-
izing radiation is sometimes used to generate radical initiator species, 
typically peroxides,  in situ .   

 Initiation is the fi rst reaction of a chain carrier with a polymer or monomer 
molecule to generate a new covalent bond and regenerate the reactive center 
at a new location. This initiation may occur by addition, where the radical adds 
across a double bond, or by abstraction, where the radical removes a labile 
atom from a substrate. The thermodynamic driving force of these reactions is 
the replacement of a high - energy  π  - bond by an  σ  bond (addition) or the 
replacement of a weaker R − H or R − X bond by a stronger R ′  − H or R ′  − X 
bond (abstraction). Typically, a carbon - centered radical will be more reactive 
toward addition, and an oxygen - centered radical toward abstraction  [7, 8] , but 
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it is diffi cult to make  a priori  predictions of rate coeffi cients for these reactions 
 [9] . Some possible reactions are shown above for the grafting of vinyl acetate 
onto polybutadiene (Scheme  3.2 ). The initiating radicals may add to pendant 
or main - chain double bonds in polybutadiene, or to a vinyl acetate monomer, 
and will abstract chiefl y from the most labile positions — the allylic hydrogens 
on polybutadiene and the acetoxy hydrogens in vinyl acetate. A single initiat-
ing radical species can generate a profusion of possible species in a typical 

    Scheme 3.1.     Some initiation reactions: (a) decomposition of benzoyl peroxide; 
(b) generation of cumyloxy radical by redox initiation. Photochemical decomposition 
of a (c) PI1 and (d) PI2 photoinitiator.  

    Scheme 3.2.     Possible initiating radical reactions with poly(butadiene) and vinyl 
acetate.  
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reaction, and small populations of reactive defect structures in a polymer 
(e.g., terminal double bonds) may contribute disproportionately to radical 
formation.   

 The many possible reactions between the initiating radical and nonradical 
species will all have signifi cant activation energy. Radical - radical reactions 
that remove radicals from the reaction, however, have very low or zero activa-
tion energy. Because of these low activation energies, radical - radical reactions 
will be essentially diffusion - controlled. This means that the overall rate of any 
radical reaction will be sensitively dependent on the physical properties of the 
system. Small radicals will relatively rapidly diffuse close enough to another 
radical to terminate and so will have a small window of opportunity in which 
to react with the nonradical substrates. Large radical species will last for a 
longer time, especially when there are no small radicals present to diffuse to 
them, and will have more opportunity to react with nonradical substrates. 

 Propagation is the next step in generating a graft copolymer by a free -
 radical polymer/monomer mechanism. The overall kinetics of any free - radical 
polymerization reaction will be dominated by this step, so that the total 
enthalpy of polymerization will be essentially the enthalpy of propagation and 
the rate of consumption of monomer, M, will be given simply by

    − [ ] = [ ][ ]d dt kM M P*p ,     (1)  

where  k  p  is the rate coeffi cient for propagation and [P * ] is the concentration 
of polymer radicals. The coeffi cient  k  p  should not be referred to as a  “ rate 
constant, ”  because it has a dependence on the length of the polymer radical 
(unimportant for chains  > 10 monomer units) and on the viscosity of the 
medium (often very signifi cant in grafting and crosslinking systems). While 
good data are available for many monomers in dilute solution regimes, for 
more concentrated regimes there are little reliable data. In most cases, [P * ] 
must be estimated indirectly rather than measured. Even if conditions allow 
the observation of radicals by ESR spectroscopy, less reactive radicals formed 
in side reactions will often predominate over P * . 

 Some possible propagation reactions for the vinyl acetate/polybutadiene 
system are shown below (Scheme  3.3 ). The propagations shown could conceiv-
ably continue without the need for further initiation until all the monomer is 
consumed, but the high and unselective reactivity of radicals makes this 
unlikely. Termination occurs by the pairing of two radicals, stopping both the 
kinetic chain reaction and the physical polymer chain. The physical chain may 
also be stopped by transfer, in which the polymer radical passes its reactivity 
to another species by abstraction or chain scission.   

 Considering fi rst the  “ grafting from ”  case, a grafted polymer radical may 
lose its reactivity by encountering: (1) an abstractable atom, e.g., a relatively 
labile hydrogen on the polymer backbone; (2) a small radical species, e.g., a 
low - molecular - weight oligomer generated by addition of initiator to free 
monomer, or (3) a large radical species, e.g., another growing or a persistent 
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radical on a polymer backbone, leading to the formation of a graft or crosslink 
between two formerly independent polymers in chains. 

 In the  “ grafting to ”  case, abstraction or addition to a small radical species 
will not result in a graft copolymer, so conditions must be chosen such that 
the growing polymer radicals are most likely to terminate by encountering 
persistent radicals on the polymer backbone. As these termination reactions 
will be diffusion controlled, the termination rate coeffi cients  k  t  are very far 
from being constants: the larger the polymer chain, and the greater the mass 
fraction of polymer in the reaction, the lower  k  t  will be. 

 A powerful approximation is frequently used to estimate [P * ]. The steady -
 state approximation is that over some relatively small time interval of interest, 
[P * ] remains constant. Therefore, the rate of production of radicals can be set 
as equal to the rate of destruction of radicals.

    Scheme 3.3.     Possible (a)  “ grafting from ”  and (b)  “ grafting to ”  propagation reactions 
with poly(butadiene) and vinyl acetate.  
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    R P*i t= [ ]k 2.     (2)   

 Therefore,

    − [ ] = [ ]( )d dt k kM M Rp i t
1 2.     (3)   

 The steady - state approximation will not be valid for times less than the average 
lifetime of a radical, and here it may be appropriate to use the time - dependent 
expression arising from the analytical solution of the  d [P * ]/ dt  equation:

    − [ ] = [ ]( ) ( )( )d dt k k k tM M R Rp i t i t
1 2 1 2tanh .   [10]     (4)   

 As  k  t  is governed by physical factors that will be largely invariant to the chem-
istry of the system, it is the rate of initiation that is most signifi cant in control-
ling the overall rate of a grafting polymerization. Varying the chemistry of the 
initiator and the initiation conditions is thus the primary means of controlling 
grafting and crosslinking. 

 The steady - state approximation can be applied to free - radical crosslinking 
of preexisting polymers to give an expression for the rate of generation of 
crosslinks. However, it will generally not be appropriate for photoinitiated 
systems, which undergo very rapid and inhomogeneous polymerization. 

 Controlled radical polymerizations (or living radical polymerizations) 
involve a reversible termination or transfer step, which distributes a single 
kinetic chain across a large number of physical chains. This allows the popula-
tion of polymer chains to grow  “ in step, ”  giving a much narrower molecular 
weight distribution. The key characteristic properties of a controlled radical 
polymerization are a linear increase in average molecular weight with conver-
sion and a reduction of polydispersity as the reaction progresses. The dis-
tinctive kinetic features of controlled radical polymerization relate to the 
equilibrium between the active and inactive chain ends  [11, 12] . The different 
mechanisms are described in Chapter  2 . In controlled radical polymerization, 
the overall rate and length of a kinetic chain should be the same as in conven-
tional radical polymerization unless the living radical polymerization opens 
up new mechanisms for chain stoppage (e.g., the Reversible Addition Frag-
mentation chain Transfer (RAFT)   mechanism is frequently associated with 
retardation  [13] ).  

  IONIC CHAIN MECHANISMS 

 The same key steps of initiation, propagation, and termination will apply to 
ionic chain carriers, which, like radicals, may be generated by a number of 
mechanisms. Cations are suitable for polymerizing vinyl monomers bearing an 
electron - donating group and epoxides. Rather than being generated in pairs, 
cations will normally be generated singly, although this will depend on the 



initiator. For instance, the photolysis of triarylsulfonium salts (common cat-
ionic photoinitiators) in the presence of a hydrogen donor species generates 
two Br ö nsted acid initiating species (Scheme  3.4 )  [3] . This reaction is accom-
panied by the generation of free radicals, and in many interpenetrating network 
(IPN) syntheses, it is possible to independently polymerize one species by 
cationic polymerization and another by radical polymerization simultaneously 
using a single initiator.   

 To achieve grafting by the initiator illustrated above, the Br ö nsted acid 
species HPF 6  must add across a double - bond or epoxide functionality in the 
backbone polymer, as chain - termination processes will not give combinations 
of polymer chains. The termination in cationic chain polymerization will either 
be through a chain - transfer process, in which the polymer chain degrades or 
abstracts an anion to generate a low - molecular - weight cation, or by combina-
tion with a chain - terminating anion, A. In the steady state, therefore, the rate 
of cationic polymerization will be given by

    − [ ] = [ ] [ ]d dt k kM M R Ap i t .     (5)   

 Under  “ living ”  conditions where chain terminators are excluded, the number 
of cationic charge carriers will increase throughout the course of the initiation 
reaction, and no steady state will be achieved. 

 An obvious means of achieving grafted polymerization by cationic mecha-
nisms is to use a polymer backbone with functionalities, which can readily be 
converted to carbocations. Another is to employ a  “ grafting to ”  mechanism 
where functionalities on the backbone can combine with polymer carbocations 
to generate a covalent bond (e.g., the grafting of poly(butyl vinyl ether) onto 
aminated cellulose  [14] ). 

 Monomers with electron - withdrawing substituents can undergo anionic 
chain polymerization. Anionic chain mechanisms are frequently associated 

    Scheme 3.4.     Dissociation of a triarylsulfonium salt to generate a Br ö nsted acid, HPF 6 , 
under photolysis.  
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with living mechanisms in which the rate of polymerization will be given 
simply by

    − [ ] = [ ] [ ]d dt k fM M Ip ,     (6)  

where  f  is the fraction of initiator converted to carbanions. Anionic chain 
polymerization may readily be adapted to  “ grafting from ”  processes by incor-
porating appropriate initiating groups on the backbone polymer, for instance, 
changing hydroxy groups on cellulose to alkali - metal alkoxides. 

 The overall kinetics for ionic chain polymerizations will closely parallel 
those of radical chain polymerizations. The expressions for  “ grafting from ”  and 
 “ grafting to ”  mechanism should generally be transferable, with appropriate 
allowances for different termination mechanisms. An important caveat is that 
ionic grafting and crosslinking mechanisms will rarely occur in the steady - state 
regime that provides analytical expressions for free - radical reaction kinetics. 
In ionic polymerizations, crosslinking will be achievable either through het-
erotermination or addition across an appropriate functionality on a substrate 
polymer (Scheme  3.5 ).    

  OTHER MECHANISMS 

 There is a great deal of literature about the preparation of crosslinked poly-
mers by condensation mechanisms (e.g., the formation of phenol - formalde-
hyde resins)  [15]  and on the coupling of preexisting polymer chains by reaction 
with a low - molecular - weight species (e.g., sulfur vulcanization)  [16] . These 
reactions will typically follow standard bimolecular kinetics, although the 
physical factors infl uencing interactions between polymers and leading to 
heterogeneous rates of reaction in space and time will still be applicable  [17] . 
For instance, in highly viscous polymerization systems, the conventional con-
densation polymerization assumption that all chain ends are equally reactive 
irrespective of molecular weight will often not apply.  

    Scheme 3.5.     Crosslinking pathways in ionic polymerization.  



  KINETICS OF FREE - RADICAL GRAFTING AND 
CROSSLINKING REACTIONS 

  Initiation:  Controlling initiation is the key in controlling the kinetics of grafted 
and crosslinked polymers prepared by a radical mechanism. Initiation can be 
divided into three parts: 

  (1)     Generation of the initial radical species.  
  (2)     Reaction of these species to generate other radicals.  
  (3)     Addition of either the initial radical, or its products, to a monomer, to 

begin the propagation reactions. In a P/P system, the equivalent step 
will be the reaction with the polymer that generates the radical site for 
crosslinking.      

 Step (1) will depend predominately on the nature of the initiator. For a given 
chemical initiator the dissociation rate can be controlled chiefl y by varying the 
temperature, and a wide range of radical fl uxes can be achieved by varying 
the initiator concentration. Where radicals are derived from irradiation, the 
intensity of incident radiation can readily be varied to control radical fl ux. 
Steps (2) and (3) will depend on the other species present as well as the initia-
tor: substrate polymer, monomer, solvent, etc. 

 The distribution of the initiator, and hence the radical fl ux, can be expected 
to be inhomogeneous in time and space, complicating the kinetics of any 
radical process. Three general cases can be distinguished: 

  (1)     An initiator initially homogeneously distributed. This would be the 
case for most single - phase reactions using a conventional thermally decompos-
able azo initiator (e.g., AIBN, 2,2 ′  - azo  bis  isobutyronitrile), peroxy initiator 
(e.g., dicumyl peroxide) or alkyl halide initiator (e.g., 2 - bromopropionate). 
The rate of generation of initiator - derived radicals [I * ] will be the same every-
where in the system, and will be given by

    − [ ] = [ ]d dt fkI* Id ,     (7)  

where [I] is a function of time. The rate coeffi cent  k  d  can be considered to 
include the stoichiometry of the decomposition. While most initiators decom-
pose to give two radicals, some may give one active and one persistent radical 
unreactive toward addition (e.g., the PI2 photoinitiator benzophenone, where 
the ketyl radical is unreactive  [3] ). The viscosity - dependent constant  f  accounts 
for any solvent - related  “ cage ”  effects, where two radicals held in close proxim-
ity combine to form an unreactive product, for example, the production of 
unreactive tetramethylsuccinonitrile (TMS) from the decomposition of AIBN. 
These reactions can consume a considerable fraction of initiator, and the 
strong infl uence of  f  is a main reason it is often necessary to abandon the 
kinetically simplest case of a homogeneously distributed initiator.  
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  (2)     An initiator entering the system from outside, giving a heterogeneous 
distribution in time and space. This can arise through direct irradiation to form 
radicals (e.g., with  γ  - rays or electrons  [18] ), and in heterogeneous systems 
where radicals are generated in one phase and migrate into the phase where 
grafting is to take place (e.g., emulsion polymerization  [19] ). The highest initi-
ating radical density will be at the surface of the polymer to be grafted or 
crosslinked and will decline further from the source. This inhomogeneity 
depends on the nature of the initiating species. Electrons and  γ  - rays penetrate 
much more than small molecule fragments and can be used to initiate grafting 
in much larger samples than could be grafted by introducing radicals from 
outside. 

 The rate of initiating radical generation in these systems is

    d dt e kxI*[ ] = −μΦ ,     (8)  

where  Φ  is the fl ux of initiating particles or radiation entering the system,  μ  is 
the effi ciency of the initiation,  x  is the distance from the surface, and  k  is a 
function of the resistance to propagation of radiation or diffusion of particles. 
Generally  k  will typically increase over time and become dependent on  x  as 
the system become less homogeneous. 

 An initiation quantum yield,  Φ  i , can be defi ned in terms of the rate of 
initiation and the intensity of radiation,  I  a :

    Φi aI*= [ ]( )d dt I .     (9)    

  (3)     Initiation by a two - component initiator where one component is origi-
nally distributed in the polymer to be grafted or crosslinked, and the other 
component enters from outside, giving a heterogeneous distribution of initiat-
ing radicals in time and space. Photoinitiated systems, where the photoinitiator 
PI is originally present throughout the system and light enters from outside 
to generate radicals, are of this kind. 

 A photoinitiator will give better control of the chemistry of initiation than 
exposure of the system to high energy radiation. However, while it is theoreti-
cally possible to continue irradiating a one - component system until the entire 
material is grafted to an acceptable extent, two - component systems are sus-
ceptible to exhaustion of the photoinitiator. The appropriate equation for the 
rate of radical generation will be

    d dt e kxI* PI[ ] = [ ] −Φ .     (10)   

 Here the dependence of  k  on time and position is likely to be more complex 
than in case (2), and [PI] will depend both on time and position; e.g., depletion 
of photoinitiator in the surface volumes of the material may allow light to 
penetrate more deeply. Redox initiation systems, where an electron is trans-
ferred between chemical species to generate radicals, are often carried out in 



a similar fashion, with one half of the redox couple present at the beginning 
of the reaction and the other half added over time. The appropriate selection 
of a redox couple can localize the site of initiation: in the preparation of 
surface - grafted natural rubber latex particles, use of a hydrophobic hydroper-
oxide localized in the high - viscosity rubber phase, and complexed iron(II) 
localized in the aqueous phase generates radicals at the surface and leads to 
effi cient grafting of the hydrophilic monomer  [20] . 

 As crosslinking or grafting increases, it will become more diffi cult to main-
tain relative homogeneity with a redox couple, even if the second half of 
the couple was originally able to diffuse rapidly throughout the polymer - 
containing phase. The general expression for initiation under these conditions 
will be

    d dt kI* I I[ ] = [ ][ ]12 1 2 ,     (11)  

where [I 1 ] and [I 2 ] are the time -  and position - dependent concentrations of the 
two halves of the redox couple, and  k  12  is the bimolecular rate coeffi cient for 
the electron - transfer reaction between them.     

  REACTION OF RADICAL TO FORM INITIATING SPECIES 

 The initial radicals formed may undergo abstraction, addition or termination 
(Scheme  3.2 ). 

 Abstraction is an effi cient way for a radical to introduce a reactive center 
to the backbone or side chain of a polymer. This reaction will depend on the 
H - abstracting capacity of the radical and susceptibility of the substrate to 
abstraction. Heteroatom - centered radicals are usually considered to be more 
effective in abstraction on electronic grounds, and a relatively persistent radical 
will usually be more reactive toward abstraction than addition on steric 
grounds. The strength of an R − X bond is correlated with the enthalpy change 
involved in removing X *  to give the radical species, R * . As the reaction is 
strongly endothermic, the Hammond postulate states that the transition state 
should be productlike and hence dominated by the properties of R * . R − H 
bonds that give rise to tertiary radicals will be more favorable than bonds that 
give rise to secondary radicals, and secondary radical - forming reactions more 
favorable than primary ones. Other factors to be considered are the ability of 
heteroatoms to stabilize adjacent radicals by  π  - donation, and of hydrogens on 
neighboring atoms to do so by hyperconjugation. These principles allow quali-
tative estimation of the rate coeffi cients for grafting,  k  gr , to different positions 
RH.

    d dt kR* I* RHgr[ ] = [ ][ ].     (12)   

 It is diffi cult to deconvolute experimental data on grafting reactions to 
make quantitative estimates of  k  gr . Values may be estimated by carrying out 
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analogous grafting reactions or computations on small - molecule models 
 [9, 21] , but these estimates will only be applicable under conditions such that 
I *  is relatively free to diffuse. The larger I *  is, the higher the weight fraction 
of polymer. The higher the degree of crosslinking, the more the system will 
approach the case where the grafting reaction is limited by diffusion. Typical 
values of activation energies of abstraction relevant to grafting and crosslink-
ing are of the order 20 – 30   kJmol  − 1   [22] . 

 The addition to a double bond in the polymer is a common means for a 
small radical to generate a reactive center  [23] . Common polymers based on 
a diene monomer, such as polyisoprene and polybutadiene, have both double 
bonds in the backbone and pendant double bonds to which addition may take 
place.

    d dt kR* I* C Cad[ ] = [ ] − = −[ ].     (13)   

 Possible sites for addition to a random polyisoprene are shown below (Scheme 
 3.6 ). As each addition reaction will have a different rate coeffi cient, it will 
often not be possible to deconvolute these events.    

  ADDITION OF INITIATING SPECIES TO MONOMER/POLYMER 

 In P/M radical grafting or crosslinking reactions, the fi nal step of initiation will 
be when the radical center R *  adds to a molecule of a monomer. If R *  is 
localized on the polymer backbone, this will give the  “ grafting from ”  process; 
if R *  is a small molecule, this will give a potential  “ grafting to ”  process. This 
step is unlikely to be rate - controlling unless the previous steps of initiation 
give rise to persistent radicals.  

    Scheme 3.6.     Some addition reactions to polyisoprene. From left: addition to  cis , trans, 
and vinyl isoprene residues.  



  PROPAGATION 

 A large number of reactions are possible once initiation is complete, and all 
events occurring before termination form part of the  “ kinetic chain. ”  These 
reactions may include addition to the monomer and functionalities on the 
polymer, or chain transfer, typically to polymer or an additive. 

 In grafting polymerizations where consumption of monomer is the primary 
reaction a propagation rate can be defi ned as

    − [ ] = [ ][ ]d dt kM R* Mp Σ ,     (14)  

where  Σ R *  is the sum of all radical species that can add to monomer. As [M] 
is initially fi xed and can only decrease in the course of the reaction, [ Σ R * ] will 
be the main parameter controlling the kinetics. This assumes all R *  have the 
same reactivity, an assumption valid at degrees of polymerization greater than 
10 in circumstances where there are few side reactions generating persistent 
radicals. If one or more comonomers are present, the rate coeffi cients for each 
of the possible propagation reactions and the possible change of the relative 
amounts of the comonomers over time must be considered. Monomers that 
are very unreactive toward homopolymerization, such as maleic acid or cro-
tonic acid, will give very little propagation, and hence give very short grafts 
( ∼ 1 monomer unit). At very high viscosities, chemical control of propagation 
will be overwhelmed by physical constraints, and propagation will become 
controlled by the reactive diffusion of monomer to polymer radicals, giving a 
greatly reduced  k  p  value. 

 For P/P crosslinking reactions where addition reactions are the main mech-
anism of crosslinking, we may defi ne propagation as the consumption of 
potential grafting sites, G:

    − [ ] = [ ][ ]d dt kG R* Gp Σ .     (15)    

  TERMINATION 

 The kinetic chain of radical polymerization can only end by the pairing of 
two radicals to form nonradical species. As this reaction is essentially barrier-
less, termination will be rapid and effectively diffusion controlled under all 
conditions. As the polymer radicals are much larger than the monomer, with 
increasing viscosity  k  t  will decrease well before  k  p  begins to decrease. This 
is the physical basis for the rapid increase in the rate of free - radical polym-
erization with viscosity over the course of a reaction (the Trommsdorff -
 Norrish effect)  [24] . An important consequence of the diffusion dependence 
of  k  t  for grafting and crosslinking reactions is that termination will most fre-
quently occur not by the meeting of two large radical species but by the 
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addition of a small mobile radical to a polymer - centered radical.  “ Grafting 
to ”  mechanisms will thus be unlikely except for reactions carried out in dilute 
solution. 

 Semiempirical expressions for the chain - length dependence of  k  t  have been 
determined  [25, 26] . For termination between two equal chains of length  i , 
the appropriate relations are

    k k it
i i

t
eS, ,= × −1 1     (16a)  

for relatively short chains whose interactions are governed by centre - of - mass 
diffusion, and

    k k i it
i i

t crit
e e eS L L, ,= × ( ) ×− −( ) −1 1     (16b)  

for longer chains ( >  i crit  ) that interact by segmental diffusion. Expected values 
of  e S   and  e L   are 1/2 and 1/6, respectively. In most systems where radicals are 
continuously generated, the dominant termination mechanism will be center -
 of - mass diffusion between short and polymer radicals. In such systems,  k t   is 
given by

    k D p Nt
i long

Ai i
, ,= 4π σ     (17)    [19] 

where  D i   is the relative diffusion coeffi cient of a long radical and a radical of 
length  i  and  p i   is the probability that they will terminate on encounter, defi ned 
as approaching within a distance  σ  of the order of an atomic diameter. The 
center - of - mass diffusion coeffi cient  D i   for oligomeric radicals can be fi t by an 
empirical scaling law dependent on the mass fraction of polymer in the reac-
tion,  x , where  D  1 ( x ) is the diffusion coeffi cient of the monomer.

    D c D x ii
c c x= ( ) + ( )

2 1
0 1 .     (18)    [27]  

 Few systems have been characterized well enough for Equations  (17)  and  (18)  
to be used, and it is seldom that better than order of magnitude estimates 
of  k t   are available for grafting and crosslinking reactions outside of dilute 
solution.  

  OVERALL KINETICS 

 The dependence of the rate of consumption of a monomer on the concentra-
tions of various species provides a window into the mechanism of the reaction. 
Two important complicating factors should be noted: (1) competition between 
mechanisms giving rise to the grafted polymer and to the homopolymer, and 
(2) the diffi culty of making measurements under conditions other than dilute 
solution. 



 Methods for following grafting include monitoring of monomer consump-
tion by Fourier transform infrared spectroscopy (FTIR), nuclear magnetic 
resonance (NMR), ultraviolet/visible light (UV/Vis)   spectroscopy, calorimetry, 
or use of a microbalance. In every case, however, it is necessary to verify that 
the  “ grafted ”  polymer is really grafted and not just entangled. A typical method 
suitable for grafted systems is Soxhlet extraction, in which a good solvent for 
the homopolymer is refl uxed through the grafted material for an extended 
period of time  [28] . In crosslinked systems, the rate of reaction will generally 
be expressed in the rate of crosslink formation, which is rarely experimentally 
accessible. Useful proxies for crosslink density are the gel fraction (the fraction 
of the material that is insoluble on extraction with a good solvent for the linear 
polymer analog) and the torque measured by an oscillating disk rheometer 
 [29] . Under some circumstances it may be possible to determine the true con-
centration of crosslinks by NMR spectroscopy. 

 Chemical kinetics is typically concerned with the rate of consumption of a 
monomer ( d [M]/ dt ), but it is often of interest to monitor the rate of consump-
tion of graft or crosslinking sites ( d [G]/ dt ). Fischer developed expressions for 
 d [G]/ dt  for the  “ grafting to ”  mechanism of styrene onto polybutadiene  [30] .

    − [ ] = +( )[ ]+ +( )[ ]( )[ ]d
dt

k k k kadd abs add P abs P
G

R* P* G, , ,     (19)  

where [R * ] and [P * ] is the concentration of small and polymer radicals,  k add   
and  k abs   are the rate coeffi cients for the addition and abstraction reactions, 
respectively. From Equations  (1)  and  (19) , an instantaneous relative probabil-
ity of grafting and chain extension can be calculated:
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 When the rate of chain - initiating events is much less than the rate of propaga-
tion, the average degree of polymerization of the grafted chains,  v , can be 
incorporated into Expression (20) as follows:
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 Huang and Sundberg derived general kinetic expressions for instantaneous 
graft effi ciency,  φ , defi ned as the amount of monomer incorporated into grafted 
chains as a fraction of total monomer polymerized  [31] . These expressions, 
like those of Fischer, assume no molecular weight dependence of the rate 
coeffi cients and are, therefore, applicable only in dilute systems. 

 If grafting sites are generated by the reaction of primary radicals with the 
substrate and are not terminated directly before reaction with the monomer 
to an appreciable degree, then
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where  k i   is the rate coeffi cient for the initiation reaction of the primary radical 
with the monomer. If grafting sites are generated by reaction of oligomeric or 
polymeric radicals with the substrate, then
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 Huang and Sundberg confi rmed that in the grafting of styrene, benzyl meth-
acrylate, and benzyl acrylate onto polybutadiene, the degree of grafting 
extrapolated to zero concentration was consistent with Equation  (22)  and not 
 (23)  when an initiator that gave carbon - centered radicals (AIBN) was used 
 [32] , but that Equation  (23)  applied for styrene and benzyl methacrylate when 
oxygen - centered radicals derived from benzoyl peroxide (BPO), and there-
fore more active in abstraction, were employed  [33] . 

 Zhou, Huang, and Liu have derived analytical expressions for the rate of 
polymerization in radical grafting systems where grafting is primarily by radical 
combination  [34]  or by addition across double bonds in the backbone  [35] . The 
combination expression gives a good fi t to the experimental data collected for 
the grafting of crotonic acid onto ABS rubber  [34] :
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,     (24)  

where  A  is a constant given by (2 fk d  / k t  ) 1/2     ·     k p B , and  B  is a constant given by 
 k iP  / k iM  , where  k iM   and  k iP   are the coeffi cients for the reaction of initiator to 
monomer and polymer, respectively. 

 The addition expression gives a good fi t to data obtained for the addition 
of undecylenic acid to ABS rubber  [35] :
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where   n =
+

rate of P* growth
rate of P* growth rate of P* terminationn

,  A  ′  is a constant given

by  fk d  / k p  β   k iM   and  B  ′  by  k tr  /  β k iM  , where  β  is a constant expressing the degree 
to which monomer radicals are hindered by a solvent cage, and  k  tr  is the rate 
coeffi cient for chain transfer from polymer radical to monomer. 

 A kinetic model incorporating many of the features discussed here has been 
implemented by Vivaldo - Lima et al. and used to fi t experimental data with 
good success, as shown in Figure  3.1   [36] .   



 It can be seen that the model predictions are very far from the  “ linear ”  
growth of branching and crosslinking density, with a sigmoidal gel - fraction 
curve giving a dramatic  “ gelation point ”  consistent with experimental 
results. 

 In homogeneous  γ  or photoinitiated systems where the details of the 
polymerization may be obscure, a polymerization quantum yield,  Φ  P , can be 
defi ned in terms of the overall rate of polymerization and the intensity of 
radiation,  I  a :

    ΦP aM= [ ]( )d dt I :.     (26)   

 The ratio of this value to the initiation quantum yield  Φ  I  will give a fi rst 
estimate for the expected degree of polymerization of grafted chains in the 
system. 

 Having outlined the chain - growth mechanisms for generating grafted 
and crosslinked mechanisms and the kinetic expressions that can be derived 
from these (mindful that they will usually only be strictly applicable in dilute 
solution), it is useful to survey the effect of varying different components 
of the system. Chemical effects (initiator, monomer, additives, etc.) will be 
considered fi rst, followed by physical effects (primarily the viscosity of the 
system).  

    Figure 3.1.     Model prediction of branching and gel fractions versus time for thermal 
crosslinking of a polybutadiene rubber of medium  cis  content, T   =   170    ° C, 5   wt. % 
polymer in decalin.  Reproduced with permission from  Macromolecular Theory and 
Simulations ,  14 : 539 – 553 (2005).   
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  CHEMICAL EFFECTS 

  Effect of the Initiator 

 The initiator fi rst generates the chain carrier, whether it is a  γ  ray, redox couple, 
or classical initiator. The most important thing about the initiator is the effec-
tive fl ux of radicals it can generate. This requires estimation of  k  d  and  f ( x , t ). 
In a homogeneous system, viscosity will often be high. Thus, the loss of radi-
cals to futile recombination reactions R *    +   R *     →    RR will be large and  f  will 
be small. There are little good data on appropriate  f  values for concentrated 
solutions, but the effective radical fl ux in a viscous reaction mixture will be 
well below that found in a dilute solution. In many emulsion polymerizations, 
for example,  f  is small enough within monomer - swollen polymer particles that 
hydrophobic initiators are ineffective. In such cases, where only the initiator 
in the aqueous phase can contribute radical fl ux to initiation, it is necessary to 
consider what fraction of the initiator is partitioned into the aqueous phase. 
Thus in addition to  k  d , the miscibility of the initiator and radicals generated 
from it with the polymer phase is of key importance. Pesetskii et al. investi-
gated the grafting of itaconic acid onto PE and found that initiator solubility 
effects were more important than  k  d  values  [37] . Furthermore, free - radical 
inhibitors soluble in polyethylene but insoluble in itaconic acid inhibited cross-
linking but did not signifi cantly affect grafting  [38] . 

 The kinetics of the grafting system will next depend on the possible fates 
of the primary radical: direct initiation, formation of a small radical by 
abstraction or addition, formation of a polymer - centered radical by abstrac-
tion or addition, or primary radical termination of a polymer radical. There 
are likely to be multiple possible abstraction sites on the polymer, and mul-
tiple species susceptible to abstraction, but in practice most of these path-
ways can be discounted. The relative rate coeffi cients for these processes 
and the relative concentrations of various species will determine what 
happens to the radical, but cannot yet predict the effectiveness of grafting. 
For example, if a large proportion of radicals add to the monomer, this may 
mean there is effi cient grafting by a  “ grafting to ”  mechanism or that the 
polymer radicals formed are terminated in other ways and cannot contrib-
ute to grafting. 

 At a particular initiator concentration, a limit in the degree of grafting 
may be found, most likely indicating that the effective radical fl ux that is 
available to initiate grafting reaches a maximum and that additional initiator 
is expended in futile recombination reactions.   In the grafting of  N  - vinyl 
carboxamido - 2 - methylpropanesulfonic acid onto polystyrene with BPO  , for 
example, a maximum in grafting was found at a BPO concentration of 
30   mM  [39] . The more diffusion is inhibited, the lower this optimal radical 
fl ux will be. For example, the  γ  - initiated homopolymerization of vinyl imid-
azole was found to proceed at a maximum rate at a higher fl ux (0.26   kGray) 
than the graft polymerization of vinyl imidazole on cellulose (0.22   kGray) 
 [40] . 



 The failure to fi nd expected differences in kinetics with variations in the 
initiator may indicate that the primary radical is not involved in initiation. 
In the heterogeneous (miniemulsion) grafting of a number of vinyl monomers 
onto alkyd resins reported by Tsavalas et al., AIBN, BPO, and potassium per-
sulfate (KPS)   all show very similar behavior  [41] . It is likely that in these cases 
radicals could effectively be generated only in the aqueous phase, and grow 
into oligomers through reaction with the monomer in the aqueous phase 
before entering the hydrophobic alkyd/monomer particles to commence reac-
tion. Hence only the aqueous phase concentration of these initiators, the 
appropriate effective dissociation coeffi cient  fk  d , and their relative reactivities 
toward species present in the aqueous phase could affect the results. 

 Huang and Sundberg observed signifi cant differences between BPO and 
AIBN for graft polymerization onto polybutadiene only for monomers where 
the polymer - derived radical was relatively unreactive  [42] . The grafting of 
benzyl acrylate, which has a highly reactive polymer radical, gave similar 
results for both initiators. For styrene and benzyl methacrylate, which generate 
much fewer reactive polymer radicals, BPO generated signifi cantly more 
polymer - centered radicals by H - abstraction than did AIBN. These polymer -
 centered radicals, relatively unreactive to addition, gave signifi cant rate retar-
dation for BPO in comparison to AIBN at the same radical fl ux. Similarly, in 
the crosslinking of polyethylene in the molten state with  t  - butyl cumyl perox-
ide and di -  t  - butyl peroxide, a much greater degree of crosslinking was obtained 
at the same effective radical fl ux for the peroxide containing the cumyl, which 
at 190    ° C generates a phenyl radical that is more reactive to abstraction than 
the methyl radicals generated from the decomposition of the  t  - butoxy group 
 [43] . Bremner and Rudin observed similar effects in polyethylene crosslinking, 
with two peroxides capable of decomposing to give cumyloxy radicals (dicumyl 
peroxide and  α , α  ′  - bis -  t  - butylperoxy diisopropylbenzene), giving signifi cantly 
more crosslinking than a peroxide that could not (Luperox 130, 2,5 - dimethyl -
 2,5 - di( t  - butylperoxy) 3 - hexyne)  [44] . (However, these observations could 
equally well be explained by the reduced  k  d  of Luperox 130 and initiation in 
all cases by methyl radicals formed by  β  - scission.) 

 Parent reported that in the grafting of the monomers maleic anhydride or 
vinyl triethylsiloxane (both of which homopolymerize poorly) to ethylene -
 vinyl acetate copolymers, the infl uence of the initiator could be adequately 
explained in terms of peroxide decomposition rates alone  [29] . 

 Further possible effects of the initiator arise in multiphase systems. The  t  -
 butyl peroxylaurate/ferrous sulfate redox couple generates hemispherical 
blobs of polybutadiene on the surface of polydimethylsiloxane latex parti-
cles, while the potassium persulfate/ferrous sulfate redox couple generates 
well - formed core - shell polymers  [45] . This is less likely to indicate differ-
ences in grafting effi ciency than to indicate that the sulfate - terminated poly-
butadiene oligomers formed from the latter system are surface active and 
to enable the spreading of the polybutadiene phase over the water/polymer 
interface.  
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  Effect of the Backbone 

 The backbone polymer will affect the kinetics of grafting and crosslinking 
from two directions: (1) How readily can reactive centers be generated on the 
backbone by reactions with the initiator? (2) How readily can the reactive 
centers that were generated react with the monomer (to give grafting) or with 
other reactive centers (to give crosslinking)? If the radicals formed are highly 
reactive towards the monomer, they will readily give grafting, but if they 
are unreactive they are more likely to give crosslinking. The most readily 
abstractable moieties are those that give rise to the most stable radical species. 
The most suitable double bonds for addition will have low steric hindrance 
(a minimum of substitution at the  “ tail ” ) and high electronic stability of the 
resultant radical species (radical - stabilizing substituents at the  “ head ” ). Back-
bone radicals may also rearrange by  β  - scission  [46]  or abstract atoms from 
other species present to give a more stable radical species. 

 Huang and Sundberg found that grafting of a range of monomers to a 
polybutadiene containing signifi cant amounts of 1,2 addition was primarily by 
addition to the pendant double bonds, with abstraction of the allylic tertiary 
hydrogens giving rise to retardation by the generation of radicals inactive in 
addition  [42] . Zhang et al. found that the relative degree of crosslinking 
increased sharply as the butadiene - styrene content of an elastomer increased, 
while the grafting effi ciency of a vinyl monomer containing a carbonate group 
was independent of the nature of the elastomer. This implies that allylic radi-
cals are largely involved in termination, and that it is other radical species that 
are chiefl y signifi cant in grafting  [47] . 

 For most conceivable mechanisms, the grafting rate will be proportional to 
the concentration of appropriate functional groups on the backbone. This 
proportionality is most clear at low concentrations, and rates of reactions are 
likely to increase more slowly or fall at high concentrations due to the diffi -
culty of diffusion through the matrix.  

  Effect of the Monomer 

 The relative reactivity of a monomer toward its own polymer and other radi-
cals generated in the system will be most critical for grafting and crosslinking 
reactions. Monomers that readily homopolymerize will encourage grafting 
over crosslinking, and are more likely to generate signifi cant amounts of 
homopolymer (e.g., butyl acrylate); monomers that are reluctant to homo-
propagate will give short grafts and may enhance crosslinking (e.g., ethyl 
maleate)  [37, 48] . 

 Huang and Sundberg investigated the grafting of a number of monomers 
onto poly( cis  - isoprene) (in dilute solution in order to avoid phase separation 
and the viscosity - dependent effects on propagation and termination)  [32] . 
They determined a grafting coeffi cient  k gr   of  ∼ 0.1   dm 3 mol  − 1 s  − 1  for styrene,  ∼ 1.7 
for butyl methacrylate, and  ∼ 24.0 for butyl acrylate. 



 In a miniemulsion system of grafting to alkyd resins, Tsavalas et al. found 
better grafting of butyl acrylate (BA) than methyl methacrylate (MMA)  [41] . 
Here, all radicals are initially generated in the aqueous phase and it is surface -
 active   R M *

z[ ]  radicals that initiate grafting. The improved grafting with BA 
instead of MMA may thus conceivably be due to better addition of a backbone 
polymer radical to BA instead of MMA, better abstraction by the poly(BA) 
radical from the backbone to generate polymer radicals, better addition of 
poly(BA) across double bonds in the alkyd, or a higher mobility of   R BA *

z[ ]  
than   R MMA *

z[ ]  within the alkyd matrix because of the lower z value for the 
more hydrophobic BA. 

 It is often possible to enhance grafting or crosslinking through addition of 
a second monomer. For instance, grafting of glycidyl methacrylate (GMA) to 
LDPE was enhanced by a factor of 3 to 4 when a 1.5:1 styrene:GMA feed was 
used  [43] . This is probably due to an enhancement of  k  p  for the cross - propaga-
tion reactions of a styrene - terminated radical with GMA and the GMA - 
terminated radical with styrene in comparison to GMA homopolymerization. 
This trivial mechanism may also be the basis for reports of an enhanced graft-
ing rate in other copolymerizations  [49, 50] . 

 A more chemically interesting possibility for the participation of a como-
nomer would be a contribution from enhanced reactivity of the polymer 
macroradical toward the comonomer rather than the primary monomer. A 
rough estimation based on the  Q - e  scheme, approximating the polypropylene 
radical by polyisobutylene  [51] , suggests that a propylene backbone radical 
would be about 3 times as reactive toward styrene as toward GMA. 

 Monomers that are reactive toward the backbone macroradical, but that 
generate radicals, which are unreactive towards propagation, have been used 
to enhance crosslinking. Spencer et al. investigated the grafting of vinyltrime-
thoxysilane (VTMS) onto PE and found that the monomer was not grafted 
homogeneously, but was concentrated in  “ clusters ”  generated by chain transfer 
from a VTMS radical to a nearby site liable to H - abstraction, which was then 
able to add additional VTMS (Scheme  3.7 )  [52] . R ä tzsch et al. found that a 
large number of nonhomopolymerizable monomers giving short chains onto 
polypropylene also gave these  “ nests ”  or  “ clusters ”  of grafting sites (vinyltri-
ethylsiloxane, monovinyl ester of ethylene glycol, vinyl butyl ether, vinyl iso-
butyl ether)  [48] . The overall result of maintaining an unreactive polymer 
radical in these zones, instead of reactivity being transferred to a more reactive 
polymer radical, is to enhance crosslinking over grafting  [53] . Addition of 
nonhomopolymerizable monomers can also inhibit degradation mechanisms 
in polymers such as PP where the backbone is vulnerable to  β  - scission 
reactions.   

 Dibutyl and diethyl maleate are reported to suppress rather than enhance 
crosslinking under similar conditions  [54, 55] . This may be related to the gen-
eration of suffi cient primary radicals to terminate the maleate radicals on the 
backbone. In R ä tzsch ’ s work, nonhomopolymerizable monomers that did not 
give clusters of grafted units were either allylic (and hence generated radicals 
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with little propensity to abstract from the backbone) or were unable to swell 
the polypropylene substrate (e.g., dibutyl maleinate)  [47] . 

 In melt processing, peroxide - initiated grafting of ethylene - propylene diene 
terpolymer with GMA gave more grafting and less homopolymer formation 
when a reactive comonomer, trimethylolpropane triacrylate, was added  [56] . 
This is probably due to pendant acrylate groups arising from incorporation of 
the triacrylate in the polymer, providing an alternative mechanism for incor-
porating poly(GMA) radicals.  

  Effect of Additives and Solvents 

 In general, additives employed in radical grafting and crosslinking reactions 
will act in two ways: as radical traps or as chain - transfer agents. There is a 
continuum between  “ comonomers ”  and  “ additives ” : bis(2 - furanyl aldazine) 
and  N,N  ′  -  p  - phenylenebis(maleimide), for example, have double - bonds suscep-
tible to attack by polymer backbone radicals, but do not propagate or undergo 
scission  [57] . While they are considered  “ additives, ”  they behave identically to 
the nonhomopolymerizable  “ comonomers ”  discussed above as promoters of 
crosslinking and inhibitors of chain scission. 

 Aravindakshan et al. investigated the redox - initiated grafting of methacrylic 
acid onto starch and found that the presence of triethylamine or mercaptosuc-

    Scheme 3.7.     First stages of formation of a  “ nest ”  of single - monomer grafts of the non-
homopolymerizable monomer VTMS.  



cinic acid as chain - transfer agent reduced the amount of effective grafting  [58] . 
This observation is not surprising for a  “ grafting from ”  mechanism, as a 
chain transfer will result in premature termination of grafted side chains and 
generate radicals that will usually be poor at reinitiating by abstraction 
or addition. In a  “ grafting to ”  mechanism, chain - transfer agents could also play 
a negative role by terminating chains that would otherwise combine with the 
substrate. 

 In the peroxide crosslinking of PE, addition of organic nitroxides can retard 
the rate of cure by reducing the radical fl ux, but monofunctional nitroxides 
also impair the fi nal properties by reducing the crosslink density. Bifunctional 
nitroxides, however, can enhance formation of intermolecular crosslinks  [59] . 
For the same system (PE crosslinking with peroxide), Anbarasan et al. found 
the degree of crosslinking achieved in the presence of ester additives was 
inversely correlated with the degree to which the additives were incorporated 
into the polymer  [60] . It is probable that these additives form radicals by 
abstraction and terminate radicals on the polymer backbone. 

 Gaylord observed that the signifi cant enhancement in crosslinking achieved 
with molten PE in the presence of maleic anhydride vanishes upon addition 
of any of a large number of sulfur - , nitrogen - , or phosphorus - containing com-
pounds that also inhibit maleic anhydride homopolymerization  [61] . This inhi-
bition of grafting was observed even when DMSO, dimethylacetamide, or 
nonylphenyl phosphite were added at an additive - to - maleic anhydride ratio 
of 1   :   10, where insuffi cient amounts will be present to react with maleic anhy-
dride in some fashion before it attaches to grafting sites  [62] . 

 Chauhan et al. investigated the grafting of vinyl imidazole onto cellulose in 
the presence of various solvents and additives  [40] . Water increased the overall 
rate, as a good source of initiating radicals under irradiation, but gave mostly 
homopolymerization rather than grafting. Methanol - inhibited grafting and 
impaired homopolymerization, presumably as a source of abstractable hydro-
gen for scavenging backbone radicals, and similar effects were seen with zinc 
chloride. At the same concentration, ammonium persulfate and Mohr ’ s salt 
both reduced grafting more than homopolymerization, while tetramethyleth-
ylenediamine and KPS reduced homopolymerization more than grafting. The 
key to the infl uence of these additives is most likely their relative affi nity for 
the cellulose surface. Similar effects were observed in the grafting of acryl-
amide onto hydroxypropyl cellulose  [50] . Under identical conditions acetone 
gave reasonable grafting (47%), followed by dioxane (40%), benzene (18%), 
methanol (18%), and water (15%).   

  PHYSICAL EFFECTS 

 In the discussion above of chemical effects on grafting and crosslinking kinet-
ics, the state of the system has often been mentioned: whether it is a dilute 
solution, a viscous melt, or is heterogeneous. This state will have a profound 
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infl uence on the kinetics. The overall viscosity of the system will govern 
whether reactions involving the diffusion of large species can be signifi cant, 
while heterogeneous systems will involve the interplay of chemical and physi-
cal effects. It should be noted that many initially homogeneous systems of 
interest are likely to develop heterogeneity over time. The degree of grafting 
achieved will generate a compatibilizer that will help to determine how and 
when phase separation will occur, making grafted systems to an extent for 
entities that pull themselves up by their own bootstraps.   

 Higaki et al. investigated the crosslinking of Atom Transfer Radical Polym-
erization (ATRP) terminated poly(MMA) and nitroxide - terminated polysty-
rene and found a very signifi cant infl uence of gelation  [63] . As the concentration 
of the polymer increased, more rapid and complete crosslinking was observed, 
but beyond the point of gelation there was negligible further increase in 
crosslinking. 

 The work of Yang and R å nby  [64]  provides an illustration of how changes 
in the physical environment change the kinetics of polymerization. For grafting 
of acrylic acid with BPO, a 0.89 order dependence on BPO was found for 
homogeneous solutions, while 0.66 order dependence was found for surface 
reactions. As the expected theoretical dependence on initiator concentration 
for  “ grafting from ”  reactions should be 0.5 for diradical coupling termination 
and 1 for monoradical termination, this suggests that both systems are inter-
mediate cases where both mechanisms apply, but the enforced proximity of 
the polymer radicals in the surface - grafting reaction encourages bimolecular 
termination. 

 In the grafting of styrene onto pre - irradiated fl uoropolymer fi lms, Guilmeau 
et al. found the proportion of polystyrene surface coverage to be lower than 
the fi nal proportion of polystyrene by volume if reactions were allowed to 
proceed to completion  [65]  and observed a greater tendency toward hetero-
geneity with increasing dose rate and sample thickness. These results suggest 
that in this system styrene preferentially swells the polystyrene phase, and this 
partitioning dominates the kinetics and the fi nal morphology of the system. 

 A feature of rapid polymerization in crosslinking systems is that the mate-
rial may not have time to relax to its equilibrium density; hence, more free 
volume will be available and  k  t  and  k  p  will not fall as rapidly as would be 
expected in the reactive diffusion regime  [66] . Generally, all photoinitiated 
polymerizations and analogous systems will see a competition between cure 
speed and cure depth; the more rapidly a crosslinking or grafting polymeriza-
tion proceeds, the less likely it is to give a homogeneous product.  

  CONTROLLED RADICAL POLYMERIZATION 

 A  “ grafting from ”  process where the controlled radical polymerization agent 
(brominated functional group, nitroxide, or RAFT agent) is incorporated on 
the polymer backbone has frequently been employed to produce grafted 



polymers  [67] . Reduction of the termination rate due to the  “ living ”  process 
can result in much higher grafting yields on surfaces  [68] . 

 As a controlled radical polymerization proceeding at a reasonable rate will 
not reduce the overall concentration of radicals, combination reactions can 
still be signifi cant. Muehlebach and Rime found that grafting BA and dimeth-
ylacrylamide onto poly(BA) by ATRP gave multimodal molecular weight 
distributions, which indicated that crosslinking could still occur, but the graft-
ing of dimethylaminoethyl methacrylate gave a monomodal molecular weight 
distribution indicative of grafting only  [69] . Most controlled radical polymer-
izations reduce crosslinking. This may be because the very short lifetimes of 
free polymer radicals makes them less likely to undergo intermolecular reac-
tions leading to persistent radicals. 

 Variations in the kinetic behavior of controlled radical polymerizations 
between bulk polymerizations and surface - grafting reactions have been noted 
in a number of cases. To achieve living polymerization of MMA on silica gel 
particles, for example, a much higher concentration of the ATRP catalyst was 
required to achieve controlled polymerization than for the same reaction in 
solution  [70] . Similar surface congestion was reported in the grafting of styrene 
on silica by nitroxide - mediated polymerization    [71] , while the rate of polym-
erization of 2 - (methacryloyloxy) ethyltrimethylammonium chloride to sur-
faces was inversely correlated with the density of grafting  [72] . In the 
RAFT - mediated grafting of a number of monomers to silica surfaces, styrene 
and BA polymerized more slowly than in solution, while MMA polymerized 
more rapidly  [73] . These systems all illustrate physical effects that can be 
expected when controlled radical polymerization methods are applied to het-
erogeneous systems.  
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 ANALYTICAL EVIDENCE  

  Amit   Bhattacharya   and   Paramita   Ray        

  INTRODUCTION   

 The modifi cation of polymers can be proved by various analytical tools. The 
mostly used common techniques are spectroscopic, thermal, study of mechani-
cal properties, determination of molecular weight, morphological, rheological 
analysis, and contact angle measurement. They are discussed in brief in this 
chapter.  

  EVIDENCE FROM SPECTROSCOPIC TOOLS 

 Spectroscopy is the study of the interaction and interpretation of the interac-
tions of electromagnetic radiations with matter. This is the sophisticated tool 
to get information about structural make up, the changes, and various paths 
to changes or modifi cation at the atomic or molecular level of the substance. 
When photons, the discrete energy packets ( h  υ ) of electromagnetic radiations 
interact with substance, these results in transition in various energy levels as 
shown in the Table  4.1 .   

 These transitions give a specifi c impression of the substance as a spectrum. 
From the spectrum, one can gather information about the structural, constitu-
tional, conformational, and interactional behavior of and about the substance, 
i.e., the atom or molecule. Ultraviolet - visible, infrared, and nuclear magnetic 
resonance (NMR) spectroscopy are the most used tools in this regard for 
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polymer and related materials  . These have a very crucial role in the establish-
ment, development, and advancement of the new polymer microstructures as 
they nurture various aspects of the polymer microstructure such as elucidation 
of the structure, the structure/properties relationship, modifi cation in the base 
structure, and related mechanisms of modifi cation or polymerization in both 
quantitative and qualitative ways. 

  By  UV  - Visible Spectroscopy 

 In this case, electromagnetic radiation results in a transition in the electronic 
energy levels. As the molecule absorbs energy in UV - visible region, the elec-
trons jump from the highest occupied molecular orbitals (HOMOs) to the 
lowest unoccupied molecular orbital (LUMO). This energy difference lies 
between 125 and 650   kJ/mole in most of the molecules. The energy order of 
various orbitals is as

   σ π π σ< < < <n * *.   

 The unoccupied or highest energy orbitals are  π  *  and  σ  * . The transition may 
occur as shown
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 The intensity of the absorption is governed by the Beer - Lambert Law depend-
ing on the number of molecules present that are capable of absorbing light 
and may be formulated as

    A I I= − ( ) =log . .0 ε c l  

 TABLE 4.1.     Type of energy transition in each region 
of the electromagnetic spectrum. 

  Region of Spectrum    Energy Transition  

  X rays    Bond breaking  
  Ultraviolet/visible    Electronic  
  Infrared    Vibrational  
  Microwave    Rotational  
  Radio frequencies    Nuclear spin/Electronic spin  
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for a given wavelength, where A   =   absorbance, I   =   intensity of the light trans-
mitted, I 0    =   intensity of incident light,  l    =   length of the sample cell,  c    =   molar 
concentration of solute, and  ε    =   molar absorptivity. 

 When a polymer is subjected to some modifi cation or change, by having 
the UV - Vis spectra of the base matrix and the treated sample, it can be ana-
lyzed for the change if any one of the cases is active to this range. 

 Figure  4.1  shows the evidence of grafting in the polymer matrix  [1] . It is 
evident from the fi gure that the absorption peaks of grafted  N -vinyl carbazole 
(VCZ) occur almost in the same position as VCZ  . However, the spectra should 
resemble ethyl carbazole as the opening of the double bond of vinyl carbazole 
results, but due to the rigidity of the molecule (because of grafting), it is not 
in same position as the ethyl carbazole.    

  By Infrared Spectroscopy 

 When infrared radiation (IR) interacts with molecules, it causes transitions in 
the vibrational levels, due to various stretching and bending movements that 
occur in the molecules. Thus the IR absorption spectrum of various close -
 packed absorption bands is obtained, which has specifi c values for the particu-
lar functional group and bonds present in the molecule. The band intensities 

    Figure 4.1.     Absorption spectra of VCZ ( -  -  - ) and ECZ (   ) solution in tetrahydro-
furan and VCZ grafted on cellulose acetate fi lm ( –  – ).  Reproduced from  J Polym. Sc 
Polym Chem   32 : 2251 (1994).   
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in the IR spectrum are expressed either as transmittance (T) or absorbance 
(A), which are related to each other by the relation as

    A T= ( )log .10 1   

 The IR spectra from 4000   cm  − 1  to 667   cm  − 1  is the most revealing for the 
elucidation of the structural information about the molecule.  

  By Attenuated Total Refl ectance 

 Attenuated total refl ectance is the supportive technique used in this row to 
measure the absorption spectra of the materials such as fl at surfaces or fi lms 
that are not transparent or hard enough to be placed in the infrared cell. Using 
this technique, a sample of any fi lm of a few square millimeters and with a 
thickness of between 20 and 1000    μ m can be analyzed. The IR spectrum is a 
very simple and preliminary informative source. The IR spectrum can be used 
to trace out the information about the molecular order and even one variant 
of the degree of the crystalinity in polymers, fi bers, and composite fi lms. When 
some functional group or monomers with some functionalities are incorpo-
rated in the base polymers  [2, 3] , this is the very common technique used to 
analyze it, as shown in Figure  4.2 , where cardo polyetherketone (PEK - c) 
membranes are photografted with polyacrylic acid (C = O peak at 1725   cm  − 1 ). 
The fi gure also shows that as the grafting increases with the irradiation time, 
the peak intensity also increases.    

    Figure 4.2.     FTIR - ATR spectra of a PEK - C membrane modifi ed with grafted PAA for 
different irradiation times: (a) 0   min, (b) 1   min, (c) 2   min, (d) 3   min, (e) 5   min in AA 
10   wt. %. Irradiation intensity: 8.7   mW/cm 2 .  Reproduced from  J Membr Sci ,  255 : 107 
(2005).   
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  By  NMR  Spectroscopy 

 In NMR spectroscopy, radio wave frequency is required from the electromag-
netic spectrum. Some of the atomic nuclei possess nuclear spin ( l ), e.g.,  1 H,  13 C, 
 19 F,  31 P, etc., which makes them behave like a bar magnet and have (2 l +1) 
allowed spin states. In the absence of the external magnetic fi eld, these states 
are degenerate. When an external magnetic fi eld is applied, this degeneracy is 
removed as shown in Figure  4.3 .   

  1 H and  13 C both have a nuclear spin of 1/2 each, and these split into two 
states; one remains aligned along the applied magnetic fi eld and another 
remains aligned against it. The energy difference is given as

    ΔE h B h= ( ) =γ π υ2 0 ,  

where  γ  is magnetogyric ratio, which is a constant for each nucleus  ,  B  0  is the 
strength of applied magnetic fi eld,  h  is Planck ’ s constant, and  υ  is the frequency 
of the radio waves. 

 With the help of this spectroscopy, one can analyze the different types of 
chemical environments around various types of hydrogen in   1 H NMR  and 
carbon in   13 C NMR  present in the molecule. In the analysis of the polymer 
composition (as shown in Figure  4.4  where polyvinyl alcohol is cografted with 
polyacrylic acid  [4] ) the distinct peak of polycarboxylic acid appears in the 
spectrum. NMR is more useful than IR for branch analysis, copolymer sequenc-
ing, distribution of copolymer, and tacticity in various polymers can be ana-
lyzed more thoroughly in NMR than IR.    

  By  X  - Ray Photoelectron Spectroscopy 

 This technique is used for the analysis of the chemical constituents at the 
surface of the substance. This is also known as electron spectroscopy for chemi-
cal analysis (ESCA). In this technique, under ultrahigh vacuum, X rays are 

    Figure 4.3.     Schematic presentation of energy levels with nuclear spin 1/2.  
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    Figure 4.4.     (I) 1H NMR spectra of pure PVA and (II) 50% grafted copolymer.  Repro-
duced from  Smart Mater Struct ,  15 : 417 (2006).   
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made to interact with the top surface that emits the inner shell electrons of 
the elements present on the surface. The function of binding energy of respec-
tive elements can be formulated as  

    E E Ebinding photon kinetic= − − ∅,  

where E binding  is the binding energy of the electron emitted from one electron 
confi guration within the atom, E photon  is the energy of the X - ray photons, E kinetic  
is the kinetic energy of the emitted electron, and  Ø  is the work function of the 
spectrometer. 

 Thus by analyzing the number of electrons emitted by the specifi c area of 
the surface from the top 1 – 10   nm that are specifi c to the binding energy of 
particular elements, we can gain a qualitative insight into the various elements 
present on the surface. The fi lms of poly( ε  - caprolactone) (PCL), poly(L -
 lactide) (PLLA), poly(lactide -  co  - glycilide) (PLGA), and poly(trimethylene 
carbonate) (PTMC) do not have any nitrogen atoms in their composition but 
when  N  - vinylpyrrolidone is grafted on these membranes, with X - ray photo-
electron spectroscopy (XPS), it can be analyzed qualitatively for the modifi ca-
tion by examining the C/O and N/O elemental ratio of the top 1 – 10   nm surface 
of the fi lms as shown in Figure  4.5   [3] .   

 Thus with the help of XPS we can determine the top surface chemistry of 
the polymer fi lms or membranes for modifi ed and unmodifi ed surfaces by 
analyzing the elemental composition of the various constituents and can also 
determine the number and thickness of the layers present within the top 10   nm 
surface. This XPS spectrum (Figure  4.6 ) shows the  − COOH group incorpora-
tion on the LDPE fi lm after photografting  [5] .     

  BY THERMAL ANALYSIS 

 Thermal analysis comprises a group of techniques in which the physical 
properties of a substance is measured as a function of temperature, while the 
substance is subjected to a controlled temperature program  [6, 7] . In thermo-
gravimetric analysis (TGA) the variation of the mass of a substance is mea-
sured as a function of temperature. In differential thermal analysis (DTA), the 
temperature difference that develops between a sample and an inert reference 
is measured when both are subjected to identical heat treatments. The tech-
nique of differential scanning calorimetry (DSC) relies on the difference in 
energy required to maintain the sample and reference at an identical 
temperature. 

  Thermogravimetric Analysis ( TGA ) 

 Thermogravimetric analysis (a record of change of the mass with time or 
temperature) is extremely helpful, for example, when testing polymers like 
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    Figure 4.5.     X - ray photoelectron spectrometry data of fi lms grafted for 30   min with  N  -
 vinyl pyrrolidone (a) poly( ε  - caprolactone) (PCL), (b) poly(L - Lactide) (PLLA), (c) 
poly(lactide - co - glycolide) (PLGA) and poly(trimethylene carbonate) (PTMC).  Repro-
duced from  Biomaterials ,  27 : 1788 (2006).   

plastics, rubbers, composites, laminates, adhesives, or coatings. It is inherently 
quantitative, and therefore an extremely powerful thermal technique, but 
gives no direct chemical information. The main information obtained from 
TGA is: 

   •      Thermal Stability: related materials can be compared at elevated tem-
peratures under the required atmosphere. The TG curve can help to 
clarify decomposition temperature and mechanisms.  



   •      Kinetic Studies: a variety of methods exist for analyzing the kinetic fea-
tures of all types of weight loss or gain, either with a view to predictive 
studies, or to understand the controlling chemistry.  

   •      Materials Characterization: TGA along with DTA curves can be used to 
fi ngerprint polymeric materials for identifi cation or quality control.  

   •      Corrosion Studies: TGA   provides an excellent means of studying oxida-
tion or reactions with other reactive gases or vapors. It also can be used 
to evaluate polymer infl ammability.  

   •      Simulation of Industrial Processes: the thermobalance furnace may be 
thought of as a minireactor, with the ability to mimic the conditions in 
some types of industrial reactors.  

   •      Compositional Analysis: by careful choice of temperature programming 
and gaseous environment, many complex materials or mixtures may be 
analyzed by selectively decomposing or removing their components. This 
approach is regularly used to analyze fi ller or ash, oil extender, moisture, 
and volatile content in polymers.     

  Differential Scanning Calorimetry ( DSC ) 

 This is the thermal analysis technique used to measure the temperatures and 
heat fl ows associated with transitions in materials as a function of time and 
temperature. The measuring principle is to compare the rate of heat fl ow to 

    Figure 4.6.     XPS spectrum of the modifi ed fi lm. Irradiation time: 60   min; reaction tem-
perature: 70    ° C; GD   =   0.092   mg/cm 2 .  Reproduced from  J Appl Polym Sci ,  101 : 2269 
(2006).   
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the sample and to an inert material (which has no transition in the temperature 
range of interest) when both are heated or cooled at the same rate. Each is 
contained in a small holder within an adiabatic enclosure. The temperature of 
each holder is monitored by a thermocouple, and heat can be supplied electri-
cally to each holder to keep the temperature of the two equal. Changes in the 
samples are those associated with absorption or evolution of heat that cause 
a change in the differential heat fl ow. The difference in energy supplied to the 
sample against the average temperature is recorded as a peak. The area under 
the peak is directly proportional to the enthalpy change, and its direction 
indicates whether the thermal event is endothermic or exothermic. 

 The greatest impact of this technique has been seen in the study of poly-
meric materials with crystallinity and melting behavior, glass transition 
temperature, curing processes, and polymerization. Typical applications for 
DSC are: 

   •      to determine important transition temperatures like melting temperature 
( T  m ), glass transition temperature ( T  g ), and to study their nature  

   •      to fi nd out the heat of fusion of a crystalline phase, ( Δ  H  m ), the degree of 
crystallization, and its kinetics studies  

   •      to determine heat capacity, ( C  p ), kinetics of crosslinking and degradation 
reactions, and miscibility in polymer blends and structural relaxation such 
as enthalpy relaxation during physical changes     

  Differential Thermal Analysis ( DTA ) 

 In this method the specimen polymer and an inert reference material (often 
powdered alumina) are heated concurrently at a linear rate, each having its 
own temperature sensing and recording apparatus. The thermal - energy changes 
(either endothermic or exothermic), which occur in the course of heating, are 
plotted. This thermogram provides data on the chemical and physical trans-
formations that have occurred, such as melting, sublimation, glass transitions, 
crystal transitions, and crystallization. 

 Studies on the thermal properties of grafted and crosslinked polymers are 
informative in different aspects. It refl ects the changes in intrinsic crystallinity, 
melting behavior, fl ow properties, nature of degradation (in neutral and oxygen 
environment), for example, on grafted and crosslinked polymers. The change 
in thermal behavior depends upon the nature of the base polymer as well as 
the polymer grafted on it. It also affected by the mode of grafting or crosslink-
ing. The effect of irradiation grafting of polystyrene on three different fl uo-
ropolymers like poly(vinylidene fl uoride) (PVDF), poly(ethylene tetrafl uoro 
ethylene) copolymer (ETFE), and fl uorinated ethylene propylene copolymer 
(FEP) refl ects different thermal behavior. DSC studies reveal that the  T  m  
values of three base polymers remain relatively unaffected with the molar 
graft level [Figure  4.7 (a)]  [8] . The shape of the melting peaks were also rela-
tively unchanged by grafting. However, the base polymer crystallinity decreases 



linearly with the increase in graft level [Figure  4.7 (b)]. The decrease in inher-
ent crystallinity is greatest and of about the same magnitude for PVDF and 
FEP base polymers whereas the slope of the ETFE base polymer is about half 
the magnitude. Although grafting primarily occurs in the amorphous region 
of the base polymer, it creates a signifi cant change in the physical dimension 
of the fi lms. Such large - scale changes in the matrix volume can create reason-
able internal stresses that may disrupt the crystalline structure. However, it 
has been observed that the crystallinity of FEP fi lms remains unaffected if 
grafting is carried out with a low radiation dose for a long duration  [9] .   

 Graft copolymerization of a synthetic polymer on a natural fi ber enhances 
the thermal stability of the fi ber  [10] . Grafting of polymethyl methacrylate 
(PMMA) on a lignocellulosic fi ber like sisal changes the thermal stability 
pattern of the fi ber (Figure  4.8 ). PMMA grafting results in an important 
change in the thermal properties of the sisal fi ber. The water evaporation iso-
therm has been shifted from 90    ° C – 100    ° C to 120    ° C indicating improvement 

    Figure 4.7.     (a) T m  ’ s and (b) intrinsic crystallinities of base polymer components: ( � ) 
ETFE - g - PS, ( � ) PVDF - g - PS, and ( � ) FEP - g - PS fi lms. Prepared through e  −  /air (open 
symbols),  ϒ /air (solid symbols), or e  −  /N 2  (gray) preirradiation grafting.  Reproduced 
from  J Polym Sci Part B: Polym Phys ,  42 : 2612 (2004).   
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in moisture retention character of the fi ber. The hemicellulosic decomposition 
shoulder has been shifted from 200    ° C – 230    ° C to 290    ° C – 300    ° C indicating 
overall thermal stability enhancement due to PMMA grafting. The  α  - cellu-
losic decomposition peak (at 360    ° C) is absent in grafted polymer and a broad 
peak around 390    ° C – 400    ° C indicates that the  α  - cellulosic decomposition has 
combined with the PMMA decomposition exotherm. Thermograms also indi-
cate that the grafting has taken place mostly in the  α  - cellulosic part, keeping 
the lignin part free.   

  T  g  is strongly dependent on the mobility of the polymer chains. For modi-
fi ed silica (modifi ed by introducing epoxy functional groups) grafted acrylo-
nitrile - butadiene - styrene nanocomposites  T  g  increases signifi cantly from 
106.6    ° C to 117.9    ° C with increasing silica content, while the  T  g  of pure ABS 
is 99.03    ° C (Figure  4.9 ). Modifi ed silica particles help to achieve a netlike 
structure in the ABS matrix. The enhancement in  T  g  is due to the confi nement 
of the ABS chain motion, which is imposed by the covalent bond between 
ABS and silica particles. The higher the silica content, the larger the restriction 
of chain motion and the higher the  T  g   [11] .   

 Crosslinking enhances the thermal stability of polymers. Polyvinyl alcohol 
is a water - soluble biodegradable polymer. The crosslinking of PVA through 
its hydroxyl groups opens new application areas such as medical uses, water -

    Figure 4.8.     DSC thermogram of (A) sisal fi ber scoured and defatted, (B) sisal - g -
 PMMA (16.6%).  Reproduced from  Eur Polym J ,  36 : 1597 (2000).     
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 soluble bioactive and photoresist materials, and membranes. Thermogravi-
metric analysis reveals better heat stability for maleic acid crosslinked PVA 
compared to virgin PVA only.   Intermolecular crosslinking of PVA chains 
through maleic acid results in a three - dimensional network structure that is 
mainly responsible for higher heat stability of crosslinked PVA (Figure  4.10 ) 
 [12] .     

    Figure 4.9.     DSC thermograms of ABS and grafted nanocomposites.  Reproduced from 
 Eur Polym J ,  36 : 1597 (2000).   
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    Figure 4.10.     Thermogravimetric analysis curves for (I) virgin PVA, (II) heat - treated 
PVA, (III) maleic - acid - treated PVA.  Reproduced from  J Polym Res ,  13 : 161 (2006).   
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  BY MECHANICAL PROPERTIES 

 The mechanical properties of a polymer involve its behavior under stress. 
These properties play decisive role in the practical applications of polymers. 
Mechanical properties provide answers to the questions of how strong or stiff 
a polymer is; whether it is hard, soft, brittle or ductile; does it holds up well 
under repeated stress, etc. The group of properties that are defi ned as mechan-
ical properties are strength (tensile, compressional, fl exural, impact, torsional), 
elongation (elastic and ultimate), modulus (tensile, rigidity, bulk), toughness, 
rigidity, hardness, abrasion resistance, and brittleness. Grafting and crosslink-
ing have major effects on different mechanical properties of the modifi ed 
stock. A brief description of different mechanical properties and their process 
of measurement are as follows  [13, 14] : 

  Tensile Strength 

 Strength is the ability of a body to withstand load without breaking. Tensile 
strength is the limiting stress at which a specimen fractures and is expressed 
in kgf/cm 2 . It is an important property for polymers that are going to be 
stretched. Fibers, for instance, must have good tensile strength.  

  Elongation 

 Elongation is a type of deformation, which is simply a change in shape under 
stress. In the case of tensile stress, the sample deforms by stretching and 
becomes longer, which is called elongation. Generally it is expressed as percent 
elongation, which is  Δ l/L 0     ×    100 where  Δ l is change in length and L 0  is the 
original length. Elongation may be ultimate or elastic. The ultimate elongation 
is the strain on a sample when it breaks, which is known as elongation at break. 
Elastic elongation is the percent of elongation that may be reached without 
permanently deforming the sample.  

  Tensile Modulus 

 Modulus is the capability of a polymer to resist deformation, which is the ratio 
of stress to strain. It is also called the modulus of elasticity or Young ’ s modulus 
and is the slope of the stress strain curve (Figure  4.11 ). In general, fi bers have 
high Young ’ s modulus, elastomers have low values, and plastics lie in between.    

  Toughness 

 Toughness is the measure of energy a sample can absorb before it breaks. It 
is the area under a stress - strain curve. The area under the curve is proportional 
to the integral of the force over the distance the polymer stretches before 
breaking. 



 The stress - strain properties are measured by a standard procedure. A dumb-
bell test piece (following ASTM standards) is cut out with a die. Benchmarks 
one inch apart are placed on the narrow portion. The test piece is then placed 
in the tensile testing machine (INSTRON tensile tester) and stretched until it 
breaks. A stress - strain curve is plotted showing the relationship among differ-
ent tensile properties.  

  Tear Strength 

 Tear strength is the maximum force required to tear a polymer sample. The 
force acts substantially parallel to the major axis of the test specimen. It is 
expressed in kg/cm. It is usually determined by crescent tear test. A crescent -
 shaped piece of defi nite size (following ASTM standards) is cut out with a die. 
A small slit is made in the inner curved surface of the test specimen. The speci-
men is then placed in a tensile machine and loaded to rupture. The load 
required to separate the specimen is used in calculating the resistance to 
tear.  

  Rebound 

 Rebound is a measure of the resilience of an elastomeric compound. The test 
is made by allowing a weighted pendulum device to travel through a measured 
arch and to strike the polymer block. The percentage rebound is read directly 
from a calibrated scale.  

  Hardness 

 Hardness is determined with Shore durometer. A metallic point actuated by 
means of a spring is pressed against the surface of the stock, and the hardness 
value is read directly on the scale of the instrument.  

    Figure 4.11.     Stress - strain curve.  
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  Abrasion Resistance 

 Abrasion is the process of wearing away the surface by friction. There 
are many devices to measure abrasion resistance. In all cases, an abrasive 
material is rubbed against the surface of the stock. Either volume loss is 
measured directly or the work required to produce a defi nite volume loss is 
determined.  

  Permanent Set 

 The resistance of a crosslinked polymer to permanent deformation when 
subjected to a compression stress is expressed by permanent set. The extent 
to which distortion becomes permanent after subjecting a test piece to a 
known load between plates is known as compression set. It is expressed as a 
percentage of the original thickness.  

  Hysteresis 

 When a crosslinked elastomer is deformed and released, mechanical energy is 
converted to potential energy and then back. Part of this energy is converted 
to heat, which cannot be recovered; this is known as hysteresis loss. In the 
Goodrich fl exometer, a cylinder of vulcanized stock is compressed under con-
stant load. A very rapid cyclic defl ection is imposed on top of this constant 
load compression. This leads to a rapid heating up of the sample. The hysteresis 
is reported in  ° F as the  Δ T or heat rise during the test.  

  Flexural Modulus 

 The strength of a material when its top surface is subjected to compression 
(squeezed together) and the bottom is in tension (stretched) is known as fl ex-
ural modulus. A simple beam supported at each end and loaded in the middle 
is used to determine the fl exural modulus.  

  Creep 

 When a thermoplastic material is subjected to a constant load, the length of 
the thermoplastic bar will continue to increase. This is called creep. Thermosets 
are more resistant to creep than thermoplastics. Creep modulus will vary with 
time; that is, it decreases as the time increases.  

  Fatigue Strength 

 Plastics when subjected to cyclic loading are susceptible to brittle crack growth 
fracture at stress levels well below their tensile and compression strength. The 
combination of tension and compression is the most severe condition and the 
strength is known as fatigue strength. 



 Grafting plays a dominant role in controlling mechanical properties. 
Invariably the effects depend upon the nature of the base and the grafted 
polymers and also on the mode and extent of grafting. Grafting of a tough 
fl exible polymer on a rigid plastic enhances the impact strength and reduces 
hardness and brittleness. Conversely, the grafting of a rigid polymer in a soft 
fl exible matrix increases the modulus of the stock. Grafting of an amorphous 
polymer on a crystalline may result in a decrease or increase in mechanical 
properties. If grafting takes place in the amorphous zone there may be an 
enhancement in the mechanical properties; however, a higher degree of graft-
ing may disrupt the crystalline zones, which may reduce the tensile strength 
and modulus. 

 Grafting of polymethyl methacrylate (PMMA) or polybutyl acrylate (PBA) 
on cellulose fi bers results in a reduction in crystallinity of the grafted fi ber  [15] . 
Because of the grafting, a decrease in the elastic modulus and tensile strength 
of the cellulose has also been observed. The effect of PBA grafting on the 
mechanical properties of cellulose fi ber is shown in Figure  4.12 . Grafting 
the amorphous rubberlike polymer PBA affects the amorphous as well as the 
crystalline zones of the fi ber and therefore modulus decreases.   

 Grafting of methyl methacrylate on cotton yarn enhances the Young ’ s 
modulus value of the yarn from 148   cN/tex to 240   cN/tex. Elongation at the 
break decreases from 9.8% to 4.4%. Due to higher glass transition tempera-
ture (105    ° C) the PMMA chains confer stiffness to the oxidized yarn  [16] . 

    Figure 4.12.     Elastic modulus and tensile strength of cellulose fi ber grafted with butyl 
acrylate as functions of the amount of PBA grafted onto cellulose fi bers.  Reproduced 
from  Composites: Part A: Appl Sci Manufac ,  30 : 349 (1999).   
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 In general, crosslinking enhances the mechanical properties of polymers. 
Photocuring of sodium alginate (SA) with 3(trimethoxysilyl) propyl methac-
rylate silane improves the mechanical properties of SA. The results of the 
tensile strength (TS)   value are shown in Figure  4.13 , where values are plotted 
against the number of UV passes as a function of monomer formulation with 
the silane monomer treatment. The TS values of the grafted SA fi lms increased, 
which may be due to the crosslinking of hydroxyl and silane (C − O − Si bond), 
forming the three - dimensional network structure. It was observed that the 
tensile strength of the silane - treated fi lm could be increased up to 107% com-
pared to the nontreated one, and elongation at the break increased up to 87% 
 [17] .   

 In the crosslinking of polybutadiene rubber with dipentamethylene thiuram 
tetrasulfi de (DPTT) no polysulfi de rings are formed, whereas a great number 
of  − C − C −  crosslinks are produced. Enhancement of the crosslinker dose from 
2 to 4   phr results in steady enhancement of the crosslink density of the network 
(Figure  4.14 ). Tensile strength enhances from 1.2 to 1.4   MPa with a decrease 
in elongation at the break from 150% to 105%. An appreciable increase in 
hardness from 44 to 53.5 Shore A was observed  [18] . It has been observed that 
in DPPT curing, persulfenil radicals   are able to produce crosslinking via allylic 
abstraction without disproportionation. At the same time, these radicals can 
initiate the polymerization of the double bonds in the neighboring chains, 
producing areas of high crosslink density.   

 The crosslinking of natural rubber with a binary accelerator system based 
on 1 - phenyl - 2,4 - dithiobiuret (DBT) and dicyclohexylbenzothiazyl sulfenamide 
(DCBS) shows an appreciable enhancement in mechanical properties with an 

    Figure 4.13.     Tensile strength of the treated alginate fi lm against number of UV passes 
(UV doses) with respect to monomer (silane) concentration for 3   min soaking time. 
( � ) 3% silane, ( � ) 5% silane, ( � ) 10% silane, (   ) 20% silane.  Reproduced from  Car-
bohydrate Polymers ,  72 : 349 (2008).     
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increase in the curative dose. Maximum values were achieved at an optimum 
concentration. The variation of different properties with the crosslinker dose 
is shown in Table  4.2   [19] . The enhancement in modulus and tensile strength 
and decrease in elongation at the break are refl ections of the increase in 
crosslink density (decrease in chain fl exibility) with the increase in accelerator 
dose.     

    Figure 4.14.     Changes in crosslink density for compounds with different concentrations 
of DPTT.   The theoretical line corresponds to entirely monosulfi dic structures.  Repro-
duced from  J Appl Polym Sci ,  106 : 3481 (2007).   
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 TABLE 4.2.     Mechanical properties of  NR  cured using  DCBS / DBT  stock 
composition of 100   g  NR , 5   phr  Z  n  O , 2   phr stearic acid, 0.8   phr  DCBS , and 2.5   phr 
sulfur. 

    

  Batch No.  

  A 5     A 6     A 7     A 8     A 9   

  DTB concentration phr    0    0.2    0.4    0.6    0.8  
  Tensile Strength (MPa)    14.22    17.5    29.4    27.7    26.25  
  Tear strength (N/mm)    18.43    25.89    25.17    26.07    30.47  
  Elongation at break (%)    930    876    822    850    795  
  Compression set (%)    78    56    59    78    66  
  Hardness (Shore A)    31    37    38    40    38  
  Resilience (%)    23    27    25    26    24  
  Modulus 300% (MPa)    3.17    4.06    5.01    4.81    4.71  

 Reproduced from  J Appl Polym Sci ,  87 : 2193 (2003). 

BY MECHANICAL PROPERTIES 111



112 ANALYTICAL EVIDENCES

  BY MORPHOLOGICAL ANALYSIS 

 Morphological analysis is achieved by different techniques such as scanning 
electron microscopy (SEM), transmission electron microscopy (TEM) and 
atomic force microscopy (AFM). 

 Scanning electron microscopy employs a microscope that uses electrons 
rather than light to form an image. The combination of higher magnifi cation, 
larger depth of focus, and greater resolution makes it useful instrument in the 
analysis of the particular polymeric fi eld. 

 Transmission electron microscopy is an imaging technique whereby a beam 
of electrons is transmitted through a specimen, and an image is formed, magni-
fi ed, and directed to appear either on a fl uorescent screen or layer of photo-
graphic fi lm or to be detected by a sensor such as CCD camera. 

 In both techniques, electrons are generated thermoionically. They are then 
accelerated by an electric fi eld and focused by electrical and magnetic fi elds 
onto the sample. The electrons are focused onto or through the sample provid-
ing a resolution far better than is possible with light microscopes and with 
improved depth of vision. The basic feature is presented in Scheme  4.1 .     

 The interaction of the incident electron beam with the specimen results 
different signals. For scanning electron microscopy, the secondary, back-

    Scheme 4.1.     Presentation of the basic features of SEM and TEM.  



scattered electrons, as well as X rays, are used for scanning whereas transmit-
ted electrons through the sample are useful for transmission. 

 Atomic force microscopy (AFM) is, on the other hand, used for imaging, 
measuring, and manipulating matter at the nanoscale. It measures the topog-
raphy with a force probe. The probe is a tip on the end of a cantilever that 
bends in response to the force between the tip and the sample. AFM provides 
a true three - dimensional surface profi le. 

 The usefulness of AFM is as follows: 

  (1)     It can supply the clear visual picture of virgin polymers as well as their 
modifi ed ones. It may be two dimensional or three dimensional.  

  (2)     The nature of modifi cation (uniformity) is also observed in the micro-
meter as well as the nanometer scale.  

  (3)     From the roughness parameters (from AFM), one can get idea of the 
grafting content on the polymer.    

 The introduction of different moieties through grafting techniques features 
different morphologies, e.g., grafting with polyvinyl pyrrolidone on to the 
polypropylene  [20] , polyacrylic acid grafting on polyamide (NF - 270) mem-
brane  [21] , or methyl methacylate over the ultrahigh molecular weight of 
polyethylene  [22] . The white layer of polyvinyl pyrrolidone spreads with the 
grafting (Figure  4.15 ), with the bumpy structure appearance of methyl meth-
acrylate over the ultra high molecular weight of polyethylene (Figure  4.16 ). 
  The white layer of polyacrylic acid over the NF - 270 membrane is evidenced 
from the cross - sectional TEM image (Figure  4.17 ).   

    Figure 4.15.     SEM images of the membranes inside (a) nascent PPMM without any 
treatment and (b) PVP - grafted polypropylene with DG   =   64.7   wt. %.  Reproduced from 
 Eur Polym J ,  40 : 2077 (2004).   
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    Figure 4.16.     SEM photographs of the membranes inside (a) control and (b) 1.04   mg/
cm 2  grafting.  Reproduced from  J Mat Sci: Mat in Medicine ,  11 : 593 (2000).   

(b)
(a)

    Figure 4.17.     TEM cross - sectional images of a heavily modifi ed NF - 270 membrane 
(magnifi cation 60K).  Reproduced from  J. Memb Sci ,  209 : 283 (2002).   
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 The AFM images of polyethylene glycol methacrylate (PEGMA) and sul-
fopropyl methacylate (SPM) grafted BW - 30 commercial reverse osmosis (RO)   
membranes  [22]  are shown below (Figure  4.18 ). With the grafting, the rough-
ness parameter is interestingly decreased  [22, 23]  (of course it depends upon 
the roughness of virgin membrane).    



  BY MOLECULAR WEIGHT ANALYSIS 

 The two most fundamental properties of polymers are chemical composition 
and molecular weight. While the chemical composition can usually be deter-
mined relatively easily by a variety of techniques, the determination of molec-
ular weights may not be as straightforward. 

 Of the primary methods to determine molecular weight, the methods based 
on osmotic pressure, light scattering, and ultracentrifugation are most often 
used.   

 In the osmotic pressure method, the most important point is to select a 
suitable membrane, through which the macromolecules are passed through. 
Although this method has been used for the determination of molecular 

    Figure 4.18.     AFM images of BW - 30 RO membranes (Dow - Filmtec): (a) original, 
(b) modifi ed with PEGMA, and (c) SPM. The average roughness in nanometers is 
(a) 93, (b) 30, (c) 28.  Reproduced from  J. Memb Sci,   209 : 283 (2002).   
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weight in a number of systems, one limitation is that the low - molecular - weight 
species may undergo permeation through the membrane. The light - scattering 
method is based on the inhomogeneity of the polymer solution. The extent of 
light scattering may be correlated with the molecular weight of the polymer 
species, and hence one can determine the molecular weight of the desired graft 
by the extent of light scattering  [24] . 

 The ultracentrifugation technique is based on the sedimental rate of polymer 
particles, when the polymer solution is subjected to strong centrifugal force. 
The sedimental rate is related to the molecular weight. 

 Secondary methods of molecular weight determination may be classifi ed 
into three categories, e.g., viscosity measurement, gel permeation chromatog-
raphy, and end group analysis. Of these three methods, viscosity as the measur-
ing parameter has long been used in polymer studies  [25] . It is based on the 
Mark - Houwink equation

    η α[ ] = KM ,  

where  η  is intrinsic viscosity, and  K  and  α  are constants, which are, however, 
functions of both solvent and polymer type. The molecular weight is 
derived from relationship of the viscosity average molecular weight, e.g.,   Mv . 
This   Mv  is found to lie between   Mn  (the number average molecular weight) 
and   Mw  (the weight average molecular weight), but much closer to   Mw. This 
method appears to be the fastest, simplest, and most inexpensive technique to 
determine the molecular weight of the polymer. 

 Gel permeation chromatography is a polymer characterization method in 
which molecules are separated largely on the basis of their size. This technique 
consists of percolating the polymer solution through a packed column of 
porous particles where the stationary phase constitutes the solvent inside 
the gel pore, and the mobile phase is the solvent of the percolated solution. 
The molecules that are too large to enter the gel pores permeate through the 
column whereas the smaller particles will enter the pores and will be delayed; 
hence the species that will come out fi rst through the column will be larger 
molecules followed progressively by the smaller ones. Polymer molecular 
weight distribution (MWD) represents an intrinsic property that provides 
direct correlation with many end - use physical properties and universal crite-
rion for polymer characterization  [26 – 28] . Figure  4.19  presents the difference 
between the molecular weight distributions of the graft copolymer and the 
parent one. The molar mass of the grafted product is shifted toward a lower 
retention time. This confi rms an increase in the molecular weight of the graft 
copolymers compared to the ungrafted material. A multiangle light - scattering 
detector is also used today to determine molecular weight distribution. The 
technique is based on the infl uence of laser light on the macromolecules. 
Lasers will induce the polarizibility in the macromolecule; thus scattering 
of the light will be effective when monitoring the polymer macromolecules 
 [29, 30] .    



  BY MEASUREMENT OF PHYSICAL PROPERTIES 

 The grafting/crosslinking infl uences different physical properties, for example, 
the contact angle or rheological properties. 

  Measurement of the Contact Angle 

 The measurement of the contact angle of the matrices can determine the 
nature of the polymers. The contact angle is the quantitative measure of the 
wetting of a solid by a particular liquid. The contact angle is defi ned as 
the angle at which a liquid/vapor interface meets the solid surface (Figure 
 4.20 ). The common techniques are the sessile drop, the pendant drop, or the 
Wilhelmy technique.   

 The sessile drop method uses an optical subsystem to capture the profi le 
of a pure liquid on a solid substrate. It provides an idea of the nature of the 

    Figure 4.19.     Comparison of the GPC traces for the poly(MMA - co - HEMA) copolymer 
and the fi nal poly(MMA - co - HEMA) - g - PCL grafted copolymer.  Reproduced from 
 Macromolecules   39 : 9080 (2006).   
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    Figure 4.20.     Contact angle featuring the nature of support.  
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polymeric substrate where the liquid drop is stationed. On the other hand, the 
pendant drop method is used to measure surface and interfacial tensions of 
liquids. Here the geometry of a drop is analyzed. 

 The Wilhelmy technique is based on the wetting force on the solid by a 
particular liquid. It is calculated from average advancing and receding contact 
angles on solids of uniform geometry. Both sides of the solid (fi lm) must have 
the same properties. 

 If the liquid is very strongly attracted to the polymeric solid surface (for 
example, water on a strongly hydrophilic solid), the droplet will completely 
spread out on the polymeric surface, and the contact angle will be close to 0    ° . 
Less strongly hydrophilic solids will have contact angles up to 90    ° . If the 
surface is hydrophobic, it will show the contact angle  > 90    ° . 

 The grafted moieties of different functional groups introduce the polymeric 
surface. Polymers grafted with monomers (e.g., acrylic acid, acrylamide) 
 [31 – 34]  characterize hydrophilic surface whereas monomers (e.g., vinyl 
trimethoxy silane, fl uorinated methacrylates) result in hydrophobic surfaces 
 [35, 36] .  

  By Measurement of Rheological Properties 

 Rheology deals with the fl ow of fl uids and the deformation of polymers under 
stress and strain. The quantitative parameters used are viscosity, elasticity, 
shear rate, shear strain, and shear stress. Rheology is based on the Newtonian 
as well as the non - Newtonian (dilatant, Bingham, pseudoplastic) fl ow of 
liquids. 

 For the polymer liquid, the shear rate infl uences the organization of the 
microstructure. The work done in producing the anisotropic global structure 
and accompanying fl ow is of two types: a recoverable energy associated 
with structure formation, which is identifi ed with the elasticity, and a lost 
energy dissipated in structural formation and sliding, which is associated 
with the viscosity. Generally, the anisotropy is increased with the rate of 
fl ow and accompanying increase of the shear forces. Measurement of visco-
sity as a function of shear rate is used to measure complex rheological 
properties such as viscoelasticity (G ′ , G ″ ) as function of frequency (time) 
or temperature. 

 Thus, the rheometer is a kind of mechanical spectrometer that measures 
the viscoelastic properties of materials beyond just viscosity. There are two 
distinctively different types of rheometers depending on the geometry of 
applied stress. Rheometers that deal with shear stress are called shear rheom-
eters (capillary, cone and plate, rotational cylinder), whereas rheometers 
that apply extensional stress are extensional rheometers (acoustic, pulled 
string). 

 As grafting/crosslinking introduces the heterogeneity of the polymers, the 
rheological properties also change. Figure  4.21  presents the differences in the 
viscoelastic behavior of agar and agar - g - polyvinylpyrrolidone. Both moduli 
(G ′  and G ″ ) decreased for the agar - g - PVP hydrogels and became more fre-



quency dependent; i.e., it tended to be more liquidlike under an applied strain 
of 0.01%  [37] .   

 It is observed that by grafting, shear stable and viscofying polymeric materi-
als are obtained. Figure  4.22  illustrates the shear viscosity vs shear rate in an 

    Figure 4.21.     Viscoelastic behavior of (a) agar and agar - grafted - PVP.  Reproduced from 
 J Appl Polym Sci ,  102 : 3654 (2006).   
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    Figure 4.22.     Viscosity versus shear rate curves of the aqueous solutions of Dextran and 
Dextran - g - polyacrylamide.  Reproduced from  Carbohydrate Polymers ,  69 : 371 (2007).   
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acrylamide grafted dextran system  [38] . Though upon grafting the shear vis-
cosity increases; in both the cases, the shear viscosity decreases with the 
increase in shear rate. The samples show shear thinning non - Newtonian 
behavior (pseudoplastic) grafting.   

 For crosslinked polymers, the values of G ′  and G ″  decrease to zero at low 
frequencies (otherwise known as the terminal zone). A decrease in the molec-
ular weight tends to shift the terminal zone to higher frequencies. Whereas the 
addition of chemical crosslinks results in signifi cant changes in the rates at 
which the dynamic moduli decrease at low frequencies; in the case of elastic 
materials, G achieves a plateu value. 

 Melt rheology is a valuable technique to detect changes in molecular weight 
and structure resulting from secondary reactions that occur during the grafting 
process. The rheological properties of the graft - modifi ed polypropylene were 
greatly infl uenced by the type of initiator, concentration of initiator, concentra-
tion of monomer, and use of comonomers. The grafting of glycidyl methacylate 
(GMA) onto polypropylene in the presence of peroxide initiators resulted in 
a signifi cant amount of  β  - chain scission and ultimately reduced the melt 
strength of the copolymer. The rheological properties of the GMA graft - modi-
fi ed PP samples suggest that some crosslinking of PP occurs during the grafting 
process, most likely due to epoxy ring opening reactions. On the other hand, 
with the increase of styrene grafting on polypropylene, the melt strength is 
enhanced. These trends were also apparent for the copolymers prepared with 
both GMA and styrene; therefore it is possible to produce highly functional-
ized PP with good melt strength  [39] . The presence of crosslinkers in the 
system infl uences the properties (viz., dynamic viscoelasticity) of the hydro-
gels. The effect of the amount of crosslinker on the dynamic viscoelasticity for 
hydrogels is shown in Figure  4.23 . The values of G ′  increased with an increase 
in the percent addition of methylene bis acrylamide in the pulp acrylamide 
hydrogels. The increased amount of crosslinker decreases the volume occupied 
by large pores, and thus decreases the dynamic viscoelasticity    [40] .     

  BY  X  - RAY DIFFRACTION ANALYSIS 

 The X - ray technique is also an alternative means to detect the structural 
changes that occur due to grafting. 

 X rays are generated when high - energy electrons impinge on a metal target 
(iron, copper, or molybdenum). When an X - ray monochromatic beam impinges 
on a sample, two processes can be observed, depending on the nature of the 
sample. Coherent scattering of X rays occurs if the sample is of periodic struc-
ture. This process occurs without a change of wavelength and without loss of 
phase relationship between the incident and scattered rays. The process is 
called the diffraction X - ray effect and is measured by wide - angle X - ray dif-
fraction. However, incoherent scattering results when the sample is of an 
unperiodic structure that possesses different electron densities (crystalline and 



amorphous regions). This process occurs with a change of wavelength and a 
change in the phase relationship between the incident and scattered rays. This 
process is termed the diffuse X - ray diffraction effect and is measured by small 
angle X - ray scattering. 

 An X - ray diffraction study of graft copolymers formed by certain mono-
mers on polymers has shown that grafting changes the structure of the parent 
polymeric backbone  [41 – 43] . Of course, it depends upon the nature of the 
polymer. Sometimes it does not refl ect changes due to grafting or crosslinking 
 [44 – 46] . 

 Figure  4.24  presents the comparative study of the X - ray diffraction pattern 
of hydroxyl propyl methyl cellulose and the polyethyl acrylate grafted one 
 [41] . The peaks of the grafted one are comparatively dispersive, and the per-
centage of crystallinity decreases. Thus, XRD presents evidence of grafting, 
which enlarges the proportion of the amorphous regions and reduces the 
percentage of crystallinity.   

 The variation of crystallinity with the grafting percentage can also be illus-
trated as in Figure  4.25   [47] . The decrease in crystallinity upon the grafting of 
styrene and acrylic acid on fl uorinated ethylene propylene copolymer (FEP) 
and the post - grafting treatment (sulfonation) is due to the dilution effect of 
crystallites because of the incorporation of styrene - co - acrylic acid into the 
amorphous region of the FEP matrix as well as crystal disruption.   

 Thus, X - ray diffraction provides valuable information for the differences of 
polymer perfection as well as their crystallinity.  

    Figure 4.23.     Effect of the percent addition of a crosslinker on the value of G ″  for 4% 
hydrogels of pulp - acrylamide hydrogels at 30    ° C.  Reproduced from  J Appl Polym Sci  
 45 : 805 (1992).   
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    Figure 4.24.     X - ray diffraction pattern of (a) hydroxyl propyl methyl cellulose and 
(b) hydroxyl propyl methyl cellulose - g - polyethyl acrylate.  Reproduced from  Carbohy-
drate Polymers   68 : 626 (2007).   
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    Figure 4.25.     Variation of the crystallinity with the degree of grafting.  Reproduced from 
 J Appl Polym Sci   97 : 1426 (2005).   
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 BROADER SPECTRUM: EXAMPLES  

  Inderjeet   Kaur   and   Paramita   Ray        

  INTRODUCTION 

 Graft and crosslinked polymers are specialty polymers that can lead to desir-
able properties that are not inherent to the parent backbone. As grafting is 
generally related to side chains of the backbone polymer, it does not encom-
pass the far interior, and it may be envisaged that this will cause little per-
turbation of the molecular properties. If the penetration is greater, major 
changes are observed. Crosslinked polymers exhibit signifi cant bulk property 
development. Some properties may therefore be linked with the surface only, 
whereas others may be grouped together due to bulk changes. In the follow-
ing sections, the impact of grafting and crosslinking on different properties 
are discussed.  

  AFFINITY TO SOLVENTS 

 The attachment of hydrophilic monomers (e.g., acrylic acid, acrylamide, acry-
lonitrile, etc.) has been found to lead to an increase in wettability, adhesion, 
dyeing, and rate of release of oil stains by a detergent solution from the 
grafted surface. On the other hand, if the monomer is hydrophobic, the result 
is decreased wetting. Of course, it depends upon the nature of wetting liquids. 
If grafting is not restricted to the surface alone, but encompasses the bulk 
of the backbone polymer, then properties such as sorption, fl ame resistance, 
or crease resistance, etc. are affected. 

 Apart from the behavior of imbibing a large amount of water, hydrophilic 
monomer grafted polymers are biodegradable and may be sensitive to stimuli 
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(pH and temperature). As such they are also described as SMART POLY-
MERS. Water uptakes by the hydrogels (grafting by acrylamide (AAm), 
2 - acrylamido - 2 - methyl propane sulfonic acid, NIPAAm, etc.) relate to signifi -
cant volume transitions, when small changes are made in their environment 
 [1] . Modifi cation of polymers in this direction lead to the synthesis of  “ hydro-
gels, ” , which are discussed in later sections. 

 Polyelectrolyte behavior is conveyed by grafting hydrophilic monomers on 
to the polymer  [2 – 4] . This is determined from the viscosity measurements 
(Figure  5.1 ) for the starch -  g  - poly (AAm). These types of copolymers have 
been evaluated as agents to increase the viscosity of aqueous fl uids and may 
fi nd use in the EOR process  [5] .   

 The presence of polar pendant groups in the grafted samples helps the 
polymer to swell in different solvents, both polar and nonpolar, though it 
depends upon the nature of substrates. The percentage of swelling of both 
polyamide (PA) - g - poly (methyl acrylate) (PMA) and PA - g - poly (methyl 
methacrylate) (PMMA) increases with the grafting in different solvents as in 
DMSO > DMF > pyridine > water  [6] . The swelling behavior is attributed to the 
interaction of the polar solvents with moderately polar amide groups of PA 

    Figure 5.1.     Effect of the amount of water on [ η ] sp  /C of starch - grafted PAAM compos-
ite. Reproduced from  J Appl Polym Sci ,  47 : 1165 (1993).  
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and pendant ester moieties of the grafted PMA and PMMA chains. At higher 
grafting levels beyond 400%, the percentage of swelling of grafted fi lms shows 
a steep rise in all solvents except water. This is attributed to the fact that the 
increase in the number of grafted chains with an increasing percentage of 
grafting facilitates the interactions with the solvents. Both PMA and PMMA 
are themselves insoluble in water  [6] . Similar behavior is also achieved for the 
polyamide fi lm on the grafting of binary mixture of MA and acrylamide  [7]  
(Figure  5.2 ) where water shows minimum swelling in comparison with dipolar 
aprotic solvent DMSO.   

 Similarly, functionalization of polyethylene by the grafting of polar mono-
mers such as methacrylonitrile (MAN) and a binary mixture of MAN with MA 
has shown the maximum swelling (12.53%) in benzene and minimum (4.86%) 
in water  [8] . Tefzel grafted with a mixture of MA and styrene shows low 
swelling in water, but in benzene and DMF the swelling is appreciable  [9] .   

 The fl occulation properties of hydroxyethyl cellulose (HEC) - g - poly (AAm) 
on the outlet effl uents of the electroplating, leather, and spinning industries 
amount as a function of the graft copolymer. It is seen that the polymer 
behaves as an effective fl occulent for all these industrial effl uents  [10]   . 

 Very high water uptake (35,000%) and a high uptake of Fe 2+ , Cu 2+ , and Cr 6+  
ions on pectin - cl - poly (AAm PSA) (pectin crosslinked with 2 - acrylamido - 2 -
 methyl - 1 - propanesulfonic acid) network  [11]  is achieved. The sorption prop-
erty of the metal ions is developed on interpenetrating networks (IPNs) of 
cellulose derivatives (e.g., hydroxyl propyl, cyanoethyl, hydroxy ethyl, and 

    Figure 5.2.     Effect of grafting on swelling of PA - g - poly [MA - co - AAM] in various sol-
vents. Reproduced from  Polymers  &  Polym Composites ,  6(7) : 465 (1998).  
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hydrazinodeoxy cellulose and cellulose phosphates) grafted with 2 - acryl-
amido - 2 - methyl propane sulfonic acid  [12]  and methylacrylamide (MAAm) 
 [13]  crosslinked with  N,N  - methylene - bis - acrylamide (NNMBA). These hydro-
gels have a high retention capacity, and the partitioning of metal ions is appre-
ciably high between the hydrogels and the liquid phase. Grafting glycidyl 
methacrylate (GMA) with comonomer acrylic acid (AAc), and acryl amide 
(AAm) and acrylonitrile (AN) with the cellulose extracted from pine needles, 
develops the sorption of ions Fe 2+ , Cu 2+  and Cr 6+  ions  [14] . Ion exchange capac-
ity is also infl uenced by grafting of hydrophilic acid groups  [15]  as water 
uptake is a function of ion exchange capacity or equivalent weight. However, 
very high water uptake causes a decrease in the membrane selectivity together 
with a considerable loss in the mechanical strength  [16] . 

 Networks based on HPC (hydroxypropyl cellulose) and  N  - iso propyl acryl-
amide crosslinked with NNMBA show thermosensitivity  [17] . Post - grafting 
reaction develops various special properties for the resultant polymers: treat-
ment of ethylacrylate -  g  - crosslinked poly (vinyl pyrrolidone) with potassium 
hydroxamate shows metal binding properties  [18] , and partial alkaline hydro-
lysis generates ionogenic groups, which develop fl occulating properties. Saponi-
fi ed Starch -  g  - PAN copolymers are used as thickening agents as water 
absorbents and are known to form highly swollen insoluble gel  [19] . 

 The crosslinking of a polymer greatly infl uences its affi nity toward solvents. 
Crosslinks impart rigidity in the long chain macromolecules, and all synthetic 
networks swell when they are exposed to low - molecular - weight solvents. The 
degree of swelling is a function of several factors of which the length of the 
network chain is the prime one  [20] . In fact, swelling depends on the molecular 
weight between the crosslinks  [21] . Conversely, the network structure of a 
crosslinked polymer may be studied by means of its swelling characteristics in 
solvents. The polymer - solvent interaction parameter between a crosslinked 
network and its solvent has been found to vary with the volume fraction of 
polymer in the swelled mass, which again changes with the crosslink density 
of the cured compound  [22] . For styrene butadiene rubber (SBR) crosslinked 
with different doses of sulfur/accelerator, it is possible to fi nd out the relative 
distribution of each type of crosslinks (polysulfi des, disulfi des, and monosul-
fi des) from a swelling test, considering the variation of the polymer - solvent 
inter action parameter with the volume fraction of polymer in the swelled mass 
 [23] . Although the swelling of a crosslinked polymer by a suitable solvent is 
predominantly controlled by crosslink density, the type of crosslink also play 
a dominant role. When SBR is crosslinked using four different vulcanization 
systems such as conventional (CV high sulfur:accelerator ratio), effi cient (EV 
low sulfur:accelerator ratio), peroxide, and a combination of peroxide and 
sulfur, there is a remarkable difference in their swelling properties. The 
maximum solvent uptake follows the order EV > mixed > CV > peroxide (Figure 
 5.3 ). The highest solvent uptake properties are showed by SBR having mono -  
and disulfi dic linkages, whereas those having C - C crosslinks showed the lowest 
solvent uptake  [24] .   
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 Studies on the swelling properties of interpenetrating polymer networks 
(IPNs) are important to understand the infl uence of the component segments 
on IPN structure. In general, the higher the presence of the soft segment in 
an IPN, the greater the selling ratio (the ratio of the volume of sample after 
swelling to the volume of sample before swelling). A study  [25]  on a simultane-
ous polyurethane (PU) vinyl ester (VE) full IPN showed that the swelling ratio 
of the integrated network increased with increase in the blocked PU content, 
which is the soft segment of the network blend. The increase in the fi ller 
(kaolin) contents in such IPNs (PU:VE 15:85) results in a decrease in the 
swelling ratio as fi ller content increases the hard segment of the IPN. The 
swelling ratio also decreases with the increase in the initiator content of vinyl 
ester. The higher the initiator content, the greater the degree of VE polymer-
ization (crosslinking), and the greater the hard segment content existing in the 
IPN. Comparison of swelling behavior of chitosan gel and a semi - IPN of chi-
tosan and polyethylene oxide (crosslinked with glyoxal) indicates a higher 
capacity to swell for the semi - IPN at different pH levels like 1.2 and 7.2. Semi -
 IPN contains 6% more bound water than the reference gel. The presence of 
hydrophilic PEO chains induces an osmotic effect in the network during swell-
ing. From swelling studies, it was concluded that the semi - IPN had a promising 
potential because of its higher pH - dependent swelling properties, which could 
allow a pH - controlled release in oral administration of a drug  [26] .  

    Figure 5.3.     Effects of the types of crosslinks on the mole percent hexane uptake of 
SBR membranes. Reproduced from  J Membr Sci ,  163 : 1 (1999).  
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  THERMAL PROPERTIES 

 It is necessary to characterize the end - use products in terms of thermal 
properties. In general, thermal analysis co - relates the characterization of the 
properties of a material as a function of temperature. Graft and crosslinked 
polymers show different thermal behavior with respect to the parent polymer 
backbone. 

 The grafting of a monomer in any crystalline polymer takes place mainly 
in the amorphous zone of the parent backbone, but an increase in the percent-
age of grafting also affects the crystalline regions; hence, thermal stability of 
the parent polymer decreases, e.g., grafting of vinyl monomers to the PE  [27] , 
isotactic PP  [28] , Tefl on - FEP fi lm  [29] , Tefzel fi lm  [30] , etc. The decrease in 
thermal stability of isotactic PP - g -  polyacrylamide is refl ected in Figure  5.4 .   

 Grafting may result in the formation of stable network to the polymerlike 
formation of stable imides from pendant amide groups in cotton - grafted meth-
acrylamide  [31] , which enhances the heat stability.

   

CH2

C
Me CONH2

C

MeH2NOC

-NH3CH2 CH2

C
Me CO

C

MeOC

CH2

NH

  

 However, reverse results for gelatin - g - methyl acrylate/vinyl pyridine  [32]  
indicates that monomers are not very compatible with the backbone polymer, 
gelatin.

    Figure 5.4.     Primary thermograms of ( - .. - ) IPP, ( - ) PAAM, and ( --- ) IPP - g - PAAM. 
Reproduced from  J Appl Polym Sci ,  91 ( 4 ): 2364 (2004).  
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 Hence, post - grafting reactions result in different thermal behaviors. Phos-
phorylation of cotton - g - MAAm, quarternization of cotton - g - 4 - vinyl pyridine 
(4 - VP)  [33]  infl uence the thermal resistance of the parent polymer. Post - 
grafting reactions of gray cotton and MAAm grafted cotton fabric with PCl 3  
and diethyl phosphate (DEP) decrease the initial and fi nal decomposition 
temperature except when treated with PCl 3 /Py. It shows a much higher fi nal 
decomposition temperature (FDT) (451.06 ° C) (Figure  5.5 ). Phosphorylation 

    Figure 5.5.     Primary thermogram of (1) gray cotton, (2) cotton - PCl3/Py, (3) cotton - g -
 poly (MAAm), (4) grafted cotton - PCl3/Py, (5) cotton - DEP, and (6) grafted cotton -
 DEP. Reproduced from  Ind J Fibre Text Res ,  32 : 312 (2007).  
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followed by grafting improves the thermal resistance of the fabric to the extent 
that it exhibits fl ame -  resistance properties  [34] .     

 Transformation in polymers under thermal treatment involving physical 
transformations corresponds to glass transition (T g ) and melting temperature 
(T m ), crystallization, and crystal - crystal transitions. Chemical modifi cation 
therefore has an impact on these properties. Glass transition temperature 
changes with crystallinity. In PE this decreases with decreasing crystallinity, 
but in PET and PP a maximum glass transition occurs at intermediate crystal-
linity. Copolymerization alters T g  and T m . It varies with the degree of grafting 
 [35] . The former rises with the increase in the degree of grafting due to the 
increase in the amorphous content by monomer grafting, whereas the latter 
decreases under the dilution of the crystalline structure. 

 The crosslinking nature depends on different techniques. The metallocene 
ethylene - octene copolymer is prepared through two different techniques, i.e., 
peroxide and silane - water crosslinking  [36] , and it is seen that the silane - cross-
linked polymers retain the elastomeric characteristics of the pure polymer and 
show remarkably higher extensibility, better thermal stability, and energy 
storage capacity. Thermal stability also depends on the nature of the cross-
linked moiety as well as on the environment. Polyurethane - polysiloxane 
thermal stability is better than that of polyether - based polyurethane and poly-
ester - based polyurethane. The inert atmosphere does not infl uence the decom-
position of polyurethanes below 350 ° C. However, the decomposition nature 
of the polyurethane - polysiloxane crosslinked polymer network is low in 
oxygen compared to a nitrogen medium between 350 ° C and 550 ° C  [37] .    

 Crosslinking enhances the thermal stability of polymers. Crosslinked high -
 density polyethylene (HDPE) may be used as a thermal energy storage mate-
rial. HDPE crosslinked with 10 Mrad of electron - beam radiation has 48% 
crosslink content and shows thermal stability at 150 ° C  [38] . The crosslinked 
HDPE consists of orthorhombic crystalline and an amorphous phase; cross-
linking occurs mainly in the amorphous phase. Thermal degradation was not 
found to occur in the crosslinked HDPE kept at vacuum at 150 ° C for 1000 h. 
The charge/discharge performance showed that the crosslinked HDPE has 
thermal stability during the heating/cooling cycle and was not more susceptible 
to the thermal oxidative degradation than the uncrosslinked HDPE. Polylactic 
acid (PLA) has poor heat stability above its glass transition temperature 
(60 ° C). Crosslinking of PLA by irradiation in the presence of triallyl isocyan-
urate (TAIC) shows durable heat stability even above T m   [39] . The crosslinked 
PLA shows very low crystallinity because of the wide formation of a molecular 
chain network that inhibits the molecular motion for crystallization. If TAIC 
crosslinks can be introduced into annealed (at 90 ° C) PLA fi lm, it shows heat 
stability at temperatures from T g  to T m . 

 Formation of interpenetrating polymer networks from two immiscible 
resins like epoxy resin, silicone, and polyamidoamine hardener using a cross-
linking agent (butyl titanate) and a catalyst (dibutyl tin laurate) results in heat 



resistant IPNs suitable for high - performance coating applications  [40] . The 
silicone coating withstands up to 533 ° K, whereas epoxy polyamidoamine 
coating performed well up to 423 ° K but the IPNs remain stable up to 478 ° K 
in terms of color and gloss retention. The gloss is changed at 533 ° K, although 
no cracking or chalking is noticed on the surface. This suggests that such IPNs 
are stable up to 533 ° K. This enhancement in the heat - resistant properties of 
the epoxy resin is due to an extensive entanglement of the silicone resin with 
the epoxy polymer. Similar enhancement in thermal stability is observed in 
natural rubber/polystyrene semi -  and full IPNs. Such IPNs (natural rubber 
crosslinked with dicumyl peroxide and polystyrene crosslinked with divinyl 
benzene) do not show any appreciable weight loss in the temperature range 
of 200 ° C – 300 ° C, whereas homopolymers start to degrade at this temperature 
range  [41] . Again, the degradation behavior varies for semi -  and full IPNs, and 
it is dependent on crosslink density. For full NR - PS IPNs, the weight loss in 
the temperature range of 300 ° C – 400 ° C is low compared to that of a semi - IPN 
as low crosslinking of a semi - IPN makes it easier to rupture bonds. The thermal 
stability increases with the degree of crosslinking. The physical entanglement 
due to the networking of two phases in full IPN makes the system tough and 
thermally stable.  

  MECHANICAL PROPERTIES 

 With regard to the properties of grafted polymers much effort has been 
devoted to their mechanical properties. In general, the results have been dis-
appointing, and only comparatively minor improvements have been achieved 
by grafting. The reason for the loss of mechanical strength is attributed to the 
disturbance of the crystalline structure of the polymer, which in turn affects 
the tensile properties of the polymer. 

 The mechanical properties of acrylonitrile (AN) grafted cotton fi bers and 
fabrics  [42]  are presented in Table  5.1 . In the case of cotton fi bers, the breaking 
strength is decreased and the elongation is increased upon grafting. Stiffness 
is reduced in every case by the grafting. With the fabric there is modest 
decrease in the breaking strength, and elongation at the break. However, tear 
resistance shows a signifi cant decrease upon grafting.   

 Mechanical properties are also infl uenced by post - grafting reactions. Phos-
phorylation of the cotton - g - poly(MMA) and cotton - g - poly(2 - VP) shows poor 
tensile properties  [43]  (Table  5.2 ).   

 Tensile properties of the pine - cellulosic fi ber - adhesive - based particle boards 
(5 mm thick) are compared to the particle boards prepared from ethylacrylate 
and methy lacrylate grafted pine - cellulosic fi bers (5 mm thick)  [44] . The tensile 
strength, modulus of rupture (MOR), modulus of elasticity (MOE), decrease 
in the case of particle boards prepared from the grafted pine cellulosic fi bers 
(Table  5.3 ).   
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 TABLE 5.1.     Effect of grafting of acrylonitrile to cotton yarn under various 
conditions on the mechanical properties. 

  Sample  
  Grafting 

%  
  Breaking 
Strength  

  Elongation 
at break%  

  Breaking 
toughness 

g/tex  

  Tear 
Resistance 

(g)  

  Cotton Yarn    0    9.8    15.1    116    573  
  Cotton Fabric    0    40.9    22.0     —      —   
  Cotton Yarn 

(grafted)  
  28    8.0    15.5    66     —   
  37    7.4    24.9    34  

  Cotton Fabric 
(grafted)  

  25    39.6    20.5     —     447  
  26    39.0    21.7     —     413  

 Reproduced from  Text Res J ,  38 : 710 (1968). 

 TABLE 5.2.     Mechanical properties of gray, grafted, and phosphorylated grafted 
cotton fabric. 

  Sample  
  Tensile 

Strength(N)    Elongation (%)    Extension (mm)  

  Gray Cotton    105.8    18.2    18.19  
  Cotton - g - poly(MMAm)    51.8    8.78    8.78  
  Cotton - g - poly(2 - VP)    78.3    11.22    12.91  
  Cotton - g - poly(MAA) /PCl 3     4.25    1.36    1.36  
  Cotton - g - poly(MAAm)/DEP 

(diethyl phosphite)  
  20.75    6.18    6.24  

  Cotton - g - poly(2 - VP)/PCl 3     19.25    8.58    8.59  

 Reproduced from Sharma R, Ph.D. dissertation, 2006, H.P. University, Shimla, India. 

 TABLE 5.3.     Mechanical properties of particle boards prepared from PF resin using 
pine cellulosic and grafted pine cellulosic fi bers. 

  Sample  
  MOR 

(N/mm 2 )  
  MOE 

(N/mm 2 )  

  Tensile Strength 
perpendicular to 
surface (N/mm 2 )  

  Tensile Strength 
parallel to surface 

(N/mm 2 )    

  Particle board 
prepared from 
pine cellulosic 
fi ber  

  5.65    590.54    0.021    0.037  

  MA grafted pine 
cellulosic fi ber  

  4.80    547.40    0.017    0.039  

  EA grafted pine 
cellulosic fi ber  

  4.87    449.41    0.018    0.039  

 Reproduced from  Sci & Eng of Composite Matls ,  12 : 273 (2005). 



 Abrasion resistance related to textiles is improved by the grafting of vinyl 
monomers for the cellulose textiles. These also improve their durable press 
properties. 

 Strain - hardening behavior in the elongational viscosity, i.e., the rapid incre-
ment of the elongational viscosity with elongational time or strain under a 
constant shear rate, is highly needed for different polymer processing methods 
such as fi lm processing, thermoforming, blow molding, foaming, etc. Most 
polymers without long chain branching hardly show any strain - hardening 
behavior in the elongational viscosity. It has been observed that incorporation 
of a small amount of crosslinked polymer in a linear polymer remarkably 
enhances the strain - hardening behavior in the elongational viscosity of the 
linear polymer without a major change in the steady state shear viscosity. This 
happens when the linear polymer and precursor of the crosslinked polymer 
are compatible. The blending of isotactic polypropylene (IPP) with crosslinked 
EHDM (ethylene - 1 - hexene - ethylidene norbornene) greatly enhances the 
strain - hardening behavior in the elongational viscosity of IPP even though the 
amount of crosslinked polymer was 0.3 wt. %  [45] . However, the crosslinked 
polymer, which was far beyond or below the sol - gel transition point, had little 
infl uence on the elongational viscosity as well as the shear viscosity. The 
stretching of the chain sections between the crosslink points was responsible 
for the strain - hardening behavior. 

 The rheological properties of methacrylic crosslinked polymer microparti-
cle solutions depend on the physical interactions. Crosslinked polymer micro-
particles (CPM) having different functionalities: epoxy, acrylic, carboxyl, 
hydroxyl, octadecyl, and methyl show very weak effect of functionality on the 
intrinsic viscosity in any solvent. Exception is the carboxyl groups, which have 
signifi cant infl uence by increasing the viscosity because of hydrogen bonding 
while octadecyl groups reduce the low shear limiting viscosity. 

 Crosslinked macromolecules synthesized  [46]  by the polyaddition reaction 
of acid polyesters with diepoxides and crosslinking them with anhydrides 
made it possible to increase the energy of deformation in the transition range 
by a factor of 10, compared with conventional highly crosslinked epoxy resins. 
A further increase in toughness could be realized by introducing hydrogen 
bonds, e.g., urethane groups along the chains of the polymers. 

 Crosslinking has enormous synergistic effects on the mechanical properties 
of polymers, particularly of elastomers. A 50% enhancement in modulus could 
be achieved by crosslinking silicone elastomers with peroxides  [47] . An increase 
in crosslink density leads to an increase in Young ’ s modulus and a decrease in 
strain at the break. For electron - beam crosslinked fl uorinated rubber, the 
tensile strength increases with radiation dose up to a certain level after which 
there is a drop while the modulus increases continuously with the radiation 
dose due to the formation of a network structure. The properties like elonga-
tion at break, hysteresis loss, and set decrease on radiation. The increased 
degree of crosslinking leads to the lowering of the loss tangent both at and 
above the glass transition temperature  [48] . Dynamic vulcanization of natural 
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rubber in the thermoplastic elastomer of natural rubber - polystyrene results 
in the enhancement in mechanical properties as compared to the uncured 
samples. The nature of networks formed using sulfur, peroxide, and mixed 
system (sulfur and peroxide) are different and are refl ected in their mechanical 
properties. The mono - , di - , and polysulfi dic linkages in sulfur systems impart 
high chain fl exibility in the polymer network. In DCP systems, only rigid C - C 
linkages are present, and the mixed system contains all these mono - , di - , and 
polysulfi dic linkages as well as the C - C linkages. The peroxide system shows 
the highest tensile strength, followed by the mixed and sulfur system, whereas 
for the sulfur system the impact strength is the highest. Hence, the mechanical 
properties of crosslinked polymers are dependent not only on the network 
density but also on the nature of crosslinks  [49] . 

 The mode of preparation of interpenetrating polymer networks has a great 
effect on the thermal and mechanical properties of IPNs  [50] . Polyurethane -  
and polycyanurate - based full IPNs were prepared by both the simultaneous 
and sequential modes. The  sim  - IPNs showed higher densities, and calorimet-
ric and mechanical glass transition temperature than a  seq  - IPN having the 
same compositions.   In the glassy region the relaxation dynamics of  sim  - IPN 
probed by dynamic mechanical analysis reveals the existence of distinct seg-
mental motion associated with the individual components. It has been proven 
that the interpenetration process associated with the simultaneous synthesis 
markedly reduces the free volume in the system, giving rise to signifi cant 
differences between the local and cooperative molecu lar mobility of  sim -   and 
 seq -  IPNs. The effect of variations of blend com position on the mechanical 
properties of  sim  - semi - IPN of castor oil - based polyurethane (COPU) and 
polystyrene (PS) has interesting observations  [51] . There is little change in 
the tensile strength, percent elongation at break, elastic modulus, and tear 
resistance up to 25% of styrene in IPNS indicating that there is little inter-
mixing between the two polymers, and styrene is dispersed in the PU continu-
ous phase. Beyond this there is a sharp increase in these properties, and that 
refl ects a higher degree of physical entanglement between the COPU network 
and PS. This results in an effective stress transfer between the two polymer 
components of the IPN upon deformation, leading to an enhancement in 
mechanical strength. The physical entanglement is most likely due to the 
formation of a bicontinuous phase structure at a critical styrene composition. 
The effect of entanglement and crosslink density in the enhancement of 
mechanical properties has also been refl ected in  sim  - PU/allyl novolac 
resin IPN  [52] . An interesting synergism in mechanical properties has been 
observed for elastomeric IPNs  [53] . Elastomeric IPNs made of castor oil, 
NCO - terminated polyether/telechelic dihydroxy polybutadiene and vinyl, 
and a methacrylic monomer together possess a permanent set  < 15%, a tensile 
strength over 13 MPa, and ultimate elongation over 240%. Thus it behaves 
as a reinforced toughened elastomer. Gel content of such IPNs is found to 
be over 95%.  



  CRYSTALLINITY 

 Graft copolymerization of monomers of both polar and functional types has 
always had a decreasing effect on the crystallinity of the polymers. The incor-
poration of side chain grafts, which have an amorphous nature, exerts a dilu-
tion effect on the grafted polymer by increasing the amorphous content at the 
expense of the crystallinity  [54, 55] . Partial disruption in the crystalline struc-
ture also occurs since graft copolymerization is initiated by free radicals, which 
are well known for their random distribution in nature. Hence, free radicals 
are formed both in crystalline and amorphous regions of the polymer present-
ing the possibility that some of the formed side chain grafts will penetrate the 
crystalline zones, causing crystalline disruption and a further decrease in the 
degree of crystallinity depending on the grafting parameters  [56, 57] . Post -
 grafting reactions also affect the crystallinity of the polymers. For instance, 
sulfonation of the polystyrene grafted PE, FEP, PVDF, and PFE causes partial 
disruption in their crystallities adding to the decrease in the crystallinity caused 
by the dilution effect. Such crystallinity changes together with the amount, the 
nature, and distribution of the grafted moieties. 

 Crosslinking also has adverse effect on crystallinity of polymers. A thor-
ough study on the radiation -  induced crosslinking of different grades of 
polyethylene (LDPE, LLDPE, HDPE, etc.) shows that due to crosslinking 
on the lamellae surfaces, the radiation - induced defects increase at higher 
radiation doses and as a result the crystallinity and melting temperature 
decrease  [58] . At a high radiation dose the increase in the surface free energy 
is much more dominant than the increase in confi gurational entropy of the 
chains  [59] . The decrease in crystallinity can be attributed to the additional 
lattice distortion primarily introduced by the crosslinks occurring at the 
lateral grain boundaries while lattice expansion can be associated with 
the same crosslinking mechanism that begins at the defects both within the 
crystal and outside the crystals at the lateral grain boundaries  [60] . The 
effects of electron - beam irradiation on the crystallinity of two partially 
fl uorinated homopolymers like polyvinylidine fl uoride (PVDF) and the 
poly(ethylene tetrafl uoro ethylene) copolymer are quite different. The degree 
of crystallinity in irradiated PVDF fi lm is found to increase up to 200 kGy 
beyond which it marginally decreases, whereas the degree of crystallinity of 
irradiated ETFE fi lms initially rises up to 100 kGy and then remarkably 
drops with the increase in irradiation dose  [61]  (Figure  5.6 ). The initial 
enhancement in the degree of crystallinity indicates the presence of transfer 
in chains from the amorphous to crystalline regions under the infl uence of 
chain scission, which increases the chain mobility upon irradiation. Further 
increase in the irradiation dose enhances the degradation and crosslinking 
effects and brings more changes in the crystalline structure  [62] . The decrease 
in crystallinity is minor in PVDF but considerable for ETFE. The decreasing 
trend above 200 and 100 kGy for PVDF and ETFE, respectively, indicates 
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that crosslinking inhibits the recrystallization in both fi lms, and it results in 
a gradual decrease in the melting temperature with the irradiation dose. The 
decrease in melting temperature is a sign of crystal defect. Hence, it may 
be concluded that beyond the optimum dose of radiation the crystalline 
damage takes place only in the newly formed crystallites for PVDF, whereas 
for ETFE the damage takes place in both the new as well as in the original 
crystals. This may be due to the presence of the radiation - sensitive tetrafl uo-
roethylene comonomer in ETFE.   

 The grafting has the ability to alter the crystallinity of the polymer and thus 
alter related properties such as water uptake, ionic conductivity and mechani-
cal stability  [63 – 65] . Modifi cation of the organochemical properties of cellu-
losic fi bers by graft polymerization with selected monomers imparts new 
chemical properties. The microbiological and light resistances of cellulosic 
fi bers to degradation are increased by grafting  [66] . Surface properties of 
modifi ed fi bers are changed to impart soil release  [67] , dyeability  [68] , and 
fl ame - resistant  [69, 70]  properties.   

 Structured polymer layers that have nonlinear optical properties are pro-
duced by a process wherein either organic compounds containing ethylenically 
unsaturated groups are subjected  [71]  to free - radical copolymerization with 

    Figure 5.6.     Variation of degree of crystallinity of ( � ) PVDF fi lms and ( � ) ETFE fi lms 
with the irradiation dose. Reproduced from  Nucl Instrum Methods Phys Res B ,  201 : 
604 (2003).  



photoresponsive molecules (e.g., stilbene, azo, or azomethine compounds con-
taining ethylenically unsaturated groups and donor and acceptor groups) have 
potential use in production of polymeric waveguides in communications 
technology.  

  POLYMER SUPPORTED REAGENT TO 
FACILITATE REACTION 

 PS – reagents are defi ned as functionalized polymers used in stoichiometric 
amounts in a one - step process to transform low - molecular - weight substrates 
into products.

   

P X

Polymeric
Reagent

+ Substrate P Y + Product

Polymeric
Byproduct   

 It carries a reactive organic groups bound to a macromolecular support, and 
such groups may be attached to polymeric carriers by grafting and crosslinking 
reaction. 

 There are a number of different polymeric supports that have been used 
successfully and that are mainly based on polymers or the copolymers 
derived from vinyl monomers such as poly(vinyl pyridines). A well - known 
example of a copolymer - based reagent is Merrifi eld resin, which comprises 
polystyrene crosslinking by divinyl benzene  [72]  used for  “ solid - phase pepetide 
synthesis. ”  

 This type of polymer - supported reagent is able to carry the reaction, viz., 
polyaniline - supported molybdenum, poly[1 - vinyl (2 - pyrrolidonium perman-
ganate)] catalyzed aerobic oxidation of alcohols to aldehydes and ketones 
 [73, 74] .

   

OH

R R″

R = alkyl, aryl; R″ = alkyl, aryl, H;

MoO2 (acac)2 / O2

Toluene, 100°C, 9.5–25 h
H2O

52–98%

+

= polyaniline

O

R R″

  

 The post - grafting reactions of cellulose - g - poly (4 - VP)  [75]  and polyethylene -
 g - maleic anhydride (PE - g - MAn)  [76]  are also useful in reduction and oxida-
tion reactions, respectively, as follows:
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 Divinyl benzene crosslinked poly(styrene - co - acrylol chloride) can be used as 
a versatile intermediate for the preparation of different polymer supported 
reagents  [77] . It can also serve as a polymer protecting group via a nucleophilic 
process on the acid chloride carbonyl group. Reactions with a nucleophile 
were fast and proceeded at room temperature. Examples of prepared polymer 
bound amines, hydrazines, alcohols, thiols, and even nitrile prove the reactiv-
ity of supported acid chloride towards nucleophiles. The good mechanical 
properties of the polymer beads facilitate recycling and multiple uses. Both 
poly(styrene – co - acrylic acid) and poly(styrene - co - acrylol chloride) effi ciently 
scavenged benzylamine from solutions, the process being faster with acid 
chloride. 

 Permanganate functionalized crosslinked polyvinylamine (prepared by 
Hoffman degradation reaction using hypobromite with divinyl benzene cross-
linked polyacrylamide) can be used effectively as an oxidizing agent for the 
conversion of primary and secondary alcohols to their corresponding carbonyl 
compounds  [78] . The extent of oxidation is found to be strongly dependent on 
the degree of crosslinking. The best conversion was obtained with the resin 
with a crosslinked density of 5%. At a lower crosslink density, the polymer 
becomes more swollen, and the effective catalytic sites are less accessible. 
Similarly, at higher crosslink density (10%), swelling may be too low to give 
effective access to the catalytic sites.  
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 IN THE BIOMEDICAL ARENA  

  Gauri P.   Misra  ,  *     Eun Seok   Gil  ,  *   and   Tao Lu   Lowe        

  INTRODUCTION   

 Grafted and crosslinked polymers have been extensively exploited in the bio-
medical fi eld due to their unique physicochemical advantages and current 
increasing demands. In this chapter, the design criteria and biomedical applica-
tions of four different types of grafted or crosslinked polymers — hydrogels, 
nanogels, dendrimers, and grafted cyclodextrins — will be discussed in four sec-
tions. In each section, the biomedical applications of each type of grafted and 
crosslinked polymers will be presented by focusing on drug delivery and tissue 
engineering. Furthermore, other biomedical applications of the polymers, such 
as biosensing and bioseparation will also be addressed. 

 In designing grafted and crosslinked polymers for biomedical and pharma-
ceutical applications, it is essential to design these polymers with desired 
tunable physicochemical and biomimicking properties. For example, for drug 
delivery application, the important design criterion is to achieve maximum 
therapeutic effi cacy of encapsulated drugs with minimum toxicity. To meet the 
above criterion, the following parameters must be taken into consideration in 
designing grafted or crosslinked polymers for controlled drug delivery: (1) 
chemical and physical properties of the drugs and the polymers, (2) interactions 
between the drugs and the polymers, (3) biological environment and delivery 
sites of the drugs, and (4) routes of delivery, such as oral, ocular, intravenous, 
intranasal, intravascular, intraperitoneal, intramuscular, and subcutaneous 
administration. Eventually the designed grafted or crosslinked polymers should 
protect drugs from degradation, increase the circulation time of drugs in the 
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blood stream, improve the permeability of drugs across biological barriers, and 
enhance the accumulation and absorption of drugs in disease tissues  [1] . 

 Another important biomedical area, where grafted or crosslinked polymers 
play a key role, is tissue engineering that involves the growth or repair of 
damaged tissues and organs, such as bones, cartilage, liver, nerves, muscle, skin, 
myocardium, and small blood vessels. The design criterion for growing new 
tissues is to provide a suitable biological environment for cell proliferation, 
migration, and differentiation. To meet this tissue engineering design criterion, 
grafted or crosslinked polymers should be designed with optimal scaffold 
characteristics (including chemistry, grafting or crosslinking density, degrada-
tion rate, topography, and surface energy) and morphology (including porosity, 
pore size, and pore connectivity), to provide an adequate cell - extracellular 
matrix, cell - cell adhesion, and cell - cell communication. In other words, the 
designed grafted or crosslinked polymers should promote tissue formation 
mimicking its  in vivo  process with desired chemical, physical, spatial, and bio-
logical signals and cues  [2 – 6] . 

 In medical device applications such as biosensors, diagnosis, bioimaging, 
and bioseparation, grafted and crosslinked polymers as a coating or encapsula-
tion matrix need to be inert in the biological environment while enhancing the 
stability, sensitivity, and specifi city of biomolecules and imaging molecules.  

  HYDROGELS 

 Hydrogels are three - dimensional networks of crosslinked polymer chains con-
taining water within the network. Hydrogels are formed either by physical 
crosslinking, generally referred to as a sol - gel transition, or by covalent 
bonding (chemical crosslinking) between polymer chains. Physically cross-
linked hydrogels are usually formed through H - bonding, hydrophobic and 
electrostatic interaction, or stereo - complex formation  [7 – 16] . Chemically 
crosslinked hydrogels can be formulated by radical polymerization of mono-
mers in the presence of crosslinkers, reaction of functional side groups of 
polymers with themselves or other functional crosslinkers, high - energy irradia-
tion and enzyme reaction  [12] . Hydrogels generally swell in water and can 
contain up to 95 wt. % water within the network. Water content (or swelling) 
of hydrogels can be tuned by modulating the composition and conformation 
of polymers: hydrophilic/hydrophobic balance of polymer chains and pendant 
groups, and degree of crosslinking. Some hydrogels can swell and shrink in 
response to external stimuli, such as changes in temperature, pH, solvent, 
electric current, magnetic fi eld, and ultrasound, and are called stimuli - 
responsive or  “ smart ”  hydrogels. Hydrogels also can respond to changes of 
some biomolecules, such as glucose and single - stranded DNA  [17] . Due to 
their attractive swelling, responsive properties, and resemblance to biological 
tissues  [18] , hydrogels have been extensively studied for potential drug deliv-
ery, tissue engineering and medical devices applications  [5] . 
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  In Drug Delivery 

 Hydrogels have been explored as oral and implantable drug delivery vehicles 
for a variety of drugs including proteins, peptides, anti - cancer drugs, and anti -
 infl ammatory agents. In general, there are three important mechanisms con-
trolling the release kinetics of drugs: diffusion of drugs, swelling of hydrogels, 
and degradation of hydrogels (Figure  6.1 ). The chemical composition (hydro-
philic/hydrophobic balance), ratios of monomers/macromers and solvents, and 
crosslinking density (porosity) of hydrogels play important roles in controlling 
the swelling of hydrogels and subsequent diffusion of drugs from hydrogels. 
Drug release can also be tuned by using degradable hydrogels based on hydro-
lytically (carbonate, ester, polyphosphate, and phosphazene) or enzymatically 
cleavable linkage, and changes of environmental stimuli such as temperature, 
pH, electrical and magnetic fi elds, and glucose concentration.   

 One important drug delivery application of hydrogels is insulin delivery. 
Insulin is a 5.6   kDa protein that is clinically used to treat diabetes. Insulin is 
usually administered by intravenous or subcutaneous injections daily, which is 
not convenient for patients. Oral insulin delivery encounters degradation due 
to a proteolytic enzyme in gastrointestinal track, and low absorption by intes-
tinal walls  [19] . In order to overcome these barriers, pH - sensitive hydrogels 
made of poly(methacrylic acid - g - ethylene glycol)  [19]  or poly(methacrylic 
acid) crosslinked with poly(ethylene glycol) dimethacrylate  [20]  were tested 
as oral insulin delivery vehicles in normal and diabetic rats. The results of 
Kumar et al.  [20]  demonstrated that the bioavailability of insulin released from 
the hydrogel was 4 to 5 times higher than free insulin. The released insulin 
reduced the blood glucose levels and the effect lasted for 8 - 10 h. As one - time 
administration of long - lasting insulin is desired for patient compliance, many 
types of hydrogels have been designed for sustained insulin release. For 
example, Atkins et al.  [21]  fabricated a macroporous hydrophilic hydrogel 
matrix of crosslinked poly(2 - hydroxyethyl methacryate) and the hydrogels 
released insulin for over one month  in vitro . Insulin loading and the monomer   :  -
solvent ratio affected the release kinetics. However, only a small fraction (up 
to 3%) of insulin was released after one month, suggesting that the hydrogels 
may prolong insulin release beyond that period. Carenza et al.  [22]  developed 

    Figure 6.1.     Drug release mechanisms: (a) diffusion, (b) swelling, and (c) degradation.  
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thermoresponsive hydrogels based on an acryloyl - L - proline methyl ester 
crosslinked with trimethylolpropane trimethacrylate, using radiation polymer-
ization. Insulin - loaded hydrogel discs were implanted subcutaneously in dia-
betic rats, and a 40% reduction in blood glucose levels were observed after 
implantation, which was sustained for over a month. Future advanced hydro-
gel development for insulin release should be the pulsatile release of insulin 
in response to glucose level change. Kataoka et al. synthesized hydrogels 
composed of poly( N  - isopropylacrylamide) [poly(NIPAAm)] derivatized with 
a defi nite fraction of a phenylboronic acid group as a glucose sensing moiety 
 [23] . Kashyap et al. immobilized a glucose oxidase enzyme, which converts 
glucose into gluconic acid, on physically crosslinked hydrogels made of 
chitosan/ β  - glycerol phosphate disodium  [24] . The hydrogels demonstrated 
insulin release in response to glucose concentration change (Figure   6.2 ).   

 Besides insulin, hydrogels have been used for controlled delivery of 
anti - cancer drugs such as doxorubicin, human interlukin - 2 (IL - 2, 25.5   kDa 
protein), and human g - interferon (21   kDa protein). One of the earlier studies 
involving hydrogels for doxorubicin release was carried out by Ulbrich and 
colleagues. In their work, doxorubicin was released from degradable hydrogels 
consisting of copolymers of  N  - (2 - hydroxypropyl) - methacrylamide and  N ,O -
 dimethacryloyl hydroxylamine for up to 70 h  in vitro . Furthermore, the same 
group also demonstrated that poly[ N  - (2 - hydroxypropyl)methacrylamide)] 
hydrogels could release doxorubicin in leukaemic mice for 4 days, and the 
mice could survive for 35 days  [25] . Methacrylated dextran and lactate -
 hydroxyethyl methacrylated dextran hydrogels have been developed for con-
trolled release of the anti - cancer drug IL - 2 for up to 100 days  [26] . The IL - 2 
released kinetics that can be tuned by the crosslinking density and the degra-
dation rate of the hydrogels. Thermo -  and pH - responsive poly(NIPAAm - co -
 sodium acrylate - co - n -  N  - alkylacrylamide) hydrogels were reported to control 
the release of Y - interferon with almost zero - order release kinetics during a 
period of 130 h. The release kinetics could be modulated by adjusting the 
hydrophobic component, n -  N  - alkylacrylamide, which controls swelling of the 
hydrogels. 

 Hydrogels have also shown capability of encapsulating and releasing other 
therapeutic agents of different molecular sizes, such as growth factors (human 
growth hormone, transforming growth factor  β 1, insulinlike growth factor - 1, 
vascular endothelial growth factor), antibiotics (adriamycin and cephalexin), 
anti - infl ammatory dexamethasone, antibodies (immunoglobulin G, IgG), and 
high - molecular - weight proteins, [bovine serum albumin (BSA) (66   kDa)]. For 
examples, Mellott et al.  [27]  demonstrated that highly crosslinked poly(ethylene 
glycol) (PEG) hydrogels could continuously release BSA   for over 240 days 
due to their high crosslinking density. The BSA release kinetics also strongly 
depended on the interaction (possible H - bonding) between the BSA and the 
PEG chains of the hydrogels. Lowe ’ s group  [28]  developed poly(NIPAAm - 
co - Dex - lactate - (hydroxyethyl methacrylic) acid) hydrogels by combining 
thermoresponsive properties with degradation. BSA was loaded into the 
hydrogels during the synthesis process in an aqueous medium. Mathematical 
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models were developed to describe the swelling kinetics of the hydrogels, 
and correlation between the degradation and swelling of the hydrogels 
and the release of BSA from the hydrogels was discussed. Hennink and 
coworkers used methacrylate - derivatized dextran, hydroxyethyl methacrylate - 
derivatized dextran, and 2 - hydroxyethyl methacrylate - oligolactate - derivatized 
dextran hydrogels to release IgG at an almost constant rate for 5 to 35 days 
depending the crosslink density of the hydrogels  [29] . 

 Although drug delivery at a constant rate is optimal for many therapeutic 
agents, a pulsatile drug release is needed for hormone therapy, and for better 
drug tolerance for patients with chronic diseases. This type of release has 
been achieved with stimuli - responsive hydrogels. The on - and - off release of 
drugs is observed in response to temperature change from thermoresponsive, 
PNIPAAm hydrogels (Figure  6.3 )  [30, 31] . Pulsed hormone delivery for over 
7 days has been achieved by using a poly(NIPAAm - co - methacrylic acid) 
hydrogel membrane in a prototype device  [32] . Similarly, pH - regulated drug 
release has been obtained by using pH - responsive poly(methacrylic acid - g -
 ethylene glycol) hydrogels and benzaldehyde acetal crosslinked polyacryl-
amide  [33 - 34] . As described previously, glucose - induced insulin release has 
been observed in PNIPAAm hydrogels derivatized with a phenylboronic acid 
moiety and chitosan/ β  - glycerol phosphate disodium sol - gels immobilized with 
glucose oxidase enzyme  [23, 24] .    

  In Tissue Engineering 

 In recent years, a variety of hydrogels have shown potential as scaffolds to 
engineer cells, tissue, and organs  [3 – 6, 18, 35] . Cartilage repair has been 
attempted by growing chondrocytes using hydrogels based on polyethylene 

    Figure 6.2.     Glucose - stimulated insulin release from 1   IU/200   ml insulin - loaded 
chitosan/ β  - glycerol phosphate disodium subcutaneous gels in PBS (pH 7.4). The on - off 
insulin release is observed when the gels are placed in high (3   mg/ml) and low 
(1   mg/mL) glucose media alternatively. The gels swell at high glucose and release insulin 
while reverse follows at low glucose.  Adapted from  Biomaterials ,  28(11) : 4051 (2007) .  
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glycol, chitosan, alginate, collagen, agarose, and hyaluronic acid  [36] . When 
the drug delivery system of degradable oligo[poly(ethylene glycol) fumarate] 
was built into hydrogel scaffold to deliver insulinlike growth factor - 1 and 
transforming growth factor -  β 1 for the repair of cartilage defects in rabbits, the 
cartilage thickness, surface regularity, and chondrocyte clustering were 
improved compared to untreated defects  [37, 38] . Chitosan, PEG, hyaluronic 
acid, poly(HEMA), and alginate hydrogels have been used for growing osteo-
blasts responsible for bone regeneration  [39–41] .  In vivo  experiments demon-
strated promotion of bone formation from subcutaneously implanted 
degradable PEG hydrogels containing osteoinductive growth factors in rats 
 [42] . Efforts have been made to minimize invasiveness by developing inject-
able hydrogels for tissue engineering. Anseth et al. demonstrated the potential 

    Figure 6.3.     Temperature - triggered on - off release of hydrophilic diltiazem HCl ( � ) and 
hydrophobic diltiazem base ( � ) from poly(N - isopropylacrylamide) hydrogels (6   mm 
diameter and 1.5   mm height) in PBS (pH 7.4). The hydrogels are transferred between 
identical baths maintained at either 25    ° C or 37    ° C. The hydrogels release drugs signifi -
cantly at 25    ° C, but slightly at 37    ° C, as shown in the cumulative fraction release curves 
(top panel) and the corresponding release rate curves (bottom panel). A pulse of dil-
tiazem HCl release is observed when the temperature either increases or decreases 
stepwise between 25 and 37    ° C, due to mechanical squeezing of the hydrogel at 37    ° C 
and high swelling of the hydrogel at 25    ° C.  Adapted from  J Control Rel ,  98(1) : 97 
(2004) .  
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use of in - situ - forming degradable hydrogels based on PEG and PVA in car-
tilage tissue engineering by encapsulating and growing chondrocyte in the 
hydrogels  [36] . Hong et al. developed an injectable chitosan hydrogel scaffold 
for chondrocyte encapsulation  [43] . 

 The repair of defects or injury in spinal cords, nerves, and central nervous 
systems is an important necessity for which hydrogels have been explored as 
clinically feasible biomaterials. Poly(2 - hydroxyethyl methacrylate - co - methyl 
methacrylate)  [44 – 46] , hyaluronan  [47] , and chitosan - based  [48]  hydrogels 
have been used for repairing spinal cord injuries in rats  [45] . Thermorespon-
sive poly - (D - lysine) modifi ed macroporous chitosan/glycerophosphate hydro-
gels have been used for neurite outgrowth  [49] . Degradable PEG hydrogels 
have been used as potential synthetic cell carriers for neural transplantation 
 [50] . 

 The potential of hydrogels in angiogenesis  [47]  and regeneration of lung 
tissue  [51] , liver  [52] , and muscle  [53 – 56]  has been explored. Hepatic tissue 
growth is needed to repair liver failure  [52] . Underhill et al.  [52]  successfully 
encapsulated hepatic cells in PEG hydrogels and maintained cell proliferation 
and functions. Trudel and Massia used dextran and hyaluronan - based hydro-
gels for studying the survival, migration, and proliferation of vascular smooth 
muscle cells  in vitro   [53] . The hydrogels showed good cytocompatibility after 
2 days of indirect exposure to the vascular smooth muscle cells. Pullulan - based 
hydrogels, which can be crosslinked with sodium trimetaphosphate in aqueous 
solution, also showed good potential for encapsulation and proliferation of 
smooth muscle cells  [55] . 

 Hydrogels have also been used in designing artifi cial organs such as the 
pancreas and liver  [57 – 58] . For example, beta - islet cells, which secrete insulin 
in the pancreas, were encapsulated in poly(organophosphazene) and polyvinyl 
alcohol  [58 – 60]  hydrogels. Beta - islets were viable for one month post implan-
tation in rats, and the implanted PVA/islets lowered and maintained blood 
glucose levels compared to the blank  [60] .  

  In Medical Devices 

 Hydrogels have improved performance of many medical devices. For example, 
a detachable silicone balloon is used clinically as an occlusive device for 
the treatment of congenital diaphragmatic hernias. Dislodgement of the 
balloon is often a problem. Injectable hydrogel based on poly(ethylene glycol) 
prevented the balloon from dislodgement by providing adhesion to biologic 
tissue in lambs  [61] . In order to retain the biological activity of enzymes 
in biosensors, enzymes are immobilized in hydrogels. For example, a glucose 
oxidase enzyme that converts glucose into gluconic acid and hydrogen pero-
xide (H 2 O 2 ) can be immobilized in or conjugated with hydrogels fi lms and then 
used in glucose monitoring devices. Similarly, horseradish peroxidase (HRP) 
can be immo bilized in hydrogel for sensing H 2 O 2 . Sun et al. entrapped HRP in 
poly( N  - isopropylacyamide - co - 3 - methacryloxy - propyltrimethoxysilane) fi lms 
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for designing an H 2 O 2  biosensor  [62] . Bioresponsive hydrogels, which are 
made by conjugating small biomolecules (ligands) can selectively bind protein 
receptors and antibodies, and can be used for biosensing applications  [63] . 
Recently, Charles et al.  [64]  used galactoside - based polyacrylate hydrogel 
for the immobilization of cholera toxin antibodies for the development of a 
sandwich immumoassay. 

 Molecular imprinting, where hydrogels are formed in the presence of a print 
molecule and the molecule is removed after the hydrogel formation, is another 
interesting area of hydrogel application. When the hydrogel is placed in a 
solution containing the print molecule, the hydrogel can recognize the mole-
cule and swell or shrink. 

 Many hydrogels, such as silicone polymer, polyether, polyacrylic derivatives, 
polyalcohol, poly(vinyl pyrrolidone), and poly(acrylamide), are transparent 
and possess good mechanical strength. These properties have been exploited 
for fabricating intraocular lenses  [65, 66]  and artifi cial corneas  [67 – 69] . Hydro-
gels can also be used in coating for drainage tubes and stents  [70 – 72] , burn 
dressing  [73 – 77] , and controlling fl ow in microfl uidic devices and micro-
electromechanical systems (MEMS)  [78, 79] .  

  Summary 

 Hydrogels have promising applications in biomedical areas. Both natural as 
well as synthetic polymers can be used for specifi c applications. Natural poly-
mers are biocompatible and usually have high molecular weights, which are 
suitable for some applications. However, natural polymer - based hydrogels are 
mechanically weak, so that uncontrolled degradation occurs. On the other 
hand, synthetic polymers with precise molecular weight can be synthesized to 
form hydrogels in which crosslink density, hydrophobic and hydrophilic 
balance, and degradation kinetics can easily be controlled. However, synthetic 
hydrogels may be potentially toxic, which needs to be minimized by purifi ca-
tion, the use of less toxic reagents, in situ gelation, UV photocrosslinking strat-
egies, and bioinspired gelation based on endogenous proteins and enzymes.   

  NANOGELS 

 Polymeric nanogels, the submicron - sized gel particles, have attracted great 
attention during recent years because of their potential applications in bio-
medical applications  [80 – 87] . Nanogels possess all the properties of macro-
scopic gels. In fact, nanogels are three-dimensionally crosslinked polymers, 
which can swell and shrink in solvents, and can become solid spheres when 
the polymer volume fraction is unity  [85] . Both natural and synthetic polymers 
have been used for the preparation of nanogels. Nanogels can be synthesized 
by using complexation, emulsion polymerization, pulse radiolysis, and self -
 assembly techniques  [84, 86, 88 – 93] . Self - assembly of polymer chains gives rise 
to the physically crosslinked nanogels  [88, 94] . Both intra -  and interpolymer 



chain associations can occur due to H - bonding or hydrophobic interactions, 
which lead to the formation of physical nanogels. Two oppositely charged 
polymers can also form a nanosized complex. Chemically crosslinked nanogels 
can be obtained using a crosslinker during emulsion polymerization. Surfac-
tants, such as sodium dodecyl sulfate (SDS) are commonly used to form oil in 
water microemulsion for the emulsion polymerization of nanogels  [95] . Under 
certain conditions, nanogels can also be synthesized without surfactants  [90, 
97, 98] . In surfactant - free nanogel synthesis, the monomer or polymer itself 
can stabilize emulsion. The surfactant - free nanogels possess advantages over 
the traditional methods because they do not require removal of the potential 
toxic surfactants. In addition, reverse emulsion polymerization (water in oil) 
can also be used to synthesize crosslinked nanogels  [98] . It is also worthwhile 
to mention that degradable nanogels can be prepared using polymers with 
degradable linkages, or degradable crosslinkers  [99 – 102] . 

 As responsive polymers play important roles in drug delivery and tissue 
engineering, responsive nanogels have drawn increasing attention during past 
decade  [103 – 106] . Thermo - responsive nanogels have been synthesized by 
aqueous redox polymerization of acrylic acid (AAc) and NIPAAm or vinyl-
imidazole (VI) and NIPAAm in the presence of a crosslinker,  N,N  - 
methylenebisacrylamide, and surfactant SDS  [104 – 107] . Nanogels of the size 
125 – 600 nm can be obtained by varying the acrylic acid or vinylimidazole 
contents. Nanogels that are pH sensitive can also be obtained by the crosslink-
ing of functionalized polymers, such as poly(ethylene oxide) and polyethyleni-
mine  [86] , or photoinitiated free - radical precipitation polymerization of 
methacrylic acid and poly(ethylene glycol) monomethyl ether monomethac-
rylate  [108] . 

 Nanogels with layered structures (core - shell) can also be synthesized by 
using hydrophobic and hydrophilic monomers or polymers as cores or shells. 
Synthesis techniques, such as UV irradiation  [109] , sonication, and emulsion 
polymerization  [110, 111]  are used to prepare core - shell nanogels. A number 
of core - shell nanogels with tunable size have been prepared using polystyrene 
shells and crosslinked poly(methacrylamide) cores by sonication  [112] , 
polystyrene - b - poly(2 - cinnamoylethyl methcacrylate) by radiation  [109] , 
poly(acrylonitrile - co - NIPAAm) by emulsion polymerization  [110, 111] . 
Core - shell nanogels that are pH -  and temperature - responsive can also be 
prepared by the use of a suitable monomer — for example, 2 - (dimethylamino) 
ethyl methacrylate, PNIPAAM/poly(2 - vinylpyridine) macromonomers and 
PNIPAAM/poly(4 - vinylpyridine)  [113 – 115] .   

 As mentioned above, various types of nanogels with tunable sizes and 
stimuli - responsive properties can be designed and synthesized for biomedical 
applications. However, their physicochemical characterization is critical for 
any applications. Atomic force microscopy (AFM), dynamic laser light scat-
tering (DLS), transmission electron microscopy (TEM), or cryo - TEM, are 
commonly used to characterize nanogels. TEM is a powerful visualization 
tool that gives two - dimensional images of nanogels. AFM provides three -
 dimensional images of nanogels in a quasi - native state. DLS provides the 
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hydrodynamic size of nanogels in solution. Temperature, concentration, and 
solvent dependence of the size of nanogels can be studied with DLS. In addi-
tion, the molecular masses of nanogels can also be obtained by using dynamic 
and static light scattering (SLS) simultaneously. 

  In Drug Delivery 

 Nanogels, owing to their small size, can interact with and be internalized by 
the cells. Therapeutic drugs, peptides and proteins, and nucleic acids can be 
loaded into nanogels during or after the synthesis process. The main goal of 
nanogel - based drug delivery systems is to cross cellular or blood - tissue barri-
ers, such as cell membrane, intestinal, blood - brain, or blood - retina barriers. For 
precise control of drug release kinetics and targeting, stimuli - responsive poly-
mers can be used to synthesize nanogels. The size and drug release from these 
nanogels can be controlled by changing stimuli. For example, a pH - responsive 
nanogel bearing cationic groups can have small size and hold a drug at a physi-
ological pH. Once inside the cell where the pH is ~6, the nanogel can swell 
and release a therapeutic agent. Furthermore, the pH - dependent degradation 
of nanogels can also be controlled. For the loading of drugs at ambient tem-
perature and a sustained release at physiological temperature, thermorespon-
sive nanogels can be designed by incorporating thermoresponsive groups in 
the nanogels  [89, 114, 116 – 119] . 

 Various  in vitro  studies have demonstrated the feasibility of nanogels as 
drug delivery vehicles. For example, Bharali et al. demonstrated the release of 
fl uorescein isothiocyanate (FITC)   - dextran (19.3   kDa) from poly(vinyl pyrrol-
idone) nanogels for up to 30 days  [96] . Sahoo et al. synthesized both pH -  and 
thermoresponsive hydrogel nanogels and observed the release of FITC -
 dextran (19.3   kDa) for up to 80 h  [119] . Huang et al. made a network of 
poly( N  - isopropyl acrylamide - co - allylamine) and poly( N  - isopropyl acrylamide -
 co - acrylic acid) nanogels and studied the temperature - dependent release of 
dextran  [120] . These nanogels were able to release both small and large dextran 
molecules (MW 3000 – 500,000 Da). The poly[oligo(ethylene oxide) mono-
methyl ether methacrylate] (POEOMA) - based nanogel encapsulated doxoru-
bicin, and degradation of the nanogel in the presence of glutathione tripeptide, 
led to the release of doxorubicin  [113] . Growth of HeLa cancer cells was 
observed due to the release of doxorubicin from the POEOMA - nanogels. 
Other therapeutics agents, such as gene and antisense can be encapsulated and 
released from nanogels  [121] . For example, nanogels made of crosslinked 
poly(ethylene oxide) and polyethyleneimine demonstrated enhanced perme-
ability of oligonucleotide across monolayers of bovine brain microvessel endo-
thelial cells, an  in vitro  model of the blood - brain barrier. Thus, cationic nanogels 
have the potential for vector - mediated oligonucleotide delivery to the brain. 
Similarly, Lee et al.  [122]  demonstrated the release of small interfering RNA 
(siRNA) from crosslinked hyaluronic acid nanogels and an uptake of the 
nanogels by cultured HCT - 116 cells (Figure  6.4 ).   



 Besides nanogels of one polymeric component, core - shell nanogels made 
of poly(acrylonitrile - co - NIPAAm) have also been used as drug delivery vehi-
cles  [107] , especially for encapsulating hydrophobic drugs inside the core. 
Release of propranodol from the poly(acrylonitrile - co - NIPAAm) nanogels 
was demonstrated to last for ~2 h. The release of propranodol lasted for ~6 h 
with slightly hydrophilic poly(acrylonitrile - co - NIPAAm) nanogels. Although 
many nanogel systems show remarkable encapsulation and release capabil-
ities, their real potential as drug delivery vehicles can be tested only in  in vivo  
conditions. A recent  in vivo  study showed that nanogels made of crosslinked 
poly(ethylene glycol) and polyethylenimine, and complexed with a oligonucle-
otide, can deliver oligonucleotide to the brain  [123] .  

  In Tissue Engineering 

 As natural tissue is nanostructured, there has been considerable interest in 
using nanomaterials as implants for tissue regeneration, such as in bone, car-
tilage, vascular, bladder, and neuronal regeneration. Because of their high 
surface area and roughness, nanomaterials provide unique nanoscale surface 
properties compared to normal surface. It has been pointed out that cell pro-
teins can interact with nanomaterials and lead to improved cell functions  [124] . 
In earlier studies, hydroxyapatite nanomaterial, poly(lactide - co - glycolide) 
nanoparticles, and a nanocomposite of hydrodroxyapatite and poly(lactide) 
were used for growth of osteoblasts, chondrocytes, endothelial, and smooth 
muscle cells. Nowadays it is predicted that polymeric nanogels can also be 
assembled into three - dimensional scaffolds that can mimic the natural tissue 
environment suitable for cell regeneration applications.    

    Figure 6.4.     (A) Release of interfering RNA (siRNA) from hyaluronic acid (HA) 
nanogels in the presence of glutathione (GHS). (B) Uptake of rhodamine - labeled HA 
nanogels by HCT - 116 cells after 2 h incubation. Adapted from  J Control Rel ,  119 ( 2 ): 
245 (2007).  
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  In Medical Devices 

 Besides drug delivery and tissue engineering, nanogels can also be used for 
other biomedical applications, such as biological sensors, biological separa-
tions, and single enzyme encapsulation  [83, 125] . For example, Nomura et al. 
studied the role of nanogels made of self - assembly of cholesterol - bearing pul-
lulan in assisting protein refolding  [126] . These nanogels were able to catch 
and release proteins in  in vitro  conditions. The molecular chaperonelike activ-
ity of the nanogels have potential applications in refolding chromatography 
and batchwise renaturation  [126] . The nanogels can also be used to deliver 
quantum dots (semiconductor nanocrystals) for live cell imaging  [127] . Sparsely 
crosslinked nanogels, such as polyacrylamide crosslinked with  N , N  ′  - methylene 
bisacrylamide, can be used as fl uid for high - throughput microchannel DNA 
sequencing  [128] . An improvement of about 23% in DNA sequencing read 
lengths was obtained when polyacrylamide nanogel was used compared to 
linear polyacrylamide  [128] .  

  Summary 

 Nanogels so far have demonstrated intriguing potential for biomedical and 
pharmaceutical applications. Similar to the hydrogels, physicochemical proper-
ties of nanogels including degradation can be tuned for specifi c needs. Drug 
loading, stability, and toxicity are some of the critical parameters for designing 
nanogels. Nanogels can easily be functionalized and conjugated with ligands 
for targeted drug delivery. Although nanogels have achieved successes in bio-
medical areas, long - term stability and storage, and size uniformity are some of 
challenges associated with nanogels.   

  DENDRIMERS 

 Dendritic polymers are synthetic, repeatedly grafted species. Based on their 
symmetry and polydispersity, they can roughly be categorized into low molar 
mass species including dendrimers and dendrons, and high molar mass species 
including dendronized, hyperbranched, and brush polymers. The dendrimer 
name comes from the Greek  “  δ  ε  ν  δ  ρ o ν  ” /dendron, meaning  “ tree. ”  Synony-
mous terms are arborols and cascade molecules. Dendrimers and dendrons 
are repeatedly grafted, monodisperse, usually highly symmetric, and nanosized 
molecules. A dendron usually contains a single chemically addressable group 
that is called focal point. Semiglobular or globular structures of dendrimers 
provide a smaller hydrodynamic volume and a higher density of functionalities 
on the surface compared to the corresponding linear polymers. Moreover, 
despite their convoluted architecture, dendrimers are precisely tunable in their 
molecular size, shape, numbers, and positions of functional groups unlike tra-
ditional linear or branched polymers. 

 Dendrimers are synthesized by a fully controlled step - by - step approach 
with well - defi ned molecular structures and narrow molar mass distribution. A 



dendrimer is composed of a core, an interior (or branches), and a periphery 
(or end groups). The generation of dendrimers can be usually defi ned by 
numbering focal points (cascade points) when moving from the core to the 
periphery. The more generations the dendrimers have, the higher the molar 
mass, branch number, and amount of peripheral end groups they possess.   

 Since they were fi rst reported in the late 1970s  [129]  and early 1980s  [130, 
131] , dendrimers have been intensively exploited especially for biomedical 
applications due to their unique branched structures, precise tuning of com-
position, functionality, and biocompatibility  [132] . The core and shell structure 
of dendrimers has been utilized for the encapsulation of guest molecules such 
as catalysts, hydrophobic drugs, or chromophores  [133 – 136] . Moreover, spurred 
by the advances in dendrimer designs and understandings of the relations 
between their structures and biological behaviors, dendrimers have been 
actively investigated in the fi elds of targeted drug carriers, antiviral drugs, 
tissue engineering scaffolds, and biomedical sensors  [137 – 140] . 

  In Drug Delivery 

 Monodisperse and highly branched dendrimers have been suggested as an 
effi cient drug carrier by either encapsulation or post - formed surface modifi ca-
tion with a variety of therapeutics such as small molecule drugs, DNA, and 
oligonucleotides  [141 – 143] . Dendrimers have been functionalized with specifi c 
tissue targeting molecules such as folic acid to localize drugs to desired tissue 
sites  [144]  or hydrophilic molecules such as PEO to increase their blood 
circulation times  [145] . The dendritic structure has been exploited to give 
more functionality to linear or grafted structure. In a recent report, this com-
bined dendritic structure was applied to have biodegradability and stimuli - 
responsive supramolecular property, where hydrophilic poly(L - lysine) (PLL) 
dendrons were conjugated with the both ends of poly( N  - isopropylacrylamide) 
(PNIPAAM) grafted with biodegradable poly(L - lactic acid) (PLLA) (Figure 
 6.5 )  [146] . When dendrimers are conjugated on linear polymers and become 
linear - dendritic copolymers, they can provide great potency in increasing 
drug payload due to their supramolecular micelle structures  [147] .   

 Dendrimers have been actively utilized for passive or active target delivery 
of antitumor drugs. Dendrimers has been studied as antitumor passive tar-
geted carriers because globular structure has been found to have longer reten-
tion times in blood circulation than linear structure  [137] . As one example of 
passive targeting drug delivery carrier, the surface groups of carboxylate - 
terminated polyamidoamine (PAMAM) dendrimer were conjugated with 
cisplatin  [148] . In a mouse model study, the drug - dendrimer complexes 
accumulated 50 times more in subcutaneous tumors than the free drug at 
equivalent doses via a passive targeting mechanism (e.g., the enhanced 
permeation - and - retention effect). In another report, PEGylated and biode-
gradable dendrimers were used as antitumor passive targeted carriers of doxo-
rubicin  [141] . In this study, biodegradable and half - side PEGylated bow - tie 
dendrimers were designed to be functionalized with doxorubicin (Figure  6.6 ). 
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In addition, dendrimers have also been exploited as antitumor targeted car-
riers via active targeting mechanism. For example, partially acetylated PAMAM 
dendrimer was conjugated with methotrexate and tumor site targeting ligand 
folate  [149] , and the obtained methotrexate - folate - dendrimer could improve 
the cytotoxic response of the human KB tumor cells 100 - fold over the free 
drug. Gene delivery is one of other potential drug delivery applications of 
dendrimers. The reason is that the cationic periphery functional groups of 
dendrimers can form electrostatic complexations with polyanionic DNA, 
which lead to highly effi cient transfection of a broad range of cells and minimal 
cytotoxicity  [150] . However, the charge density and generation of dendrimer 
need to be optimized for effi cient delivery and prevention of enzymatic deg-
radation of DNA, as well as the minimization of the toxicity associated with 
the positive charge of cationic dendrimers.    

  In Tissue Engineering 

 In the past few years, researchers have begun exploring dendrimers as three -
 dimensional crosslinked scaffolds for tissue regeneration. For example, den-
drimers have been studied for the formation of highly crosslinked collagen 
to support human corneal epithelial cell growth  [151, 152] , and modifi ed with 
immunomodulatory and antiangiogenic agents to prevent scar tissue forma-
tion    [139] . In situ photocrosslinking method is used for fabricating injectable 
dendrimer scaffolds made of a dendritic linear triblock copolymer containing 
a poly(ethylene glycol) core and methacrylated poly(glycerol succinic acid) 

    Figure 6.5.     Thermoresponsive and biodegradable linear - dendritic nanoparticles com-
posed of PNIPAAM, PLLA, and PLL. Two PLL dendrons impart the dendritic branches 
and are linked together via PNIPAAM. PLLA is conjugated to the PNIPAAM linker 
providing the hydrophobic binding pocket. Adapted from  Macromolecules ,  39 ( 23 ): 
7805 (2006).  



dendrimer terminal blocks  [153] . The coupling reaction between aldehyde 
of poly(ethylene glycol) dendrons and cysteine 1,2 aminothiol group of 
poly(lysine) dendrons was used to form dendrimer hydrogel scaffolds with 
thiazolidine linkage  [154] . By using dendrimer hydrogel scaffolds for cartilage 
tissue formation, Grinstaff and colleagues found that a compromise between 
targeted mechanical, diffusion, and biochemical properties is necessary to 
afford an optimal tissue engineering scaffold for cartilage matrix production 
 in vitro  or  in vivo   [153] . As illustrated in Figure  6.7 , simply increasing 
the concentration of the macromer of dendrimer hydrogels to improve 

    Figure 6.6.     Doxorubicin - functionalized, biodegradable, and PEGylated bow - tie den-
drimers. (a) Doxorubicin (Doxo) is linked on the surface of the bow - tie dendrimer. 
(b) Survival versus time for mice bearing C - 26 colon carcinomas. The bow - tie 
dendrimer – Doxo conjugates were effective in a DOX - insensitive solid tumor. Adapted 
from  P Natl Acad Sci USA ,  103(45) : 16649 (2006).  
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mechanical properties was not the best route to a better extracellular matrix 
deposition for neocartilaginous tissue formation. The reason is that the deg-
radation of the scaffolds is also important for the diffusion of nutrition and 
metabolic substances in and out of the scaffolds, respectively, to promote 
healthy cell growth  [153] .   

 The research for tissue regeneration with dendrimers is still in preliminary 
stages. Further research is expected to focus on tailoring the physical, 
(bio)chemical, and mechanical properties of the dendrimers scaffold through 
controlling dendrimer generation, degree of branching, crosslinking density, 
hydrolysable linkage, and end group functionality for repair of tissue defects 
based on specifi c performance requirements.  

  In Medical Devices 

 Magnetic resonance imaging (MRI) provides a powerful and noninvasive tool 
for  in vivo  imaging to diagnose many diseases in a variety of tissue types. 
However, MRI often requires the use of a contrast agent to obtain better 
images. Gadolinium (Gd), which has been commercially utilized as an MRI 
contrast agent, has a disadvantage in fast plasma clearance. High molar mass 
carriers such as dendrimers can extend the lifetimes of small molecular weight 
Gd in blood vessels. Dendrimers have many functional groups on their periph-
ery that are capable of anchoring many Gd ions. The compounds of den-
drimers and contrast agents have been reported to lower the required doses 
of Gd by effi ciently accelerating proton relaxation and to extend the lifetime 
of Gd in the body  [155] . 

 Dendrimers containing metalloporphyrins have been developed for pho-
tonic oxygen sensing that provide another noninvasive diagnosing image  [140] . 
Water - soluble dendrimers can encapsulate hydrophobic metalloporphyrins in 
their cores. The dendrimer sensors bearing metalloporphyrins give an accurate 
determination of tumor treatment status by sensing the concentration of 
oxygen in tumors, because the oxygen concentration is inversely related to the 
phosphorescence lifetime. The noninvasive optical imaging using dendrimer 
sensors can be obtained by phosphoresce irradiation with visible light or mul-
tiple photons of near - infrared light. 

 Dendrimers have been reported to show intrinsic drug properties them-
selves in addition to their benefi ts in encapsulating and carrying therapeutics. 
The branched architecture of dendrimers can stimulate the removal of prion 
proteins in infected cells  [156] . This result was not observed in linear cationic 
polymers, indicating that the highly branched multivalent structure of den-
drimers should play an important role in this case. In other reports, den-
drimers, whose multivalent surfaces were modifi ed with specifi c ligands, 
were found to exhibit signifi cant inhibition of infection of host cells by infl u-
enza viruses. For example, dendrimers modifi ed with napthyl residues at their 
periphery inhibited the binding of herpes simplex viruses to cell surfaces 
 [157] .  
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  Summary 

 New designs and applications of dendrimers have been actively introduced in 
a variety of biomedical fi elds. The interest in dendrimer - based biomedical 
application has exponentially increased because the incentive of highly grafted 
structures has demonstrated their versatility and utility. Dendrimers have been 
actively explored in biomedical fi elds including drug delivery, tissue engineer-
ing, and biosensors. Despite the potency of dendrimers, their high cost demands 
that their clinical effi ciency should be at least superior to that of other 
relatively low - cost biomaterials for clinical success.   Overall, highly grafted 
dendrimers give a good example of how grafted polymers can be utilized in 
biomedical applications.   

  GRAFTED CYCLODEXTRINS 

 Cyclodextrins (CDs) are cyclic oligosaccharides composed of D - (+) glucopy-
ranose units attached by  α  - (1, 4) glucosidic bonds. Generally, three types of 
natural CDs exist:  α  - ,  β  - , and  γ  - CDs with six, seven, or eight glucose units, 
respectively. CDs with fewer than six glucose units cannot form cyclic struc-
tures due to their steric hindrances, and CDs bearing nine or more glucose 
units are also diffi cult to obtain because of their diffi cult isolation and purifi ca-
tion processes. CDs have outer hydrophilic surfaces and internal hydrophobic 
cavities that are capable of hosting guest molecules  [158] . CDs endow hydro-
phobic quest molecules such as small hydrophobic drugs with improved solu-
bility and chemical stability. In addition, CDs form necklacelike supramolecular 
structures with linear polymers to induce polyroxanes, where cyclic molecules 
are threaded onto the polymer chain via polymer inclusion complexes 
(PICs). 

 The grafted structures of CDs have been intensively studied not only to 
overcome the drawback of CDs, such as poor water solubility, but also to add 
functionality. Novel designs of grafted CDs have been introduced and tested 
in many biomedical applications. The inherent inclusion complexation pro-
perty and supramolecular formation of parent CDs combined with modifi ed 
functionality can provide versatile biomedical applications including drug 
delivery, tissue regeneration, and biosensors, which will be described below. 

  In Drug Delivery 

 In the past several decades, CDs and grafted CDs have been utilized success-
fully as drug delivery systems to improve drug solubility, chemical stability, 
and bioavailability  [158] . The nature of CDs (e.g., inclusion complexation with 
guest molecules) can be used for effi cient drug delivery applications. The inclu-
sion behavior of CDs with drugs shows an equilibrium defi ned by an equilib-
rium constant  K  c = K  1:1 =[Drug - CD]/[Drug][CD]  [158] . The dissociation of the 



included drugs from CDs might be expected upon the dilution effect. Also, the 
included drug in CDs might be displaced by a more affordable quest molecule 
or might be transferred to a matrix with a higher drug affi nity, such as an 
intestinal cell membrane. 

 CDs and modifi ed CDs have been exploited for drug delivery vehicles via 
several administration routes such as oral, parenteral, nasal, ocular, rectal, and 
dermal  [159 – 165] . Oral drug delivery with CDs and modifi ed CDs has been 
extensively studied because they can not only improve drug bioavailability 
with increased drug solubility, drug dissolution rate and extent, and drug per-
meability across gastrointestinal barriers, but they also reduce drug irritation 
and bad drug taste  [159, 160, 166] . The studies for ocular drug delivery using 
CDs and their derivatives have shown that CDs and their derivatives such as 
hydroxypropyl -  β  - CDs (HP -  β  - CDs) and sulfobutyl ether -  β  - CDs (SBE -  β  - CDs) 
can enhance the solubility, chemical stability, reduced irritation, and permea-
bility of ocular drugs  [167] . In the case of the parenteral drug delivery, high 
aqueous solubility and minimal cytotoxicity should be considered fi rst. Due to 
the relatively low solubility and high level of haemolysis of  β  - CD,  β  - CD deriva-
tives such as amorphous HP -  β  - CDs and SBE -  β  - CDs have been investigated 
to improve the drawback of CDs for parenteral uses  [168] . In a recent report, 
cationic  β  - CD polymers containing quaternary ammonium groups were syn-
thesized and investigated for parenteral drug delivery application  [169] . The 
cationic  β  - CD polymer bearing quaternary ammonium groups not only dra-
matically increased naproxen solubility, but also showed better hemolytic 
activities than parent  β  - CD and neutral  β  - CD polymers. 

 Cyclodextrins (CDs) and their derivatives could be one candidate for deliv-
ery carriers of therapeutics across biological barriers such as the blood - brain 
barrier (BBB). To increase the permeability of drugs such as steroids and 
anticancer drugs across the BBB, the drugs can be covalently conjugated with 
liphophilc groups (e.g., 1 - methyl - 1,4 - dihydronicotinic acid) through an enzy-
matically labile linkage as chemical delivery system  [170] . Even though the 
chemical modifi cation of the drug can enhance the permeability of the drug 
across the BBB, the drawback is that the modifi ed drug has poor water solubi-
lity. CD derivatives such as HP -  β  - CD can increase the water solubility of the 
modifi ed drug as well as enhance the chemical stability via the HP -  β  - CD/CDS 
inclusion complex, when applied for parenteral administration  [171] . CD 
derivatives such as methylated CDs have been reported to enhance the BBB 
permeability of P - gp substrate type drugs such as doxorubicin by modulating 
the P - gp effl ux function  [172] . 

 CD - containing cationic polymers have been developed for effective DNA 
delivery with low toxicity  [158] . CDs can be grafted as pendent groups on the 
side chains of cationic polymers such as poly(ethylene imine), poly(allylamine) 
and PAMAM dendrimers  [173 – 175] . These CD - containing cationic polymers 
have been reported to form polyplexes with anionic DNA by electrostatic 
interaction and inclusion complexation. These systems can give an effi cient 
gene delivery due to its effi cient transfection, low toxicity, and stability against 
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enzymatic degradation. The CD - containing cationic polymers can be modifi ed 
by compounds capable of forming inclusion complexes. The stability of 
CD - containing cationic polymers was enhanced by combining poly(ethylene 
glycol) conjugated with hydrophobic adamantine that forms the inclusion 
complex with CD cavities in polyplexes (Figure  6.8 )  [173, 176] . PEG - combined 

    Figure 6.8.     Schematics of (a) CD - bPEI (b) and PEGylated CD - bPEI polyplexes. The 
bar represents 200 nm. (c) Comparison of plasmid uptake effi ciencies of polyethyleni-
mine (PEI) and CD - PEI polymers. Polymers were complexed with YOYO - 1 - labeled 
plasmids at 10 N/P and exposed to PC3 cells for 15   min. Adapted from  Bioconjugate 
Chem ,  15 ( 4 ): 831 (2004).  
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CD - containing cationic polymers/DNA polyplexes can prevent the undesired 
interactions with nonself entities. Moreover, target gene drug delivery using 
this system was reported to complex transferrin - modifi ed PEG - adamantine 
with the CD - containing polyplexes  [177] . 

 CDs modifi ed with hydrophobic groups that are capable of inducing inclu-
sion binding in CD cavities can form linear polymeric supramolecules. For 
example, mono[6 -  O  - (4 - formyl - phenyl)  β  - CDs was synthesized as solid linear 
polymeric supramolecules through the binding ability and self - assembly 
behavior of molecular interpenetration. The smart supramolecular system of 
modifi ed CDs can provide stimuli - responsive inclusion/release behavior of 
guest molecules with CD rings in response to environmental stimuli. For 
example, in one study, the anionic phosphate group, a substrate of alkaline 
phosphatase, was introduced to  β  - CDs to release cationic aromatic quest mol-
ecules including cationic cancer drugs in response to enzymatic hydrolysis of 
the phosphatase group  [178] . Polymer - conjugated CDs have been reported to 
show pH -  and temperature - responsive gel formation via reversible inclusion 
complexation of quest molecules in the CD cavity  [179] . The system with 
 β  - CD - conjugated poly(L - lysine) and 3 - trimethylsilylpropionic acid (TPA) 
showed rapid intermolecular association and dramatic phase transition by 
pH as well as temperature, which might be caused by dual complexation phe-
nomena, inclusion complexation, and ionic complexation.    

  In Tissue Engineering 

 CD - containing biodegradable hydrogels have been investigated for tissue 
engineering scaffolds in a form of polyrotaxane composed of  α  - CDs and PEG 
 [142, 180 – 182] . In these reports, PEG and  α  - CDs were modifi ed with crosslink-
able ester linkages to form hydrophilic PEG hydrogel networks. The hydroly-
sis rate and erosion profi le of the polyrotaxane hydrogels were tunable by 
modulating the PEG/ α  - CDs ratios and PEG molar masses  [180] . The cross-
linked polyrotaxane hydrogels, which show long - term stability and actually 
tunable hydrolysis, have been applied for polymeric scaffolding in tissue engi-
neering such as cartilage regeneration. In the case of cartilage regeneration, 
the presence of cholesterol in the PEG -  and cyclodextrin - based hydrogels 
improved the chondrocyte proliferation and glycosaminoglycan (GAG) pro-
duction and controlled the degradation rate of the hydrogels  [183] . PEG - based 
hydrogels with a hydrolyzable polyrotaxane, combined with hydroxyapatite 
particles for cell adhesion and survival, were reported as scaffolds for bone 
tissue engineering (Figure  6.9 )  [182] .   

 The drug complexation nature of CDs can be applied to a membrane 
coating for tissue regeneration. For this application, polyvinylidene difl uoride 
(PVDF) membranes was grafted with  β  - CDs and tested for guided tissue 
regeneration applicable in periodontology, resulting in the controlled release 
of antimicrobial agent during the tissue regeneration period  [184] . In another 
report, Dacron (polyethyleneterephtalate, PET) vascular grafts were coated 
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with CD polymers to a obtain controlled release of Vancomycin from vascular 
grafts  [185] . The CD - polymer - coated vascular graft showed nontoxicity and a 
linear release profi le of Vancomycin over 50 days.  

  In Medical Devices 

 CDs and their derivatives have been extensively used for the separation of 
racemic compounds and drugs  [186] . Chemically modifi ed CDs are usually 

    Figure 6.9.     (a) Poly(ethylene glycol) hydrogels crosslinked by hydrolyzable polyrotax-
ane containing hydroxyapatite particles (PRX - HAp) as scaffolds for bone regenera-
tion. (b) Histological image of ossifi cation at 5 weeks after implanting PRX - HAp with 
rat osteoblasts. Osteoidlike tissues (O) were seen in the region between the PRX - HAp 
and a queue of osteoblastlike cells (OB). Adapted from  J Biomat Sci - Polym E ,  16 ( 12 ): 
1611 (2005).  

Z-L-phenylalanine

α-CD PEG

HAp

ester linkage

(a)

(b)



immobilized on the surface of silica in a chiral HPLC column to provide a 
chiral stationary phase (CSP), because CDs have a different affi nity with 
enantiomeric molecules through inclusion complexation. Chiral HPLC con-
taining CDs provides a useful methodology for separating optically pure 
isomers. The immobilization of CDs on silica beads have been achieved by 
several methodologies. The gel form of crosslinked CDs have been chemically 
immobilized onto silica  [187] . Recently, other advanced synthetic techniques 
have been reported. In one of these reports, CDs containing polymers were 
prepared as either linear copolymer type or CD - grafted type, and then immo-
bilized onto silica via condensation, forming urea linkage  [188, 189] . In the 
other report, CDs were immobilized on silica beads via spacer arms  [190] . The 
enantiodiscriminatory properties of these CSPs were known to be affected by 
chain lengths of spacer arms and the derivatizing groups of the CD  [191, 192] . 
When the azido - perfunctionalized CD derivatives were conjugated onto silica 
beads with urea linkages, it was found that the CD - based CSPs bonded at the 
C6 position to silica exhibited slightly better chiral recognition ability than the 
CD - based CSPs bonded at the C2 position. 

 The supramolecular assembly property of CDs is a powerful tool that can 
be used to manufacture a high - quality biosensor detecting biological and 
pharmaceutical molecules. For example, a sensor to detect catecholamine 
neurotransmitters such as dopamine has been developed by synthesizing 
 β  - CD - modifi ed electrodes with mediator and polyphenol oxidase  [193] . In this 
system,  β  - CD polymers were immobilized on an electrode where tetrameth-
ylbenzidine and ferrocene were introduced as mediators to induce switchable 
inclusion complexes with the immobilized CDs depending on enzyme activity, 
resulting in voltammetric change. To fabricate enzyme - based biosensors, CDs 
and their derivatives have been widely utilized for the immobilization of 
enzymes on metal electrodes and nanoparticles through supramolecular inter-
actions  [194] . After thiolated CDs were covalently conjugated on electrode 
surfaces, biosensible enzymes, conjugated with hydrophobic guest molecules 
such as adamantan, were employed for supramolecular assembly with the CD 
cavities. Instead of the thiolated CDs, thiolated CD - containing polymers were 
used as three - dimensional matrices that are able to provide more sensitive 
enzyme - based electrochemical biosensors  [195] . In this approach, the xanthine 
oxidase, conjugated with 1 - adamantanyl residues, were immobilized on Au 
electrodes modifi ed with CD - containing polymers via supramolecular assem-
bly, constructing a biosensor that detected xanthine to diagnose several dis-
eases including xanthinuria.  

  Summary 

 Grafted CDs can be used for a variety of biomedical applications. The chal-
lenge for the design of grafted CDs is to minimize the intrinsic problem of 
parent CDs (poor water solubility and haemolytic property), to maximize their 
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intrinsic advantage (drug complexation and supramolecular property), and to 
add new functionality on the parent CDs.    
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 IN TEXTILES  

  Mahammad Safikur   Rahman        

  INTRODUCTION   

 Fibers are available from natural sources and are also made by synthetic 
means. All fi bers, natural or synthetic, are high - molecular - weight polymeric 
macromolecules. Important commercial fi bers for making textiles are men-
tioned in Table  7.1  along with their major strengths and shortcomings. There 
is a need to modify the fi bers/fabrics so that they can be effectively utilized 
for newer end - use requirements. Some examples of these modifi cations are 
imparting dimensional stability to woolen fabric, improving wash - and - wear 
performance to cotton textiles, and ensuring antimicrobial activity to polypro-
pylene or polyester monofi laments for use as effective surgical sutures.  “ Graft-
ing ”  and  “ crosslinking ”  are among several techniques used to carry out desired 
modifi cations on the fi ber either in fi ber or fabric form. Synthetic fi bers, unlike 
natural fi bers, do not contain reactive functional groups in suffi cient numbers, 
which restricts crosslinking in those fi bers. An attempt has been made to high-
light applications of these two  “ macromolecular engineering ”  techniques 
(grafting and crosslinking) on some commercial fi bers in the following 
sections.    

  APPLICATION IN COTTON TEXTILES 

 Cotton is a unique natural fi ber of plant origin and is the most important 
textile fi ber in the world. Cotton fi ber produced by the plant is composed 
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almost entirely of cellulose. Cellulose is a linear condensation polymer wherein 
anhydroglucose units are linked together by 1, 4 –  ß  – glycosidic linkage (struc-
ture of cellulose, Table  7.1 ). 

 Each anhydroglucose unit of cellulose contains three hydroxyl groups and 
hence there are many hydroxyl groups and glycosidic oxygen in the cellulose 
macromolecule. These are responsible for a high degree of hydrogen bonding 
among the polymeric chains, and results in three - dimensional ordered struc-
tures, thus forming crystalline lattices  [1] . Portions of the same molecule may 
run parallel to another chain for a short length, cross other chains, or bend, 
forming less ordered amorphous regions. When a cotton fabric is wet, the fi bers 
are in contact with water molecules, which get absorbed into the amorphous 
region of the fi ber and disrupt the interchain hydrogen bonding. New hydro-
gen bonds are formed involving water molecules. When the water molecules 
are evaporated from the cotton fabric or garment under normal air drying 
condition, new sets of interchain hydrogen bonds are formed resulting wrin-
kles on the fabric. Wrinkling is a major shortcoming of cotton textiles. Graft 
poly merization and particularly crosslinking on cotton fi bers have been carried 
out to overcome this shortcoming and to impart other desirable properties on 
cotton textiles. 

  Grafting on Cotton 

 Cotton is affected by UV radiation. This degrading effect on cotton was 
noticed over a century ago. Electron spin resonance study of light - irradiated 
cotton has established the reason of degradation as free - radical generation 
on cellulose  [2, 3] . An understanding of this phenomenon has also opened 
up possibilities for improvement of the properties of cotton fabric by grafting 
a variety of monomers onto it  [3 – 5] . As mentioned above, cotton fabrics 
have poor wrinkle resistance compared to synthetic fabrics and need modifi ca-
tion that will lead to improvement in their wrinkle recovery properties.  N  -
 methylolacrylamide (NMA) has been used as an effective monomer for 
grafting on cotton. Graft polymerization is initiated by different means such 
as chemical, thermal, and irradiation techniques  [6] . NMA contains two dif-
ferent functional groups namely: a vinyl and a methylol group. The vinyl group 
takes part in the graft polymerization initiated by cellulose macroradicals 
formed by irradiation, and the methylol group of NMA undergoes condensa-
tion reaction with the hydroxyl group of cellulose at relatively high tempera-
ture in the presence of an acidic catalyst. These radiation chemical - fi nished 
cotton fabrics have good wash - and - wear properties  [7] . NMA and cotton react 
readily under UV light when the reaction is carried out in a nitrogen atmo-
sphere. Reaction is found to be inhibited by the presence of oxygen. The 
presence of an inhibitor such as methyl ether of hydroquinone retards but 
does not prevent the polymerization reaction. The presence of a photosensi-
tizer such as biacetyl (2,3 - butanedione) can increase the rate and effi ciency of 
the reaction, but it also increases the stiffness  [8] . 
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 Glycidyl methacrylate has also been used for modifi cation of cotton. Again, 
in this case, unsensitized UV - light - initiated polymerization results in forma-
tion of (initiating) free radicals on cellulose fi ber, thereby minimizing homo-
polymer formation  [9, 10] . However, when several layers of cotton fabrics are 
immersed in an aqueous solution of glycidyl methacrylate (GMA) and only 
the surface layer is exposed to UV light, the polymerization reaction is initi-
ated in the surface layer and subsequently in inner layers. Of course, the per-
centage of graft decreases gradually with depth of the layer, and at the sixth 
layer, the value of the percentage of graft becomes one - third the value of 
surface layer  [10] . The reaction in the inner layers is believed to have taken 
place by chain transfer mechanism. 

 Extensive research work has been carried out at the National Research 
Centre, Textile Research Division, Cairo, Egypt on chemically induced graft 
polymerization of cotton fabric with various vinyl monomers in order to 
modify the surface characteristics  [11] . Varieties of redox system as well as 
oxidizing agents are used for chemical modifi cation.   In some cases, cellulose 
thiocarbonate is prepared fi rst by reacting cotton fabric with carbondisulfi de 
in alkaline medium to provide effective reducing sites on the cellulose back-
bone. When an oxidizing agent is added to it in presence of a vinyl monomer, 
polymerization is initiated by the redox mechanism, and a vinyl graft polymer 
is formed onto cellulose  [12, 13] . 

 Graft polymerization of acrylic - based monomers onto a cellulose backbone 
has been studied as an innovative method for conservation of cellulosic textiles 
 [14, 15] . Grafting acrylate monomers directly from the vapor phase onto cel-
lulose has been found to improve the mechanical properties of degraded tex-
tiles without altering the fl exibility and protects the surface from formation of 
superfi cial coating of other unwanted materials on storage. The grafting of 
combination of monomers, e.g., ethyl acrylate (EA)/methyl methacrylate 
(MMA) in a ratio of 75/25 results in a restoration of fl exibility (t g     ∼    10    ° C). The 
addition of small quantity of the fl uorinated monomer 2,2,2 - tifl uoromethyl 
methacrylate (TFEMA) in the above combination, i.e., EA/MMA/TFEMA in 
the ratio of 73/24.5/2.5 is found to improve water repellency of the grafted 
substrate  [15] . 

 Plasma - induced grafting has also become an attractive technique for surface 
modifi cation of textiles  [16, 17] . The plasma state consists of radicals, photons, 
and charged particles such as ions and electrons. When these highly active 
species collide with the surfaces of textile substrates they generate free radicals 
along with other active sites on the surface  [18]   . When this active textile sub-
strate comes in contact with a monomer, it initiates a polymerization reaction. 
Even under conditions of in situ plasma polymerization, the cotton substrate 
and monomer are simultaneously activated, but homopolymerization is found 
to predominate only if the monomer is introduced via an inlet too close to the 
electrode  [19] . Cotton fabrics have been found to have higher rate of free -
 radical generation than other natural and manmade fi bers  [20, 21] . It has also 
been assumed that the stability of free radicals generated by the treatment on 
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cellulosic fi ber with the plasma is greatly dependent on the fi ne structure of 
the fi ber substrate  [20] . This was evident from the fact that relative free - radical 
intensity of viscose and mercerized cotton is quite less than cotton when sub-
jected to plasma treatment under identical conditions. This may be due to rela-
tively loose structure of viscose and mercerized cotton compared to cotton, 
and hence recombination takes place easily in former cases. Generation of a 
plasma state suitable for textile application is usually done in the presence of 
a constant supply of different gases such as argon, helium, nitrogen, oxygen, 
etc. Since the gases are supplied at room temperature, the temperature of the 
plasma state generated remains below 100    ° C and hence is called cold plasma 
treatment. 

 Cotton fabric is effectively surface fl uorinated through plasma polymeriza-
tion of hexafl uoropropene (C 3 F 6 ) gas  [22] . The contact angle measurement and 
wetability study of the treated fabric has shown that contact angle remains in 
the range of 140    °  to 150    °  and a wettability of 300   s, indicating very good 
hydrophobicity. It is suggested that both plasma - induced polymerization as 
well as plasma polymerization are taking place simultaneously resulting in an 
increase in the surface atomic fl uorine and reduction in the surface oxygen 
substantially. 

 A monomer, 2 - hydroxyethyl methacrylate (HEMA) has been graft polym-
erized quite effi ciently on cotton fabric immediately after exposing it to a glow 
discharge argon plasma generated by a radio frequency of 13.56   MHz  [23] . 
Degassed aqueous solution of HEMA (2.5%) has been used for poly merization, 
and 85.7% grafting is achieved by this process. It has been observed that a 
small level of grafting (10% grafting level) increases the breaking strength of 
the fabric, which of course is leveled at higher percentage of grafting. Similarly, 
vinyl laurate has been graft polymerized on cotton fabric after generating 
active radical sites onto it using 2.45   GHz microwave plasma  [24, 25] . Among 
different gas media, argon plasma has been found to create more active sites 
 [24] . Plasma - induced grafting of vinyl laurate resulted in stable cellulose - vinyl 
laurate copolymers. This plasma - induced hydrophobic fi nishing on textiles is 
found to be quite durable, and such treatment practically does not affect the 
strength property, unlike the traditional resin fi nishing by wet processing, 
which usually results in high strength loss of cotton textiles  [25] .  

  Crosslinking in Cotton Textiles 

 Among the various textile fi bers and fabrics, the wrinkling property is most 
pronounced in cotton textiles as discussed above. Efforts have been made 
since 1920 to make cotton fabric wrinkle resistant or crease resistant  [26] . As 
per estimates in 1978, there are more than 7000 publications and 3000 patents 
on the subject of the crosslinking of cellulose to impart wrinkle resistance 
properties  [27] . Historically, the developments on cellulosic crosslinking can 
be presented in six chronological stages: the concept of the fi nishing of cellu-
losics with a urea - formaldehyde type of resin (fi rst stage); investigations on 
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chemical and physicochemical aspects of crosslinking using reactive agents 
(second stage); insight on the mechanism of cellulose crosslinking and its effect 
on fi ber structure and properties (third stage); development of the technology 
of wrinkle - free fabrics and garments, including post - cure process (fourth 
stage); concern of freely present and releasable formaldehyde from the 
fi nished textiles, and development of low -  or no - formaldehyde crosslinking 
systems (fi fth stage); and lastly, ionic crosslinking (sixth stage). 

 Harro A. Peterson has made a comprehensive presentation of the crosslink-
ing of cellulosic textiles with formaldehyde containing reactants  [28, 29] . 
Natural cotton fi ber contains 2000 – 3000 anhydroglucose rings in the chain 
joined by glucosidic linkages. Every anhydroglucose unit contains one primary 
hydroxyl group at the sixth carbon [structure of cellulose, Table  7.1 ], which is 
the most reactive hydroxyl group for crosslinking, but other hydroxyl groups 
also take part in crosslinking reaction  [30] . Production of wrinkle - free cotton 
textiles with low - formaldehyde containing crosslinking agents, namely, dimeth-
ylol dihydroxy ethylyne urea (DMDHEU) etherifi ed with a polyhydric alcohol 
such as diethylene glycol, 2,3 propanediol and amide glyoxal adduct  [31 – 33]  
in the presence of an acid liberating catalyst is now being practiced globally. 

 The alternative approach of formaldehyde - free crosslinking using the 
unique and extremely effective agent 1,2,3,4 butane tetracarboxylic acid 
(BTCA) in the presence of an acid catalyst (sodium hypophosphite), although 
technologically preferred  [34, 35] , has not been accepted by the industry 
because of the relatively high cost of BTCA  [26] . 

 These crosslinking reactions of cellulose, whether with the DMDHEU -
 based reagent or using BTCA, suffer from strength loss, particularly tear 
strength (loss of 30% – 50% of the original value), reduced abrasion resistance, 
stiffening, and shade change (for colored textiles). 

 Under the leadership of Brent Smith and Peter Hauser at the National 
Textile Center in the United States, considerable study has been carried out 
on a novel concept of the stabilization of cotton textiles through ionic cross-
linking  [36] . The concept is to make cellulose anionic and then react it with a 
polycation, or cationize the cellulose to produce the cationic cellulose fi rst and 
then react it with a polyanion. In order to impart anionic character to the 
cellulose, the cellulose is allowed to react with chloroacetic acid (CAA) or 
chlorosulphonic acid. Similarly, reaction of cellulose with chemicals such 
as 3 - chloro - 2 hydroxypropyl trimethylammonium chloride (CHTAC), 1,1 -
 diethyl - 3 hydroxy azetidinium chloride or 1,1 - dimethyl - 3 hydroxy azetidinium 
chloride converts it to cationic cellulose. 

 The polycations considered for reacting with anionic cellulose are cation-
ized versions of chitosan, cationized glycerin, calcium chloride, magnesium 
chloride, cationized ethylene glycol, cationized dextrose, etc. Polyanions con-
sidered for reacting with cationic cellulose are BTCA, EDTA (ethylene 
diamine tetraacetic acid), nitrilotriacetic acid, citric acid, etc. 

 The two best treatments identifi ed by the group are (1) treating anionic 
cellulose fabric with cationized glycerin, and (2) treating cationic cellulose 
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fabric with BTCA; the most promising appeared to be the fi rst one. The poly-
electrolite chains (e.g., polyanion cellulose) are bound at many multiple sites 
(e.g., reactive sites of cationized glycerin), resulting in excellent washing dura-
bility. This treatment has resulted in improvement in both the dry and wet 
wrinkle recovery angle (WRA) (as high as 140    °  for wet WRA and 100    °  for 
dry WRA, which is comparable to the standard commercial resin - treated 
fabric). Ionic crosslinking has been found to result in an increase in tensile 
strength, which is in contrast to the crosslinking that uses the DMDHEU -
 based reagent or BTCA.   

  APPLICATION IN WOOLEN TEXTILES 

 For centuries, wool has been a popular fi ber to make garments that provide 
warmth. In its simplest form, wool is a natural fi brous protein containing amide 
groups in the main chain together with other hydrophilic functional groups 
such as  − NH 2 ,  − NH − ,  − SH,  − OH, and  − COOH (Table  7.1 ). Wool undergoes 
undesirable dimensional changes known as felt shrinkage, which is related to 
the surface of the natural wool fi ber covered by overlapping scales. Both graft-
ing and crosslinking have been carried out on wool to impart physical, mechani-
cal, and biochemical properties to woolen fabrics. 

  Grafting on Wool 

 Modifi cation of wool has been carried out by the radical grafting of vinyl 
monomers onto wool involving all the three possible means of generation of 
radicals: chemical, photochemical, and high - energy irradiation methods  [37, 
38] . MMA has been found to be an active monomer for grafting on wool. 
Mishra and coworkers have carried out graft polymerization of MMA onto 
wool by the chemical - initiation method using manganese acetyl acetonate in 
aqueous medium  [39] , butyl hydroperoxide - mineral acid  [40] , a ferrous ammo-
nium sulfate - hydrogen peroxide system as redox initiator  [41] , a ceric ion ini-
tiator in the presence of nitric acid  [42] , and chromium acetyl acetonate  [43] . 
A manganese acetyl acetonate - perchloric acid system has also been investi-
gated as an effective system for grafting MMA on wool  [44] . The ferrous 
ammonium sulfate - hydrogen peroxide system is probably the simplest and 
most effective initiator system for getting high graft yield. This has been found 
to be effective also for other monomers such as ethyl acrylate and vinyl acetate 
 [41] . 

 Grafting of acrylic acid has been attempted using the ceric ammonium 
nitrate - nitric acid system for redox initiation  [45] . The maximum grafting yield 
achieved is only 12.24%. A new redox system — potassium monopersulfate/
Iron (II) — has been used for the grafting of acrylamide on wool in aqueous 
medium; a 40% grafting yield has been obtained by this method  [37] . Graft 
polymerization of 2 - methyl 5 - vinyl pyridine onto polyester/wool (50:50) 



blended fabric has also been carried out using benzoyl peroxide as the initiator 
 [46] . The grafted sample has shown improved dyeability toward acid dyes and 
decreased moisture regain. 

 MMA has also been graft polymerized onto wool in the presence of high 
energy irradiation  [47 – 49] . Radiation - induced graft copolymerization onto 
wool fi ber involves the generation of many active free - radical sites on the wool 
fi ber. Electron spin resonance studies on wool fi ber irradiated by  60 Co  γ  rays 
have revealed that most radicals from the cortex are long lived, whereas most 
radicals formed on the scales were short lived  [50] . The study also revealed that 
water content in wool up to 27.5% does not affect the radical formation. 

 Incorporation of methanol, a swelling agent for wool fi ber, improves 
the accessibility of the monomer to the grafting site and thus enhances the 
grafting yield of MMA grafting in presence of  γ  – ray irradiation  [48] . Incor-
poration of multifunctional acrylates, namely, di(ethyleneglycol) diacrylate 
and tri(propylene glycol) diacrylate, and a photoinitiator in the monomer 
enhances grafting. Inclusion of styrene as a comonomer in the MMA solution 
decreases the homopolymer formation signifi cantly, leading to higher grafting 
yields. A similar comonomer technique using styrene as the comonomer with 
the EA monomer has been studied earlier for radiation - induced graft copo-
lymerization onto wool to effectively reduce homopolymer formation  [51] . 
Such enhancement of grafting in the presence of the additives is important, as 
the required grafting level can be achieved at a reduced dose of radiation. The 
less the dose of radiation, the less the adverse effect on the properties of 
wool.  

  Crosslinking in Wool 

 Crosslinking in wool has been attempted to improve the dimensional stability 
of woolen fabric. Diepoxides such as diepoxy butane and diepoxy hexane have 
been allowed to react with wool aiming to impart resistance to deformation 
and thus reduce the felting power  [52] . Multifunctional epoxides crosslink with 
various functional groups, namely, amines, alcohols, phenols, thiols, and car-
boxylic acids present in wool, and thus improve fabric performance with 
respect to shrink resistance and wrinkle recovery  [53 – 55] . A water - soluble 
multifunctional epoxide, glycerol polyglycedyl ether, has been applied on wool 
fabric by a simple pad - dry - cure technique for crosslinking with amino acid 
residue to obtain better wrinkle recovery  [56] . It has been observed that 
epoxide concentration to the extent of 15% of the weight of fabric is practi-
cally the optimum level to achieve the desirable performance in terms of 
wrinkle recovery and moisture regain properties. 

 A new crosslinker for wool, 2 - iminothiorene hydrochloride (2 - IT), is reacted 
with wool to increase disulfi de ( − SS − ) linkages in the wool. It is believed that 
wrinkle formation in wool fabric occurs because the number of hydrogen 
bonds is greater than that of  − SS −  groups, and hence it is necessary to reverse 
the order for improvement in wrinkle recovery. Reaction of wool with 2 - IT 
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introduces  − SH groups into wool fi ber, which is fi nally oxidized to form  − SS −  
linkages. Both wrinkle recovery and setting ability of the modifi ed woolen 
fabric have been found to be improved  [57] . Intermolecular crosslinking has 
also been carried out by reacting dichloropyrimidine or trichloropyrimidine 
using 1.8 wt. % of the crosslinker under weakly alkaline conditions (pH 8.5) 
 [58] . Such treatment imparts superior pilling resistance without the deteriora-
tion of the fi ber properties. 

 Transglutaminase, a protein crosslinking enzyme, is capable of adding tensile 
strength to wool protein. Treatment of transglutaminase prevents the damage 
caused by detergents that contain proteases  [59] .   

  APPLICATION IN SILK TEXTILES 

 Silk as a textile fi ber predates written history. High - quality fabrics and luxury 
items are produced from silk. The fi ber is composed of long chain amino acid 
units joined by peptide linkages with hydrogen bonding between parallel 
chains. The single polypeptide chains probably pass through both crystalline 
and amorphous regions, and the amino acid with bulky side chains forms the 
amorphous region  [60] . Silk is an exceptional natural fi ber and a top - quality 
textile material with many desirable properties, such as good mechanical pro-
perties, high elastic modulus, moisture regain, and an excellent fabric hand. 
Unfortunately, it has a fatal weakness — very low wet resiliency. When silk 
fi bers absorb water and swell, the salt linkages between the polymers that give 
the fi ber high dry crease recovery are broken. Thus, silk fabrics have poor 
wash - and - wear properties. Additionally, silk is susceptible to photoyellowing. 
Chemical modifi cations that improve the shortcomings of silk include graft 
copolymerization and crosslinking reactions. 

  Grafting on Silk 

 Chemical modifi cations of fi ber and fabric by carrying out graft polymeriza-
tion using a variety of grafting monomers, including vinyl monomers, have 
been performed with varying degrees of success in order to impart desirable 
properties and overcome the shortcomings (Table  7.2 ).   

 Among the different monomers for grafting, styrene and MMA have been 
widely used in the fi rst stages of industrial applications primarily because of 
bulkiness and fullness of handle, better wrinkle recovery, and affi nity toward 
disperse dyes  [61] . Grafting of vinyl polymers onto silk has been reviewed by 
Lenka  [62] . 

 Grafting reactions of the vinyl and/or styrene monomers are initiated by 
using a persulfate initiator that immerses the fi ber or fabric in an aqueous 
monomer solution/emulsion containing the initiator  [61, 63, 64] . The polymers 
produced by radical polymerization within the silk fi ber either remain within 
the silk matrix of the fi ber core at a reasonable add - on level or partly come 



out from the fi ber core and remain adhered on the fi ber surface at a higher 
add - on level  [64] . Scanning electron micrographs of grafted and modifi ed silk 
fi bers with varying degree of grafting are shown in Figure  7.1 .   

 Although the term  “ graft ”  has been used in all such publications, no in -
 depth study or suggestion on the mechanism of graft polymerization, i.e., 
generation of a radical site on the fi ber molecule, is available. 

 X - ray study of the grafted silk fi bers clearly indicates that the crystalline 
structure with the oriented  β  structure remains unaltered by the grafting reac-
tion. The position and intensity of the main X - ray diffraction peak at 20.5    °  
corresponding to the crystalline spacing of 4.39    ° A does not change regardless 
of the grafting with monomers of different structures or sizes, e.g., HEMA  [61] , 
styrene/BMA  [63] , MMA  [65, 67] , or HEMA/MMA  [66] . These fi ndings suggest 
that the polymerization takes place at the relatively loose amorphous region 
of the fi ber matrix. Because of the undisturbed crystalline structure, the break-
ing load for the grafted silk fi bers mostly remain unchanged irrespective of 
add - on or nature of the monomers used. 

 Grafting with a monomer containing ether linkage bulky pendant group 
like ETMA facilitate dyeing of silk  [68] . Grafting of vinyl monomers such as 
MMA and acrylamide has also been carried out on silk fi ber initiated by using 
a semiconductor - based photocatalyst. Cadmium sulfi de has been used as the 
semiconductor for initiation of photoinduced grafting by the free - radical 
mechanism, and up to 48% grafting in the case of MMA and 26% grafting in 
the case of acrylamide have been obtained by this technique  [69] .  

  Crosslinking in Silk 

 There are two objectives when examining why silk fi bers should undergo 
crosslinking: to modify the fi ber in order to impart crease resistance and wash-
ability, and for the study of structure of the fi ber. It has been observed that 
when the dimension of the reactive bifunctional agent is less than 1   nm, reac-
tion with silk is largely monofunctional, but with the 1   nm dimension, the 

 TABLE 7.2.     Properties of grafted silk fi ber/fabric. 

  Monomer    Major Effect on property  
  Reference Cited 

(Sr. No.)  

  Styrene    Improved bulkiness and 
fullness of handle  

   63   

  Methyl methacrylate [MMA]    Improved wrinkle recovery     65, 67   
  Ethoxyethyl methacrylate 

[ETMA]  
  Enhanced dyeability (acid 

dyes)  
   68   

  2 - Hydroxyethyl methacrylate 
[HEMA]  

  Higher thermal stability     61   

   N (n - butoxymethyl) 
methacrylamide [BMMA]  

  Reduced photoyellowing     64   
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reaction is 100% bifunctional, indicating the distance between the chains in 
the amorphous region of the fi ber  [70] . 

 A variety of crosslinking agents from formaldehyde - based crosslinkers  [71]  
and di -  or polycarboxilic acid compounds  [72 – 74]  similar to the applications 
on cotton textiles, to epoxides  [75 – 83]  and polyurethanes  [84]  are used for the 
crosslinking, utilizing the potential functional groups — amine, hydroxyl, and 
carboxylic acid — of the silk. Even reactive dye molecules having two reactive 
groups or one bifunctional group undergo crosslinking during dyeing  [85] . The 
structures of a few crosslinkers are shown in Figure  7.2 .   

 Among the crosslinking agents, epoxides have been proved to be markedly 
effective in improving the properties of silk. Tanaka and Shiozaki have reported 
the modifi cation of silk with epoxide and concluded from amino acid analysis 
that epoxide reacts with amino, imino, and hydroxyl groups of silk fi broin  [75] . 
Studies of the structural characteristics caused by different types of epoxide 
crosslinking indicate that reaction takes place with selective functional groups 
on the fi broin and also suggest that the reaction takes place in the amorphous 
region like grafting as discussed earlier  [76, 77] . In all these studies, organo-

    Figure 7.1.     SEM pictures of silk fi bers grafted or modifi ed by the microwave technique: 
(a) Epoxide, 1.8% w.g.; (b) MAA, 3% w.g.; (c) IPMA, 14% w.g.; (d) HEMA, 24% w.g. 
 Reproduced from  AUTEX Res. J ,  5(1) : 40 (2005),  http//www.autexrj.org/no1 - 2005/0131.
pdf . Accessed November 11, 2007.   



chloro solvent was used as the reaction medium. Investigators have further 
studied the diffi culty of this solvent method and have gradually come out with 
user - friendly and commercially adaptable pad - dry - steam or pad - dry - bake pro-
cesses without using an organochloro solvent  [78, 79] . It has been reported 
that ethylene glycol diglycidyl ether has been used as a crosslinker and applied 
onto tussah silk fabric by the pad - batch method using isopropanol (1:1 vol./vol. 
of epoxide used) in an aqueous medium  [80] . A marked increase in wet crease 
recovery has been observed by this treatment. Cheng and Kai have reported 
a tetrafunctional water - soluble epoxy resin (EPTA) for treatment of silk fabric 
 [81, 82] . A two - bath/two - stage treatment of silk fabric with this multifunctional 
epoxide has been found to improve the wet crease recovery angle from 200    °  
to 280    ° , and 95% of this value is retained even after 20 cycles of home laun-
dering. An epoxy silicone water - soluble crosslinking agent (EPSIA) has also 

    Figure 7.2.     Structure of a few crosslinkers for textiles.  
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been developed, treatment of which is found to increase by nearly 40% wet 
crease recovery without sacrifi cing any good properties of silk  [83] . A water -
 soluble bifunctional reactive polyurethane product (WPU 200) has been 
developed to carry out the modifi cation of silk at relatively low temperature 
conditions  [84] . An optimum curing temperature of 100    ° C has been found to 
be suffi cient in order to impart improved wet resiliency to the fabric, which is 
also claimed to be durable in washing.   

  APPLICATION IN POLYAMIDE (NYLON): 
Graft Polymerization 

 One important reason that natural fi bers like cotton, wool, and silk retain sig-
nifi cant share of the apparel market is the perceived comfort of fabric relative 
to those made from polyester or nylon. This comfort advantage has been 
attributed mostly to high capacity of absorption of moisture, particularly in 
hot and humid conditions, and moisture transport along the fi ber surface  [86] . 
Between nylon and polyester, the former is better placed in terms of moisture 
regain property (Table  7.1 ). 

 The most studied route to increased comfort has been the modifi cation of 
fi ber by an increase in the concentration of hydrophilic moieties; researchers 
have attacked the problem by grafting acrylamide onto the surface of nylon 
fabric  [86 – 93] .  “ Hydramid, ”  a graft copolymer of polyamide 6 and polyacryl-
amide, claimed to have excellent performance and comfort properties similar 
to cotton, has been commercialized  [88, 89] . A process based on grafting acryl-
amide onto the surface of nylon fabric has been patented and commercialized 
by the International Yarn Corporation  [87] . 

 Varma and colleagues have used ceric ion – sulfuric acid systems for initiat-
ing graft polymerization  [92, 93] . Photoinduced graft polymerization of acryl-
amide onto polyamide has been carried out by several investigators. Graft 
polymerization has been performed under UV radiation conditions using 
fructose as the photosensitizer  [90] . Grafting as high as 90% is reported by 
this method, and moisture regain value has doubled at that grafting level 
 [91] . Grafting on polyamide has also been carried out under direct UV irra-
diation in the presence of benzophenon acting as the photosensitizer  [89] . 
In this process, the fi ber is pretreated with benzophenon solution of dichlo-
romethane and methanol (80:20) in order to impregnate the sensitizer into 
the fi ber matrix. Grafting effi ciency of 80% has been achieved by this 
method. 

 Graft polymerization of methacrylic acid (MAA) onto nylon6 has been 
carried out by initiating the reaction using K 2 S 2 O 8  − Na 2 S 2 O 3  − Cu 2+ , a reversible 
redox system  [94] . One distinct advantage to using the Cu 2+  ion is the control 
of homopolymer formation, and this effect has also been observed when graft-
ing acrylonitrile (AN) onto nylon  [95]   . Similarly, modifi ed nylon6 fi ber 
containing grafted polydiallyldimethyl ammonium chloride has been graft 



polymerized using GMA in the presence of K 2 S 2 O 8  − Cu 2+  as a redox initiating 
system  [96]   . The modifi ed nylon6 samples are treated with K 2 S 2 O 8  solution 
fi rst, washed and dried, and then immersed in aqueous solution of GMA and 
copper sulfate. Graft yield as high as 200% has been obtained by this method. 
GMA is considered an important vinyl monomer because of the presence of 
epoxy groups that have the ability to undergo consecutive modifi cations 
leading to the incorporation of basic and acidic groups onto the fi ber. Such 
modifi ed fi bers may fi nd application as ion exchange fi bers. Methacryloyloxy-
ethyl trimethyl ammonium chloride (METAC) has been identifi ed as another 
such monomer, which after polymerization can be further used for incorpora-
tion of desirable moiety. With this objective, graft polymerization of METAC 
has been carried out on nylon66 knitted fabric using Na 2 S 2 O 8  as an initiator 
 [97]   . Grafting to the extent of 21% has been achieved by this method. 

  γ  - ray irradiation - induced graft polymerization of AN and styrene onto 
nylon6 has been carried out in order to improve the dyeability property of 
nylon fi ber  [98] . In general, the dyeability of polyacrylonitrile grafted fi ber is 
markedly improved and polystyrene grafted fi bers show good affi nity to basic 
dyes. 

 Nylon66 has been grafted with polyacrylic acid with the objective of maxi-
mizing surface coverage with many potential active sites on the fi ber surface 
for further chemical reaction with active moiety  [99] . Thus, polyacrylic acid 
grafted nylon66 fi ber is further treated with ethylenediamine and protopor-
phyrin IX sequentially  [100] . These modifi ed fi bers become light - activated 
antimicrobial fi bers, the activity of which is found to increase with the intensity 
or time of exposure to the visible light.  

  APPLICATION IN POLYPROPYLENE: Graft Polymerization 

 Polypropylene fi ber is hydrophobic and undyeable in nature, which limit its 
acceptability as a textile fi ber, although it is cheap and has low density and 
good mechanical properties. Grafting is a possible way for this fi ber to impart 
desirable properties such as dyeability, hydrophylicity, antistatic properties, 
soil repellency, and thermal stability  [101]  and even to make its surface suit-
able for drug immobilization  [102] . 

 The grafting of polypropylene through the use of vinyl monomers is the 
major modifi cation of polypropylene. Both chemical  [101, 103]    and irradiation 
means have been adopted for creation of the active site on polypropylene 
required for initiation of graft polymerization. However, the majority of work 
on the grafting of polypropylene reported has used the irradiation technique. 
 γ  radiation  [104, 105] , radiation by electron beam  [102, 106] , and UV radiation 
 [101, 107]  all have been successfully used for the creation of radicals on 
polypropylene surfaces. 

 Extensive studies have been carried out on the grafting of polypropylene 
fi ber using MAA and acrylic acid for improvement of its dyeability. As 
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expected, acrylic acid grafted polypropylene fi ber has shown good dyeability 
toward basic dyes  [101] . MAA grafted polypropylene fi ber has shown a sharp 
increase in dye uptake for basic dyes  [108]  as well as for disperse dyes  [109] . 
For basic dyes, an increase in dye uptake may be attributed to the increased 
interaction between the dye molecule and the carboxylic group present in the 
grafted fi ber. Accordingly, dye uptake is found to increase with an increase in 
the level of grafting, and a sharp increase in dye uptake has been observed up 
to the 20% graft level. In case of dyeing with disperse dyes, dye uptake has 
been found to increase sharply within a 1 -  to 2 - h period. Dye uptake is 
increased linearly with increasing percentage of graft up to about 20%; beyond 
that the increase is rapid. This might have happened due to alteration of the 
ratio of phases between the crystalline and amorphous content of the fi ber 
beyond a certain grafting level. Isotactic polypropylene fi ber as such is highly 
crystalline, but the crystallinity decreases when MAA is grafted onto it. The 
diameter of the fi ber also increases with the increase in grafting level. Because 
of the presence of carboxylic acid functionality in the fi ber due to grafting, the 
moisture absorption property has also improved. In general, marked improve-
ments in thermal properties have been observed for grafted polypropylene 
fi bers  [103, 110 – 112] . 

 As discussed earlier, grafting takes place mostly in the amorphous region 
of the fi ber. The treatment, which causes further loosening of the amorphous 
region, helps in the grafting process. It has been observed that pretreatment 
of polypropylene fi ber with a solvent such as toluene or tetrachloroethylene 
enhances the grafting process considerably  [101] . Graft add - on has increased 
to nearly 20% in pretreated polypropylene from a value of 2.3% in the case 
of untreated fi ber. 

 Polypropylene fi ber has been considered as a suitable base material for use 
as sutures for the stitching of surgical wounds in the area of medical technol-
ogy. The stitched area of the injury used to become the area of possible infec-
tion during the post - operation period. It is highly desirable that such sutures 
are antimicrobial. Polypropylene fi laments have been made functionalized by 
graft polymerization so that the functional groups could be subsequently used 
for immobilization of the appropriate drug. An attempt has been made to graft 
polyacrylonitrile onto polypropylene and partially hydrolyze it to create car-
boxylic group  [113] .  γ  - ray irradiation of polypropylene fi lament has been 
adopted for creation of an active site on polypropylene. However, such modi-
fi cation is found to impart an adverse effect on mechanical properties of 
polypropylene: The elongation and knot strength of the modifi ed suture dete-
riorate signifi cantly. An attempt has also been made to graft acrylic acid 
directly onto polypropylene fi ber using the plasma - induced technique  [114] . 
Polypropylene fi lament is treated in oxygen plasma fi rst in order to create 
hydroperoxide groups on it as the active sites. Inhibitors like ferrous sulfate 
or methanol are required to be added in the monomer to inhibit homopolymer 
formation. 



 Similar attempts to make polypropylene functional have been made by 
graft polymerization of 1 - vinylimidazole adopting preirradiation as the means 
for the creation of a radical site on polypropylene that is required for initiation 
of graft polymerization  [115, 116] . In order to control homopolymerization, 
additives like methanol and acetone have been added  [116] . It has been 
observed that the tenacity of grafted fi ber decreases slightly, but the elongation 
increases with an increase of the percentage of graft  [117] . This grafted suture 
has been found to be antibacterial with the capability of controlled release of 
a drug when immobilized with an antibiotic like ciprofl oxin. 

 Polypropylene nonwoven fabrics have also been activated by chemical 
means to make them suitable for grafting. Polypropylene nonwoven of 77.7   g/
sq    ·    m, with an average fi lament diameter of 2.5    μ m, has been made by the 
melt - blown method and is treated with 20   gm/L ammonium persulfate solution 
at 80    ° C for 30   min. This chemically treated polypropylene nonwoven is fi rst 
rinsed with water and then treated with 0.3   M acrylic acid solution at 80    ° C in 
order to obtain polyacrylic acid grafted polypropylene, which can act as a base 
for the deposition of polyaniline hydrochloride layer  [118] . Such layered tex-
tiles become electrically conductive. It has been observed that acrylic acid 
grafted polypropylene nonwoven fabric retains 85% of its original strength 
when active sites are generated by chemical means for the grafting, but when 
 γ  rays are used instead of chemical means for generation of active sites, it loses 
its strength to the extent of 50% or more.  

  APPLICATION IN POLYESTER: Graft Polymerization 

 Polyethylene terephthalate (PET), commonly known as polyester, was fi rst 
produced in 1941 and is now the most important single synthetic fi ber, not 
only for apparel but also for other technical applications. PET fi bers are highly 
crystalline, hydrophobic in nature, and hence suffer from very low moisture 
regain and static buildup. One obvious way to improve these undesirable 
properties is to graft vinyl monomers onto the PET fi bers. PET is a hard sub-
strate and does not contain any chemically reactive functional groups. Hence, 
low graft yields have been obtained in comparison to other fi bers such as 
cotton or silk. One approach to overcome this limitation is preswelling the 
fi ber in a suitable solvent. This technique is used successfully in the dyeing of 
polyester to facilitate the penetration of dye molecule into the fi ber. One 
example of this solvent assisted graft polymerization of PET is grafting with 
n - vinyl imidazole in dimethylformamide using azo - bis - isobutyronitrile as the 
initiator  [119] . 

 Plasma - induced graft polymerization of acrylic acid, a hydrophilic monomer 
on polyester fabric surface has been found to change the fabric properties 
signifi cantly. In order to create active sites onto the polyester surface, the fabric 
is fi rst treated with argon plasma in a glow discharge apparatus to generate 
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active sites. Then the fabric is immediately immersed in degassed acrylic acid 
solution for polymerization  [120] . Signifi cant increases in wetability and dye-
ability of the otherwise hydrophobic fabric have been observed. The results, 
when compared with the values obtained by in situ polymerization of polyester 
in acrylic acid vapor phase plasma, are found to be better for the dyeability 
and soil repellency. Higher dyeability in the case of graft polymerization may 
be due to the presence of more carboxylic acid functionality, which may not 
be the case for in situ polymerization, probably because of simultaneous cross-
linking reactions involving carboxylic groups. 

 Polyester textile substrates are also modifi ed by grafting with acrylic acid 
 [121 – 123] , and combination of n - vinyl - 2 - pyrolidone (NVP) and MMA  [124]  
in order to create a base with carboxylic acid functionality on polyester sub-
strates to further treat them for use in different biomedical applications.  γ  - ray -
 induced acrylic acid graft polymerized polyester fi ber is further grafted with 
chitosan, a naturally based antimicrobial biopolymer containing the amine 
group in its backbone, via esterifi cation. Afterward, this modifi ed polyester is 
immobilized with condroitin sulfate  [121]  in one case and collagen  [122]  in 
another to exhibit both antibacterial activity as well as improved cell prolifera-
tion for fi broplast activity. Similarly, a polyester textile surface has been kept 
exposed to oxygen plasma fi rst to produce peroxides on the surface for graft 
polymerization of acrylic acid  [123] . This modifi ed surface is then treated with 
chitosan and quarternized chitosan to impart antibacterial properties. These 
treated fabrics are durable to laundering. Radiation - induced graft copolymer-
ized polyester knitted fabric has shown to attract collagen to provide biorecep-
tive surfaces  [124] .  

  APPLICATION IN ACRYLIC: Graft Polymerization 

  “ Acrylic ”  refers to synthetic polymeric fi bers that contain at least 85% acry-
lonitrile comonomers. Other common neutral monomers are methyl acrylate 
and vinyl acetate, apart from monomers for specifi c properties  [125] . The 
fabrics and carpets made from acrylic fi bers are easy to care for and estheti-
cally pleasing. 

 Modifi cations of acrylic fi bers through grafting have been carried out with 
an aim to improve their properties such as water absorption, fi re retardancy, 
antistatic features, and dyeability. A method for the treatment of acrylic fabric 
for improved water absorption and antistatic properties is described in the 
patent literature of Kisaichi et al.  [126] . According to the literature, a polym-
erization initiator is fi rst incorporated into the fi ber matrix by treating the 
fabric in a 0.1% aqueous solution of ceric ammonium sulfate at 90    ° C. Polym-
erization takes place when the washed and dried fabric is immersed in a 1% 
aqueous solution of 1,3,5 - triacryloylhexahydro - 1,3,5 - triazine at a pH of 3 and 
at 95    ° C. Such treatment is claimed to be durable to washing. Similarly, the 
grafting of a soyabean protein on acrylic fi ber has also been found to increase 



moisture absorption properties without affecting its mechanical properties 
 [127] . Radiation - induced graft polymerization of vinyl pyrrolidone onto acrylic 
fi ber has been carried out to improve the dyeability of the fi ber  [128] . Plasma -
 induced graft polymerization of a phosphorus - containing monomer has been 
found to impart wash - durable fi re - resistance properties to acrylic fabric  [129] . 
Monomers used for this purpose are diethyl(acryloyloxyethyl) phosphate, 
di - ethyl(acryloyloxymethyl) phosphonate, diethyl - 2 - (methacryloyloxyethyl) 
phosphate, and dimethyl(acryloyloxymethyl) phosphonate.  

  APPLICATION IN OTHER TEXTILES: Graft Polymerization 

 Graft polymerization of MAA has been tried on viscose  [130] . A potassium 
permanganate – sodium chlorite redox system was used for the initiation of 
graft polymerization. Viscose is regenerated cellulose and contains a residual 
thiocarbonate group. This group helps to deposit MnO 2  onto the fi ber, thus 
facilitating the graft polymerization. Loom state viscose fabric is directly used 
for the treatment. The fabric is fi rst impregnated with an aqueous solution of 
potassium permanganate to allow the deposition of MnO 2  on viscose fi ber, 
which is then immersed in an aqueous solution of MAA and sodium chlorite 
to graft polymethacrylic acid onto viscose. A grating of 40% to 60% has been 
achieved by this process. 

 Jute, a lignocellulosic bast fi ber, has also been modifi ed by graft polymeriza-
tion of polyacrylonitrile (PAN) using a Cu 2+  − IO 4   −   combination as the initiator 
 [131] . It has been observed that a 20% – 30% PAN grafting imparts a desirable 
balance of properties such as strength, moisture regain, whiteness index, and 
light fastness rating. Most importantly, this modifi cation has made jute fi ber 
rot resistant. 

 Polycondensation of nylon onto glass fi ber has been carried out as a 
surface treatment of the fi ber for composite fabrication  [132] . The fi rst step 
of the two - step polymerization is the esterifi cation of the pendant  − OH 
group of the glass fi ber surface by adipoyl chloride, which then undergoes 
polycondensation with diamino - 1, 6 - hexane, and acid chloride in order to 
obtain nylon66 grafted glass fi ber. Similarly, ultrahigh - molecular - weight 
polyethylene (UHMWPE) has been grafted with MMA to enhance its rein-
forcing effect in making acrylic bone cement  [133] . The fi bers are treated 
fi rst with argon plasma for 5   min followed by UV irradiation in MMA - 
chloroform solution for 5 h to obtain the grafted fi ber. Comparative study 
of the mechanical properties of surgical bone cement made by using 
UHMWPE and grafted UHMWPE as reinforcing agent have shown marked 
improvement in tensile strength, tensile modulus, compressive strength, 
bending strength, and bending stiffness in case of the composite made with 
the grafted fi ber. This improved reinforcing effect may be attributed to the 
improvement in interfacial bonding between the grafted fi ber and the acrylic 
bone cement matrix.  
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  FUTURE BREAKTHROUGHS 

 The inherent self - smoothing characteristics in wool and synthetic fi bers created 
the need for wrinkle - resistant cotton textiles. Despite the development of 
wrinkle - resistant cotton, it is not without certain shortcomings, the major one 
being the loss of mechanical properties. Research work is continuing now 
using novel concepts such as  “ ionic crosslinking, ”  which strive for high levels 
of wrinkle resistance without strength loss. Plasma - induced graft polymeriza-
tion appears to be a sound technique for fabric modifi cation. 

 The term  “ textile ”  is now being used in a much broader perspective and 
 “ technical textiles ”  cover all aspects of fi ber use other than for apparel. Techni-
cal textiles have opened up the possibility of using newer fi bers on one hand, 
and the modifi cation of existing fi bers to meet the demanding requirements 
on the other. Graft polymerization as the modifi cation technique is being 
tested, for example, in the modifi cation of commonly used fi bers such as poly-
ester, nylon66, and polypropylene monofi laments for effective application as 
sutures. As the effective reinforcing component in composites, this same tech-
nique has been tried for the modifi cation of fi bers like UHMWPE and glass 
fi bers for new and high - end applications.  

  CONCLUDING REMARKS 

 Grafting surely is a scientifi c breakthrough that involves making inert sub-
strates lively by generating active reaction sites for the subsequent building of 
polymer onto polymeric substrates. However, its commercial utilization in 
textiles has remained limited, the  “ coating ”  being the major soft option that 
offers ease of application. However, coating covers up the entire substrate and 
imparts stiffness in light of both substrate - to - polymer adhesion and polymer -
 to - polymer cohesion. Moreover, the polymer is held on the substrate and may 
reduce air permeability. 

 The grafts, on the other hand, are part of the substrate and hence are rela-
tively more durable. The substrate remains relatively more pliable. The more 
important feature of grafting is the retention of desirable substrate properties 
while at the same time fortifying the substrate through a well - designed graft. 
From a research point of view, grafting may permit great fl exibility in terms 
of building two or more different homopolymeric grafts onto the same sub-
strate, possibly by sequential grafting, which would result in a true multifunc-
tional textile. However, the uniformity and reproducibility of the treatment, 
relatively elaborate application method, process control, and suppression of 
side reaction (homopolymerization) have remained major concerns. Research 
is underway to overcome some of these shortcomings. Further efforts are 
needed to take advantage of this molecular engineering tool for modifi cation 
of textiles at the shop fl oor. 



 In the area of crosslinking, the newer demands and technological develop-
ments have been hand in glove. The relatively recent demands have been 
low/zero formaldehyde in crosslinking agents as well as in the fi nished textiles, 
minimum/no loss of mechanical properties, a smooth appearance rating of 
3.5+, and so on (for cotton textiles). These requirements have largely been 
met, but further refi nements and new developments are in progress.    
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 IN AUTOMOBILES  

  James W.   Rawlins   and   Jeremy   Swanson        

  INTRODUCTION   

 Automobiles have undergone dramatic transformations in appearance, func-
tion, and comfort since their introduction. Globally, impetus for changes such 
as economic fl uctuations, environmental concerns, and consumer demand are 
forcing automakers toward developing lighter, less expensive, and better - 
performing automobiles. In this quest, automobile producers are shifting 
toward higher performance with lighter and more cost - effective materials, 
particularly polymers. Many suggest that an entirely plastic automobile can 
now be realized and will not be too far off in the future. The demand for and 
use of polymers are growing rapidly throughout the automotive industry, often 
in the form of new composite developments. Moreover, plastics allow con-
struction of complex integrated components as single - piece assemblies, thereby 
reducing manufacturing cost and weight from joining methods, which aids 
fl exibility in design and enhanced functionality. Reduced material weight 
translates directly to fuel economy and emission improvements. 

 Automotive polymer applications have increased more than 600% by 
volume per vehicle since 1970, and current vehicles contain an astounding 50% 
by volume of polymers  [1 – 4] . Polymer utilization was initiated in automotive 
interiors and grew outward, encompassing interior, exterior, and electrical 
components, primarily due to signifi cant advantages in cost, process and pro-
duction time, ease of installation, design freedom, and weight reduction. As 
materials ’  strength – to - weight ratios and service lives predictability continue 
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to improve, more metallic components will be replaced by effi cient and cus-
tomizable plastic options.  

  INTERIOR 

 Automobile interiors have benefi ted most from the incorporation of plastics. 
Heavy metal components originally used in vehicles required fasteners of 
various types that inevitably loosened with time, leading to vibrations and 
increased noise. The plastic systems that replaced these metal parts were not 
only lighter but also incorporated electrical, safety, or functional components 
into a single piece. Dramatic improvements in overall comfort have occurred 
due to reduction in vibration/noise and improvements in ergonomics, aesthet-
ics, and durability. Among polymers, polyurethanes have had the greatest 
impact, in various roles such as seat cushioning, fabric and carpet backing, 
vibration and sound dampening, as well as energy - absorbing components 
throughout an automobile. 

  Auto Upholstery 

 Polyurethane foam is an important tool in the design and function of automo-
biles. Cushioning, sound dampening, and padding throughout the automobile 
are all served by the versatile nature of polyurethane foams. Polyurethanes 
comprise a variety of single - unit constructions within the automobile due to 
processing fl exibility, adhesion characteristics, and overall performance. Con-
trolled crosslinking is imperative for the ultimate polyurethane physical prop-
erties. Engineeering improvements in the understanding of blowing agents 
and, in combination with the microstructure, have produced urethane foams 
capable of addressing a multitude of automotive needs  [5 – 8] . 

 Polyurethane foams are typically synthesized via high temperature pro-
cesses to ensure appropriate cell structure. Open cell polyurethane foams 
are the preferred material for automotive seat cushioning. Good seating is 
defi ned as giving support in all situations, reduced vibration, and mainte-
nance of comfort in all temperature/humidity conditions  [9] . Currently, poly-
urethane foams easily replace steel springs and early cellular foams due to 
their superior properties, all - in - one construction, and reduced cost. However, 
post - foam modifi cations require signifi cant effort and often lead to perfor-
mance reduction. Successful research and development to avoid post - foam 
modifi cation has resulted in lower energy processes with enhanced foam 
performance. 

 Vegetable - oil - based foams are being investigated to enhance the use of 
natural and sustainable raw materials in polymers. Palm oil is a potential can-
didate for the replacement of petroleum - based polyurethane foam carpet 
backing  [10] . Soybean oil is also attracting signifi cant attention as a potential 
replacement for petroleum - based raw materials in foams. Incorporating these 
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renewable resources into automotive applications will have a tremendous 
environmental impact as soon as the mechanical property challenges are over-
come  [10 – 12] . Unfortunately, some of the advantages of natural materials are 
offset by increased complexity: use of regional crops that might require 
increased pesticide use, reproducibility of raw materials, and property main-
tenance across the world  .  

  Instrument Panels/Headliners 

 One of the most complex components of an automobile is the instrument 
panel. The all - metal technology used in earlier vehicles contributed signifi -
cantly to the overall weight and required several - step fabrication processes 
and an enormous amount of post - fabrication work. Instrument panels have 
witnessed a signifi cant amount of integration as the all - in - one approach facili-
tated by plastics rendered obsolete previous technologies that required the 
assembly of several individual components. Polyurethanes, acrylonitrile - 
butadiene - styrene (ABS), ABS/polycarbonate alloys, polycarbonates (PC), 
polypropylene (PP), modifi ed polyphenylene ether (PPE), and SMA (styrene 
maleic anhydride) resins are commonly used for instrument panel applica-
tions. ABS and SMA graft copolymers are capable of addressing several struc-
tural and property needs due to the fl exibility in raw material composition. 
These materials facilitate vibration reduction between plastic components in 
the automobile interior. All - in - one construction of polyurethane instrument 
panels enables the incorporation of several electrical components and com-
puter chips without the use of multiple heavy metal fasteners. RIM and com-
posite designs have resulted in improved integrated all - in - one headliner 
components with dramatically enhanced function while reducing weight and 
cost  [13 – 15] .  

  Air Ducts and Other Interior Components 

 Temperature control is an important part of all automobiles. ABS, SMA, and 
PP fi nd applications in the control consoles as well as in ductwork. Plastics 
such as SMA and ABS graft copolymers are ideal for these applications as 
they easily achieve the complex shapes required for ducts along with light-
weight durability  [16, 17] . Ethylene - propylene - diene monomer (EPDM) 
rubbers fi nd application in weather stripping and sealant applications due 
to their high thermal and chemical resistance, and good weathering 
characteristics. 

 Seat bases, fl ooring, and door trim applications, to name a few, utilize ABS, 
PP, PC, and polyurethanes to address the complex design needs while main-
taining a low - cost approach. Environmental waste and sustainability concerns 
have prompted material development from recycled waste in interior automo-
tive applications  [17] . The emphasis on recycling has promoted the use of 
blended graft copolymers in place of crosslinked polymers.   
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  AUTOMOTIVE ELECTRICAL SYSTEMS 

 Car electrical systems have also witnessed dramatic improvements via polymer 
utilization. Braking system regulation, fuel injection, oxygen sensors, navi-
gation equipment, obstacle sensors, and high - performance audio systems 
are now made possible through a variety of polymers singularly and in 
combination. 

  Switches, Sockets, and Connectors 

 Electrical systems are required to perform consistently under extreme condi-
tions and must survive lengthy exposure to high - temperature scenarios. Epoxy 
vinyl esters, unsaturated polyesters, vinyl acetates, irradiated polysulfones, and 
thermoplastic olefi ns (TPOs) have replaced their metal precursors in several 
applications. Performance improvements in properties such as heat resistance, 
fl ame retarding, and component lifetimes have dramatically improved the 
durability and reliability of electrical systems. Polyimides, for example, are 
used as interconnects, high - temperature adhesives, and fulfi ll damping require-
ments while maintaining excellent thermo - oxidative stability. Polyphenols are 
often used as insulators in electrical applications. These materials have facili-
tated innovations in sensors, all - in - one constructions, and dramatic reductions 
in production costs and times.   

  POWERTRAIN 

 Several plastics are now in routine use in engine systems. Although lower 
weight is the most obvious advantage of replacing conventional components, 
an important characteristic of polymeric parts is the ability for component 
integration while improving thermal properties, chemical resistance, and 
durability. 

  Engine Systems 

 Engine systems currently utilize a variety of high - temperature blends and graft 
copolymers to address the needs of rocker panels, intake manifolds, and 
heating/cooling hoses. Typical polymers for these applications include unsatu-
rated polyesters, epoxy resins, irradiated polysulfones, and polyamides. The 
polymers are designed to maintain thermoplastic characteristics within the 
backbone of crosslinked networks. Properties such as toughness, ductility, heat 
resistance, moisture uptake, and strength have each been engineered through 
under - the - hood thermosetting applications. Additionally, these materials 
reduce weight and noise, resulting in a dramatic improvement in automobile 
acoustics and performance. EPDM rubbers are used for vibration reduction, 



seals, hoses, belts, and insulation. More innovative and aggressive applications 
employ crosslinked phenolics and nylons, completely replacing movable parts 
like pistons and resulting in dramatic weight savings with superior corrosion 
resistance.  

  Transmission 

 Phenolics, polyetherimides, nylons, and their composites fi nd application in 
transmission components. Crosslinked phenolics, typically utilized as compos-
ites, are adequate replacements for metals in several stationary transmission 
parts that incorporate multiple components into a single unit. Phenolic com-
posites are often used as bearings to adequately dissipate load energy while 
offering weight reduction over their metal counterparts.   

  EXTERIOR 

 The development of technologies that enhance safety has provided creative 
minds with near limitless possibilities for appearance that is both beautiful and 
functional. Replacement of metal components on the vehicle exterior provides 
dramatic weight and cost reduction while simultaneously reducing restrictions 
on vehicle design. 

  Bumpers and Fascia 

 As automobile safety evolved, so did the applications of polymers. In 1925, 
bumpers became standard components of all cars. Heavy metal beams have 
been replaced by complex plastic systems that provide signifi cant protection 
against impact. The plastics used in these applications comprise a variety of 
TPOs, PC, polyesters, polyurethanes, and polyamides  [18, 19] . Improvements 
in material stabilization via the use of hindered amine stabilizers have also 
increased their application potential dramatically  [20] . 

 Unsaturated polyesters and epoxy matrices in the form of composites now 
comprise a signifi cant component of automotive fascia where weight reduction 
and performance are of more importance than cost  [21 – 24] . These polymers 
now offer an additional advantage in the form of molded - in coloring  [25, 26] . 
The ability to mold - in color provides a dramatic reduction in production and 
processing times and costs and also eliminates paint lines and the pollution 
associated with the painting process.  

  Car Lighting Systems 

 Car lighting systems are an area of constant innovation with plastics. Styling 
and functional improvements over traditional glass and metal systems have 
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dramatically improved the overall function of vehicle lighting while simultane-
ously reducing cost and increasing design options. PC and acrylics such as 
polyacrylonitrile are the polymers of choice for these applications. Systems 
utilizing engineered hybrids of PC with TPOs and polyurethanes have resulted 
in improved safety and function. Major innovations in light - emitting diodes 
(LEDs) will further enhance the role of polymers in lighting systems while 
reducing cost and energy consumption.  

  Auto Trim 

 Exterior trim is a major component and styling feature of automobiles. Poly-
mers such as EPDM rubber, nylons, polystyrene, PC, PVC, PP, polyesters, and 
polyurethanes are employed in mirror housings, side trim, wheel covers, and 
grilles. EPDM rubber is a major component of automotive weather stripping 
due to its versatile thermal characteristics and adequate weatherability. 
However, noise and vibration issues have created a desire to replace them in 
certain situations. ASA - AES (acrylonitrile - styrene - acrylate:acrylonitrile - 
ethylene - styrene) are weatherable graft copolymers that are used in auto trim 
applications because of their superior performance and mold - in color options. 
Moreover, the recycling potential of these materials surpasses those of most 
crosslinked systems. 

 As with the interior, polyurethanes fi nd extensive applications outside the 
automobile as well. RIM polyurethane/metal hybrids have contributed to sig-
nifi cant advances in exterior applications of plastics. These hybrid compo-
nents are engineered to contain an aesthetically pleasing polyurethane shell 
with metal supports and polyurethane foam on the inside to provide energy, 
sound, vibration, and impact - absorbing benefi ts. Polyurethane and polyurea 
bedliner sprayable systems combine ease of application with great toughness, 
durability, and wear resistance soon after application. Exterior polyurethane 
applications are increasingly employing raw materials from renewable 
resources or recycled products  [27, 28] . Further developments in recycling 
processes will enhance the use of these materials in automobiles and reduce 
their impact on the environment.   

  CHASSIS 

 Structural components offer signifi cant potential for utilizing thermosetting 
polyesters. Both semistructural and fully structural applications are under 
investigation as heavy and costlier metal components continue to limit the 
effi ciency of vehicles. However, current mass production processes for com-
posite structural components are limited at best. Sheet, bulk, and injection 
molding provide some advances in medium volume applications, but 
the cost is still prohibitive for mass production of chassis - type structural 
materials.  



  CONCLUSION 

 Thermosetting and graft polymers have expanded their roles in automobiles 
by rapidly replacing costly fabricated metal components. The desire for 
environmentally responsible automobiles is driving the move toward the 
completely plastic car. Innovative approaches to the replacement of metal 
components coupled with the  “ green ”  revolution will further enhance the use 
of polymers. Composite materials provide ample opportunity for the construc-
tion of completely plastic automobiles in the near future. However, more 
advances are required in mass production processes for the development of a 
commercially viable, all - plastic automobile. The use of graft and crosslinked 
polymers will be instrumental in this pursuit as these chemistries facilitate the 
properties that will be tailored to multiple applications.  
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 IN CABLE TECHNOLOGY  

  Achintya   Sen        

  INTRODUCTION   

 Techniques to develop new classes of polymeric materials (insulating and 
sheathing) with improved specifi c properties through grafting and crosslinking 
of easily available commodity polymers like polyethylene (PE), ethylene pro-
pylene co -  and ter - polymers and synthetic rubbers have gained worldwide 
acceptance and have opened new horizons in the fi eld of material research. 
Judicious selection of these techniques can produce a tailor - made material 
possessing any attributed desirable properties by the simplest route and with 
a minimum involvement of manufacturing cost. The classical examples of the 
industrial applications of such techniques are power cables. Both grafting and 
crosslinking techniques are widely and successfully used in the manufacture 
of power cables. 

 A continuous supply of electricity is a prerequisite of today ’ s life, and it can 
be interrupted by the failure of cables. Thus the demand for assured service 
performance is increasing. This has led to the use of the latest techniques of 
applying grafting and crosslinking for cables. It is essential to know and under-
stand the different process variables, quality control, and characterization 
methods for useful applications of grafting and crosslinking in cables.  

  POWER CABLES 

 Power cables are the most essential practical media to convey electricity from 
generating stations to the fi nal application/utilization/consumption points like 

9

 211

Polymer Grafting and Crosslinking, Edited by Amit Bhattacharya, James W. Rawlins and 
Paramita Ray
Copyright © 2009 by John Wiley & Sons, Inc.



212 IN CABLE TECHNOLOGY

equipment, tools, and appliances of all types at factories, domestic premises, 
and other locations. The variety of uses and service requirements has resulted 
in a large number of designs, constructions, and above all the material systems, 
i.e., different types of cables. Typical construction of peroxide crosslinked 
polyethylene (XLPE) and silane XLPE insulated power cables are shown, 
respectively, in Figures  9.1  and  9.2 .    

  TYPES OF CABLES 

 Generally, there are two types of cables: power cables and telecomunications 
cables. The use of grafting and crosslinking is limited to power cables. Power 
cables are normally classifi ed on the basis of 

   •      Voltage: low voltage (up to 3.3   kv), medium voltage (3.3 – 11   kv), high 
voltage (11 – 66   kv), and extra high voltage (above 66   kv) cables.  

   •      Polymers: PVC (polyvinyl chloride) cable, XLPE (crosslinked polyethyl-
ene) cable, and elastomeric/rubber cable.  

     Figure 9.1.     Typical construction of a peroxide crosslinked XLPE - insulated HV cable. 
(1) Stranded conductor. (2) Semiconducting conductor shield. (3) XLPE insulation. 
(4) Semiconducting insulation shield. (5) Shielding copper tape. (6) Inner sheath. (7) 
Wire armoring. (8) Outer sheath.  Reproduced from  Rubber Products Manufacturing 
Technology , AK Bhowmick, MM Hall, and HA Benarey, eds. (New York: Marcel 
Dekker Inc,) p. 682.   



   •      Applications and special properties: fl ame - retardant (FR) cable, fi re - 
survival (FS) cable, radiation - resistant cable, submarine cable, etc.     

  POLYMERS USED IN CABLES INCLUDING GRAFTED POLYMERS 

 Mostly the polymers used in power cables are 

   •      Crosslinkable polyethylene (XLPE), silane - grafted polyethylene (PE - g -
 Si), ethylene propylene rubber (EPR), and ethylene propylene diene 
(EPDM) rubber, silicone rubber. These are all used for insulation.  

   •      Polyvinyl chloride (PVC), which is used for insulation as well as 
sheathing/jacketing.  

   •      Ethylene copolymers such as ethylene vinyl acetate copolymer (EVA), 
ethylene ethyl acrylate (EEA), ethylene butyl acrylate (EBA), which are 
used for semiconducting layers (conductor and insulation screens/shields) 
and nonhalogenated fl ame - retardant sheaths.  

   •      Elastomers like polychloroprene (PCP), chlorosulfonated polyethylene 
(CSM), acrylonitrile butadiene rubber (NBR), etc., which are used for 
sheathing or jacketing.     

     Figure 9.2.     Typical construction of a silane crosslinked XLPE - insulated (three - core, 
stranded sector - shaped aluminum conductor) cable. (1) PVC fi ller (2) Silane cross-
linked XLPE - insulation. (3) Galvanized round steel wire armoring. (4) Extruded PVC 
inner sheath. (5) Binder tape. (6) PVC outer sheath. (7) Stranded sector - shaped alu-
minum conductor.  Reproduced from  Rubber Products Manufacturing Technology , AK 
Bhowmick, MM Hall, and HA Benarey, eds. (New York: Marcel Dekker Inc,) p. 682.   
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  IMPORTANCE OF CROSSLINKING AND COMPOUND DESIGN 
FOR INSULATION AND SHEATHING 

 Polymers in their virgin state are not capable of meeting all the requirements 
of cable insulation and sheathing. Although it is one of the most important 
and versatile thermoplastics, the use of polyethylene (PE) has been restricted 
in its use as cable insulation because of some inherent defects such as a 
low - melting point [more precisely, low continuous operating temperature 
(70    ° C)], rapid dissolution in hydrocarbon solvents at above - ambient tem-
perature, and tendency to crack when stressed. In order to mitigate these 
disadvantages considerable work has been done on the crosslinking of PE 
 [1] . Power cable insulation, one of the largest application areas of PE, also 
demands crosslinking so that it can withstand a continuous operating tem-
perature of 90    ° C and a short - circuit temperature of 250    ° C. Similarly, EPR, 
EPDM, and silicone elastomers require crosslinking for their use as cable 
insulation. High - temperature strength and (hot) set properties of the cable 
insulation are not possible without crosslinking. In a similar way, special 
purpose elastomers such as CSM, NBR, or PCP require crosslinking or vul-
canization to meet the properties of cable sheathing or jacketing. Crosslink-
ing reactions actually bring about the formation of linkages between the long 
polymer chains, resulting in a network structure. The crosslinked polymers 
differ in many important aspects from that of uncrosslinked polymers. At 
elevated temperatures, crosslinked polymers generally behave like soft but 
elastic solids rather than viscous liquids  [2] . Many authors refer to the 
improvement of stress cracking, solvent resistance, and weatherability  [3] , 
which are prerequisites for cable sheathings.  

  COMPOUNDING INGREDIENTS AND PROCESSES 

 In addition to the crosslinking agents, other ingredients such as antioxidants, 
and for sheathing, fi llers, and process aids must be mixed to impart the desir-
able product properties after processing. Antioxidants are added to increase 
the service life by preventing polymer aging and degradation. Fillers are mainly 
used to improve the mechanical properties of the elastomers for sheathing and 
to improve the performance/cost ratio. 

 Elastomers compounding for both insulation and sheathing are done usually 
by internal mixers and two - roll mixing mills.   Special care is taken for the 
mixing of crosslinking agents to avoid premature crosslinking during process-
ing (compounding and extrusion). The temperature during mixing should not 
exceed the onset of decomposition temperature of the crosslinking agents. 
Mixing time and shear imparted during mixing should be optimum for achiev-
ing uniform mixing (distribution and dispersion) and avoidance of excessive 
heat generation.  



  CABLE CONSTRUCTION 

 Polymer - insulated power cable consists of low resistance metallic conductors 
(to carry current) covered with polymeric insulation to isolate the conductors 
from their surroundings and a polymeric jacket or sheath designed primarily 
as per the requirement of environmental conditions. Other major components 
include metal wire or belt armoring for mechanical protection, water blocking 
tape, and a metal sheath to prevent moisture ingress. In addition, high -  and 
extra - high - voltage cables require a conductor and insulation shield to obtain 
a radial uniform fi eld. The construction of a typical peroxide crosslinked 
XLPE - insulated HV cable is shown in Figure  9.1 . Normally, the low -  and 
medium - voltage cables (specifi cally XLPE insulated) are three cores with 
round or sector - shaped conductors, while the high -  and extra - high - voltage 
cables are single core with a round - shaped conductor.  

  GRAFTING PROCESS TECHNOLOGY FOR CABLES 

 Unsaturated hydrolysable silanes with the general formula R n SiL (4n) , where R 
is a monovalent hydrocarbon radical containing olefi nically unsaturated 
hydrocarbyl, alkoxyalkyl, acyloxy alkyl, and acyloxy alkyloxy alkyl, and each 
L is a hydrolysable organic radical, are grafted onto polyolefi ns for making it 
moisture crosslinkable  [4] . Unsaturated organofunctional silanes are one of 
the most important classes of organofunctional monomers. These are grafted 
onto polyolefi ns to make them moisture crosslinkable. The technology of 
making a moisture curable polyolefi n compound through silane grafting by 
bulk processing has been developed and used commercially since the early 
1970s  [5] . This method of making crosslinkable polyethylene through silane 
grafting has become increasingly important in recent years because of its 
various advantages such as easy processing, low cost and capital investment, 
and the favorable properties of the cables  [6] .  

  SILANE GRAFTING AND CROSSLINKING OF POLYETHYLENE 

  Chemistry 

 Vinyl trimethoxy silane (VTMS) is grafted onto polyethylene using dicumyl 
peroxide (DCP) as the initiator. The silane - grafted polyethylene in the pres-
ence of moisture and a Lewis acid catalyst undergoes hydrolysis, which con-
verts the silane into silanol groups. These silanol groups then undergo 
condensation producing Si − O − Si linkages with the elimination of H 2 O and 
produce crosslinked structure  [7] . The mechanisms of silane grafting and cross-
linking reaction through condensation reaction are shown in Schemes  9.1  and 
 9.2 , respectively.    
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     Scheme 9.1.     Free - radical reactions producing silane - grafted PE.  Reproduced from  J 
Appl Polym Sci ,  44 : 1153 (1992).   
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  Technology 

 The VTMS - grafted polyethylene is produced usually by co - rotating twin screw 
extruder or co - kneader or a long continuous mixer, etc. A suitable grade of 
low - density polyethylene (preferably clean and dry) is fed and melted, and the 
mixture of DCP and VTMS is injected by a liquid - injection pump and pro-
cessed at a temperature ranging from 160    ° C to 190    ° C. The processing condi-
tions should be optimized as per the equipment used for grafting. Similarly, 
the concentration of DCP and VTMS should be optimized as per the require-
ments of the degree of grafting (which in turn will control the degree of 
crosslinking) and the grades of polyethylene. The liquid (solution of DCP in 
VTMS) injection rate is kept synchronized with polyethylene feed rate to 
maintain a uniform and consistent degree of grafting. The grafted polyethylene 
thus obtained should be dried and stored in sealed bags to avoid moisture 
ingress. 

 The catalyst masterbatch is produced and supplied separately. Tin com-
pounds like dibutyl tin dilaurate is used as a catalyst. The catalyst type and 
concentration are again critical and should be selected judiciously to obtain 
the desired crosslink density with specifi c curing conditions but without risk 



of premature crosslinking during extrusion of the insulation onto the 
conductor  [7] .   

  CROSSLINKING TECHNOLOGY 

  Peroxide Cure 

 Peroxide mixed with respective polymers decomposes when exposed to high 
temperature (heat) and pressure, generating radicals that abstract the hydro-
gen radicals (H * ) from the polymer chain, producing polymer macroradicals. 
The polymer macroradicals combine to form crosslinks  [8] .  

     Scheme 9.2.     Mechanism of hydrolysis and crosslink formation through the condensa-
tion reaction of silanol groups.  Reproduced from  J Appl Polym Sci ,  44 : 1153 (1992).   
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  Silane - Extrusion and Moisture - Cure Process 

 For silane crosslinking applications in cables, two methods are followed and 
are popularly known as the Sioplas technology process and Monosil technol-
ogy process. 

 In the Sioplas technology process, the core compounds (silane - grafted PE 
plus a catalyst masterbatch along with color masterbatch if coloration is 
required) are extruded on the conductor through cross - head dye. 

 In the Monosil technology process, the silane grafting takes place during 
the cross - head extrusion on conductor. Here, the LDPE or LLDPE is fed 
through the main hopper, and a mixture of silane, peroxide, and catalyst is 
injected in the extruder. The temperature and residence time are maintained 
in such a way that grafting is completed before the insulation comes out of 
the extruder. This can be well accomplished by using a single screw extruder 
with a length:diameter (L:D) ratio of 25:1. A higher degree of grafting can be 
achieved and scorching can be avoided if the polyethylene (LDPE or LLDPE) 
is dried at the hopper by dehumidifi ed dry air to a moisture content of less 
than 50   ppm and then fed to the extruder. 

 For both processes, the insulated conductor is immediately water cooled 
by passing it through a water trough and then wound on a reel. Crosslinking 
is done by placing the reel at a temperature of 60    ° C – 70    ° C in a steam or 
high - humidity chamber or water bath. 

 As crosslinking occurs only in presence of moisture and a catalyst, 
this curing system is largely immune to thermally activated premature 
crosslinking.  

  Electron - Beam Curing 

 High - energy electron - beam (EB) curing is used to crosslink insulation based 
on polyethylene for wire and cable as well as for heat - shrinkable tubing used 
for cable joints. In radiation crosslinking process, heavy radiation ( β  rays) 
creates radicals by the abstraction of hydrogen, and carbon - carbon bonds form 
in a similar manner to the chemical crosslinking process  [9, 10] . Because of 
very short wave lengths (10  − 7 to  − 3 ) and high frequencies (10 18 – 21 ), EB has greater 
penetrating power than other radiation processes like infrared and microwave 
and can be used for crosslinking relatively thick insulation. Unlike microwave 
and ultrasonic heating, the EB process needs no curing agent like sulfur or 
peroxides for vulcanization/crosslinking. Although peroxide is not required for 
the EB crosslinking, the presence of this accelerator enhances the crosslinking 
process. Similarly, addition of a di -  or trifunctional monomer to the curing 
system enhances gel formation because the monomer end - capped macroradi-
cals have greater reactivity  [11] . The depth of penetration possible with EB is 
also very important for cable insulation crosslinking. In general, the depth of 
penetration is directly proportional to the accelerator voltage. However, as the 
voltage increases, the potential for polymer degradation also increases. Hence, 



the possibility of using very high voltage accelerators to cure thick insulation 
(i.e., high voltage) is limited  [11] . 

 It has been reported that high - energy radiation produces crosslinks prefer-
entially in the amorphous phase and in the fold surfaces  [12] . Moreover, irra-
diation crosslinking produces an  ∼ 20% chain scission whereas chemical 
crosslinking with DCP produces a 5% chain scission  [13] .  

  Ultrasonic Curing 

 Another addition in the crosslinking process is through ultrasonic energy. Mori 
and Isshika used ultrasound in addition to conventional heat for polyethylene 
crosslinking  [14] . Unlike microwaves, ultrasonic waves are not electromagnetic 
radiation. They are essentially elastic waves created by the cyclic vibratory 
movement of an ultrasonic transmitter. Two types of transmitters are fre-
quently used: piezoelectric crystals and magnetostrictive devices    [15] .   

  CROSSLINKING PROCESSES USED IN INDUSTRY 

 The technology of crosslinking has been signifi cantly improved in past two 
decades. The technology has passed through several stages during this period. 
A number of procedures and process variants have been tried to learn the 
limits and effi ciency of the individual processes, enabling a comprehensive 
evaluation to select the most technically and commercially suitable one  [16] . 
Any assessment of the different crosslinking processes must take into account 
the size and voltage spectrum of the cables to be manufactured, the design 
and construction of the cables, the technical requirements, and the overall 
economy of the plants and processes. 

  Batch Curing 

 Batch curing is normally done for elastomeric cables. The cable or core in its 
uncured state is spirally overlapped with rubberized cotton tape or polyester 
fi lm for better consolidation, then coiled in trays or reeled on drums. Where 
maximum consolidation and improved surface fi nish are required, a metal 
sheath is applied. In a batch or discontinuous method, these drums or creels 
are placed in autoclaves in steam at a pressure corresponding to temperature 
of 130    ° C – 170    ° C; curing cycles vary between 15 and 90   min.  

  Continuous Curing —  HCV ,  CCV  

 A continuous vulcanization (CV) plant consists of a curing tube attached to 
the die face of the extruder head. There are three types of continuous vulca-
nization plants: horizontal continuous vulcanization (HCV), catenary continu-
ous vulcanization (CCV), and vertical continuous vulcanization (VCV). The 
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HCV line is not advantageous and for core diameters above 15   mm; CCV and 
VCV are more appropriate. 

 In the peroxide - cure process, heat and pressure can be applied by circulating 
high - temperature, high - pressure, and generally, dry nitrogen through the steel 
curing tube. The nitrogen gas temperature is of the order of 300    ° C – 450    ° C at a 
pressure of 10   kg/cm 2 . The heat required to raise the temperature in the curing 
zone can be obtained from high - temperature nitrogen, or radiant heaters fi xed 
on outside the tube. The elevated temperature causes the peroxide to react and 
form the crosslinked structure. The heat provided to the insulation causes the 
peroxide to decompose, generating volatiles such as acetophenone, methane, 
water vapor, and alpha - methyl styrene. The high pressure causes the gasses 
released in the crosslinking process to remain in the molten polymer so they do 
not form voids that might lead to partial discharge and deterioration of the 
cable insulation. This pressure needs to be maintained until the entire insulation 
(crosslinked) gets solidifi ed suffi ciently to exit the CV tube  [17] . 

 To determine temperature profi le and line speed, the following factors are 
to be considered: 

   •      The heating and cooling are accomplished by heat transfer through 
insulation.  

   •      The line speed affects the temperature profi le.  
   •      The time/temperature profi le of the insulation should be suffi cient to 

crosslink the insulation.  
   •      Curing is not always completed in the heating zone. Part of the curing 

occurs in the cooling zone.  
   •      The time in the cooling zone should be suffi cient to reduce both the 

surface and the conductor temperature. Generally, when cable exits the 
CV tube, the conductor remains hotter than the surface and insulation. 
Care should be taken to maintain the quality.      

 As noted previously, heat transfer occurs through the outer surface; therefore, 
to achieve the optimum throughput, the surface achieves very high tempera-
ture. An important consideration is that this temperature should not be so high 
as to cause problems for the performance of the cable. Thus, it is universal 
practice to set a maximum permitted surface temperature. This becomes more 
critical due to semiconducting layer. Well - designed materials are able to with-
stand temperatures as high as 275    ° C. But the normal range is from 250    ° C to 
275    ° C. 

 A typical CCV line is shown schematically in Figure  9.3 .   
 The vulcanizing tube of a CCV line is generally set at an angle between 12    °  

and 25    ° . The conductor is fed from a payoff through an accumulator. This 
allows a new reel of conductor to be loaded onto the payoff. Before it runs 
out, it is joined with the old one by welding, thus maintaining the continuity 
of the process. The accumulator allows time for the two conductors to be 



welded. The tube consists of a heating zone and cooling zone. The cable is 
made to conform to the longitudinal axis (center) of the tube by maintaining 
a tension appropriate to its weight per unit length. This has been possible with 
sophisticated automatic control systems. The catenary sensor is set at a point 
before which the crosslinking of the surface is completed, and thus any possi-
bility of any surface scratches or damage is eliminated. After passing through 
the heating zone, and upon completion of the crosslinking reactions, the cable 
enters the cooling tube, and after cooling, it is wound up. The total length of 
the tube, including the catenary part, the straight part, and the cooling part, is 
about 150 – 160   m. However, when the insulation wall thickness becomes 20   mm 
or the outer diameter reaches 80   mm, tension control in the catenary becomes 

     Figure 9.3.     Layout of a CCV plant. (1) Payoff stand. (2) Helper capstan. (3) Payoff 
accumulator. (4) Payoff capstan. (5) Heater. (6) No. 1 extruder. (7) No. 2 extruder. 
(8) No. 3 extruder. (9) Splice box. (10) X - ray monitor. (11) Heating tube. (12) Catenary 
sensor. (13) Curing tube. (14) Precooling tube. (15) Cooling tube. (16) Water level 
controller. (17) Exit seal. (18) Take - up capstan. (19) Diameter gauge. (20) Length 
counter. (21) Take - up stand.  Reproduced from Sen AK, in  Rubber Products Manufac-
turing Technology , AK Bhowmick, MM Hall, and HA Benarey, eds. (New York: Marcel 
Dekker Inc,) p. 682.   
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critical, and cable extruded with insulation gets deformed by gravity before 
the crosslinking reactions are completed. Therefore, manufacture of XLPE 
cable with diameters exceeding 80   mm is usually carried out by VCV. 

 Since VCV has a vertical tube, the problem of deformation by gravity does 
not arise, even in the case of high - insulation thickness cables. Processing is 
thus easier than CCV. One of the disadvantages of VCV, however, is that a 
special building with a a high tower is required for the installation of the verti-
cal equipment.  

  Mitsubishi Dainichi Continuous Vulcanization ( MDCV ) Long Land 
Die Process 

 In the MDCV process, the equipment is horizontal, and the die of the extruder 
is extended for several meters, forming a vulcanizing tube to maintain the 
pressure and prevent void formation. The uncrosslinked extruded core exiting 
the die enters the tube, and its surface is coated with a lubricant. The core is 
then slide and moved through the tube and heated to complete the crosslink-
ing reactions.  

  Liquid Curing 

 Commercial - scale liquid curing can be broadly classifi ed into two groups. One 
is the process using silicone oil and the other is the crosslinking process known 
as the liquid - curing medium (LCM) or salt bath process. This uses sodium, 
potassium, and a molten eutectic mixture as the heating medium. 

 In the Fuzikura continuous vulcanization (FZCV) process, the entire system 
remains fi lled with silicone oil when in operation; the oil is used for curing and 
cooling the cable core under pressure. Two circulatory circuits are used, the 
fi rst via a heat exchanger to give the necessary heat to enable the crosslinking 
followed by a second circuit, which includes a chiller to cool the cable before 
it leaves the line.  

  Infrared Curing 

 Another important crosslinking method used for the cable manufacture is 
infrared curing. With this technique, the elastomers are continuously cross-
linked by the infrared energy source after extrusion at ambient pressure and 
at relatively low temperature. Silicone rubber cables, especially, are made by 
applying this technique.  

  Electron - Beam Curing 

 Crosslinking of polyethylene for a variety of wire and cable insulations is one 
of the largest applications of electron - beam processing. After extruding the 
polyethylene insulation over the conductor through the cross - head of the 



extruder, it passes under the electron scanner at a speed of 150 – 9000   m/min 
with 10 – 20   mA beam currents or dose values ranging from 1 to 10 Mrad. The 
EB process has a few advantages like compact confi guration, high speed, and 
noncritical extrusion conditions. However, electron - beam curing can be used 
and suitable for limited thicknesses only because high - energy electrons cannot 
penetrate beyond a certain thickness. EB curing has been successfully used to 
cure polyethylene cable up to 33   kV, ethylene propylene diene terpolymer for 
use in control cables, and to cure thermocouple wires.  

  Ultrasonic Crosslinking 

 In the early 1970s, Fujikura Electric developed an ultrasonic process to con-
tinuously crosslink polyethylene - insulated power cables  [18] . They used a 
400   kHz, 310   W barium titanate cylindrical ultrasonic transducer. They coupled 
the ultrasonic transducer to a conventional continuous vulcanization (CV) 
tube and used pressurized water to couple the ultrasonic power to polyethyl-
ene. This process not only provided uniform curing throughout the cable but 
also increased the manufacturing speed.   

  CONDUCTOR AND INSULATION SCREENS/SHIELDS 

 To maintain a uniformly divergent electric fi eld and to smooth out the surface 
of irregularities of the conductor strands, a layer of semiconductive material 
is extruded over the conductor. Conductor screens are usually used on cables 
rated above 2   kV. The interface between the screens and the insulation must 
be smooth and free from voids to minimize water and electrical tree initiation 
and partial discharge. The polymers, semiconducting carbon black, and cross-
linking characteristics are of paramount importance to meet the requirements 
of the conductor screen. Generally, EBA and EEA polymers, clean furnace 
black, antioxidants, and organic peroxides are used for making the conductor 
screen compounds. The outer layer of the cable core is the insulation screen, 
which is a layer of crosslinked semiconducting material that is extruded in 
tandem with the conductor screen and insulation. For medium -  and high -
 voltage cables, the compound used for bonded insulation screens is often the 
same compound used for the conductor screen. When a strippable screen is 
required, the specially engineered compound should be used.  

  RECENT DEVELOPMENTS IN  XLPE  CABLES 

  Tree Retardant Crosslinked Polyethylene 

  Water Trees     Dendritic treelike structures that grow within the XLPE insula-
tion from the voids and/or defects in presence of both an electric fi eld and 
moisture are called water trees. Vented water trees generally grow from either 
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the conductor or insulation screen into the insulation. Water trees are micro-
cavities that contain moisture within them. They tend to grow at localized fi eld 
enhancement points such as voids or contaminants within the insulation mate-
rial. Water trees reduce the insulation dielectric strength in the immediate area 
of the tree.  

  Electrical Trees     Treelike growth that produces partial discharges within the 
insulation is called electrical trees. Partial discharges occur in voids and may 
eventually grow to a treelike permanent and carbon - coated channels causing 
the breakdown of the cables. Electrical trees initiate and propagate under dry 
conditions at much higher electrical stresses than those required for water 
trees  [19] .   

  Water Tree Retardant Crosslinkable Polyethylene ( WTR  -  XLPE ) 

 Water trees grow relatively slowly in XLPE cables over a period of months or 
years of service. As they grow, the electrical stress can increase to the point 
that an electrical tree is generated at the tip of water tree  [20] . Once initiated, 
electrical trees grow rapidly until the insulation is weakened to the point that 
it can no longer withstand the applied voltage, and an electrical fault occurs 
at the water/electrical tree location leading to the failure of the cable. Many 
actions have been tried to reduce water tree growth. The following two 
approaches to insulation technology have been widely adopted to limit water 
tree growth. Both of these are modifi cation of classic XLPE materials: 

   •      Modifi cation of the polymer structure, called  “ polymer ”  WTR - XLPE 
(sometimes called copolymer modifi ed XLPE)  

   •      Modifi cation of the additive package,  “ additive ”  WTR - XLPE (sometimes 
called TR - XLPE)    

 These insulation compounds, combined with the use of super clean semicon-
ducting screens (free from any type of ionic contaminants) and well - designed 
manufacturing processes can produce cables with a long assured service life. 
In both instances, the compounds maintain the excellent electrical properties 
of standard XLPE (high dielectric strength and very low dielectric losses). 
WTR - XLPE insulated cables were commercialized in the early 1980s and have 
now been performing reliably in service for over 20 years  [21, 22] .   

  CROSSLINKING OF ELASTOMERIC CABLES 

  Silicone Cables 

 Silicone is normally crosslinked by peroxide through free - radical generation 
and forms carbon - carbon linkage similar to the way PE is crosslinked. Silicone 
is used as insulation for special purpose cables such as radiation - resistant 



cables, fi re survival cable, etc. Normally, saturated silicone elastomers and vinyl 
modifi ed silicone elastomers are used. Both types of silicone elastomer com-
pounds are heat - cured by one of the organic peroxides: 

   •      Bis (2,4 - dichlorobenzoyl) peroxide  
   •      Dibenzoyl peroxide  
   •      Dicumyl peroxide  
   •      2,5 - dimethyl 2,5 - bis (t - butyl peroxy hexane)  
   •      Ditertiary butyl peroxide    

 The last three are usually considered to be vinyl specifi c. It indicates that these 
peroxides will result in a good cure only with vinyl that contains silicone elas-
tomers. The fi rst two will cure both vinyl and non vinyl containing silicone 
elastomers. Bis (2,4 - dichlorobenzoyl) peroxide is normally used industrially 
and requires a curing temperature range of between 110    ° C and 130    ° C. Com-
pounds containing this peroxide may be cured without external pressure. 

 As mentioned, the best way of curing silicone rubber cable is through the 
infrared - curing technique. Immediately after extrusion through the cross - head, 
the insulated core enters to the infrared chamber, and the silicone insulation 
gets crosslinked by the infrared energy source. In this technique, high pressure 
is not required, and crosslinking takes place at ambient pressure. 

 In addition, through peroxide, the silicone insulation can be crosslinked by 
hot air or the nitrogen vulcanization technique at a high - temperature range 
315    ° C – 350    ° C in a few seconds. 

 The chemical structure of silicone rubber imparts tolerance to radiation and 
also offers several advantages: long service life, improved circuit integrity when 
cables are exposed to fi re, and no evolution of potentially corrosive halogen or 
sulfur containing gases as by - products of combustion. The basic requirements 
of cables for nuclear applications are given in the Standard IEEE 323 — 1974.    

   EPR / EPDM  Cables: Peroxide Curing and Sulfur/Accelarator Curing 

 Normally EPR (saturated backbone) and EPDM (diene - modifi ed) elastomers 
for high - voltage insulation are widely cured by using peroxides, mostly dicumyl 
peroxide and 2,5 - dimethyl 2,5 - bis (t - butyl peroxy hexane) under a nitrogen 
atmosphere in a CCV or VCV line similarly to XLPE cables. The crosslinking 
of EPR follows the same mechanism as followed by PE, but because of pres-
ence of a tertiary carbon atom (of propylene unit), chain scission may occur 
in the case of EPR, resulting less curing effi ciency. The presence of unsatura-
tion (diene) in EPDM increases the cure effi ciency, and chain scission becomes 
almost negligible. 

 The special purpose elastomeric cables where EPDM is used as insulation 
is cured by sulfur accelerator systems. The most suitable ones are the combina-
tion of thiazole and sulfenamide type accelerators, and sometimes peroxide 
depending on the requirements with respect to insulation thickness, extrusion 
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and curing temperature, process safety, curing rate, curing technique (media), 
and cure state to be achieved. The insulation cores are cured by the batch -
 curing process in an autoclave as mentioned previously. It is also possible to 
cure it in CV line under nitrogen pressure.  

  Chlorosulfonated Polyethlene ( CSM ) Sheath 

 A combination of sulfur and accelerator is a common and versatile method 
for the curing of a CSM sheath of the cables. The common system is sulfur:1 
part plus tetramethyl thiuram disulfi de (TMTD):2 parts.   The high state of cure 
is achieved economically even in highly compounded CSM sheaths. Nickel 
dibutyl dithiocarbamate (NBC) is used to improve the heat resistance of vul-
canizates in the presence of mixed metal oxides, but it reduces the scorch 
safety. A CSM can also be cured with peroxide, but it is necessary to add an 
acid acceptor. A coagent or cure promoter such as triallyl cyanurate is added 
to improve the cure effi ciency. 

  N , N  ′  - m - phenylene dimaleimide is a primary curing agent for CSM. 
Maleimide cures also require the presence of an acid acceptor and a 
butyraldehyde - amine condensation product as accelerator (HVA - 2)  [23] . In 
addition to acting as an effective secondary cure accelerator for CSM, which 
improves the state of cure, HVA - 2 improves the electrical properties of the 
vulcanizates.  

  Nitrile Butadiene Rubber ( NBR ) Sheath 

 NBR (nitrile butadiene rubber) as a cable sheath is normally cured by sulfur 
accelerator system. Depending on the requirements of state and rate of cure, 
aging resistance, etc., a combination of accelerators such as thiuram disulfi des, 
thiazole or sulfonamide, and sometimes a sulfur donor like DTDM (dithiodi-
morpholine) is used. The NBR sheath is normally cured by a batch - curing 
technique in an autoclave at a temperature ranging from 130    ° C to 160    ° C. 
NBR - sheathed cables are used where oil resistance is required and are widely 
used in oil refi neries.  

  Polychloroprene ( PCP ) Rubber Sheath 

 For effectively regulating the scorch time, cure rate, cure state, and vulcanizate 
properties of PCP cable sheaths, a combination of sulfur, accelerator, and 
metal oxides is used. Sulfenamides, thiazoles, and thioureas are common accel-
erators. Thiourea accelerators [in particular, ethylene thiourea (ETU)] have 
been used for years. Handling precautions are required for using ETU. The 
combination of MgO and ZnO are used effectively as metal oxides. In addition 
to regulating the cure rate and state, these metal oxides serve as acceptors of 
acid (HCl), which is released in trace amounts during processing, curing, and 
service aging. PCP rubber sheath is also cured normally in an autoclave (batch 



curing) similar to NBR and CSM sheaths at a temperature ranging from 
130    ° C – 150    ° C.  

  Ethylene Vinyl Acetate ( EVA ) Cables 

 EVA (with high VA content) is especially used for nonhalogenated fl ame -
 retardant (FR) cables because of its capacity to hold high amounts aluminium 
trihydrate (ATH,Al 2 O 3  · 3H 2 O) and magnesium hydroxide Mg(OH) 2  in the 
compound. EVA is cured by peroxides such as dicumyl peroxide and 2,5 -
 dimethyl 2,5 - bis (t - butyl peroxy hexane), and sometimes a coagent like triallyl 
cyanurate is added to achieve higher state of cure. The curing temperature is 
kept within a range of 160    ° C – 180    ° C in batch curing. Above that temperature, 
H 2 O may be eliminated from ATH. Mg(OH) 2  has better stability than ATH. 
The peroxide cure mechanism follows the same route as PE.   

  CHARACTERIZATION AND QUALITY CONTROL OF GRAFTED 
AND CROSSLINKABLE CABLE COMPOUNDS 

 Rheometry is the best way of checking compounds to see whether they will 
achieve the desired and optimum curing state with the optimum rate of cross-
linking. The Monsanto rheometer is the most suitable one as it provides a 
continuous measurement of dynamic shear modulus where the compounds are 
cured, i.e., transformed from a thermoplastic state to a thermoset (crosslinked) 
state, in the rheometer, under heat and pressure. The study is carried out by 
measuring the torque on a conical disc rotor embedded in a matrix as it sinu-
soidally oscillates through a small arc ( ± 3    ° ).   The torque is a linear function of 
crosslink density determined by swelling measurements through the propor-
tional constant, which varies with the compounds. Moreover, from the rate of 
rise of torque, the rate of crosslinking, and from the onset of rise in torque (i.e, 
onset of crosslinking) scorch safety, i.e., the process window before premature 
crosslinking, can be predicted. It is a widely accepted tool for determining 
crosslinking characteristics and regular quality checking of the compounds. 
However, this method is not suitable for ascertaining the crosslinking charac-
teristics of silane - grafted compounds. 

 Another rapid but precise method, particularly for peroxide crosslinkable 
XLPE, is to measure (i) the crosslinking exotherm and (ii) the melting point 
reduction by a differential scanning calorimeter  [8, 24] . The curing exotherm 
is directly related to the amount of peroxide present and degree of crosslinking 
achieved. The melting point of PE is reduced upon crosslinking, and the extent 
of reduction bears a linear relationship with the degree of crosslinking within 
the range practiced in the industry. From the measurement of crosslinking 
exotherm and melting point reduction, the uniformity of peroxide distribution 
and dispersion and its crosslinking effi ciency can be precisely determined by 
this technique. 
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 The degree of crosslinking of silane - grafted polyethylene is mostly depen-
dent on the degree of grafting (i.e., the number of moles silane grafted on 
polyethylene) and the rate of crosslinking, including scorch safety, is depen-
dent on the concentration of catalyst and moisture in the system. 

 The degree of silane grafting (the presence of the silane group) in 
polyethylene can be determined by infrared spectroscopy. The absorbance of 
Si − O − C - group stretching of the grafted silane at at 1090   cm  − 1  is used 
for characterization  [7] . The infrared spectra of polyethylene and silane - grafted 
polyethylene are shown in Figure  9.4 .   

 The degree of grafting can be determined from the intensity/depth of 
absorption of the Si − O − C - group stretching. In practice, thin fi lms of PE and 
silane - grafted PE are made by molding in a hydraulic press at a temperature 
of 175    ° C; free silane is removed from the fi lms by acetone extraction, dried in 
vacuum, and then spectroscopy is performed. 

 Moisture (H 2 O) content is determined by a Karl Fisher type of titrator. 
About 1.5 – 2.0   g samples are heated to 180    ° C in a sealed glass oven at 180    ° C; 
the liberated moisture is carried out by dry nitrogen gas and automatically 
titrated by the Karl Fisher reagent.  

  SWELLING RATIO AND GEL FRACTION 

 To measure the degree of crosslinking in industry, normally gel fraction or 
swelling ratio is measured, in particular for XLPE cable insulations. 

     Figure 9.4.     Infrared spectra of (a) PE and (b) silane - grafted PE.  Reproduced from 
 J Appl Polym Sci ,  44 : 1153 (1992).   



  Swelling Ratio 

 Previously weighed samples are allowed to swell in xylene at 120    ° C for 24   h 
to reach swelling equilibrium, after which the test pieces are dried on the 
surface and rapidly weighed into stoppered bottles. The samples are then dried 
to constant weight in a vacuum oven at 60    ° C. The weight difference between 
the swollen and dry test pieces gives the weight of the solvent, the value of 
which divided by the density of the solvent to give v 1 . In the same manner, v 2  
is obtained from the weight and density of the dry test piece. The degree of 
swelling or swelling ratio q is calculated as q   =   v 2 /(v 1    +   v 2 ). An average of three 
measurements is taken.  

  Gel Fraction 

 Previously weighed samples (cut into a number of smaller pieces) are allowed 
to swell, and the soluble portions are extracted in xylene at 120    ° C for 24   h. 
The samples are then dried to constant weight in a vacuum oven at 60    ° C. The 
percentage of the weight remaining with respect to the initial weight gives the 
gel fraction. An average of three measurements is taken. 

 Gel fraction is easy to carry out and regularly practiced in industry to 
ascertain the curing state for XLPE compounds and cables. As per the 
industry norms, the gel fraction for peroxide XLPE should be 80 ± 2% to 
attain the required continuous operating temperature, short circuit tempera-
ture, hot elongation, and set properties and thermal aging properties. For 
silane - crosslinked XLPE, a gel fraction of 65% – 70% can meet the above 
requirements. This difference is due to the differences in the crosslinked 
network structure that results from peroxide and silane crosslinking. Perox-
ide crosslinking of PE forms planar C − C crosslinks whereas silane cross-
linking forms three - dimensional  − Si − O − Si −  linkages through trialkoxy 
functionality  [25] .   

  TROUBLESHOOTING IN CABLE MANUFACTURING (WITH 
SPECIAL REFERENCE TO GRAFTING AND CROSSLINKING) 

     •      Low degree of grafting (resulting lower degree of crosslinking): to increase 
the concentration of silane with optimum concentration of peroxide, to 
optimize the temperature of grafting and residence time in the extruder 
after silane injection.  

   •      Scorching during extrusion on conductor: to reduce the moisture content 
of the silane - grafted PE, to optimize the catalyst concentration. Color 
masterbatch (if used) should have no or minimum catalytic effect.  

   •      Reduction of MFI (melt - fl ow index) on grafting: to optimize the peroxide 
concentration and silane concentration. Excessive concentration may 
result in partial crosslinking in addition to grafting, resulting in a reduc-
tion in MFI.  
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   •      Deviation from concentricity in CCV line: to adjust the temperature 
profi le and rotation of the conductor and insulated core during 
extrusion.  

   •      Failure in electrical breakdown (high voltage) test: to check the insulation 
thickness, contamination in insulation, and protrusion. Special care should 
be taken during the production of compounds and cables. Both insulation 
and semiconducting shielding compounds should be free from any type 
of contamination to enable long life of XLPE - insulated cables  [26, 27] .     

  SCOPE OF FUTURE STUDIES AND DEVELOPMENTS 

 The importance of power generation, distribution, and conveyance of the 
electricity to the application points will continue in the future. The success of 
delivery largely depends on the performance of power cables. Performance 
comes from quality, and for cables it is based largely on the quality of com-
pounds and the manufacturing process, as XLPE (both peroxide and silane 
crosslinked) cables are most important for conveying the electricity. Though 
grafting and crosslinking technology has progressed considerably, there is still 
room for further study and developments as requirements are being more and 
more stringent.   For EHV cables and their performance and long - term reli-
ability, it is of paramount importance to make defect - free insulation. Hence, 
studies are required to develop crosslinking systems, technology, and base 
polyethylene, so that there will be no voids, defects, and even irregularities that 
will result from crosslinking. There is particular interest in developing effi cient 
catalytic systems so that the scorch problem can be eliminated without sacrifi c-
ing a reasonable rate of cure and degree of crosslinking, and they can be made 
industrially usable. The relationship of crosslinked structures (morphology) 
with long - term aging and service life of the cables must be established; accord-
ingly, standards need to be prepared and set in place. 

 In the case of silane crosslinking, it is necessary to develop more effi cient 
catalyst systems to avoid scorching. To date, the major constraint for making 
EPR silane crosslinkable is its poor scorch - resistance properties. It is of par-
ticular interest to develop effi cient catalytic systems so that the scorch problem 
can be eliminated without sacrifi cing reasonable rate of cure and degree of 
crosslinking and to make it industrially usable.  
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 IN SEPARATION AND 
PURIFICATION  

  Mohamed   Nasef        

  INTRODUCTION   

 Grafted and/or crosslinked polymers obtained by the modifi cation of polymers 
are attractive materials because of their new or enhanced properties compared 
to corresponding conventional polymers. These new or enhanced properties 
arise principally from the introduction of new functionalities and/or inter-
linkages to the original polymers structures by grafting and/or crosslinking 
reactions. Because their chemical and physical properties may be tailored over 
a wide range of characteristics, the use of grafted and/or crosslinked polymers 
has found a permanent place in various fi elds. This includes separation pro-
cesses  [1, 2] , energy conversion  [3 – 6] , solid state  [3] , biomedical  [7] , biological 
 [8, 9] , and environmental applications  [10, 11] . Among all polymers, the con-
tribution of grafted and/or crosslinked polymers to the fi eld of separation and 
purifi cation has been tremendous due to their versatile involvement in a wide 
spectrum of commercial applications today; many more are being developed 
for the future in the chemical, environmental, pharmaceutical, and biotechno-
logical industries  [12] . 

 The primary objective of this chapter is to review the status of the applica-
tions of grafted and/or crosslinked polymers in the fi eld of separation and 
purifi cation. It starts with a brief review of basic principles covering classifi ca-
tions and descriptions of grafted and/or crosslinked polymers on the basis of 
the separation/purifi cation functions together with their engineering confi gu-
rations and operating systems and followed by intensive discussion on a wide 
range of applications. The format of the discussion follows the diversity of 
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applications in a single separation fi eld not only in the variation in the forms 
and the types of grafted and/or crosslinked polymers but also as to their 
confi gurations and operating systems.  

  CLASSIFICATION OF GRAFTED AND/OR 
CROSSLINKED POLYMERS 

 Grafted and/or crosslinked polymers are available in different forms that vary 
in their classifi cations as shown in Figure  10.1 . These polymers can be found 
in various physical forms including gels, resins, fi bers, fi lms, and fabrics that 
have widely differing chemical and physical properties and can be chemically 
active. The majority of these forms are of synthetic origin; i.e., they are made 
of modifi ed synthetic polymers such as polyethylene, polystyrene, and poly-
vinyl fl uoride, while some of them are obtained from modifi ed natural polymer 
sources including chitosan, starch, and cellulose. Considering the separation 
function, grafted and/or crosslinked polymers can be classifi ed into various 
categories including ion exchangers, chelating adsorbents, hydrogels, and affi n-
ity polymers, as shown in Figure  10.2 .   

     Figure 10.1.     A schematic representation for various classifi cations of grafted and/or 
crosslinked polymers.  

     Figure 10.2.     A schematic representation for various types of grafted and/or crosslinked 
polymers.  



  Ion Exchangers 

  Ion Exchange Membranes     In principle, an ion exchange membrane (IEM) 
is a highly swollen polymer fi lm carrying fi xed charged chemical groups cova-
lently bonded to the polymer backbone that can exchange their mobile ions 
for ions of similar charges from the surrounding medium. There are three types 
of IEMs based on the type of the fi xed charged groups: cation, anion, and 
combined cation/anion exchange (bipolar) membranes. The separation behav-
ior of each type of membrane is determined by the chemical nature of attached 
charged group. Cation exchange membranes contain negatively charged 
groups, such as   − − − − −− − − − −SO COO PO PO H and C H O3 3

2
3 6 4, , , , , that are fi xed 

to the membrane backbone and allow the passage of cations but reject anions. 
Anion exchange membranes contain positively charged groups, such as   
− − − − − −+ + + + + +NH NRH NR H NR PR and SR3 2 2 3 3 2, , , , , , that are fi xed to the mem-
brane backbone and allow the passage of anions but reject cations. Since IEMs 
separate cations from anions and vice versa from aqueous solution of similarly 
charged ions, they should have a high permselectivity, i.e., a high transport 
number for counterions. 

 IEMs are commonly prepared using various routes based on hydrocarbon 
substrates such as poly(styrene - co - divinylbenzene) and polysulfone (PS), or 
fl uorocarbon ones such as poly(tetrafl uoroethylene) (PTFE) and poly(ethylene -
  co  - tetrafl uoroethylene) (ETFE), as well as other conjugated polymers 
that undergo chemical treatment to introduce functional groups  [1 – 3, 13] . 
Figure  10.3  shows the chemical structures of poly(styrene -  co  - divinylbenzene) 
cation and anion exchange membranes. Grafted and/or crosslinked IEMs 
reportedly prepared using various modifi cations that can be conducted by 
chemical, photochemical, radiochemical, or plasma modifi cation methods  [3] . 
Membrane preparation starts by the grafting of active acrylic monomers, 
e.g., acrylic acid (AAc) or an inactive vinyl monomer such as styrene (Sty) 
followed by the desired chemical treatment: sulfonation to confer cation 

     Figure 10.3.     Chemical structures of poly(styrene -  co  - divinylbenzene) cation and anion 
exchange membranes.  
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exchange functionality or chloromethylation and amination to confer anion 
exchange characters. Crosslinking of the membranes is commonly performed 
by adding a small amount (up to 10%) of a crosslinking agent such as divinyl-
benzene (DVB) during the grafting reaction. Various aspects related to prepa-
ration and applications of radiation - grafted IEMs have been recently reviewed 
by Nasef and Hegazy  [3] .   

 IEMs are broadly classifi ed into strong or weak acid cation exchange mem-
branes and strong or weak base anion exchange membranes depending on the 
strength of the functional groups. Strongly acidic cation exchange membranes 
contain  − SO 3 H groups, whereas  − COOH groups are present in weakly acidic 
cation exchange membranes. Similarly, strongly basic anion exchange mem-
branes contain quaternary ammonium exchange groups, and weakly basic 
anion exchange membranes have groups derived from tertiary ( = N − ), second-
ary ( = NH), or primary ( − NH 2 ) amines. In the bipolar form of IEMs, one side 
contains a weakly or strongly anion exchange layer and the other side pos-
sesses a weakly or strongly cation exchange layer. 

 IEMs can be also classifi ed depending on their structure and preparation 
procedure, into two major categories: (a) homogeneous and (b) heteroge-
neous. They can be further divided depending on the degree of heterogeneity 
into: (i) homogeneous IEMs, (ii) interpolymer membranes, (iii) microhetero-
geneous graft -  and block - copolymer membranes, (iv) snake - in - the - cage IEMs, 
and (v) heterogeneous IEMs  [1] . 

 IEMs have been widely used in separations in various industries based on 
systems that apply various driving forces (concentration, potential, or pressure 
gradient). These systems include diffusion dialysis (DD), electrodialysis (ED), 
pervaporation (PV), and reverse osmosis (RO). To meet the requirements for 
such applications, IEMs have to essentially possess low electrical resistance 
combined with high ionic permselectivity, moderate degree of swelling, chemi-
cal stability, and high mechanical strength. The diverse characteristics of ion 
exchange membranes make them suitable for different separation applications 
 [1 – 3, 13 – 16] .  

  Ion Exchange Resins     Ion exchange resin (IER) is a network polymer of high 
molecular weight having fi xed ionic groups. Like their membrane counterparts, 
these resins are capable of exchanging counterions (cations or anions) with the 
ionic components of a solution with two types of resins that are commercially 
available: cation and anion exchange. Each resin has a distinct number of 
mobile ionic sites that set the maximum capcity of exchanges per unit weight 
of resins. IERs are also available in a strongly or weakly acid form and a 
strongly or weakly basic form. In addition, IERs are also available in two physi-
cal forms: macroporous resins and gel resins. The macroporous resins have 
major advantages arising from their high degree of crosslinking, which lead to 
more stability and permanent pore diameter with uniform distribution. 

 In principle, there is a fundamental difference between the operation mode 
of IERs and their IEMs counterparts. IERs are used in a fl ow - by mode whereas 
IEMs are used in a fl ow - through mode. Therefore, kinetics of the ion exchange 



for IEMs is highly favorable relative to IERs, which heavily rely on the diffu-
sion to achieve ion capture in their pores. 

 Ion exchange resins have found widespread applications in various fi elds 
including water and waster water treatment; oil and gas, electronics, electro-
plating, and tanning industries; sugar decolorization; starch hydrolysated 
deionization; acid catalysis of sucrose; steam fl ooding; and the improvement 
of soil water retention  [17, 18] .   

  Chelating Polymers 

 Chelating or ligand exchange polymers refer to polymers that bind metal ions 
by coordinating interaction and sometimes by ionic interactions. The chelating 
polymers are insoluble in water (they have a crosslinked matrix) and are 
characterized by two components: the polymer backbone, which provides the 
stability, and the functional groups, which represent the ligands required for 
metal complexation. The most common coordinating atoms present in the 
main or side chain are N, O, P, and S. It is possible to make chelating polymers 
that have a selective absorption capacity for specifi c metal ions by fi xing the 
desired ligand groups on the polymer backbone. For example, polymers con-
taining amidoxime groups have high affi nity for uranyl ions   UO2

2+( ) and their 
use has been attempted for the recovery of uranium from seawater  [19] . 

 Upon use, the selectivity of chelating resins relies on the stability of metal 
complexes at the appropriate pH values. Practically, chelating polymers are 
very useful for selective adsorption of certain metal ions from their mixtures 
and recovery of soluble metal ions from solutions  [20] . Adsorption of toxic 
metal ions using chelating polymers has the advantage of high effi ciency, easy 
handling, availability of different adsorbents, and cost effectiveness. Therefore, 
it is of great importance, especially in environmental applications  [21, 22] . 
Chelating polymers can be divided into two classes depending on the origin 
of their backbone: graft adsorbents and graft biosorbants. 

  Graft Adsorbents     Graft adsorbents are a class of chelating polymers that 
have a modifi ed backbone of synthetic polymers containing immobilized func-
tional groups. These adsorbents have the fl exibility of being prepared with 
various combinations of functional - group - containing grafts (e.g., polyamines, 
polyacrylonitrile, polyacrylamides, and polyacrylic acid) and polymer sub-
strates such as polyethylene (PE), polypropylene (PP), and PTFE, thus opening 
a broad spectrum of prospects for tailor - made applications such as the removal 
of toxic heavy metals and recovery of precious metals. The adsorption mecha-
nisms in these polymers have generally been attributed to the formation of 
complexes between the functional groups on the adsorbents and the metal 
ions to be removed  [23] .  

  Grafted and Crosslinked Biosorbants     Grafted and crosslinked biosorbants 
are a class of chelating polymers that have a modifi ed backbone of biopoly-
mers (polysaccharides) such as chitosan, alignate, starch, and cellulose. These 
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biosorbents are much more selective yet cheaper than traditional ion exchange 
resins, although their native form shows inferior biosorbance performances 
caused the instability of physical and chemical properties  [24] . Therefore, 
modifi cation of these polysaccharides has been explored as a way of combining 
their best attributes with those of synthetic graft polymers  [25] . Several func-
tional groups such as amino, phosphate, amido, sulfonate and carboxyl, and 
hydroxyl groups can be grafted onto the polysaccharides to give them addi-
tional ionic characters with their stability further enhanced by crosslinking 
 [26] . 

 The biosorption mechanism in these grafted and crosslinked materials is a 
complex process involving (i) ion exchange, (ii) chelation, (iii) complexation, 
and (iv) adsorption by physical forces such as H - bonding, entrapment in inter -  
and intrafi brilliar capillaries, and spaces of the structural polysaccharides 
network as a result of the concentration gradient and diffusion through the 
sorbent  [27 – 28] . 

 Particularly, chitosan - based biosorbents are effi cient selective materials that 
have been frequently used in various separation applications including removal 
of heavy metals and dyes. For example, beads obtained by the casting of cross-
linked and grafted chitosan have high porosity and large surface areas, high 
stability in acidic media, and are most suitable for industrial applications  [29 –
 30] . Other biopolymers such as starch  [31 – 37]  and cyclodextrins  [38 – 42]  have 
been also proposed as low - cost biosorbents. The recent developments in the 
synthesis of biosorbents obtained from modifi ed polysaccharides (starch, 
cyclodextrin, chitin, and chitosan) were reviewed by Cirni  [43] .   

  Hydrogels 

 Hydrogels are highly swollen, hydrophilic three - dimensional network struc-
tures of polymers capable of absorbing signifi cant amount of water (few tens 
to thousands percent of their dry weight) (also discussed in Chapter  6 ) and 
therefore can have the free exchange of water within the external contami-
nated water preparations. Depending on the nature of their network, hydro-
gels have two main classes: (i) permanent hydrogels having entangled 
covalently crosslinked networks formed by UV or ionizing radiation  [44 – 47] , 
and (ii) reversible hydrogels with networks formed by secondary interactions, 
i.e., molecular entanglements and/or ionic and H - bonding, or hydrophobic 
forces, making them lack homogeneity, and having free chain ends and loops 
that causes transit network defects  [48] . 

 Hydrogels can have various crosslinked or entangled network macro-
molecular structures including linear homopolymers, linear copolymers, block 
copolymers, graft copolymers, polyions - multivalent ions, polyion - polyion, or 
bonded complexes. The physicochemical properties of the hydrogels depend 
not only on the molecular gel structure, and the degree of crosslinking but 
also on the content and the state of water in the hydrogel. A number of 
interesting grafted hydrogel materials have been reported in recent years 



particularly for water treatment  [49] , heavy - metal removal and extraction of 
uranium  [50 – 56] , and dyes  [57] . More details on the synthesis of hydrogels, and 
their and applications can be found elsewhere  [58] .  

  Affi nity Polymers 

 Affi nity polymers consist fundamentally of porous structures having selective 
affi nity ligands (immobilized biological molecules such as antigens, and anti-
body or synthetic molecules such as dye, ion exchange ligands, and amino 
acids) attached to their pores. The affi nity polymers can be found in mem-
branes and bead (resin) forms. Preparation of affi nity polymers usually invov-
les preparation and activation of the basic polymer, and coupling of affi nity 
ligands to the activated polymers  [59] . The chemical structures of the matrices 
and how various immobilized ligands can be utilized for specifi c classes of 
separation was reviewed by Charcosset  [60] . 

  Affi nity Membranes     Affi nity membranes are the most commonly used form 
of affi nity polymers. These membranes were basically introduced to overcome 
the shortcomings (e.g., fouling) associated with microfi ltration and ultrafi ltra-
tion membranes. They allow high fl ow rates to be achieved at low pressures 
and enable the processing of large volumes within short processing times 
compared to affi nity beads  [61] . Affi nity membranes are made of highly hydro-
phobic porous polymers, mostly in hollow - fi ber form, such as PE, PP, and 
poly(vinylidene fl uoride) (PVDF), and PS having entrapped reactive groups 
( − OH,  − NH 2 ,  − SH, or  − COOH) for further coupling of spacer arms or 
ligands. These membranes can be obtained by chemical activation, coating, 
or grafting in addition to the copolymerization of two functional monomers 
 [62] . The fi rst commercial affi nity PS - based hollow - fi ber membranes were 
produced by Monsanto in 1986. Later, different amine groups modifi ed - 
microporous nylon - 6 hollow - fi ber membranes were reported by Klein and 
coworkers  [63] . Saito and coworkers have introduced various functional groups 
including iminodiacetate, amidooxime, phosphoric acid, alchohol hydroxyl, 
phenylalanine, and chlorovinylpyridine to polyethylene (PE) hollow fi bers by 
the radiation grafting of monomers such as glycidylmethacrylate (GMA) fol-
lowed by specifi c chemical treatments  [64 – 69] . Affi nity membranes were also 
prepared by photochemical grafting  [70, 71] . 

 Affi nity membranes have been used for heavy - metal removal  [72, 73]  and 
proposed as alternatives to stationary beads for affi nity membrane chroma-
tography mainly for the separation of biomolecules  [59] . Nonetheless, adop-
tion of this technology has been slow because membrane chromatography 
has been limited by lower binding capacity than that of conventional 
columns, even though the high fl ux advantages provided by membrane 
adsorbers would lead to higher productivity  [74] . The latest advances in 
preparation of affi nity membranes and their applications were reviewed by 
Klein  [61] .  
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  Affi nity Beads     Like their corresponding membranes, affi nity beads are 
porous particles having selective affi nity ligands, including immobilized bio-
logical or synthetic molecules attached to their pores. These beads have been 
found widespread application in the separation and purifi cation of biological 
macromolecules in both analytical and preparative scales in a variety of bio-
processes  [75] . Affi nity beads are used as separation media in adsorption 
chromatography, an alternative effi cient separation technique to conventional 
chromatography; adsorption chromatography is often used for the isolation 
and purifi cation of fermentation products  [76, 77] . Column operations are 
commonly adopted for such applications. The selectivity of beads is largely a 
function of the three - dimensional geometry of the pores of the beads and the 
occluded functional/ligand groups; therefore, both of them dictate the separa-
tion and adsorption capacity of the desired compounds  [78] .    

  SEPARATION AND PURIFICATION SYSTEMS 

 The feasibility and success of separation and purifi cation processes depend on 
the nature of the separating polymer and the operating conditions. In other 
words, the morphology of the polymer dictates the selection of the separation 
process and its operating mode. As mentioned earlier, the basic morphologies 
of grafted and/or crosslinked polymers include membranes, resins or beads, 
and hydrogels. To bring such polymer forms into applications, they have to be 
hosted in a proper engineering system that provides a set of adjustable operat-
ing parameters to control their performance. Accordingly, the separation 
systems take various confi gurations depending on the physical form of sepa-
rating polymers and the volume of the solution to be treated. When polymers 
are in a resins form, the system takes a confi guration best represented by ion 
exchange systems. Figure  10.4  shows a schematic representation of various 

     Figure 10.4.     A schematic representation of various morphologies of grafted and/or 
crosslinked polymers and their respective operating systems.  



morphologies of grafted and/or crosslinked polymers and their respective 
operating systems.   

 There are four basic operating confi gurations for resins forms: (i) continu-
ous - stirred tank, (ii) fi xed - bed column, (iii) fl uidized - bed column, and (iv) a 
moving - bed (closed - loop) system  [79] . 

 Similarly, putting grafted and/or crosslinked polymers in a fi lm or a mem-
brane form into any practical application requires a housing vessel called a 
 “ module. ”  A membrane module provides support and protection against oper-
ating pressures and the daily wear and tear of the production environment 
and allows the application of a control strategy over the system. More details 
on the requirements for effi cient module designs to house various membrane 
types can be found elsewhere  [80] . 

 The most common confi gurations of membranes modules are (i) plate - and -
 frame, (ii) spiral wound, (iii) tubular, and (iv) hollow fi ber. Membrane modules 
can be combined to form cascade systems of different confi gurations (parallel, 
series, and tapered). Selection of the membrane module for particular mem-
brane separation must balance a number of parameters, including the cost of 
the module, volume to be treated, concentration polarization control, and 
resistance to fouling  [81] . 

 Various processes utilizing grafted and/or crosslinked polymers in the fi eld 
of separation and purifi cation such as ED, DD, RO, PV, ultrafi ltration (UF), 
adsorption chromatography, and affi nity membrane chromatography are avail-
able  [81, 82] .  

  APPLICATIONS IN SEPARATION AND PURIFICATION 

 Grafted and/crosslinked membranes have been found to meet the require-
ments for many separation processes in a large number of industrial applica-
tions. The purpose of separation dictates the selection of the type of the 
grafted/crosslinked polymers form and the system confi guration for a particu-
lar application. The most conventional media treated with functional grafted/
crosslinked polymers are aqueous solutions. Therefore, the separation with 
these polymers can be classifi ed depending on the purpose, into three main 
categories: (i) purifi cation of a solvent, (ii) purifi cation of a solution, and 
(iii) extraction of ions. More details on these categories can be found in 
Zagorondni  [79] . The next subsection covers the various applications of grafted 
and/or crosslinked polymers under four main categories: water production, 
chemical industry, environmental, and biotechnological and biomedical 
applications. 

  Water Production Applications 

 The interest in water production has always been high and recently renewed 
due to the shortage of water in many remote areas and diminishing natural 
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fresh water resources. Grafted and/or crosslinked polymers, mainly in form of 
neutral membranes, IEMs, and their corresponding resins, accomplish a great 
deal in water purifi cation systems dealing with ion, particulate, organic com-
pounds, and microrganism removal. Membranes vary dramatically in pore size, 
molecular weight cutoff, and ion rejection. Various membrane separation pro-
cesses including ED, ion exchange, RO, and UF have been developed for water 
production applications  [81, 82] . 

  Desalination of Brackish Water     Production of water by desalination 
methods continues to receive attention despite four decades of commercializa-
tion. The essential requirement that determines the viability of any scheme to 
provide fresh water suitable for human use is the cost. Desalination of brackish 
water by electrodialysis (ED) is considered to be the most important large -
 scale application in terms of installation number ( > 2000 plants worldwide with 
a total production capacity of  > 1,000,000   m 3  of water per day are installed with 
a  > 1.5 million m 2  membrane area), which is competing with RO and fractional 
distillation  [1, 2, 83 – 86] . This process is also the most economical for water 
with a low salt concentration ( < 5000   ppm). ED is also used for the production 
of potable water  [87] . 

 In principle, ED is a signifi cant membrane separation process where selec-
tive separation of certain ions from water takes place by migration across 
IEMs under the infl uence of an electric fi eld applied on two electrodes border-
ing a number of cationic and anionic membranes placed in an alternating 
pattern. The degree of separation is mainly determined by the properties of 
IEMs used in the process, whereas the economics of the process is determined 
by the operating costs that involve the energy consumption. The various 
process design parameters, e.g., fl ow turbulence, limiting current density, effec-
tive cell pair area, and cell dimensions also have signifi cant effect on the energy 
consumption and thus on the total operating cost. Recent developments in 
IEM properties have led to tremendous improvement in the effi ciency of ED 
 [1, 2] . 

 Various grafted and/or crosslinked IEMs prepared by chemical grafting and 
crosslinking are commercially available. Sty - DVB - based membranes (shown in 
Figure  10.3 ) are best - known in the literature for the application in ED. 

 The use of grafted and crosslinked anionic and cationic membranes for sea 
water desalination by ED has not been genuinely addressed. Only few articles 
are reported in the literature. Aminabhavi et al. have developed homogeneous 
anion exchange membranes for the conversion of sea and brackish water into 
potable water by simultaneous polymerization of 4 - vinylpyridine (4 - VP) and 
crosslinking with epichlorohydrin (EPI) and aniline on nonwoven support 
cloth at different ratios  [89] . The resulting membranes were quarternized with 
methyl iodide using hexane as a solvent. 

 Choi et al. studied the desalination of water by ED with two types of IEMs 
prepared by the radiation grafting of GMA onto PE and PP nonwoven fabrics 
followed by treatment of the obtained grafts with triethylamine (TEA) and 



phosphoric acid  [90] . Currently, research is focusing on addressing the remain-
ing unsolved issues such as membranes organic fouling, selective permeability 
for specifi c ions, and instability of quaternary ammonium exchange groups in 
alkaline solution in anion exchange membranes  [84, 91, 92] .  

  Desalination of Sea Water     Water desalination by RO is another fi eld where 
membranes have served since their early days  [88, 93] . In this application, 
membrane material plays a signifi cant role in affecting the system perfor-
mance  [94, 95] . Neutral membranes and IEMs have been utilized for such 
applications. However, the industrial application of IEMs is far smaller com-
pared to neutral membranes. A limited number of studies reported the use of 
radiation - grafted IEMs for RO application  [3] . 

 Radiation - grafted cation exchange membranes prepared by the grafting of 
acrylic monomers, i.e, acrylic acid (AAc), methacrylic acid (MAc) and acryl-
amide (AAm) and vinyl monomers (vinyl acetate, VAc) onto PE and PTFE 
and FEP (copolymers of PTFE with hexafl uoropropylene) fi lms were tested 
for water desalination with a salt rejection  > 90%  [96 – 99] . The performance 
toward salt rejection was further improved by using membranes obtained by 
the grafting of combined (binary) monomer systems of Sty/AAm onto various 
polymer fi lms  [100] . 

 Anionic exchange membranes prepared by grafting and subsequent quater-
nization (treatment with methyl bromide) of 2 - VPn and 4 - VPn onto poly(vinyl 
chloride) (PVC) and poly[3,3 - bis(chloromethyl)oxetane], (penton) fi lms dem-
onstrated very good RO properties including suffi cient salt rejection  [101, 102] . 
Similar quaternized poly(4 - VPn) grafted - PE and  - PTFE membranes also dem-
onstrated a combined good fl ux and salt rejection properties  [97, 103 – 106] . 

 Cation exchange membranes having phosphoric acid groups obtained by 
radiation - induced grafting of GMA onto PE hollow fi bers followed by phos-
phorylation of the epoxy rings were also reported to be capable of maintaining 
the salt splitting capacity of 0.68   mol/kg in their Na form  [64] . 

 Commercial microfi ltration PE hollow - fi ber membranes modifi ed by radia-
tion - induced grafting of diethylaminoethyl methacrylate (DEAEMA) fol-
lowed by amination with DEA recorded a high pure water fl ux of 1.0   m · h  − 1  at 
a fi ltration pressure of 0.1   MPa and an ion exchange capacity of 1   mol · kg  − 1  
 [68] .  

  Softening of Hard Water     Water softening is one of the most classical applica-
tions of ion exchangers. This treatment involves the removal of hardness 
caused by the presence of Ca 2+  and Mg 2+  ions from water solution by exchang-
ing them with the Na +  ion available in ion exchangers. Conventional softening 
technologies are replaced by nanofi ltration where the membrane operation 
does not produce by - products to the fi nished water and therefore eliminates 
the by - product disposal cost. 

 IEMs prepared by photografting of porous UF membranes have 
been tested for water softening. Bequet et al.  [106]  reported a composite 
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nanofi ltration membrane for water softening using a route consisting of pho-
tografting AAc onto the surface of UF - porous PS membranes with UV. The 
surface modifi ed membrane was stabilized by crosslinking it with  N,N  ’  - 
methylene - bis - acrylamide. The obtained membranes showed softening prop-
erties of 95% recovery when measured in dead - end mode. 

 Similar membranes prepared by the photografting of AAc and sodium allyl 
sulfonate (SAS) onto polyetherketone cardo (PEK - C) with UV without a 
photoinitiator showed unexpectedly large permeation fl ux without loss of salt 
retention  [107] . 

 The treatment of natural nonpotable and irrigation - unsuitable water by 
novel cellulose - based hydrogels synthesized from reactive networks and graft 
copolymers of either AAm or AAc and a mixture of them in the presence of 
benzoyl peroxide as an initiator and glutaraldehyde (GL) as a crosslinker was 
also recently reported  [49] .   The water treated with these hydrogels became 
potable and could be used for agricultural purposes.   

  Chemical Industry Applications 

  Production of Caustic Soda     Production of caustic soda and chlorine is a 
large IEM - dependent industry that produces about 48 million tons of NaOH 
and about 42 million tons of Cl 2  starting from NaCl and H 2 O  [1] . In the chloro -
 alkali ED cell, the anode and cathode are separated by means of a cation -
 exchange membrane  [108] . A saturated NaCl is introduced at the anode 
compartment while the water is fed at the cathode. ED of both feeds results 
in the evolution of Cl 2  and H 2  at the anode and the cathode, respectively. At 
the same time, the Na +  ions migrate toward the cathode, forming NaOH by 
combining with the OH  −   that results from H 2 O hydrolysis at the cathode while 
Cl 2  gas is produced at the anode. The use of IEMs has enabled the technology 
to overcome the two major challenges of the conventional process, i.e., the 
explosive reaction of Cl 2  with H 2  and the dissolving of Cl 2  in NaOH to form 
a hypochlorite solution. The common cation exchange membranes applied in 
this process are perfl uorinated polymers containing sulfonic acid fi xed groups, 
carboxylic acid groups or mixture of the two groups (e.g., Nafi on membranes 
from DuPont, USA, and Aciplex from Ashahi Chemical Industry, Co., Japan). 
Commercially grafted and crosslinked membranes such as Flemion (Asahi 
Glass Co. Ltd., Japan) and Morgane CDS (Solvay S.A., Belgium) are also good 
substitutes for Nafi on membranes in this application. 

 Alternative radiation - grafted strongly acidic cation exchange membranes 
for ED have been reported in the literature  [109 – 115] . These membranes are 
commonly prepared by radiation - induced grafting of Sty or Sty/DVB onto 
fi lms such as PTFE and PE fi lms followed by sulfonation reaction. 

 Another version of weakly acidic radiation - grafted membranes having  −
 COOH were tested for the production of NaOH by ED of NaCl solution. 
These membranes maintained a current effi ciency in the ED cells in a level of 



96 – 97% at a constant cell voltage of 3.7   V  [116] . More membranes of this type 
were developed by Hayashi and Kotani  [117]  and McRae  [118] . 

 Momose et al. developed highly stable cation exchange membranes for the 
chloro - alkali industry by radiation - induced grafting of  α , β , β  - trifl uorostyrene 
onto ETFE fi lms under controlled reaction conditions and subsequent sulfo-
nation  [119, 120] . The membranes obtained were found to have a combination 
of physicochemical properties that meet the requirements of caustic soda 
production  [121] . This is believed to have led to commercial products such as 
Flemion membranes from Ashai Glass Co. Ltd. (Japan).   Similar versions of 
these membranes are produced by RAI Research Inc., USA, and are also 
believed to have been developed based on a patent by D ’ Agostino et al.  [122] . 
Another version of these membranes that contains weakly acid characters and 
is prepared by the grafting of fl uorinated monomers such as methyl trifl uoro-
proproenoate onto PTFE fi lms was also found to be promising for ED pro-
cesses in general and the chloro - alkali industry in particular  [123] . 

 Recently, the research on radiation - grafted perfl uorinated sulfonic acid 
membranes has been exploited to great extent after these membranes were 
found to be potential alternative solid polymer electrolytes for fuel cell appli-
cations  [124, 125] . Reviews of a large number of articles on the preparation, 
characterization, and testing of polystyrene sulfonic acid based on fl uorinated 
polymers and their derivatives have been published  [3, 4, 6] .  

  Production of Acids     The electrochemical splitting of salts by ED to their 
original constituents is highly desirable so as to minimize chemical consump-
tion and effl uent treatment costs as well as to enable the reuse of acids and 
bases. The ED of sodium sulfate (Na 2 SO 4 ) has long been known, and in recent 
years it has earned increasing interest because of the mounting demand for 
H 2 SO 4  and NaOH production. 

 Tzanetakis et al. reported the ED of Na 2 SO 4  using anion exchange mem-
branes prepared by the radiation grafting of vinylbenzyl chloride (VBC) onto 
PVDF fi lms followed by amination using trimethylamine (TMA)  [126] . The 
membranes showed acceptable selectivity and low electrical resistance together 
with high chemical, thermal, and mechanical stability. However, their perfor-
mance in terms of current effi ciency and transport properties was inferior to 
Nafi on  ®   117 and sulfonated - poly -  (Sty) - grafted PVDF membranes. 

 Cation exchange membranes obtained by radiation - induced grafting of 
styrene onto PVDF fi lms followed by a sulfonation reaction were also tested 
for the ED of Na 2 SO 4 . These membranes outperform Nafi on  ®   117 membranes 
in terms of current effi ciency, achievable acid and base concentrations, and cell 
voltages, and offer an economical alternative process  [127] . 

 Similar commercial radiation - grafted membranes (Pall R1010 and Pall 
R1030) were also tested for ED of Na 2 SO 4  in comparison with Nafi on  ®   117 
membrane  [128] . The Pall R1010 gave higher current effi ciency and NaOH 
generation than Nafi on  ®   117.  
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  Water Electrolysis     The splitting of water into hydrogen and oxygen by elec-
trolysis is a process that is conventionally conducted by applying high voltage 
in a cell containing an anode and cathode and an alkaline water solution. 
Crosslinked sulfonic acid membranes have been used to replace the liquid 
electrolyte. The use of these membranes in the electrolyzer has improved the 
degree of separation and increased the energy effi ciency compared to the 
classical alkaline process with a simplifi cation of cell design and a low tem-
perature production capacity.   Furthermore, the electrolyte membrane electro-
lyzer can work at higher pressures, thus avoiding the compression of the H 2  
required for its transport  [129 – 131] . The electrolyte membrane plays a vital 
role in this cell as it acts as a selective separator; i.e., it transfers H +  formed at 
the anode to the cathode side and prevents the mixing of H 2  and O 2  ions again 
 [132] . Nafi on membranes (DuPont) are the most common materials used for 
this application. The fi rst membrane electrolyzers were developed by General 
Electric Co. in 1966 for space applications  [133] . Extensive research and devel-
opment on electrolyte membrane electrolyzers has been also performed within 
the Japanese WE - NET program  [134] . 

 Commercial radiation - grafted sulfonic acid membranes were tested for 
electrolysis of water and found to be a suitable cost - effective alternative for 
Nafi on membranes  [135] . These membranes were developed by Chlorine 
Engineers Co. through the radiation grafting of  α , β , β  - trifl uorostyrene (TFS) 
onto ETFE fi lms; the subsequent sulfonation displayed a performance stability 
up to 10,000   h operation.  

  Dehydration of Solvents     Grafted/crosslinked polymers in the form of mem-
branes can be effectively used to separate liquid mixtures in competition with 
conventional chemical processes such as distillation, absorption, liquid extrac-
tion, and fractional crystallization through a process called pervaporation 
(PV)  . This process has the advantage of creating cost savings and making 
environmentally friendly technology; therefore, it has attracted attention from 
the chemical, biochemical and petrochemical industries  [136] . 

 In the PV process, a liquid mixture is brought into contact with the mem-
brane, which preferentially permeates one of the liquid components (more 
volatile) as a vapor. The vapor of the more permeable component is cooled 
and condensated under the infl uence of the vapor pressure difference created 
by evacuation of the permeate side. The performance characteristics, i.e., per-
meability and the selectivity of the membrane for various components in 
organic - organic mixtures are functions of the solubility and the diffusivity of 
each component. Removal of water from solvents and separation of the organic 
solvents mixture are the most common applications of pervaporations  [136] . 
Particularly, the removal of water from a concentrated alcohol solution is one 
of the most important industrial PV applications. 

 Membranes of both synthetic polymers and derivatives of natural polymers 
have been tested for separation of liquid mixtures. Particularly, extensive 
efforts have been made to develop grafted or crosslinked PV   membranes with 



good performance and stability using various preparation methods, including 
radiation - induced grafting  [117, 136 – 139] . 

 Ping et al. have reported a high PV   performance for crosslinked PVA -
 poly(AAc) blend membranes for separation of alcohol/water mixtures  [140] . 
An increase in the permeability was observed with the crosslinked membranes 
at low poly(AAc) contents. Other blend membranes of grafted poly(AN) 
membranes were also tested for separation of water/ethanol mixtures by 
PV  [141] . These membranes were developed by blending poly(AAc) and 
poly(AAc) - g - poly(ethylene oxide) (PEO). 

 Wang et al. (1998) developed 2,3 - (epoxy propyl) - methacrylate (EPMA) 
chemically grafted polyurethane (PU) membranes for separation of an alcohol/
water mixture by PV separation  [125] . The grafted membranes showed a 
degree of grafting - dependent water permselectivity with the performance of 
grafted membranes higher than that of the ungrafted PU membrane for all 
water/alcohol mixtures. A grafted membrane with an 83.0% degree of grafting 
recorded a maximum performance in terms of the separation factor and per-
meation rate with values of 209 and 203   g · m  − 2    h  − 1 , respectively. 

 Poly(acrylate) membranes have been shown to have high fl ux and selectivity 
toward water in alcohol/water mixtures  [142] . For example, radiation - grafted 
membranes prepared by grafting AAc onto various fi lms such as PE, FEP, and 
ETFE exerted superior PV   properties toward ethanol/water mixtures  [143, 
144] . AAc - grafted membranes also showed superior permeability toward meth-
anol compared to MAc - grafted counterparts. The permeability was found to be 
a function of the degree of grafting in either membrane  [145] . 

 PVA membranes modifi ed by radiation grafting of AAc and MAc were also 
tested for pervaporation of methanol/water mixtures  [146] . Similar membranes 
based on crosslinked PVA modifi ed with monochloroacetic acid were tested 
for PV separation of ethanol/water mixtures  [147] . Modifi cation of the surface 
of the crosslinked membranes enhanced the permselectivity by almost twofold 
when compared to that for the only crosslinked PVA membrane, while the 
total fl ux remained unchanged. In another study, chemically crosslinked PVA 
membranes crosslinked with amic acid followed by imidization at 150    ° C 
showed an optimum PV results at a 12   wt. % crosslinking agent in the mem-
branes, giving separation factors of 70 – 380 and permeation rates in range of 
30 to 1600   g(m 2  · h)  − 1  depending on the operating temperature and feed mixture 
composition  [148] . 

 The permeation of water and acetone was studied using a porous hollow -
 fi ber membrane grafted with GMA treated by DEA  [149] . The pure water fl ux 
curve exhibited a sharp decrease at a conversion ratio of the epoxide to the 
DEA group between 40 and 60%. The acetone fl ux curve had a maximum 
value near the 20% conversion point. The DEA - group - containing membrane, 
with a conversion below 20%, showed a higher swelling in acetone than in 
water, suggesting that these membranes are acetone selective. 

 It has long been recognized that hydrophilic natural polymers such as 
sodium alginate (Na − Alg) and chitosan are good materials for PV separation 
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separation, namely, dehydration of solvents due to their strong affi nity to water 
molecules  [136] . Huang et al. tested ionically crosslinked Na - Alg membranes 
for dehydration of ethanol/water and isopropanol/water mixtures by pervapo-
ration. The membranes crosslinked with Ca 2+  ions showed the highest per-
vaporation performance in terms of fl ux and separation factors  [150] . Similar 
Na − Alg membranes crosslinked with glutaraldehyde (GA) showed an 
improved performance toward the separation of ethanol/water by pervapora-
tion  [151] . The performance of GA crosslinked Na − Alg membrane was 
enhanced by blending it with different hydrophilic polymers like PVA  [152, 
153]  and cellulose  [154] . 

 In another study, GA crosslinked membranes of high and low viscosity 
grades Na − Alg were used in pervaporation of acetic acid/water and isopro-
panol/water mixtures at 30    ° C for feed mixtures containing 10 – 50   wt. % of 
water. Membranes prepared from low - viscosity - grade Na − Alg showed the 
highest separation selectivity of 15.7 for 10 mass % of water in the feed 
mixture, whereas membranes prepared with high - viscosity - grade Na − Alg 
exhibited a selectivity of 14.4 with a slightly higher fl ux than that observed for 
the low - viscosity - grade Na − Alg membranes  [155] . 

 Toti and coworkers prepared blend membranes of Na − Alg with 
polyacrylamide -  grafted  - guar gum (PAAm -  g  - GG) and studied their pervapo-
ration performance for acetic acid/water and isopropanol/water mixtures  [156, 
157] . The membranes obtained from neat Na − Alg and a 1   :   1 blend of Na − Alg 
and PAAm -  g  - GG showed the highest selectivity for 10 wt. % water in the feed 
mixture, whereas membranes prepared with the 3   :   1 blend ratio of Na − Alg to 
PAAm -  g  - GG showed the highest separation selectivity of 20   wt. % water in 
the feed. 

 Alg composite membranes crosslinked with 1,6 - hexanediamine (HDM) or 
PVA were prepared by casting an aqueous solution of Alg and HDM or PVA 
on a hydrolyzed microporous PAN membrane and tested for pervaporation 
separation of acetic acid/water mixtures  [158] . The fl ux was higher for the K +  
membrane than for the Na +  membrane while the separation factor showed an 
opposite tendency. This HDM - crosslinked Na − Alg composite membrane 
showed a high separation factor of 161 and a good permeation rate of 
262   g · m  − 2    h  − 1  for pervaporation of 85   wt. % acetic acid aqueous solutions at 
70    ° C. The crosslinked Alg composite membrane with PVA has much lower 
separation properties (particularly lower selectivity for the acetic acid/water 
mixture) as compared to the alcohol/water system. 

 The PV performance of modifi ed chitosan membranes obtained by surface 
carboxylation of GA crosslinked chitosan membranes by maleic anhydride 
(MAn) was tested for separation of ethanol/water mixtures  [159] . The modi-
fi ed membranes were found to have a remarkably improved separation factor 
and fl ux. In separation of 90   wt. % ethanol/water mixture at 60    ° C, the separa-
tion factor and the fl ux of the MAn - treated chitosan - GA membrane were, 
respectively, found equal to 634 and 300   g · m  − 2    h  − 1 , compared to 105 and 
250   g · m  − 2    h  − 1  in the untreated crosslinked membrane. 



 Chen et al. reported crosslinked chitosan – silk - fi broin complex membranes 
and their applications in the pervaporation of an isopropanol/water mixture. 
The fl ux was signifi cantly improved while high selectivity was maintained 
when suitable amounts of AlCl 3  were added to the feed mixture  [160] . 

 Water - soluble blocked diisocyanate (DIC) - incorporated chitosan mem-
branes prepared using a solution technique were tested for separation of iso-
propanol/water mixtures at various temperatures (30    ° C – 60    ° C)  [161] . The 
membranes with higher amounts of DIC showed the best separation ability. 
A membrane containing 40   wt. % of crosslinker showed the highest separation 
selectivity of 5918 with a fl ux of 2.20    ×    10  − 2    kg   g · m  − 2    h  − 1  at 30    ° C for 5   wt. % of 
water in the feed. 

 Radiation - grafted poly (AAc)/nylon6 membranes were tested for pervapo-
ration of acetic acid/water mixtures  [162] . These membranes gave a high sepa-
ration factor of 300 for acetic acid/water with fl ux rates in the range of 40 to 
60   g · m  − 2    h  − 1 .  

  Separation of Solvent Mixtures     PV separation using grafted and/or cross-
linked membranes offer an alternative energy saving process to separate 
azeotrope mixtures, such as benzene and cyclohexane mixtures, posing a chal-
lenge to the chemical industry.   Particularly, composite membranes combining 
a benzene - soluble polymer (having an affi nity for benzene) with a benzene -
 nonsoluble one (forming the membrane backbone) became popular for such 
applications. The selectivity of these membranes was enhanced by crosslinking, 
graft polymerization, and/or microphase separation  [163] . 

 Uragami   and coworkers tested the PV performance of poly(al-
kylmethacrylate) (PAMA) crosslinked with ethylene glycol dimethacrylate 
(EGDMA) for separation of benzene/cyclohexane mixtures  [164] . The cross-
linked PAMA membranes exhibited a benzene permselectivity, and the per-
meation rate increased with increasing benzene in the feed solution. 

 2 - hydroxyethyl methacrylate (HEMA) (branch) – methyl acrylate (back-
bone) comb - type graft copolymer membranes having microphase - separated 
structures were investigated for pervaporation of benzene/cyclohexane mix-
tures  [165] . Benzene was found to preferentially permeate through the 
membranes with its permeation rate increased with increasing MA   mole frac-
tion in the graft copolymers. It was found that the continuous phases of 
poly(MA  ) domains functioned as permeating pathways for benzene, and that 
the selectivity of the graft polymeric membranes occurred by dissolution of 
the solvent into the membranes. 

 Yanagishita et al. prepared crosslinked radiation - grafted membranes based 
on asymmetric polyimide (PIM) fi lms obtained on nonwoven fabric by the 
phase inversion process fabric followed by electron - beam (EB) irradiation and 
subsequent grafting with 4 - VPn. The membranes showed high benzene selec-
tivity when used for separation of benzene/cyclohexane mixtures  [166] . 

 Pervaporation of methanol/toluene mixtures were investigated using 
ungrafted poly(ethylene - terephthalate) (PET) and radiation - grafted 
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poly(ethylene - terephthalate) -  graft  - polystyrene (PET -  g  - PSty) membranes. It 
was found that PET -  g  - PSty membranes exhibited better toluene selectivity 
than the ungrafted PET membrane, while the permeation fl uxes of the grafted 
membranes were lower. Grafted PET -  g  - PSty membranes with degrees of 
grafting up to 35% were found to be better than the ungrafted PET for PV 
of toluene/methanol systems  [167, 168] . 

 Pore - fi lled membranes composed of porous substrate fi lled with polyelec-
trolyte polymers have been proposed for organic - liquid pervaporation separa-
tion  [169] . Grafted membranes prepared by photoinduced graft - fi lling 
polymerization of porous fi lms of poly(AN)and PIM grafted with methyl 
methacrylate (MMA) from the vapor phase showed benzene permselectivity 
for a benzene/cyclohexane mixture (50/50, v/v) by PV  [170, 171] . The compos-
ite poly(AN) - based membrane showed a total fl ux of 0.12   kg   g · m  − 2    h  − 1  with a 
separation factor of 9.1 at 30    ° C compared to 0.71   kg   g · m  − 2    h  − 1  and 7.4 for com-
posite PIM - based membranes at the same temperature. 

 Pore - fi lling membranes composed of porous PE or PP fi lled with grafted 
poly(MMA) prepared by plasma copolymerization have found their applica-
tion in pervaporation separation of the benzene/cyclohexane mixture  [169, 
172] . The membranes showed high permselectivity for benzene. 

 Similar pore - fi lling membranes composed of poly(AN) membranes com-
bined with photografted poly(EGMA) were tested for the pervaporation 
separation of organic mixtures such as methanol/cyclohexane. High methanol 
selectivity (2000) and extraordinarily high permeate fl uxes ( ≤ 8   kg   g · m  − 2    h  − 1 ) 
were achieved with membranes having a grafted selective layer of  < 1    μ m thick 
 [173] . 

 The use of pore - fi lling - type membranes for separation of chloroform/ n  -
 hexane mixtures by reverse osmosis (RO) was also reported. The membranes 
obtained by grafting of MMA   into porous PE and crosslinked with vinyl 
acrylate (VA) and  N , N  ′  - methylene -  bis - (acrylamide) (MBAAm)  [174] . The 
HDPE -  g  - MMA/VA membranes showed RO separation capability, but they 
deteriorated after the RO experiments were repeated several times. The 
HDPE -  g  - MMA/MBAAm membranes exhibited an improved stability and a 
reasonable separation performance at pressures as high as 12   MPa. 

 Earlier, Chapiro et al. developed radiation - grafted membranes FEP -  g  -
 poly(4 - VPn) capable of separating ethanol from a model mixture of ethanol/
diproperyl ether bearing a composition of 20:80 (v/v) by pervaporation  [175] .  

  Recovery of Precious Metals     Due to increasing demand, precious metals, 
including silver (Ag), gold (Au), palladium (Pd), and platinum (Pt), are 
re covered from a wide variety of mining and industrial waste streams  [176] . 
Biosorption with natural polymers such as modifi ed chitosan offers promising 
alternative technologies to conventional ones (solvent extraction and chemical 
precipitation) for the recovery of precious metals  [177, 178] . 

 Chitosan modifi ed by GA crosslinking is an effi cient sorbent for Pt recovery 
from dilute acidic solutions. The sorption capacity reaches levels as high as 



300   mg   Ptg  − 1  ( ∼ 1.5   mmol   Ptg  − 1 ) at pH range of 2.0 – 2.5. Uptake values of 
100   mg   Ptg  − 1  and higher were obtained at concentrations as low as 0.2   mg   Pt   L  − 1  
 [179] . 

 Guibal et al. improved the sorption capacity of chitosan - based sorbents by 
the grafting of thiourea and rubeanic acid (dithiooxamide) for the extraction 
of Pd from dilute solutions  [180] . The added chelating sulfur functions were 
found to give the sorbent a dual anion exchange/chelating structure, enhancing 
the metal sorption capacity, which makes these chitosan derivatives highly 
effi cient in the extraction of Pd from dilute acidic solutions. 

 Crosslinked chitosan derivatives prepared by crosslinking with GA and 
hexamethylene diisocyanate (HMDIC) followed by grafting of sulfur com-
pounds showed high effi ciency for removal of Au from dilute acidic solutions: 
maximum uptake capacity reaches 600   mg   Au   g  − 1  ( ∼ 3   mmol   g  − 1 ). The grafting of 
sulfur compounds and HMDIC crosslinking was found to enhance the sorp-
tion kinetics of Au  [181] .   

  Environmental Applications 

  Removal of Heavy Metals from Industrial Waste Water     Removal of toxic 
heavy metals such as Cu 2+ , Pb 2+ , Ni 2+ , Cd 2+ , Zn 2+ , Mn 2+ , Co 2+ , Hg 2+ , and Fe 3+  
from industrial waste water is essential from the standpoint of environmental 
pollution control. This is to eliminate the direct toxic effect of such heavy 
metals on human and animal health. Various methods for the removal of heavy 
metals such as ion exchange, chelation, reverse osmosis, coagulation precipita-
tion, electrochemical operation, fi ltration, and adsorption were adopted  [182] . 
Among many chelating agents, various forms of grafted and crosslinked syn-
thetic or natural polymers containing functional groups (ion exchange resins 
and membranes, affi nity adsorbents, and hydrogels) have been found to be 
attractive materials for these applications  [183, 184] . This was enhanced by the 
availability of a variety of cheap host polymers and a large number of grafting 
monomers. 

 The grafting of hydrophilic monomers onto a variety of polymer fi lms offers 
various types of membranes that have ion - binding capacity  [185 – 188] . To 
further enhance the metal adsorption capacity of the membranes, the grafting 
of binary monomer mixtures was introduced. Cation/anionic membranes pre-
pared by radiation grafting of AAc and 4 - VPn onto low - density PE fi lms 
showed a good potential for separation of Fe 3+  and other heavy metals such 
as Pb 2+ , Cd 2+ , and Cu 2+  from contaminated water resources  [189] . The stability 
of similar membranes was improved by grafting of AAc and N - VPn onto 
PTFE fi lms. These membranes were found to have potential for separation of 
Cu 2+ , Ni 2+ , Pb 2+ , Cd 2+ , Zn 2+ , Mn 2+ , Co 2+ , Cr 2+ , and Fe 3+  ions  [186, 190] . 

 Double (strongly and weakly) acidic membranes prepared by the radiation 
grafting of Sty/AAc onto low - density PE fi lms followed by sulfonation and 
alkaline treatment have shown good affi nity for adsorption of Pb 2+  and Fe 3+  
ions  [10] . 
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 The binary grafting mixture of Sty/AAc was also used to modify PVA fi lms, 
converting them to hydrogel membranes that showed high selectivity toward 
Ni 2+  and Co 2+  as reported by Abd El - Rehim et al.  [191] . They also investigated 
another membrane by grafting Sty and MAn monomers onto PE fi lms, fol-
lowed by treatment that includes conversion of the membranes to carboxylic 
acid and amino groups by alkaline hydrolysis and treatment with different 
alkylamines  [192] . It was found that the grafted fi lms treated with thiosemi-
carbazide prefer Cu 2+ , the hydroxylamine hydrochloride treatment prefers 
Cr 3+ , and the NaOH treatment prefers Fe 3+  in a mixture of Cu 2+ , Cr 3+ , and Fe 3+  
at 70    ° C. 

 Chelating membranes prepared by radiation grafting of epoxy - group - 
containing monomers such as GMA onto porous PE fi lms followed by conver-
sion of epoxy groups to iminodiacetate groups have shown great potential 
for removal of Cu 2+  from CuCl 2  solution  [193] . 

 Hollow - fi ber membranes prepared by radiation grafting of GMA onto PE 
hollow fi bers followed by amination reaction have shown great potential for 
the removal of Pb 2+  and Pd 2+  ions  [194, 195] . Similar PE -  g  - poly(GMA) hollow -
 fi ber membranes activated by iminodiacetation and sulfonation were pro-
posed for the removal of Co 2+  and Cs +   [11, 194] , and Pd 2+  ions  [196]  and 
germanium oxide  [197]  from effl uents produced by processing spent catalysts 
and the production of PET, respectively. 

 Strongly acidic cationic membranes prepared by radiation grafting of a 
Sty/DVB mixture onto FEP fi lms followed by sulfonation were originally 
proposed for acid recovery (chromic acid) from the electroplating industry by 
the separation of Cu 2+ , Ni 2+ , and Fe 3+  ions from the chromium plating solution 
 [195] . Weakly acidic cation exchange membranes prepared by grafting AAc 
onto PE, PTFE, FEP, and PFA fi lms have shown a remarkable capability to 
separate Cu 2+ , Ni 2+ , Mo 2+ , Zn 2+ , Mn 2+ , Co 2+ ,Cr 2+ , and Fe 3+  ions from low and 
intermediate level waste water  [10] . 

 Removal of Hg 2+  from solutions by radiation - grafted PE -  g  - poly(AAm) 
membranes was reported by Gupta et al.  [188] . These membranes have achieved 
99% separation when used to treat a solution containing 200   ppm of Hg 2+  ions. 

 Sugi et al. prepared resins to remove heavy metals by the immobilization 
of phenylalanine (Phe) spherical macroreticular Sty/DVB beads. The obtained 
resins were found to be capable of separating Cu 2+  ions from its mixture with 
Co 2+  and Ni 2+  ions. These resins were also capable of removing Cu 2+  ions from 
seawater  [198] . 

 Photografted membranes composed of poly(2 - hydroxyethylmeth -  acrylate -
 co - methacrylamindophenylalanine) were tested for Cu 2+  adsorption  [199, 200] . 
The membranes showed metal affi nity in the order of Hg 2+     >    Ni 2+     >    Cu 2+ , with 
metal adsorption increasing with increased pH, levelling off at a pH of 5. 
Grafted Phe/PE hollow - fi ber membranes prepared by radiation - induced graft-
ing were also investigated for removal of Cu 2+  ions  [201] . 

 Kumar et al. studied the removal of Co 2+ , Ni 2+ , Mn 2+ , and Cd 2+  ions from 
aqueous solution using a grafted adsorbent obtained by radiation grafting AN 



onto a nonwoven thermally bonded PP followed by the amidoximation of 
nitrile groups to a chelating amidoxime (AMO) group. The adsorption capaci-
ties of the adsorbent for the metal ions were found to follow the order Cd 2+     >   
 Co 2+     >    Ni 2+     >    Mn 2+ . The kinetics of adsorption of these ions indicated that the 
rate of adsorption of Cd 2+  ions was faster than that of other ions studied  [202] . 

 Trochimczuk and Streat prepared effective chelating resins composed of a 
copolymer of AN/EA/DVB for removal of Cd 2+  ions from a solution in the 
presence of Ni 2+  ions. The initial polymer is modifi ed by means of 7.5% w/w 
ethylenediamine thiophosphonate. The chelating resins showed high selectiv-
ity for Cd 2+  ions in the presence of Ni 2+  ions in aqueous solutions, independent 
of the pH which was set in the range of 3.5 to 5.6  [203] . 

 Grafted and/or crosslinked natural polymers such as chitosan and starch 
offer very promising materials for removal of toxic metal ions from waste 
water. Particularly, chitosan has been subjected to a tremendous number of 
studies because of its excellent adsorption capacity for heavy - metal removal. 
For example, the saturation adsorption capacity of Cd 2+  ions on chitosan cross-
linked with GA decreased exponentially from 250 to 100   mg · g  − 1  as the extent 
of crosslinking increased from 0 to 1.3   mol   GA · mol  − 1  of amine  [204] . A similar 
study was conducted by Rorrer et al.  [205]  with a saturation adsorption capac-
ity of 518   mg · g  − 1  for Cd 2+  ions on GA - chitosan 1   mm diameter beads. 

 Beside GA, other crosslinking agents including EPI  [206] , ethylene glycol 
diglycidyl ether (EGDGE), iminodiacetic acid  [207] , nitriloacetic acid, and 
organic diisocyanates  [208]  have been used to crosslink chitosan adsorbents. 
For example, chitosan crosslinked with EGDGE, DEGDGE ether, and 
PEGDGE showed an interesting selectivity for Cu 2+  over Ni 2+  and Co 2+  ions 
 [209 – 211] . 

 Polyaminated highly porous resins have been prepared from porous beads 
of chitosan by crosslinking them with EGDGE and then reacting the cross-
linked beads with EPI and polyethyleneimine (PEI), respectively. The order 
of selectivity of adsorption of metal ions onto the resins at pH 7 was Hg 2+     >   
 UO 2+     >    Cd 2     +  >    Zn 2+     >    Cu 2+      >    Ni 2+  ions. Interestingly, Ca 2+  Ga 3+  As 3+ , Sr 2+  ions 
were not adsorbed on the resins at all  [212, 213] . 

 GA -  or EPI - crosslinked chitosan membranes were tested for the removal 
of Hg 2+  ions from aqueous solutions in a batch reaction under various condi-
tions. The maximum adsorbed amounts, at pH 6.0, were 30.3 and 75.5   mg · g  − 1 , 
respectively, to EPI - crosslinked and GA - crosslinked chitosan membranes. The 
GA - crosslinked chitosan membranes showed a lower percentage of recovery, 
but they were chemically stable at lower values of pH, allowing their use in 
acidic solutions and continuous stages of adsorption and desorption  [214] . 
Similar crosslinked chitosan beads were used for the removal of Fe 2+  and Fe 3+  
ion from aqueous solutions. The capacity of Fe 3+  ion adsorption using chitosan 
and crosslinked chitosan beads was greater than Fe 2+  ion adsorption  [215] . 

 Chitosan grafted with poly(AN) has been further modifi ed by the reaction 
of the cyano group of chitosan bead -  g  - poly(AN) copolymer with HA, after 
crosslinking the chitosan with GA and AN grafting to yield amidoximated 
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crosslinked chitosan  [216] , a derivative that has higher adsorption for Cu 2+ , 
Mn 2+ , and Pb 2+  ions as compared to crosslinked chitosan. The adsorption 
capacity had a linear dependence on pH in the cases of Cu 2+  and Pb 2+  ions. 
However, a slight decrease in the adsorption capacity was observed in the case 
of Zn 2+  and Cd 2+  ions  [217] . 

 Chitosan -  g  - PVPn resins synthesized by homogenous grafting of 4 - VPn 
onto chitosan were effectively used to bind to Cu 2+  and then became soluble 
in dilute HCl  [218] . Amphoteric fl occulent, which can function as a polyca-
tionic fl occulent in acidic media and as a polyanionic fl occulent in basic media, 
having much higher adsorption properties, was also synthesized by grafting 
alkanedioic, alkenedioic, and alkenoic acids  [219] . 

 Good adsorbents for Hg 2+  and Cd 2+  ions were also obtained by crosslinking 
chitosan with diisocyanates such as nitriloacetic acid. More details on the 
prospective of crosslinked chitosan adsorbents can be found in the review by 
Verma et al.  [30] . 

 Recently, other polysaccharide derivatives such as starch, cyclodextrins 
(CD), cellulose, and biomass have been under consideration as materials to 
use for developing biosorbents for heavy - metal removal.   For example, cross-
linked and carboxymethylated starches (CMSs) have been proposed as sor-
bents for the removal of divalent heavy - metal ions (Cu 2+ , Pb 2+ , Cd 2+ , and Hg 2+  
ions). The removal effi ciency of these metal ions depends on the carboxy-
methyl group and the starch content in the sorbent. 

 Chan studied the adsorption dynamics of Cu 2+  ions onto insoluble ampho-
teric starch that contained quaternary ammonium and phosphate groups  [220] . 
The Cu 2+  ion sorption process was found to occur in two stages: external mass 
transport occurs in the early stage and intraparticle diffusion occurs in the 
long - term stage  [221 – 223] . 

 Zhang and Chen investigated crosslinked poly(dimethylamino -  ethyl 
methacrylate) starch grafted copolymers containing tertiary amine groups as 
adsorbents for Pb 2+  and Cu 2+  ions  [224] . The crosslinked starch graft copolymer 
with a 60% degree of grafting achieved an equilibrium adsorption capacity 
of 2.09 and 2.12   mmol   g  − 1  (dry weight) for Pb 2+  and Cu 2+  ions, respectively. 

 Guo et al. investigated the adsorption of Cu 2+  ions on crosslinked starch 
phosphate carbamates adsorbent prepared from an aqueous solution  [225] . 
The adsorbent achieved a maximum adsorption capacity of 1.60   m   mol · g  − 1  for 
Cu 2+  ions with a regeneration capacity of above 96% when treated with 1   N 
HCl solution for 1   h. 

 The use of biomass has been also reported for the development of biosor-
bent chelating materials for heavy - metal removal. The biomass of  Penicillium 
chrysogenum  was modifi ed by the grafting of AAc or polyethylenimine (PEI) 
on the surface of ozone pretreated biomass  [226, 227] . However, the prepara-
tion process was very complex and not cost effective. 

 Yu et al. reported a simple process to prepare a biosorbent with high sorp-
tion capacity by grafting of poly(amic acid), which was obtained through the 
reaction of pyromellitic dianhydride (PMDA) and thiourea, onto the biomass 



(baker ’ s yeast) surface at 50    ° C for 4   h. The adsorption capacity of the modifi ed 
biomass increased 15 -  and 11 - fold for Cd 2+  and Pb 2+  ions, respectively, com-
pared with the pristine biomass. The regenerated biomass can be used for at 
least four times with little loss of uptake capacity  [228] . The same authors 
extended their work by modifying the surface of the dried biomass of baker ’ s 
yeast by crosslinking the cystine with GA. The adsorption capacity of the 
modifi ed biomass for Cd 2+  and Pb 2+  ions showed an increasing trend compared 
with the pristine biomass due to the presence of cystine on the biomass surface. 
The adsorption capacities for Cd 2+  and Pb 2+  ions were 11.63 and 45.87   mg   g  − 1 , 
respectively  [229] . 

 The use of metal - binding proteins (amino acids) such as glycine (Gly) 
immobilized onto a solid support (crosslinked resins) as a metal chelating 
agent has been investigated. The metal - binding capabilities of poly(AAm) 
crosslinked with  N,N  - methylene - bis - acrylamide (NNMBA) immobilized with 
Gly was reported for heavy metals: Co 2+ , Cu 2+ , Fe 2+ , Fe 2+ , Ni 2+ , and Zn 2+  ions. 
The metal - binding capacity increased with the increase in crosslinking up to 
8% beyond which it declined  [230, 231] . 

 In another study, George and Mathew studied the metal - binding ability of 
DVB - crosslinked poly(AAm) supported Gly toward Co 2+ , Cu 2+ , Ni 2+ , and Zn 2+  
ions  [232] . Interestingly, as the degree of crosslinking increases from 2 to 20%, 
the metal complexation decreases due to a decrease in the available carboxyl-
ate ligands for metal binding with an increase in DVB content. The comparison 
between the metal - ion complexation characteristics between Gly functional-
ities supported on DVB - crosslinked poly(AAm) and NNMBA - crosslinked 
poly(AAm) toward Co 2+ , Cu 2+ , Ni 2+ , and Zn 2+  ions showed the latter to be more 
effective at metal complexation than the former, while inclusion of DVB 
showed an increased metal selectivity over NNMBA  [233] . 

 Hydrogels of synthetic or natural polymer origins have been also used for 
heavy - metal removal. In particular, chelating radiation - grafted poly(VPn/
AAc) copolymer hydrogel was investigated for the removal of Fe 3+ , Cu 2+ , and 
Mn 2+  ions from aqueous solution in a batch equilibration technique under 
various conditions. The removal of the metal ions followed the order of Fe 3+   
  >    Cu 2+     >    Mn 2+  ions  [55] . 

 Merrifi eld et al. investigated the uptake of Hg 2+  ions by thiol - grafted chito-
san gel beads  [234] . The gel beads were prepared by dissolving chitosan and 
converting it into spherical beads using a phase - inversion technique followed 
by crosslinking to improve the beads ’  porosity and chemical stability. Cystine 
was grafted onto the beads in order to improve the adsorption affi nity of Hg 2+  
ions to the beads. The adsorption capacity was approximately 8.0   mmol - Hg 2+  
g  − 1  dry beads at pH 7, and decreased with decreasing pH. 

 Radiation - grafted acid hydrogels composed of PVA/citric acid (CA)/water 
and PVA/succinic acid (SA)/water were investigated for heavy - metal 
removal. The incorporation of SA and CA groups onto PVA networks 
remarkably improved the affi nity of these hydrogels for Co 2+  and Ni 2+  ion 
uptake  [50] . 
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 Radiation - grafted PVA/ethylenediaminetetraacetic acid (EDTA) hydro-
gels were tested for removal of Pb 2+ , Cd 2+ , and Hg 2+  ions. The incorporation of 
EDTA moieties onto PVA networks resulted in a hydrogel, which has a strong 
absorption affi nity for Pb 2+  and Cd 2+  ions. The maximum chelating capacities 
of the hydrogel were found to be 8.5   mg/g for Pb 2+  ions and 4.2   mg/g for Cd 2+  
ions. No affi nity for Hg 2+  ions by the hydrogel was observed  [235] . 

 Decontamination of synthetic Pb 2+ , Zn 2+ , Cd 2+ , and Ni 2+  ion solutions 
was investigated using crosslinked silica gels chemically modifi ed with 
poly(ethyleneimine) (PEI)  [236] . 

 Hydrogels from cellulose water - soluble derivatives such as chloromethyl-
ated (CM) cellulose and from crosslink CM - chitin and CM - chitosan, cross-
linked by high - energy radiation at high concentrated pastelike conditions, 
have shown improved metal adsorption capacity and can be suitable for heavy -
 metal removal  [46, 237, 238] .  

  Removal of Dyes from Industrial Waste Water     Removal of dyes generated 
from industries such as dye manufacturing, textile, pulp and paper production, 
tanneries, chemical production, and paints and varnishes poses a real challenge 
for environmental waste control. This is primarily due to dyes ’  diverse and 
continuously changing character, complex chemical nature, persistent color, 
inhibitory and nonbiodegradable nature, and toxicity  [239] . At present, various 
methods are available for color removal, including coagulation fl occulation 
with agent adsorption over activated carbon, charcoal or silica and membrane -
 fi ltration processes, oxidation via ozonation or hydrogen peroxide, and treat-
ment with fungi or bacteria. Each one of these methods has advantages and 
drawbacks when chosen for application. Due to cost consideration, there is 
renewed research interest in the production of alternative sorbents to replace 
the costly dye - removing materials and related processes. Attention has been 
focused on various natural solid supports, which are able to remove pollutants 
from contaminated water at low cost. Natural polymers offer potentially eco-
nomical alternative sorbents for dye removal. These natural polymers are 
abundant, renewable, biodegradable resources and can be easily modifi ed. For 
example, chitosan molecules have a high content of amine and hydroxyl func-
tional groups, which gives them an extremely high affi nity toward many classes 
of dyes including disperse, direct, reactive, anionic, sulfur and naphthol  [240] . 
Thus, chitosan -  and chitin - modifi ed biosorbents have been the subject of a 
large number of studies, recently reviewed by Crini  [26] . 

 Grafting and crosslinking of chitosan have also been made to improve its 
removal performance and selectivity for dyes, to control its diffusion proper-
ties, and to decrease the sensitivity of sorption to environmental conditions. 
Both batch contacting and column processes are available for chitosan materi-
als with solution containing dyestuffs  [241] . The use of crosslinked chitosan 
for the removal of dyes has been intensively investigated  [242 – 244] . 

 Several crosslinked chitosan sorbents were prepared according to a proce-
dure in which chitosan beads were crosslinked with GA, EPI, or EGDE  [62] . 



The obtained crosslinked chitosan - EPI beads showed higher adsorption capac-
ity than chitosan crosslinked with GA or EGDE, respectively. It was found 
that 1   g chitosan adsorbed 2498   mg of reactive blue 2. Chitosan - based biosor-
bents have also demonstrated outstanding removal capabilities for direct dyes. 
In comparison with commercial activated carbon, the chitosan - EPI beads 
exhibited excellent performance for adsorption of anionic dyes: the adsorption 
values were 3 – 15 times higher at the same pH  [244] . The adsorption capacities 
for some crosslinked chitosan and grafted chitosan biosorbents are summa-
rized in Table  10.1 .   

 Chao et al. have used four kinds of phenol derivatives, namely 4 - hydroxy-
benzoic acid (BA), 3,4 - dihydroxybenzoic acid (DBA), 3,4 - dihydroxyphenyl -
 actic acid (PA), and hydrocaffeic acid (CA) individually as substrates for 
tyrosinase to be grafted onto chitosan  [245] . The modifi ed chitosan gel beads 
were found to be effective in adsorption of cationic dyes such as crystal violet 
(CV) and Bismarck brown Y (BB). The adsorption of CV and BB by chitosan 
modifi ed by carboxyl groups showed a chemical, equilibrated, and saturatable 
mechanism. 

 Crosslinked starch containing amine groups were proposed for dye removal 
by Delval et al.  [34 – 36] . The sorption results showed that the adsorption rate 
was high and the sorption capacities were signifi cant. Several hundreds ppm 
of dyes could be removed from water effectively in a few minutes using 
column experiments. 

 Radiation - grafted adsorbent starch beads prepared by radiation grafting 
AN onto maize starch were tested for the removal of basic, acid, and direct 
dyes from aqueous solution  [246] . Similar radiation - grafted beads were evalu-
ated for the removal of basic violet 7, basic blue 3, direct yellow 50, and acid 
red 37 from aqueous solutions after the nitrile group was converted into ami-
dooxime by reaction with hydroxylamine  [247] . 

 Crosslinked cyclodextrin (CD) polymers also have interesting diffusion 
properties and possess an amphiphilic character. This biosorbent demonstrated 
an effi cient extraction of dyes  [39, 40, 248] . 

 TABLE 10.1.     The adsorption capacities for some crosslinked chitosan and grafted 
chitosan biosorbents. 

  Biosorbent    Dye type  
  Adsorption capacity 

(mg · g  − 1 )  

  Crosslinked chitosan beads    Anionic/reactive blue 2    2498  
  Crosslinked chitosan beads    Anionic/reactive red 2    2422  
  Crosslinked chitosan beads    Anionic/direct red 81    2383  
  Crosslinked chitosan beads    Anionic/reactive red 189    1936  
  Crosslinked chitosan beads    Anionic/reactive yellow 86    1911  
   − COOH grafted chitosan beads    Cationic/crystal violet    N/A  
   − COOH grafted chitosan beads    Cationic/Bismarck brown    N/A  

 [Reproduced from  Dyes Pigments ,  60 : 69(2004)]. 
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 Dye biosorbents coupling chitosan with CD such as (CD -  graft  - chitosan 
showed excellent sorption properties toward different classes of dyes present 
in textile waste water with a superior rate of sorption and high effi ciency as 
compared to those of parent chitosan and of the well - known CD - epichloro-
hydrin gels  [240] . A maximum adsorption capacity of 77.4   mg · g  − 1  was recorded 
for acid blue 25.  

  Treatment of Radioactive Waste Water     Ion exchange is an effective treat-
ment method for liquid radioactive waste in nearly all phases of the nuclear 
fuel cycle, including the early stage of uranium ore treatments, the chemical 
control of primary circuit coolants during nuclear power plant operations, and 
polishing water effl uents at spent fuel reprocessing plants  [249] . Organic and 
synthetic ion exchangers in membranes and resins forms have found their 
specifi c fi elds of application in different purifi cation and liquid radioactive 
waste treatment processes. 

 PE -  g  - poly(AAc) membranes prepared by the radiation grafting of AAc on 
PE were tested for the recovery of uranium from simulated waste solution. 
The membranes were found to be highly selective toward Zr, which is the most 
important contaminating element in uranium recovery  [250] . 

 Sulfonated hollow - fi ber membranes prepared by radiation grafting of Sty 
onto hollow PE fi bers followed by chemical treatment with chlorosulfonic acid 
have shown good separation properties for Co 2+  ions  [251] . Yamagishi et al. 
earlier removed Co 2+  ions from their solution using similar chelating radiation -
 grafted porous hollow - fi ber membranes  [252] . 

 Grafted poly(AAm) membranes prepared by radiation grafting of AAm 
onto polyvinylchloride (PVC) showed a great tendency to separate Co - 60 
from liquid radioactive waste containing a mixture of Co - 60 and Cs - 137 
 [253] . 

 Amidoxime containing fi brous hydrogels prepared by radiation - induced 
grafting of AN onto PP fi bers and nonwoven fabrics followed by subsequent 
amidoximation by HA have been found to be very promising for the recovery 
of uranium and vanadium from sea water  [254] . The adsorption for uranium 
and vanadium was found to be, respectively, 576 and 1800    μ g · g  − 1  fi ber, from sea 
water having concentrations of 3.3 and 1.5    μ g · g  − 1  sea water, respectively. Similar 
potential adsorbent materials were prepared by graft copolymerization of an 
AN/N - VPn mixture followed by amidoximation reaction with HA. An 
improved adsorption capacity of 0.75   g   UO2

2+g − 1 dry amidoximated adsorbent 
from its aqueous solution (e.g., 1400   ppm) was obtained  [255] . 

 Amidoximated AN/ N  - vinylimidazole (VIm) copolymer hydrogels prepared 
by  γ  - radiation followed by amidoximation of the AN moieties of copolymers 
with HA hydrochloride in a basic medium were used to separate   UO2

2+ from 
aqueous solutions by a complexation process. The adsorption capacity was 
found as high as 0.64   g   UO2

2+g − 1 dry amidoximated copolymer, indicating that 
that amidoximated poly(AN/VIm) hydrogels are very suitable chelating agents 
for the adsorption of   UO2

2+ ions from aqueous systems  [53] . 



 Separation of   UO2
2+ was also attempted by Choi and Nho  [256]  using che-

lating membranes prepared by grafting AN, AAc, or AN/AAc mixture. The 
AN unit of the grafted fi lm was transformed into amidoxime groups. This 
membrane was found to be good material for   UO2

2+  separation. In another 
study, GMA and AN were grafted onto PE and subsequently transformed into 
IDA and oximes, respectively  [194] . These membranes were effective for com-
plexation with   UO2

2+ and Cu 2+  ions. The separation of   UO2
2+ ions by oximes 

has also been demonstrated by such membranes  [257] . 
 Earlier, chitosan derivatives with ketoacids were found to be effective in 

removal of Co - 60 from nuclear plant waste water and for separation of uranium 
from dilute solutions as well as from saline water  [258] .  

  Recovery of Waste Acids     Recovery of spent acids from waste acids produced 
by several industries such as pickling and surface treatment, pigments, and 
hydrometallurgy has become of major environmental concern. Conventional 
technology for spent acid recovery includes either neutralization, which leads 
to large amounts of sludge, or thermal techniques such as distillation and 
evaporation or pyrolysis, which are economically viable only for large volumes 
of effl uents. Among the possible alternatives, ED with IEMs is an attractive 
technique for treating waste acids  [259] . 

 The recovery of sulfuric acid from the zinc hydrometallurgy industry has 
proved to be viable in laboratory and pilot scale ED cells when tested with 
three crosslinked commercial IEMs: Neosepta CMS (Tokuyama Soda Co.), 
Morgane CRA (Solvay), Selemion CHV (Asahi Glass Co.) in comparison with 
Nafi on membranes  [260] . 

 Recovery of sulfuric acid produced in the diamond manufacturing process 
by the diffusion dialysis (DD) method using a commercial crosslinked anion 
exchange membrane was conducted by Joeng et al.  [261] . About 80% of the 
acid could be recovered from waste sulfuric acid, which contained 4.5   M free -
 acid at a fl ow rate of 0.26    ×    10  − 3    m 3  · h  − 1 m -  3 . The concentration of recovered 
sulfuric acid was 4.3   M, with impurities as low as 2000   ppm. This study has 
revealed that DD has high economic prospects for such an application.   

 Sulfonated and crosslinked poly(Sty) -  grafted  ETFE membranes prepared 
by radiation grafting showed an excellent performance in acid recovery 
 [262] . Poly(4 - VPn) -  grafted  ETFE membranes also showed a comparable 
performance to commercial IEMs (De Morgan) in acid recovery by dialysis 
 [263] . 

 Also, membranes obtained by radiation grafting of vinyl monomers such as 
AAc, MAc, AAm, and N - VPn, 2 - HEMMA onto various fi lms (PE, PP, and 
ETFE) were found to be promising for acid recovery by dialysis  [117, 264, 265] .   

  Biotechnology and Biomedical Applications 

  Purifi cation of Protein     Rapid development in biotechnology requires reli-
able and effi cient methods to purify commercial - scale quantities of proteins 
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for use in the pharmaceutical and food industries  [266] . Selective grafted resins 
and hydrogels are widely used in separation and purifi cation of proteins based 
on (i) ion exchange, (ii) affi nity, and (iii) metal complexation that forms various 
chromatographic modes and techniques developed with packed - bed columns. 
The major limitations associated with conventional packed - bed   chromatogra-
phy for protein separation and purifi cation are mainly high pressure drop, 
diffusion limitation, and long processing time. Such drawbacks can be over-
come by using adsorptive microporous membranes as chromatographic media. 
These membranes offer higher throughput and shorter processing times, with 
an easy scaling up when compared with packed bed systems  [267, 268] . Mem-
brane adsorbers combine the selectivity of chromatographic resins with the 
high productivity of fi ltration membranes  [269] . 

 Membrane adsorbers can exist in a variety of confi gurations  [270, 271]  with 
a variety of adsorptive mechanisms (e.g., ion exchange, hydrophobic, reversed -
 phase, or affi nity interactions). The principle of selective or specifi c collection 
of ions and proteins during permeation of the liquid across a microporous 
membrane has been verifi ed using various systems  [73, 268, 272] . 

 Grafting has been used to increase the binding capacity of rigid polymeric 
membranes through reduced steric hindrance associated with the binding of 
large molecules on rigid surfaces, as reported by Koguma et al.  [273] . 

 The use of grafted porous affi nity and chelating membranes for the collec-
tion of proteins has been reported in the literature. For example, lysozyme 
adsorption was examined during the permeation of the lysozyme solution (pH 
6) through a microporous cation - exchange hollow fi ber containing sulfopropyl 
(SP) groups prepared by radiation - induced grafting of GMA followed by 
hydrolysis of the resulting epoxide group into a diol, and then converting the 
diol into the SP groups. The SP group density of the resulting hollow fi ber 
ranged from 0.21 to 0.84   mol · kg  − 1  of dry fi ber with a pure water fl ux of 2.7   m · h  − 1  
at a fi ltration pressure of 0.1   MPa. These membranes showed a negligible dif-
fusional resistance of lysozyme to the SP group. The binding capacity of lyso-
zyme to the fi ber was constant in this range of SP group density  [274] . 
Adsorption of lysozyme was also investigated with similar membranes con-
taining sulfonic acid groups (SO 3 H) anchored onto grafted microporous PE 
hollow -  fi ber membranes  [275] . 

 A hydrophobic amino acid having a pseudoaffi nity ligand, such as trypto-
phan or  - phenylalanine, immobilized into a microfi ltration PE hollow - fi ber 
membrane was used to remove disease - causing proteins from blood. These 
affi nity membranes were prepared by radiation - induced grafting of GMA 
onto porous PE hollow fi bers and subsequent coupling of the polymer brush 
grafted epoxide group with tryptophan or  - phenylalanine. The remaining 
epoxide groups were hydrolyzed into a diol group with sulfuric acid  [65, 66] . 
Bovine  γ  - globulin as a model protein was adsorbed onto the pseudoaffi nity 
microporous PE hollow fi ber membranes. The equilibrium binding capacity 
was found to be between two extremes of oriented bindings: end - on and side -
 in bindings onto the interface between the polymer brush and the liquid. 



 Hydrogel membranes prepared by grafting monomers such as  N  - vinyl -
 2 - pyrrolidone onto PE, PP, PTFE, and FEP were found to have potential 
for biomedical applications  [276 – 279] . Membranes prepared by grafting 
ethylene glycol methacrylate onto PE fi lms were also found to have sur-
faces that show low levels of adsorption of protein and adhesion of plate-
lets  [280] . 

 Chromatographic supports for the use in protein purifi cation using affi nity 
chromatography were also prepared by grafting polar and ionic monomers 
onto porous polymer substrates  [268, 271, 281] . For example, immobilized 
metal ion (Cu +2 ) affi nity hollow - fi ber membranes prepared by radiation -
 induced grafting of GMA onto hydrophilized PE membranes followed by 
conversion of the epoxy group by iminodiacetic acid treatment have shown 
potential for protein adsorption  [282, 283] . 

 High - capacity membrane adsorbents composed of commercial cellulose 
hydrate grafted with selective ligands were used as a stationary phase for 
chromatographic purifi cation of human serum albumin (HSA) from desalted 
human plasma. The membranes showed high productivity not only for albumin, 
but also for products of higher molecular values such as human immunoglobu-
lin G (HIgG) and set to be promising for commercial - scale separation and 
purifi cation  [284] . 

 Separation of HSA, the most abundant protein present in human plasma, 
from HIgG, the second - most abundant plasma protein, was also investigated 
by membrane chromatography using a novel macroporous gel - fi lled mem-
brane under various operating conditions. The membranes were prepared by 
anchoring a quaternary ammonium salt gel within the pores of a nonwoven 
fabric of PP. The membranes displayed an HSA - binding capacity range as high 
as 290 – 300   mg · ml  − 1  (under saturating conditions), which was not only signifi -
cantly higher than the binding capacities reported for other chromatographic 
membranes, but also higher than the binding capacities of conventional gel -
 based chromatographic media. The suitability of using this membrane for 
plasma fractionation was demonstrated by the separation of a simulated feed 
solution consisting of HSA and HIgG  [285] .  

  Blood Purifi cation (Haemodialysis)     Blood purifi cation using the dialysis 
process (haemodialysis) is one of the most important and oldest membrane 
biomedical applications where membranes are used as an artifi cial kidney for 
patients suffering from renal failure. The membrane replaces the kidney in 
removing toxic low - molecular components such as urea, creatinine, phosphate, 
and uric acid. 

 Membranes prepared by radiation - induced grafting have been for years 
attractive alternative biocompatible materials for haemodialysis application 
 [3] . Haemodialysis membranes prepared by radiation - induced graft copoly-
merization of vinyl alcohol and  N  - VPn onto PE fi lms were early reported in 
the literature  [286] . These membranes showed a tenfold increase in the solute 
permeability compared to commercial dialysis membranes. 
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 Other membranes of PVA modifi ed by the radiation grafting of AAc and 
MAc monomers were tested for dialysis  [146] . The permeability of these mem-
branes toward NaCl, urea, creatinine, and uric acid was higher than that of 
commercial PVA and cellephane membranes. 

 Membranes made of poly(2 - HEMMA) grafted chloroprene rubber and  γ  -
 methyl - L - glutamate obtained by grafting 2 - HEMMA onto chloroprene rubber 
and  γ  - methyl - L - glutamate showed good dialytic capabilities when they were 
tested for the permeability of urea, creatinine, and creatine in a dialysis cell 
 [185, 265] . 

 Similar membranes obtained by radiation grafting 2 - HEMMA onto PP 
fi lms showed permeation rates of 4.9 and 19 times higher than the original PP 
fi lm for urea and uric acid, respectively. These values are close to the com-
mercial cuprophane membranes  [264] . The various applications of grafted 
and/or crosslinked polymers covered in this chapter are summarized in 
Table  10.2 .     

  Other Applications 

 Asymmetric membranes prepared by radiation - induced grafting a from vapor 
phase of several AAc monomers onto poly(vinyltrimethylsaline) fi lms were 

 TABLE 10.2.     List of various applications of grafted and/or crosslinked polymers. 

  No.    Categories    Areas of applications    References  

  1    Water production 
applications  

   — Desalination of brackish water     1, 2, 81 – 92   
   — Desalination of seawater     64, 68, 88, 93 – 106   
   — Softening of hard water     7, 49, 106   

  2    Chemical industry 
applications  

   — Production of caustic soda     3, 4, 6, 108 – 125   
   — Production of mineral acids     126 – 128   
   — Water electrolysis     129 – 135   
   — Dehydration of solvents    > 117, 125, 136 – 162   
   — Separation of solvent mixtures     163 – 175   
   — Recovery of waste acids     176 – 181   

  3    Environmental 
applications  

   — Removal of heavy metals 
from industrial waste water  

   10, 11, 30, 46, 50, 55, 
182 – 238   

   — Removal of dyes from 
industrial waste water  

   26, 34, 36, 39, 40, 62, 
239 – 248   

   — Treatment of radioactive 
waste water  

   53, 194, 249 – 258   

   — Recovery of waste acids     117, 259 – 265   
  4    Biotechnological 

and biomedical 
applications  

   — Purifi cation of proteins     65, 66, 73, 266 – 285   
   — Blood purifi cation     3, 146, 185, 264, 286   

  5    Other applications     — Gas separation     287, 288   
   — Chiral separation of 

enantiomers  
   289   
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investigated and showed improved gas - separation properties  [287] . Radiation 
crosslinking of these membranes in the presence of EGDMA or radiation -
 induced grafting with allyl methacrylate from a vapor phase was found to 
improve the resistance of the membrane toward hydrocarbon solvents beside 
enhancing the gas separation properties for O 2  and N 2   [287] . 

 Complex membranes of polyl[(1 - trimethylsilyl) - 1 - propyne] -  graft  -
 poly(AAc) - Ag +  prepared by the radiation - induced grafting of AAc onto 
polyl(1 - trimethylsilyl) - 1 - propyne followed by treatment with AgNO 3 /glycerol, 
was found to have great potential for the separation of C 4  olefi n/paraffi n gas 
mixtures (isobutene/isobutane) and other linear gas mixtures having close 
boiling temperature (butene/butane). A complex membrane having a 121.5% 
degree of grafting showed a typical selectivity of 7.7 and 7.3 for isobutene/iso-
butane and trans - 2 - butane/n - butane gas mixtures, respectively  [288] . 

 Radiation grafting was also used to prepare enantioselective membranes 
for chiral separation of racemic mixtures of two enantiomers, a process com-
monly used in the pharmaceutical industry to separate effective therapeutic 
agents  [289] . Nakamura et al. prepared enantioselective membranes by graft-
ing GMA onto irradiated PE porous hollow fi bers followed by amination. 
Then, the membrane was immobilized with bovine serum albumin. The mem-
brane was crosslinked with GA to suppress protein leaching. Evaluation of 
this membrane for tryptophane under chromatographic conditions produced 
an excellent enantioseparation factor of 12.   

  CONCLUDING REMARKS AND FUTURE DIRECTIONS 

 Grafted and/or crosslinked polymers continue to play very signifi cant roles in 
the fi elds of separation and purifi cation. A large number of chemically, radio-
chemically, photochemically or plasma - modifi ed polymers have been devel-
oped in various forms and functionalities for specifi c separation applications, 
and many more are under development. Special attention is given to natural 
polymer derivatives, as they are economically attractive materials. Neverthe-
less, greater effort is needed to bring many more of grafted/crosslinked poly-
mers from the experimental level to the pilot scale production and extend their 
practical applications. This can be achieved by addressing several aspects, 
which include boosting the selectivity without compromising fl ux and stability, 
optimizing polymer modifi cation techniques, understanding the mechanism of 
transport, establishing structure - property relationships for polymer forms, 
using the proper engineering confi gurations, testing separation with actual 
samples under various conditions, and using cost - effective materials.  
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 IN COATINGS, ADHESIVES, 
AND LAMINATES    

  James W.   Rawlins   and   Sharathkumar K.   Mendon        

  INTRODUCTION   

 Crosslinking is the process of covalent bond formation between independent 
polymer macromolecules to form matrices in coatings, adhesives, and lami-
nates. The process results in a three - dimensional network structure via physi-
cal and/or chemical reactions. Examples of physical crosslinking include 
trapped entanglements, e.g., polyethylene crosslinked with peroxide; hydrogen 
bonding, e.g., polyurethanes; nonbond crosslinking, e.g., vinyl monomers 
polymerization with a large macrocyclic ring  [1] . Chemical crosslinking occurs 
via one or more of the following methods  [2] : 

  (1)     Linear polymers crosslinking either directly or by short bridges, e.g., 
curing of unsaturated polyesters with styrene as the reactive diluent.  

  (2)     Branched polymer molecules crosslinking via relatively few intermo-
lecular chemical bonds, e.g., auto - oxidation of drying oil derivatives.  

  (3)     Two or more low - molecular - weight resins reacting to form a crosslinked 
polymer networks, e.g., polyols reacting with isocyanates to form 
polyurethanes.    

 In graft polymers, adjacent blocks in the main chain, side chains, or both are 
constitutionally different. General approaches to graft copolymer synthesis 
are  [3] 
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   (1)     Chain transfer mechanism  
  (2)     Radiation or photochemical activation of polymer (used to create active 

grafting sites)  
  (3)     Use of polymers with labile functional groups or chemical modifi cation 

of polymers to create active grafting sites     

  COATINGS 

 Coatings are protective and/or decorative compositions that dry to a cohesive, 
adherent, tack - free fi lm upon application to a substrate. Technological advances 
have transformed coatings manufacture from an arts - and - crafts industry to a 
highly scientifi c branch of the chemical industry. Global coatings market sales 
were an estimated  $ 86 billion in 2005  [4] . Of the approximately 4500 coatings 
companies worldwide, just one - tenth produce 85% of the total coatings volume 
 [5] . The fastest growing coatings markets are in the rapidly industrializing 
countries of the Asia - Pacifi c region. 

 Coatings are broadly classifi ed as architectural, original equipment manu-
facturer (OEM), and special - purpose coatings. Architectural coatings are 
applied to interiors and exteriors of stationary structures such as homes, build-
ings, and fences. OEM coatings include automotive fi nishes, furniture coatings, 
container coatings, paper coatings, insulating fi nishes, and powder coatings. The 
catch - all category of special purpose coatings includes marine coatings, traffi c 
paints, automotive refi nishes, aerosols, and maintenance coatings  [6] . 

 Coatings are blends of polymers (resin/medium/binder), pigments (includ-
ing extenders/fi llers), additives, and solvents. Polymers serve as the continuous 
phase while pigments constitute the discontinuous phase. Additives include 
wetting and dispersing agents, defoamers, driers, light stabilizers, and biocides. 
Increasing cognizance of the environmental impact of volatile organic com-
pounds (VOCs) has promoted the development of environmentally responsi-
ble systems such as powder coatings, waterborne coatings, and ultraviolet 
(UV) curable coatings. 

 A wide variety of natural and synthetic polymers are employed in coatings. 
Natural resins such as shellac, copal, and asphalt are used without modifi ca-
tion, while rosin, cellulose, and rubber need to be derivatized before use. 
Synthetic polymers such as polyesters, acrylics, epoxies, silicones, and poly-
urethanes have now replaced natural resins in most coatings applications. 

 Polyesters are characterized by ester groups in their backbones and are 
synthesized via condensation polymerization of polyfunctional alcohols with 
polybasic acids (or anhydrides). Common monomers used in polyester synthe-
sis include maleic anhydride, adipic acid, phthalic anhydride, isophthalic 
acid, trimellitic anhydride, pentaerythritol, neopentyl glycol, and trimethylol 
propane. The relative proportion of the various monomers decides the poly-
ester molecular weight and residual functionality (carboxyl and/or hydroxyl). 
Hydroxyl   functional polyesters are typically crosslinked with amino resins or 



polyisocyanates, while carboxyl functional polyesters can be crosslinked with 
epoxy resins or aziridines (Figure  11.1 ).     

 Polyesters modifi ed with vegetable oils or fatty acids are termed oil - modi-
fi ed polyesters (alkyds). Vegetable oils are distinguished by their drying ability 
(related to their iodine value, IV) as nondrying oils (IV    <    120, e.g., coconut, 
cottonseed), semidrying oils (IV   =   120 to 150, e.g., saffl ower, sunfl ower, 
soybean), and drying oils (IV    >    150, e.g., linseed, tung). Based on oil content, 
alkyds are classifi ed as short oil alkyds ( < 40% oil), medium oil alkyds (40% –
 60% oil), long oil alkyds (60% – 70% oil), and very long oil alkyds ( > 70% oil). 
Alkyds cure via a two - stage process: a physical drying stage in which the 
solvent evaporates, followed by auto - oxidative cure. Auto - oxidation proceeds 
through six stages: induction, initiation, hydroperoxide formation, decomposi-
tion, crosslinking, and degradation  [7] . Since auto - oxidation is a slow process, 
driers, which are typically carboxylate (naphthenic acid/2 - ethylhexanoic acid/
isononanoic acid) salts of metals such as cobalt, zirconium, calcium, and man-
ganese, are employed to enhance the drying rate. 

 Although cobalt salts are the most popular driers in alkyd coatings, their 
use is diminishing due to their suspected carcinogenicity  [8] . Drawing upon 
the similarity between the oxidative drying of alkyds and lipid oxidation in 
biological systems, Miccich è  adopted a biomimetic approach to develop envi-
ronmentally responsible alternatives for cobalt driers  [9] . A combination of 
ascorbic acid palmitate and iron 2 - ethyl hexanoate in an alkyd system exhib-

     Figure 11.1.     Crosslinking reactions of polyester resins.  
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ited shorter drying times and comparable hardness to a commercial cobalt 
drier. Further, the addition of two ligands,  N , N  - bis(2 - ethyl - 5 - methyl - imidazol -
 4 - ylmethyl)aminopropane and 2 - ethyl - 4 - methylimidazole accelerated the 
drying time and fi lm hardness development of an alkyd coating. 

 The slow auto - oxidative crosslinking of alkyds is further reduced at low 
temperatures. Blending with high glass transition temperature (T g ) acrylics 
hastens the physical drying, but the high solvent demand of acrylics increases 
the VOC content. To overcome this limitation, Klaasen developed alkyd 
systems that included thiol - ene chemistry as an additional crosslinking mecha-
nism  [10] . Thiol - ene polymerizations are characterized by their lack of oxygen 
inhibition. In free - radical curing of acrylates, the addition of oxygen to a 
propagating chain forms a peroxy radical that lacks the reactivity to add to a 
new unsaturated compound, and results in termination. In the presence of 
thiols, however, the peroxy radical abstracts a hydrogen from the thiol to yield 
a thiyl radical (Figure  11.2 )   that propagates the polymerization  [11] . Storage -
 stable, fast - drying alkyd coatings based on polyfunctional thiols, catalysts such 
as vanadyl bipyridyl or vanadyl acetylacetonate, and visible light photoinitia-
tors dried in  < 2   h at 10    ° C.   

 Hyperbranched polymers are synthesized via polycondensation of AB x  
(x    >    2) - type monomers, and are characterized by multiple end groups and 

     Figure 11.2.     (a) Thiol - ene reaction scheme, (b) reaction of an alkylperoxy radical with 
thiol.  



highly branched architecture. Due to their approximately globular morphol-
ogy, hyperbranched polymers have relatively low molecular volume (and 
lower viscosity) at a given molecular weight than linear polymers. Hyper-
branched polyesters with methacrylate end groups are employed in UV curing 
applications where they offer high reactivity, fast cure, low shrinkage, tough-
ness, and good chemical abrasion and scratch resistance properties. Dendritic 
methacrylate polyesters based on 1,2,4 - benzenetricarboxylic acid anhydride 
cured fi ve times faster than traditional, linear epoxy methacrylate oligomers 
 [12] . UV - curable hyperbranched resins have also been synthesized by the 
Diels - Alder reaction of polyfunctional sorbic esters with acrylates  [13] . Hyper-
branched aliphatic polyesters grafted with crystalline, linear aliphatic polyester 
chains, and end - capped with methacrylate moieties exhibit a rheological 
behavior suitable for low - temperature - curing powder coatings; i.e., fi lms are 
formed at  < 80    ° C and UV cured  [14] . 

 Powder - coating polyesters are generally based upon neopentyl glycol, 
isophthalic acid, and terephthalic acid. Powder coatings based on super 
durable polyesters deliver excellent outdoor weathering and are based on 
isophthalic acid, the most weatherable of aromatic diacid monomers  [15] . 
Super durable coatings meet the American Architectural Manufacturers 
Association standard 2604 – 98, which is the highest standard for architectural 
coatings  [16] . 

 Phosphorus - containing lactone modifi ed polyesters employed in two - 
component (2K) polyurethane fl ame - retardant coatings are synthesized by 
polycondensation of dimethyl phenyl phosphonate with polycaprolactone, 
adipic acid, and trimethylolpropane  [17] . Coatings with 20   wt. % dimethyl 
phenyl phosphonate content were self - extinguishing. Unlike halogen - based 
coatings that liberate toxic compounds during a fi re, phosphorous - based coat-
ings are nontoxic and exhibit two to four times higher fl ame retardancy than 
those containing halogen compounds  [18] . 

 In systems containing a double bond, optimum grafting effi ciency is achieved 
by direct addition of the grafting agent to the double bond. Due to their lack 
of steric hindrance, acrylates typically result in high levels of grafting. Sterically 
hindered grafting agents such as methacrylates are predisposed to allylic 
hydrogen abstraction as the hydrogens allylic to double bonds are good leaving 
groups. This creates a relatively stable and unreactive radical on the resin that 
terminates the abstracting methacrylate chain and results in a loss of grafting 
effi ciency and rate of polymerization  [19] . Grafting 30% – 40% by weight of 
methyl methacrylate (MMA) onto a dehydrated castor oil alkyd resulted in 
faster drying, better mechanical properties, and improved outdoor weathering 
properties  [20] . Besides the unsaturation sites on the fatty acids, graft copoly-
merization can also be initiated on the active methylene group via hydrogen 
abstraction in the presence of an initiator like di -  tert  - butyl peroxide. Methac-
rylate grafting resulted in increased molecular weight and lower viscosity as 
the branched polymer is less viscous than the linear polymer. The improved 
tensile strength was ascribed to dense intermolecular packing of grafted MMA 
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branches. However, beyond 40% MMA, high amounts of an MMA homopoly-
mer caused phase separation and resulted in lower tensile strength. 

 Styrene was successfully grafted onto unsaturated polyesters via alternating 
copolymerization with maleic anhydride. Mechanical properties of the grafted 
polyesters varied with the composition of the grafted side chain. Grafting of 
an aromatic unsaturated monomer onto aromatic polyesters improved the 
elongation - to - break property of the grafted polymer. Grafting of an aliphatic 
unsaturated monomer onto aliphatic polyesters improved the elongation - to -
 break of the grafting polymer  [21] . 

 Polyesters formulated for waterborne systems employ surfactants or hydro-
philic groups to achieve water dispersibility. However, such coatings often 
suffer from poor water resistance and adhesion properties as the hydrophilic-
ity is retained in the fi nal fi lm. Alternatively, water dispersibility can be achieved 
via the grafting of hydrophilic acrylics onto the polyester. The solvency of the 
reaction medium, concentration of unsaturated bonds, and the reactivity ratios 
of unsaturated polyesters with acrylic monomers strongly infl uence the parti-
cle size  [22] . 

 Acrylic resins are copolymers of methacrylate esters such as butyl acrylate 
(BA), ethyl acrylate, and MMA, and may include small amounts of other 
comonomers such as styrene and  α  - methyl styrene. Acrylic resins are charac-
terized by their water - white color, excellent clarity, and good exterior durabil-
ity. The use of comonomers such as hydroxy ethyl methacrylate, glycidyl 
methacrylate (GMA), and methacrylic acid impart the relevant functionality 
to acrylic resins. Self - crosslinking acrylic resins contain hydroxyl and carboxyl 
functionalities, and an amide monomer such as methacrylamide,  N , N  - 
bisbutoxymethyl methacrylamide, or  N  - butoxyacrylamide. 

 Acrylic polyols crosslinked with polyisocyanates are the dominant technol-
ogy in OEM refi nishes, as they provide attractive appearance, rapid ambient 
cure, and excellent mechanical and chemical resistance properties. Due to their 
high solvent requirements and high molecular weight (10,000 – 20,000   g/mol  ), 
acrylic polyols yield coatings with  < 50% solids at application viscosities. Low - 
molecular - weight acrylics ( < 2500   g/mol) suited for higher solids coatings have 
to be formulated at higher average functionality to achieve the desired per-
formance characteristics. However, this results in shorter pot lives and longer 
drying times relative to higher molecular weight acrylic resins. The dry times 
may be reduced by adding catalysts but this reduces the pot life even further. 
Low - molecular - weight polyols have to be processed to very high levels of 
conversion since any nonfunctional molecules will act as plasticizers while 
monofunctional species will contribute a dangling chain to the network. The 
design and synthesis of low - molecular - weight acrylic polyols is thus a challeng-
ing task. 

 Powder coatings based on glycidyl functional acrylic resins crosslinked with 
dodecanedioic acid are employed in automotive clear coats and wheel trims. 
Bifunctional polyesters designed to cure with glycidyl functional acrylics and 
blocked isocyanates yield super durable matte and semigloss powder coatings 



 [23] . Gloss reduction occurs due to the incompatibility between the acrylic and 
polyester resins, and the desired gloss can be achieved by varying the relative 
resin proportions. 

 The ready reactivity of carbonyl groups with hydrazides at ambient tem-
perature is utilized in developing one - component (1K) self - crosslinkable 
acrylic emulsions by copolymerizing methacrylate monomers with diacetone 
acrylamide, and post - adding adipic dihydrazide as the crosslinker. The emul-
sions exhibit sandability, high mar resistance, and good hardness and chemical 
resistance properties  [24] . 

 As mentioned earlier, a common limitation of waterborne coatings is that 
the hydrophilic groups stabilizing the resins in water adversely affect fi lm 
properties such as weathering and water resistance. Harui et al. proposed 
an ambient temperature cured, 2K waterborne coating system in which the 
hydrophilic functional groups were consumed via crosslinking during fi lm 
formation  [25] . The system consists of an acid - functional acrylic resin (dis-
persed in water by neutralization with triethylamine) that is crosslinked with 
 γ  - glycidoxypropyl trimethoxysilane. Curing occurs via three reactions: (1) 
between epoxy groups and  tert  - amino groups of the acrylic resin, (2) between 
epoxy groups and carboxylic acid groups of the acrylic resin, and (3) hydrolysis 
and condensation of silyl groups. 

 UV - curable urethane coatings based on acrylic polyols offer better outdoor 
durability than similar systems based on polyester or polyether polyols. 
Judicious choice of reaction conditions and monomers is essential for synthe-
sizing low viscosity, storage - stable, acrylate functional, aliphatic urethane pre-
polymers  [26] . UV - curable systems based on tetrahydrofurfuryl acrylate, 
oligoetherglycol oligourethane methacrylate, isobornyl acrylate, and liquid 
diene rubber oligourethane methacrylate have been developed for coating 
high - density digital versatile discs (HD - DVD)  [27] . 

 Matsuno et al. grafted polymethyl methacrylate (PMMA) onto acrylic poly-
olss for 2K polyurethane coatings  [28] . The acrylic resins were synthesized by 
reacting carboxyl - terminated homopolymers of various acrylate monomers 
(prepared via solution polymerization) with GMA. The graft copolymers dis-
played smaller radii of gyration (and therefore lower viscosity at the same 
solids), improved fi lm toughness, better rheology, and greater reactivity with 
polyisocyanates over conventional acrylics. 

 Amino resins have been employed for over 60 years as crosslinkers for poly-
esters, acrylics, and epoxies as they offer good adhesion and excellent chemical 
and solvent resistance properties. Primarily, four amines are used in the synthe-
sis of amino resins, i.e., urea, melamine, benzoguanamine, and glycoluril. The 
exceptional chemical stability of the triazine ring has made melamine resins 
the preferred amino resin crosslinker for exterior surface coatings. Urea - based 
resins cure faster, but they lack the exterior durability of melamine resins and 
are employed in interior fi nishes and primers. Benzoguanamine resins are 
employed in coatings requiring high detergent and chemical resistance. Gly-
coluril resins offer the advantages of lower formaldehyde release during curing 
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and improved corrosion protection, but require a strong acid catalyst and will 
not cure with systems catalyzed only by the copolymer acidity. 

 Amino resins are synthesized by reacting the appropriate amine with form-
aldehyde and subsequent alkoxylation with an alcohol and are characterized 
by the presence of three functional groups: i.e., imino ( − NH), methylol 
( − CH 2 OH), and alkoxy ( − CH 2 OR). Early amino resins were oligomeric reac-
tion products of urea or melamine with formaldehyde and butanol and were 
supplied at 50% – 80% solids in butanol or butanol/xylene. These resins had 
high self - condensation tendencies and yielded tightly crosslinked fi lms with 
highly functional polymers but imparted limited fl exibility. Subsequently 
developed resins such as hexamethoxymethylmelamine (HMMM) are highly 
etherifi ed, highly reactive, low - molecular - weight condensation products of 
melamine with formaldehyde and methanol that are supplied at solids close 
to 100% and have less tendency to self - condense  [29] . 

 Amino resins cure by reacting with the copolymer hydroxyl or ether groups 
via etherifi cation or transetherifi cation. Curing with amide groups and car-
boxyl groups on the copolymer occur via formation of methylene bridges and 
esters, respectively. Amino resins also participate in self - condensation reac-
tions. Together, these reactions provide a polymer network well beyond the 
gel point in properly cured fi lms  [30] . The curing of amino resins is promoted 
by acid catalysts or by acid groups on the copolymer. Fully alkylated resins 
require strong acid catalysts such as sulfonic acids, e.g.,  p  - toluene sulfonic acid, 
dodecylbenzene sulfonic acid, and dinonylnaphthalene disulfonic acid. Amino 
resins containing methylol groups and imino groups are preferably catalyzed 
by weak acids such as alkyl acid phosphates or organic acids such as citric and 
maleic acids. 

 Polyurethanes, formed by reacting polyols with polyisocyanates, are 
extremely versatile polymers and are widely used in coatings, foams, adhesives, 
and elastomers. Polyols employed in polyurethanes are based on polyesters, 
acrylics, polycaprolactones, or castor oil, and also include hydroxyl - terminated 
polybutadiene (HTPB) and polyether diols, e.g., poly(propylene oxide) glycol, 
copolymers of (propylene/ethylene oxides) glycols, and polytetramethylene 
ether glycol (PTMEG). The volatility and high reactivity of isocyanates are 
moderated by converting them to polyisocyanates such as biurets and isocy-
anurates. However, the conversion is achieved at the expense of half the initial 
isocyanate moieties. The isocyanurate ring enhances the thermal stability, 
chemical and fl ame resistance, and fi lm - forming characteristics  [31] . 

 Polyurethanes exhibit a wide range of properties due to the variety of 
morphologies resulting from their chemical and physical crosslinks. Physical 
crosslinking arises from hydrogen bonding and domain formation. Hydrogen 
bonds are formed primarily among N − H groups and carbonyl groups, and to 
a lesser extent with polyether oxygen atoms (weak bonds). Domain formation 
results from incompatibility between the polyol soft segments and the isocya-
nate hard segments. Crystalline regions may also form in the hard and soft 
domains  [32] . 



 Polyurethane coatings are classifi ed into various categories based on the 
polyisocyanate: 

  (1)     Blocked isocyanates are adducts of isocyanates with compounds con-
taining dissociable protons such as diethyl malonate,  ε  - caprolactam, 
methylethylketoxime (MEKO), and dimethylpyrazole, and are 
employed in 1K systems. The various blocked isocyanates differ from 
each other in their deblocking temperature and curing chemistries during 
subsequent heat cure  [33, 34] . Dimerization of isocyanates to form a 
uretdione is referred to as self - blocking or internally blocked isocya-
nates. While powder coatings formulated with  ε  - caprolactam blocked 
isocyanates exhibit weight losses of 4% – 5%, uretdione - based powder 
coatings do not liberate any VOCs. As the sole crosslinker, uretdiones 
yield high gloss powder coatings while diamine - modifi ed uretdiones 
yield highly matt coatings (8 units at 60    ° ) with excellent fl ow properties. 
The matt appearance stems from the uniform surface microstructure 
generated due to incompatibility between the urea and urethane moi-
eties  [35] .  

  (2)     Oil - modifi ed urethanes are formed by reacting isocyanates [typically 
toluene diisocyanate (TDI)] with hydroxy - functional drying oil deriva-
tives and curing via auto - oxidation  [36] . These systems are used exten-
sively in the wood fl oor fi nish market due to their ease of use, fast drying 
times, mar and scuff resistance, high abrasion resistance, and good stain 
and chemical resistance.  

  (3)     Moisture - cured polyurethane systems are based on isocyanate - capped 
low - molecular - weight adducts with polyester or polyether glycols  [37] . 
Upon application, the isocyanates react with atmospheric moisture to 
form carbamic acid, which quickly dissociates to carbon dioxide and a 
primary amine. The amine then reacts with isocyanate moieties to form 
ureas. Biurets and allophanates are also likely to form as a result of 
successive reactions. Temperature and humidity signifi cantly affect the 
curing rate of moisture - cured polyurethanes.  

  (4)     Thermoplastic polyurethanes contain fully reacted isocyanates and dry 
by solvent evaporation.  

  (5)     Waterborne polyurethane dispersions (PUDs) offer very good perfor-
mance properties at low VOC content. PUDs are synthesized either by 
polymerizing the polyurethane in solvent, and then dispersing in water, 
or an isocyanate - terminated prepolymer is prepared in a melt or an 
aprotic solvent and then chain extended with a diamine in the water 
phase in the presence of a neutralizing tertiary amine  [38] . Epoxy -
 acrylic graft copolymers modifi ed with ethylene diamine have been 
employed as chain - extending agents to synthesize PUDs with improved 
scratch hardness and impact resistance  [39] .  

  (6)     Acrylic or polyester polyols cured with polyisocyanates are 2K systems 
curable at ambient or low temperatures (80    ° C).  
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  (7)     Water - dispersible coatings involving emulsifi able polyisocyanates are 
2K systems in which the polyisocyanate is rendered hydrophilic enough 
to make it water dispersible. The synthesis of hydrophilic polyisocya-
nates is the subject of several patents  [40] .    

 Isocyanates have also been employed as crosslinkers for polyaspartic esters. 
The moderate reactivity of the polyaspartic esters leads to coatings with 
acceptable pot life, high hardness, good gloss, and excellent weathering and 
environmental etch resistance  [41] . 

 Polyurethanes with fl exible polyol backbones such as HTPB and PTMEG 
retain their properties at low temperatures making them suitable candidates 
for use in adhesives and coatings employed in cryogenic conditions. The low -
 temperature mechanical performance of such polyurethanes can be augmented 
by grafting polymers onto the backbone. For instance, a macrodiol synthesized 
by grafting BA to a 1 - mercapto - 2,3 - propane diol was formulated into polyure-
thanes by reacting with polyethylene glycol, trimethylol propane, and TDI  [42] . 
Increasing the graft concentration for a fi xed chain length resulted in improved 
mechanical properties and an initial decrease in T g . On the other hand, increas-
ing the graft chain length for a fi xed concentration decreased both tensile 
strength and T g . The trends suggested that the cohesive force induced by the 
polar urethane moieties determined the properties of the grafted polymer 
rather than the free volume or entanglement effects of the graft. 

 Yukawa et al. synthesized self - crosslinkable graft copolymers with comple-
mentary reactive groups, i.e., a hydroxyl group in the second segment and a 
pendant blocked isocyanate in the fi rst segment  [43] . The polymerizable isocya-
nate,  m  - isopropenyl -  α , α  - dimethyl benzyl isocyanate (TMI), was copolymerized 
with BA by free - radical solution polymerization. Subsequently, some of the 
isocyanate groups were reacted with 2 - hydroxyethyl acrylate, and the remain-
ing isocyanate groups were blocked with MEKO. The prepolymer was then 
copolymerized with methacrylates (including hydroxyl ethyl methacrylate). In 
another process, the TMI/BA copolymer was reacted with MEKO to block 
approximately 70% of isocyanate groups and then reacted with a polyester 
polyol. The incorporation of neutralizable functionalities such as carboxyl or 
tertiary amino groups into the second segment of the graft copolymer enabled 
the resins to be water dispersible. The coatings were curable at 100    ° C – 120    ° C. 

 Polyureas are formulated from isocyanate prepolymers and amine - 
functional resins and are characterized by rapid cure speed (requires plural 
spraying equipment), high - build fi lm formation in a single coat, zero VOC, and 
low - temperature fl exibility. The crosslinking reaction is autocatalytic and inde-
pendent of humidity and temperature. Consequently, polyureas cure well at 
low temperatures where polyurethanes and epoxy systems will not cure. The 
extremely rapid reaction rates enable the coated products to be used within a 
few hours after application. 

 The most commonly used isocyanate in polyureas is methylene diphenyl iso-
cyanate (MDI), while aliphatic isocyanates are used in applications requiring 
UV stability. The amine - functional polymers are generally a mixture of amine -



 terminated ethylene oxide and/or propylene oxide polyethers. Diethyltoluene-
diamine (DETDA) is the standard chain extender used in aromatic polyurea 
spray coatings. DETDA contributes to the hard segment and improves the heat 
resistance of the cured fi lm. Chain extenders like dimethylthiotoluenediamine, 
 N , N  ′  - di( sec  - butyl)aminobiphenyl methane, or 4,4 ′  - methylenebis(3 - chloro,2,6 -
 diethyl)aniline slow down the reaction rate signifi cantly  [44] . 

 Polyureas based on hindered amine adducts (HAA) are recommended for 
use in direct - to - metal coatings. HAAs are synthesized by reacting sterically 
hindered primary amines with acrylate oligomers and/or epoxy resins, e.g., by 
reacting trimethylol propane triacrylate with tertiary C 12 – 14  primary amine. The 
proximity of the amine to the carbonyl group reduces the amine reactivity due 
to inductive effects and results in longer gel times and good fl ow and leveling. 
These coatings exhibit excellent adhesion, corrosion protection, cure down to 
 − 18    ° C, and good UV and chemical resistance. Although not as elastomeric as 
the aromatics, their fl exibility is comparable to conventional polyurethanes 
and better than epoxies  [45] .  

  CARBAMATES 

 Polyol/melamine formaldehyde systems in automotive clearcoats yield excel-
lent appearance. However, environmental pollutants such as acid rain cause 
permanent spotting and pitting known as  “ environmental etch ”  due to the acid 
catalyzed hydrolysis of the ether linkages  [46] . Since urethane groups are more 
resistant to acid hydrolysis than ether linkages, polyurethanes offer better 
environmental etch resistance than polyol/melamine formaldehyde systems. 
The use of carbamate functional moieties crosslinked with melamine formal-
dehyde resins offer a nonisocyanate avenue for 1K fi nishes with good etch 
resistance and favorable performance properties. 

 Carbamates are carbamic acid esters (RNH 2 COOH), and they structurally 
resemble urethanes. Oligomeric dimethylol propionic acid carbamate 
and citric acid carbamate formulated into clearcoats with melamine formal-
dehyde resin displayed higher solids, lower VOCs, comparable etch resistance, 
and better scratch and mar resistance than 2K polyurethane clearcoats  [47] . 
Coatings with excellent performance characteristics have been reported by 
crosslinking oligomeric glycidyl carbamate with multifunctional amines  [48] . 
Carbamates dispersed in amino resins are used in powder slurry compositions 
 [49] . The use of carbamates as crosslinkers in coatings is the subject of several 
patents  [50] .  

  ACETOACETATES 

 Acetoacetates are characterized by the presence of a reactive methylene group 
between two carbonyl groups and react readily with amines at ambient tem-
perature. To ensure adequate pot life, coatings formulated with acetoacetates 
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employ aldimines or ketimines as the blocked crosslinker (deblocking occurs 
upon reaction with atmospheric moisture after application). Since aliphatic 
aldimines impart low gloss and poor solvent resistance, benzaldimines 
(benzaldehyde - aliphatic primary amine adducts) are preferred as crosslinkers, 
yielding ambient temperature curable, 1K coatings that compare well in per-
formance tests against 2K polyurethane coatings  [51] . The chemistry is also 
applicable in waterborne coatings since the acetoacetate aromatic aldimine 
curing system is stable in water  [52] . Waterborne acetoacetate - functionalized 
alkyd resins (synthesized by transesterifi cation of an alkyd resin with alkyl 
acetoacetates) exhibited superior tack - free time and through - dry properties 
relative to the alkyd coating  [53] . A ketimine - acetoacetate system with good 
pot life/reactivity balance was formulated to a 2K high solids primer for aero-
space alloys with excellent corrosion resistance properties  [54] . 

 Acetoacetate - functional acrylic polymers have been synthesized via the 
transacetylation of a hydroxyl - functional acrylic monomer with an acetoace-
tate and subsequent copolymerization with acrylic comonomers, or via the 
transesterifi cation of a hydroxyl - functional polymer with an alkyl acetoacetate. 
Acetoacetylation of polyester polyols yields acetoacetate - functional polyes-
ters  [55] . Copolymerization of acetoacetoxyethyl methacrylate with acrylic 
comonomers yields stable latexes that can be formulated into 2K coatings 
using trimethylolpropane tri(polyoxypropylene amine) as the crosslinker 
 [56] . 

 Aziridines, characterized by the presence of two carbon atoms and one 
nitrogen atom in a three - membered ring, are the simplest heterocyclic systems 
and are extremely susceptible to cleavage due to ring strain  [57] . Acid - 
functional latexes crosslinked with aziridines have been employed as 2K, clear, 
interior wood coatings. Polyfunctional aziridines such as trimethylolpropane 
tris - [1 - (2 - methyl)aziridine] propionate, trimethylolpropane tris - 3 - (1 - 
aziridinopropionate), and pentaerythritol tris - 3 - (1 - aziridinopropionate) are 
favored due to their low vapor pressure (reduced toxicity) and low levels 
required in coatings  [58] . 

 Carbodiimides (N − C − N) are employed as ambient crosslinkers for acid -
 functional aqueous polymers such as polyurethanes, acrylics, and latexes 
(Figure  11.3 )  . Commercial polycarbodiimides are water - dispersible, zero - VOC 
systems that offer longer pot lives and comparable or even better performance 
properties than isocyanates.   

 The reaction between carbodiimides and carboxylic acids proceeds via the 
formation of an  O  - acyl urea, which either rapidly rearranges to form an  N  - acyl 
urea or reacts with a second carboxyl group  [59] . At high temperatures or in 
the presence of a strong carboxylic acid, the  N  - acyl urea reversibly dissociates 
into an isocyanate and an amide. In a crosslinked system, the newly formed 
isocyanate and amide remain within each other ’ s vicinity, and the restricted 
mobility is likely to promote the formation of  N  - acyl urea. Reaction of the 
 O  - acyl urea with a carboxyl group results in the formation of an anhydride 
and a urea group, but mobility restrictions are likely to hamper this reaction. 



Conversion of the polar  − COOH group to the less polar  N  - acyl urea group 
reduces the number of residual acid groups in the fi nal fi lm and improves its 
water resistance. 

 Pham and Winnik synthesized cyclohexylcarbodiimidoethyl methacrylate 
and  tert  - butylcarbodiimidoethyl methacrylate, and formulated them into 
latexes for crosslinking with acid functional latexes  [60] . Polymer diffusion was 
studied by labeling the acid functional latex with a donor dye and the carbodi-
imide latex with an acceptor dye. High gel content in the fi nal fi lm was pro-
moted by factors favoring polymer diffusion over crosslinking, i.e., high 
annealing temperature, low functional group content, and less reactive 
carbodiimides. 

 Oxazolidines are fi ve - membered heterocyclic ring compounds employed 
in polyurethane and polyurea coatings as moisture scavengers and reactive 
diluents. Bisoxazolidines contain oxazolidine rings connected by a carbonate 
bridge and afford low viscosity due to restricted intermolecular hydrogen 
bonding. Upon application, oxazolidines react with atmospheric moisture to 
yield amine and hydroxyl groups that react with isocyanates to form urea and 
urethane groups, respectively  [61] . Oxazolidines are also employed in epoxy 
coatings as a reactive diluent  [62] . 

 Phenolic resins were one of the fi rst synthetic resins to be developed and 
are synthesized via condensation polymerization of phenol (or substituted 

     Figure 11.3.     Crosslinking reactions of carbodiimides with acid-functional polymers.  
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phenols) with aldehydes (or aldehyde precursors). Phenolic resins are classi-
fi ed as resoles and novolacs, depending on the pH and the ratio of phenol to 
formaldehyde during synthesis. A blend of aqueous formaldehyde and pure 
phenol in equal proportions has a pH of 3 – 3.1. In the presence of alkaline 
catalysts (pH 7 – 11) and a molar excess of formaldehyde over phenol, the reac-
tion product contains free methylol groups and is termed a resole. The use of 
excess phenol and acidic catalysts such as oxalic acid yields novolacs that are 
essentially thermoplastic as they lack the reactive methylol functionality. 

 Resoles are self - crosslinking under the infl uence of heat. At temperatures 
below 130    ° C, the methylolated phenols form ethers by liberating water. At 
higher temperatures, the ether bond breaks to form a methylene bridge by 
liberating formaldehyde. Resoles can also be cured by the addition of an acid 
catalyst just prior to use. The methylol groups condense readily with phenol 
rings under acidic conditions to form methylene bridges even without heat 
activation. Any methylene ethers that are formed decompose with the evolu-
tion of formaldehyde. 

 Resoles can crosslink with epoxy resins in the presence of alkaline catalysts 
such as benzylamine or morpholine. Phenolic - epoxy coatings are characterized 
by excellent fl exibility, adhesion, and chemical and solvent resistance proper-
ties, and are employed as lacquers on the inside of tinplated food containers. 
U.S. patent 5,548,015 describes an aqueous epoxy - phenolic dispersion that 
employs a protective colloid such as polyvinyl alcohol for stabilizing the epoxy 
and phenolic resins  [63] . Resoles cured with polyvinyl butyral are employed 
as  “ wash primers ”  to protect sheet metals before painting. Resoles cured with 
polyvinyl formal are employed as insulating varnishes in wire coatings. 

 Novolacs crosslink upon heating with compounds that can form methylene 
bridges, e.g., hexamethylene tetramine (HMTA), and yield networks with high 
crosslink densities. Reactive diluents such as furfuryl alcohol or furfuralde-
hyde enhance wetting and toughness. Epoxy novolac systems offer excellent 
thermal and chemical resistance. Crosslinking via the reaction of the epoxy 
groups with the phenolic hydroxyl requires extended periods ( > 5   h) at tem-
peratures above 200    ° C. Triphenylphosphine is typically employed as the cata-
lyst and aids in the reduction of the shrinkage associated with curing. U.S. 
patent application 2007/0100116 describes an epoxy novolac coating that cures 
at lower temperatures and shorter curing schedules with low shrinkage, 
improved processability, and good thermal and chemical resistance  [64] . 

 Aralkylated phenolic resins, synthesized by reacting phenols with styrene 
derivatives and aryl diolefi ns  [65, 66] , exhibit reduced discoloration upon expo-
sure to light. Alkoxylated phenolic resins are synthesized by reacting phenolic 
resins with alkylene carbonates and have been used to develop moisture -
 curable polyurethane coatings with very high solids content and much - improved 
chemical resistance  [67] . Alkoxylation converts the phenolic hydroxyls to ali-
phatic hydroxyls and facilitates their reactivity with isocyanates. 

 Alkoxylated phenolic resins have also been employed to augment the per-
formance of polyurea systems  [68] . In general, polyureas lack resistance to 



concentrated acids, alkalis, and strong solvents. Incorporation of the alkoxyl-
ated phenolic resin with the amine component of polyurea systems results in 
improved chemical resistance, better adhesion, and lower moisture vapor 
transmission properties. 

 Not all phenolic resins involve the use of formaldehyde derivatives. Pheno-
lic alcohols such as 2 - [3,5 - bis( tert  - butyl) - 4 - hydroxybenzyl] - 1,3 - propanediol 
have been proposed for synthesizing thermo - oxidatively stable polyesters  [69] . 
A phenolic epoxidized polyurethane coating based on linseed oil has been 
proposed for coating the insides of petroleum tanks  [70] . 

 Epoxy resins are characterized by the presence of at least two oxirane 
moieties per molecule, and react readily due to their high oxirane bond angle 
tension and polarity. By judicious selection of a crosslinking agent and curing 
conditions, epoxy resins can yield coatings with excellent toughness and adhe-
sion, high chemical and electrical resistance, good heat resistance, and mechan-
ical properties ranging from extreme fl exibility to high strength and hardness. 
Epoxy resins are employed in a wide range of protective coatings, adhesives, 
caulking compounds, fl ooring, molding resins, and composites. The most impor-
tant class of epoxy resins are condensation products of epichlorohydrin and 
bisphenol - A with the number of repeat units (n) ranging from 0.1 to 26. The 
threshold between liquid and solid resins is approximately n   =   1.1  [71] . 

 Depending on the curing agent, epoxy resins react via the epoxy group 
and/or the hydroxyl group. Epoxy resins can be crosslinked with amines, anhy-
drides, carboxylic resins, phenolic resins, and isocyanates as well as by cationic 
UV radiation (Figure  11.4 )  . Crosslinkers containing primary and/or secondary 
amine groups are supplied as 2K systems due to their short reaction times. 
Primary amines generate fi lms with high crosslink density and good chemical 
resistance but the high volatility and unpleasant odor of amines are an incon-
venience. Moreover, primary amines are also prone to  “ surface blush ”  as 
amines tend to react with atmospheric carbon dioxide and form carbamates. 
The surface defect can be alleviated by allowing an induction period of  ∼ 30   min 
between blending and application. Polyamidoamines, i.e., condensation prod-
ucts of dimer fatty acids and an excess of diamines, offer good fl exibility with 
reasonable cure times, although the performance properties are compromised 
to some extent. Blocked amines such as ketimines cure after deblocking 
by atmospheric moisture and signifi cantly enhance the pot life of epoxy 
coatings.   

 Cycloaliphatic, araliphatic, and aromatic amines react relatively slowly with 
epoxy resins. Cycloaliphatic diamines such as isophorone diamine and bis -  p  -
 aminocyclohexylmethane offer light color and good chemical resistance in 
ambient and thermally cured epoxy systems. Without sacrifi cing color or chem-
ical resistance, 1,3 - bisaminocyclohexane provides fast curing. Imidazoles offer 
long pot life, rapid cure at elevated temperatures, and good high - temperature 
resistance. Dicyandiamide (DICY) is used as a crosslinker for epoxy powder 
coatings, and yields tightly crosslinked fi lms with good chemical and solvent 
resistance properties. 
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 Polycarboxylic anhydrides react with epoxy resins at elevated temperatures 
to yield fi lms with good performance properties. Epoxy resins crosslinked 
with aromatic isocyanates via their hydroxyl groups are used in low - 
temperature - cure coatings. Cathodic electrodeposition coatings are formu-
lated with water - dispersible, amine - modifi ed epoxy resins crosslinked with 
blocked isocyanates. 

     Figure 11.4.     Crosslinking reactions of epoxy resins with (a) amines, (b) anhydrides, 
(c) phenolic resins, and (d) cationic cure.  

R

O
+

+

R′—NH2

OH

R—CH—CH2—NH—R′

R—CH—CH2OH

—

CH2—CH

ROCH2

Int
Cationic

photoinitiator

Epoxy resin

Int*

R—CH—CH2OH
+

+

UV
+

OH

O

—
—

O C

R—C—O

O

——

——
—

—

O

——CO

R—COOH

—
—

—

O O

OH

CO O—— ——
R

O
C

OH

OOH

+

O O

O O

OH

+

O O

OHO

O
R + H+

H+

H

O
O—CH2

OH

O
O

O+

R

—

O+

R

(d)

(c)

(b)

(a)

O
R



 Epoxy esters, i.e., fatty acid esters of epoxy resins, are classifi ed as short - oil, 
medium - oil, and long - oil esters based on their fatty acid content (similar to 
alkyds). The long - oil esters are used in air - drying coatings while short - oil esters 
are employed in heat - cured coatings with amino resins as crosslinkers. 
Epoxidized oils are used in conjunction with high acid value polyesters 
( ∼ 100   mg   KOH/g) for air - dry/heat - curable 2K coatings in applications that 
demand good appearance as well as toughness and wear resistance (e.g., fl oor 
fi nishes, tool fi nishes, marine fi nishes, and transportation fi nishes). Carboxylic 
acid functional polyesters are extensively used as crosslinkers for epoxy resins 
in powder coatings. 

 Cycloaliphatic epoxy resins are widely used in cationic UV curable coatings 
due to their excellent mechanical properties, good adhesion to a variety of 
substrates, lack of oxygen inhibition, low volume shrinkage after cure ( < 5%), 
and good heat and chemical resistance  [72] . Polymerization is initiated via 
photoexcitation of diaryliodonium or triarylsulfonium salts to form an excited 
singlet state that cleaves to yield a Bronsted acid. The acid protonates the 
epoxide monomer and propagates the polymerization by reacting with other 
epoxides. An alternate mechanism has been proposed for cationic polymeriza-
tion of epoxides in the presence of alcohols  [73] . 

 Waterborne epoxy coatings evolved into two fundamentally different tech-
nologies commonly identifi ed as Type I and Type II systems. In Type I systems, 
the amine curing agent is employed as the emulsifi er for the liquid epoxy resin. 
These systems have short pot lives but slow drying rates and yield hard fi lms 
that are more suited for cementitious substrates than metals. Type II systems 
utilize solid epoxy resins predispersed in water and cosolvents, and have longer 
pot lives and fast drying rates but incomplete coalescence that often results in 
heterogeneous fi lms with epoxy - rich and amine - rich domains  [74] . The next 
generation of waterborne epoxy systems employs self - emulsifying epoxy resins 
crosslinked with amines modifi ed with polyaromatic segments and nonionic 
segments for enhanced compatibility and coalescence with the epoxy resin. 
Low - VOC coatings formulated with these systems display fast drying, high 
hardness, and good corrosion protection  [75] . Waterborne 2K acrylic - epoxy 
coatings are used in industrial (moderate duty) and high - performance archi-
tectural applications due to their ease of handling, good application and per-
formance properties, and low - VOC content. 

 In coatings, silicon is employed in an inorganic matrix form (zinc - rich coat-
ings) as well as organic - inorganic hybrid systems. In zinc - rich coatings, hydro-
lysis of silicon - based precursors such as tetraalkoxy silanes results in the 
formation of silanol moieties that undergo rapid polycondensation to form a 
polymeric matrix characterized by Si - O - Si linkages. As the Si − O bond is 
intrinsically stronger (452   kJ/mol) than the C − C bond (350   kJ/mol), silicon 
polymers offer high heat and UV resistance. The inorganic coating is highly 
durable and offers excellent corrosion resistance via galvanic protection. 

 Organic - inorganic hybrid systems combine the processability, toughness, 
and durability of organic polymers with the abrasion resistance, hardness, 

ACETOACETATES 289



290 IN COATINGS, ADHESIVES, AND LAMINATES

chemical resistance, weatherability, and UV resistance of silicon polymers. 
Organic polymers employed for this purpose include hydrogenated epoxies, 
acrylated urethanes, and modifi ed acrylics (with epoxy, hydroxyl, amine, and 
alkoxysilyl functionalities). Epoxy side chains provide fl exibility, processability, 
good resistance to chemicals and water, and controlled reactivity to balance 
fl exibility and toughness  [76] . Epoxy polysiloxane coatings are supplied at 90% 
volume solids (VOC 120   g/L) and display excellent weatherability (90% gloss 
retention after exposure for 12 months at 45    °  South Florida  ). A two - coat 
system consisting of either a zinc silicate or a zinc epoxy primer (75    μ ) followed 
by a high solids epoxy polysiloxane hybrid coating (125    μ ), applied on SA 22 
dry abrasive blast - cleaned steel passed the Norsok test specifi cation of 6000   h 
salt spray, 6000   h condensation chamber, and 4200   h cyclic testing by intermit-
tent exposure to salt spray and UV light. This test program is one of the most 
severe performance tests for protective coatings systems in the coatings indus-
try  [77] . 

 The high electronegativity of fl uorine and its small atomic size afford fl uo-
ropolymers unique properties such as hydrophobicity, chemical stability, low 
coeffi cient of friction, water impermeability, weathering resistance, and low 
surface energy. Hydroxy functional fl uoroethylene – alkyl vinyl ether alternat-
ing copolymers are commercially available in solvent, emulsion, and powder 
grades for polyurethane coatings  [78] . Hydroxy - terminated polyfl uoropoly-
ether (PFPE) resins can be crosslinked with aliphatic and cycloaliphatic poly-
isocyanates to formulate easily cleanable coatings with very high solids ( > 80%) 
that form fi lms rapidly even at temperatures  < 20    ° C  [79] . Fluoroepoxide mono-
mers synthesized by allylating fl uorinated diols and subsequent epoxidation 
are photopolymerizable in the presence of triphenylsulfonium hexafl uoroan-
timonate  [80] . 

 Orthoesters contain three alkoxy groups attached to the same carbon atom 
and are easily transesterifi ed with alcohols  [81] . Bicyclic orthoesters (BOEs), 
two rings sharing a pair of bridgehead carbon atoms, and spiroorthoesters 
(SOEs, orthoesters sharing a common atom), are useful as latent polyols as 
they yield two  − OH groups upon acid - catalyzed hydrolysis. BOEs are synthe-
sized via acid - catalyzed transesterifi cation of polyfunctional alcohols and 
acyclic orthoesters while SOEs are synthesized by reacting an epoxy - 
functional compound such as butyl glycidyl ether with lactones such as capro-
lactone or butyrolactone  [82] . Due to reduced hydrogen bonding, orthoesters 
possess low viscosity and are attractive candidates for formulating high solids 
coatings without the problems of high functionality, short pot life, and high 
catalyst concentration that plague systems formulated with low - molecular -
 weight polyols  [83] . Both melamines and polyisocyanates can be employed 
as crosslinkers with orthoesters. The silicon analog, i.e., spiroorthosilicates, 
synthesized by reacting tetraethyl orthosilicate with 2 - butyl - 2 - ethyl - 1,3 - 
propanediol or 2 - ethyl - 1,3 - hexanediol, has been employed as latent reactive 
diluents in fast curing, 2K polyurethane coatings with long pot lives  [84] .  
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  ADHESIVES 

 The global adhesives and sealants market was worth more than  $ 20 billion in 
2004. The terms  “ adhesives ”  and  “ sealants ”  are often used together; however, 
they are designed to perform different functions. While adhesives keep at least 
two surfaces together, sealants are designed to fi ll the space between two sur-
faces to provide a barrier or protective coating  [85] . Commodity and general 
purpose adhesives, which are sold in relatively high volumes, include formal-
dehyde resins, starch and dextrin adhesives, styrene - butadiene latex binders, 
natural rubber latex, hot melts, solvent - based adhesives, pressure - sensitive 
adhesives, and inorganic adhesives. Specialty adhesives, which are formulated 
for specifi c applications, employ polyurethanes, epoxies, cyanoacrylates, anaer-
obics, reactive acrylics, and radiation - cured adhesives  [86] . 

 In simple terms, adhesion is the phenomenon of causing two materials to 
be bound together, while an adhesive is the material utilized in achieving this 
phenomenon  [87] . The materials bonded by the adhesive are referred to as 
 “ adherends ”  or  “ substrates. ”  While coatings dry to a tack - free (top surface) 
adherent fi lm on the substrates to which they are applied, adhesives maintain 
intimate contact with substrates at all their interfaces. The strength of bonded 
surfaces depends not only on the degree of adhesion to the adherends, but 
also on the cohesive strength of the adhesive. 

 Natural materials employed as adhesives include mud, clay, animal glue 
(collagen), plant derivatives (starches and dextrins), milk protein (casein), 
gums, resins, bitumen, and rubber. The development of synthetic polymers 
quickly displaced natural - product - based adhesives from industrial applica-
tions. For instance, vinyl and acrylic emulsion polymers replaced collagen glue 
used in furniture and cabinet industries. Phenol - formaldehyde and urea - 
formaldehyde resins gained control of the structural and decorative plywood 
industries. Resorcinol - formaldehyde resins were preferred in lumber laminat-
ing and other construction specialties over casein glue. Although synthetic 
adhesives are generally considered superior to natural adhesives, certain bio-
logical adhesives such as those noted in barnacles and mussels display exem-
plary adhesion. The trend towards environmentally responsible products has 
revitalized interest in adhesives derived from natural materials. 

 Synthetic adhesives are primarily classifi ed as thermoplastic adhesives or 
thermosetting adhesives. Modern adhesives are complex formulations contain-
ing multiple ingredients that perform specialty functions. The choice of ingre-
dients and their proportion depends on the application, properties desired, 
application and processing conditions, and cost. Apart from the resin itself, 
an adhesive formulation may contain crosslinkers, accelerators, inhibitors 
(retarders), solvents, diluents, pigments, extenders, plasticizers, tackifi ers, and 
additives such as thickeners, antioxidants, antifungal agents, and surfactants. 

 Apart from the adhesive itself, other factors such as surface preparation, 
joint design, and protection from hostile conditions in service infl uence the 
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performance of an adhesive joint. Adhesives are preferred over other bonding 
methods such as welding and fastening in automotive and aerospace applica-
tions to reduce weight and increase fuel effi ciency. Additionally, adhesive 
bonding offers the following advantages  [88] : 

  (1)     Improves joint stiffness resulting in uniform stress distribution over a 
larger area  

  (2)     Reduces noise and vibration  
  (3)     Seals the joint against moisture and debris ingress  
  (4)     Reduces stress concentrations at the joint edges resulting in good 

fatigue resistance  
  (5)     Joins incompatible materials or dissimilar metals (which may otherwise 

lead to galvanic corrosion)    

 Low - molecular - weight polymers allow facile processing but possess limited 
cohesive strength. The curing step subsequent to application increases the 
molecular weight and increases the adhesive ’ s cohesive strength. Curing in 
adhesives can be classifi ed as follows  [89] : 

  (1)     1K, heat - cured: The resin and crosslinker are supplied as single compo-
nent adhesives and react at elevated temperatures. These adhesives are 
commonly used for structural applications and surface component 
mounting in electronics. Adhesive chemistries include epoxies, acrylics, 
silicones, phenolics, and polyimides.  

  (2)     1K, moisture - cured: Polyurethanes and silicones can be formulated to 
cure in the presence of moisture. Curing is infl uenced by the environ-
mental conditions that occur during curing such as relative humidity, 
temperature, and joint design, and may result in defects such as bub-
bling, uneven cure, and fast skin generation. These systems typically 
require a bond line depth of less than 10 – 15   mm to enable moisture to 
diffuse and react with the material in the joint center. Generally, mois-
ture - cured adhesives cure slower and have less cohesive strength than 
their 2K counterparts.  

  (3)     2K, ambient cure: The resin and crosslinker are supplied separately and 
mixed immediately before application. Adhesive chemistries include 
epoxies, acrylics, silicones, and polyurethanes.  

  (4)     Anaerobic: The adhesive is cured in the absence of oxygen in enclosed 
areas through the catalytic action of moisture.  

  (5)     Cyanoacrylates: These  “ instant ”  adhesives cure very rapidly when 
exposed to air.  

  (6)     UV curing: Curing is initiated by UV light and proceeds very rapidly 
to completion.  

  (7)     Solvent - based: The adhesive is supplied in an organic solvent or 
water that must be evaporated before bonding can occur. Polymers 



ADHESIVES 293

employed in solvent - based adhesives include natural rubber, urea -
 formaldehyde resins, polyvinyl acetate, polyurethane, polychloroprene, 
and acrylics.  

  (8)     Pressure - sensitive: Pressure - sensitive adhesives are based on low T g  
polymers that maintain permanent tack due to their viscoelastic char-
acteristics. The adhesives are typically based on elastomeric materials 
such as styrene - butadiene rubber, butyl rubber, silicone rubber, nitrile 
rubber, and acrylic rubber or block copolymers, along with small quanti-
ties of tackifi ers, plasticizers, waxes, and oils.  

  (9)     Hot melt: These adhesives are solids at ambient temperatures and melt 
on heating to yield low - viscosity fl uids that set rapidly upon cooling. 
Hot - melt adhesives are primarily employed in bookbinding, product 
assembly, and box and carton heat - sealing applications. Polymers 
employed in hot - melt adhesives include paraffi ns, ethylene vinyl acetate 
copolymers, styrene - isoprene - styrene copolymers, polyimides, polyure-
thanes, and ethylene ethyl acrylate copolymers.    

 Adhesives may also be grouped as structural or nonstructural. Structural adhe-
sive joints are expected to provide a useful service life equivalent to that of 
the product containing the joint. Nonstructural applications require low 
strength or temporary bonding, e.g., pressure - sensitive tapes, hot melts, and 
packaging adhesives. 

 Hot - melt adhesives (HMAs) are applied at elevated temperatures as a 
liquid mel and gradually cure to their long - term performance via moisture 
diffusing from the environment  [90, 91] , crystallization  [92] , vitrifi cation, and 
phase - separation processes. HMAs are well suited for high - speed production 
as they are solvent - free and form bonds very quickly after application. HMAs 
are typically isocyanate - terminated polymers based on polyesters and poly-
ether diols, and aromatic isocyanates such as MDI. Hydrogenated MDI is used 
in HMAs designed for external applications. 

 Polyester crystallites contribute to good green strength due to their high 
viscosity at elevated temperatures. Upon cooling, polyester crystallites may 
also serve as reinforcement, enhancing the adhesive performance properties, 
particularly at elevated temperatures  [93, 94] . Polyethers contribute to adhe-
sive toughness via their fl exibility. Acrylic copolymers are often added to 
improve compatibility between the polyether and polyester  [95, 96] , and 
enhance the green strength owing to their high T g  and viscosity  [97, 98] . Hsu 
et al. studied the miscibility behavior of HMAs containing polyester, poly-
ether, and acrylics, and concluded that polyethers played a crucial role in 
expanding the region of miscibility whereas polyesters did not affect the blend 
miscibility  [99] . 

 Aqueous polymer isocyanate (API) adhesives are synthesized by blending 
vinyl latexes or carboxylated styrene – butadiene rubber latexes with polymeric 
isocyanates based on MDI or TDI  [100] . Hydroxyl functionality is provided 
via incorporation of  ∼ 10   wt. % polyvinyl alcohol to the latexes. The polyisocya-
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nates are either dissolved in a mutually compatible organic solvent or modifi ed 
with nonionic surfactants to blend with the latex. API adhesives have replaced 
urea - formaldehyde resins in wood laminates and fi nger - jointing applications, 
and offer high bonding strength with rapid cure at elevated temperatures. 

 Pressure - sensitive adhesives (PSAs) are used extensively in tapes, labels, 
and protective fi lms due to their peel - and - press simplicity and are one of the 
biggest and fastest growing sectors in adhesives. A PSA is a soft, viscoelastic 
solid composed of a lightly crosslinked high molecular weight polymer that 
remains in a permanently tacky state and is characterized by instantaneous 
adhesion upon application of light pressure. The degree of crosslinking dictates 
the shear and cohesive strength of the adhesive. 

 PSAs are formulated from natural rubber, styrene - butadiene block copo-
lymers, styrene - isoprene block copolymers, or acrylic resins. Natural rubber –
 based PSAs were the fi rst to be developed and are still in use for general 
purpose applications. Styrene - based PSAs are solvent - free systems applied as 
hot melts above 160    ° C and facilitate high production rates. Both these PSAs 
have poor environmental stability and tend to degrade under thermo - oxida-
tive or UV exposure. Acrylic PSAs typically contain 50% – 90% methacrylate 
esters of higher alcohols (C 4  – C 17 ) and 2% – 20% of a monomer with the desired 
functional groups, e.g., acrylic acid  [101] . PSAs are typically applied as 20 – 100 
micron thick fi lms in latex, solution, or melt forms. The fi rst two are primarily 
used for acrylic adhesives while the last form is employed with block copoly-
mer - based adhesives. Latex PSAs offer low viscosities and are free of organic 
solvents, but the presence of residual surfactants and additives may affect 
adhesive performance. Although characterized by high - VOC content, solution 
PSAs are still widely used as the synthesis process facilitates better control 
over molecular structure and contains fewer impurities. 

 Photopolymerizable PSAs offer faster processing times, require less space 
and energy, and contain lower VOCs. Commercial UV - curable acrylic hot - melt 
adhesives are based on acrylic polymers that contain a copolymerized benzo-
phenone derivative  [102] . Since the extent of crosslinking depends only on the 
UV dosage, production rates can be increased by using successive irradiation 
units. The adhesive chromophore fi lters UV light, resulting in reduced conver-
sion at higher thicknesses. 

 Hot - melt PSAs reduce or eliminate the use of organic solvents during syn-
thesis and application and typically comprise low - molecular - weight rubber or 
acrylic block copolymers. The inherent physical crosslinking of block copoly-
mers results in a good balance of cohesive strength and processability. Rubber 
block copolymers combine polystyrene hard blocks with soft blocks such as 
polyisoprene, polybutadiene, or ethylene – butylene copolymers. Well - defi ned 
structures of block copolymers require more stringent reaction conditions and 
greater knowledge of reactive pathways than homopolymerization  [103] . In 
recent years, controlled or  “ living ”  radical polymerizations such as atom trans-
fer radical polymerization (ATRP), nitroxide - mediated polymerization, and 
reversible addition - fragmentation chain transfer (RAFT) polymerization have 
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enhanced the opportunities for block copolymer synthesis  [104] . Ionic, elec-
tron - beam, and UV - initiated crosslinking have been employed in hot - melt 
PSAs for various applications  [105] . 

 One way to enhance the cohesive strength of an adhesive is via ionic cross-
linking by introducing metal ions into an acid - functional adhesive or by gen-
erating acid - base interaction between polymer chains. Ionic crosslinking offers 
the following benefi ts  [106] : 

  (1)     Does not require special curing equipment  
  (2)     No interference from pigments or fi llers  
  (3)     Adhesive thickness does not limit the curing effi ciency or process 

speed  
  (4)     Crosslinking may be thermally reversible or may be designed to form 

a thermosetting system    

 Everaerts et al. employed acid - base interactions in hot - melt acrylate PSAs 
using a copolymer of isooctylacrylate (IOA) and acrylic acid (AA), and copo-
lymers with  N , N  - dimethylaminoethyl methacrylate (DMAEMA), e.g., 40/60 
IOA/DMAEMA and 40/58/2 IOA/DMAEMA/AA as the crosslinker  [31] . 
Other crosslinkers evaluated in the study were polyetherimines (PEI), DICY, 
and a polyfunctional aziridine. The authors noted that in contrast to block 
copolymers, the onset of fl ow was not controlled by the polymer T g  but by the 
strength of the acid - base interactions. Rheological data indicated that the 
strength of the acid - base interactions and the structure of the base had a sig-
nifi cant effect on the adhesive properties. 

 Crosslinked epoxy resins offer many useful properties for structural engi-
neering applications such as high modulus and failure strength, low creep, and 
good performance at elevated temperatures. Although adhesion is controlled 
primarily by surface energies, other performance attributes such as cohesive 
strength, hardness, and durability are dramatically impacted by the choice of 
curing agent used to crosslink the epoxy  [107] . 

 Unmodifi ed DGEBA epoxy adhesives are toughened either by adding fl ex-
ible elements to the matrix or by including a secondary phase. Matrix fl exibility 
can be provided inherently via the epoxy resin and/or the curing agent, or by 
employing a reactive modifi er. Flexible epoxy resins include epoxy - dimer acid 
adduct, epoxidized vegetable oils, elastomer - modifi ed epoxy resins, diglycidyl 
ethers of polyalkylene glycols, aliphatic polyols, castor oil, or ethoxylated res-
orcinol. Crosslinkers such as polyamidoamines, polyamides, oligomeric poly-
amines, silyl - terminated polyethers  [108] , and amine - terminated silicone resins 
infl uence performance properties including toughness, tensile strength, and 
thermal and chemical resistance. 

 One of the means of adding a secondary phase is via the incorporation of 
a reactive liquid rubber such as carboxyl or amine - terminated nitrile rubber 
(NBR, copolymer of acrylonitrile and 1,2 -  or 1,3 - butadiene). During curing, 
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the rise in molecular weight lowers the compatibility between the epoxy resin 
and rubber phases. The  in situ  phase separation results in a matrix that contains 
fi nely dispersed rubber - rich domains (0.1 – 5    μ ) within the cured epoxy resin. 
The rubbery particles enhance the adhesive toughness via interactions of the 
stress fi eld ahead of the crack tip and enhance plastic deformation of the epoxy 
matrix. The enhancement in fracture energy depends upon the particle size, 
volume fraction, and size distribution of the dispersed phase and on the chemi-
cal structure and T g  of the epoxy resin and curing agent employed. Cure condi-
tions strongly infl uence the morphology of the dispersed phase in the cured 
resin, and consequently, the performance of the epoxy adhesive  [109] . Hydroxy 
methyl bisphenol - A has been shown to be an effective reactive interfacial 
agent in an NBR - epoxy adhesive by imparting higher adhesive joint strength, 
toughness, thermal stability, T g , and lower elongation - at - break  [110] . 

 Another approach to improving the mechanical performance of epoxy 
adhesives is via the use of nanoparticles or fi bers having average particles sizes 
between 5 – 50   nm. Kinloch et al. incorporated nanosilica into an NBR - epoxy 
adhesive cured with a blend of  N , N  - dimethyl - 1,3 - diaminopropane and a poly-
amide  [111] . Fracture energy (G e ) increased from 1200   J/m 2  for the control 
rubber - toughened epoxy to 2300   J/m 2  at 4.1   wt. % of nanosilica. Improvements 
in peel energy, lap shear strength, and toughness were also noted. Reinforce-
ment of epoxy adhesives with nanoparticles grafted with alkoxysilanes 
improved viscoelastic properties compared with the neat epoxy adhesive. 
Increased stiffness and a T g  shift of about 20K were also observed  [112] . 

 Epoxy - phenolic adhesives are used for bonding metal, glass, ceramic, and 
phenolic composites and possess very good resistance to weathering, oil, sol-
vents, and moisture. However, the high aromatic content of these adhesives 
results in relatively low peel and impact strength, and limited thermal shock 
resistance. 

 Epoxy - nylon adhesives were one of the fi rst structural adhesives designed 
specifi cally to possess high shear strength and extremely high peel strength. 
Epoxy - nylon adhesives also offer excellent tensile lap shear strength, and good 
fatigue and impact resistance  [113] . However, the inherent hydrophilicity of 
nylons results in poor moisture resistance. 

 Epoxy - sulfi de adhesives offer excellent fl exibility, chemical resistance, and 
good low - temperature performance, but lack shear strength. A tertiary amine 
is employed as the accelerator (Figure  11.5 )  . A key limitation in using sulfi des 
is their distinct unpleasant odor, but the use of polysulfi des with minimal low -
 molecular - weight impurities helps mitigate odor issues. Epoxy - sulfi de adhe-
sives are typically used for bonding rubber to metal.   

 Waterborne epoxy dispersions offer an environmentally responsible alter-
native to solvent - based epoxy adhesives, and are either based on bisphenol - A 
derivatives of varying molecular weights, polyfunctional epoxies, or epoxy 
resins modifi ed with urethanes or elastomers. Any curing agent used with 
solvent - based epoxy systems and that can be stabilized in water can be 
employed for curing waterborne epoxy dispersions, e.g., polyamides, polyami-



ADHESIVES 297

doamines, DICY (often with 2 - methyl imidazole as an accelerator), phenolics, 
and amino resins. Addition of 10 – 20   wt. % of waterborne epoxy dispersions to 
carboxyl and amine functional latex adhesives enhances their tensile strength 
and water resistance. It is important to ensure that the pH of the epoxy disper-
sion is close to the latex pH to avoid latex coagulation. Such blends are 
employed as laminating adhesives to various plastic and metal foils and 
fi lms. 

 Liquid crystalline epoxy resins contain a rigid backbone and are character-
ized by high toughness. Liquid crystalline epoxy resins containing a mesogenic 
group and crosslinked with a curing agent with neighboring active hydrogens 
possess a very weak glass transition, and thus a very high rubbery modulus 
 [114] . Ochi et al. investigated the bonding properties of an adhesive 
system comprising diglycidyl ether of terephthalylidene - bis - (4 - amino - 3 - 
methylphenol) crosslinked with 4,4 ′  - diaminodiphenylmethane, and related it 
to their phase structure (Figure  11.6 )    [115] . The lap shear strength of the 
nematic system was lower than that of the isotropic system, although the 
nematic adhesive layer showed larger deformability than the isotropic one. 
The high bonding strength of the isotropic system was attributed to the local-
ization of hydroxyl groups (formed during cure) at the adhesive interface. The 

     Figure 11.5.     Epoxy sulfi de crosslinking.  
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restricted molecular motion in the ordered domains of the nematic system 
resulted in low concentration of hydroxyl groups at the adhesive interface and 
low bonding strength.   

 While adhesives are normally expected to maintain their performance 
indefi nitely, recycling and/or repairing requires that the adhesion be reversed. 
Thermally reversible adhesives have been synthesized by reacting an aliphatic 
diamine with a diepoxy compound containing two Diels - Alder adducts  [116] . 
The Diels - Alder adduct was formed by reacting a furfuryl glycidyl ether 
(diene) with 1,1 ′  - (methylenedi - 4,1 - phenylene) - bismaleimide (dienophile) 
(Figure  11.7 )  . The adhesive displayed a T g  of  7 4    ° C and a constant shear 
modulus up to approximately 90    ° C. Above 90    ° C, a retro Diels - Alder reaction 
led to a signifi cant loss in modulus. The loss of modulus was reversible with 
temperature.   

 Polyurethanes have established a prominent position in the formulation of 
high - performance adhesives and sealants in applications in such industries as 
footwear, packaging, furniture assembly, and plastic bonding. Polyurethane 
adhesives offer a unique set of properties including good bond durability, 
substantial adherence to a wide variety of substrates, ability to perform well 
over a wide temperature range, good chemical resistance, and good balancing 
of lap shear and peel strength as well as good solvent resistance  [117] . 

 One - component (1K) polyurethane systems are based on isocyanate - 
terminated prepolymers and cure by reacting with ambient moisture (Figure 
 11.8 )  . Relative humidity levels of 40% – 60% are most desirable to ensure 
optimum curing.   The adhesive may also react with hydroxyl groups present on 
substrates such as wood and paper. Excessive moisture on the substrate will 

     Figure 11.7.     Epoxy resin of a reversible adhesive.  
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lead to pinholes or foaming from the CO 2  released during cure. Use of latent 
isocyanates such as blocked isocyanates and ketimines helps avoid the prob-
lems associated with reactivity of the free isocyanate.   

 Anaerobic adhesives are employed for augmenting the seal or holding force 
of a mechanically joined appliance assembly, e.g., locking threaded fasteners; 
sealing pipe fi ttings; retaining bearings, pulleys, and gears to shafts; sealing 
fl anged surfaces; and replacing cut gaskets in automotive, construction, and 
farming equipment. Anaerobic compositions are stable and remain in a liquid 
state in the presence of oxygen but polymerize to a solid in the absence of 
oxygen. Curing occurs via ambient temperature bulk polymerization of mono-
meric and telechelic methacrylates initiated via decomposition of hydroper-
oxides by amines and is catalyzed by transition metals, particularly copper and 
iron. Therefore, anaerobic adhesives cure rapidly on iron -  and copper - rich 
surfaces, but on cobalt -  or zinc - plated metals they may cure slowly or not at 
all. Metals and alloys that contain very low amounts of iron and copper are 
generally insensitive to anaerobic cure. 

 U.S. patent 5,411,998 discloses the use of anaerobic compositions in 1K and 
2K systems for sealing surfaces having thick bondlines  [118] . The 1K systems 
are based on a combination of saccharin and onium salts (phosphonium or 
quaternary ammonium salts other than iodides). In the 2K system, one part 
contains cumene hydroperoxide, saccharin, and an onium salt, while the other 
includes saccharin and acetylphenyl hydrazine. 

 Structural acrylic adhesives  [119]  are typically formulated with methacry-
lates, a rubber hardener such as chlorosulfonated polyethylene, and a redox 
initiator. Some free radicals are also generated by the initiator ’ s reaction with 
the hardener and graft the acrylic polymer to the rubber particles. The adhe-
sive is supplied as a 2K package with the initiator components separated. Each 
component is applied to an adhered end, and when joined, curing is completed 
in  ∼ 10   min.   The components may also be premixed before application. 

 Silanols, i.e., polydimethylsiloxanes terminated with hydroxyl groups 
(molecular weights 15,000 – 150,000), are susceptible to condensation prior to 
fi nal application under both mildly acidic and basic conditions and are 
employed as intermediates for most room temperature vulcanizable (RTV  ) 

     Figure 11.8.     Curing reactions of 1K polyurethane adhesives.  
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1K and 2K adhesives. RTV silicones are widely used as sealants for window 
panes and ceramics as they offer outstanding weather resistance. Their excel-
lent moisture and chemical resistance after crosslinking makes them ideal for 
application in moist environments such as bathrooms, kitchens, and marine 
applications. Silicones maintain their adhesion across temperature extremes 
from  − 60    ° F to 300    ° F, and serve as useful sealants in automotive engine appli-
cations, ovens, and industrial processes. 

 One - component RTV systems employ multifunctional silanes in a two -
 stage reaction. In the fi rst stage, the silanol is reacted with an excess of mois-
ture - sensitive multifunctional silane, resulting in a silicone resin with the 
multifunctional silane group at each end. The RTV is supplied in this form; 
upon exposure, the end groups rapidly react with moisture. The most common 
chemistries employed for moisture - cure RTVs are acetoxy, oxime, alkoxy, 
amine, aminoxy, and benzamide (Figure  11.9 )    [120] . The acetoxy RTVs are 
characterized by their distinct vinegary odor during cure due to the acetic acid 
liberated upon crosslinking. This may be a concern for corrosion if the sealant 
is used around metal parts. Amine -  and aminoxy - cured systems have an ammo-
niacal odor and are typically used in automotive and industrial applications.   

 Two - component RTV silicones are platinum - catalyzed systems, with one 
component containing vinyl - ether - terminated silicone resin and the other con-
taining a hydride - functional silicone polymer. Two - component RTVs cure 
faster than 1K RTV adhesives and also offer deep section cure as they do not 
liberate volatiles during cure. However, these systems require mixing, degas-
sing, and dispensing apparatus for application. Moreover, a primer is often 
necessary to ensure good adhesion. 

     Figure 11.9.     Curing reactions of 1K RTV silicone adhesives.  
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 Cyanoacrylates are known for their extremely rapid cure and are employed 
with rubber and plastic parts in printed circuit board wires and components, 
disposable plastic medical devices, toys, appliances, automotives, and cosmetic 
packaging. The  “ instant adhesives ”  are also a quick fi x for repairs in the home. 
Cyanoacrylates are characterized by the presence of two strongly electron -
 withdrawing groups ( − CN and  − COO) that facilitate anionic polymerization. 
Polymerization is initiated by surface moisture but is inhibited by oxygen and 
does not proceed to completion unless the adhesive joint is closed. Methyl 
cyanoacrylates work best on metal and rubber parts while ethyl cyanoacrylates 
are recommended for work on plastic parts. Octyl cyanoacrylates are favored 
for medical applications as they exhibit excellent biocompatibility and 
fl exibility. 

 Cyanoacrylates are employed in surgery as a tissue adhesive to replace 
traditional suturing techniques. Potential benefi ts include better cosmetic 
results, more rapid wound closure, less pain, and lower risk of transmitting 
infectious diseases. On the other hand, concerns with cyanoacrylates include 
diffi culty in precise delivery due to low product viscosity, poor shear strength 
(particularly in moist environments), high stiffness of cured adhesives on soft 
tissues leading to mechanical incompatibility and adhesive failure, and heat 
generation during cure. U.S. patent 5,350,798 disclosed the use of methoxypro-
pyl cyanoacrylate as the adhesive precursor and a triethylene glycol oxalate 
ester as a modifi er; however, incompatibility between the polycyanoacrylate 
and the modifi er resulted in phase separation  [121] . U.S. patent 6,699,940 dis-
closes polymer chains end capped with alkyl or alkoxyalkyl cyanoacrylate 
esters to overcome the limitations of the earlier patent  [122] . While cyanoac-
rylates form extremely strong bonds between tissues, they act as barriers to 
biological repair. To overcome this limitation, U.S. patent application 
2006/0147479 proposes a tissue adhesive comprising a cyanoacrylate in com-
bination with an angiogenic factor such as butyric acid and its derivatives to 
promote the growth of new blood vessels from preexisting vessels  [123] . 

 Extensive harvesting of old growth forests and current conservation poli-
cies have resulted in a signifi cant reduction in the size of logs used in construc-
tion materials. Nonetheless, wood remains the classic renewable resource. 
Wood composites are manufactured by combining wood furnish with suitable 
polymeric adhesives under the infl uence of pressure and heat. The wood 
furnish used in composites is obtained from relatively small trees and includes 
tree residues such as bark and shavings, thereby utilizing a signifi cant portion 
of the tree. Consequently, composites offer an excellent means to maximize 
useful production from limited resources. For instance, several markets such 
as molded products, inorganic - bonded products, and panel products (plywood, 
oriented strand board, fi berboard, and particleboard) have emerged to meet 
the strong demand for wood composites. 

 Presently, the vast majority of wood adhesives are based on formaldehyde 
derivatives such as urea - formaldehyde (UF) or phenol - formaldehyde (PF) 
resins. UF resins are characterized by low cost, easy application, low cure 
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temperatures, water solubility, resistance to microorganisms, hardness, lack of 
color in the cured resin, and excellent thermal and mechanical properties when 
cured. A major limitation of UF resins is their low water resistance, especially 
in combination with heat, as the methylene and methylene - ether bridges are 
easily hydrolyzed and liberate formaldehyde. Formaldehyde is extremely toxic 
and is classifi ed as a carcinogen  [124] . The level of formaldehyde emissions 
from formaldehyde - based products is regulated by law, especially with respect 
to indoor use. 

 Several attempts have been made to reduce formaldehyde emissions from 
composite products. Mami  ski et al. showed that incorporation of glutaralde-
hyde in a UF resin with low water resistance markedly improved the glue ’ s 
resistance to boiling water  [125] . The improved resistance was attributed to 
5 - carbon bridges formed during the cure of glutaraldehyde with UF resin. U.S. 
patent 5,593,625 describes methods of preparing a legume - based thermoset-
ting resin to produce composites by blending soy fl our with methyl diphenyl 
isocyanate  [126] . U.S. patent 6,306,997 refers to a soybean - based adhesive that 
contains 70% soybean fl our and 30% phenol - formaldehyde resin  [127] . Wang 
and Sun described particleboards derived from wheat straw blended with 
MDI, corn stalk pith, and sodium hydroxide - modifi ed soy protein isolate  [128] . 
However, isocyanates present toxicity issues of their own during handling and 
processing. 

 Lignin, second only to cellulose as a source of fi xed carbon in the biosphere, 
is highly resistant to rapid biological degradation. Chemically, lignin is a 
complex polymer of phenylpropane units that are crosslinked to each other 
via a variety of different chemical bonds. The abundance of lignin as a waste 
product in pulp mills presents an attractive proposition for incorporation in 
adhesives, primarily as a substitute for UF or PF resins. However, the inherent 
low reactivity of lignin towards formaldehyde resins results in long pressing 
times. Methylolated lignin (synthesized by reacting formaldehyde with lignin) 
reacts faster with PF resins, and the blends have been employed in plywood 
manufacture as the rate of pressing does not have a signifi cant effect on the 
economics of the manufacturing process. However, other wood composites 
such as particleboard, oriented strand board, and medium density fi berboard 
do not favor the use of lignin as the rate of pressing is critical in determining 
the cost and profi tability of both process and product  [129] . To obviate the 
reactivity limitations, Pizzi et al. developed a system involving polymeric MDI, 
methylolated lignin, and PF resin  [130, 131] . Crosslinking occurs via formation 
of lignin - lignin, lignin - phenol, and phenol - phenol methylene bridges as well 
as via urethane bridges between the lignin methylol groups and PF resin with 
the isocyanate, and yielded panels at industrially signifi cant pressing times. 

 In an effort to develop more environmentally responsible materials, lignin 
derivatives have been synthesized by replacing formaldehyde with glyoxal, a 
nontoxic aldehyde  [132] . Particleboards manufactured using adhesive blends 
of glyoxylated lignin with polymeric MDI exhibited internal bond strength 
values exceeding the specifi cations for exterior - grade panels. Moreover, the 
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reactivity was suffi cient to yield panels in press times comparable to those of 
formaldehyde - based commercial adhesives. 

 Liu and Li investigated the use of demethylated kraft lignin (DKL), a by -
 product in the production of dimethyl sulfoxide from kraft lignin, as a wood 
adhesive using PEI as the crosslinker  [133] . The authors proposed that the 
phenolic hydroxyl groups of DKL oxidize to form quinones that react with 
PEI to form Schiff bases and Michael addition products, and yield a water -
 insoluble, highly crosslinked polymeric network. Lap shear tests on maple 
veneer specimens indicated that 1   :   1 DKL   :   PEI weight ratio was optimum in 
terms of enhancing the strength and water resistance. PEI molecular weight 
had little effect on the adhesive performance. 

 Geng and Li proposed lignin adhesives synthesized by treating lignin and/or 
lignocellulosic materials such as decayed wood and solubilized decayed wood 
with PEI and adhesion promoters such as sodium borohydride and boric acid 
 [134] . The boron compound is believed to form esters by reacting with the 
lignin catechol moieties and also possibly with the hydroxyl groups of carbo-
hydrates naturally occurring in lignocellulosic materials. Solubilized decayed 
wood adhesives formulated with an adhesion promoter exhibited the highest 
shear strength of all the compositions tested. 

 Thames et al. developed formaldehyde - free, soybean protein - based adhe-
sives for particleboards. Unlike other approaches to making formaldehyde -
 free adhesives, the adhesives of Thomas et al. are totally based on agricultural 
derivatives, primarily soybean protein. Soybean seeds contain about 40% 
protein. After oil extraction, the defatted soy fl akes are processed to remove 
the nonprotein components to yield soybean protein isolate (SPI). SPI is the 
most highly refi ned soybean protein product sold commercially and contains 
 > 90% protein on a moisture - free basis. An alternate source of soybean protein 
is defatted soybean fl our (DSF) that contains  ∼ 53% protein and 35% 
carbohydrates. 

 Thames et al., U.S. patent 6,790,271, discloses a powder adhesive composed 
of soybean protein, a polyol plasticizer such as glycerine, and a vegetable oil 
derivative such as maleinized methyl ester of tung oil  [135] . The maleinized 
ester served as a crosslinker and enhanced the water resistance of the particle-
board. In a second patent, U.S. 7,081,159, Thames et al. describes a liquid 
adhesive composition based on soybean protein in conjunction with zinc 
sulfate heptahydrate, calcium oxide, sodium benzoate, pine oil, wax emulsion, 
and nonsulfonated kraft lignin  [136] . The particleboards were evaluated as per 
American National Standards Institute (ANSI) specifi cations. DSF - based par-
ticleboards met M - 1 and M - S grade particleboard requirements while SPI -
 based particleboards exceeded the requirements of M - 1, M - 2, M - 3, and M - S 
grades. Particleboard grades M - S, M - 2, and M - 3 are used in kitchen and vanity 
cabinets. Industrial particleboard grades used in offi ce and residential furni-
ture, kitchen cabinets, case goods, and other applications are typically M - S, 
M - 2, or M - 3 grades. Countertops and shelving applications also require parti-
cleboards that pass the M - 2 grade. Soil biodegradability (AATCC TM 30 – 199, 
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1   :   1   :   1 soil   :   compost   :   sand mixture maintained at 37    ° C) studies indicated that 
the soybean protein - based particleboards lost an average of 27.9% of their 
total weight while UF - based particleboards lost an average of 11.6%, indicat-
ing that soybean protein - based particleboards biodegraded faster than com-
mercial particleboards. 

 Recent improvements in adhesive formulation have resulted in formalde-
hyde - free particleboards with improved water resistance properties that 
perform competitively against UF resin - based commercial particleboards 
 [137] . A key distinction between the soybean protein liquid adhesive and UF 
resins are the rheological characteristics and specifi cally higher viscosity. UF 
resin is supplied at waterlike consistency at 65% solids, while the soybean 
protein - based liquid adhesive has a pastelike consistency even at 32% solids. 
However, the soybean protein adhesive blends effi ciently with the wood 
furnish, and its performance has been validated at plant trials. 

 Marine environments severely challenge the performance of synthetic 
adhesives. However, biological adhesives synthesized by barnacle shells, kelp 
adhesives, mussel glues, and oyster cements form in a few seconds and function 
exceedingly well over wide temperature ranges, varying salinities, humidity 
levels, and tidal currents of oceans. Biofouling, i.e., the settlement and accu-
mulation of living organisms on man - made physical structures in an aquatic 
or marine environment, costs the U.S. Navy alone more than  $ 1 billion a year 
due to reduced fuel effi ciency and costs involved in removing the biofouling 
material  [138] . 

 Mussel adhesive proteins (MAP) contain tandem repeat sequences of 
approximately 5 – 15 amino acids, of which one or more residues are 3,4 - 
dihydroxyphenylalanine (DOPA)  [139] . DOPA is characterized by two key 
functional groups — an amino group and a catechol group. Various reactions 
between the amino group and the catechol group solidify and crosslink the 
MAP, thus converting the MAP into a very strong and very water - resistant 
adhesive  [140] . Interestingly, the transition metal (e.g., copper, iron, manga-
nese, and zinc) content of mussel adhesives is up to 100,000 times that of open 
ocean water  [141] . Wilker studied the effects of chloride and nitrate salts of 
various metals on MAP extract and concluded that Fe +3  induced the greatest 
degree of crosslinking on the adhesive precursor  [142] . 

 Various researchers have employed DOPA in adhesives or to develop bio-
mimetic strategies for surface modifi cation. Liu and Li disclosed adhesives for 
lignocellulosic composites that were synthesized by reacting phenolic hydroxyl -
 augmented PSI with DOPA  [143] . Deming and Yu developed water - soluble 
copolypeptides containing DOPA and L - lysine by ring - opening polymeriza-
tion of  α  - amino acid  N  - carboxyanhydride monomers  [144] . Aqueous solutions 
of these copolymers, when mixed with a suitable oxidizing agent (e.g., O 2 , 
mushroom tyrosinase, Fe 3+ , H 2 O 2 , or   IO4

−), formed crosslinked, moisture - 
resistant adhesive bonds with aluminum, steel, glass, and plastics. Successful 
adhesive formation was dependent on oxidation conditions; chemical oxidants 
gave the best results. 



 U.S. patent 6,867,188 describes a nonirritating, nonallergenic, and nontoxic 
bioadhesive composition suitable for covering and attaching structures to eye 
tissues such as the cornea. The composition is provided as a 2K kit comprised 
MAP and polysaccharides, preferably negatively charged, and optionally, an 
oxidizing agent such as hydrogen peroxide nitroprusside ions or periodate 
ions. Bioinspired polymers based on MAP for antifouling and medical applica-
tions are detailed in the works of Messersmith  [145] .  

  LAMINATES 

 In many applications, a single material may not possess all the required prop-
erties. The process of lamination, i.e., joining two or more layers of materials 
(fi lms, foils, paper, etc.) via adhesive bonding, enables the properties of differ-
ent materials to be combined advantageously into a single product with mul-
tifunctional properties, e.g., high tensile strength and high gas permeability. 

 Lamination processes are generally classifi ed as dry bond laminating and 
wet bond laminating. In dry bond laminating, a liquid adhesive is coated on a 
substrate, dried with heat and airfl ow, and then laminated to a second substrate 
via a heated compression nip. In wet bond laminating, a liquid adhesive is 
applied to a substrate and immediately laminated to a second substrate. The 
laminate is passed through a heated dryer before proceeding to a lamination 
nip/cooling section to achieve the desired laminate bond strength. In wet 
bonding, drying occurs only after the substrates are joined, and at least one 
substrate must be porous to allow evaporation of water or solvent. Multilayer 
plastic fi lms can also be formed via extrusion lamination and coextrusion 
lamination techniques  [146] . In extrusion lamination, a thin layer of plastic 
fi lm is extruded between two other fi lm layers (plastic, foil, or paper) and is 
particularly useful for bonding printed layers of fi lm together. Coextrusion 
lamination involves simultaneous extrusion of different polymer melts through 
a die and is generally used for very high volume laminate production. 

 Waterborne laminating adhesives are based on naturally occurring materi-
als such as dextrin, starches, and natural rubber, or synthetic emulsions based 
on acrylic - vinyl esters or polyurethanes. The former are more commonly 
employed for labeling and other packaging applications, while the latter are 
mostly used for either wet or dry laminating. Surfactants are also incorporated 
in the adhesive formulation to achieve proper adhesion to low surface energy 
substrates such as polyolefi ns or silicone - coated release liners. Depending on 
the tolerance, alcohols may also be used as adhesion enhancers in lieu of sur-
factants. In general, however, surfactants lower the wet bond strength and 
water resistance of the laminate. If one of the substrates is a printed surface, 
surfactants may result in discoloration or blurring of the printed ink. U.S. 
patent 4,617,343 discloses latex compositions with high alcohol tolerance that 
do not have free surfactants present after fi lm formation  [147] . Alcohol toler-
ance was imparted by the use of at least 12% by weight of vinyl ester mono-
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mers such as vinyl acetate, vinyl propionate, or vinyl butyrate. One to two 
percent of methacrylic acid or its hydroxyalkyl ester such as hydroxyethyl 
methacrylate was also incorporated as a comonomer to achieve the required 
alcohol tolerance.   Latex synthesis was accomplished using polymerizable sur-
factants, typically polyoxyethylene alkylphenyl ether derivatives of unsatu-
rated acids such as maleic, fumaric, or methacrylic acids. Maleic surfactants 
are particularly attractive because of their simple synthesis and lack of homo-
polymerization  [148] . 

 Printed circuit boards (PCBs) are typically manufactured using copper - clad 
laminates with a reinforced polymeric material serving as the dielectric 
between the metal. For electronic products that require only a single side of 
an electrical connection, the dielectric material is made of inexpensive, paper -
 reinforced phenolic laminates. Equipment requiring multilayer interconnect 
structures employ laminates based on reinforced glass fi ber, partially bromi-
nated, bisphenol - A - based epoxy resin (commonly termed as Flame Resistant -
 4, or simply FR - 4) due to its good copper peel strength, excellent insulation, 
and processability. DICY is generally used as the curing agent. 

 The trend towards lighter, shorter, smaller, and more reliable electronic 
products has necessitated the development of PCBs with improved dielectric 
properties including a lower dielectric constant (D k ) and loss factor (D f ), 
superior thermal properties such as high T g  and decomposition temperature 
(T d ), and good processability. With T g s between 110    ° C and  − 140    ° C, FR - 4 has 
an excessive coeffi cient of thermal expansion in the z - axis direction and poor 
thermal resistance resulting in resin smearing during hole drilling. To improve 
the T g  and thermal resistance, multifunctional epoxy resins such as epoxidized 
novolacs and tetraphenylethane tetraglycidyl ether are added at varying levels. 
However, their proportion needs to be controlled since very high crosslink 
density leads to brittleness, poor adhesion, and low copper peel strength 
 [149] . 

 The move toward lead - free soldering has resulted in higher soldering tem-
peratures, and consequently, laminates are now required to handle soldering 
temperatures of 260    ° C and higher. Laminates with higher T g  values are based 
on polyimides, cyanate esters, allylated polyphenylene ethers, bismaleimide 
triazine, and tetrafunctional epoxy systems  [150] . Cyanate esters cure through 
the cyclotrimerization of reactive cyanate functional groups into densely cross-
linked triazine resins, which have low dielectric constants and high T g s. Cyanate 
esters are less expensive than polyimides and are better suited for high - 
frequency applications and thick multilayer structures than FR - 4 because of 
their lower thermal coeffi cient of expansion, lower dielectric constant, and low 
loss factors. However, cyanate ester PCB laminates are prone to form micro-
cracks during board fabrication  [151] . 

 Allylated polyphenylene ethers exhibit T g s    >    200    ° C with good electrical 
properties and are used in high - speed digital applications with triallyl cyan-
urate or triallyl isocyanurate as crosslinkers. Allylated polyphenylene ethers 
are typically synthesized by dehydrogenating polyphenylene ethers with  n  -
 butyl lithium followed by reaction with allyl halide. 



 Polyimides are noted for their fl exibility and outstanding mechanical, 
thermal, and electrical properties, and are widely used in fl exible PCBs, ribbon 
cables, reinforcing materials, and multilayer PCBs. Flexible PCBs utilize the 
thinnest dielectric substrate available for electronic transmission and signifi -
cantly reduce the weight of electronic packages. Polyimide - based fl exible 
PCBs are in demand for miniature devices such as mobile phones, automobile 
electronics, and aerospace electronics. To ensure adequate safety, the copper 
conductors must adhere fi rmly to the polyimide to withstand soldering as well 
as stresses from vibrations and shocks, and temperature and humidity 
fl uctuations. 

 The polyimide layer is bonded to the metal substrate by an adhesive, usually 
based on epoxy resins or acrylates. However, the poorer thermal and dielectric 
properties of the adhesive relative to the polyimide compromise the PCB 
performance characteristics. Moreover, the adhesive layers add to the thick-
ness of the PCBs. Adhesive - free laminates offer advantages over adhesive -
 based laminates in terms of thinness, thermal resistance, and dimensional 
stability. Several attempts have been made to enhance the adhesion between 
the polyimide resin and metal, e.g., incorporating bismaleimide modifi ed with 
barbituric acid or its derivatives  [152] , employing a polyimide upper layer and 
a polyimide - bismaleimide lower layer  [153] , or a polyimide prepared by the 
polymerization reaction involving imidazole -  or benzimidazole - containing 
amine monomers  [154] ; however, all of them have their own limitations. 

 U.S. patent 6,133,408 discloses a polyimide laminate produced by casting a 
polyamic acid precursor onto the metal foil followed by imidization via heating 
above 250    ° C  [155] . The polyamic acid precursor was synthesized by reacting 
aromatic tetracarboxylic acid anhydrides such as 3,3 ′ ,4,4 ′  - biphenyltetracar-
boxylic acid dianhydride, pyromellitic dianhydride, and/or 3,3 ′ ,4,4 ′  - diphenyl-
sulfonetetracarboxylic acid dianhydride, with aromatic diamines such as 
4,4 ′  - oxybisbenzenamine,  m  - phenylenediamine, and/or  N , N  ′  - diphenylmethyl-
enediamine in a polar aprotic solvent. 

 Lee et al. evaluated the infl uence of pyridine and triazole derivatives on 
the adhesion between polyimides and sputter - deposited copper. Thus, 4,4 ′  -
 oxydianiline (ODA) was separately mixed with 2,6 - diaminopyridine (DAP) 
and 3,5 - diamino - 1,2,4 - triazole (DATA) to form codiamines. Polyimides were 
synthesized in two steps by reacting the codiamines with 3,3 ′ ,4,4 ′  - pyromellitic 
dianhydride. The adhesion strength of sputter - deposited copper to the poly-
imide fi lms was proportional to the functional group content. At a molar ratio 
of DAP to ODA of 1   :   6, the 90    °  peel strength of the copper/polyimide lami-
nates reached a maximum of 990   J/m 2 . At a similar molar ratio of DATA to 
ODA, the 90    °  peel strength reached a maximum of 696   J/m 2 . X - ray photoelec-
tron spectroscopy studies indicated that laminates with low to moderate adhe-
sion failed mostly at the interface near the polyimide, while the laminates with 
high adhesion failed mostly in the polyimide  [156] . 

 Multilayer laminates have been proposed wherein the polyimide is bonded 
directly to metal without an adhesive. Such laminates employ formable poly-
imides based on diphenyl tetracarboxylic acid and are inferior in thermal sta-

LAMINATES 307



308 IN COATINGS, ADHESIVES, AND LAMINATES

bility to fully aromatic polyimides that are no longer formable. Moreover, 
formable polyimides may fl ow during laminating and promote undesirable 
direct contact between the metal layers. 

 Bismaleimide resins are used in glass or carbon fi ber reinforced laminates 
due to their excellent thermal and mechanical properties and low moisture 
sensitivity. Maleimides possess two carbonyl groups conjugated to the double 
bond and present a highly electron poor double bond that reacts with nucleo-
philes to yield linear, high molecular weight polyimides  [157, 158] . 

 In general, bismaleimides are soluble in very few solvents such as  N  - 
methylpyrrolidone. Various attempts have been made to improve the solubility 
of maleimides and improve their processability. For instance, U.S. patent 
4,460,783 discloses that certain aromatic ether bismaleimide compounds, e.g., 
bis(malimidophenoxyphenyl) propane, are highly soluble in common solvents 
such as acetone, toluene, and methyl ethyl ketone  [159] . The solubility of these 
bismaleimides are attributed to the presence of signifi cant amounts of acid 
group - containing precursors, i.e., terminal amic acid groups that have not been 
converted to imide groups. The bismaleimide solutions tend to separate over 
time when the resin concentration exceeds 50%, but this can be avoided by 
adding equimolar amounts of polyamines such as diethylene triamine, trieth-
ylene tetramine, or PEI  [160] . 

 Liaw et al. synthesized several novel polyimides based on new diamines 
containing fl exible units such as sulfonyl  [161] , cyclododecyl  [162] , tricyclo-
decyl  [163] , norbornyl and  t  - butylcyclohexyl  [164] , and adamantyl and diphe-
nylmethylene groups  [165] . The structural modifi cations lowered the polymer 
chain interactions by reducing the stiffness of the polymer chain, but main-
tained the high thermal resistance properties. The Michael addition reaction 
of bismaleimides with diamines results in the formation of polyaspartimides 
that are easier to process than linear, high - molecular - weight condensation 
polyimides  [166, 167] . A series of amorphous polyaspartimides were synthe-
sized by reacting bis (3 - ethyl - 5 - methyl - 4 - maleimidophenyl) methane with 
various diamines. The polyaspartimides were soluble in  N  - methylpyrrolidone, 
dimethylformamide, dimethylsulfoxide, and tetrahydrofuran, possessed high 
T g s (242    ° C – 308    ° C), and good thermal stability (10% weight loss at 408    ° C –
 459    ° C in air and 396    ° C – 421    ° C in nitrogen)  [168] . 

 Bismaleimide resins have been blended with epoxy resins to improve their 
processing characteristics. However, the use of aromatic amines as curing 
agents for the epoxy component results in reduced shelf stability. The use of 
phenolic resins as curing agents (with imidazoles as accelerators) overcomes 
this limitation  [169] . The composition is recommended for electrical laminates 
and structural composites applications. 

 PCB laminates are required to meet V0 level of fi re retardancy according 
to standard UL - 94 of the American Underwriters Laboratories. To meet this 
requirement, fi re - retardant chemicals such as aluminum hydroxide, antimony 
oxide, talc, and clay are added to the polymer system. Alternatively, bromine 
or phosphorous are incorporated into the polymer backbone, e.g., FR - 4. 



However, the products of combustion are often toxic and corrosive. Polymers 
containing phosphorous yield phosphoric acid upon combustion while bromi-
nated polymers liberate hydrogen bromide. Environmental legislation requires 
the removal of bromine - containing compounds from PCBs. Fluoropolymers 
and phosphorous - modifi ed epoxy resins similar to FR - 4 are available as 
bromine - free alternatives to FR - 4. 

 Sethumadhavan et al. proposed polymeric systems comprising covalently 
bound polyhedral oligomeric silsesquioxane (POSS), with additional dispersed 
POSS if necessary  [170] . The use of covalently bound POSS imparted fl ame 
retardancy with acceptable dielectric constants and dissipation factors. POSS 
is characterized by a chemical structure intermediate between silica (SiO 2 ) and 
silicone (R 2 SiO) and is represented by the generic formula RSiO 1.5  wherein R 
is an organic moiety. POSS molecules can be considered as the smallest parti-
cles of silica possible. However, unlike silica or modifi ed clays, POSS contains 
covalently bonded reactive functionalities suitable for polymerization or graft-
ing POSS monomers to polymer chains, and nonreactive organic functional-
ities to enhance its solubility and compatibility characteristics  [171] . 

 Metal laminates comprising metal sheets joined together by an adhesive 
offer weight reduction without losing stiffness when replacing metal sheets. 
Metal laminates with polypropylene adhesives lack adequate thermal resis-
tance since polypropylene melts at  ∼ 160    ° C. U.S. patent 4,690,856 discloses a 
high - temperature - resistant adhesive based on a polyamide, a polyolefi n grafted 
with an unsaturated polar moiety such as maleic anhydride, and an aminosi-
lane such as  N  -  β  - (amino ethyl) -  γ  - aminopropyltrimethoxysilane  [172] . However, 
the block copolymer nature of such adhesives results in high viscosity and low 
tensile modulus, especially at elevated temperatures. The grafted groups also 
tend to react with each other, resulting in poorer interaction with the 
substrate. 

 The limitations of the above adhesive can be overcome by replacing the 
aminosilane with a reactive copolymer such as styrene - maleic anhydride copo-
lymer, which enhances bonding by reaction with the substrate  [173] . Moreover, 
the copolymer reacts with the amine end groups and limits crosslinking 
between the grafted polyethylene and amine end groups. The addition of small 
amounts of epoxy resin is also recommended to improve adhesion to the metal 
sheets. 

 Conductive polymers such as polyacetylene, polyaniline, and polypyrrole 
(PPY) are characterized by the presence of  π  - conjugated systems formed by 
the overlap of carbon  p  orbitals and alternating C − C bonds  [174] . On the other 
hand, polytetrafl uoroethylene (PTFE) is a highly insulating polymer with very 
low dielectric loss and good thermal resistance properties, but its extremely 
low surface energy prevents it from adhering to any other substrate. Kang 
et al. developed a process of surface graft copolymerization of a plasma - 
pretreated PTFE fi lm with concurrent lamination to a PPY fi lm  [175] . PTFE 
fi lms were subject to 60   s of argon plasma treatment. Argon plasma caused 
defl uorination of the PTFE fi lm and upon exposure to the atmosphere, resulted 
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in the form of peroxides and hydroperoxides on the fi lm ’ s surface  [176] . The 
plasma - pretreated PTFE fi lms were then placed in a Pyrex  ®   tube containing 
20% by volume of GMA in 1,4 - dioxane. The reaction mixture was purged with 
dry argon gas for 30   min, sealed, and subjected to UV irradiation ( > 290   nm) 
for 2   h in a photochemical reactor. The GMA graft - modifi ed PTFE fi lm was 
extracted with acetone to remove the unreacted monomer, lapped with a PPY 
fi lm in the presence of GMA containing 20% by volume of hexamethylene 
diamines, and heated at 170    ° C for 3   h. T - peel adhesion tests on the PPY/PTFE 
laminate exhibited cohesive failure in the PTFE substrate indicating excellent 
adhesion between the two polymers. Such multilayer structures consisting of 
laminated conductive and dielectric layers are of value in sensor and micro-
electronic applications  [177] . 

 Laminated glass is employed as a safety feature in automobile windshields, 
bulletproof glass, and aircraft windows. Laminated glass is produced by bonding 
two or more layers of glass with a polyvinyl butyral interlayer. When subjected 
to sudden impact, the interlayer holds the glass layers together and prevents 
the formation of large pieces. For applications that require the laminated glass 
to withstand severe impact, e.g., architectural applications in coastal areas, the 
interlayer is based on an ionomer resin composed of  ∼ 80% ethylene and  ∼ 20% 
methacrylic acid (partly neutralized with sodium ions)  [178] . Such laminated 
glass may also be used as side windows for automobiles. 

 In general, automobile windows (other than windshield windows) employ 
unlaminated, tempered glass, which when shattered, produce a shower of glass 
splinters termed as  “ spall. ”  Even laminated glass windows generate sharp 
pieces that can cause lacerations to the vehicle occupants. An optically clear 
laminate that reduces spall and lacerative consequences on impact fracture is 
described in U.S. patent 7,238,401  [179] . The laminate is composed of two or 
more layers of biaxially oriented polyester fi lms joined together by a PSA. 
One face of the laminate is protected by a scratch - resistant layer while the 
other face of the laminate is bonded to the glass by means of the adhesive. 
The adhesive is based on two acrylate resins synthesized via solution polym-
erization and cured with 1,1 ′  - isophthaloyl bis(2 - methylaziridine). One of the 
acrylate resins is a copolymer of isooctyl acrylate, methyl acrylate, and acrylic 
acid while the other is a copolymer of butyl acrylate and acrylic acid. The 
scratch - resistant coating for the laminate face was synthesized by polymerizing 
3 - (trimethoxysilyl)propyl methacrylate, pentaerythritol acrylate and  N , N  -
 dimethyl acrylamide in the presence of an aqueous dispersion of colloidal 
silica particles. 

 Decorative laminates are widely employed as counters and table tops, bath-
room and kitchen work surfaces, furniture, cabinets, wall paneling, partitions 
and doors. Decorative laminates are typically manufactured by combining 
phenolic - resole - impregnated kraft paper layers and melamine - formaldehyde -
 resin - impregnated decorative papers for top layers under pressure (up to 
1300   psi) and temperature (up to 300    ° F). The pressed stock is then sized to 
standard market dimensions and sanded on the reverse to enhance laminate 



adhesion to a substrate. Typically, seven or eight core sheets are consolidated 
with only a single print and single overlay sheet to form a conventional 1/16 -
 inch decorative laminate. U.S. patent 4,126,725 discloses the use of 0.002 inch 
thick perforated steel foils to enhance the dimensional stability of decorative 
laminates. Such reinforced laminates resist shrinkage of the melamine layer 
and exhibit enhanced impact resistance  [180] .  

  CONCLUSIONS 

 Coatings, adhesives, and laminates are complex materials that make extensive 
use of the principles of multiple disciplines such as surface chemistry, polymer 
chemistry, organic chemistry, inorganic chemistry, physical chemistry, and 
physics. This chapter only briefl y describes the main crosslinking and grafting 
chemistries used in these applications. Many polymeric systems now routinely 
employ more than one crosslinking chemistry in the same system to obviate 
the limitations of individual crosslinkers. Challenges such as environmental 
compliance, cost, aesthetics, and weight savings without compromising mate-
rial performance will continue to push the technological level of these poly-
meric applications, and usher in improved and exciting products.  
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 IN COMMODITY PLASTICS  

  James W.   Rawlins   and   James   Whittermore   IV        

  INTRODUCTION   

 Plastics that are in high demand, produced at high volumes, and relatively 
inexpensive (typically less than  $ 1   per pound) are considered commodity plas-
tics. The four primary commodity plastics (based on volume production) are 
polyethylene, polyvinyl chloride, polypropylene, and polystyrene, all of which 
are used for mass production consumer items  [1] . Often, however, the intrinsic 
properties of commodity plastics are not perfectly compatible with the proper-
ties expected of the end application. Developing and using entirely new poly-
meric materials to meet application parameters is fi nancially and technologically 
undesirable, especially when available materials can simply be modifi ed for a 
specifi c application. Grafting and/or crosslinking are two commonly used 
modifi cations to manipulate commodity plastic properties. For example, surface 
adhesion and increased breadth of blending compatibility is possible by graft-
ing into the bulk or onto the surface of materials. Varying degrees of crosslink-
ing are used to enhance structural stability at higher temperatures, improve 
impact resistance, and inhibit stress crack formation. 

 Modifi cations to commodity plastics are typically effected via reactive pro-
cessing, irradiation techniques, and chemical techniques, or by a combination 
of the three in order to achieve the desired characteristics. Reactive extrusion, 
in conjunction with free - radical initiators and irradiation, is the most com-
monly used technique to modify commodity plastics. Free - radical initiators are 
used more often than irradiation to initiate the reaction of the monomer onto 
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the polymeric backbone. When adding grafting agents, the goal is to expose as 
much surface area of the commodity plastic as possible to grafting agents prior 
to initiation of the reaction. Excess grafting agents are then removed by 
vacuum prior to and during the extrusion process  [2] . 

 Effi cient blending of the polymer and grafting agent is necessary to mini-
mize homopolymerization of the grafting agent (although homopolymeriza-
tion is desirable in some applications). The graft chain length from the polymer 
backbone depends on a number of variables such as grafting agent concentra-
tion, initiator concentration, polymer concentration, processing temperature, 
and processing time. For some applications, the graft chain length is kept so 
short that the mechanical properties are almost unchanged while the chemical 
properties of the plastics are altered  [2] . 

 Chemical grafting techniques involve the addition of free - radical initiators 
into the bulk and surface of the polymer. However, this process is also likely 
to result in the inclusion of chemical impurities that can signifi cantly impact 
the properties of the fi nal product. Irradiation techniques employ radiation 
sources such as ultraviolet (UV), gamma ray, beta ray, or plasma.  

  POLYETHYLENE 

 Polyethylene (PE) is the highest volume commodity plastic and is commonly 
distributed in one of three forms: high - density polyethylene (HDPE), low -
 density polyethylene (LDPE), and linear low - density polyethylene (LLDPE). 
LDPE and LLDPE are most commonly used in fi lm applications, while HDPE 
is used in blow molding, injection molding, and piping applications  [3] . 

 PE crosslinking is conducted to improve impact resistance, reduce stress 
crack formation, and improve deformation properties at higher temperatures. 
Crosslinking is achieved via free - radical initiators, silane coupling, or through 
irradiation  [4] . Electron - beam (e - beam) radiation is commonly employed to 
crosslink PE below its melting temperature for such applications as heat -
 shrink packaging and electrical connector manufacturing. Although crosslink-
ing by e - beam radiation is limited by penetration depth, the inherent lack of 
by - products offers benefi ts such as the absence of dielectric breakdown of 
materials, improved toughness, and chemical resistance, along with extended 
temperature utility  [5] . 

 Grafting is used to introduce polar functionality on the PE backbone for 
applications that require enhanced adhesion to polar polymers or fi llers. Song 
et al. grafted a reactive, nonionic surfactant onto LLDPE via beta - ray irradia-
tion in air with a twin - screw extruder and confi rmed the grafting via infrared 
spectroscopy studies. Differential scanning calorimetry (DSC) studies indi-
cated that grafting increased the crystallization temperature by 3    ° C with con-
current reduction in melting enthalpy. Upon grafting, the nonionic surfactant 
is thought to act as a nucleating agent. Grafting did not affect the tensile 
properties of LLDPE  [6] . 



 Mahmoud developed an ion exchange membrane using gamma - radiation -
 induced grafting of styrene and acrylic acid onto LDPE. The study explored 
the optimum conditions for obtaining a high grafting yield on LDPE. The 
grafted membranes were hydrophilic and had high chemical and thermal sta-
bility. Adsorption of metal ions to the membrane showed dependence on the 
adsorption time, the pH of the medium, and the initial feed concentration. The 
membrane had a higher affi nity for Zn 2+  ions over Cd 2+  and Pd 2+ , although 
Pd 2+  showed the greatest affi nity in mixtures of the three ions. Regeneration 
of the ion - exchange membrane was easily performed with a 1   M HNO 3  treat-
ment. The ion exchange membranes were amenable for removing Cd 2+ , Pd 2+ , 
and Zn 2+  ions from wastewater  [7] . 

 Lin et al. sought to improve the haemocompatibility of LDPE by ozone 
grafting a sulfoammonium zwitterionic polymer,  N,N  ′  - dimethyl(methacryloyl
ethyl)ammonium propane sulfonate (DMAPS). X - ray photoelectron spectros-
copy and attenuated total refl ection Fourier transform infrared spectroscopy 
(ATR - FTIR) showed that sulfobetaine structures had been grafted to the 
LDPE surface. As the DMAPS concentration was increased, more DMAPS 
was grafted to LDPE. Grafting also increased the hydrophilicity of the fi lms. 
A platelet - rich plasma adhesion study showed that no platelet adhesion 
occurred on the grafted LDPE fi lms when the fi lms were maintained at 37    ° C 
for 180   min. The grafting technique and protocol shows promise for use in 
biomedical applications  [8] . 

 The adhesive properties of LLDPE powder were signifi cantly enhanced by 
grafting with acrylic acid. The degree of grafting increased with increase in 
irradiation time. The acrylic acid - grafted LLDPE exhibited improved hydro-
philicity and peel strength when used as a hot - melt adhesive between HDPE 
and a steel joint  [9] . 

 Riande et al. studied the gas permeability of an LLDPE fi lm with acrylic acid 
grafted onto its surface via UV radiation. Grafting reduced the permeability 
coeffi cient of the grafted fi lm to transport oxygen, nitrogen, carbon monoxide, 
carbon dioxide, methane, ethane, ethylene, propane, and argon by a factor of 
approximately 1/6. The reduced gas permeability was attributed to surface 
crosslinking and/or the formation of ordered structures on the surface  [10] . 

 Nazockdast et al. investigated free - radical melt grafting of maleic anhydride 
(MA) on HDPE in the presence of 2,5 - dimethyl - 2,5 - di(t - butylperoxy)hexane 
peroxide (DTBPH). Increasing the rotor speed enhanced the degree of graft-
ing while lowering the extent of competitive side reactions. The use of styrene 
as a comonomer decreased crosslinking side reactions and increased the 
degree of grafting  [11] .  

  POLYVINYL CHLORIDE 

 Polyvinyl chloride (PVC) is the second largest volume commodity plastic. PVC 
is the largest consumer of chlorine and is widely used in electronics, construc-
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tion, packaging, and transportation. As PVC is diffi cult to process, the industry 
is highly dependent upon formulation technologies. Although grafting of PVC 
is feasible, it is not employed commercially because PVC can be easily com-
pounded with less expensive plasticizers and/or elastomers to enhance its 
property range  [5] . 

 Guillermina et al. grafted poly(ethylene glycol) methacrylate (PEGMA) 
onto PVC tubes by fi rst illuminating them with UV light then submerging 
them in an aqueous solution of PEGMA and heating at 50    ° C to 60    ° C for 24   h 
 [12] . Malygin et al. used atomic - force microscopy (AFM) to investigate corona -
 discharge - induced grafting of acrylic acid from a PVC surface. Confi rmation 
of monomeric grafting from the PVC surface was obtained via physicochemi-
cal study of the grafted products. The modifi ed PVC surface also exhibited 
improved adhesion properties toward inks used in offset printing  [13] . 

 Choudhary and Maiti accomplished melt - graft polymerization of  n  - butyl 
methacrylate on PVC using a free - radical initiator. Initiator and monomer 
concentrations, shear rate, residence time, and temperature were optimized to 
maximize the grafting effi ciency at 14%. Processability, thermal, and mechani-
cal properties all showed improvement subsequent to grafting  [14] . Ghaffari 
and Taghizadeh investigated the kinetics and mechanisms of graft polymeriza-
tion of methyl methacrylate onto PVC using benzoyl peroxide as the free -
 radical initiator. It was noted that grafting effi ciency was related to initiator, 
monomer and polymer concentrations, reaction time, and processing tempera-
ture  [15] . 

 Lee et al. investigated UV graft polymerization of  N  - vinyl - 2 - pyrrolidinone 
(NVP) onto a porous surface of PVC as a means to enhance its surface wet-
tability and to decrease adsorptive fouling. The graft yield was maximized 
upon 5   min of UV irradiation. Increased NVP grafting from the PVC surface 
resulted in decreased cake layer adsorption. It is believed that the higher 
hydrophilicity of the NVP - grafted PVC contributed signifi cantly to lower 
sludge adhesion  [16] . 

 Sreenivasan grafted 2 - hydroxyl ethyl methacrylate (HEMA) onto PVC by 
employing Williamson ’ s reaction between the HEMA hydroxyl and metallic 
sodium. Scanning electron microscopy (SEM) studies showed a change in 
surface morphology subsequent to grafting. A key advantage of this process 
was that it retained the acrylic double bond for further reaction  [17] . 

 Grafting reactions have been used to modify the inner surfaces of com-
mercial PVC tubes to increase their biocompatibility. Tetrafl uoroethylene was 
grafted onto PVC tubes using atmospheric pressure glow plasma and yielded 
surfaces that were similar to polytetrafl uoroethylene. Contact angle studies 
indicated that grafting reduced the surface roughness. Optimum fl ow rates for 
the formation of a uniform and thick surface coating were established in this 
investigation  [18] . 

 The PVC grade used in the manufacture of blood bags employs di(2 - 
ethylhexyl) phthalate (DEHP) as a plasticizer to achieve the desired fl exibility 
and low - temperature properties. The leaching of DEHP from blood bags into 



blood, plasma, or serum is a major concern as DEHP is classifi ed as a hypo-
lipidemic hepatocarcinogen and is toxic to humans. Grafting polyethylene 
glycol (PEG), a blood compatible polymer, on the surface of PVC can increase 
the blood compatibility and migration resistance of fl exible PVC. Lakshmi and 
Jayakrishnan used Williamson ’ s ether synthesis to graft PEG onto the surface 
of plasticized PVC. Migration of the plasticizer from PEG was decreased sig-
nifi cantly post grafting, even into petroleum ether, an organic extractant. The 
grafted PVC exhibited improved blood compatibility with minimal adhesion 
to platelets  [19] . 

 Modifi cation of PVC can also be accomplished by crosslinking using high -
 energy irradiation such as e - beam; however, some material degradation is 
likely to occur during the process. Ratnam et al. investigated e - beam irradia-
tion crosslinking of unplasticized PVC (UPVC) formulations in the presence 
of two different stabilizers, trimethylolpropane triacrylate (TMPTA) and 
Irganox 1010. Stabilized UPVC was found to be crosslinkable by e - beam irra-
diation with minimal degradation. TMPTA increased the rate of crosslinking 
while Irganox 1010 was seen to inhibit crosslinking. Interestingly, the glass 
transition temperature increased when UPVC was irradiated in the presence 
of TMPTA  [20] . E - beam irradiation of PVC - ethylene - vinyl acetate (EVA) 
blends yielded higher gel contents and a reduction in chlorine loss with increas-
ing levels of EVA incorporation. It was also noted that a higher number of 
vinyl acetate groups in EVA resulted in better mechanical properties after 
irradiation  [21] .  

  POLYPROPYLENE 

 Polypropylene (PP) is the third highest volume commodity plastic after PE 
and PVC. PP is intrinsically rugged and resistant to solvents, bases, and acids, 
making it well suited for a variety of consumer applications. Grafting and 
crosslinking techniques have been explored for PP to further enhance its 
applicability. For instance, increasing the polarity of PP improves its compati-
bility with polar polymers, glass, and metals  [22] . 

 Some recent studies that involve the grafting of materials off a PP backbone 
use grafting monomers such as maleic anhydride (MA)  [23, 24] , phospholipids 
 [25] , and glycidyl methacrylate  [26] . Tan and Xu successfully grafted PP by 
irradiating a PP suspension in the presence of MA without adding an initiator. 
X - ray diffraction and DSC studies showed that grafted PP exhibited lower 
crystallinity than pure PP. The percentage of grafting onto PP reached a 
maximum at 4.82%  [23] . 

 Ishihara et al. studied the graft polymerization of 2 - methacryloyloxyethyl 
phosphorylcholine (MPC) onto the surface of PP to increase its biocompatibil-
ity and lubricity. The graft polymerization was induced by irradiation. It was 
observed that MPC grafting of PP increased its surface hydrophilicity and 
mobility, and imparted surface lubricity similar to that of human joints  [25] . 
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 Ahmad et al. grafted glycidyl methacrylate onto the surface of a biaxially 
oriented PP fi lm without the use of an initiator. Active species were formed 
in air by swift - silver ion irradiation. Interestingly, as the grafting degree 
decreased, so did the contact angle. Ion irradiation induced grafting only in 
small regions of the polymer and the overlapping of these regions refl ected a 
reduction in grafting yield  [26] . 

 The crosslinking of PP is complicated by beta scission and disproportion-
ation along the PP chain  [27] . For instance, gamma - irradiation crosslinking in 
PP has been shown to increase thermal degradation  [28] . The thermal degrada-
tion was dependent on the irradiation dose and initiator concentration. Irra-
diation has also been shown to cause chain scission, resulting in lower molecular 
weight and reduced tensile strength  [29] . Up to a certain dosage, irradiation 
does not signifi cantly affect the crystallinity of crosslinked PP. The use of 
coagents such as tetramethylolmethane tetraacrylate and trimethylolpropane 
triacrylate has been successful in inhibiting the fragmenting of PP and increas-
ing crosslinking effi ciency  [30, 31] .  

  POLYSTYRENE 

 Polystyrene (PS) was introduced by Dow Chemical  [32]  and I.G. Farben  [33]  
in 1930 and is presently the fourth largest plastic sold by volume. PS is char-
acterized by its low cost and decent mechanical properties. However, PS does 
suffer from a few limitations such as poor impact strength, brittleness, low heat 
distortion, and sensitivity to some common organic solvents. 

 Grafting reactions onto PS are low - cost techniques that increase the func-
tionality of PS without involving copolymerization. A facile means of grafting 
is via the use of PS as a chain transfer agent during the polymerization of 
methyl methacrylate  [34, 35] . A similar technique has been used to graft bro-
minated styrene onto PS to enhance fl ame resistance. 

 Using aromatic electrophilic substitution, PS has been chloromethylated 
and then reacted with a tertiary amine to yield PS with ion - exchange capabili-
ties  [36, 37] . Reacting PS with sulfonic acid yields a water - soluble PS sulfonate 
 [38] . Anionic grafting of acrylonitrile onto PS via lithiation yielded a graft 
polymer with much greater char resistance then nongrafted PS; however, the 
grafted samples also ignited earlier than the nongrafted PS. Ultimately, it was 
concluded that the grafting of acrylonitrile onto PS was not an effective tech-
nique to produce fl ame - retardant polystyrene  [39] . 

 Stimuli responsive surfaces have been formed on the surface of PS by graft-
ing poly( N  - isopropylacrylamide) via a free - radical technique using helium 
atmosphere plasma treatment. Contact angle studies with water showed that 
the grafted PS exhibited a swift temperature response by changing from 
hydrophilic to hydrophobic beyond the lower critical solution temperature. 
The use of Mohr ’ s salt increased the graft yield, decreased homopolymeriza-
tion, and increased the temperature sensitivity of the grafted polymer  [40] .  



  CONCLUSION 

 Commodity polymers are widely used every day in a myriad of applications 
including transportation, electronics, food packaging, and toys. However, these 
commodity polymers individually lack the necessary performance charac-
teristics to meet all the application requirements, e.g., poor adhesion and 
compatibility with other materials, inferior tensile properties, and sen sitivity 
to chemicals or solvents, breadth of thermal stability, and creep resistance.   
Without appropriate modifi cation, commodity polymers would not be as prev-
alent as they are today. Grafting and crosslinking are two of the common 
modifi cations that enable commodity polymers to have such widespread 
applications.  
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 FUTURE DIRECTIONS    

  Amit   Bhattacharya       

      “ Grafting ”  and  “ crosslinking ”  are surely breakthroughs that involve the manu-
facturing of polymers that will be useful in different applications. In commer-
cial endeavors, however, they have not been explored thus far, but they have 
a great future. 

 The living - radical and radiation techniques have been used more readily 
in grafting and crosslinking. Radiation - induced methods are, however, cleaner 
in this respect. The processes rapidly expanding now through e - beam curing 
processes can be achieved in a fraction of second and, without further purifi ca-
tion, yield products at any stage. They open up various uses in biomedical 
applications. The reaction processes that use supercritical CO 2  are fi nding a 
foothold in this fi eld. 

 As is shown in biomedical applications, hydrogels, nanogels, dendrimers, 
and cyclodextrins are promising. Reaction processes are already being used 
for in vivo class materials such as sutures, surgical adhesives, catheters, heart 
valves, and for in vitro class materials in the ophthalmic, dental, and transder-
mal fi elds. In the textile industries, the processes are capable of optimizing 
natural and synthetic fi bers (as soil adhesion, durability, moisture regain, 
dyeing). The processes can produce synthetic - polymer garments that have the 
comfort of natural - polymer garments. In cable applications, the processes have 
a signifi cant role, and in the future, e - beam and ultrasonic curing will be used 
more often. 

 To get the requisite properties, different plasticizers, antioxidants, and fi llers 
will be the choice. Current research activities are concentrated on these 

 327

Polymer Grafting and Crosslinking, Edited by Amit Bhattacharya, James W. Rawlins and 
Paramita Ray
Copyright © 2009 by John Wiley & Sons, Inc.



328 FUTURE DIRECTIONS

materials. In separation applications, the subject of the research is to fi nd the 
proper functionalities to achieve better selectivity. Finished polymer - based 
coating systems that are mostly based on crosslinking chemistry attract more 
attention in terms of aesthetics and environmental protection. Much of the 
research takes steps toward the  “ biodegradability of polymers ”  and may solve 
some of the problems of environmental pollution. The future of the research 
in these prospective fi elds is highly promising.         
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Dead-end mode 244
Decolorization 237
Decorative laminates 310, 311
Degenerative transfer 14, 16
Degradation 102, 145–149, 152, 154, 156, 

158, 161, 164, 165, 214
Dehydration 246, 248, 262
Dendrimer 156–162
Dendritic 156–158, 160
Dendron 156
Dendronized 156
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2-methacryloyloxyethyl 323
Photocuring 110
Photo

decomposition 54
grafting 99, 243, 244
initiator 52, 53, 54
irradiation 57

Photons 93, 99
Photopolymerizable PSAs 294

Photoresponsive molecules 139
Photosensitive 47
Photosensitizer 57, 180, 190
pH-

regulated 149
sensitive 147, 153
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interfacial 33, 34
ionic 72
redox 153
reverse emulsion 153
UV Graft 322

Polymers
conductive 309
crystalline 4, 130
dendritic 16
fl uoro 88, 290, 309
functionalized 139
incompatible 37
smart 126, 146, 165
speciality 125
telechelic 14
thermosetting 25

Polyol 273, 278, 279, 280, 281, 282, 283, 
284, 290, 295, 303, 305, 309

Pore-fi lling 58
POSS 309
Post gel 25
Pot life 32
Potassium persulfate (KPS) 83, 87
Pre gel 3, 25
Precious metals 237
Pre-irradiation 49, 57
Premature vulcanization 41
Prevulcanization 40, 41
Printed circuit boards 306
Process design parameters 242
Propagation, radical 68, 69, 70, 73, 74, 77, 

84, 85
Propagation rate coeffi cient, kp 77, 79, 

80
Propanesulfonic acid 

N-vinylcarboxamido-2-methyl 82
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Properties,
Mechanical 133, 135, 136
Rheological 135
Tensile 133
Thermal 136

Propionate 2-bromo 73
Propylene 85, 86
Proteins 147, 148, 154–156

purifi cation 260
PSAs 294
PTFE 309, 310
PTMC 99, 100
Pulsatile release 148
Pyridine 4-vinyl 242
Pyromellitic dianhydride 254

Q-e scheme 85
Quantum yield,

initiation, Φi 
74, 81

polymerization, Φp 2581
Quarternary ammonium groups 243, 

254
Quaternization 243

Radiation -γ- 48, 55, 57, 185, 191, 192
simultaneous 49

Radical
cumyloxy 67, 83
methyl 83
persulfenil 110
phenyl 83

Reactive extrusion 319
Rebound 107
Redox initiation 184
Reaction

redox 8, 10, 12, 21
step growth 24
polyaddition 24, 37

Release kinetics 147, 148, 154
Resins 205, 206

amino 27, 32, 274, 279, 280, 283, 289, 
297

epoxy 2, 29, 31, 32, 275, 283, 287, 289, 
298, 306–9

epoxy liquid crystalline 297
ion exchange 236
merrifi eld 139
phenol-formaldehyde 72
phenolic 21, 32, 285, 286, 287, 288, 308

polyurethane 30
UF 27, 28

Resistance
Abrasion 106, 108, 135
Flame 138
Tear 133

Resit 26
Resitol 26
Resol 26
Resoles 286
Responsive 146, 153
Reverse osmosis 1, 2, 33, 236, 250
Reversible Addition Fragmentation 

transfer mechanism 50
Reversible addition-fragmentation 

chain-transfer (RAFT) 
polymerisation 70, 88, 89

Rheometer 118
RNA 154, 155
Rubber

ABS 80
natural 65, 75, 110, 274, 291, 293, 294, 

305
polybutadiene 110
synthetic 211, 291, 293

Salt splitting capacity 243
Sc CO2 48
Scaffold 146, 149–151, 155, 157–161, 165, 

166
Schiff’s base 20
Scission 49, 52, 55
Scorching 41, 42
Selemion membranes 259
Self

assembly 7, 152, 156, 165
inhibiting 33
initiation 54
sealing 35
termination 35

Sensitivity 146
Sensors 206
Separation 155, 166
Separation

behavior 235
factor 247–249
Processes 233, 240

Sessile drop 117
Shear rate 118–120
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Shear rate (cont’d)
rheometer 118
strain 118
stress 118

Sheath 212, 214, 215, 226
Shore durometer 107
Silica 104
Silicon 274, 279, 289, 290, 292, 293, 295, 

300, 305, 309
Silicone 151, 152
Simulation 101
Skin 146
Sodium

alginate 110, 247
sulphate 245

Softening 243–262
Solvent

extraction 250
interaction 128

Sorption 127
Soxhlet extraction 79
Soybean-based adhesive 302–303
Specifi city 146
Spectra absorption 95, 96
Spectroscopy 93–95, 97, 99
Spinal cord 151
Stability 146, 156, 162–165
Starch 86, 243, 253, 254, 257
Stationary phase 116
Steady-state approximation 69, 70
Stent 152
Stereo-complex formation 146
Stiffness 133
Stimuli-responsive 149, 153, 154, 157, 

165
surfaces 324

Strain 106, 107, 118, 119
hardening 135

Styrene 79, 80, 82–85, 88, 89
Styrene maleic anhydride (SMA) 

205
Succinonitrile tetramethyl 73
Sulfonation 235, 244
Sulfopropyl methacrylate 114
Sulphur 128
Supramolecular 157, 162, 165, 167
Surface tension 48
Surgery 301
Sutures 177, 192, 196

Swelling 128, 146, 147, 149
ratio 129

Synergistic 45

Targeting 154, 157, 158
Tear strength 107, 111
Tefzel 27, 130
Temperature coeffi cient 42
Temperature

decomposition 131
glass transition 4, 102, 109, 132
melting 132, 137
responsive 153, 165

Tensile 133, 135, 136
Tensile strength 106, 109–111
Termination

radical 82
rate coeffi cient kt 71, 78

Tetramethylol methane tetraacrylate 324
TGA 99, 101
Thermal

analysis 99, 101, 102
curing 47
stability 100

Thermo
forming 135
plastic 206
responsive 147–149, 154, 158
sensitivity 128

Thermosetting 206, 208
Thickening agents 128
Thiol-ene 276
Thiosemicarbazide 252
Thiourea 251
Tissue

engineering 145, 146, 150, 153, 155, 
157, 159, 162, 165

regeneration 155, 158, 161, 162, 165
Toluene 249, 250
Topography 146
Toughness 106, 135
Toxicity 145, 156, 158, 163
TPOs 206, 207, 208
Trans-2-butane/n-butane 263
Transition

crystal-crystal 132
metal 11, 14, 15
sol-gel 135

Transport properties 245
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Tri
arylsulfonium salts 71
ethylamine 42, 86
fl uorostyrene 245
mesoyl chloride 33, 34
methylamine 245
methylolpropane triacrylate 24, 86, 

323, 324
methylolpropane trimethacrylate 148

Trommsdorff effect 16
Trommsdorg-Norrish Effect 77
Tryptophan 260
Tubular membrane module 241
Tumor 157–159, 161
Tunable 145, 153, 165

Ultracentrifugation 115, 116
Ultrasound 146
Ultraviolet 93, 94
UV curable urethane 279
UV graft polymerization 322
Uranium 239, 258, 259
Urea 261

Vanadium 258
Vancomycin 166
Vascular 148, 151, 155, 165
Vegetable oils 275, 295
Vinyl

acetate 67, 68, 69, 206, 243
acetate-co-ethylene, poly 83
butyl ether 85
carbazole 95
imidazole 82, 87
monomers 235, 243, 259
N-vinylimidazole 258

pyrrolidone N-Vinyl-2- 261, 322
triethoxysilane 85
trimethoxysilane 83

Viscoelastic 118, 119
Viscose 178, 182, 195
Viscosity 25, 27, 48, 116, 118–120

elongational 135
intrinsic 135

Viscous 25
VOCs 274, 283, 294, 281
Vulcanization 3, 39, 40, 41, 42, 44, 45, 46, 

47, 65, 72, 214, 219, 222
dynamic 135

Wash n wear 177, 180, 186
Water

content 146
electrolysis 246
production 241
repellency 181
tree 223

Weathering 205
Wetability 182, 194
Wilhelmy 117, 118
Williamson’s reaction 322
Wrinkle 178, 180, 182, 183, 184, 185, 186, 

187, 196

Xanthine 167
XPS 97, 99, 101

Yarn 109
Young’s modulus 135

Zinc chloride 87
Zwitterion LLDPE 321
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