
CHAPTER4 

STUDIES ON REDOX POLYMERIZATION OF 
ACRYLAMIDE IN AQUEOUS- VERMICULITE MEDIA 



SECTION A: AQUEOUS POLYMERIZATION OF 
ACRYLAMIDE BY Ce (IV) - TU REDOX COUPLE ON 

VERMICULITE SURFACE 

4 A 1 INTRODUCTION AND REVIEW OF PREVIOUS WORKS 

The synthesis of the water-soluble polymers is generally commercially 

implemented by various processes including aqueous solution polymerization, 

inverse suspension polymerization and inverse emulsion polymerization, which are 

initiated by either thermal initiators or redox couple initiators. Polymerization of vinyl 

monomers in aqueous media may be classified into four different categories. 

1. Solution polymerization 

(Both monomer and polymer are soluble in water). 

2. Precipitation polymerization 

(Monomer is soluble in water but polymer is not soluble in water.). 

3. Emulsion polymerization 

(Both monomer and polymer are insoluble in water. Monomer is emulsified by 

emulsifiers in water). 

4. Suspension polymerization 

(Both monomer and polymer are insoluble in water. Monome·r is dispersed as 

droplets by suspension stabilizer in water). 

The solvent acts as diluents and aids in the transfer of the heat of 

polymerization. The solvent also allows easier stirring, since the viscosity of the 

reaction mixture is decreased. On the other hand, the presence of solvent may 

create new difficulties; chain transfer to solvent and/or to the solute may occur. 

Aery/amide, vinyl acetate, acrylonitrile and ester of acrylic acid etc. are polymerized 

in solution. When water is used as· solvent, there are some advantages over organic 

solvents. Water is a cheap, clean and environmental friendly solvent and chain 

transfer to the solvent is not possible. However, for homogenous polymerization 

process it is limited to only water-soluble polymers and monomers. Each of the 
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above processes has its associated disadvantages, however, ·.which limits its 

practical use in the manufacturing of the water-soluble polymers. 

Among all of the water-soluble polymers, poly acrylic acid and 

polyacrylamide based water-soluble polymers are used in a wide range of products 

because of their high performance and low cost. Ability of clay minerals to intercalate 

various molecules and their catalytic properties are long known. The clay-polymer 

interaction has found many and varied applications. 1 Smectite clays like 

montmorillonite, vermiculite etc. have been shown to catalyze the polymerization of 

some unsaturated organic compounds and yet to inhibit polymer formation from other 

structurally related monomers such as methylmethacrylate.2 This behavior is believed 

to be due to electron accepting or electron donating sites on the clay minerals. Over 

last couple of decades, the use of thiourea (TU) and N-substituted TU as redox 

components for the initiation of aqueous vinyl polymerization has been examined3
. 

These experiments applied various oxidants, viz, metallic salts, orga1nic and inorganic 

peroxides, persulphate, permanganate to name a few. The special features of these 
' 

systems are a very short induction period, low activation energy and low temperature 

required. Redox polymerization of acrylamide is one of the most common techniques 

applied for aqueous polymerization because of the simplicity of the !echnique as well 

as high yield and reaction rates. Water-soluble polymers are synthesized via free 

radical polymerization mechanism. Solution polymerization is commonly used in the 

synthesis of linear, low molecular weight water-soluble polymers. Polyacrylamide and 

its copolymer with dimethyldiallyl ammonium chloride (DMDAAC), which is used as 

cationic flocculent are polymerized in solution.4
'
6 In order to synthesize the high 

molecular weight polyacrylic acid, polyacrylamide and their copolymers, inverse 

suspension/emulsion processes are also used. In the solution process, the water

soluble monomers are polymerized in a homogenous aqueous solution in the 

presence of free-radical initiators mostly redox couples. Acrylamide is readily 

polymerized in aqueous solution at elevated temperatures with free radical initiators. 

Several workers have reported polymerization of acrylamide in aqueous solution with 

different free radical initiators.7
-
35 Gnansundaram and co-workers observed that for 

the initiator, bis [2-[(2-hydroxy-ethylamino) ethoxo] copper (II) :at pH 1.8, the 

polymerization rate was first order with respect to acrylamide monomer and 0.5 with 

respect to catalyst 9
• Faster polymerization and high molecular weight polymers were 

obtained using 2, 2'-azobis [2-(N, N'-ethylenamidino)] propane initiator than those 
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obtained using K2S20 8-Mohr's salt initiating system.10 The rate of polymerization of 

acrylamide by peroxydiphosphate in H2S20 4 was decreased when the temperature 

was raised from 30° to 50°C but increased above that temperature, which was 

independent of pH.11 Kinetics of polymerization in aqueous acetic acid (AcOH) using 

Pb(OAc)4 as initiator was studied by Balakrishnan who found that polymerization rate 

was first order with respect to AM.16 The propagation and termination reaction of the 

K2S20 8 initiated polymerization of AM in water were not influenced by anionic 

emulsifier Dowfax 2 Al. 17 The induction of polymeri;1:ation was affected by manganous 

salts while the polymerization rate and the polymer molecular weight was not 

affected to a detectable degree, as was observed by Xuanchi.18 Using trigol and 

polyethylene glycol initiators, it was found that the yield and the molecular weight of 
I 

the polymer decreased with chain length of substituted AM. 2° Cvetkovska and 

coworkers explained the kinetic model by the formation of a monomer-initiator 

complex and inhibiting effect of the Mn (II) acetylacetonate formed by the reduction of 

Mn (Ill) acetylacetonate. 21 The polymerization rate of AM in H2S20 4 or AcOH by Co 

(Ill) system showed similar mechanism to follow as that of Pb(OAc)4 initiator in 

AcOH. 22 Vaskova and co-workers found that in mixtures of water and aliphatic 

alcohols, in the presence and absence of an inhibitor, the rate of polymerization and 

molecular weight were reduced depending upon the length and character of the 

aliphatic chain. 23 Liu and co-workers observed that the polymerization rate was 

dependent on the catalyst concentration and pH of the solution.24
•
26 Takahashi and 

co-workers found that the average molecular weight of polymer ·was (1 - 7) x1 04 

when (2, 2'- bipyridine) cobalt (II) complex was used as initiator. Bhanu and 

coworkers observed that co-ordinately unsaturated Co (II) complexes significantly 

inhibited the thermal polymerization of AM but they imparted a significant induction 

period during A IBN (azobisisobutyrnitrile) initiated polymerization of AM. 31 High 

molecular weight polyacrylamide could be obtained by using heptanes as the organic 

phase, K2S20 8 as catalyst and sorbitol-s-20 system as the emulsifier.33 The author 

also reported that the polymer molecular weight increased with the concentration of 

AM and the emulsifier and also by decreasing catalyst concentration. Redox catalyst 

systems were frequently employed for polymerization at co"!lparatively lower 

temperatures. Bajpai, Misra, Behari and co-workers investigated the polymerization 

of AM initiated by KMn04/ various amino acids and unsaturated acids redox 

couples. 34
-4

6 A value of KMn04 catalyst exponent of unity in the rate equation 
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confirmed a unimolecular chain termination process by redox syster:n. 34•40 However, a 

bimolecular chain termination was observed by other redox systems.37•39
•
42

-44 The rate 

of polymerization was first order for the monomer in all the above systems. Bajpai 

and co-workers suggested that polymer molecular weight was directly proportional to 

initial monomer concentration and inversely proportional to the rate· of initiation. With 

the increase in temperature, the molecular weight of polymer was decreased in most 

of the cases. The effects of various additives (alcohols, neutral salts, complexing 

agents) on the polymerization rate were also investigated. A number of workers 

studied the mechanism and kinetics of aqueous polymerization of AM in acidic 

medium initiated by Ce (IV)/ reductant couples.47'65 The rate of polymerization was 

first order in monomer and half order with respect to Ce (IV) ion concentration in 

cases where initiator was either Ce (IV) I thioglycolic acid or Ce (IV)/ L-cysteine.50·51 

In the polymerization of AM initiated by Ce (IV) I thiourea in water, the polymerization 

rate is governed by the relation Rp = kp [AM] 1
·
20[Ce (IV)] 0·5[TU] 0·5 ; where Rp is the 

initial rate of polymerization. Presence of alkyl phenyl carbonate or alkyl-4-toly

carbonate increased the polymerization rate of AM initiated by Ce (IV) in H20-MeCN 

and H20-HCONH2 and decreased the activation energy of polymerization compared 

to system where Ce (IV) used alone. The rate of polymerization wc::i's derived as Rp= 

kp [AM] 1
·
5[Ce] 0'39[alkyl phenyl carbonate]. The overall rate of po'lymerization was 

faster and activation energy was lower with Ce (IV)/p-acetotoluidide system 

compared to Mn (Ill)/ p-acetotoluidide. 60 Different workers studied the effects of 

various aliphatic diamines on vinyl polymerization using persulfate as initiator.66'76 

They suggested that the promoting activities of diamines on vinyl polymerization 

were of the order: t-diamine > s-diamine > p-diamine. In a reversible redox initiating 

system involving metals and porphyrin, the aqueous polymerization rate depended 

on the types of metal ion (e.g. Ce(IV), Cu (II), Ti (IV), Mn (II)) in the porphyrin 

complex, polymerization temperature and concentration of AM.68 The presence of 

carboxylic acids had promoted and enhanced the polymerization rate of AM initiated 

by Mn (0Ac)4(Ref.70). Kurenkov and co-workers observed that higher molecular 

weight polymers could be obtained with higher conversions using K2S20 8 I Na 2S20 3 

redox system during adiabatic polymerization of AM in comparison to the 

K2S20 8/Na2S20 3-CuS04 system.71 '73 Molecular weight of the polymer was increased 

with increasing monomer concentration but decreasing catalyst concentration. 

Akopyan and co-workers obtained polymers having molecular weight of 8.0x1 05 at 
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25°C by three component catalyst system comprising of K2S20 8, triethanolamine and 

amino acetic acid.74 The overall polymerization rate was increased in presence of Cu 

(II) ions for the polymerization initiated by persulfate - : (dimethylamino) 

ethylmethacrylate-Cu(ll) catalyst. Kurenkov and co-workers d.emonstrated an 

increase in molecular weight with an increase in concentration of the monomer and a 

decrease in concentration of the initiating system (K2s20 81 ·sodium metabisulfate

copper sulfate)75
. Several workers examined the polymerization kine'tics, mechanism, 

polymer molecular weight and effect of additives for various redox polymerizations 

involving chelate complexes. 21 .n97 For radical polymerization of acrylamide initiated 

by Mn (Ill)- acetylacetonate in aqueous solution of pH 2.0, Cvetkovska explained the 

deviation of the kinetics from the conventional kinetic model via the formation of 

monomer-initiator complex. 21 Smith obtained polymers having molecular weight as 

high as 4.0x1 06 by Fe (II) I hydro peroxide redox initiator at the temperature range 

between -20°C and +40°C78. Wu and He obtained polyacrylamide having molecular 

weight of 107 at room temperature by NaHS03-0- MnS04 catalyst.79 They also 

pointed out that the presence of MnS04 would only affect the catalytic activity of the 

system but it did not involve in chain propagation or termination. Electrochemical 

study of the redox initiating systems, Ce (IV)-EDTAI N2H4-Hi)2 and Ce (IV)

EDTA/NH20H-H202. in alkaline aqueous media (pH=9-11) showeq that the former 

redox system was more effective than the later. Lenka and Nayak observed that the 

polymerisation rate was decreased with increasing thiosulfate concentration and was 

first order with respect to AM during aqueous polymerization of; AM initiated by 

potassium peroxydiphosphate I Na-thiosulfate redox system.86 The kinetics was 

examined for the thermal polymerization of AM in the presence of CCI 4 and a bis 

amino acid chelate of Cu (II) with glutamic acid, serine or valine by Namasivayan and 

Natarajan.88 The activation energy of polymerization reaction decreased from 78.24 

to 18.83 kJI mole on addition of 1.0 ppm Fe during the polymerization by H20 2 I 

NH20H-HCI redox couple. 89 From this observation, it was concluded that the 

predominant reaction appeared to be Fe catalyzed decomposition of the peroxide in 

presence of small amount of NHzOH-HCI. Sur and Choi found that the reaction rate 

in presence of CoCI2 and N, N-dimethylaniline was proportional to [AM] 1.oa and [Co 

(II)] 0
'
53 indicating bimolecular termination process to be involved.94•97 The rate of 

polymerization and the maximum yield decreased when the temperature was raised 

above 40°C. Chshmarityan and Beileryan observed that the polyme
1
rization of AM in 
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aqueous solution initiated by K2S20 8-Ag (aminoacetate) chelate system was first 

order in monomer and 0.5 order in initiator.99 Some researchers investigated a series 

of sulfur-containing compounds as electron donors in photo induced free-radical 

(ethionine, methionine, Gly-Met, · Met-Giy and methioniriemethyl ester) 

polymerization, in conjunction with 4-carboxybenzophenone (CB) as sensitizer.100 

The results were compared with the nonsulfur-containing compounds, alanine and 

triethanolamine. The best initiation yields are observed for the system CB

(phenylthio) acetic acid. The kinetic and mechanistic features of potassium 

ditelluratoargentate (Ill) (DTA) initiated aqueous polymerization of acrylamide (AM) 

have been investigated in an alkaline medium by Yanghai and co-workers. 101 The 

polymerization behavior as a function of [AM], [DTA], pH as well, as temperature, 

have been studied. The overall rate of polymerization has been determined from 

gravimetry. The rate has been found to bear 1.68 and 0.76 dependence on [AM] and 

[DTA] respectively. The overall activation energy of AM polymerization is measured 

as 33.6kJ/mol. 

In view of the use of acrylamide in various applications including that as 

displacement fluid in secondary oil recovery, high molecular weight polyacrylamide 

with large hydrodynamic volume is essential. Recently it has been shown that linear 

termination process is controlled in aqueous redox polymerization of acrylamide, by 

loading metal ions of Fe (Ill) - TU systems in the interlayer space of montmorillonite 

and thereby high molecular weight polymer is formed. Vermiculite !being the similar 

smectite to montmorillonite may also provide potential microenvironment for aqueous 

acrylamide polymerization to high degree. In this section of the present chapter, 

attempts have therefore been made to examine the catalytic activity of clay mineral 

(viz., vermiculite) in the aqueous polymerization process of water-soluble polymers 

and to prepare polymers having high molecular weight with high rate of formation 

under ordinary condition. Vermiculite microenvironment seems to have a dramatic 

effect on the polymerization of acrylamide by Ce (IV)/TU combination in aqueous 

medium. A detail study concerning the kinetic and mechanistic aspects has been 

made for the aqueous polymerization of acrylamide with cerric vermiculite 

(CeV)/thiourea (TU) initiating system. Spectroscopy and other analytical data have 

been taken into consideration to determine the pathways involved in the reaction. 

Another objective of the present study is to prepare high molecular""weight polymers 

for subsequent studies on solution properties in aqueous and aqueous -organic 
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mixtures, which has been presented in chapter 5 of the thesis. 

4 A 2 RESULTS AND DISCUSSION 

Polymerization mechanism and kinetics both are affected to a great extent 

due to the occurrence of the reaction in the mineral microenvironment. Tables 4.1-4.4 

show the data pertaining to the initial rate of polymerization (Rp), polymer yield (XL), 

intrinsic viscosity [TJ], as well as molecular weight (Mv) and the amount of non

extractable polymer formed as functions of the concentration of Ce (IV), TU, AM and 

the temperature. The molecular weights of the polymer are moderately high and 

ranged from 2.39x1 05 to 2.17x1 06
. The initial rate of polymerization, Rp's obtained are 

ranged between (0. 79-7.13) x1 o·4 moi.L"1.s-1 depending on. various reaction 

parameters. The rate of polymerization Rp. polymer yield (XL), intrinsic viscosity [TJ], 

and molecular weight Mv increased with increasing monomer concentration (0.2-1.0 

mol. L"1
) for a fixed TU and CeV concentrations. No reaction took place at or below 

the monomer concentration of 0.2 mol. L-1
. The percent conversio:n of monomer has 

been plotted as a function of time of reaction at different TU ,· AM and Ce (IV) 

concentrations and shown in figures 4.1-4.3. Induction period was around 10 minutes 

at 60°C. However, the induction period is found to be different at different 

temperatures (e.g., 40 minutes at 45°C and 0 at 70°C). The Rp increases from· 

1.70x1 o-4 to 3.89x1 o-4 mol. L"1s·1 when TU concentration is increased form 0.04 to 

0.10 mol. L-1
. 

Table 4 .1 Polymerization of AM in aqueous medium in presence of 0.04M TU 
and 1.50x1 o-3 M cerric vermiculite and various concentrations of AM 

AM 
moi.L-1 

0.2 

0.4 

0.6 

0.8 

1.0 

at 60°C(pH=1.98). 
RpX104 

mol. L"1S-1 

1.69 

2.52 

5.54 

7.13 

58 

83 

92 

98 

MvX1 o-5 

132 3.41' 

323 11.48 

423 16.1'7 

528 21.72 

Non
extractable 
PAM (wt%) 

0.05 

0.14 

0.25 

0.21 
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Figure:4.1 :Time-conversion plots for the aqueous 

polymerization of AM at 60°C with c¥rru: [AM]=0.4M; 
intercalated Ce(IV)=1.50mmol/lit and various conc.(M) of 

TU. 

80 

120 ~---- ---'-~----·-·-----~·-··"· ----·----~-·--------------~, 
00.4 I 

100 t. 0.6 l: 
X0.8 

§ j 
·~ 80 j 
~ 1 
c 
8 60 -c I' 
Q) 1: 

~ 40 I 
20 r 

,: 
0 ,j. 

0 20 40 
Time(minute) 

60 

Figure:4. 2: Time-conversion plots for the aqueous 
polymerization of AM at 60°C with v 

CefTU:[TU]=0.04M;Ce(IV)=1:50mmol/lit and various 
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Table 4.2 Polymerization of AM (0.4M) in aqueous medium in presence of 1.50 
x10"3 M cerric vermiculite at 60°C and various concentrations of TU 
{eH=1.98}. 

MvX1o·5 TU RpX104 XL [Ill Non-
Moi.L"1 mol. L·1s·1 mi. g., extractable 

PAM {wt%} 
0.04 1.698 58 132 3.41 0.0~ 

0.06 2.902 69 118 2.95 0.34 

0.08 3.055 79 156 4.27 0.31 

0.10 3.890 88 144 3.84 0.28 

Table 4.3 Polymerization of AM (0.4M) in aqueous medium in. presence of 
0.04M TU at 60°C and various concentrations of cerric vermiculite 
(eH=1.98}. 

CeV RpX104 
[Ill 

Non-
XL MvX1o-s extractable mmoll-1 mol. L·1s·1 ml.g·1 

PAM {wt%} 
0.375(0.0081

) 1.698 43 129 3.32 0.21 

0. 750(0.0161
) 3.24 55 115 2.85 0.26 

1.500(0.031 1) 3.639 58 132 3.41 0.30 

2.250(0.04i) 4.144 70 101 2.39 0.33 

('moles of interlayer Ce(IV) in 1000ml of vermiculite gel phase). 

Table 4.4 Polymerization of AM (0.4M) in aqueous ·medium in presence of 
0.04M TU and 1.50 x10"3 M cerric vermiculite at various 
temeeratures (eH=1.98} 

Temperature RpX104 
[Ill 

Non-

in °C mol. L"1S.1 XL ml.g_, MvX1o-s extractable 
PAM {wt%} 

45 0.79 37 252 8.11 0.15 

50 1.20 46 223 6.89 0.11 

60 1.99 58 132 3.41 0.11 

65 3.09 89 134 3.48 0.17 

70 5.88 99 123 3.11 0.08 

Hence on increasing the concentration of catalyst more TU is oxidized to generate 

relatively more isothiocarbamido radicals (shown below). Consequently the number 

of propagating polymer chains and hence the rate of polymerization increases. At the 

concentration of TU lower than 0.04 mol. L-1 the polymer yield was too little to be 
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detected. At such a low concentration of TU, concentration of initiating species is too 

small to initiate the polymerization. The Mv of the polymer reached its maximum 

value (4.27x105
) at 0.08 mol. L-1 of TU, 0.4M AM and 1.50 mmol. L-1 CeV at 60° C 

and a minimum value of 2.95x105 at 0.06 mol. L"1TU concentra,tions. Initially Rp 
' 

increases rapidly with increasing the concentration of Ce (IV) (keeping all other 

variables viz. concentration of AM, TU and temperature constant) but at higher 

concentration of Ce (IV) the rate of increment is slow. Aqueous polymerization of AM 

is also dependent significantly on the pH of the solution. Previous report showed that 

low-moisture content clay minerals promote the spontaneous cationic polymerization. 

Both Bronsted and Lewis acidity have been involved in the cationic polymerization 

initiated by dry clay minerals. The acidity of the clay increases on ·dl)iing.102
"
104 In the 

prese.nt study, the reaction is carried out in aqueous medium and the surface acidity 

is as compared to the dry mineral. Above pH 2.1 0, no significant polymerization takes 

place. The metal ion Ce (IV) in the interlayer space of vermiculite reacted with 

isothiourea, the tautomeric form of thiourea, generating amido-sulfenyl radical to 

initiate polymerization. At low pH the tautomeric equilibrium of TU in aqueous 

solution is shifted towards isothiocarbamido form facilitating the formation of primary 

radical. Moreover, the protonated form of the amido-sulfenyl radical at low pH is more 

stable than the radical itself and consequently the dimerization process is less 

favorable.105 

NH2"' HN~ 
c==s ~=~ 

NH2/ 

C -SH 

NH( 

(thiourea) (isothiourea) 

HN~ 
C - 5H + Ce(IVJ- Clay 

NH2/ 

NH2~ • 
__ ..,..,. C- 5 Ce(IIIJ Clay 

NH/ 

(amido-sulfcnyl radical) 

+ 
NHl~ • NH NH 

~ 2"-._ • ~ •· + c- 5 ........ f----:l)oo~ c = 5+ ~ ~c- 5 + H 
NH2/ NH/ HN':Y' . 

2 

. 3 
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EFFECT OF TEMPERATURE 

The effect of temperature on the rate of polymerization of acrylamide was 

investigated over the range of 45° - 70°C. The higher the temperature faster is the 

rate of polymerization and higher the polymer yield. On the other .hand, higher the 

temperature lower is the molecular weight of the polyacrylamide formed. 

Temperature dependence of polymerization rate is illustrated in figure 4.4. The plot of 

the logarithm of empirical rate constant Rp against the reciprocal of the absolute 

temperature (figure 4.5) yields the value of activation energy of the reaction as 29.29 

kJ/mol. The value of activation energy of the present acrylamide polymerization 

system is usually found to be around 83.68 kJ/mol in aqueous medium. 106 Thus, it is 

seen that polymerization mechanisms is affected to a great extent due to the 

occurrence of the reaction in the mineral microenvironment. 

1H A"ND 13C NMR SPECTRA OF PAM 

1H and 13C NMR spectra of polyacrylamide samples obtained from the 

polymerization on vermiculite surface by CeV/TU initiator are shown ,in figure 4.6a. 1H 

and 13C NMR spectra of polyacrylamide is not usually an well resolved spectrum and 

no special feature is apparent in the present spectrum except that of overlapping of a 

sharp line with chemical shift of 2.12 ppm near the -CHCONH2 position. This line in 

all probability represents the hydrogen from the isothiocarbamido end groups of 

thiourea terminated PAM. The expanded 13C spectra (figure 4.6b) showed 

methylene, methane and carbonyl carbons of head-to-tail polymer of acrylamide. The 

carbonyl carbon (180.2 ppm) splitting was small. The methine resonance (42.2 -

43.5) is a triplet, which further split, showing pentade sensitivity. The low field and 

high field triplet peaks may be assigned to rr (syndiotactic) and mm (isotactic) 

sequences respectively. The central peak corresponds to heterotactic sequences 

(mr+rm). The methylene carbon lines (34 - 37.4) also fall into three well-separated 

groups with 20 lines required by hexad sensitivity resolved. It seems apparent from 

the 13C spectra that Bernoulli statistics is followed and steregularity has not been 

observed. Both 1H and 13C nmr spectra of polyacrylamide are ,'similar to those 

obtained in presence of montmorillonite microenvironment. However, the polymer 

trapped inside the interlayer spaces of vermiculite, which could not be extracted by 

35 



4 

3.5 

3 

&- 2.5 
Ol 
0 

-,1 2 

1.5 

0.5 

2.8 2.9 3.1 

Figure:4.5 :Plot of -LogRp vs. 1/T for aqueous 
polymerization of AM with 
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·' washing with water may have such possibility of showing stereore'gularity. Attempts 

are being made to extract these polymers in mild condition for further study. 

KINETICS AND MECHANISM 

A plot of log Rp versus log [AM] is linear with a slope of .1.86 (Figure 4.7). 

Therefore, the rate law almost follows the second order kinetics with respect to the 

monomer concentration, which is deviated from the homogeneous aqueous medium 

reaction condition.105 The significant changes due to the occurrences of the reaction 

on the vermiculite surface indicates that the polymerization mechanism is greatly 

affected by mineral microenvironment. Figure 4.8 shows that with the increase of 

CeV concentration the initial rate of polymerization increases linearly and the slope of 

the plot of Rp vs. logarithm [AM] is almost 0.47, which indicates that the rate of 

polymerization is approximately 0.5 order with respect to metal ion oxidant. Unlike 

montmorillonite phase reaction, acrylamide polymerization initiated by cey I TU 

system shows identical value of metal exponent of 0.5 for the initial rate in both the 

cases i.e., whether the reaction propagates in the bulk phase or in the vermiculite gel 

phase (in the later case, metal ion concentration in vermiculite gel was varied by 

adding calculated amount of HV in the reaction mixture; the ~water content of 

vermiculite sample was found to be 1 Oml.g-1
). This shows that the well-dispersed 

vermiculite in aqueous medium behaves like a homogeneous single phase. Although 

the polymerization reaction is initiated and progress to some extent inside the layered 

space, the polymer chain after achieving a certain length (depending upon 

vermiculite particle size) inside the layered space continue to grow in aqueous 

solution. This .is also supported by the fact that vigorous stirring of the reaction 

mixture stops polymerization to take place in vermiculite catalyzed acrylamide 

polymerization reaction. Generally, the rate of polymerization decreases with the 

increase of metal ion concentration in homogeneous polymerization involving metal 

ion/TU redox system.105 The use of vermiculite medium controls the linear 

termination rate and the rate of reaction increases with the increase of metal ion 

concentration. Figure 4.9 shows that the rate of polymerizatiom varies with the 

variation of TU concentration under constant monomer concentration of 0.4 mol. L-1 

at pH=1.98. Metal ion concentration also remains fixed at 1.5x1 o-3moi.L' 1
• The 

relationship of polymerization rate with TU concentration was obtained from the slope 

of logRp versus log [TU] plot. The thiourea exponent is observed as 0.85, which is 
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deviated from homogeneous polymerization reaction in which second order kinetics 

with respect to[TU] has been reported to follow. 106 Ce (IV)-TU is an ~ffective initiator 

for the aqueous polymerization of acrylamide. The polymers formed by this system 

should carry with TU at the terminal. To rationalize the above findings and to predict 

the possible mechanism of the above polymerization reactions following assumptions 

are made. 144 

1. Intercalated TU reacts with Ce (IV) ions of the vermiculite layered spaces to 

form reactive isothiocarbamido primary radical via an intermediate complex. The 

decomposition of the complex is the rate-determining step. 

2. In the constrained interlayer space of vermiculite the monomer molecules 

remains as pair either through hemi salt formation where two amide molecules 

share a proton by means of symmetrical hydrogen bond or /ari.d through weak 

coordination to the exchanged cations. 

3. Cage effect (which suggests that when the initiator decomposes into two 

radicals, there is a formation of a potential barrier by the surrounding solvent 

molecules which prevent their immediate recombination) is prominent in the 

vermiculite phase reactions in which the solvent molecules in the constrained 

space form a potential barrier such that reactive isothiocarbamido radical cannot 

diffuse out from the wall of the barrier and favors their recombination. 

4. Since initiation of polymerization taken place in the interlayer space of 

vermiculite, the linear termination of growing polymer chain by Ce (IV) ions is 

restricted due to the presence of metal ions in the layered space. 

Various steps of reactions are shown below: 

Initiation : 
K 

Ce(IV) + TU ~ Ce(IV) -TU 4 

complex 

Ce(IV)- TU + TU -~> Ce(III) + (2TU•) + H+ 5 
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Propagation: 

Termination: 

k 
M"n+ M"n 

1 
>Mn-Mn 

etc. 

(TU") + Ce(IV) --> TU + Ce(III) 

(2TU") --> TU-TU 

~d/dt[Ce(IV)] = {~K[Ce(IV)][TU]2 }/(I+K[TU]) 

6 

7 

8 

9 

IO 

II 

12 

(Caged species are enclosed in brackets). Using the equation (4) and (5) the 

consumption rate of Ce (IV) concentration is given in equation 12. Now, assuming 

that the rate of formation of TU radicals is exactly equal to the rate of disappearing 

intercalated Ce (IV) ions, we obtain, (considering the steady state of TU radical). 

kt'[TU"][Ce(IV)] 

{kdK[Ce(IV)][TUf}/( I +K[TU]) = kiK1[TU"][M] 2 + +k!"[TU"] 13 
I+K[TU] 

(K1=[M2W]/[Mf) is the apparent protonation constant at a fixed pH ( or a formation 

constant) 
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[TU"] = 

Again considering the steady state of M' n radical 

Equating RHS of equation (14) and (16) 

[Mn"] = 

R= p 

14 

15 

16 

17 

18 

/ 
19' 
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R= p 

k1
112 {kiK1[Mf+kiK1K[M] 2[TU]+kl'[Ce(IV)]+kt"( I +K[TU] } 112 

( 

20 

21 

If the oxidative termination (step - 1 0) is assumed to be insignificant in comparison 

with the dimerization rate of caged radicals, equation (21) reduces to: 

R= p 22 

The interpretation of high kinetic order of the monomer finally hinges on the 

dominance of a reaction between caged radicals and those of monomers with the 

radical at the cage wall. Although the concentration of the monomer and TU in 

solution phase were fixed mostly at 0.40 mol. L-1 and 0.04 mol. L-1 respectively, the 

concer:~tration of intercalated species must be much lower, specially due to the 

presence of water molecules in the interlayer spaces. Thus, the concentrations, [M] 

and [TU], in the vermiculite gel phase should be 

23 

24 

(subscripts denotes solution) 
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(L0aand 8 are the total active sites in unit mass of vermiculite and the fraction of total 

sites occupied by such species respectively; Km a and Krua are the selectivity 

coefficients). 

The denominators of equations (23) and (24) are nearly unity. By appropriate 

substitution of [M] and [TU] in equation (22) and considering the dominance of the 

last term of the denominator over others, the equation becomes 

R== p 25 

(Values of Km a (or Krua), Loa and K are of the order of 1 o·2
, 2 m.mol.g-1 and 2 L.mol-1 

respectively 107
. Small values of above parameters including that.of K1 ensure that 

terms involving quadratic and higher concentration terms are very small in the 

present conditions. 108
'

109 

Further inspection of equation (25) shows that the value of KL0 aKaru[TU] s 

in the denominator varies from· 1 o-s to 1 o-6 for the variation of aqueous TU 

concentration from 0.05 to 0.005 moi.L-1
. This implies that the rate equation under the 

present condition is reduced to 

26 

Reviewing the above result, it is found that equation (26) could satisfactorily account 

for the present behaviour of the Ce(IV)fTU initiated acrylamide polymerization 

exhibited in the aqueous vermic.ulite layered spaces. 
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SECTION-B 

STUDIES ON COPOLYMERIZATION OF ACRYLAMIDE 
WITH N-tert BUTYL ACRYLAMIDE BY Fe (111)/TU 

REDOX COUPLE ON VERMICULITE SURFACE 

4 B 1 INTRODUCTION AND REVIEW OF PREVIOUS WORKS 

Copolymers of AM have shown a number of properties lending themselves to 

a variety of applications. Of growing importance are those related to use as water

soluble viscofier and displacement fluids in enhanced oil recovery.110"115 Two of the 

critical limitations of polyelectrolyte are, however, loss of viscosity in the presence of 

mono or multivalent electrolytes and the ion binding to the porous reservoir rock 

substrates. Copolymers of AM and acrylate can be synthesized by several methods 

including those of solution 116"117 and emulsion 118"121 polymerizations. The physical 

properties of the polymers in some cases are independent. of: the method of 

preparation. The copolymers of AM with sodium acrylate in aqueous ammonium 

perulfate solution was conducted at 70°C for 60 minute producing a honey like 

copolymer which had molecular weight 1.25x1 06 as reported by Soltez and co

workers.116 Cationic free radical copolymers of AM with di\llethylaminoethyl 

methaacrylate and dimethylaminoethyl acrylate had been prepared by Baade and 

Hunkeler.117 With azocyano valerie acid and K2S20 8 at 45°-60°C, Lafuma and Durand 

have found that during random copolymer formation of AM and quaternary 

ammonium acrylate monomer, the cleavage of the ester function occurred in mild 

alkaline medium with a simultaneous inter-chain reaction resulting in imide group 

formation.117 Lavrov and co-workers reported that copolymerization of 2-hydroxy 

ethyl methacrylate with AM in aqueous solution in the presence of (NH4)2S20s I 

ascorbic acid redox catalyst proceeded without the gel effect characteristic of bulk 

polymerization.119 The reactivity ratio of the dimethylamino ethyl methacrylate methyl 

chloride salt with AM at 54°C was 1.54 and 0.30 respectively when redox azo 

compounds were used as catalyst.120 The molecular weight of copolymers of auxin

containing monomers with AM was determined to be in the range of (5.5 - 18.0 x1 04
) 

when a 4-pyrrolidinopyridine and dicyclohexyl carbodiimide catalysts were used.121 

For AM-sodium acrylate copolymer, prepared in aqueous solution at room 
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temperature and at pH 7.4- 12.1, the reactivity ratios were 0.9- 1.18 and 0.32- 0.48 

respectively. 122 McCormick and Salazar reported that the increasing randomness in 

the copolymers of AM with Na-3-acrylamido-3-methylbutanoate is observed if 

prepared in NaCI solution rather than in distilled water. The polyelectrolyte had 

inherent hydrogen bonding capacity and pseudo plasticity and exhibited large 

dimension in aqueous solution. 125 In inverse microemulsion polymerization of AM 

with methylacrylate initiated with AIBN by Viscera was a typical "dead-end" 

polymerization. 128 In inverse emulsion polymerization method, incorporation of high 

hydrophile-lyophile balance co-emulsifier in addition to oil-in-water type main 

emulsifier increased the rate of polymerization significantly. Srinivasula and co

workers investigated free radical copolymerization of AM with butylacrylamide or 

isopropyl methacrylate in the presence of AIBN in DMF at 60°C.129
•
130 The chemical 

structure of random copolymers of AM with Na-2-sulfoethylmethac;rylate in dextran 

were determined by McCormick in order to gain a more complete understanding of 

the structure property relations and performance under simulated field conditions 

encountered in enhanced oil recovery. 131 The synthesis and characterization of 

copolymers of AM with N-alkylacrylamide were investigated by McCormick and co

workers in aqueous solution utilizing Na-dodecylsulfate as a surfactant and K2S20a as 

the initiator.132 A remarkable increase in apparent viscosity was observed at low mol 

fractions of N-alkylacrylamide in the copolymer at a critical concentration, which is a 

function of alkyl chain length in the monomer and copolymer molecular weight. The 

viscosity behaviour is interpreted in terms of a concentration dependent model 

involving interchain hydrophobic association in aqueous solution. 132 The copolymer 

microstructures and reactivity ratios of copolymers of AM with N- (1, 1-dimethyl-3-

oxo-butyl) N- (n-propyl) acrylamide were studied by McCormick and Blackmon and 

the value of r1r2 determined to be 2.20 (ref.133). The copolymer of AM with N- (1,1-

dimethyl-3-oxo-butyl)- acrylamide yielded a r1r2 value of 0.75 and the copolymer of 

AM with N, N-dimethyl acrylamide provided rJf2 value of 0.86 as reported by 

McCormick and Chen.134 Monoazeotropic and non-ideal copolymers were prepared 

during copolymerization of methylmethacrylate with AM, N-methylacrylamide and N, 

N-dimethylacrylamide in 1,4 dioxane solution at 65°C using AIBN as initiator.135 Low 

molecular weight water-soluble copolymers of AM with itaconic acid; methacrylic acid 

and acrylic acid were prepared in the presence of K2S20 8 and thioglycerine by Sumi 

and co-workers.136 Thomas had prepared granular copolymers of ethylacrylate and 
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acrylonitrile with dispersed bentonite when monomer and comonomer were dissolved 

in ethanol and heated under reflux condition with benzoyl peroxide for six hours.137 

Bhattacharya and coworkers studied the copolymerization of 1H and 13C NMR 

spectra of polyacrylamide with acrylonitrile and methacrylonitrile in the presence of 

HM/ TU redox couple.138 Ktritskaya and Ponomarev studied the possibility for 

initiating AM and acrylic acid polymerization in acidic solutions in contact with metal 

surfaces of Mg and Al139
• They observed the maximum rate of polymerization to be 2 

wt% I min and established the occurrence of quadratic termination of growing chains. 

Rakshit and co-workers synthesized homopolymers and co-polymer of AM and 

acrylic acid by free radical solution polymerization technique. 14° F~ed ratios of the 

monomers and acrylic acids were 85:15, 65:35, and 50:50(w(vJ) respectively. 

Hydrogen peroxide, potassium persulphate and benzoyl peroxide were used as 

initiators. The reactivity ratios of AM and acrylic acid are 0.427 and 0.945 

respectively. Ebril and Uyan synthesized copolymers of itaconic acid and 

acrylamide. 141 Homopolymers of itaconic acid (lA) and its copolymer~ with acrylamide 

(lA-AM) were synthesized using either cerric ammonium nitrate (NH 4hCe(N03) 6 in 

combination with nitrilotriacetic acid (NTA) or potassium persulp,hate at pH 1 as 

initiators. The chain structures of the resulting products have been studied by FTIR 

spectroscopy. It is concluded from a comparison of spectroscopic results with 

gravimetric and viscometric data that the depressions in the yields and viscosity 

numbers in the case of Ce(IV)-NTA redox pair result from interacti.ons between the 

constituents of the redox initiator and lA. Spectra of the insoluble· and pale yellow 

precipitates, which are formed during the first 4 hrs of the reaction after the addition 

of Ce(IV) solution to the NTA and NTA-IA homogeneous solutions also indicate the 

presence of various oxidation products. Furthermore, it is observed that H-bonded 

homopolymer complex obtained from PAM-lA blends, prepared from aqueous 

solutions containing equal unit moles of each polymer, contain both ordered and 

defective structures.The graft copolymerization of methylmethacrylate (MMA) onto 

starch with potassium ditelluratocuprate(lll) (DTC)/starch redox system as initiator 

was studied in alkaline medium by Yinghai and coworkers. 142 The grafting 

parameters have been determined as a function of temperature, ratio of monomer to 

starch, initiator concentration, and pH. The structure of the graft copolymers was 

confirmed by (FTIR), x~ray diffraction, and scanning electron microscope (SEM). It 

was found that the DTC-starch system is an efficient redox initiator for this graft 
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copolymerization. A reaction mechanism is proposed to explain the formation of 

radicals and the initiation. Kurenkov and coworkers studied the kinetics of 

copolymerization of acrylamide with magnesium-, calcium-, and strontium- 2-acryl

amido-2-methylpropanesulfonates in aqueous solutions in the presence of potassium 

persulphate-sodium hydrosulfite initiating redox system at pH 9 and 50°C (ref .. 143). 

Importance of the study lie in the fact that at least one of the above copolymers has 

already shown some promises by not losing its solution viscosities in the presence of 

added electrolytes.144
'
145 

In the present work attempts have been made to prepare water soluble co

polymers of AM with N-t-butyl acrylamide (N-t-BAM) on the vermic~lite surface by 

interlayer trapped Fe (Ill) ions in the presence of TU. Objective of the present study is 

two fold. (1) To examine whether the copolymerization reaction could be initiated in 

the interlayer space of vermiculite with a different metal (viz., Fe(lll)) I TU system. (2) 

To prepare copolymers with high molecular weight and large hydrodynamic volume. 

The success in copolymerization would result in relatively pure copolymer without 

subsequent solvent extractions. Moreover, the microenvironment of the clay mineral 

may control the structure and physico-chemical property of the copolymer. Present 

part of this chapter deals with the studies on copolymerization of AM with N+BAM 

and including microstructures and reactivity ratios of the copolymers. 

4 B 2 RESULTS AND DISCUSSION 

High molecular weight water soluble copolymers of AM with N-t- butyl 

acrylamide are formed on the vermiculite surface by a redox initiating system 

involving trapped Fe (Ill) and TU in the interlayer space of the mineral. Intrinsic 

viscosities of copolymers are ranged from 123.43 to 259.40 mlg·1
. The study of 

copolymerization involves the calculation of reactivity ratios of the monomers. 

Present investigation involves the copolymer of AM with n-tert BAM, which have 

been chosen because the position occupied by methyl group in the monomer is 

similar the vinyl carbon atom. The copolymerization reaction proceeds efficiently in 

presence of a surfactant, Triton X-1 OO(R). The monomer conversion increases with 

decreasing AM :N -tert BAM ratios. FeV/TU initiating system also provides high 

conversion of the monomers (table 4.8). 
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REACTIVITY RATIO 

The variation in the feed ratio and the resultant copolymer composition (table-

4.5) determined by elemental analysis were used to evaluate reactivity ratios for the 

AM-N-t BAM copolymer. 

The Fineman-Ross and the Kelen-Tudos method were used to determine the 

monomer reactivity ratios at low conversion polymerization condition. 146
·
147 The 

reactivity ratios r, and r2 for the monomer pair M, and M2 can be determined by 

27 

The reactivity ratios r, is determined from the slope and r2 from the intercept in the 

Fineman-Ross plot. However, it is well known that in Fineman-Ross analysis, values 

of reactivity ratio are dependent on the indexing of the monomers. 

The Kelen-TUdos approach is used to determine the reactivity ratios for the same 

monomer pairs according to 

28 

Where u = G/ (a. +H) and s =H/ (a. +H) 

The transformed variable G and H are given by 

29 

30 

The parameter a. was calculated by taking the square root of the product of the 

lowest and the highest values of H for the copolymerization series. The values of 

r1and r2 determined from Fineman-Ross (fig-4.1 0) and Kelen-TUdos (fig-4.11) plot for 

the polymerization of AM with N+BAM on vermiculite surface are shown in table-4.6. 

The observed data indicate that the copolymerization follow the conventional 
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copolymerization kinetics under a prerequisite that the reactivity of a polymer radical 

is only determined by the terminal monomer unit.38 

Table 4.5. Reaction parameters for the copolymerization of AM with varying 
amount of N-t-BAM in distilled water in presence of 0.04M TU and 
0.1 %( w/v) FeV at 50°C (pH=1.98) in the presence of surfactant 
Triton X-1 00 (R). 

[AM]mol. L"1 [N-t-BAM]mol. L"1 

0.40 0.01 

0.40 0.02 

0.40 0.03 

0.40 0.04 

[AM] 
[N+BAM] 

41.0 

20.0 

13.3 

10.0 

Conversion (%) 
after 4.5 hrs. 

58.1 

69.1 

66.4 

57.2 

Table 4.6 Reactivity ratios for copolymerization of AM (r1) with N-t-BAM (r2) 

aM,=AM, M2=N-t-BAM: bM, = N-t-BAM, M2 =AM 
Method r1 r2 

Fineman-Rossa 0.429±0.0 0.32 ± 0.0 

Fineman-Rossb 1.56±0.01 0.44±0.01 

Kelen-Tud os 0.62 ± 0.0 0.26± 0.00 

Values of r1 and r2 have been found to be 0.43 and 0.32 respectively for Fineman

Ross method and 0.62 and 0.26 for Kelen-TOdos method. On reversing the indices of 

the monomer, the values of the reactivity ratios changes from o.43 to 1.56 (r1) and 

0.32 to 0.44 (r2). However, Bera and coworkers have found the value of r, = 1.50 and 

rz = 0.46 for AM-N-t·BAM copolymers obtained by free radical polymerizations using 

montmorillonite clay suspension. 148 (Considering Kelen-TOdos method). Fig.4.12 

shows the changes of co-polymer composition as a function of feed composition in 

which co-polymer compositions were determined from the experimentally determined 

reactivity ratios. The AM-DAAM co-polymers with r1r2 = 0.12 and the AM-N-t BAM 

co-polymer with r1r2 = 0.16 exhibit an opposite tendency towards alternation. 

Experimental points on the figures are, however, restricted up to sp mole % of AM in 

the feed for AM-N-t BAM co-polymers because no copolymers were formed below 

that value. 
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COPOLYMER MICROSTRUCTURE 

The microstructures of the AM-N-t-BAM copolymer are expected to be important in 

determining the solution properties of copolymer. As mentioned earlier, the observed 

data follow the conventional ~opolymerization equation and the adherence of the 

data to this equation is an important point in establishing the validity of the statistical 

micro structural analysis. Thus the calculation of the statistical distribution of 

monomer sequence, M1-M,, M2-M2. and M1-M2 may be performed utilizing equation 

31 to 33 (ref.150). 

X 

Y =(I-~,)-2.~,(1-~,)/{1+[(2.~ 1 -1) 2 +4.r 1 rz.~I.(1-~ 1 )]} 112 

Z = 4.~,(1-~,) I {I+ [(2.~,-1) 2 + 4.r1hh ( 1-~ 1 )]} 112 

31 

32 

33 

The mole fraction of M,-M,, M2-M2. and M1-M 2 sequences in the copolymer are 

designated by X, Y and Z respectively. ~ 1 represents the mole fraction of M1 in the co

polymer, and r1 and r2 are the reactivity ratios for the monomer pairs. Mean square 

lengths, !!1 and !!2, can be calculated utilizing equation (34) and (35)150 

34 

35 

The structural data for the co-polymers of AM-N+BAM are presented in table4.7 

(Kelen-TOdos values of reactivity ratios were used for the calculation). For the AM

N+BAM co-polymers !!AM vary between 18.61 and 2.83 at molar ratio of 94.79/5.21 

to 81.99/18.01 -respectively. For those molar ratio compositions the values of f.LN·t BAM 

were 1.01 and 1.075 respectively. 

EFFECT OF FEED COMPOSITION 

The effects of feed composition on molecular weight (viscosity average) 

were studied for AM - N-t BAM co-polymer shown in table-4.8. Figure 4.13 illustrates 

the effects of feed composition on the intrinsic viscosity for each copolymer series. It 

is interesting to note that in a copolymerization involving acrylamide, the molecular 

weight gradually decreases with increasing monomer content and this may be 
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explained by the increased cross-termination rates in copolymerization as compared 

to the very slow rate of termination·observed for homopolymerization. 

Table 4.7 Structural data for the copolymers of AM with N-t-BAM. A= AM, 

8 = N-t-BAM. 

Mean 
Composition Blockiness IJ.A/ 

Alternation sequence 
Sample (mole%) (mole%) 

length IJ.B 
number 

A 8 A-A 8-8 
(mole%) 

A-8 
IJ.A IJ.B 

10-1 94.79 5.21 89.62 0.04 10.34 18.61 1.010 18.42 

20-1 90.53 90.47 81.21 0.15 18.64 9.59 1.016 9.44 

30-1 89.00 13.0 74.29 0.31 25.40 5.08 1.034 4.91 

40-1 81.99 18.01 64.62 0.65 34.73 2.83 1.075 2.63 

10-2 96.23 3.77 92.48 0.02 07.50 18.61 1.010 18.42 

20-2 92.37 7.63 84.83 0.10 15.07 9.59 1.016 9.44 

30-2 90.13 9.87 80.42 0.16 19.42 5.08 1.034 4.91 

40-2 83.46 16.54 67.44 0.53 32.03 2.83' 1.075 2.63 

10-3 94.29 5.71 88.63 0.05 11.32 18.61, 1.010 18.42 

20-3 93.71 6.29 87.48 0.06 12.46 9.59 1.016 9.44 

30-3 86.14 13.86 72.62 0.35 27.03 5.08 1.034 4.91 

40-3 82.56 17.44 65.71 0.60 33.69 . 2.83 1.075 2.63 
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Table 4.8 Reaction parameters for the copolymerization of AM with N-t~BAM at 

50°C in aqueous vermiculite microenvironment. (Total monomer 

concentration 0.42 M). 

Monomer cone. in the Conver Elemental 

feed Time 
-sion. analysis(Wt %) Mol% of 

[TJ)ml g·1 

[N- [AM]/ (min) N-t-BAM I 

[AM] (%) c N 
tBAM] [NtBAM] 

0.41 0.01 41 90 17.51 43.42 15.79 5.21±0.01 

0.41 0.01 41 150 38.02 42.89 . 15.88 3.77±0.02 259.4 

0.41 0.01 41 210 68.62 43.36 15.67 5.70±0.05 

0.40 0.02 20 90 27.10 43.56 15.04 9.47±0.07 

0.40 0.02 20 150 31.90 43.97 15.52 7.63±0.04 249.04 

0.40 0.02 20 210 64.82 43.01 15.43 6.30±0.03 

0.38 0.04 9.5 90 38.45 45.47 15.07 13.0±0.08 

0.38 0.04 9.5 150 61.48 43.97 15.11 9.87±0.0 

0.38 0.04 9.5 210 62.45 45.55 14.96 
198.76 

13.80±0.1 

0.34 0.08 4.25 90 20.00 45.73 14.34 18.01±0.90 

0.34· 0.08 4.25 150 29.00 45.07 14.36 16.54±0.1 0 123.43 

0.34 0.08 4.25 210 38.00 45.45 14.34 17.44±0.15 
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SECTION- C 

GENERAL DISCUSSION 

The adsorption isotherm for Ce (IV) ion adsorption onto vermiculite exhibit L

type nature, which suggests strong sorbate-sorbent interaction: The maximum 

saturation corresponds to 0.97 meq/g of the mineral. Figure 4.14 shows that the AM 

molecules readily adsorbed from the aqueous solution onto the surface of the 

mineral. Two plateau regions indicating two-stage intercalation of amide molecules 

characterize the isotherm. The first saturation value is nearly 1.80 mmol/g whereas 

second one is close to double of the first saturation value. Unlike AM, TU leads to the 

monolayer formation (adsorption isotherm shown in figure 4.15)' only and the 

maximum capacity is found to be 1.50 mmol/g, which is consistent with that of the 

monolayer of the AM. Tables 4.9-4.10 give an idea about the strength of intercalation 

of AM and TU molecules in both HV and CeV interlayer spaces respectively. The 

distribution coefficient (K0 ) values are low and of the order of 1 o-2 in the 

concentration range of AM and TU used for polymerization experiments. The 

distribution coefficients have been calculated according to the relatio.n: 

36 

Where m1(s) and m1 (Il are the concentrations of the species in the solid and liquid 

phase respectively. 

As is expected from their nature, the adsorption isotherms do not obey the Langmuir 

relation: 

c/(x/m) = 1/KL (x/m) max+ c/(x/m) max 37 

Where, c = equilibrium concentration of the adsorbate, X/m = moles adsorbed per gm 

of adsorbent, KL = Langmuir constant. The plots of c/(x/m) vs. c are not linear over a 

range of adsorbate concentrations. However, from the slopes and. intercepts of the 

average line drawn through the points over the concentration of the adsorbate give a 

rough idea of the KL values and which are low. In general, the Rp's are somewhat 

lower in presence of vermiculite than those observed in homogeneous polymerization 

maintaining the polymer yield (XL) almost same. The interlaye~ expansion and 

collapse of vermiculite layers are influenced by the nature of the exchangeable cation 

as well as by the interlayer liquid. 
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Table 4.9 Intercalation of acrylamide molecules in Cerric-vermiculite (CeV) 
interla~er s~aces. 

Mineral% Cone. of Cone. of Cone. of free Distribution 
added AM adsorbed AM AM Coefficient 

{moi.L-1
} X10"2 {moi.L- 1

} X 1 o-3 {moi.L" 1
} x1o·2

· {Ko} 
10.00 15.93 8.40 0.19 

8.80 15.80 7.21 0.22 

8.00 14.48 6.51 0.23 

/ 7.20 14.09 5.79 0.24 

> co 
N 5.60 9.27 4.67 0.20 Q) ct:? 0 0 

4.00 5.96 3.40 0.17 

3.20 5.67 . 2.63 0.21 

2.40 4.75 1.92 0.25 

1.80 2.72 1.53 0.18 

Low charge vermiculite may have interlayer expansion characteristic, which 

bear closer resemblance to those of high charge montmorillonite than to those shown 

by other vermiculite of high charge. Moreover, its ability to form complexes with 

organic compounds bears a striking resemblance to that of montmorillonite. Basal 

spacing measurement from X-ray diffractogram of unoriented powder sample of 

hydrogen-montmorillonite, TU treated Fe (111)-montmorillonite and Fe (111)

montmorillonite-PAM adduct before and after glycerol treatment show the existence 

of intercalated PAM in the layered spaces of the mineral. However, intercalation of 

TU and Fe (Ill) do not expand the basal spacing of the mineral.144 Using infrared 

spectroscopy, Tahaun and Morland have confirmed that amides predominantly 

protonate on the oxygen atom in the acidic clay system. 151 Comparing the results of 

adsorption on the surfaces of montmorillonite and vermiculite minerals it may be 

argued that like montmorillonite phase the bilayer adsorption of acrylamide in the 

internal surface of the vermiculite also play a pivotal role in affecting the initiation of 

polymerization and its mechanism as compared to the homogeneous polymerization 

reaction. In acidic medium, amides may apriori accept a proton on either the oxygen 

or the nitrogen atom. Spectroscopic as well as solution studies, how1ver, support the 

possibility of coming about of the former alternative.152 
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Table 4.10 Intercalation. of thiourea molecules in Cerric·vermiculite (CeV) and 
hydrogen·vermiculite (HV} interlayer s~aces. 

Mineral Cone. of Cone. of Cone. of free Distribution 
% added TU adsorbed TU Coefficient 

(mor.L-1
) X10-2 TU(mor.L-1

) (moi.L-1
) X1 o-2 (Ko) 

x1o-3 

7.00 5.30 6.47 0.08 

6.50 4.98 6.00 0.08 

6.00 4.98 5.50 0.09 
~ 

> 0 
co 5.00 4.64 4.53 0.10 Q) N 

(.) C"':! 
0 4.34 4.13 3.93 0.10 

2.43 3.02 2.13 0.14 

1.08 1.20 9.60 0.12 

7.00 6.10 6.39 0.09 

6.50 6.10 5.89 0.10 

6.00 5.80 5.42 0.10 
~ 

> 0 

5.00 5.44 4.45 0.12 ('f) 

I ('f) 

0 4.34 5.19 3.82 0.13 

2.43 3.26 2.10 0.15 

1.08 2.50 0.83 0.30 

Linear termination of aqueous acrylamide polymerization by metal ions was 

observed long back 150 
• While the linear termination by metal ions is a very common 

phenomenon in solution phase reaction, it is not possible in presence of clay mineral 

and transfer to. Ce (IV) ion is almost controlled in the case of reaction in the layered 

spaces. Thus it is evident that the modification achieved with respect to kinetics and 

mechanism of the acrylamide polymerization in the vermiculite phase stems from a 

number of factors viz., 

1. instead of collision between a monomer molecule and an initiating radical, a 
'; 

monomer pair is involved in the initiating step 

2. 'cage effect' is prominent in vermiculite phase reaction where a pair of TU 

radicals form a potential barrier to hinder diffusion of the radicals and favors their 

recombination 
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3. rate of linear termination process decreases significantly because transfer to 

Ce(IV) ions is highly restricted for the later's location in the layered spaces of the 

mineral and diffusion of the living radical through vermiculite gel is rather slow. In 

general, loading of the oxidant, i.e. metal ions, of the redox. couple in the 

interlayer space of clay minerals offers a potential method of achieving very high 

degree of polymerization for a redox initiating acrylamide polymerization reaction. 

4 D REFERENCES 

1. B.K.G. Theng, Clay-polymer Interactions: summary and perspectives, Clay 

and Clay minerals, 30, (1982). 

2. J. Bhattacharya, S. K. Chakraborty, S. Talapatra, S.K. Saha and S.C. 

Guhaniyogi, J. Polym. Sc., Part A, Polymer Chemistry, 28, 2249(1990). 

3. G.S. Misra, U.D.N. Bajpai and J. Trekoval, J. Rev. Macromol .. Chem. ·Phys. C 

24(3), 335(1984). 

4. M. Fanood, H. Rafi'ee; George and H. Maurice Polymer, 29(1), 134(1988). 

5. M. Fanood, H. Rafi'ee; George and H. Maurice, Polymer, 29(1), 128(1988). 

6. T.lshige and A.E. Hamielec, J. Appl. Polym. Sci., 17(5), 1479 (1973). 

7. M. Lazar and J. Rychly J. Pavlinec., Chem. Zvesti., 30(3), 318 (1976). 

8. U.C. Singh, S.P. Manickam and K. Venkatarao. Makromol. Chem., 180. 589 

(1979). 

9. P. Ghanasundaram and H. Kothandaraman, Polym. J. 11 (1 ), 261 (1979). 

10. T: Miyagawa, T. Nakata and M. Tanaka, Jpn. Kohai Tokkyo Koho.79, 133, 

583, 17 Oct. 1979, April. 78/41, 568, 08 Apr. 1978, 7 pp. 

11. S. Sarasvathy and K. Venkatao, Curr. Sci., 49, 702 (1980). 

12. K. Kaliyamurthy, P. Elayaperumal, T. Balakrishnan and M. Santappa, Polym 

J. (Tokyo), 14, 107 (1982). 

13. S. Lenka, P. L. Nayak, S. B. Dash and S. Ray, Colloid Polym. Sci., 261, 40 

(1983). 

14. A. Kaim, J.Polym.Sci., Polym, Lett.Ed.,22,203(1984). 

54 



15. A. Copalan, S. Paulrajan, S. Vaidyanathan, K. Venkatarao and N.R. 

Subbaratham, Eur. Polym. J., 20, 971 (1984). 

16. T. Balakrishnan and E. K. Kasilingam, J.lnd.Chem.Soc.60, 1186(1983). 

17. J. Barton and V. Juranicova, V. Vaskova, Macromoi.Chem.186, 1935(1985). 

18. W. Xuanchi andY. Peng, Gaofenzi Tongxun, 6,499(1984). 
r 

19. S. Misra and G. Sahu, J. Polym. Sci., Polym. Chern. Ed., 23,2647(1985). 

20. A.V. Pantar and M.V.R. Rao, Makromol Chern., Rapid commun.,7,77(1986). 

21. M. Cvetkovska and T. Greev, Hem.lnd.41, 188(1987). 

22. L.G. Revel'skya and V.I. Kurlyankina, Vyosomol. Soedin. Ser. A. 29, 1086 

(1987). 

23. V. Vaskova, D. Oremusova and J. Barton, Makromol. Chern., 189, 709 

(1988). 

24. Y. Liu, X. Song, H. Shi and L. Xu, Gaodeng Xuexiao Huaxue Xuebao 11, 328 

(1990). 

25. D. Hundeler and A. E. Hamielec. Polym. Prep .. (Am. Chern. Soc. Div. Polym. 

Chern.) 30(2), 346(1989). 

26. Y. Lui, X. Song, H. Shi and Lili Xu, Huaxue Sh1jie 31, 159(1990). 

27. R. Vasishtha and A.K. Srivastava, J. Polym. Sci., Part A: Polym. Chern. 28, 

1297 (1990). 

28. M. Takahashi, Nippon Kagaku Kaishi, 12,2070(1989). 

29. L.L. Stupen'kova, T.A. Baiburdov, V.F. Gromov and E.N. Teleshov, 

Vysokomol. Soedin, Ser. A., 33, 1498 (1991). 

30. D. Hunkeler, Macromolecules, 24, 2160 (1991 ). 

31. V. A. Bhanu and K. Kishore, J. Polym. Sci. Part A; Polym. Chern., 28, 3617 
/ 

(1990). 

32. S.K. Ghosh, M. Nazimuddin, S.N. Bhatacharya and B.N. Mandai, Polym. Sci. 

Symp. Proc. polym. 1,199 (1991 ). 

33. V.F. Kurenkov, E.V. Nurullina and V.A. Mgagchenkov, Jzv, Vyash. Uchebn 

zaved, Khim.Khim. Tekno .. l32, 96(1989). 

55 



' . fi 

34. G.S. Misra and J.J. Rabello, Makrornol. Chern., 177, 21 (1976). 
•·. 

35. M.M. Husain A. Gupta and S .. Misra, Makrornol. Chern., 176, 2861(1975). 

36. G.S. Misra and U.D.N. Bajpai, J. Macromol. Sci. Chern., 13,1135(1979). 

37. U.D.N. Bajpai and G.S. Misra, Vy~okomol. Soedin, Ser., A, 21,1720(1979}. 
:·-. 

38. G.S. Misra and S.N. Bhattacharya, J. Macrornol. Sci.Chern.A, 14, 907(1980). 

39. U.D.N. Bajpai and A.K. Bajpai, J. Macromol. Sci.Chem.A,19, ';+87(1983). 

40. U.D.N. Bajpai and A.K. Bajpai,·J. Polym. Sci. Polyrn. Chern. Ed., 22,1803 

(1984). 

41. U.D.N. Bajpai and A.K. Bajpai, Macromolecules, 18(11), 2113 (1985). 

42. K.C. Gupta, M. Verma and K. Behari, Macrornolecu/es.19, 548(1986). 

43. K. Behari, K.C. Gupta and M. Verma, Vysokornol. Soedin,Ser,. A., 28, 1781 

(1986). 

44. K. Behari, K.C. Gupta, G.D. Raja and P. Das, Acta. Polyrn., 42,206(1991). 

45. U.D.N. Bajpai and A. Ahi, J. Apt. Polyrn.Sci.40, 359(1990). 

46. U.D.N. Bajpai and G.S. Misra, Vysokornol. Soedin,Ser. 8.,21,419(1979). 

47. S.P. Rout, A, Rout, N. Mallick and B.C. Singh, Macrornol C(lem., 178, 1971 

(1977). 

48. M. Husain and A. Gupta, J. Macrornol. Sci. Chern., All, 2177(1977). 

49. G.S. Misra and G.P. Dubey, Polym.Bu/1.1, 671(1979). 

50. G.S. Misra and S.N. Bhattacharya, Colloid Po/ym.Sci.,258,954(1980). 

51. G.S. Misra and G.P. Dubey, J.Macrornoi.Sci.Chern.A16, 610(1981). 

52. D. Pramanik and K. Das, lnd.J.Phys.Nat.Sci.1,8(1981). 

53. G.S. Misra and S.N. Bhattacharya, J.Polym. Sci. Po/ym. Chern. Ed. 20, 131 

(1982). 

54. G.S. Misra, P.S. Bassi and S.L. Abral, Ind. J. Chern: Soc .A, 22A, 286(1983). 

55. G.S. Misra and J.l. Khatil, J. Po/ym. Sci. Polym. Chern. Ed., 21,1665(1983). 

56. G.S. Misra and A.K. Bajpai, J.Macrornoi.Sci.Chern.A19, 487(1983). 

56 



57. D. Pramanik and B. Chakraborty, Bu/I.Pure.App/.Sci.Soc.C.2, 1 (1983). 

58. K.C. Gupta and K. Behari, J. Polym. Sci. Part A: Polym Chem.,24,764(1986). 

59. A.S. Savac, A. Gocmen and B. Basaran, J.Soln.Chem., 19,901 (1990). 

60. K. Qiu, Q.W. Wang andY. Yang and X. Feng, Chin.Sci.Bu//.,34,1348(1989). 

61. W. Wang, Y. Sun, Ye. Song, Kuryan Qiu and Zinde Feng, Gaofenzie 

Xuebao., 2, 213 (1990). 

62. K. Qui, W. Wang, W. Guo, D. Zhang and X. Feng, Gaofenzi Xueba., 

4,496(1990). 

63. K. Qiu and W. Wang, Gaofenzi Xuebao.,3,355(1989). 

64. B. Dincer, S. Bayulken and' A.S. Sarac., J. Appl. Polym. Sci, 63, 12, 1643 

(1997). 

65. P. Sera and S.K. Saha, Macromol. Rapid Commun. 18, 261(1997). 

66. X., Guo, K. Qiu, X. Feng, Chin.J.Polym.Sci., 7, 165(1989). 

67. X., Guo, K.Qiu and X. Feng, Makromol. Chern., 191, 577(1990). 

68. G.P. Patapov M.l. Alieva, lzu, Vyash. Vchebn. Zaved. Khim. Khim. Tekhnal., 

34, 107 (1991). 

69. G. Maihot and M. Bolte, Polyhedron., 1 0,237(1991 ). 

70. K. Qiu, Y. Yang and X. Feng, Gaofenzi Xuebao.5, 593(1989). 

71. V.F. Kurenkov, T.A. Baiburdov and L.L. Stupen'kova, Zh. Prikl. Khim, 60, 

2311 (1987). 

72. V.F. Kurenkov, M.N. Tritonova and V.A. Myagchenkov. Eur. Polym.J.23, 

685(1987). 

73. V.F. Kurenkov, T.A. Baiburdov and L.L. Stupen'kova, Vyskomoi.Soedin, Ser. 

A. 29, 348 (1987). 

74. R.M Akopyan, A.M. Kaifadzhyan and N.M. Beileryan, Arm. Khim. Zh. 39, 471 

(1986). 

75. V.F.kurenkov, T.V. Baiburdov, L.L .. Stupenkova, Zh. Prikl .Khim. 

60,2311 (1987). 

57 



76. X. Guo, K. Qui and X. Feng, Gaodeng Xuexiao Huaxue Xue/ao, 10, 1068 

(1989). 

77. C.Y. Chen and J.F. Kuo, J. Po/ym. Sci., Part A: Polym. Chern .. 26, 1115 

(1988). 

78. R.A. Smith, U.S.4, 617,359, 14 Oct. 1986,US Appl. 649, 622,12Sep. 1984. 

1 Opp. Cont in-Part of US Ser No.622 abandoned. 

79. X. Wu and J. He, Gaofenzi Tongxun 6,402(1986). 

80. T. Balakrishnan and S. Sabbu, J. Polyrn. Sci., Part A : Polym. Chem .. 24, 

2771 (1986). 

81. C.Y. Chen and J.F. Kuo, Ch'eng-Kung Ta Hsueh Pao, K'ochi, I. Hsueh Pian, 

20, 193 (1985). 

82. T. Grcev and M. Cvetkovska, ai-Dabas, lmad. J. Serb. Chern. Soc., 51, 15 

(1986). 

83. A.S. Sarac, E. Erbil, A.B. Soydan , J. App/. Po/yrn. Sc., 47, 1643 (1993). 

84. C. Volga, B. Hazer and 0. Torul, Euro. Polyrn.J.33, 907(1997). 

85. A. Gopalan, S. Paulrajan, S. Vaidyanathan, K. Venkatarao and N.R. 

Subbaratnam, Eur. Po/ym.J.,20,971 (1984). 

86. S. Lenka, P.L. Nayak and S. Roy, J. Po/yrn. Sci. Polyrn. Chern. Ed., 22, 959 

(1984). 

87. M. Cvetkovska, T. Grcev and G. Petrov, Macrornol. Chern. ·185,429(1984). 

88. C. Namasivayam, P. Natarajan, Proc. I.U.P.A.C., Macromol. Symp. 281
h 1982, 

181, Int. Union. Pure Appl. Chem., Oxford, U.K. 

89. T.A. Kay, F. Rodriguez, Proc, I.U.P.A.C., Macromol. Symp.281
h 1982, 77, Int. 

Union. Pure Appl. Chem., Oxford, U.K. 

90. D.V.P.R. Varaprasad and V. Madadevan, J. Macromol. Sci.,Chern. 

A18,1429(1982). 

91. P. Elayaperumal, T. Balakrishnan, M .Santappa and R. W. Lenz,J Po/ym. 

Sci.,Polyrn: C~ern. Ed. 20, 3325(1982). 

92. D.V.P.R. Varaprasad and V. Madadevan, Eur.Po/ym.J.17, 1'185(1981). 

58 



93. N. Nasa, R.G. Lopez, E.A. Zaragoza. R.D. Peralta, I. Katime, F. Bercea, E. 

Mendizabal, and J.E.Puig,Macrorno/ecu/es,33,2848(2000). 

94. G.S. Sur, S.K. Choi, J. Macrornol. Sci. Chern.A15,671,(1981 ). 

95. M. Haragopal, A. Jayakrishnan and V. Mahadevan, Makrornol. Chern., 183, 

657 (1982). 

96. P. Ganasundaram and H. Kothandaraman, Eur. Po/ym. J.15,399(1979). 

97. G.S. Sur, Yongu Pogoyongnarn Taehakkyo Kongop Kishi Yonguso, 7, 43 

(1979). 

98. M.M. Husain, S.N. Misra and R.D. Singh, Makromol. Chern.,179,295(1978). 

99. D.Z. Chshmarityan and N.M. Beileryan, Arm. Khim. Zh.,30, 120(1977). 

100. Wrzyszczynski A, J.Macrornol. Sci.,38(3), 281(2001). 

101. L. Yinghai, Y. Lanying, L. Junbo, S. Zengqian, D.Kuilin CJI, 5,96,(2003). 

102. W. Bodenheimer, L. rodringuez, J.Polyrn. Sci. ,Part A 1, 3151 (1967) 

103. J.J. Fripiat, Trans. 91
h Intern. Gong. Soil. Sci. Adelaide, 1,691 (1968). 

104. B.M. Mandai, U.S. Nandi and S.R. Palit, J. Polyrn. Sci. A1 8, 67 (1970). 

105. C.W. Hsu, J.F. Kuo and C.Y. Chen, J. Polyrn. Sci. Part A: Polyrn Chern. 31, 

267 (1993). 

106. P. Sera, S.K.Saha, lnd.J.Chem. Techno/.6,24(1999). 

107. N. Pustelnik and R.Soloniewiez,Chern.Ana/.(Warsaw),21,503(1976).) 

1 0.8. D.D. Perrin, Organic Ligands : IUPAC Chemical Data Series (No.22), 

Pergamon Press, New York (1983). 

109. A. E. Martel and R.M. Smith, 'Critical Stability Constant (val.· 3)', New York, 

(1979). 

110. A.L. Barnes, J. Pet. Tech.1147 (October 1962). 

111. D.J. Pye, J. Pet. Tech. 911(August 1964). 

112. H.L. Chang, J. Pet. Tech. 1113(August 1978). 

113. N.J. Bikales, Ed., 'Water Soluble Polymers Plenum', New York,1 05-126 

(1 973). 

59 



114. C.L. McCormick, Symposium on Polymeric materials for Basic Energy Needs, 

Case Western Reverve, 13 (1978). 

115. M. T. Szabo, J.Pet. Tech. 553 (May 1979). 

116. L. Soltesz, K. Rajnai, M. Gerzson, G. Halas, J. Balogh, M. Vraga, Z. 

Ferninand and J. Ratkovszky et al. Ger. Offer. DE 3,801, 736,27 July 1989, 

April, Appl. 21 Jan. 1988. 

117. W. Baade, D. Hunkeler and A. E. Hamielec, J.App/.Polym.Sci.38 (1 ), (1989). 

118. F. Lafuma and G. Durand, Polyrn. Bull., 21(3), 315(1989). 

119. N.A. Lavrov, N.F. Nikolaev and A.K. Kuzmina, Zh. Prikl, Kh~rn, 62 (20), 429 

(1989). 

120. X. Yang, H. Yu andY. Bao, Shiyan Huagong, 17(1), 21(1988). 

121. C.L. McCormick and K. Khim, J. Controlled Release, 7(2), 101 (1988). 

122. H. Xu, X. Zhang W. Liu, F. Yanjiu Y. Fushe and G. Xuebao, 3 (3),19(1985). 

123. W. Baade, D. Hunkeler and A.E. Hamielec, Polyrn. Mater.' Sc. Eng. 57, 850 

(1987). 

124. C.L. McCormick and L.C. Salazar, Polyrn.Sci.Eng.57, 859(1987). 

125. C.L. McCormick and G.S. Chen, J. Polym. Sci. Polyrn. Chern. Ed. 20 (3), 817 

(1982). 

126. Yu. P. Chernenkova, E.N. Zil'bermanand G.N. Shvareva, Vysokorno/ Soedin, 

Ser. B., 24 (2) 119 (1982). 

127. M. Georgieva and E. Georgieva, Angew Makrornoi.Chern., 66, 1(1978). 

128. V. Vaskova, V. Juranicova and J. Barton, Makrorno/. Chern. 192 (4), 989 

(1991 ). 

129. B. Srinivasula, P.R. Rao, E.V. Sundaram, Angew Makrornol. Chern., 189, 97 

(1991 ). 

130. B. Srinivasula, P.R. Rao, E.V. Sundaram M. Srinivasand L. Sirdeshmukh, 

Eur. Polyrn. J. 27 (9), 979 (1991 ). 

131. C.L. McCormick, L.S. Park, G.S. Chen and H.H. Neidlinger, Po/ym. Prep. 22 

(1), 138 (1981). 

60 



132. C.L. McCormick, T. Nonaka and C.V. Johnson, Polymer, 29(4), 731 (1 988). 

133. C.L. McCormick and K.P. Blackmon, Angew Makromol. Chem.144, 73(1986). 

134. C.L.McCormick and G.S.Chen, J.Polym. Sci. Polym. Chem .Ed. 22(12), 3633 

(1984). 

135. M. Orbay, R. Laible and L. Dulong, Makromol. Chem.183 (1 ), 47(1 982). 

136. H. Sumi, H. Holta, S.H iratsunaand A Yada, Jpn. Kohai Tokyo Koho Jp 28. 

61, 126, 104, 13 Jan. 1986, April 84/247, 146,22 Nov. 5 (1984). 

137. V.S. Thomas, Pat. 2, 558, 396, June 26, (to American Cyanamid Co.) (1 951 ). 

138. J. Bhattacharya, Ph.·D. Theses, North Bengal University, India (1988). 

139. D.A. Kritskaya and AN. Ponomarev, J.Polym. Sc., Ser. 44, 551, 2002). 

140. A. Rangaraj, V.Vangani, A.K. Rakshit, J.Appi.Polym.Sc., 66,45, 1997) 

141. Ebril C.; Uyan K N.· Polvm. Int.,, 50,. 792: (2001) 

142. Y.Liu, J. Li, L.Yang, Z. Shi, K. Deng., J. Macromoi.Sci., Part A: Pure and Appl. 

Chem. 41, 1025(2004). 

143. V.F. Kurenkov, O.A. Zaitseva, D.G. Vazeeva and D.A. Solov'ev, Russ. J. Appl. 

Chern., 74.2001.,813 

144. P. Sera, Ph.D. thesis, North Bengal University, lndia,(1999). 

145. C.L. McCormick, K.P. Blackmon and D.L. Elliot, J. Polym. Sc. Part A: Polymer 

Chemistry, 24, 2619 (1986). 

146. M. Fineman and S.D. Ross, J. Polym. Sci. 5,259 (1950). 

147. T. Kelen and F. Tudes, J. Macromol. Sci., Chern., A9, 1 (1975). 

148. P. Sera. S.K. Saha., European Polymer Journal. 36, 411 (2000). 

149. Hardwood HJ. J Polym Sci; 25, 275(1968). 

150. E. Collison, F.S. Dainton and G.S.Mcnaughton, Trans Faraday Soc., 53, 489 

(1997). 

151. S.Tahaun and M.M. Morland, Soil Sci.,102, 248 (1966). 

152. B.K.G. Theng, The chemistry of clay organic reactions, Adam Hilger, London 111 
(1974). 

61 




