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In chapter 1, an introduction covering various aspects of the present. 

research scheme on aque6us polymerization of acrylamide has been 

presented. In view of the increasing industrial applications of water soluble 

acrylamide polymers in a number of ~reas including the use of polyacrylamide 

as water soluble viscofier in enhanced oil recovery, researches in the field have 

gained momentum in recent days. Research on the intercalation chemistry of 

phyllosilicates is increasing rapidly to transform these abundant minerals into 

new class of selective heterogeneous catalysts. In the present study, attempts 

have been made to prepare acrylamide polymer having high molecular weight 

and·intrinsic viscosity by polymerizing the monomer on montmorillonite surface. 

A major difficulty of applying redox initiators is fast-termination by the oxidant of 

th~ redox couple. In an attempt to increase the chain length of polyacrylamide, 

the potential electron acceptor of the redox couple, (e.g., Fe (Ill) ions) has been 

loaded into the interlayer space of montmorillonite (phyHosilicate) prior to th~ 

reactions. In the introduction part (chapter 1 ), -a brief review covering aH these 

aspects viz., polymers of acrylamide, structure of the mineral clay 

montmorillonite, clay-organic interaction and clay catalyst polymerization have 

been presented. 

(page 1-17) 

Chapter 2 describes the scope and object of the present investigation. In 

view of the nature of applications of polyacrylamide, high molecular weight 

polymers with high intensity viscosities are very important. Redox 

polymerization technique is a simple efficient technique which yield polymers 

with high rates. Hqwever, one major difficulty of redox technique is the fast 

termination process via transfer to the oxidant of the redox couple as mentioned 

above. As a result, low molecular weight polymers are usually formed. The 

copolymers of acrylamide are used as water soluble viscofiers and 

displacement fluids in enhanced oil recovery. The critical limitation of 

homopolyacrylatnide is the loss of viscosity in presence of electrolytes. Keeping 

these in view, a detailed study on ·redox polymerization of acrylamide has been 

undertaken by trapping the oxidant of the redox couple (e.g., Fe (Ill) ions of the 
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Fe(lll)/thiourea (TU) system) in the interlayer space of the montmorillonite. This 

ensures slow termination due to inability of the growing po~ymer chain to 

transfer to the oxidants trapped inside the layered space. As a result, high 

molecular weight polymers. and some industrially important copolymers of 

acrylamide are found. Studies on the solution properties of polyacrylamide have 

also been undertaken in view of the fact that the role of the hydrodynamic 

dimensions on different factors which govern the efficiency of their use is . 

important. 

(page 18-21) 

In chapter 3, various aspects of the redox initiated polymerization of 

acrylamide on the surface of mineral clay montmorillonite with a view to control 

the linear termination process for achieving high molecular weight polymers are 

presented. A detailed solution phase reaction has also been performed . . 

involving the same redox couple (viz., FeCb 1 TU) b·ut in the absence of 

montmorillonite, to check what . modifications pertaining to kinetics and 

mechanism have been achieved by the mineral phase reactions. Kinetics and 

mechanism of the reaction under both the conditions have been looked into. 

The technique. of interlayer polymerization for another . redox system (viz., 

Ce(IV)/EDTA) is also incorporated in this chapter, which enables to examine the 

scope of the proposed technique of controlling the termination process in 

different systems. In section 3.1 a brief review on this aspect is presented. 

{page 22-27) 

Methods of preparation and purification of different montmorillonite 

samples viz., hydrogen montmorillonite, ferric montmorillonite and eerie 

montmorillonite are presented in section 3.2. The experimental technique for the 

study of polymerization of acrylamide is also presented in this section. 

(page 28-32) 

In the first part of the result and discussion, polymerization results under 

homogeneou~ conditions are presented and discussed. The polymerization of 
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acrylamide occurred in presence of ferric chloride and thiourea in solution 

phase. The conversions are dependent on ferric chloride, acrylamide, thiourea 

concentrations and the temperature. In the present systems, no induction 

periods were observed. The initial rate of polymerization, Rp's, were moderately 

high and ranged between (3-17) x 1 o-S mole. L-1. s-1
. At a fixed TU and AM 

concentrations, all the parameters viz., Rp, XL, [TI] and Mv were decreased with 

the increase in Fe(lll) concentrations of the initiating redox couple. This clearly 

shows the involvement of the linear termination process in the present 

polymerization reaction via transfer to the metal ion. The rate of polymerization, 

Rp, as well as the polymer yield, XL decreased from 17.17 x 1 o-S to 4.16 x 10-5 

mol. L-1. s-1 and 73% to 26% respectively with the increase in the Fe(lll) ion 

concentration in the range of (1.5---8.0) x 10-3 mol. L-1. The [TI] values are low 

and found to vary from 14 to 137 mi. g-1 under the present reaction conditions. 

The [TI] as well as Mv are increased with increasing monomer and TU 

concentrations. The Rp and XL are also increased with increasing 

polymerization temperature. The overall energy of activation as calculated from 

Arrhenius plot has been found to be 12.93 kcal I mol within the temperature 

range 45° to 70° C. 

The initial rate is inversely proportional to nearly first power of metal 

concentrations. Such a dependence is commonly observed in most of the 

aqueous free radical polymerization reactions. On the other hand, Rp increases 

with increased concentration of TU. The rate of polymerizatio~ shows a nearly 

· second order dependence on the TU concentration as well as AM concentration 

in the range 0.25 to 0.40 moi.L-1 but first order in the higher concentration range 

of {0.4- 0.6) mol. L-1
. 

In the polymerization reactions initiated by redox couple involving TU, a 

free radical mechanism has already been proposed involving isothiocarbarriido 

radicals (i.e., amido-sulfenyl radicals, NHz--C-(=NH)S radical), as the primary 

radical. It is believed that the reaction proceeds via the intermediate complex 
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[Fe(SC(NH2)2t3, the stability constant which is approximately 2.0. The 

decomposition of the complex involves a second order reactions producing two 

isothiocarbamido radicals, which dimerize further in the presence of ferric ions. 

Since the reactive TU radicals are formed as pairs, assumption of 'cage effect' 

seems to be conceptually appropriate. The 'cage effect' suggests that when an 

initiator decomposes into two radicals, there is a formation of a potential barrier 

by the surrounding solvent molecules which prevent their immediate diffusion 

and favours their destruction by mutual recombination. The initiation step ' 

involves collision of acrylamide molecules with caged TU radicals at the wall of 

the cage and random diffusion of the radicals from the cage and their secondary 

recombination are less significant. In order to rationalize the results, following 

reaction steps are assumed to be involved. 

Fe(lll) + TU K- Fe(lll)- TU 

. complex 

Fa(lll)- TU kd > Fe(II)+(2TU.)+H+ 

Initiation 

Mj 

Propagation 

Mj+M 
kp 

M2 

M~-1 +M 
kp M• ........... etc. n 

Termination 

M~ + Fe(lll) kt 
M~ + Fe(ll) 

I 

(Tu•) + Fe(lll) kt TU+Fe(ll) 

" 
(2TU•) kt TU-TU 

(caged species are enclosed in brackets) 
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Assuming that the pseudo steady state approximation holds, following rate law 

has been established 

kd ki kp K[TUf[M] 2 . 

Rp = kt(ki[M] + kaFe(lll)] + k~') 
(page 33-43) 

Section 3.4 concerns the results of the polymerization of acrylamide on 

montmorillonite surface initiated by Fe(III)/TU systems. This includes a detail of 

kinetics and mechanism of the reaction also. Unlike the solution phase 

reactions, just described, the initial rate of polymerization, Rp, was increased 

from 4.76 x 10-s to 6.61 x 10-s mol. L"1. s1 as the Fe(lll) concentration increased 

from 0.60 x 10-3 to 2.07 x 10-3 mol. L"1.s·1. Conversion efficiencies were also 

increased regularly .with increasing Fe(lll) ion concentration upto 2.07 x ·1 0-3 

mol. L-1. Although Rp and the -polymer yield decreased with decreasing TU 

concentrations, molecular weight of the polymer was higher at lower TU 

concentrations. Moreover 'gel effect' was observed in the presence of clay 

mineral apparently for the formation of the high molecular weight polymers due . 

to decrease in linear termination rates. The more significant observation of 

loading Fe(lll) ions of the initiating redox couple in. the ·interlayer spaces of 

montmorillonite is that the [11] values of the polymers formed are increased 

significantly, which vary from 247 to 600 ml.g-1 under present reaction 

conditions. The Rp as ·well as XL increase with increasing polymerization 

temperature. The [11] is ·also increased with increasing monomer and TU 

concentrations while it is increased with temperature upto 50°C but decreased 

at higher lefilperatures. The activation energy, Ea, of the overall polymerization 

reaction gives an average value of 14.9 kcal/ mole. 

(page 44-53) 

The effect of pH and use of additives like different solvents and 

surfactants upon the polymerization process and the properties of the resulting 
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polymers have also been examined. The protonated forin .. of the am~dosulfi:myl 

radical at low pH is more stable than the radical itself and consequently the 

dimerization process is less favourable: The intensity of the ESR signal of the 

spin trap-radical adduct was maximum at low pH. It is found that some water 

miscible organic solvent viz., ethanol, DMSO and DMF de'pressed the polymer 

yield. On the other hand, dioxan the increased the polymer yield upto 20% (VN) 

but decreased at higher concentrations. 

(page 53-57) 

The rate of reaction shows a second order dependence on monomer 

concentration. The dependence of rate on the actual Fe(lll) ion concentration in 

the montmorillonite gel reveals that the reaction is 0.5 order with respect to 

Fe(lll) ion concentrations. The dependence of Rp on TU concentrations 

indicates that the r~action is first order with respect to TU concentration. To 

rationalize the experimental results and to predict a possible mechanism in the 

mineral microenvironment, the following assumptions are made (section 3.4.2). 

(1) Intercalated TU reacts fast with Fe(lll) ions of montmorillonite layered 

spaces to form the reactive isothiocarbamido radicals. 

· (2) In the acidic and metal ion exchanged aqueous montmorillonite system, a 

fraction of the intercalated acrylamide molecules are present near reacting 

sites as pairs either through hemisalts formation or/and through weak 

coordination to the exchanged cations. 

(3) Strong 'cage effect' on the initiating TU radicals is operative. 

Proposed reaction steps are as follows: 

Initiation 

-. K -· 
Fe(lll) + TU ~ Fe(lll) - TU 

complex 
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Fe(JJJ) - TU + TU kd > Fe(ll) + ( 2TU•) + H+ 

Propagation 

Mj+M 

M~ ............ etc. 

Termination 

M• +M• kt M M n n ---=---~> n - n 
I 

kt TU+ Fe(ll) 

TU-TU 

(caged species are enclosed in brackets as before and the 'bar' on Fe(lll) or 

Fe(ll) indicates their presence in the layered space of montmorillonite).· 

Assuming the pseudo steady state approximation to hold, rate law has been 

established as 

(where L~ is the total ac~ive sites in unit mass of the mineral, K~ and Kru are 

the selectivity coefficients and subscript's' denotes solution) 

Under the present condition the above rate equation is however reduced to 

(page 57-64) 
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The. effect of mineral microenvironment on the Ce(IV)- EDTA initiated 

aqueous polymerization of acrylamide has also been studied with a view to 

generalize the adopted method for enhancing chain growth. The results are 

presented in section 3:5. 

The molecular weights of the polymer were moderately high and ranged · 

from 3.9 X 105 to 2.9 X 106
. The initial rate of polymerization, Rp'S, were ranged

between (2.1 -· 1 0.6) x 10-5 mol. L-1
. s-1 depending on various reaction 

parameters .. Upto 95% ·of the polymers were formed at 50°C in the pres~nce of 

'1.5 x 10-3 mol. L-1 of Ce(IV) ions (EDTA = 0.01 mol. L-1 ~nd AM = 0.4 mol. L-1
). 

Rp, XL and Mv were increased with the incrE!ase · in AM concentrations. The 

value of [11] was also high and varied from 145 to· 650 mi. g-1
. On the other hand, 

Rp increases with increased concentration · of EDT A. Previous study on 
'. 

homogeneous polymerization_ by Ce(IV)/EDTA system showed a steady 

decrease in Rp with Ce(IV) concentration. But, present study gives a reverse 

trend. This indicates that the linear termination by Ce(IV) ions is_ no longer 

important in the present polymerization on the mineral surface. The pseudo -
' ' 

m.~erall activation energy was 19.3 kcal/mole,. which is close to that for usual 

redox systems. 

The initial rate is approximately first order with respect to the monomer 
l' ' \ . 

cdncentration. The significant departure of monomer ·exponent from 2.0 (in 

aqsence of montmorillonite) to 1.0 in the presence of clay mineral demands that 

the polymerization mechanism be reconsidered for the present condition. To . " ' . 

_rationalize the above experimental results and to predict a possible mechanism 

following assumptions are made. 

(1) Intercalated EDTA molecule react fast with Ce(IV) ions of montmorillonite· 

layered space to form reactive EDTA radicals via an intermediate complex. 

Due. to restricted mobility of Ce(IV) ions at ·the exchange sites of 

montmorillonite, the formation constant of the complex is small. 
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(2) Polymerization locus is the interlayer space of montmorillonite. The linear 

termination of growing polymer chain by Ce(IV) ions is restricted due to the 

presence of metal ions in the layered space. 

(3) The initiation steps involves the collision of acrylamide with EDTA radicals, 

where monomer pairs (as already mentioned) are entailed. Generation of 

initiator fragment, propagation and the termination steps may be shows as 

follows: 

Generation of initiator fragment 

- K -
Ce(IV) + EDTA(R) ~. (Ce(IV) - R) 

complex 

Propagation 

Mj+M 

kp 
M~-1 + M _....;....._~ M~ ............ etc. 

Termination 

Oxidative product + Ce(lll) + H+ 

The rate equation under the present condition has been found to be 

a ( a )3/2 ( a ~ )1/2 [- ]1/2 1/2 Rp = kpKM L 0 kdKKRtkt Ce(IV) [R] 5 [M] 5 
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Above equation could satisfactorily account for the present behaviour of the 

Ce(IV) - EDTA initialized acrylamide polymerization exhibited in the aqueous 

montmorillonite layered space. 

(page 65-7 4) 

The x.r.d, e.s.r. and n.m.r. spectral data are shown in section 3.6. e.s.r. 

study confirms that lattice substituted Fe(lll) in montmorillonite reacts with TU, 

but the reaction failed to initiate the polymerization of acrylamide in water. The 

redox characteristics of Fe(lll) towards TU reductant remains almost unaltered 

even when Fe(lll) ions are adsorbed by the mineral clay montmorillonite. 

Propagating radicals were characterised by spin trapping technique. The 

hyperfine splitting parameters aN and a~ for MNP adduct are 1.45 and 0.31 mT 

respectively. The polymers as characterise by 1H and 13C n.m.r. are mostly TU 

terminated head-to-tail polymers with mixed tacticities where Bernoulli statistics 

are followed. The acrylamide molecules readily intercalate into both forms of 

mineral resulting in two-stage intercalation. The first saturation value is nearly 

1.25 m.mol.g-1 whereas the second one is just nearly double. Unlike acrylamide,. 

the TU leads to the monolayer formation only and maximum capacity is found to 

be 1.37 m.mol.g-1
, which is consistent with that of monolayer of acrylamide. The 

Langmuir constants are low; they are 12.0 and 9.2 for TU and AM respectively 
I 

in the case of FeM. Above observation strongly justify the assumptions made in 

establishing the kinetics and mechanism for acrylamide polymerization on 

montmorillonite surface. 

(page 75-83) 

Chapter 4 is concerned with the study of copolymerization of a~rylamide 

(AM) with diacetone acrylamide (DAAM) and N-tert-butylacrylamide (N-t-BAM) 

on montmorillonite surface. In ·section 4.1, a .brief review on this aspect is 

presented. Copolymers of acrylamide have shown a number of properties 

leading to varieties of industrial applications including those as water soluble 
' 

viscofires and displacement fluid in enhanced oil recovery. Two of the critical 
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limitations of polyelectrolytes are loss of viscosity in the presence of electrolytes 

· and ion binding to porous reservoir rock substrate. Importance of the present 

study lie in the fact that (i) the applied technique provides high molecular weight 

polymers having high intrinsic viscosities (ii) at least one of the above 

copC?Iymers viz., diacetone acrylamide, has already shown some promises by 

no,t losing its solution viscosities in the presence of added electrolytes. The 

copolymers are found in good yield by Fe(lll) - TU redox initiator when the 

Fe(lll) were loaded in the interlayer spaces of montmorillonite. Characteristics of 

the copolymers including the reactivity ratios for the respective. monomers are 

determined and micro structures are predicted. 

(page 84-87) 

The experimental procedure for the copolymerization reaction is 

presented in se.ction 4.2. 

(page 88-90) 

Both Fineman-Ross. and the Kelen-Tudos methods were employed. to 

determine reactivity ratios of the monomer pairs. The reactivity ratios for 

AM:DAAM monomer were determine as r1 = 0.71 and r2 = 0.61 according to the 

more reliable Kelen-Tudos method. For AM:N-t-BAM monomer pair they were 

as 1.51 and 0.46 respectively. The AM-DAAM copolymers with r1r2 = 0.43 and 

the AM-N-t-BAM copolymers with r1r2 = 0.70 exhibit an opposite tendency 

towards alternation. The micro-structures of copolymers including mean 

sequence· length distribution is presented for a range of feed compositions 

through the knowledge of reactivity ratios. For the· series of AM-DAAM 
I 

copolymers, the mean sequence length of acrylamide, J.lAM, varied from 30:.03 at 

an 96.36/3.64 mole ratio of AM/DAAM in· the copoly111er to 4.01 with a 

78.77/21.2.3 mole ratio. For those compositions, values of J.lDAAM were 1.01 and 

1.14 respectively. On the other hand, the AM-:-N-t-BAM copolymers had J.lAM 
I 
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value of 62.50 and 7.37 at 98.33/1.67 and 89.42/10.58 mole ratios of AM/N-t

BAM respectively. Above values for J.lN-t-BAM were 1.01 and 1.11 respectively. 

Due to slower termination rates in the adopted polymerization technique, 

copolymers with high intrinsic viscosities are formed. The observed decreased 

in the intrinsic viscosity with increasing DAAM or N-t-BAM comonomer 

concentrations may be explained by increased cross termination rates of 

copolymerization. 

(page 90-1 01) 

Chapter 5 records the results of the study on solution properties of 

polyacrylamide in water and water-dimethylsulphoxide mixtures. In view of the 

use of polyacrylamide in various fields including those as water soluble 

viscofiers and displacement fluids in secondary oil recovery process, the 

understanding of the role of charged groups on different factors which govern 

the efficiency in their use is important. Such studies on the solution properties of 

the polymer viz., intrinsic viscosity and unperturbed dimension of the polymer, 

temperature coefficient of unperturbed dimension, molecular extension factor . 

and chain rigidity in different solvents and cosolvent media are important. A 

brief review on this aspect is presented in section 5.1. 

(page 102-110) 

In the present study, the intrinsic viscosities [TJ] of polyacrylamides having 

different sizes are measured at 30°- 50°C temperature in various mixtures of 

water (good solvents) and dimethyl sulphoxide (DMSO, poor solvents). The 

observed result and the Huggins constant values show a significant variation of 

cosolvency as a .function of solvent composition ( <p) and temperature. The 

nature of plots of [TJ] versus <poMso indicates relative importance of entropy 
I 

factors over energetic factors in determining molecular configuration at high 
" temperature. The unperturbed dimensions (Ke) of the polymer are determined 

by various methods, which agree well wit~ each other and exhibit a minimum at 
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<p = 0.5. The temperature coefficients of the unperturbed dimension (K1
) gives 

both positive and negative values depending on the solvent composition, which 

indicates the variation of compactness and the presence of low and high energy 

configurations as a function of solvent composition. Molecular extension factor 

(an) and the chain rigidity (cr) values are evaluated and the influence of 

temperature is discussed. 

(page 112-120) 




